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ABSTRACT

Although humans spend a majority of their lives in indoor environments, indoor air quality is
immensely understudied, compared to ambient air. Here, we show the first long-term
measurements of household indoor PM concentrations in the southeastern United States, for
one year (May 2019 through April 2020) covering the COVID-19 hard-lockdown period (March
and April 2020). Particle size distributions between 0.25-35 um were measured with a low-cost
sensor, which does not utilize hazardous chemicals and radiation sources and is ideal for indoor
air monitoring in real households without disruption of residents’ living conditions. Our observations
show that while cooking and cleaning are two major emissions sources for the residential indoor
PM, consistent with the literature knowledge, but we also show that human occupancy affects
the indoor PM level substantially. During the hard lockdown during the COVID-19 pandemic, the
background level of indoor PM increased by ~200%, while the ambient PM decreased by ~50%
during the same period. Before the pandemic, the indoor PM level was lower than the outdoor,
but it became similar or higher than the outdoor level during the pandemic. Thanksgiving holiday
cooking (prior to COVID-19) produced high concentrations of PM for an extended period (e.g.,
over 6 hours) even with active kitchen ventilation. PM concentrations during a cooking and cleaning
event usually increased linearly to a maximum value and then decayed exponentially. The decay
time of indoor PM ranged from several minutes up to ~100 minutes and increased with the
particle size, indicating that particle deposition to the interior surfaces is the main sink process
of the indoor PM.

Keywords: Pandemic, Indoor air, Indoor PM, Holiday cooking, Cleaning

1 INTRODUCTION

Humans spend between 80% to 90% of their lives in indoor environments (Diffey, 2011; Klepeis
et al., 2001). Globally, air pollutions cause several millions of premature deaths annually (WHO,
2016). Inhalation of PM, especially PM2.s (PM with a diameter smaller than 2.5 pm), causes long-
term respiratory issues such as asthma and chronic bronchitis (Jedrychowski et al., 2013; Li et al.,
2020; Nel, 2005). PM inhalation can also lead to heart attack and heart failure, and the PMs-
related cardiovascular issues are the fifth leading risk factor for global deaths (Cohen et al., 2017;
Nel, 2005). Exposure to PM has been linked to central nervous system diseases including Alzheimer’s,
Parkinson’s, and strokes (Block and Calderén-Garciduefias, 2009). Fetuses and children are more
susceptible to environmental pollutants than adults, and prenatal or childhood exposure to high
levels of PM2.s may lead to premature birth, postnatal respiratory problems, and morbidity during
early childhood (Isiugo et al., 2019; Jedrychowski et al., 2013). The World Health Organization
(WHO) has defined the recommended indoor PM limits (e.g., the daily limit of 45 and 15 pg m=3,
and the annual limit of 15 and 5 ug m™ for PM1o and PMzs, respectively), applicable to both
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indoor and outdoor air (WHO, 2021). This guidelines However, currently, the United States
Environmental Protection Agency (U.S. EPA) does not have any quantitative regulations exclusively
applied to indoor air pollutants (including PM).

Most of the instruments that are used for the detection of PM size distributions use hazardous
chemicals and radiation sources. For example, Scanning Mobility Particle Sizers (SMPS), a particle
sizing instrument most commonly used for urban air measurements (Lee and Allen, 2012), utilizes
radiation sources, such as 2°Po or ®Kr, typically at the activity level of 10 mCi (e.g., https://tsi.com/
products/aerosol-neutralizers/aerosol-neutralizer-3077a/). This is many orders of magnitude higher
than the exempted radiation source activity levels in the United States. And the measurements
with these instruments require a radiation source license from the respective state agencies (U.S.
NRC, 2011). Due to these regulations, special shipping is required for transportation of these
sources within United States. And in some states (e.g., Alabama), it is not feasible or practical to
make residential measurements with these instruments. Thus, these invasive instruments
severally limit the scope, location, and length of the measurements.

Recently, various low-cost, portable air monitoring sensors have been used for indoor air quality
measurements (Bi et al., 2021; Borrego et al., 2016, 2018; Jodeh et al., 2018; Krause et al., 2019;
Kumar et al., 2015; Massey et al., 2012; Rai et al., 2017; Scibor et al., 2019; Wang et al., 2020).
These miniature-sized sensors can be used under unattained conditions for an extended period,
and they produce little noises; thus, they are ideal for indoor measurements at the extensive
temporal and spatial scales. Singer and Delp (2018) conducted inter-comparison of different
portable indoor air quality sensors case studies of indoor activities in laboratory environments.

Indoor PM is emitted via a multitude of complex sources, such as infiltration from ambient air
and various human activities (e.g., cleaning, cooking, smoking, occupancy, and the use of electrical
appliances) (Abdullahi et al., 2013; Morawska et al., 2013; Zhang et al., 2021). Indoor air studies
have been conducted mostly either in a laboratory setting or in a test-home to simulate a real
household environment. But there has been a very limited number of long-term, continuous
measurements of household air pollutants in real living conditions (Geng et al., 2019; He et al., 2004;
Jodeh etal., 2018; Krause et al., 2019; Li et al., 2016; Wallace, 2006). For example, a study reported
particle size distribution measured continuously over 3 years in a sub-urban single home in Virginia,
and showed that cooking is the major source of indoor ultrafine particles (Wallace, 2006).

The recent HOMEChem (House Observations of Microbial and Environmental Chemistry) study
(Farmer et al., 2019; Patel et al., 2020), which represents one of the most comprehensive indoor
experiments so far, was carried out for a 4-week period in June 2018 in a test-house in Texas,
where volunteers performed simulated residential activities (e.g., cooking and house cleaning).
And indoor PM concentrations in a large size range in the size range from 1 nm to 20 um were
measured with a series of state-of-the-art particle instruments, including SMPS, Aerodynamic
Particle Sizers, and Nano Condensation Nucleus Counter (Patel et al., 2020).

To understand the effects of human activities on the indoor PM level, we have conducted
long-term measurements of PM in a real residential home with living residents for approximately
ayear using Portable the Aerosol Spectrometer Dust Decoder (PASDD). PASDD measures PM size
distributions without any chemicals, pumps, or radiation sources, and thus does not disrupt the
daily life of the residences. This miniature PM sensor has been used in outdoor and indoor PM
monitoring by other studies (Jodeh et al., 2018; Massey et al., 2012). To our knowledge, our study
represents the first long-term measurements of indoor PM in a residential home in the southeastern
US, especially including the strictest lockdown period during the COVID-19 pandemic. Additionally,
we have conducted Thanksgiving holiday cooking experiments in another residential home within
the same region, and compare with the HOMEChem experiments (Patel et al., 2020), as holiday
gatherings can provide a unique opportunity to study indoor air under conditions with enhanced
indoor activities with the increased number of occupants and extended cooking.

2 METHODS

Two residential homes in Northeastern Alabama were used in the present study, and we
denote them as Residences A and B, respectively. The exterior photos and the main floor plans
of the two homes are shown in Figs. S1 and S2. Both homes had only non-smoking residents.
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TSP

Peak Concentration (ug m™)
PM1o

PM2s

TSP PM1.o

(0.25-1 um) (0.25-2.5 um) (0.25-10 pm) (0.25-35 um)

6.5+7.2
7.0+43
5.5+3.4
49+2.2
41+23

PM1o

Average Concentration (ug m=3)

PMas

PM1.o

Number
of Events

Residence Activity
PM Size Range

Table 1. Summary of the average PM mass concentrations with one standard deviation during different daily activities. The size range of each PM mass concentration

shown here also applies to all tables and figures showing the results from this study.

(0.25-35 pm)

(0.25-1 pm) (0.25-2.5 um) (0.25-10 pm)

7.1+9.6
8.5+7.0
57+4.1

1223.1+12627.8

380.9+291.9
356.8 £171.3

33.5+29.6
36.0+20.2

9.7+11.9

63.1+1481.9

49.2 +78.9
44.0+69.1

14.6 +£13.2

8.0+8.2

193
32

Overall Cooking

11.6+8.7
8.8+6.6

15.3+10.6
12.7+9.8

8.7+5.4
6.7+4.1

Pan Searing/Frying

Simmering
Toasting
Baking

36.9+13.4
26.4+42.5

4584.5 + 27603.4
226.0+133.0
200.5 +183.5

6.6+3.9
6.4+3.3

237.7+5473.5 53+2.7

50.4 + 68.4
43.1+80.4

57+£24 10.1+11.2

5.4+2.9
4.4+2.0

40

269.5+137.6

29.3+21.3
25.5+20.3
33.0+22.1
86.1+66.2

53+1.9
5.4+29

45425
39+17
3.4+1.5

57.3+69.7
55.3+74.7
475+75.8

12.6 +10.1
10.2+9.1

17.6+14.4
26.2+27.2

5.7+£3.0

36+1.8
40+1.9

11
15
10
3

Boiling
Reheating

586.2 £+121.8
339.8 +280.2

48.0+58.5 56.1+67.0

7.6+7.2

21.3+24.6
9.0+11.0
9.9+8.2

18.9+21.9
7.4+9.7
42+1.7

Burning/Over-cooking

34.7+25.7

10.6+10.0
60.7 +27.2

15.3+15.2
61.3+95.1

Multiple-Method Cooking 68

Cleaning

807.48 +£180.08 11311.7 +4509.6

405.0+1145.8 89+2.9

Continuous measurements were made in
Residence A from May 2019 to May 2020 except
for December 2019 to January 2020 (305 days
in total, including the first two months of the
hard lockdown during the COVID-19 pandemic).
Residence A was a ten-year-old, three-story
home located in North Alabama with five
occupants. This residence was surrounded by
trees and about 8.0 km away from the nearest
major highway. This residence had a gas range
stove, multiple ovens, and a toaster oven
accompanied by an efficient ventilation system
that pulls cooking fumes out of the house. The
primary kitchen was cordoned off from the
rest of the floor, and the PASDD instrument
was placed approximately 3 m away from the
stove. As different rooms may have different
PM concentrations depending on the proximity
to the emission sources, we placed the sensor
inthe kitchen to be close to the most frequently
occurring source (cooking) in residential homes.
The HVAC system had an age of less than a
year and the filters were changed monthly.
The HVAC fan was continuously on during the
time of the study, and the room temperature
was kept between 21-24°C. The house cleaning
supplies included a vacuum cleaner and
household cleaning products, all commercially
available from common warehouses in the
United States. Table 1 shows a summary of the
main home activities, which will be discussed in
detail in the following sections.

Additionally, we also conducted Thanksgiving
cooking experiments in Residence B (Fig. S1),
where continuous measurements of PM were
made for 78 days (from the end of November
2019 through January 2020). Table S1 specifies
the activities that took place during the
Thanksgiving cooking. Residence B was a one-
story, one-bedroom apartment home located
on the first level of a three-story apartment
building with two occupants and a dog. This
home was located at an urban site in North
Alabama, approximately 0.8 km from the
nearest major highway. There was an electric
range stove, a microwave oven, and a
recirculating ventilation system recirculating
the air to the ceiling. The HVAC system was
original to the building with an age of 6 years,
and the filters were routinely changed every 6
months. The HVAC fan was continuously on
during the time of the study, and the room
temperature was maintained at 21°C. The
instrument was placed approximately 1 m from
the stove.

In both residences, cooking took place
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always with overhead kitchen ventilation (used in an active mode). The residents in both homes,
acting as citizen scientists, recorded their daily activities (e.g., cooking, cleaning, changing the
indoor temperature, and exiting the residence). The log information also included the activity
duration, how many people were in the room during the activity, if any windows were open
during the activity, and the list of appliances that were running at the time of the activity. No
human subjects or substances were collected or used during the study; this study was approved
for exemption by the Institutional Review Boards (IRB).

A PASDD (Model 11-D, Grimm Technologies Inc., Netherland) was used to measure particle size
distributions between 0.25-35.15 pm within 31 size bins. This sensor is based on light-scattering of
single particles with diode laser. The time resolution of the instrument is 1 s, which allows us to
monitor the rapid evolution of PM in an indoor environment. For particle mass concentrations, we
assumed particles to be spherical with a density of 1.0 g cm™. We present the PM mass concentrations
in four different ranges: PM1.0 (0.25-1.0 um), PM25 (0.25-2.5 pm), PM10 (0.25-10 pm), and Total
Suspended Particles (TSP, 0.25-35.15 um). The instrument was calibrated at the manufacturer
right before the measurements began. Previous studies have shown that the performance of PM
sensors can be affected by high humidity conditions (Jayaratne et al., 2018); but as stated earlier,
the two homes both used HVAC system for 24/7, so we expect the effects of humidity and
temperature fluctuations were minimal.

The PASDD sensor was calibrated at the manufacture prior to our study. Calibration was made
using polydisperse dolomite dust to adjust the attenuation thresholds on each size channel of
the instrument for mass concentrations. However, we have not done any parallel measurements
together with a gravimetric instrument at residential homes. This is the main limitation of
measurements, along with limited size range (starting from 0.24 micron) in the PASDD instrument.
However, this sensor has a significant advantage over filter-based gravimetric instruments. The
PASDD measures particle concentrations at real-time with fast time response (1 Hz) and thus is
free from sampling artifacts, whereas in gravimetric measurements, particles undergo chemical
evolution (e.g., evaporation, condensation and aging) on the filter during the long sampling period
(often over hours).

3 RESULTS AND DISCUSSION

3.1 Background PM Level

The background condition was defined as a period when the residence was absence of occupants
for longer than 6 hours (without any occurrence of the elevated PM level). The average background
PM..s mass concentrations of Residents A and B were 4.7 and 1.7 ug m™3, respectively (Table 2).
The lower background level in Residence B was likely because it was a newer house and had only
two occupancies. In comparison, the background environment during HOMEChem’s study was
2.3 ug m=3 (Patel et al., 2020), perhaps because no residents lived in the HOMEChem test-home.

Table 2. Background PM Mass concentrations in the two studied households in pg m=. In comparison, HOMEChem (Patel et al.,
2020) are also shown. Note the range of particles sizes in different studies. Note different size ranges between this study and
HOMEChem. As discussed in the text, due to various factors (house volume, nature of the house, and usage of kitchen ventilation),
this table here only illustrates a general trend of high concentration of indoor PM during a holiday cooking, and does not provide
a “quantitative” comparison.

PM Size Range Residence A Residence B PM Size Range

This Study This Study This Study HOMEChem HOMEChem
PMi.o 42+1.2 1.7+0.6 PM1.o 1.5+0.3
0.25-1pum 4nmtolpum

PM2s 47+1.6 1.7+0.6 PM2s 2.3+0.3
0.25-2.5 um 4 nmto 2.5pum

PM1o 5.6+4.6 1.8+0.8 PM1o 2.5+0.4
0.25-10 um 4 nmto 10 pm

TSP 9.3+33.3 21+£26 PM2o 2.5+0.4
0.25t0 35.15 um 4 nmto 20 um
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The background concentrations shown here for Residences A and B also indicate that the majority
of the particle mass was in the size range of PM1gin the unattended home environment.

3.2 COVID-19 Pandemic Lockdown

Fig. 1(a) shows the monthly average PM concentrations measured in Residence A. There was
alarge variability inindoor PM, as expected in real homes, where there are always a large number
of random variables that cannot be controlled (much more than in a laboratory or test-home
setting). Before the COVID-19 pandemic, the average PM,s concentrations were 4.3 ug m—=and
3.5 ug m=in September and October (2019), respectively (Fig. 2(a)). During these months, the
school was in session, which allowed the number of occupancy to decrease, and thus fewer activities
were performed in the home. During the summer months (June—August 2019), the average PM:s
concentrations were higher on average (4.9 ug m=), due to the increasing occupancy and activities.
In particular, May 2019 had one of the highest TSP values of all of the months (29.5 ug m=3).
Ambient air is known to be a main contributor to indoor air (Hanninen et al., 2011), and since
Residence A was surrounded by trees, pollen could be a contributor to more coarse-mode particles
during this period.

The pandemic measurements demonstrate the effects of human occupancy on the indoor PM
pollutant level. In the state of Alabama, the COVID-19 Pandemic stay-at-home order took place in
the mid-march in 2020 and the hard lockdown period continued until the end of April. During this

a) 504 _ .
m PM,, Indoor COVID-19 Pandemic

404 m PM,,

3
PM; 5, PMyy (pg/m’)

b)
404 Outdoor

PM,s . PMy, (ug/m’)

© 2 /O Ratio

I/O Ratio

0.5

May 2019 Jun 2019 Jul 2019 Aug 2019 Sep 2019 Oct 2019 [Mar 2020 Apr 2020
Months

Fig. 1. Monthly average mass concentration of PM in Residence A (a) followed by the corresponding
outdoor ambient PM mass concentrations of PM2s and PMio (b). We included here only the
months where indoor PM measurements were made for the entire month. Outdoor measurement
data was gathered at the EPA ground station (https://www.epa.gov/outdoor-air-quality-data).
(c) Calculated ratios of the indoor PM versus the EPA ambient PM data. Note that since two
different measurement methods were used for the indoor (light scattering) and EPA (filter), and
as the EPA site was 15 km away from Residence A, this ratio shown here is NOT the same as the
“I/0 ratio” typically used in indoor air studies.
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102 E
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o
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Time
Fig. 2. Particle mass size distribution during (a) a typical cooking event on 17 November 2019

from 5:30 PM until 7:00 PM and (b) cleaning event on 29 May 2019 from 9:00 AM until 12:30 PM.
Note, shown here are the measured particle mass (as opposed to number) size distributions.

period (March—April, 2020), PM2s and PMzo increased by 188% and 209%, respectively, compared
to the all months prior to the pandemic (Fig. 2(a)). The sustained high level of indoor PM during
the lockdown was probably due to increased occupancy, home-cooking and extensive cleaning
activities (at the unprecedented level). The ambient PM2.s and PM1o concentrations, retrieved from
a nearby EPA monitoring station (https://www.epa.gov/outdoor-air-quality-data) are included in
Fig. 2 for a comparison. The EPA AQS Air Quality System (AQS) ambient data were obtained with
the filter-based PM mass detector at Huntsville International Airport (about 15 km away from
Residence A). As ambient PM concentrations may vary across the urban topography and due to
various factors such emission sources, in this study, we did not aim to analyze effects of outdoor
PM on indoor PM concentrations. Rather, by comparing our indoor measurements with the EPA
ambient data, we wanted to look at the general trends of ambient and indoor PM within the
same area, specifically, in the context of the COVID-19 Pandemic lockdown. In contrast to the indoor
PM monthly trends, ambient PM concentrations were decreased by 50% during the pandemic,
as traffic and industrial activities were significantly reduced. The overall effect is changes in the
“proxy” ratio of the indoor to outdoor PM concentrations (I/0) (Fig. 1(c)). Before the pandemic,
the “proxy” 1/0 ratio was between 0.3-0.5, but during the COVID-19 Pandemic, it became close
to or even much higher than 1 (0.9-1.8).

3.3 Cleaning vs. Cooking

There is a large volume of the literature that shows cooking and cleaning are the two everyday
household activities that mostly affect indoor air quality (e.g., Balasubramanian and Lee, 2007;
Wallace, 2006; Wallace et al., 2008; Wan et al., 2011), and our observations support this universal
conclusion. Overall, cleaning dominated larger particles, with an average PM1o and TSP value of
61.3 and 405.0 ug m™3, respectively, compared to cooking, which had an average PM1o and TSP
value of 14.6 and 63.1 ug m= (Table 1). Cooking, however, had higher amounts of smaller
particles (0.2 um to 5 um), consistent with previous studies (e.g., Farmer et al., 2019; Kang et al.,
2019; Patel et al., 2020; Wallace et al., 2008). This feature is also illustrated in the measured
aerosol size distributions (Fig. 3). Very importantly, these aerosol mass size distributions show
that even with its limited size range (0.25-35 um), this inexpensive portable sensor still can capture
the majority of mass concentrations from these events, thus useful for indoor PM monitoring.

3.4 Cooking Methods
Numerous studies have shown that cooking methods directly affect the indoor PM level (e.g.,
Abdullahi et al., 2013; Kang et al., 2019; Wallace, 2006; Zhang et al., 2010). In this study, we
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Fig. 3. Time series of PM concentrations during a typical cooking event in Residence A on August
2,2019.

categorized cooking methods into eight different groups: Pan Searing/Frying, Simmering, Toasting,
Baking, Boiling, Reheating, Burning/Overcooking, and Multiple Methods (where food was made
using different methods simultaneously). Table 1 summarizes the average PM concentrations in
different cooking methods. Residence A reheated their food on their gas range stove, which
explains the increased levels of PM2sand PM1o associated with Reheating cooking activities at 5.7
and 17.6 ug m3, respectively. Multiple Methods and Burning/Overcooking were the methods that
had high emissions of PM2s (9.0 pg m= for Multiple Methods and 21.3 ug m™= for Overcooking).
These methods also resulted in larger particles, with average PM1o values of 15.2 pg m= for
Multiple Methods and 26.2 pg m™ for Burning/Overcooking. Simmering also had a considerable
amount of PMzs (6.7 ug m=) in comparison to Boiling (4.4 ug m=). This could be the result of
longer cooking times, since an individual will simmer a dish longer than boiling water. The cooking
duration was an important variable when considering the emissions by cooking indoors, as
cooking time increases, the emitted PM increases. The occupants typically spent a longer amount
of time simmering a dish (142 minutes in average) compared to frying a meal (28 minutes on
average). Frying emitted a considerable amount of indoor PM.s with an average of 8.7 ug m=
over the events studied, which is comparable to past studies (Abdullahi et al., 2013; Lee et al.,
2001; Massey et al., 2012; Zhang et al., 2010). Methods that are cleaner to perform were Boiling
and Baking, with a combined average PMa2.s mass concentrations 2 and 1.63 times lower than
Multiple Methods and Pan Searing/Frying, respectively. Boiling has been mentioned as a clean
method of cooking (Abdullahi et al., 2013; Lee et al., 2001; Zhang et al., 2010); however, in this
study, baking produced the indoor PM2.538.1% less than frying, likely due to the closed system
of the oven.

3.5 Evolution of Indoor PM

Fig. 3 represents a typical time variation of the indoor PM concentrations during a cooking
event. When the PM was emitted from a single cooking (or cleaning) event, there was a rapid linear
increase, then followed by a near-exponential decay, as also previously shown by (Xia et al., 2009).
To characterize such time evolution of the indoor PM, we use the rising rate (R), pseudo-first
order decay rate constant (kp), and the decay time (z), at which PM concentrations become 1/e
of the initial peak concentrations. The rising rate was estimated from the approximation of a
linear function (1):

V. —V
R= max 0 (1)
trax — o

where Vmax and Vo is the peak and initial value of PM during the activity, respectively; tmax is the
time where the peak value occurred during the activity; and to is the time when the experiment
started according to the activity logbook. The pseudo-first order decay rate constant was derived
from the following equation:
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k,=——2 2 (2)
ot

max tﬁnal

where tfinal is the time at which the PM then decreased back to the background level (which is
approximately the same as Vo). And the decay time of PM was calculated as the following:

T=— (3)

Overall, the average R and kp did not vary much throughout the day (Fig. 4). The R ranged
about tens of ug m™= hr! for PM1o and PMas, hundreds of ug m™ hr! for PM1o, and thousands
of ug m= hr™ for TSP, regardless of the time of the day. On the other hand, the kp values showed
strong size dependencies, with larger kp for larger particles, indicating the main decay process of
the indoor PM is deposition on home interior surfaces. Likewise, there were the longer decay
times for PM1.0 and PMz s, in comparison to those for PM1o and TSP for both cooking and cleaning
events (Table 3). During cleaning, PM1o and PMzs had an average 7 of 68 and 23 minutes,
respectively, in comparison to the PM1o and TSP’s 7 of 16 and 9 minutes, respectively. In terms of
different cooking methods, during Pan searing/Frying, the average t of PM1oand PM,.swere 79.2
and 59.8 minutes, and the 7 of PM1o and TSP were 24.5 and 11.2 minutes, respectively, again
strongly dependent on the particle size.

3.6 Thanksgiving Holiday Cooking

Thanksgiving is one of the most popular (non-religious) American holidays, where large gatherings
of people come together and cook copious amounts of food, utilizing multiple cooking methods over
long hours. The holiday cooking experiment was conducted (on 24 November 2019) in Residence B;
there were 8 individuals. Human occupancy is known to affect indoor air quality (Avery et al.,
2019; Hospodsky et al., 2012). The guests started to arrive at approximately 9:00 AM, and
cooking started around 11:00 AM (Fig. 5). Before the cooking began, the occupancy increased by

a)
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e ,
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2 204 m TSP L60 Er
o 15 b
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T o4 I . i . +0

Breakfast Lunch Dinner
Cooking Time
Fig. 4. (a) Average rise rate (R) and (b) decay rate (kp) for breakfast (N = 53), lunch (N = 44), and

dinner (N = 86). Note that the right axis is for PM1.0(R1.0,kp1.0), PM25 (R25,kp2.5), and PM1o (R1o, ko 10),
whereas the right axis is for TSP rise and decay rates (Rrsp, ko Tsp).
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9w N~ 5individuals. During the time, the PM2s increased from an average
@ m © — <| of 3.0 pg m3during 7:00-9:00 AM to 5.3 ug m= during 9:00-11:00
S :', ,t' ,_t', :'o AM, and the PMy increased from 12.2 to 19.8 ug m= the same
S lin 8B @l time. There were also peaks of PM1o that occurred before the
" cooking began, when occupancy increased (Fig. 6(a)). It is possible
S 3 r': that as the occupancy increased before the cooking began, dust
?_:" = :_l' '4\-| :l' :_l' resuspension and personal clouds may have increased the PM1o
< § n KX — N m concentration. Thus, our holiday experiments also demonstrate
88T R3BNS that the increased PM due to occupancy. This feature is consistent
2 with the increase in the indoor PM during the COVID-19 lockdown
9 months (Fig. 2), as discussed above.
g o Once the cooking began, the TSP level increased from 1.6 pg m™
s E~N aun ) . . )
> - 8‘ R ™ to 1,283 pug m=, with the increasing number of appliances over
-4_% :"Q HHH 8 hours (Fig. 6(a)). During the peak cooking period (from 14:00 PM
S |3 R 2| toaround 15:00 PM), an oven, two slow-cookers, and a pressure
2 |60 cooker were operated simultaneously, and the PMa.s reached up to
k] : g ® o0 38.8 ug m=3. The overall cooking during this experiment ended at
- :3 :? g w approximately 15:15 PM, and the elevated PM level lasted until
§ § n ;—l ;—I‘ about 22:00 PM (over ~6 hours). Fig. 6 also shows the comparison
;, g - g a ﬂ g of our study with the HOMEChem Thanksgiving experiments. Here,
the data within the same size ranges are shown for both studies:
o0 D3 i< PMao(0.253-1 pm), PM25(0.253-2.5 um), and PMao (0.253-10 pm).
B 3_]‘ '_’H° :_l' b The average concentrations of PM1.0, PM2s, PM1 in our study were
<| 2 g mao 1 higher by a factor of 1.3, 1.4, and 2, respectively, compared to
] ~
“é 2832 HOMEChem (Patel et al., 2020). Note that the HOMEChem cooking
2 < o experiments were made without kitchen ventilation. As smaller
@ w0 g g g particles are diffused more easily than larger particles, the lack of
°C‘ £ ;j‘ :40 H H ventilation may explain the high concentrations of nuclei-more
% S |n Eﬁ' ”Q ; 3 particles reported from the HOMEChem study (Patel et al., 2020).
Q9 o To quantify the exposure of PM during the Thanksgiving cooking
3] ; : ﬁ period, we estimated the Integrated Exposure (/E) based on
E N ~ 4 2 (Morawska et al., 2013):
(oY) n
C c +H H o
ol = ~N oo
£ 8283473 !
S o o~ /E(tl,tz)zjc(t)dt (4)
T w| BFI a
ol E | HAHD
s ® o : 2 @ o| where t; and t are start and end times of the exposure,
S A respectively; C(t) is the concentration function in hours and pg m=,
oo : o o The IE estimated during our Thanksgiving cooking was 118, 168,
ER- S E 312, and 1,010 pgm=3hr? for PMio, PMas, PMio, and TSP,
; g :;' H 4 H respectively. During the peak cooking period, the 2-hour average
a| g ~ N Q9 ¥ rose to higher than 25 ug m,
= = AN N 0 WO
8 N (O O N -
©
£ | w 2 4 CONCLUSIONS AND IMPLICATIONS
5 | € a0
2ls | 7935
GE’ 3 .E’ m HH A This study represents the first long-term measurement of indoor
i< é_% Z o § % ; ; PM in authentic households in the southeastern United States.
§ =~ While our study confirms that cooking and cleaning are two major
g 42 emission sources of indoor PM, our study also shows human
a0 E occupancy has a strong effect on the indoor PM level. During the
§ 5 COVID-19 pandemic with increased human occupancy, the average
< v |5 mass concentrations of indoor PM increased by 200%, while the
3 n ‘g e v g o ambient concentrations decreased by 50% due to decreased traffic
E E 3 E E E 2 and industrial activities. These results are consistent with the
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Fig. 5. (a) The number of occupancies and (b) the measured mass size distribution during the
Thanksgiving experiment in Residence B on 24 November 2019.
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Fig. 6. (@) Comparison of mass concentrations measured during the Thanksgiving cooking experiments;
in comparison, the results from the HOMEChem’s two Thanksgiving experiments are including in
(b) and (c). For a direct comparison, data with the same ranges are shown here in these three
figures: PM10 (0.253—1 pm), PM25(0.253-2.5 pm) and PMio (0.253-10 pm). Note that HOMEChem
cooking experiments were performed without kitchen ventilation in a test-home.
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opposite trends between PM inindoor and outdoor environments observed during the pandemic
lockdown at other locations (e.g., Dominguez-Amarillo et al., 2020; Du et al., 2021; Zhang et al.,
2022).

Thanksgiving holiday experiments further reinforced the effects of human occupancies on the
indoor PM level. As occupancy increased, the PM2s and PMigincreased from 3.0 to 5.3 ug m=
and from 12.2 to 19.8 ug m=3, respectively (before the cooking began). During the holiday
cooking, even with kitchen ventilation. There was a high level of PM2s of ~20 ug m™ an extended
period (e.g., over 6 hours). The comparison with HOMEChem study illustrates a general trend of
the elevated PM emissions from intense cooking events and large gatherings, as Thanksgiving
holiday provided a unique combination of these two factors. However, there are several other
factors that hinder direct comparison between the two studies. Mostly, the volumes of the houses
were different between Residence A in our study vs. the HOMEChem test-house; additionally,
the HOMEChem did not use a kitchen ventilation whereas Residence A used the kitchen ventilation
at all times during cooking. Even in the same residential home, with the same occupancies,
depending on different activities, indoor PM concentrations may vary significantly due to many
spontaneous factors, hourly and daily. These features thus represents an inherent challenge in
indoor studies, where a direct “quantitative” comparison is difficult to make between different
homes. While holiday gathering, in general, implies a substantial increase in home occupancies,
at the same time, a quantitative interpretation will be dependent on the context, such as
different cultures, countries, and geographical regions with vastly different living spaces.

Cooking emits particles ranging from 0.25-5 pm, while cleaning generated more particles
ranging from 5-30 um due to dust agitation. The PM level during the cooking events was mainly
driven by the method (rather the time of the day). Cooking methods that were oil-heavy or involve
multiple cooking styles emitted more indoor PM. Cleaner methods shown in this study were
Boiling (due to water-based cooking) and Baking (due to the closed system of the oven). Regardless
of the appliance type, cooking played a major role in the emission of PM within a household. The
decay time of the PM decay from household activities (cooking and cleaning) ranged from < 10
to about 100 minutes, clearly dependent on the particle size, indicating the main sink process of
the indoor air PM is deposition onto the interior surfaces.

Additionally, our study shows that the portable miniature PM sensor with its limited size range
can still detect the majority of mass concentrations of residential indoor PM are measured, thus
validating the usages of this type of portable sensors for indoor air quality measurements within
larger temporal and spatial scales worldwide, cost-effectively.

ACKNOWLEDGEMENTS

This study was supported by National Science Foundation (AGS-1649694). We thank all of the
occupants who acted as citizen-scientists for recording their daily activities; Lee Tiszenkel for
assistance with instrument troubleshooting; Marina Vance, Sameer Patel, and Delphine Farmer
for sharing PM data from the HOMEChem study; Aaron Naeger for useful comments. A reviewer
provided constructive comments which helped our revision. The measurement data presented
here will be available to the public at https://sites.google.com/uah.edu/shanhulee/home/data-
sharing.

SUPPLEMENTARY MATERIAL

Supplementary material for this article can be found in the online version at https://doi.
org/10.4209/aaqr.210302

REFEREMCES

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, 260-294. https://doi.org/10.1016/j.atmosenv.2013.01.061

Aerosol and Air Quality Research | https://aaqr.org 11 of 14 Volume 22 | Issue 5 | 210302


https://doi.org/10.4209/aaqr.210302
https://aaqr.org/
https://sites.google.com/uah.edu/shanhulee/home/data-sharing
https://sites.google.com/uah.edu/shanhulee/home/data-sharing
https://doi.org/10.4209/aaqr.210302
https://doi.org/10.4209/aaqr.210302
https://doi.org/10.1016/j.atmosenv.2013.01.061

Special Issue on Air Quality in a Changed World: Regional, Ambient, and ORIGINAL RESEARCH
Indoor Air Concentrations from the COVID to Post-COVID Era (V) https://doi.org/10.4209/aaqr.210302

Avery, A.M., Waring, M.S., DeCarlo, P.F. (2019). Human occupant contribution to secondary
aerosol mass in the indoor environment. Environ. Sci. Process. Impact. 21, 1301-1312.
https://doi.org/10.1039/C9EMO0097F

Balasubramanian, R., Lee, S.S. (2007). Characteristics of indoor aerosols in residential homes in
urban locations: A case study in Singapore. J. Air Waste Manage. Assoc. 57, 981-990.
https://doi.org/10.3155/1047-3289.57.8.981

Bi, J., Wallace, L.A., Sarnat, J.A,, Liu, Y. (2021). Characterizing outdoor infiltration and indoor
contribution of PMa2s with citizen-based low-cost monitoring data. Environ. Pollut. 276,
116763. https://doi.org/10.1016/j.envpol.2021.116763

Block, M.L., Calderdn-Garcidueiias, L. (2009). Air pollution: Mechanisms of neuroinflammation
and CNS disease. Trend. Neurosci., 32, 506-516. https://doi.org/10.1016/j.tins.2009.05.009

Borrego, C., Costa, A.M., Ginja, J., Amorim, M., Coutinho, M., Karatzas, K., Sioumis, Th., Katsifarakis,
N., Konstantinidis, K., De Vito, S., Esposito, E., Smith, P., André, N., Gérard, P., Francis, L.A.,
Castell, N., Schneider, P., Viana, M., Minguillédn, M.C., Reimringer, W., et al. (2016). Assessment
of air quality microsensors versus reference methods: The EuNetAir joint exercise. Atmos.
Environ. 147, 246-263. https://doi.org/10.1016/j.atmosenv.2016.09.050

Borrego, C., Ginja, J., Coutinho, M., Ribeiro, C., Karatzas, K., Sioumis, T., Katsifarakis, N.,
Konstantinidis, K., De Vito, S., Esposito, E., Salvato, M., Smith, P., André, N., Gérard, P., Francis,
L.A., Castell, N., Schneider, P., Viana, M., Minguillén, M.C., Reimringer, W., et al. (2018).
Assessment of air quality microsensors versus reference methods: The EuNetAir Joint Exercise
— Part Il. Atmos. Environ. 193, 127-142. https://doi.org/10.1016/j.atmosenv.2018.08.028

Cohen, A.l., Brauer, M., Burnett, R., Anderson, H.R., Frostad, J., Estep, K., Balakrishnan, K.,
Brunekreef, B., Dandona, L., Dandona, R., Feigin, V., Freedman, G., Hubbell, B., Jobling, A., Kan,
H., Knibbs, L., Liu, Y., Martin, R., Morawska, L., Pope, C.A., et al. (2017). Estimates and 25-year
trends of the global burden of disease attributable to ambient air pollution: An analysis of data
from the Global Burden of Diseases Study 2015. Lancet 389, 1907-1918. https://doi.org/
10.1016/50140-6736(17)30505-6

Diffey, B.L. (2011). An overview analysis of the time people spend outdoors. Br. J. Dermatol. 164,
848-854. https://doi.org/10.1111/j.1365-2133.2010.10165.x

Dominguez-Amarillo, S., Fernandez-Agliera, J., Cesteros-Garcia, S., Gonzalez-Lezcano, R.A. (2020).
Bad air can also kill: Residential indoor air quality and pollutant exposure risk during the
COVID-19 crisis. Int. J. Environ. Res. Public Health 17, 7183. https://doi.org/10.3390/
ijerph17197183

Du, W., Wang, J., Wang, Z., Lei, Y., Huang, Y., Liu, S., Wu, C., Ge, S., Chen, Y., Bai, K., Wang, G.
(2021). Influence of COVID-19 lockdown overlapping Chinese Spring Festival on household
PMas in rural Chinese homes. Chemosphere 278, 130406. https://doi.org/10.1016/].
chemosphere.2021.130406

Farmer, D.K., Vance, M.E., Abbatt, J.P.D., Abeleira, A., Alves, M.R., Arata, C., Boedicker, E., Bourne,
S., Cardoso-Saldafia, F., Corsi, R., DeCarlo, P.F., Goldstein, A.H., Grassian, V.H., Hildebrandt Ruiz,
L., Jimenegz, J.L,, Kahan, T.F., Katz, E.F., Mattila, J.M., Nazaroff, W.W., Novoselac, A., et al. (2019).
Overview of HOMEChem: House observations of microbial and environmental chemistry.
Environ. Sci. Processes Impacts 21, 1280-1300. https://doi.org/10.1039/C9EMO00228F

Geng, Y., Lin, B., Yu, J., Zhou, H., Ji, W., Chen, H., Zhang, Z., Zhu, Y. (2019). Indoor environmental
quality of green office buildings in China: Large-scale and long-term measurement. Build.
Environ. 150, 266—-280. https://doi.org/10.1016/j.buildenv.2019.01.014

Hanninen, O., Hoek, G., Mallone, S., Chellini, E., Katsouyanni, K., Gariazzo, C., Cattani, G., Marconi,
A., Molnar, P., Bellander, T., Jantunen, M. (2011). Seasonal patterns of outdoor PM infiltration
into indoor environments: Review and meta-analysis of available studies from different
climatological zones in Europe. Air Qual. Atmos. Health 4, 221-233. https://doi.org/10.1007/
$11869-010-0076-5

He, C., Morawska, L., Hitchins, J., Gilbert, D. (2004). Contribution from indoor sources to particle
number and mass concentrations in residential houses. Atmos. Environ. 38, 3405—-3415.
https://doi.org/10.1016/j.atmosenv.2004.03.027

Hospodsky, D., Qian, J., Nazaroff, W.W., Yamamoto, N., Bibby, K., Rismani-Yazdi, H., Peccia, J.
(2012). Human occupancy as a source of indoor airborne bacteria. PLoS One 7, e34867—
€34867. https://doi.org/10.1371/journal.pone.0034867

Aerosol and Air Quality Research | https://aaqr.org 12 of 14 Volume 22 | Issue 5 | 210302


https://doi.org/10.4209/aaqr.210302
https://aaqr.org/
https://doi.org/10.1039/C9EM00097F
https://doi.org/10.3155/1047-3289.57.8.981
https://doi.org/10.1016/j.envpol.2021.116763
https://doi.org/10.1016/j.tins.2009.05.009
https://doi.org/10.1016/j.atmosenv.2016.09.050
https://doi.org/10.1016/j.atmosenv.2018.08.028
https://doi.org/10.1016/S0140-6736(17)30505-6
https://doi.org/10.1016/S0140-6736(17)30505-6
https://doi.org/10.1111/j.1365-2133.2010.10165.x
https://doi.org/10.3390/ijerph17197183
https://doi.org/10.3390/ijerph17197183
https://doi.org/10.1016/j.chemosphere.2021.130406
https://doi.org/10.1016/j.chemosphere.2021.130406
https://doi.org/10.1039/C9EM00228F
https://doi.org/10.1016/j.buildenv.2019.01.014
https://doi.org/10.1007/s11869-010-0076-5
https://doi.org/10.1007/s11869-010-0076-5
https://doi.org/10.1016/j.atmosenv.2004.03.027
https://doi.org/10.1371/journal.pone.0034867

Special Issue on Air Quality in a Changed World: Regional, Ambient, and ORIGINAL RESEARCH
Indoor Air Concentrations from the COVID to Post-COVID Era (V) https://doi.org/10.4209/aaqr.210302

Isiugo, K., Jandarov, R., Cox, J., Ryan, P., Newman, N., Grinshpun, S.A., Indugula, R., Vesper, S.,
Reponen, T. (2019). Indoor particulate matter and lung function in children. Sci. Total Environ.
663, 408—417. https://doi.org/10.1016/j.scitotenv.2019.01.309
Jayaratne, R, Liu, X., Thai, P., Dunbabin, M., Morawska, L. (2018). The influence of humidity on
the performance of a low-cost air particle mass sensor and the effect of atmospheric fog.
Atmos. Meas. Tech. 11, 4883—-4890. https://doi.org/10.5194/amt-11-4883-2018
Jedrychowski, W.A., Perera, F.P., Spengler, J.D., Mroz, E., Stigter, L., Flak, E., Majewska, R.,
Klimaszewska-Rembiasz, M., Jacek, R. (2013). Intrauterine exposure to fine particulate matter
as a risk factor for increased susceptibility to acute broncho-pulmonary infections in early
childhood. Int. J. Hygine. Environ. Health 216, 395—401. https://doi.org/10.1016/j.ijheh.2012.
12.014
Jodeh, S., Hasan, A.R., Amarah, J., Judeh, F., Salghi, R., Lgaz, H., Jodeh, W. (2018). Indoor and
outdoor air quality analysis for the city of Nablus in Palestine: Seasonal trends of PM1o, PMso,
PM3.s, and PM1 of residential homes. Air Qual. Atmos. Health 11, 229-237. https://doi.org/
10.1007/s11869-017-0533-5
Kang, K., Kim, H., Kim, D.D., Lee, Y.G., Kim, T. (2019). Characteristics of cooking-generated PMzg
and PMas in residential buildings with different cooking and ventilation types. Sci. Total
Environ. 668, 56—66. https://doi.org/10.1016/j.scitotenv.2019.02.316
Klepeis, N.E., Nelson, W.C., Ott, W.R., Robinson, J.P., Tsang, A.M., Switzer, P., Behar, J.V., Hern,
S.C., Engelmann, W.H. (2001). The National Human Activity Pattern Survey (NHAPS): A
resource for assessing exposure to environmental pollutants. J. Expos. Sci. Environ. Epidemiol.
11, 231-252. https://doi.org/10.1038/sj.jea.7500165
Krause, A., Zhao, J., Birmili, W. (2019). Low-cost sensors and indoor air quality: A test study in three
residential homes in Berlin, Germany/Kostenginstige Sensoren und Innenraumluftqualitat: Eine
Testuntersuchung in drei Privathaushalten in Berlin. Gefahrstoffe 79, 87-92. https://doi.org/
10.37544/0949-8036-2019-03-49
Kumar, P., Morawska, L., Martani, C., Biskos, G., Neophytou, M., Di Sabatino, S., Bell, M., Norford,
L., Britter, R. (2015). The rise of low-cost sensing for managing air pollution in cities. Environ.
Int. 75, 199-205. https://doi.org/10.1016/j.envint.2014.11.019
Lee, S.C., Li, W.M,, Yin Chan, L. (2001). Indoor air quality at restaurants with different styles of
cooking in metropolitan Hong Kong. Sci. Total Environ. 279, 181-193. https://doi.org/10.1016/
S0048-9697(01)00765-3
Lee, S.H., Allen, H.C. (2012). Analytical measurements of atmospheric urban aerosol. Analy. Chem.
84, 1196-1201. https://doi.org/10.1021/ac201338x

Li, S., Cao, S., Duan, X., Zhang, Y., Gong, J., Xu, X., Guo, Q., Meng, X., Bertrand, M., Zhang, J.J.
(2020). Long-term exposure to PM2s and children's lung function: A dose-based association
analysis. J. Thorac Dis. 12, 6379-6395. https://doi.org/10.21037/jtd-19-crh-ag-007

Li, T., Cao, S., Fan, D., Zhang, Y., Wang, B., Zhao, X., Leaderer, B. P., Shen, G., Zhang, Y., Duan, X.
(2016). Household concentrations and personal exposure of PM;s among urban residents
using different cooking fuels. Sci. Total Environ. 548-549, 6—12. https://doi.org/10.1016/j.
scitotenv.2016.01.038

Massey, D., Kulshrestha, A., Masih, J., Taneja, A. (2012). Seasonal trends of PM1o, PMsg, PM2s &
PM1in indoor and outdoor environments of residential homes located in north-central India.
Build. Environ. 47, 223-231. https://doi.org/10.1016/j.buildenv.2011.07.018

Morawska, L., Afshari, A., Bae, G.N., Buonanno, G., Chao, C.Y.H., Hanninen, O., Hofmann, W.,
Isaxon, C., Jayaratne, E.R., Pasanen, P., Salthammer, T., Waring, M., Wierzbicka, A. (2013).
Indoor aerosols: From personal exposure to risk assessment. Indoor Air. 23, 462-487.
https://doi.org/10.1111/ina.12044

Nel, A. (2005). Air pollution-related illness: Effects of particles. Science 308, 804-806.
https://doi.org/10.1126/science.1108752

Patel, S., Sankhyan, S., Boedicker, E.K., DeCarlo, P.F., Farmer, D.K., Goldstein, A.H., Katz, E.F.,
Nazaroff, W.W., Tian, Y., Vanhanen, J., Vance, M.E. (2020). Indoor particulate matter during
HOMEChem: Concentrations, size distributions, and exposures. Environ. Sci. Technol. 54,
7107-7116. https://doi.org/10.1021/acs.est.0c00740

Rai, A.C., Kumar, P., Pilla, F., Skouloudis, A.N., Di Sabatino, S., Ratti, C., Yasar, A., Rickerby, D.
(2017). End-user perspective of low-cost sensors for outdoor air pollution monitoring. Sci.

Aerosol and Air Quality Research | https://aaqr.org 13 of 14 Volume 22 | Issue 5 | 210302


https://doi.org/10.4209/aaqr.210302
https://aaqr.org/
https://doi.org/10.1016/j.scitotenv.2019.01.309
https://doi.org/10.5194/amt-11-4883-2018
https://doi.org/10.1016/j.ijheh.2012.12.014
https://doi.org/10.1016/j.ijheh.2012.12.014
https://doi.org/10.1007/s11869-017-0533-5
https://doi.org/10.1007/s11869-017-0533-5
https://doi.org/10.1016/j.scitotenv.2019.02.316
https://doi.org/10.1038/sj.jea.7500165
https://doi.org/10.37544/0949-8036-2019-03-49
https://doi.org/10.37544/0949-8036-2019-03-49
https://doi.org/10.1016/j.envint.2014.11.019
https://doi.org/10.1016/S0048-9697(01)00765-3
https://doi.org/10.1016/S0048-9697(01)00765-3
https://doi.org/10.1021/ac201338x
https://doi.org/10.21037/jtd-19-crh-aq-007
https://doi.org/10.1016/j.scitotenv.2016.01.038
https://doi.org/10.1016/j.scitotenv.2016.01.038
https://doi.org/10.1016/j.buildenv.2011.07.018
https://doi.org/10.1111/ina.12044
https://doi.org/10.1126/science.1108752
https://doi.org/10.1021/acs.est.0c00740

Special Issue on Air Quality in a Changed World: Regional, Ambient, and ORIGINAL RESEARCH
Indoor Air Concentrations from the COVID to Post-COVID Era (V) https://doi.org/10.4209/aaqr.210302

Total Environ. 607-608, 691-705. https://doi.org/10.1016/].scitotenv.2017.06.266

Scibor, M., Balcerzak, B., Galbarczyk, A., Targosz, N., Jasienska, G. (2019). Are we safe inside?
Indoor air quality in relation to outdoor concentration of PM1g and PM3.s and to characteristics
of homes. Sustain. Cities Soc. 48, 101537. https://doi.org/10.1016/j.s¢cs.2019.101537

Singer, B.C., Delp, W.W. (2018). Response of consumer and research grade indoor air quality
monitors to residential sources of fine particles. Indoor Air 28, 624-639. https://doi.org/
10.1111/ina.12463

U.S. Nuclear Regulatory Commission (U.S. NRC) (2011). Code of Federal Regulations, 10CRF30.
U.S. Nuclear Regulatory Commission, USA.

Wallace, L. (2006). Indoor sources of ultrafine and accumulation mode particles: Size distributions,
size-resolved concentrations, and source strengths. Aerosol Sci. Technol. 40, 348-360.
https://doi.org/10.1080/02786820600612250

Wallace, L., Wang, F., Howard-Reed, C., Persily, A. (2008). Contribution of gas and electric stoves
to residential ultrafine particle concentrations between 2 and 64 nm: Size distributions and
emission and coagulation rates, Environ. Sci. Technol. 42, 8641-8647. https://doi.org/
10.1021/es801402v

Wan, M.P., Wu, C.L., Sze To, G.N., Chan, T.C., Chao, C.Y.H. (2011). Ultrafine particles, and PM2s
generated from cooking in homes. Atmos. Environ. 45, 6141-6148. https://doi.org/10.1016/
j.atmosenv.2011.08.036

Wang, Z., Delp, W.W., Singer, B.C. (2020). Performance of low-cost indoor air quality monitors
for PM2s and PM1o from residential sources. Build. Environ. 171, 106654. https://doi.org/
10.1016/j.buildenv.2020.106654

World Health Organization (WHO) (2016). Ambient air pollution: A global assessment of exposure

and burden of disease. World Health Organization. https://apps.who.int/iris/handle/10665/
250141

World Health Organization (WHO) (2021). WHO global air quality guidelines: Particulate matter
(PM25 and PM1o), ozone, nitrogen dioxide, sulfur dioxide and carbon monoxide. World Health
Organization. https://apps.who.int/iris/handle/10665/345329

Xia, T., Li, N., Nel, A.E. (2009). Potential health impact of nanoparticles. Annu. Rev. Public Health
30, 137-150. https://doi.org/10.5194/acp-15-1769-2015

Zhang, A, Liu, Y., Zhao, B., Zhang, Y., Kan, H., Zhao, Z., Deng, F., Huang, C., Zeng, X., Sun, Y., Qian,
H., Liu, W., Mo, J., Sun, C., Zheng, X. (2021). Indoor PM2 s concentrations in China: A concise
review of the literature published in the past 40 years. Build. Environ. 198, 107898.
https://doi.org/10.1016/j.buildenv.2021.107898

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, 1744—
1759. https://doi.org/10.3390/ijerph7041744

Zhang, Y., Zhao, B., Jiang, Y., Xing, J., Sahu, S.K., Zheng, H.D., Ding, Cao, S., Han, L., Yan, C., Duan,
X., Hu, J.,, Wang, S., Hao, J. (2022). Non-negligible contributions to human health from
increased household air pollution exposure during the COVID-19 lockdown in China. Environ.
Int. 158, 106918. https://doi.org/10.1016/j.envint.2021.106918

Aerosol and Air Quality Research | https://aaqr.org 14 of 14 Volume 22 | Issue 5 | 210302


https://doi.org/10.4209/aaqr.210302
https://aaqr.org/
https://doi.org/10.1016/j.scitotenv.2017.06.266
https://doi.org/10.1016/j.scs.2019.101537
https://doi.org/10.1111/ina.12463
https://doi.org/10.1111/ina.12463
https://doi.org/10.1080/02786820600612250
https://doi.org/10.1021/es801402v
https://doi.org/10.1021/es801402v
https://doi.org/10.1016/j.atmosenv.2011.08.036
https://doi.org/10.1016/j.atmosenv.2011.08.036
https://doi.org/10.1016/j.buildenv.2020.106654
https://doi.org/10.1016/j.buildenv.2020.106654
https://apps.who.int/iris/handle/10665/250141
https://apps.who.int/iris/handle/10665/250141
https://apps.who.int/iris/handle/10665/345329
https://doi.org/10.5194/acp-15-1769-2015
https://doi.org/10.1016/j.buildenv.2021.107898
https://doi.org/10.3390/ijerph7041744
https://doi.org/10.1016/j.envint.2021.106918

	ABSTRACT
	1 INTRODUCTION
	2 METHODS
	3 RESULTS AND DISCUSSION
	3.1 Background PM Level
	3.2 COVID-19 Pandemic Lockdown
	3.3 Cleaning vs. Cooking
	3.4 Cooking Methods
	3.5 Evolution of Indoor PM
	3.6 Thanksgiving Holiday Cooking

	4 CONCLUSIONS AND IMPLICATIONS
	ACKNOWLEDGEMENTS
	SUPPLEMENTARY MATERIAL
	REFEREMCES

