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ABSTRACT: Airborne nanoparticles are frequently released in occupied spaces due to
episodic indoor source activities. Once generated, nanoparticles undergo aerosol
transformation processes such as coagulation and deposition. These aerosol processes
lead to changes in particle concentration and size distribution over time and accordingly
affect human exposure to nanoparticles. The present study establishes a framework for
an indoor particle dynamic model that can predict time- and size-dependent particle
concentrations after episodic indoor emission events. The model was evaluated with six
experimental data sets obtained from previous measurement studies in the literature.
The indoor particle dynamic model quantified the relative contributions of three particle
loss mechanisms (i.e., coagulation, deposition, and ventilation) to the total reduction in
number concentration. The results show that particle coagulation and indoor surface
deposition are two dominant processes responsible for temporal changes in particle size and concentration following indoor emission
events. The first-order equivalent coagulation loss rate notably varies with indoor emission source and accounts for up to 59% of the
total particle loss for burning a candle, 42% for broiling a fish, and 10% for burning incense. The results reveal that while the
coagulation loss rate changes markedly with the particle concentration and source type, the deposition loss rate is more dependent
on particle size. Compared to coagulation and deposition, the effect of ventilation is marginal for most of the nanoparticle emission
events indoors; however, ventilation loss becomes pronounced with the decrease of particle concentration below 5 × 104 cm−3,
especially for particles larger than 100 nm in aerodynamic diameter.
KEYWORDS: indoor air, aerosol dynamic model, ultrafine particles, particle size distribution, indoor activities

■ INTRODUCTION

Inhalation exposure to airborne particulate matter (PM) is one
of the major environmental risk factors that increase the
burden of diseases worldwide.1 Studies have shown that
human exposure to PM is associated with adverse health
effects, such as respiratory, neurological, and cardiovascular
diseases.2−7 Although PM exposure is attributed to both
outdoor and indoor emission sources,8,9 a large portion of the
population exposure to PM occurs indoors, given that people
spend a majority of their time in enclosed spaces and even
longer under extreme events such as wildfires or infectious
disease pandemics.10−12 Indoor PM emission events are
typically episodic and can lead to high concentrations of
airborne nanoparticles.13,14 Several studies revealed that
oxidative stress caused by nanoparticles is more toxic than
that due to larger particles of the equivalent mass because of
the large surface area available for biological and chemical
interactions with human cells.15−17 Previous studies measured
the size-dependent particle concentrations associated with
indoor activities and quantified daily PM exposure.18−22 Their
results reveal that human activities such as cooking, burning
candles, smoking, solid fuel combustion, walking, or use of
electric appliances contribute to increases in indoor particle
concentrations.23−29

Once particles are emitted from an indoor source, the
particles undergo aerosol transformation processes such as
coagulation, deposition, and ventilation.30−33 Such processes
play major roles in changes of particle size and concentrations
with time. In particular, when particle number concentrations
are high due to source emissions in a relatively small indoor
occupied space, coagulation loss can be significant for
nanoparticles smaller than 50 nm.30,33 During the coagulation
process, particles collide and stick with one another, creating
larger particles. Over this process, the total particle number
concentration decreases with time while the particle size
distribution shifts toward larger particles.34 Several studies
reported dynamic changes in particle number concentrations
and source emission rates resulting from different indoor
sources.14,23,26,33−36 Lai et al.37 performed experiments in a
small-scale chamber and monitored particles in a size range of
14−250 nm. Based on the measurement, they developed a
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particle dynamic model that estimated five different coagu-
lation mechanisms including van der Waals, viscous forces, and
fractal effects. The modeled particle number concentrations
matched well with the measurement data, and the results
suggested that coagulation and convective transport are the
main processes responsible for changes in indoor particle
concentration during high-concentration periods. Geh́in et
al.38 measured the particle size distributions associated with 18
different indoor activities (burning candle or incense, cooking,
spray use, computer printing, and household cleaning). This
study demonstrates that a number of ultrafine particles (<100
nm in size) are emitted during indoor human activities and the
highest concentrations were found while cooking meat or fish
on a stove and during pyrolysis oven cleaning. Stabile et al.39

measured newly generated ultrafine particles when using floor
cleaning products. Based on multiple chamber tests with 20
different products (mostly containing VOCs and surface
agents), 10 cleaning products were identified as nanoparticle-
generating products for the nucleation range (about 10 nm).
Wang et al.40 investigated the size-resolved deposition rate and
Brownian coagulation coefficient for the aerosolized SiO2
nanoparticles with concentrations of about 6.0 × 104 cm−3 at
relative humidity (RH) values of 9−64% in a laboratory
chamber. Except for the extremely dry condition (9% RH),
40−50% of the total particle loss at the beginning of decay was
associated with coagulation. However, few studies have
examined detailed effects of indoor particle loss mechanisms
on size and concentration dynamics for common emission
sources in full-scale, realistic buildings.33

Given this background, the objectives of this study are to (1)
establish an indoor aerosol dynamic model that predicts time-
and size-dependent concentrations after episodic source
releases and (2) quantify relative contributions of coagulation,
deposition, and ventilation to indoor particle losses after
nanoparticle emission events. The aerosol dynamic model
developed herein is evaluated with the actual measurement
data published in the literature and can help predict indoor
particle dynamics and human exposure associated with
episodic indoor nanoparticle emissions.

■ METHODS
The indoor aerosol dynamic model was established and
validated using experimental data sets published in the
literature based on field measurements in full-scale residential
buildings. These studies monitored time- and size-resolved
particle concentrations associated with six typical indoor
emission sources: a candle, a gas stove, a clothes dryer, a
toast, a broiled fish, and an incense.26,33,34,36,41 The measure-
ment data were collected from three different homes located in
Santa Rosa, CA (candle), Gaithersburg, MD (gas stove), and
Reston, VA (remaining four sources). For the measurements in
the whole house, we used the experimental data collected with
the central mixing fan operating in the entire house. Figure 1
summarizes the particle number concentrations due to the six
indoor sources at the start of decay observed in those studies.
Each data set shows a distinct particle size distribution with
regards to the geometric mean, geometric standard deviation
(GSD), and total number concentration. We focused on the
particle decay period to examine how the aerosol size/
concentration dynamics vary with indoor source due to
different indoor particle loss mechanisms. The initial decay
data reflect the effects of source emission on the particle size
distribution and number concentration. Detailed information

about all six tests including house volume, air change rate, and
measured particle size range is provided in the Supporting
Information (see Tables S1 and S2).

Characterization of Size-Resolved Particle Concen-
trations Using a Log-Normal Distribution. We hypothe-
sized that a measured particle size distribution can be modeled
as a log-normal distribution with a specific geometric mean
diameter (GMD) and a geometric standard deviation (GSD).
The values of GMD and GSD were calculated based on the
following three equations.42

∑̅ =
=

G
N

n dln
1

( ln )
i

N

i iD
T 1

inB

(1)

∑=
=

N n
i

N

iT
1

inB

(2)

∑σ =
̅=

i
k
jjjjj

y
{
zzzzzN

n
d
G

ln
1

ln
i

N

i
i

G
T 1

2

D

inB

(3)

where G̅D is the GMD, NT is the total number concentration
(cm−3) summed over all particle size bins, and ni is the number
concentration of particles in the size bin i. NBin is the total
number of size bins, di is the particle diameter in the size bin i,
and σG is the GSD.
Once the total number concentration, GMD, and GSD were

determined, the log-normal distribution was modeled as
follows.42

Figure 1. Size-resolved number concentrations due to the six indoor
sources at the start of the decay.33,34,36
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where nj is the number concentration in the size bin j and dj is
the particle diameter of the size bin j.
Indoor Particle Dynamic Model. Based on the log-

normal particle distribution, the dynamic behavior of the size-
resolved particle number concentration was modeled using a
material balance model that calculated the particle gain due to
coagulation and particle losses from coagulation, deposition,
and ventilation, as shown in eq 5.
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where n(v,t) [m−3] is the particle number concentration for
particle volumes [m3] between v and v + dv at time t [s]; v − v̅
and v̅ are the volumes of two colliding particles; v is the volume
of the newly coagulated particle; β is the coagulation kernel
(collision rate coefficient); k is the particle deposition rate
[h−1]; and a is the air exchange rate [h−1]. The first two
integrals on the right-hand side represent the particle gain and
loss due to coagulation, respectively. The third term on the
right side represents the particle loss due to deposition and
ventilation.
Using eq 5, time-varying particle size distributions in the

range of 2−400 nm were calculated with each time step of 1 s.
The time step of 1 s for the numerical solution was based on
the coagulation time scale for 2−3 nm particles.33,42 For
modeling the coagulation process, the semi-implicit method
that used volume fraction factors to preserve the total volume
concentration at each time step was employed.42 The
coagulation kernel (β) represents the second-order rate
constant that reflects a collision rate between two particle
clusters that is affected by several factors including Brownian
motion, van der Waals force, viscous force, fractal geometry,
convective Brownian enhancement, gravitational sedimenta-
tion, and turbulent motions.30−32 A previous study43 presented
a methodology to predict and estimate the best-fit input
parameters for the current indoor aerosol model considering
Brownian diffusion as the coagulation kernel. A few other
studies examined the effective coagulation coefficient from the
steady-state model using the Fuchs coagulation kernel and
considering the effect of fractal agglomerate on particle
number, surface area, and mass concentrations.44,45

In the present study, Brownian motion with the Fuchs
correction as well as van der Waals and viscous forces was
taken into account to estimate β (see Figure S2). Detailed
information on modeling coagulation is provided in the
Supporting Information (see Modeling of Coagulation in the
SI). The Hamaker constant, which represents the binding
potential due to van der Waals force, was set to 20 kBT (where
kB is the Boltzmann constant and T is the absolute
temperature), which was shown to work reasonably well for
indoor organic particles.14,33,36 As coagulation is a second-
order process, the coagulation loss rate increases proportion-
ally to the square of the particle concentration. However, to
evaluate how the coagulation loss rate changes with time
compared to deposition and ventilation loss rates, the first-

order equivalent loss rate due to coagulation was estimated for
a specific time interval as follows
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where kc,i (t) is the first-order equivalent coagulation loss over
a time interval t for the particle size bin i, ΔNi(t) is the number
concentration reduced by the number of coagulation loss over
the time interval t, and N0,i is the initial number concentration
for the particle size bin i.
The particle dynamic model is based on the time-varying

particle size distribution and the air change rate; however, note
that the model does not distinguish indoor environmental
settings. The effects of specific environmental conditions (i.e.,
surface-to-volume ratios, roughness of the surfaces, airflow
conditions) are reflected in the particle concentration and air
change rate, based on which the model predicts the
concentration profiles and relative importance of coagulation,
deposition, and ventilation on the particle dynamics.

Estimation of Deposition Rates. Along with time-
dependent coagulation losses, particle deposition rates were
estimated for the six indoor sources using an iteration
method.36 Deposition rates were typical of building conditions
due to indoor airflow, surface areas, filtration, and air
conditioning mode; the size-resolved deposition rates were
estimated for each test. A previous study36 validated this
iteration method based on the field measurement data. A
detailed description of the iteration method is provided in the
paper; however, briefly describing the iteration process, we
initially assumed a set of deposition rates for different particle
sizes and particle number concentrations were then calculated
for each time step of the decay period. The initial deposition
rates were based on the indoor particle deposition theory;46−48

however, it turned out that the initial values made minimal
differences to the converged solution. At each time step, the
errors for the deposition rate estimates were calculated as the
square sum of differences between the simulated and measured
number concentrations. Note that for each iteration, we
estimated the deposition rate as the difference between the
total particle loss and the sum of coagulation and ventilation
losses. Size-specific deposition rates were updated iteratively
until the sum of errors for the whole decay period was
obtained with the specific convergence criterion (∑|ke

n+1− ke
n |

≤10−2), where ke indicates the estimated deposition rates.

■ RESULTS AND DISCUSSION
Six Episodic Events Representing Different Particle

Size Distributions. Table 1 summarizes the percentages of
particles in seven particle size bins ranging from 2 to 400 nm
for six indoor emission sources observed in the previous
experimental studies.33,34,36 For all indoor sources, the total
particle number concentrations at the beginning of decay
varied from 21 000 to 1100 000 cm−3. For the candle burning,
high concentrations (>510 000 cm−3) were observed with 47%
of the total particles in the 2−5 nm size range. The gas stove
also showed relatively high total number concentrations
(>140 000 cm−3), with about a half of the total within the
size range of 5−10 nm. The clothes dryer and toast produced
smaller numbers of particles (73 000 and 67 000 cm−3), but
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more larger particles with about 55% of the total in a size range
of 10−40 nm. Note that broiled fish produced a majority of
particles in the 40−100 nm range, with a relatively high total
particle number concentration (258 000 cm−3). Among the six
sources, the incense produced the biggest particles with more
than 70% of particles in the size range of 100−400 nm, while
the particle number concentration was the lowest. Given that
each emission source yields a distinct particle size distribution,
the dominant particle loss mechanisms are expected to be
different for the six different emission sources.
Figure 2a−f compares log-normal particle size distributions

for the six indoor sources that are fitted based on the

measurement data. The log-normal distributions were
calculated for the particle size range of 2−400 nm. The figures
show that each indoor source event can be fitted to a log-
normal distribution, with the root mean square error (RMSE)
values of 287 for candle, 62.2 for gas stove, 6.95 for clothes
dryer, 5.35 for toast, 33.8 for broiled fish, and 1.59 for incense.
Although particle size distribution widely varies with source
type, unimodal log-normal distribution function with a single
set of GMD and GSD36,37

fits well for most of the indoor
sources except for the candle. As for the candle, the particle
size distribution is better characterized by a bimodal log-
normal distribution, with the first concentration peak in the
range of 2−3 nm and the second peak in 5−6 nm. The R2

values between log-normal size distribution and measurement
data for six sources are 94.1% for candle, 91.1% for gas stove,
98.9% for clothes dryer, 98.6% for toast, 95.3% for broiled fish,
and 99.2% for incense. Although these fittings provide
reasonable accuracy for our model, the model accuracy may
increase further with refining the size distribution to bimodal
or trimodal distribution.
Based on these log-normal distributions as initial conditions,

the following section presents results of the indoor particle
dynamic model as well as the roles of aerosol processes
(ventilation, deposition, and coagulation) in the dynamics of
particle size and concentration.

First-Order Equivalent Coagulation Loss Rates. Figure
3a,b presents the first-order equivalent coagulation loss rates

Table 1. Percentage of Particles in Different Size Ranges for
the Six Indoor Sources

percentage particle number concentration (%)

activity
2−5
nm

5−10
nm

10−
18 nm

18−
40 nm

40−
100
nm

100−
200 nm

200−
400 nm

candle36 46.8 28.8 17.5 6.5 0.4 0 0
gas stove33 37.0 47.1 15.3 0.5 0.2 0 0
clothes
dryer34

0 3.4 56.4 36.7 2.2 1.0 0.3

toast34 0 0 23.2 62.0 13.9 0.7 0.2
broiled
fish34

0 0 3.9 35.1 57.7 3.0 0.3

incense34 0 0 0.3 2.6 25.3 51.5 20.3

Figure 2. Comparison of size-resolved particle number concentrations between experiment and log-normal distribution fitting for six indoor
nanoparticle emission sources: (a) candle,36 (b) gas stove,33 (c) clothes dryer,34 (d) toast,34 (e) broiled fish,34 and (f) incense.34
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for the initial 25 min of the decay period and how coagulation
loss varies with source emission type and particle size.
According to the figures, although particle size distributions
are different for the six sources, in general, the smaller the
particle, the higher the coagulation loss rate. This result
suggests that coagulation has a more significant impact on the
dynamics of smaller particles, mainly due to the high particle
collision rate.49,50 In the case of the candle, the first-order
equivalent coagulation loss rate is as high as 13 h−1 for the size
range of <10 nm, which is much higher than other indoor
sources. Note that coagulation is a second-order process
involving particle number concentrations; if the number
concentration is doubled, the coagulation effect would be 4
times higher.13 Broiled fish yields coagulation loss rates of 2.5−
5 h−1 in the particle size range of 10−20 nm. It is interesting to
see that these rates are higher than those of clothes dryer and
toast (<1.5 h−1) (see Figure 3b). Although broiled fish
produces more larger particles than clothes dryer and toast,
they yield larger coagulation losses because of higher particle
number concentrations.
It should be noted that in Figure 3, negative loss rates reflect

particle gain because of coagulation. Candle and gas stoves
showed clear particle gains between 20−40 nm and 10−40 nm,
respectively. In the case of the candle, the initial particle
number concentration was high for the size range of <20 nm

and coagulation led to particle gain in the size range of 20−40
nm (see Figure S1). The gas stove produced most particles
<10 nm, which resulted in coagulation gains for particles larger
than 10 nm. These results were attributed to the differences in
size distribution and number concentration between the two
sources. Comparatively much smaller particle gains occurred
for broiled fish than those for candle and gas stove. For the
incense, the particle gain due to coagulation was negligible
(Figure 3b), which was mainly attributed to a relatively low
total particle number concentration and a high GMD of the
particle size distribution. As a result, the coagulation loss rate
was higher for the sources (candle, gas stove, broiled fish) with
a large number of particles during the initial 25 min after the
beginning of decay. In addition, we observed that as the
number concentration decreased due to coagulation, the
coagulation gain tended to gradually decrease with time.
These results demonstrate that the coagulation loss rate is
meaningfully influenced by both particle number concentration
and size distribution. Figure S3 provides detailed time-varying
coagulation loss rates for the six sources.

Deposition Rates. Figure 4 presents size-resolved particle
deposition rates for each indoor source obtained from the

iteration method.36 Note that deposition rates were estimated
only for particle size bins that had particle number
concentrations higher than 100 cm−3 at the beginning of
decay, considering relatively high estimation uncertainties with
lower concentrations. Previous studies reported that deposition
rates followed a log-linear curve with high R2 values up to 99%
for the nanoparticle size range <100 nm.33,36 In our analysis,
for the data from candle, gas stove, toast, broiled fish, and
incense, the R2 values of the log-linear curve ranged from 88.3
to 96.6%, while it was much lower for incense (60.7%). It is
important to mention that the data from the clothes dryer did
not show a log-linear curve, implying other potential aerosol
transformation processes (e.g., evaporation) occurring with
this emission source. In the clothes dryer case, the deposition
rate tended to increase with particle size in the range of 10−20
nm, which was opposite to the theoretical prediction of the
size-dependent particle deposition.46,47,51 We speculate that
particles released from clothes dryer contain moisture and they
evaporate after being released in the indoor air, which leads to
a notable decrease in particle number and is reflected as the
deposition rate increase in the size range of 10−20 nm. The

Figure 3. Size-resolved first-order equivalent coagulation loss rates for
(a) candle,36 gas stove,33 and broiled fish34 and (b) clothes dryer,34

toast, and34 incense.34 Note that the error bars represent the standard
error and the Y-axis scale is 10 times larger for (a) than that for (b).

Figure 4. Size-resolved deposition rates for the six indoor sources.
Note that the y-axis is in the natural logarithmic (LN) scale and the
error bars represent standard errors.
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Figure 5. continued
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deposition rate estimates decreased as particle size increased in
the range of 2−70 nm except for the case of clothes dryer. This
result supports previous findings that the particle deposition to
indoor sources is enhanced for smaller particles (<50 nm) due
to Brownian and turbulent diffusion.46−48,50,52 The detailed
size-dependent deposition rates for the six indoor sources are
presented in Figure S4.
Particle Size Distributions: Measurements vs Model

Predictions. Figure 5a−f compares the modeled and observed
time-varying particle size distributions for all six indoor
sources. Note that the initial particle size distribution was
the same for the model and the measurement data. The
subsequent modeled time series were based on the coagulation
and deposition rates presented above. The figures show similar
trends in the temporal variation of particle size distributions
between measurements and model results, although some
discrepancies appear in the early decay period, perhaps due to
incomplete air mixing in the measurements in full-scale
buildings. Figure 4a shows that the majority of particles
emitted from the candle are smaller than 20 nm and the
particle size distribution shifts toward larger sizes with time.
The model captures reasonably well that particle number
concentrations quickly decrease in the small particle size range
with the increase of geometric mean diameter over time. The
simulation results of both candle burning and gas stove reveal
strong coagulation effects attributed to high collision rate and
high concentrations of nanoparticles smaller than 10 nm
(Figure 5a,b). Figure 5c shows the results of clothes dryer, in
which high particle number concentrations were maintained
for a relatively long time (>20 min) likely due to evaporation
of larger particles. In such a case, the model could
underestimate the coagulation losses. Future studies can

investigate the detailed effects of evaporation for unvented
clothes dryers in addition to coagulation and deposition. For
the experiments with indoor cooking activities (toast and
broiled fish), particle emission from the source occurred in the
kitchen, while the measurement was performed in the
basement with the central mixing fan operating in the whole
house. Due to this condition, there were time delays (8−10
min) for particles generated from the source to spread to the
basement. Excluding such delays and activities that are not
modeled (e.g., opening the oven door around 25 min for the
broiled fish), the simulation results reproduce the dynamic
evolution of particle size distributions with reasonable
accuracy. However, it should be noted that this study has a
limitation assuming the spatial homogeneity of particle number
concentration between the emission source and the measure-
ment location. Regarding incense burning, the model
prediction is in good agreement with the experimental data
in the particle size range of 80−300 nm. The results suggest
that the indoor particle dynamic model can simulate the
temporal changes in the particle size and concentration
associated with individual loss mechanisms. The model can
provide meaningful insights into the dominant aerosol
processes considering the emission source type and building
conditions. The following section discusses the detailed aerosol
transformation processes for different indoor emission source
types.

Relative Contributions of Coagulation, Deposition,
and Air Change to Particle Loss. Figure 6a−f shows the
relative contribution to particle number concentration loss in
time during the decay for the six indoor sources. The figures
reveal information of major particle loss mechanisms at a
specific time of the decay, depending on the source type and

Figure 5. Measurement vs model: time-dependent particle size distributions: (a) candle,36 (b) gas stove,33 (c) clothes dryer,34 (d) toast,34 (e)
broiled fish,34 and (f) incense.34
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particle concentrations. For the sources that yield high number
concentrations of sub-10 nm particles such as candle and gas
stove (Figure 6a,b), coagulation and deposition are primarily
responsible for the particle number loss. For example,
regarding the candle burning, the total particle number
concentration was 1.1 × 106 cm−3 at the beginning of decay
and coagulation and deposition account for up to 59 and 40%
of the total particle number loss, respectively. However, after
50 min of the decay, coagulation was responsible for only 15%
of the total particle number loss, while deposition was
responsible for 80% of the total loss. Note that ventilation
loss accounted for less than 0.3% of the total particle number
loss over the whole decay. The results with the gas stove
showed a total particle number concentration of 3.1 × 105

cm−3 at the beginning of decay and the initial contributions of
coagulation, deposition, and ventilation to the total particle

number loss were 37, 61, and 2.2%, respectively. In this case,
the effect of deposition was higher than coagulation mainly due
to relatively larger particle sizes with smaller concentrations
compared to the candle data. For the clothes dryer and indoor
cooking activities (toast and broiled fish), coagulation and
deposition still accounted for more than 50% of the total
particle number loss over the decay. However, ventilation
losses were considerably high compared to those of the candle
and gas stove, which was mainly attributed to higher air change
rates (clothes dryer 0.36 h−1, toast 0.34 h−1, broiled fish 0.59
h−1) and larger particle sizes that reduced the effect of
coagulation. In the case of incense, the ventilation effect was
highest (up to 75%) among the six emission sources because of
the low total particle number concentration (<2.1 × 104 cm−3)
with the majority of particles in the size range of >100 nm.

Figure 6. Relative contributions of coagulation, deposition, and ventilation to particle number concentration loss with time over the decay period
for the six indoor sources: (a) candle, (b) gas stove, (c) clothes dryer, (d) toast, (e) broiled fish, and (f) incense. Note the different scales of total
number concentration for six indoor sources.
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The present study reveals that all three aerosol loss
mechanisms, i.e., coagulation, deposition, and ventilation, can
meaningfully influence indoor particle size and concentration
dynamics depending on the emission source type and indoor
environmental condition.37,53,54 Given that this study has
examined the particle dynamics in residential buildings based
on the transient, well-mixed material balance model, future
studies are warranted to examine how the spatial inhomoge-
neity of particle concentrations affects the measurement and
model uncertainties under representative incomplete air mixing
conditions.55
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