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Abstract
Indoor air pollution contributes significantly as a world-wide environmental issue, impacting health
and livelihood. To quantify benefits offiltration on indoor air quality, it is essential to understand the
relationships between the various factors impacting the concentrations of indoor air pollutants. This
work uses amass-conserving 2-boxmodel, high-frequency observations of aerosol number
concentration, and a home-made, low-cost, 3-layer non-woven fabric filter, powered by a standard
ventilation fan to quantify the effectiveness aerosol reduction inmultiple indoor environments. The
data shows that aerosol loading is effectively reduced under both steady-state and extreme event
conditions, although there are significant and important differences between simultaneous observa-
tions both indoor and outside. To obtain a proper accounting, the followingmust be considered: the
usage or not of the fanfilter, whether windows are opened or closed, the state of outdoor air is
pollution, and the strength and duration of indoor emissions. The experiments are applied in
residential indoor environments in four cities in eastern (Xuzhou), central (Zhoukou), and southern
(Zhuhai and Shunde)China. Photographic evidence of the altered fanfilter state under both
conditions show that while usually dark/black aerosols dominate, there are conditionswhen yellow
aerosols also dominate. The observations are based onmultiple, independent, continuous low-cost
sensors which have been calibrated against aGRIMM-180 over the number concentration range from
0.3 to 1.0microns, and yield a removal rate due to the fan-filter of 46%, 80%, 81%, and 36%
respectively across the four cities. A corresponding rate to return from an extreme event to steady-
state, is computed outdoors and indoors respectively from: 14.−44.minutes, 6.6–21.minutes, 16.
−33.minutes, and 24.−58.minutes. Themost important factors contributing to the removal
efficiency and decay gradient are observed as keepingwindows closed and reducing leakiness, the
apartment/classroom size, and the outdoor air pollution loading.

1. Introduction

Over the past few decades, significant economic development has led to hundreds ofmillions of people being
exposed to high levels of indoor air pollution (Samet 1987, Cohen 2011), while at the same time also increasing
the knowledge among the public that this is a serious issue impacting people’s health and livelihood (Tham2018,

OPEN ACCESS

RECEIVED

3 September 2023

REVISED

28November 2023

ACCEPTED FOR PUBLICATION

11December 2023

PUBLISHED

26December 2023

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 4.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2023TheAuthor(s). Published by IOPPublishing Ltd

https://doi.org/10.1088/2515-7620/ad1422
https://orcid.org/0000-0002-7570-8738
https://orcid.org/0000-0002-7570-8738
https://orcid.org/0000-0002-9889-8175
https://orcid.org/0000-0002-9889-8175
https://orcid.org/0000-0002-0258-8253
https://orcid.org/0000-0002-0258-8253
mailto:jasonbc@alum.mit.edu
mailto:jasonbc@cumt.edu.cn
https://doi.org/10.1088/2515-7620/ad1422
https://crossmark.crossref.org/dialog/?doi=10.1088/2515-7620/ad1422&domain=pdf&date_stamp=2023-12-26
https://crossmark.crossref.org/dialog/?doi=10.1088/2515-7620/ad1422&domain=pdf&date_stamp=2023-12-26
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0


Brook et al 2010, Zhao et al 2020, Barkjohn et al 2021). Onemajor source of indoor air pollution is the transport
of aerosols and gasses fromoutdoors to inside via doors, windows, ventilation systems, and cracks/pores in
various buildingmaterials (Ohura et al 2009,Uhde, Salthammer (2007), Chen andZhao 2011). Anothermajor
source consists of emissions located inside, including but not limited to cooking and other open flames (Brasche
andBischof 2005, Schweizer et al 2007, Kassomenos et al 2014), intentional burning such as cigarette smoke and
incense (Holcomb 1993,Dai et al 2016,Odeh andHussein 2016), mosquito coils, evaporation of semi-volatiles
like paint and varnish, and other sources (Escobedo et al 2014, Goyal andKhare 2011).

For these reasons, there has been a considerable amount of time and effort put intoways to reduce the
loading of aerosols in the indoor environment (Abt et al 2000, Zheng et al 2018). One of thesemethods is to
reduce the source of emissions inside. A second of thesemethods is to reduce the transport of sources from
outside to inside, or from another perspective, increase the dilution of dirty indoor air with cleaner outdoor air
(Gao et al 2013, Xiang et al 2021). A thirdmethod is tofind filters,materials, paints, plants, etc which are capable
of removing these aerosols and gasses in situ (Liang et al 2021).

A commonmisconception is that anymaterial with a high level offiltration (i.e., howmuch aerosol is
removed from a given volume of air or a given puff directed at or through the filter)will be effective in cleaning
indoor air. Supporting thismisconception aremanymaterials and standards (i.e.,MERV and PFE)which have
been developed (Scott et al 2009,Qian et al 1998). According to these standards, there aremany suchmaterials
that claim to remove upwards of 99.97%of aerosols with a diameter of 2.5microns and smaller (PM2.5). These
standards tend to be tested in environments containedwithin sealed boxes or other containers, under in situ
concentrations which tend to have aerosol concentrations which are considerably lower than observed in highly
polluted indoor environments, with the vastmajority of the PM2.5 being tested composed ofmostly sea salt and
other ionizable aerosols, andwith the exposure to the filtermaterial taking place over an extended period of time
with respect to the actual residence time in a typical indoor environment (Morawska 2020, BałAzy et al 2006,
Bouilly et al 2005, Lam et al 2020).

However, inside a real indoor locationwhere people live, work, and go about life, such idealized tests do not
offer a fair representation of reality (Alves et al 2013, Batterman et al 2005). There is always air exchange between
the indoor and outdoor environment (Rim et al 2010), otherwise therewould be a buildup of CO2 and death
would surely follow. In fact,most residential buildings are both quite large and have a relatively rapid
overturning flow time on the order of an hour atmost (Chambers et al 2001). Furthermore, the aerosol loadings
in polluted regions of theworld, with southern and central China being good examples, can typically far exceed
those of theWHO standard on a regular basis (Prüss-Üstün et al 2016), and frequently contain significant
amount of non-ionizable organic carbon (OC) and black carbon (BC) aerosols (Cohen 2011, Cohen and
Wang 2014,Wang et al 2021a). Therefore, environmental testing under realistic conditionswhere people live,
work, and tend to spend their time necessitates a step over and beyond the idealized conditions considered by the
present generation of studies (Zhou 2016), especially so under actual indoor environmental conditions, and over
extended continuous periods of time fromhours through days.

To address these issues, a new systems approach is introduced to comprehensively analyze the loadings of
aerosols, their size distribution, and their time-rate of their change, as they occur inside actual indoor residential
environments under bothfiltered and non-filtered conditions. Thesemeasurements are designed to test the
efficiency of a next-generation, home-madematerial, driven using a commonhousehold fan. The newmaterial
has both high filtration efficiency (MERV17) including for particles as small as 300 nm, and lowpressure drop
(alwaysmeasured at less than 13 Pa, sometimes as low as 11 Pa). This net combination of highfiltrationmaterial
and lowpressure drop allows a high volume of air to befiltered. Furthermore, due to the relatively flat,
perpendicular, and thinmaterial surface, the airflow remains laminar, allowingmore aerosols to follow the flow
streams and befiltered by thematerial on each pass.

This work introduces a new analytic approach to quantify the air quality improvement in real time offered by
a next-generation airfiltrationmaterial. The analysis techniques specifically account for the large variations in
observed indoor and outdoor aerosol loadings at high temporal frequency. Onemajor point is that the flux from
indoor to outdoor and visa-versa are explicitly considered, in terms of their impact on the indoor residential
environment. The data collected has been analyzed continuously at each site overweeks tomonths, allowing
consideration of impacts from variations observed acrossmeteorological, geographical and other
environmental factors. Specific consideration ismade towhen the flowbetween the indoor and outdoor
environment (i.e., the building quality aswell as active state of open/closedwindows and ventilation systems), as
well as the impact of indoor airmixing rates. Themethods and results provided herein aim to provide a best
practice approach to quantifying the effectiveness of in-home solution to air pollution reduction, both in terms
of long-term impacts, impacts under extreme conditions, and impacts over 5-minute-long time scales, in terms
of reducing the in situ loadings of aerosols that actually occurs in a real indoor environment.
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2.Data andmethods

This study hasmade continuousmeasurements in typical indoor environments across 4 different geographical
regions inChina. The experimental design allows the impact of a new generation of air pollution reduction
materials to be tested in the real environment, including the impacts of variations in the real atmosphere,
including those of a short-lived nature, those associatedwith the dailymeteorological cycles, those related to
longer-term variation in atmospheric conditions, and those induced by real-world indoor air circulation
patterns and emissions (Shaughnessy, Sextro (2006)).

All tests were performed using new filters, applied in the sameway, using the samematerials andfitting
procedures, the same standard 20-inch ventilation fans, oriented in the same direction so that airflows through
thefilter into the fan, and then subsequently out the front of the fan. This procedure allows for a portion of the
redirected flow to pass through thefilter a second time around the portions of the fan’s rim that are covered on
the front-facing side. The air passing through the fan-filter subsequently enters into the room in a cone-shape,
with a variable rate and speedwhich depends on the air pressure, porosity of the indoor space being investigated,
powerflow to the fan, and other localmeteorological properties as explained in. In the real rooms observed,
there is air exchange between the inside and the outside, and there is turbulence in the air on the inside, which
causes this variable to not necessarilymatchwith the rate of decay of the aerosols in the real indoor environment.
This is the underlying reasonwhy this work introduces two newquantities to describe the steady and extreme
states of aerosol loading and the effectiveness of the filter. The configuration of the filter, how it was applied to
the fan, and the observed intense color change after 14-days of continuous use, are given infigure 1.

Across all experiments,measurement data was separated into two parts, those representing ‘pseudo-steady-
state’ or typical conditions (i.e., those that are representative of the climatological background that the people
living inside of the environment are exposed to) and ‘events’ (short-term atmospheric conditions representative
of locally enhanced aerosol concentrations). Statistics are computed separately over these two categories, so as to
account for the fact that in the real environment, there are short-term spikes frequently associatedwith
turbulence, short-term but intense emissions (i.e. smoking, cooking, the start of large-scale vehicular traffic,
rapid changes in the boundary layer or other atmospheric disturbances etc)which are not typical of the long-
term conditions, but which have a significant short-term effect on the concentrations. The removal efficiency of
the air pollutionmaterials in terms of reduction of both the size-segregated number concentrations were
computed for the ‘pseudo-steady-state’ condition. The decay time and the dropmagnitude of the associated
decaywere computed for the ‘events’ conditions, consistent with quantifying the time it takes for extreme
conditions to return to the normal conditionswhen the fanfilter is in use. Furthermore, the impacts of different
roomporosities and indoor and outdoor aerosol loadings are characterized and explained.

2.1. Experimental design
A comparison between the aerosol number concentrations in the outdoor environment and the indoor
environment is essential to quantify the effects of the airfilters. The setup places two (or three) sensors in close
proximity to each other. One is (or two are)placed inside the roombeing sampled, far fromprimary emissions
sources (i.e., not near the kitchen orwater heater). The remaining sensor is placed just outdoors on the balcony

Figure 1.Visible comparison of filtermaterial (a) before the experiment, (b) after 2-weeks of use, (c) just after a duststorm, (d) after 2
months of use (outside), and (e) after 2months of use (inside).
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or other outlying extension in away as to be representative of the outdoor air which is in contact with the
building’s surface. Theflowchart of experiment, as well as the locations of the four geographic regions inwhich
testingwas done are shown infigures 2(a) and (b).

In Zhuhai, the indoor space is approximately 105m2 and the doors andwindows are usually kept closed and
in double-rubber seal lockmode, due to special constructionmeant to address the frequent typhoons in this
urban area each summer (this system successfully kept all debris out from the 2018TyphoonMangkhutwhich
hit Zhuhai with 65 m/smaximumwinds). The Zhuhai site is located near the Zhujiang river and otherwise in a
residential area covered by a large number of trees and vegetation. In Shunde, the indoor space is approximately
100m3 in an old building, with doors andwindows of older construction. This site is located next to amajor
interstate highway, which has significant traffic both during the day and night (Figure S1). InXuzhou, the indoor
space is approximately 25m2, and the doors andwindows are of above average construction. This site is located
in themiddle of a university campuswithout traffic andwith a large tree cover. Outside of the campus, Xuzhou is
a rapidly growing industrial city, which just reached and passed a population of 9million. In Zhoukou, the
indoor space is approximately 45m2 and the doors andwindows are not leaky compared to other normally
constructed apartments. The site is located in the center of a suburban residential area, without tall buildings. In
the evening, there aremany barbeque and other street food sources located nearby.

Figure 2. (a)Geographical distribution of the sampling sites; (b) Flowchart of experimental set-up, conditions, implementation,
analysis.
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Zhuhai is a coastal site located in the subtropical AsianMonsoon region, with high humidity. Themain
sources of aerosols are from long-range transport, shipping, construction and cooking. The Shunde site has a
similar climate to Zhuhai, but instead is located in an industrial regionwith a significant transportation artery
nearby. Xuzhou is located in a temperate environment with 4 typical seasons, amoderate amount of humidity,
andwide variation between day and night and one day to the next. The background in this city is consistent with
themany rapidly growing urban areas in Asia which are based on heavy industry. Zhoukou has a similar latitude
toXuzhou, but is located 500 km further inland, and therefore is considerably drier (therewas no precipitation
that occurred throughout the entiremeasurement campaign in this city). It is also typical of a growing suburban
Asian city, which has sources associatedwith both rapid low-density urbanization and agriculture, including a
very large ‘fresh from farm to consumption’ barbeque culture.

2.2. Low-cost aerosol number concentration detectors
The outdoor and indoor aerosol concentrationmeasurements were taken by the low-cost commercially
available aerosol detectormanufactured by PA (version PA-II-SD, Li 2020). Themeasurements are based on a
technique using two side-by-side laser particle counters, where the length of the pulse determines the particle
size and the number of pulses determines the number concentration, connected to aUSBpowered fan to
continuously draw in air over a 2-minute period. The number concentration of particles per 0.1 liters of air is
computed over five binned size ranges, two ofwhich are used in this paper: 0.3 μmto 0.5 μmand 0.5 μmto
1.0 μm.The sensor has been determined to effectivelymeasure the daily average and statistical distribution of
measured PM1 conditions at 7 EPA supersites over a 2-year period across theUSA, including under extreme
events found in bothUtah and inCalifornia (Ardon-Dryer 2020). However, a recent study has determined that
for particle sizes larger than about 2 μm, the sensormay not work verywell, and insteadwould be better
considered as a nephelometer (Ouimette et al 2022). However, given themixing state and size of the particles, it
has been shown that indeed a number concentration can be derived froma nephelometer with a visible
wavelength band laser, as this instrument contains (Dubovik et al 2000,Holder et al (2020)Holder et al (2020),
Wang et al 2021b). Continuousmeasurements of particle number from0.3 μmto 0.5 μmand 0.5 μmto 1.0 μm,
actively running 24-hours a day throughout the entire time periodmeasured, are taken both indoor and
outdoor, fromDecember 6th to January 7th 2019 in Zhuhai, fromDecember 23rd 2019 to January 19th 2020 in
Shunde, from July 19th toAugust 4th 2020 in Zhoukou, and from July 8th to July 24th 2020 inXuzhou.

Themeasurements underlying the results have all beenmade using the same low-cost sensors, PurpleAir
(PA) on a continuous 2-minute basis, withmeasurements beingmade 24-hours a day over aminimumof 28
continuous days. The PA sensors were calibrated by comparing the 2-minute continuousmeasurements against
the 2-minute continuousmeanmade by a co-locatedGRIMM-180 24-hours a day over a 6-day continuous
period. The corrected time series of the PAmeasurements is shownpairedwith the time series of theGRIMM-
180 in figures 3(a) and (b)Wang 2022. In specific, this work uses the retrieved number concentrations of aerosols
by the sensor over 2 bins (ranging from0.3 to 0.5microns and 0.5 to 1.0micron,Ouimette et al 2022).

2.3. Analytics used and statistics generated
At afirst glance, themeasurements show a clear impact on the indoor environment when the fan equippedwith
the newfiltermaterial is used.However, such a simple analysis does not carefully look into the large amount of
variation present in the data, the various event spikes, transitions between the different regimes, outdoor
pollution loadings, and porosity of the indoor environment. Similarly, following theUSAEPA idea also is clearly
insufficient, as the observations clearly show that the efficiency of the removal itself varies greatly, including
factors including the aerosol source type and loading, the porosity of the environment, the conditions of the
atmosphere, and other factors (Chen et al 2011, Crilley, Di Antonio et al 2018). This is tied to the fact that in
general, airfiltermaterial is based on testsmade in a closed chamber environment, under constant atmospheric
conditions, at lowwind speeds, over long amounts of time andwith low concentrations of aerosols. In order to
test under real world conditions, this paper adapts a set of quantitative statistics and analytical approaches to
further delve into these important details and improve our overall understanding.

2.3.1. Detecting and separating special events
Perturbations of the local air concentrationmay be due to rapidly changing aerosol emissions sources, changes
in the atmosphere including the boundary layer height andwind speed, changes in the indoor environment such
as pressure shocks due to opening doors and/orwindows, or other changes impacting the chemical and physical
removal conditions indoors, such as the introduction of a new airfiltermaterial. Usually observed perturbations
are indicative of a short-term change, not of the long-term changes in the pseudo-steady-state state. To attempt
to better understand the response of thefilter to such short term and intense changes, amethod is established to
specifically quantify how long it takes for such perturbations to return back to pseudo-steady-state conditions,
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and the absolutemagnitude of such perturbations. This approach allows two different quantitativemarkers to
be used to analyze the effectiveness of the filters and the indoor environment under both pseudo-steady-state
and extreme conditions.

Separating the data into these two groups requires two steps. First, themean and standard deviation of the
time series is computed, and second, data corresponding to the extreme events isfiltered recursively using these
statistics. Any data larger than themean plus n times the standard deviation is considered an extreme condition.
This test is repeated formultiple values of n in steps of 0.05 fromn= 1 to n= 2. In each case, the process iterates
until the data removed in the final step is less than 1%of the remaining pseudo-steady-state data. Overall, this
procedure takes 5 to 10 cycles to reach a solution for the indoor data, with the outdoor data generally taking
more cycles. In all cases, 20% to 25%of the individualmeasurements are found to be extreme. This technique
successfully filters all known actual events aswell asmany other similarly sized events, from thosewhichmay
mathematically look like events but in reality, aremore likely just associatedwithmeasurement uncertainty.

Figure 3.Time series of GRIMM-180 and Scaled PurpleAirMeasurements (a) 0.3μm–0.5 μm, (b) 0.5 μm−1.0 μm; the scatter and
fitted line based onGRIMM-180 and Scaled PurpleAirMeasurements (c) 0.3 μm−0.5 μm, (d) 0.5 μm−1.0 μm.
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2.3.2. Analytics andmeasures
Thefirstmetric is the removal efficiency (herein called RE), which can be computed both for the fan powered
filtermaterial, and the typical indoor living environment (the effect of aerosol removal due only to thewalls,
items in the indoor living environment, etc). The effective RE values are computed each 2 min throughout the
pseudo steady-state time period as given in equation (1),

RE C C 1indoor steady outdoor steady, ,= / ( )

where Cindoor steady, and Coutdoor,steady are the respective 2-minute average concentrations indoors and outdoors in
[μg/cm3] for PMand [#/cm3] for number over a given size range. There are four different types of REwhich are
computed in this work. Specifically there are different values computedwhen the fan is on and off, andwhen the
windows are open and closed. In each case, the underlying driving forces include deposition to thewalls and the
fanfilter, as well as transport to and from the outside.

The fraction of data not at pseudo-steady-state is calculated differently, to consider both (a) themagnitude of
the reduction required to return to pseudo-steady-state and (b) the time for this reduction to occur. Therefore,
two new concepts are employed to analyze themeasurements: first the drop in concentration between a peak
and either pseudo-steady-state or a localminimum, and second the corresponding time for this drop to occur.
These two specific concepts (drop and time) are combined into a singlemetric called the decay gradient (DG),
following equation (2),

DG
Event Event

Tau Tau
2

Event Event

max min

max min

=
-
-

( )
( )

( )

where Eventmax is the local peak of the event in terms of concentration (respectively [μg/cm3] for PMand
[#/cm3] for number concentration), Eventmin is the concentration (respectively [μg/cm3] for PMand
[#/cm3] for number concentration)when pseudo-steady-state is achieved (or a localminimum in amulti-peak
event is found), and tau is the time [minutes] between Eventmax and Event .min

DG is calculated for the indoor environment for every drop from special event (based on itsmaximumpeak
plus any obvious secondary local peaks) back to pseudo-steady-state (or localminimums). In all cases a local
peak orminimum is considered sufficiently stable for analysis purposes if it is at least 5 min in length. These
individual values ofDG are then analyzed separately for both conditions underwhich the fan filter has been used
and not used. Further analysis was alsomadewhen thewindowswere both open and closed, since this difference
proved to be statistically significant.

These two variables are significantwith respect to human health, since the overall exposure to indoor air
pollution is a function of both the amount and the length of exposure. These variables emphasize the amount of
time and the quantitative reduction to return to pseudo-steady-state in the real indoor air that people are
exposed to, not an idealized standard of what amaterial can achieve. If the rate of removal is similar to or slower
than the rate at which newpollutants enter fromoutside or are emitted on the inside, then the net concentration
will not decrease, and thefilter is therefore not useful in the real indoor environment.

2.4.Mass conserving 2-boxmodel
We introduce the idea of amass conserving 2-boxmodel (MC2BM) to quantify and analyze the first order effects
of dynamics, air exchange, aerosol deposition, and aerosol filtration between the outdoor and the indoor
environment. Our basemodel is given in equation (3), where the change inmass of the particles with respect to
time is due to emissions in the indoor environment (E), transport of polluted air from the outside (based on a
rate constant ,1a transport of polluted air from the inside to the outside plus the natural removal due to the
properties of the indoor environment ,2a and the enhanced removal on the inside due to the use of the filter
(also ,2a but analyzed differently when the filter is turned on).

First, this equation isfitted under different experimental conditions inwhich the data is observed to be at
pseudo-steady-state, and therefore there is not a known local emissions or significant amount of transport of
polluted air from the outside to the inside. This allows us to generate a range of the possible values of 1a and 2a
which are not influenced by local emissions and/or extreme outdoor pollution events. In this specific case, the
value of 1a is the first order coefficient describing linear airflow to or from the room in exchangewith the
outside. The value of 2a is the first order coefficient describing the linear loss of aerosols to the unfiltered indoor
environment, and includes dry deposition, turbulent deposition, and anywet depositionwhichmay regularly
occurwithin the indoor environment. Due to the fact that inmany places inChina, the construction is new,
therefore the air exchange is relatively limited to conserve energy.

For this reason, it is essential to further explore the effects of opening and closingwindows on the transport
rates and the ultimate indoor air quality, at sites inwhich this work has sufficient data, both 1a and 2a arefit
under conditions when thefilter is off, there are no emissions, and thewindow is specifically known to be either
open or closed.
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After establishing the various differentmagnitudes of the first order effects without the use of the filter, the
impacts of thefilter are tested under pseudo-steady-state conditions. Again, this set of data isfiltered to ensure
that there are no aerosol concentration conditionswhich are influenced by either significant indoor emissions or
extreme outdoor pollution events, similar to above, except for the filters being turned on. This allows
computation of the term 2a under pseudo-steady-state conditions.

Under event conditions, either one or both of significant emissions occur inside or outdoor polluted air is
transported inside. In these cases, this workmakes a simplifying assumption that the emissions source and/or
transport event have subsidedwhen the concentration starts its exponential decay back towards pseudo-steady-
state. In this specific subset of data that corresponds to these conditions, the terms are analyzedwith respect to
the reduced equation given in equation (3) (where E is set to zero, and all of the remaining terms are used as
previouslyfit).

dC

dt
E C C 3indoor

outdoor indoor1 2a a= + - ( )

Training is performed under conditions wherein the emissions and indoor loss terms are controlled. These
cases, the value ofE is zero, and the fanfilter is not in use, and therefore the value of 2a only accounts for loss to
the natural indoor environment. In the subset of cases for trainingwhere the fan filter is turned on, then 2a
describes the total loss, in this case, the background loss plus the loss due to the airfilter. In the case where the
windows are open, the values of both 1a and 2a may further be different than in the case where thewindows are
closed.

Special events occur either when there is a significant number of emissions (E) orwhen a significant amount
ofmass from the outside comes inside. In the subset of cases where the emissions or transported outdoor
pollution is not continuous in time, this work then analyzes the data from the peak (or local peak for a
sufficiently significant drop) point andmodels it as it decays back to the pseudo-steady-state. Further, an
assumption ismade that theremust be at least 3 continuous points of decay (minimumof 6 continuousminutes
of decay), or the signal is not considered to be statistically significant and is further filtered. All of the fitting terms
are refit in the special event cases, allowing the time it takes for the decay, and the difference in indoor loss and
outdoor to indoor transport to be specifically analyzed.

3. Results and discussion

3.1. Indoor and outdoor aerosol characteristics
Themean and (standard deviation) over the dataset in Zhuhai (figure 4(a) andfigure 5(a)) are 6.6× 104(1.2×
104)#/cm3 and 2.0× 104(3.6× 103)#/cm3 respectively for indoor number concentration of 0.3 μmto 0.5 μm
and 0.5 μmto 1.0 μm. Similarly for outsidemeasurements, themean and (standard deviation) are 2.2× 105(3.9
× 104)#/cm3 and 7.0× 104(1.2× 104)#/cm3 respectively. In all cases, the average indoor air concentrations
are found to have a concentration that is 24% to 30%of the respective average outdoor air concentration
loadings (#/cm3 orμg/cm3), indicating that a simple in-bulk analysis demonstrates that the airfilters provide a
significant reduction in the particulate loadings indoors. This site has the best result for the fan-filter in terms of
bulk removal of aerosols. This is due in part to the fact that the outdoor aerosol loading tends to be relatively low,
the indoor environment is the least leaky of all the sites, it is located on the 26thfloor and spends a considerable
amount of time each day outside of the local boundary layer, and themajor sources tend to be bulk shipping and
local construction, which are both relatively stable throughout the period studied.While this site also has a large
number of vigorous convection events, they only occur over a short amount of time, implying their significant
impacts are limited in time, and do not affect the bulkmean properties.

Themean and (standard deviation) over the dataset in Shunde (figure 4(b) andfigure 5(b)) are 2.2× 105(3.3
× 104)#/cm3, 6.9× 104(1.1× 104)#/cm3 and 36(17)μg/cm3 respectively for the indoor number
concentration of 0.3 μmto 0.5 μm, 0.5 μmto 1.0 μmandPM1. Similarly for outside data themean and
(standard deviation) are 2.8× 105(5.6× 104)#/cm3, 9.2× 104(1.8× 104)#/cm3 and 49(30.)μg/cm3

respectively, as above. In all cases, the average indoor air concentrations are found to be 76% to 63% that of the
respective average outdoor air concentration loadings. This is the site inwhich the fan filter is least effective in
removing aerosols from the indoor air, on a bulk concentration basis. This site is the largest in terms of indoor
air volume, the leakiest in terms of porosity, and the closest to amajor source of aerosol emissions.

Themean and (standard deviation) over the dataset in Xuzhou (figure 4(c) andfigure 5(c)) are 1.3× 105(2.3
× 104)#/cm3, 4.3× 104(7.5× 103)#/cm3 and 22(12)μg/cm3 respectively for the indoor number
concentration of 0.3 μmto 0.5 μm, 0.5 μmto 1.0 μmandPM1. Similarly for outside data themean and
(standard deviation) are 2.1× 105(8.9× 103)#/cm3, 6.5× 104(2.3× 102)#/cm3 and 35(14)μg/cm3

respectively, as above. In all cases, the average indoor air concentrations are found to be 66.3% to 39.2% that of
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the respective average outdoor air concentration loadings. This site has the largest amount of variability in terms
of the effective bulk removal of aerosols from indoor air due to the fan filter. This is in part due to the fact that the
local sources on campus are very few, but themedium-distance transported aerosols from the surrounding
industry and high-density residential sources are both significant and variable. Furthermore, this site has the
most variablemeteorology of all of the sites.

Themean and (standard deviation) over the entire dataset in Zhoukou (figure 4(d) andfigure 5(d)) are 9.5×
104(1.8× 104)#/cm3, 2.9× 104(5.5× 103)#/cm3 and 13(7)μg/cm3 respectively for the indoor number
concentration of 0.3 μmto 0.5 μm, 0.5 μmto 1.0 μmandPM1. Similarly for outside data themean and
(standard deviation) are 2.5× 105(4.5× 104)#/cm3, 7.6× 104(1.3× 104)#/cm3 and 41(22)μg/cm3

Figure 4.The time series of number concentration of aerosols sized from0.3 μmto 0.5 μmrespectively displayed among four sites at
(a)Zhuhai, (b) Shunde, (c)Xuzhou, and (d)Zhoukou. The black vertical lines separate the timeseries into two parts inXuzhou and
Zhoukou, dividing the timeswhenwindowswere either open or closed. The data points are labeled as ‘steady-state’ or ‘event’ as
described in the legend, based on their respective colors.
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respectively, as above. In all cases, the average indoor air concentrations are found to be 38.7% to 32.2% that of
the respective average outdoor air concentration loadings. This site is found to have the second-best bulk
concentration removal of all of the sites studied, but aswill be demonstrated later has the best RE (removal only
under pseudo-steady-state, i.e., excluding extreme events). This is due to the fact that there are some very strong
local sources that occur locally to the site, but are random in nature (such as barbeque and incense burning),
coupledwith a relatively stable and drymeteorology and very fewmoderate to long range transported sources.

3.2. Removal efficiency under pseudo-equilibrium conditions
To aid in analysis the computed 2-minute RE isfit at each site, under each set of test conditions (windows open,
windows closed, filter on andfilter off) a lognormal distribution isfitted to the data, with the best-fit parameters

Figure 5.The time series of number concentration of aerosols sized from0.5 μmto 1.0 μmrespectively displayed among four sites at
(a)Zhuhai, (b) Shunde, (c)Xuzhou, and (d)Zhoukou. The black vertical lines separate the timeseries into two parts inXuzhou and
Zhoukou, dividing the timeswhenwindowswere either open or closed. The data points are labeled as ‘steady-state’ or ‘event’ as
described in the legend, based on their respective colors.

10

Environ. Res. Commun. 5 (2023) 125012 SWang et al



and uncertainty ranges given in table 1. First, there is relative consistency of the 3 differentmeasurements as
fitted at each respective location. Themedian value is computed to be the lowest in Zhoukouwith thewindows
closed andfilter on (0.15–0.18 and 0.47–0.60) although the spread in the data is the largest of all of the cases
analyzed. The second lowestmedian is observed in Zhuhai (0.23–0.28 and 0.38–0.45). The next two lowest
median values are found inXuzhouwith thewindows closed and filter on (0.49–0.54 and 0.38–0.50) and Shunde
with thefilter on (0.59–0.62 and 0.22–0.23), with thewindows closed case having the third largest spread of all
cases, while thewindows open case has the second lowest spread of all cases analyzed. The next case in terms of
an increasingmedian value is in Zhoukouwith thewindows open and filter on (0.58–0.62 and 0.30–0.32), which
is unique among the sites withwindows open in that it is the only onewhich has a relatively larger spread,most
likely due to the large temporal variation of outdoor concentrations. The second least effective case in terms of
median value is in Xuzhouwith thewindows opened andfilter on (0.72–0.74 and 0.13–0.15), which does show a
significant drop inmedian as compared to Shundewithfilter off, which has theworstmedian case in this work
(0.91–0.95 and 0.15–0.16).

The results showZhoukou has the highest rate offilter efficiency (both amuch lower RE and higher
variability of RE) among these four sites. This is consistent given that at lowRE, small perturbations associated
with small scale turbulence, opening of awindowor door, etc could lead to a temporally short but significant
change in theRE value at the 5-to-15-minute time scale. At the other end, Shunde in general has the lowestfilter
efficiency (muchhigher RE, andmuch lower variability of RE), consistent with the fact that the building is highly
porous and therefore effectively controlledmostly by outside concentrations. Themajor differences observed
first have to dowith the flow rate of air from the inside to(from) the outside, withwell-sealed buildings (like
Zhuhai) andwindows closed conditions inXuzhou andZhoukou leading to a lower RE. Secondly, the smaller
the room size, the lower the RE, as observed between the two smaller indoor sites (Zhoukou andXuzhou) on one
hand, the large Zhuhai and even larger Shunde on the other hand. Thirdly, when the dominant sources of
emissions are from the outside, larger spreads are observedwithwindows closed, while relatively smaller spreads
are observedwithwindows open.

In all cases except for Zhoukouwith thewindows open and filter on, the particles from0.5 um to 1.0 umare
more efficiently removed than those in the range from0.3 um to 0.5 um. This relative reduction rate is true, even
though the particles in the band from0.5 um to 1.0 umare smaller than those in the range from0.3 μmto
0.5 μm,with the relative number concentrations in the even larger particle sizes likely far smaller still. This
finding is important in the practical world, since current standards analyze filter removal efficiencies based on
PM2.5, PM10, and othermass-based values, which bias towards a small reduction in larger particles, whereas the
findings in this work indicate that using a number concentration reduction perspectivewould instead lead to a
more consistent and accurate result following Seinfeld 2003. Thefindings in this work support the idea that
emphasis should shiftmore to quantifying reductions in terms of the number concentrations of smaller
particles, even if the overall change in PM2.5 or PM10 is not so obvious.

Table 1.Parameters (actualmean eμ; and varianceσ) of best-fit lognormal
distributions of the PDF of the REdistribution, as a function of site,filter and
window status.

Name States Item PM0.3–0.5 PM0.5–1.0

Zhuhai Filter on em 0.276 0.270

s 0.382 0.377

Shunde Filter off em 0.941 0.923

s 0.153 0.153

Filter on em 0.627 0.615

s 0.217 0.215

Xuzhou Windows close+
filter on

em 0.502 0.540

s 0.381 0.374

Windows open+
filter on

em 0.701 0.736

s 0.136 0.130

Zhoukou Windows close+
filter on

em 0.182 0.183

s 0.484 0.472

Windows open+
filter on

em 0.623 0.618

s 0.296 0.295
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This finding is further demonstrated by the fact that both themean and the variability of the RE is higher for
bigger particles than smaller species. In the case of Zhuhai, this source is likely to be from shipping emissions
from the thousands of large ships daily which ply to and from the ports inHongKong, Shenzhen, and
Guangzhou, andwhich have their emissions randomly advected towards Zhuhai when the local wind direction
blows from east towest.

To better analyze the range of uncertainty and characteristics of the RE distribution at each site under the
vastly different boundary layer conditions occurring during daytime and nighttime respectively, all individual
RE values are computed and displayed as PDFs infigure 6. In Zhuhai, Shunde, andXuzhou, the RE is smaller
(more efficient removal) at night time than in the day time. In these cases, the local environments tend to all have
relatively stable emissions profiles during the night time (shipping, trucks on the expressway, and random
medium-range transport frompowerplants and factories), all of which run relatively stable throughout the
night, while also havingmore source emissions in the daytime due to construction, personalmotor vehicles, and
small industry. Furthermore, Shunde andXuzhou both have a relatively stable night-time atmospheric
condition, withmore disturbance found during the daytime. In the case of Zhoukou, the opposite is observed,
with the daytimeRE smaller than the nighttime. This is consistent with the fact that the barbeque and other
eating sources dominate at night, coupledwith themajor non-filter component of removal being dry
deposition, which due to the stability of the boundary layer is less at night (since there was nowet deposition
present at this site throughout the entiremeasurement period).

These results are consistent with three facts. First that, within a single environment, there is a similar set of
conditions impacting the overall results. Second that this set of conditions is associatedwith thewindows being
open or closed (or other issues with porosity). Finally, that larger particles tend to befilteredmore effectively
than number concentrations from0.3 um to 0.5 um (or smaller particles), except inXuzhou andZhoukouwith
windows open, inwhich the larger particles have a similar RE as the smaller particles, likely due to an external
source of exclusively larger particles.

Figure 6.PDFof RE for number concentration of aerosols sized from0.3 μmto 0.5 μmduring the daytime (red) and night-time
(blue) only forfilter on (withwindows open and closed separated in Xuzhou andZhoukou) at: (a)Zhuhai; (b) Shunde; (c)Xuzhou
withwindows open; (d)Zhoukouwithwindows open (e)Xuzhouwithwindows closed; (f)Zhoukouwithwindows closed.
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3.3.Decay gradient under pollution events
The value ofDG at each individual site is computed both using the indoor and outdoormeasurements. The
indoor values are computed onlywhen the fan-filter is running, but combine bothwindow open andwindow
closed conditions, to ensure a sufficient number of extreme events. The outdoor values are computed using the
same events, although theymay have slightly different peak times based on the transport time from(to) inside
to(from) outside, with the results given infigure 7. Larger values ofDG are consistent with conditions under
which the indoor aerosol has undergone a larger total drop and/or a shorter time to return to pseudo-steady-
state (or another obvious localminimum). In both cases, this is consistent with conditions underwhich the filter
is either or bothmore effectively removing particles and/or doing somore rapidly than under non-filter
conditions.

A PDF analysis of the decay rate demonstrates that the indoorDG is generally higher than outdoorDG,
consistent with themagnitude of decay being larger indoors than outdoors due to the fan (table 2). In Zhuhai the
indoor and outdoorDGhave 10%, 50%, and 90%values of 10, 29, 76 and 5, 20, 64 respectively. In Shunde, the
indoor and outdoorDGhave 10%, 50%, and 90%values of 24, 55, 107 and 13, 29, 69 respectively. In Xuzhou,
the indoor and outdoorDGhave 10%, 50%, and 90%values of 13, 38, 111 and 9, 18, 65 respectively. In
Zhoukou, the indoor and outdoorDGhave 10%, 50%, and 90%values of 6, 15, 55 and 3, 8, 38 respectively.

These results are consistent with two facts. First, those locationswith a higher level of pollution outsidewill
have a larger DGdue to the larger drop inmagnitude. This is clearly observed inmoderately pollutedXuzhou
andZhoukou both having increases inDG from1.8 to 2.2 times in their central 30% to 70%ofDG results.
Second, those locationswith a smaller room sizewill have a largerDGdue to the faster time for the drop to
occur, with the airmixing rate a function of the room size and porosity, since the same fan and filter have been
used in all cases. This is also clearly observed in the larger room size of Zhuhai having aDGof about 1.5 as

Figure 7.PDFs ofDG for number concentration of aerosols sized from0.3 μmto 0.5 μmas analyzed both indoors (blue) and
outdoors (red) respectively at: (a)Zhuhai; (b) Shunde; (c)Xuzhou; (d)Zhoukou.

Table 2. Statistical analysis of themean and standard deviation of decay time (min−1) for number concentration of aerosols
sized from0.3 μmto 0.5 μmmeasured both indoors and outdoors, as a function of site,filter andwindow status.

Name States Indoormean Indoor STD Outdoormean Outdoor STD

Zhuhai Filter on 0.78 0.58 0.62 0.60

Shunde Filter off 1.12 0.80 0.87 1.05

Filter on 1.36 0.69 0.81 0.57

Xuzhou WindowsClose+ Filter on 1.05 0.54 0.40 0.26

WindowsOpen+ Filter on 1.17 1.30 0.72 0.82

Zhoukou WindowsClose+ Filter on 0.46 0.36 0.38 0.35

WindowsOpen+ Filter on 0.78 0.58 0.62 0.60
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comparedwith the smaller room sizes inXuzhou andZhoukou. Shunde has both themost heavily polluted
outdoor air conditions and also the largest size, coming upwith a similar end result to Xuzhou andZhoukou.

3.4.MC2BMapplied to indoor and outdoormeasurements
In order to evaluate the impacts of indoor and outdoor forcings impacting aerosols including: dynamics, air
exchange rate, and dry/wet deposition, filter use, etc, theMC2BMmethod is applied in this work, and the results
are summarized in table 3. The best-fit values of 1a and 2a are computed independently for each of the four sites
employed in this work under different experimental conditions (Filter on/off andWindows closed/open), and
include a statisticalmeasure of their corresponding uncertainty range. All of the indoor and outdoor
measurements are divided into ‘steady state’ and ‘event drop’ conditions, whereafter 1a and 2a are calculated
respectively. Themain purpose is threefold: first, to quantify the indoor and outdoor air exchange rate, second,
to accurately assess the factors affecting indoor air quality under all of these different scenarios, and third to
clearly demonstrate the impact of the ventilation-powered indoor airfilter. A larger 1a value in the steady state
implies faster air exchange, whichwill result in slower removal of aerosols (through deposition, sedimentation,
or transport, etc)without the use offilters. Similarly, a large value of 1a implies that outdoor source of pollution
may contributemore significantly to the indoor environment.

The statistical results show that, on one handwhether in steady state or event drop conditions, the loss rate is
alwaysmuch larger than the outdoor to indoor flow rate, and on other handwhen thefilters are on, the loss rate
is alwaysmuch larger thanwhen thefilters are off. In all of the follow cases, the numbers represent a change
between steady state conditions (first set) and event drop (second set) conditions. In Zhuhai, where the filter is
on and thewindows are closed, the values of 1a and 2a increase from0.0040 and 0.028 to 0.0031 and 0.045
respectively. In Shunde, when the filters are on, the values of 1a and 2a increase from0.011 and 0.022 to 0.014
and 0.036 respectively. In both of these cases, the behavior is similar: extreme events have a contribution both
fromoutside as well as inside (hencewhy the value of 1a increases), while thefilter removal efficiency also
increases in total (hencewhy the value of 2a increases). In Xuzhou, underwindows closed andfilters on
condition, the value of 1a decreases from0.036 to−0.017, while the value of 2a increases from0.057 to 0.061. In
this case, the behavior of extreme events shows that the extreme source occurred indoors andwas sufficiently
strong as to overcome thefiltration and transport to some extent to the outdoor environment (hencewhy the

Table 3. 1a and 2a of four sites under different experimental conditions ofMC2BM for number concentration of aerosols sized from 0.3 μm
to 0.5 μmand 0.5 μmto 1.0 μm, including the correspondingmaximumandminimum respectively.

Name States Events Item PM0.3–0.5 Min Max PM0.5–1.0 Min Max

Zhuhai Filter on Steady state 1a 0.0040 0.0033 0.0046 0.0043 0.0036 0.0050

2a 0.028 0.025 0.031 0.033 0.030 0.037

Event drop 1a 0.0031 0.0006 0.0055 0.0043 0.0020 0.0065

2a 0.045 0.036 0.031 0.048 0.040 0.037

Shunde Filter on Steady state 1a 0.0045 0.0006 0.0084 0.0075 0.0031 0.012

2a 0.011 0.0039 0.017 0.014 0.0073 0.022

Event drop 1a 0.032 0.015 0.049 0.022 0.0074 0.036

2a 0.057 0.028 0.087 0.065 0.037 0.093

Filter off Steady state 1a 0.011 0.0094 0.013 0.012 0.010 0.014

2a 0.022 0.019 0.026 0.024 0.020 0.028

Event drop 1a 0.014 0.0096 0.019 0.012 0.0077 0.017

2a 0.036 0.025 0.047 0.037 0.026 0.048

Xuzhou WindowsClose+ Filter on Steady state 1a 0.0038 0.0019 0.0057 0.0048 0.0025 0.0071

2a 0.014 0.0087 0.019 0.017 0.011 0.022

Event drop 1a 0.014 0.0075 0.020 0.018 0.011 0.025

2a 0.032 0.025 0.038 0.039 0.033 0.045

WindowsOpen+ Filter on Steady state 1a 0.036 0.030 0.043 0.043 0.036 0.049

2a 0.057 0.047 0.066 0.063 0.053 0.073

Event drop 1a −0.017 −0.039 0.0041 −0.014 −0.039 0.012

2a 0.061 0.017 0.10 0.039 0.0 0.086

Zhoukou WindowsClose+ Filter on Steady state 1a 0.0026 0.0018 0.0033 0.0030 0.0021 0.0038

2a 0.025 0.019 0.031 0.029 0.022 0.06

Event drop 1a −0.0026 −0.0042 −0.0010 −0.0016 −0.0032 0.0001

2a 0.018 0.0073 0.029 0.024 0.013 0.035

WindowsOpen+ Filter on Steady state 1a 0.0073 0.0045 0.010 0.0081 0.0051 0.011

2a 0.043 0.032 0.054 0.049 0.036 0.061

Event drop 1a 0.0037 0.0004 0.0070 0.0043 0.0013 0.0073

2a 0.018 0.0095 0.026 0.022 0.014 0.030
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value of 1a is negative), while at the same time the filter removal efficiency also increases in total (hencewhy the
value of 2a increases). In Zhoukou, under windows open and filters on condition, the value of 1a decreases from
0.0073 to 0.0037, while 2a is decreases from0.043 to 0.018. In this case, the behavior of extreme events shows
that there is a decreased percentage of source from the outside transported to the inside, although there still is
some outdoor source (hencewhy the value of 1a decreases, but still is positive), while at the same time there is an
overall decrease in efficiency of the removal, likely due to a change in the stickiness and/or size of the indoor
portion of the extreme source (hencewhy the value of 2a decreases, although it still is definitively removing
particles).

In general, withfilters andwindows open, the infiltration of pollutionwill increase, which is consistent with
thefilter not only filtering indoor air pollution, but also partiallyfiltering outdoor air pollution.We also noticed
that during event drop timeswith the filter on, that there is increased flow from the outsidewhenwindows are
open (Zhoukou), whichmeans that some amount of the indoor air pollution high events is clearly contributed
fromoutside sources. In some cases, the indoor filtration efficiency improves under these cases,meaning that
themixture of indoor and outdoor pollution ismore effectively removed. In other cases, the indoor filtration
efficiency decreasesmeaning that themixture of indoor and outdoor pollution are less effectively removed than
the indoor pollution or outdoor pollution alone. In other cases, the indoor air pollution events are solely due to
indoor sources (Xuzhou andZhoukou under event drop conditions), although in the case of Xuzhou this results
in the highest observed rate of filter efficiency, while in Zhoukou this results in the lowest observed rate of
filtration. This implies that the difference between the composition of the indoor air pollution and outdoor air
pollution properties is extremely important variable to consider. Comparedwith Zhuhai and Shunde, Xuzhou
andZhoukou haveworse outdoor air quality in general (i.e., during steady-state conditions), which is often
affected by outdoor traffic (BothXuzhou andZhoukou), smoking occurring just outside of buildings (Xuzhou),
and barbecues (Zhoukou) etc The results show that when thefilter is in use, it is able tomitigate both indoor and
outdoor air pollution that has intruded indoors effectively, through a combination of reducing the residence
time of peak events including both externally transported and indoor sources. It also reduces the indoor air
pollution levels by continuing to suppress the indoor air pollution during the steady-state times, which prevents
the formation of new peak events fromoccurring under low-emissions event conditions.

4. Conclusions

The combination ofmeasurements of aerosol number concentration over two size ranges, the newly computed
metrics of RE andDG, and the 2-boxmass conservingmodeling are capable of quantifying the effects of new-
materials on household ventilation fans to reduce indoor air pollution in commonhousehold environments.
Themedian lognormally fit removal efficiency from0.3 μmto 0.5 μm is 28%, 63%, 50%, and 18% respectively
for Zhuhai, Shunde, Xuzhou, andZhoukou. The rates of reduction quantified using the boxmodel demonstrate
that the removal rates can effectively completely suppress extreme events indoors aswell as some amount of
pollution outdoors nearby. It is also demonstrated that under polluted indoor conditions, thefilter reduces the
amount of time it takes to return to steady-state as well as to suppress extreme events.

Themodel results are dependent on both the indoor and outdoor aerosol concentration, the state of indoor/
outdoormixing, the removal of the room, the removal from the fanfilter, and the duration of extreme events
themself. Additional factors are observed to also be important, including: geographic area, background
conditions, local climate, the leakiness of the indoor environment, and short term variations of high
concentration events. These results demonstrate a that physically relevantmeasures of indoor air pollution
reduction require analysis overmagnitude and time, specifically requiring that the rate of removal be larger than
the accumulation in order to be effective. A very high removal efficiencywhich is slowmay notwork as well as a
lower removal efficiencywhich responds quickly.

TheDG introduced in this workwas found to be 0.61, 1.15, 0.81, and 0.32 inside and slower but still positive
outside respectively in Zhuhai, Shunde, Xuzhou, andZhoukou, which is consistent with the idea thatmore
heavily polluted cities and smaller sized roomswill have a higherDG. It also demonstrated that with the fanfilter
in use, extreme events are reduced faster and/ormore significantly in the indoor environment, but also to some
extent also observed in the outdoor environment. This is a clear indication that the fan filter works better than
merely openingwindows and increasing ventilation.

Finally, the results supportmultiple practical applications and findings. First, the highest aerosol removal
rates and greatest indoor air quality gains in terms of both removal efficiency under pseudo-steady-state and
decay gradient under pollution event conditions happenswhen there are one or both of higher indoor airflow
rates and a reduction in the air exchange between the inside and outside air. This is only not the case when there
is a strong spike in indoor emissions at the same time that the outside has relatively clean conditions such as
during precipitation events. Second, deeper analysis of the flowof pollutants fromoutdoors to indoors (or visa-
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versa) should be consideredmore deeply by future studies. Increased indoor/outdoor air exchange leads to less
efficient removal by the filtermaterial due to changes in the indoor turbulence aswell as gradient flow. Third, the
fanfilters used herein are able to reduce peak eventsmore rapidly as compared to not using the fanfilter,
indicating that evenwhen it is on average clean, that the overall exposure time to infrequent but large events can
still be effectivelymitigated.

Based on these results, future studies are urged tomore carefully consider a few things. First, adapting, using,
and improving upon the analytic approaches introduced hereinwill provide new insights for indoor air quality
improvement in real-world conditions. Second, including an increased focus on aerosol conditions under high
temporal resolution, including both background conditions as well as air pollution events will allow for deeper
understanding of the effectiveness ofmitigation efforts. This can be expanded by looking at aerosols over
different size ranges inmore detail. In specific, quantifyingways to account for short duration but intense
aerosol events and the length of time that these extreme events occur before they return to steady-state both are
practical and important areas to consider for further studies.

Acknowledgments

Theworkwas supported by theNationalNatural Science Foundation of China (Project 42075147) and the
Fundamental Research Funds for theCentral Universities (GrantNo. 2023KYJD1003).

Data availability statement

The data that support thefindings of this study are openly available at the followingURL/DOI: https://doi.org/
10.6084/m9.figshare.17111021.v2.

ORCID iDs

ShuoWang https://orcid.org/0000-0002-7570-8738
Jason BlakeCohen https://orcid.org/0000-0002-9889-8175
WeizhiDeng https://orcid.org/0000-0002-0258-8253

References

Abt E, SuhHH,Catalano P andKoutrakis P 2000Relative contribution of outdoor and indoor particle sources to indoor concentrations
Environ. Sci. Technol. 34 3579–87

Alves CA,CalvoA I, Castro A, Fraile R, EvtyuginaMandBate-Epey E F 2013 Indoor air quality in two university sports facilitiesAerosol Air
Qual. Res. 13 1723–30

Ardon-Dryer K,Dryer Y,Williams JN andMoghimiN2020Measurements of PM2.5with purpleair under atmospheric conditions.Atmos.
Meas. Tech. 13 5441–58

BałAzyA, ToivolaM, Adhikari A, Sivasubramani S K, ReponenT andGrinshpun SA 2006DoN95 respirators provide 95%protection level
against airborne viruses, and how adequate are surgicalmasks?Am. J. Infect.Control. 34 51–7

Batterman S, GodwinC and Jia C 2005 Long duration tests of roomair filters in cigarette smokers’homes Environ. Sci. Technol. 39 7260
BarkjohnKK,Norris C, Cui X, Fang L andBerginMH2021Real-timemeasurements of pm2.5 and ozone to assess the effectiveness of

residential indoor airfiltration in Shanghai homes Indoor Air 31 74–87
Brasche S andBischofW2005Daily time spent indoors in german homes—baseline data for the assessment of indoor exposure of german

occupants Int. J. Hyg. Environ. Health 208 247–53
Bouilly J, LimamK, BegheinC andAllard F 2005 Effect of ventilation strategies on particle decay rates indoors: an experimental and

modelling studyAtmos. Environ. 39 4885–92
BrookRD, Rajagopalan S, Pope I I I CA, Brook J R, Bhatnagar A, Diez-RouxAV,Holguin F,HongY, Luepker RV andMittlemanMA2010

Particulatematter air pollution and cardiovascular disease: an update to the scientific statement from the american heart association
Circulation. 121 2331–78

Chambers FW,Al-Sarkhi A andYao S 2001Velocity distribution effects in air filter testingParticul. Sci. Technol. 19 1–21
ChenC andZhaoB 2011Review of relationship between indoor and outdoor particles: I/Oratio, infiltration factor and penetration factor

Atmos. Environ. 45 275–88
Cohen J B and PrinnRG2011Development of a fast, urban chemistrymetamodel for inclusion in globalmodelsAtmos. Chem. Phys. 11

4631–86
Cohen J B, PrinnRGandWangC 2011The impact of detailed urban-scale processing on the composition, distribution, and radiative

forcing of anthropogenic aerosolsGeophys. Res. Lett. 38 10
Cohen J B andWangC 2014 Estimating global black carbon emissions using a top-down kalman filter approachGeophys. Res. Lett. 119

307–23
Crilley LR, ShawM, PoundR,Kramer L J, Price R, Young S, Lewis AC and Pope FD2018 Evaluation of a low-cost optical particle counter

(AlphasenseOPC-N2) for ambient airmonitoringAtmos.Meas. Tech. 11 709–20
Dai L, Koutrakis P, Coull BA, SparrowD,Vokonas P S and Schwartz J D 2016Use of the adaptive LASSOmethod to identify PM2.5

components associatedwith blood pressure in elderlymen: the veterans affairs normative aging studyEnviron. Health. Persp. 124
120–5

16

Environ. Res. Commun. 5 (2023) 125012 SWang et al

https://doi.org/10.6084/m9.figshare.17111021.v2
https://doi.org/10.6084/m9.figshare.17111021.v2
https://orcid.org/0000-0002-7570-8738
https://orcid.org/0000-0002-7570-8738
https://orcid.org/0000-0002-7570-8738
https://orcid.org/0000-0002-7570-8738
https://orcid.org/0000-0002-9889-8175
https://orcid.org/0000-0002-9889-8175
https://orcid.org/0000-0002-9889-8175
https://orcid.org/0000-0002-9889-8175
https://orcid.org/0000-0002-0258-8253
https://orcid.org/0000-0002-0258-8253
https://orcid.org/0000-0002-0258-8253
https://orcid.org/0000-0002-0258-8253
https://doi.org/10.1021/es990348y
https://doi.org/10.1021/es990348y
https://doi.org/10.1021/es990348y
https://doi.org/10.4209/aaqr.2013.02.0045
https://doi.org/10.4209/aaqr.2013.02.0045
https://doi.org/10.4209/aaqr.2013.02.0045
https://doi.org/10.5194/amt-13-5441-2020
https://doi.org/10.5194/amt-13-5441-2020
https://doi.org/10.5194/amt-13-5441-2020
https://doi.org/10.1021/es048951q
https://doi.org/10.1111/ina.12716
https://doi.org/10.1111/ina.12716
https://doi.org/10.1111/ina.12716
https://doi.org/10.1016/j.ijheh.2005.03.003
https://doi.org/10.1016/j.ijheh.2005.03.003
https://doi.org/10.1016/j.ijheh.2005.03.003
https://doi.org/10.1161/CIR.0b013e3181dbece1
https://doi.org/10.1161/CIR.0b013e3181dbece1
https://doi.org/10.1161/CIR.0b013e3181dbece1
https://doi.org/10.1080/02726350109709744
https://doi.org/10.1080/02726350109709744
https://doi.org/10.1080/02726350109709744
https://doi.org/10.1016/j.atmosenv.2010.09.048
https://doi.org/10.1016/j.atmosenv.2010.09.048
https://doi.org/10.1016/j.atmosenv.2010.09.048
https://doi.org/10.5194/acp-11-7629-2011
https://doi.org/10.5194/acp-11-7629-2011
https://doi.org/10.5194/acp-11-7629-2011
https://doi.org/10.5194/acp-11-7629-2011
https://doi.org/10.1029/2011GL047417
https://doi.org/10.1002/2013JD019912
https://doi.org/10.1002/2013JD019912
https://doi.org/10.1002/2013JD019912
https://doi.org/10.1002/2013JD019912
https://doi.org/10.5194/amt-11-709-2018
https://doi.org/10.5194/amt-11-709-2018
https://doi.org/10.5194/amt-11-709-2018
https://doi.org/10.1289/ehp.1409021
https://doi.org/10.1289/ehp.1409021
https://doi.org/10.1289/ehp.1409021
https://doi.org/10.1289/ehp.1409021


DiAntonio, Popoola A,OuyangOA, Saffell B J and Jones R L 2018Developing a relative humidity correction for low-cost sensorsmeasuring
ambient particulatematter Sensors 18 2790

DubovikO, Smirnov A,Holben BN,KingMD,KaufmanY J, Eck T F and Slutsker I 2000Accuracy assessments of aerosol optical properties
retrieved from aerosol robotic network (AERONET) sun and sky radiancemeasurements J. Geophys. Res. 105 9791–806

Escobedo L E, ChampionWM, LiN andMontoya LD2014 Indoor air quality in latino homes in boulder, coloradoAtmos. Environ. 92
69–75

Gao J, CaoC,Wang L, SongT, ZhouX, Yang J andZhangX 2013Determination of size-dependent source emission rate of cooking-
generated aerosol particles at the oil-heating stage in an experimental kitchenAerosol Air Qual. Res. 13 488–96

Goyal R andKhareM2011 Indoor air qualitymodeling for PM10, PM2.5, and PM1.0 in naturally ventilated classrooms of an urban Indian
school building Environ.Monit. Assess. 176 501–16

HolcombLC1993 Indoor air quality and environmental tobacco smoke: concentration and exposure Environ. Int. 19 9–40
Holder A L,Mebust AK,Maghran LA,McgownMRandBaker KR 2020 Field evaluation of low-cost particulatematter sensors for

measuringwildfire smoke Sensors 20 4796
Kassomenos PA,Vardoulakis S, ChaloulakouA, PaschalidouAK,GrivasG, Borge R and Lumbreras J 2014 Study of PM10 and PM2.5 levels

in three european cities: analysis of intra and inter urban variationsAtmos. Environ. 87 153–63
LamSC, Suen L andCheung T 2020Global risk to the community and clinical setting: flocking of fakemasks and protective gears during the

covid-19 pandemicAm. J. Infect. Control. 48 964–965
Li J,Mattewal SK, Patel S and Biswas P 2020 Evaluation of nine low-cost-sensor-based particulatemattermonitorsAerosol Air Qual. Res. 20

254–70
Liang Y, SenguptaD, CampmierM J, LunderbergDM,Apte J S andGoldstein AH2021Wildfire smoke impacts on indoor air quality

assessed using crowdsourced data inCalifornia Proc. Natl Acad. Sci. 118 36
Morawska L andCao J 2020Airborne transmission of sars-cov-2: theworld should face the reality Environ. Int. 139 105730
Ohura T, Amagai T, ShenX, Li S, Zhang P andZhu L 2009Comparative study on indoor air quality in Japan andChina: characteristics of

residential indoor and outdoorVOCsAtmos. Environ. 43 6352–9
Ouimette J R,MalmWC, Schichtel BA, Sheridan P J, Andrews E,Ogren J A andArnottWP2022 Evaluating the purpleairmonitor as an

aerosol light scattering instrumentAtmos.Meas. Tech. 15 655–76
Prüss-ÜstünA, deWolf J, CorvalánC F, Bos R andNeiraMP2016PreventingDisease ThroughHealthy Environments: AGlobal AssessmentOf

The BurdenOfDisease FromEnvironmental Risks (WorldHealthOrganization)
QianY,WillekeK,Grinshpun SA,Donnelly J andCoffey CC 1998 Performance ofN95Respirators: filtration efficiency for airborne

microbial and inert particlesAm. Ind.Hyg. Assoc. J. 59 128–32
RimD,Wallace L and Persily A 2010 Infiltration of outdoor ultrafine particles into a test houseEnviron. Sci. Technol. 44 5908–13
Samet JM,MarburyMCand Spengler J D 1987Health effects and sources of indoor air pollution: IAm. Rev. Respir. Dis. 136 1486–508
ScottD, Andrea P and JohnD2009 Evaluation of alternative strategies toMERV16-based airfiltration systems for reduction of the risk of

airborne spread of porcine reproductive and respiratory syndrome virusVet.Microbiol. 138 106–13
Seinfeld JH, Kleindienst T E, Edney EO andCohen J B 2003Aerosol growth in a steady-state, continuous flow chamber: application to

studies of secondary aerosol formationAerosol. Sci. Tech. 37 728–34
Shaughnessy R J and Sextro RG 2006What is an effective portable air cleaning device? a review J. Occup. Environ. Hyg. 3 169–81 quizD45
ThamKW, Parshetti GK, Balasubramanian R, Sekhar C andCheongDKW2018Mitigating particulatematter exposure in naturally

ventilated buildings during haze episodesBuild. Environ. 128 96–106
Uhde E and Salthammer T 2007 Impact of reaction products frombuildingmaterials and furnishings on indoor air quality—a review of

recent advances in indoor chemistryAtmos. Environ. 41 3111–28
Wang S, Cohen J B,DengW,QinK andGuo J 2021aUsing a new top-down constrained emissions inventory to attribute the previously

unknown source of extreme aerosol loadings observed annually in themonsoonAsia free troposphere Earth’s Future 9 2021EF002167
Wang S,WangX, Cohen J B andQinK 2021b Inferring polluted asian absorbing aerosol properties using decadal scale AERONET

measurements and aMIEmodelGeophys. Res. Lett. 48 e2021GL094300]
Wang S, Cohen J B,WangX,DengWandChenW2022 JointQuantification of theMagnitude andTime of AerosolMitigationAssociated

withVentilation-Fan Powered Filters 10.6084/m9.figshare.17111021.v2
Xiang J,HuangCH, Shirai J, Liu Y and Seto E 2021 Fieldmeasurements of pm2.5 infiltration factor and portable air cleaner effectiveness

duringwildfire episodes inUS residences Sci. Total Environ. 15 145642145642
Zhao J et al 2020 Particlemass concentrations and number size distributions in 40 homes in germany: indoor-to-outdoor relationships,

diurnal and seasonal variationAerosol Air Qual. Res. 20 576–89
ZhengT, BerginMH, JohnsonKK, Tripathi SN, Shirodkar S, LandisMS, Sutaria R andCarlsonDE 2018 Field evaluation of low-cost

particulatematter sensors in high- and low-concentration environmentsAtmos.Meas. Tech. 11 4823–46
ZhouZ, Liu Y, Yuan J, Zuo J, ChenG,Xu L andRameezdeen R 2016 Indoor PM2.5 concentrations in residential buildings during a severely

pollutedwinter: a case study in Tianjin, ChinaRenew. Sust. Energ. Rev. 64 372–81

17

Environ. Res. Commun. 5 (2023) 125012 SWang et al

https://doi.org/10.3390/s18092790
https://doi.org/10.1029/2000JD900040
https://doi.org/10.1029/2000JD900040
https://doi.org/10.1029/2000JD900040
https://doi.org/10.1016/j.atmosenv.2014.03.043
https://doi.org/10.1016/j.atmosenv.2014.03.043
https://doi.org/10.1016/j.atmosenv.2014.03.043
https://doi.org/10.1016/j.atmosenv.2014.03.043
https://doi.org/10.4209/aaqr.2012.09.0238
https://doi.org/10.4209/aaqr.2012.09.0238
https://doi.org/10.4209/aaqr.2012.09.0238
https://doi.org/10.1007/s10661-010-1600-7
https://doi.org/10.1007/s10661-010-1600-7
https://doi.org/10.1007/s10661-010-1600-7
https://doi.org/10.1016/0160-4120(93)90004-2
https://doi.org/10.1016/0160-4120(93)90004-2
https://doi.org/10.1016/0160-4120(93)90004-2
https://doi.org/10.3390/s20174796
https://doi.org/10.1016/j.atmosenv.2014.01.004
https://doi.org/10.1016/j.atmosenv.2014.01.004
https://doi.org/10.1016/j.atmosenv.2014.01.004
https://doi.org/10.1016/j.ajic.2020.05.008
https://doi.org/10.1016/j.ajic.2020.05.008
https://doi.org/10.1016/j.ajic.2020.05.008
https://doi.org/10.4209/aaqr.2018.12.0485
https://doi.org/10.4209/aaqr.2018.12.0485
https://doi.org/10.4209/aaqr.2018.12.0485
https://doi.org/10.4209/aaqr.2018.12.0485
https://doi.org/10.1073/pnas.2106478118
https://doi.org/10.1016/j.envint.2020.105730
https://doi.org/10.1016/j.atmosenv.2009.09.022
https://doi.org/10.1016/j.atmosenv.2009.09.022
https://doi.org/10.1016/j.atmosenv.2009.09.022
https://doi.org/10.5194/amt-15-655-2022
https://doi.org/10.5194/amt-15-655-2022
https://doi.org/10.5194/amt-15-655-2022
https://doi.org/10.1080/15428119891010389
https://doi.org/10.1080/15428119891010389
https://doi.org/10.1080/15428119891010389
https://doi.org/10.1021/es101202a
https://doi.org/10.1021/es101202a
https://doi.org/10.1021/es101202a
https://doi.org/10.1164/ajrccm/136.6.1486
https://doi.org/10.1164/ajrccm/136.6.1486
https://doi.org/10.1164/ajrccm/136.6.1486
https://doi.org/10.1016/j.vetmic.2009.03.019
https://doi.org/10.1016/j.vetmic.2009.03.019
https://doi.org/10.1016/j.vetmic.2009.03.019
https://doi.org/10.1080/02786820300915
https://doi.org/10.1080/02786820300915
https://doi.org/10.1080/02786820300915
https://doi.org/10.1080/15459620600580129
https://doi.org/10.1080/15459620600580129
https://doi.org/10.1080/15459620600580129
https://doi.org/10.1016/j.buildenv.2017.11.036
https://doi.org/10.1016/j.buildenv.2017.11.036
https://doi.org/10.1016/j.buildenv.2017.11.036
https://doi.org/10.1016/j.atmosenv.2006.05.082
https://doi.org/10.1016/j.atmosenv.2006.05.082
https://doi.org/10.1016/j.atmosenv.2006.05.082
https://doi.org/10.1029/2021EF002167
https://doi.org/10.1029/2021GL094300
http://arXiv.org/abs/10.6084/m9.figshare.17111021.v2%0A
https://doi.org/10.1016/j.scitotenv.2021.145642
https://doi.org/10.4209/aaqr.2019.09.0444
https://doi.org/10.4209/aaqr.2019.09.0444
https://doi.org/10.4209/aaqr.2019.09.0444
https://doi.org/10.5194/amt-11-4823-2018
https://doi.org/10.5194/amt-11-4823-2018
https://doi.org/10.5194/amt-11-4823-2018
https://doi.org/10.1016/j.rser.2016.06.018
https://doi.org/10.1016/j.rser.2016.06.018
https://doi.org/10.1016/j.rser.2016.06.018

	1. Introduction
	2. Data and methods
	2.1. Experimental design
	2.2. Low-cost aerosol number concentration detectors
	2.3. Analytics used and statistics generated
	2.3.1. Detecting and separating special events
	2.3.2. Analytics and measures

	2.4. Mass conserving 2-box model

	3. Results and discussion
	3.1. Indoor and outdoor aerosol characteristics
	3.2. Removal efficiency under pseudo-equilibrium conditions
	3.3. Decay gradient under pollution events
	3.4. MC2BM applied to indoor and outdoor measurements

	4. Conclusions
	Acknowledgments
	Data availability statement
	References



