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real-world applications of HEPA
purifiers in improving indoor air quality

Scott D. Lowther, ab Wei Deng,b Zheng Fang,b Douglas Booker, c

J. Duncan Whyatt,a Oliver Wild, a Xinming Wang *b and Kevin C. Jones*a

With modern populations spending ∼90% of their time indoors, particulate matter (PM), a significant

component of indoor air quality (IAQ), is of serious concern within indoor environments. High-efficiency

particulate air (HEPA) filter technologies are commonly used to remove PM. Although their performance

is well defined within a laboratory setting, many aspects of their real-world use remain poorly

understood. This study investigated (i) the impact of air change rate on air purifier effectiveness, and how

this influences energy-efficiency and other gaseous components of indoor air quality, and (ii) the relative

effectiveness of operating single and multiple air purifiers within a multi-room residence. Measurements

of air change and PM concentrations made in an Asian mega-city apartment, were used alongside air

purifier performance data and external PM measurements to create a box model to simulate air purifier

performance under different scenarios. Increasing air change rate inhibited the performance of air

purifiers by acting as a source of outdoor PM into the indoor environment. Although sealing indoor

environments is recommended to maximize the removal of PM, this permits the accumulation of

gaseous components of IAQ and reduces energy efficiency. Use of multiple air purifiers in a multi-room

residence reduces PM at a greater rate than use of a single more powerful air purifier. Moreover, use of

multiple air purifiers is more energy-efficient, although the maintenance and upfront costs are likely to

be greater.
Environmental signicance

Although the performance of HEPA type puriers is well documented within laboratory and chamber settings, little is known about their performance within
real-world dwellings. Understanding the performance of HEPA type puriers in the real-world can improve recommendations for their use and allow owners to
further reduce their in-dwelling particulate matter (PM) exposures. This research shows that decreasing air exchange rate, can increase the PM removal efficiency
of puriers, however, this may lead to increased accumulation of gaseous components of indoor air quality and reduced energy efficiency. And additionally, use
of multiple puriers in a multi-room residence may increase PM removal efficiency and purier energy efficiency, however, this will be at the expense of greater
upfront and maintenance costs.
1 Introduction

It is well established that modern populations spend ∼90% of
their time indoors, with indoor air pollution being a large risk
factor to human health.1,2 Particulate Matter (PM), the sum of
all liquid and solid particles suspended in air, is a major
determinant of indoor air quality (IAQ)3 and is associated with
a range of adverse health effects including myocardial infarc-
tion, stroke, heart failure, asthma, chronic obstructive pulmo-
nary disease (COPD) and lung cancer.4
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Rapid reductions of ambient (outdoor) PM concentrations
are being observed in China. For example, a ∼30% drop in
population-weighted annual mean PM2.5 concentrations was
reported between 2013 and 2017.5 However, PM is still of
concern given that in 2017, 73% of 338 Chinese cities failed to
meet China's national air quality standards for PM2.5 and PM10.6

Moreover, 66–87% of total exposure to PM2.5 of outdoor origin
occurs within indoor environments. This exposure contributed
up to three-quarters of total premature mortalities in urban
China in 2015.7

Indoor PM originates from indoor sources or penetrates
inwards from outdoors. Typical indoor sources of PM include
cooking, smoking, cleaning and burning incense or candles.8

When ambient PM concentrations are low, indoor sources are
the main determinant of indoor PM concentration, and because
of the conned nature of indoor environments, these concen-
trations can be raised to several orders of magnitude higher
Environ. Sci.: Adv., 2023, 2, 235–246 | 235
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than ambient concentrations.3 However, in the absence of
indoor PM sources, indoor concentrations correlate strongly
with outdoor concentrations.9,10 Therefore, in Chinese mega-
cities where ambient pollution is oen severe, the impact of
outdoor sources on indoor PM is of concern. Although PM is
especially important within a health context, a holistic view of
IAQ must also consider gaseous components, for example,
carbon dioxide, VOCs, nitrogen dioxide, and sulfur dioxide.11

Air change rates (h−1) are a measure of how many times the
air within a room is replaced within an hour. Air change can be
an important control on indoor PM; for example, when ambient
concentrations are lower than indoor concentrations, air
change can reduce indoor PM; conversely, when ambient
concentrations are higher than indoor concentrations, air
change can increase indoor concentrations.12 In more
economically developed countries, reducing air change rates to
improve the energy efficiency of buildings is becoming
increasingly common. However, this has implications for IAQ,
allowing some pollutants to accumulate to much higher
concentrations.3 Conversely, in areas with high ambient
concentrations, such as Chinese mega-cities, reducing air
change rates by sealing indoor environments can be benecial
to IAQ.3

High-efficiency particulate air (HEPA) type air puriers,
hereon referred to as APs, are valuable for reducing PM
concentrations within indoor environments.13 It is well estab-
lished that the use of HEPA APs is associated with considerable
reductions in PM concentration.14–17 These reductions are
associated with modest improvements in health outcomes.18

Health improvements are most consistently observed within
homes in Asian mega-cities, likely due to signicant rates of
ambient PM ingress, and therefore more signicant reductions
in PM.16 Air puriers are soon to become the h largest-selling
home appliance in China, with sales of APs increasing from 112
million units in 2011 to 982 million in 2017.19 With the bur-
geoning domestic use of APs in China likely to further increase,
understanding their real-world performance is essential.

Research into APs removal of PM under controlled conditions
is extensive, and intervention studies are improving the under-
standing of APs effects on health.18 However, recommendations
on how APs should be operated in real-world conditions are not
clearly dened.13,18 Therefore, it is necessary to better understand
how technical (e.g., runtimes, noise, maintenance, lter changes)
and practical aspects (e.g., AP positioning, the quantity of APs, air
change rates) of APs impact their effectiveness.

Within existing literature, air change is oen considered
a removal mechanism of PM.20 However, this is the perspective
of more developed countries, where indoor concentrations
typically exceed ambient concentrations.10 In megacities with
high levels of ambient PM pollution, where APs are most
commonly used, ambient PM concentrations oen exceed
indoor concentrations, making air change a source of PM,
rather than a sink.21 Therefore, it is necessary to understand the
effect of air change on AP performance and PM removal; to
assess the advantages and disadvantages of decreasing air
change in Chinese residences, and the implications of this on
the gaseous components of IAQ.
236 | Environ. Sci.: Adv., 2023, 2, 235–246
Furthermore, it is unknown how effective a single AP is in
reducing PM spatially throughout a residence, given the
barriers to mixing presented by walls, doors, and furniture.
Conversely, the benets of having multiple APs deployed
throughout a residence are also poorly dened.13

Therefore, this investigation aims to determine (i) how air
change affects the efficiency of AP use and the implications of
this on a holistic view of IAQ and energy-efficiency and (ii) how
effective single and multiple APs scenarios are in reducing PM
in a multi-room residence. This is investigated in a multi-room
residence in Guangzhou China and is applied in a broader
context using modelling.
2 Methodology
2 1 Description of the study location and approach

The investigations were conducted in a typical residential
apartment located within the Guangzhou Institute of Geo-
chemistry's Campus, in Guangzhou, China. The layout of the
apartment is illustrated in Fig. 1. The two-bedroom, third story,
seventy-ve square meter non-occupied apartment was lightly
furnished, with furniture and ooring being mostly wooden,
typical for a residential apartment in south China. The area
under investigation was forty-ve square meters, and represents
a smaller section of the whole apartment. This needed to be of
an appropriate size to be cleaned by the largest AP alone (less
than y-three square meters). There were no potent indoor
sources of pollution during the study duration.

The investigation consisted of two experiments. Experiment
1 aimed to determine how air change rates affect the effective-
ness of APs in removing PM from indoor air. This is designed to
informwhether inhabitants should aim to reduce air changes in
indoor environments when using an AP, but also considers the
effect this will have on the gaseous components of IAQ. Exper-
iment 1 uses a combination of measurement and modelling
components.

Experiment 2 aimed to determine how effectively a single AP
can clean an apartment of an appropriate size given barriers to
mixing like walls, doors and furniture, and how this compared
to operating multiple APs throughout the apartment.
2.2 Instrumentation and measurements

PM size-resolved number concentrations from 18–514 nm were
measured in the residence using a TSI SMPS (classier model
3082, CPCmodel 3775) with a full scan completed every minute.
For both experiments, the SMPS was located in Room A and
sampled air from three locations, namely, Room A, Room B and
Room C. Sampling throughout the apartment was necessary to
understand the spatial distributions of PM in the residence. The
PM loss rates of the TSI conductive tubing taking samples from
the rooms to the SMPS unit were accounted for by sampling air
from the same room with each of the three lengths of hose, and
then calculating the difference between measurements made by
the longer hoses vs. having no hose. During the experiments,
the SMPS inlet hose was switched at 5 minute intervals, to
sample from different locations throughout the apartment. An
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Floor plan of the investigation apartment; a two-bedroom, third story, seventy-five square meter apartment in Guangzhou, China. The
investigation area (contained within the dotted line) marks the section of the apartment used within these experiments and the room height was
2.8 meters.
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example time series, showing how it is divided into multiple
rooms, is illustrated in Fig. 2. AP performance was measured as
total particle number decay rate, with greater decay rates being
associated with more removal of PM and improved AP perfor-
mance. Fig. 2(b) illustrates how the particle number decay rates
were calculated, in order to represent AP performance.

Using particle number measurements, as opposed to mass
measurements, allowed this investigation to quantify the APs
effectiveness in reducing particle number concentrations,
which are associated with smaller sized particles and ultra-ne
particles, which are considered to be of greater health impor-
tance.22,23 This size range is particularly relevant, as it contains
the 200–250 nm size fraction, which is considered the most
difficult for puriers to remove effectively.13,24

Three popular HEPA type APs on the Chinese market were
used for these experiments, these are referred to as ‘AP large’,
‘AP medium’ and ‘AP small’ and are described in detail in
Lowther et al. (2020).13 The HEPA lters had been used previ-
ously in Lowther et al. (2020),13 but only for several hours under
ambient conditions, so lter loading was minimal.

The measurements for Experiment 1 and 2 were conducted
in May and June of 2019.

2.3 Experiment 1

The effect of air change on AP performance is largely unknown
within the context of mega-cities with higher levels of ambient
PM. Therefore, this investigation measures the effect of
© 2023 The Author(s). Published by the Royal Society of Chemistry
different air change conditions on the performance of three air
puriers within a real-world indoor environment. Modelling
was conducted to give a better understanding of how changes to
air change rate might be important when considering a holistic
view of IAQ.

Three ventilation scenarios were selected to test in each
room: sealed (windows, doors and air conditioning closed); air
conditioning on, and windows open. These ventilation
scenarios were selected as they were available for each of the
measurement rooms. Air change rates were quantied for each
of the three rooms and for each of the ventilation conditions
using the CO2 decay method.25 Briey, CO2 was released from
portable canisters and was mixed using fans, then, CO2 decay
was measured using a portable air quality monitoring system.26

The room was unoccupied during the experiment, to reduce any
impact of CO2 generated by human metabolism. Air change
rates displayed within Table 1 represent the average of three
decays for each of the nine scenarios.

During these experiments, every room was ventilated until
indoor PM concentrations matched ambient PM concentra-
tions. Then, the desired ventilation condition was set up and
nally, the AP was activated. Once particle concentrations had
reached equilibrium, the air purier was switched off, the room
was ventilated, and the next repeat began. The point of equi-
librium was determined between the competition of two
processes, i.e. ventilation, the source of PM and the AP, the sink
of PM.
Environ. Sci.: Adv., 2023, 2, 235–246 | 237
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Fig. 2 Measuring particulate matter decay across three rooms with a HEPA purifier active by switching the inlet hose on the SMPS at five-minute
intervals. (a) Shows an example time-series and how this varies for three rooms and (b) shows an example exponential fit from which a rate of
decay can be calculated.
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2.4 Experiment 2

Although commercially available APs are given a recommended
room size,27 when considering the barriers to mixing which are
present within most multi-room residences, it is largely
unknown to what degree they can reduce PM throughout the
dwelling. Therefore, this study assessed the advantages and
disadvantages of operating single and multiple APs within
a multi-room residence.

For the single AP scenario, AP large was operated on its
maximum fan speed and was placed in Room A. At maximum
fan speed, this AP is rated to clean a 53 m2 area and was
therefore suitable for use within the 45 m2 investigation area.
For the multiple AP scenario, Room A, Room B and Room C
contained the small, medium and large APs respectively, each
running on their lowest fan speed. The Clean Air Delivery Rate
(CADR) of the two scenarios was chosen to be roughly equiva-
lent with the single AP and multiple AP scenarios outputting
316 and 301 3 min−1 (537 and 511 m3 hour−1) respectively.13

The multiple AP scenario is more energy-efficient, consuming
43.5 W compared to 69.7 W for the single AP scenario.13

Before the experiments, the investigation area was ventilated
with air from outdoors until indoor PM concentrationsmatched
outdoor concentrations. Next, the investigation area was sealed,
with windows closed and air conditioning turned off, to mini-
mize inltration of outdoor PM. During these experiments,
238 | Environ. Sci.: Adv., 2023, 2, 235–246
doors within the investigation area remained open, to facilitate
mixing between rooms.

2.5 Model development

The laboratory-determined performance of APs, room volumes
and measured air change rates were supplemented with exter-
nally sourced data to develop a box model of how PM is affected
by APs and air exchange. These values are displayed in Table 1.
The model accounted for two processes: PM removal by the AP,
and PM exchange with the outdoors. The model simulated the
behaviour of an independent room and therefore did not
account for air change between rooms. The box model is
described by the following equations.

M = Ct−1 × exp(−CADR × Dt/V) (PM removed by AP) (1)

Ct = M + (A − Ct) × exp(ach × Dt) (PM exchanged with

outdoors) (2)

where M = model output, Ct = concentration at time t, Ct−1 =

concentration at previous time step t− 1, V= room volume (3),
CADR = clean air delivery rate (3 min−1), Dt = time step (min),
A = particle concentration of ambient air and ach = air
exchange rate (min−1).

A simpler model using source terms and ventilation rates
(outlined in Table 1) were used to model gaseous components
of IAQ, as seen in Fig. 7 and 8.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Model parameters and their respective sources

Model parameters

Parameter Value Source

Air change (ach) parameters (h−1)
5th percentile of annual inltration rate of 294 Chinese residences 0.08 Hou 2019 (ref. 28)
25th percentile of annual inltration rate of 294 Chinese residences 0.22 Hou 2019 (ref. 28)
50th percentile of annual inltration rate of 294 Chinese residences 0.34 Hou 2019 (ref. 28)
75th percentile of annual inltration rate of 294 Chinese residences 0.56 Hou 2019 (ref. 28)
95th percentile of annual inltration rate of 294 Chinese residences 1.12 Hou 2019 (ref. 28)
Room A (AC on) 0.55 Measured
Room A (sealed) 0.30 Measured
Room A (window open) 1.64 Measured
Room B (AC on) 2.30 Measured
Room B (sealed) 0.40 Measured
Room B (window open) 1.68 Measured
Room C (AC on) 2.22 Measured
Room C (sealed) 3.04 Measured
Room C (window open + AC) 8.31 Measured
Room C (window open) 6.10 Measured

CO2 model parameters
Average apartment size 39 m2 Chinese bureau of statistics 2019 (ref. 29)
Model bedroom size 15 m2 N/A
Model kitchen and living room size 7.5 m2 N/A
Breathed volume 6 L min−1 Carroll 2007 (ref. 30)
CO2 concentration in exhaled air 38 000 ppm CO2 meter (ref. 31)

Cooking model parameters
PM generation rate 24.7 × 1010 s−1 Zhao 2018 (ref. 32)
Total VOC (TVOC) generation rate 2.14 mg m−3 min−1 Zhao 2014 (ref. 33)

Other parameters
Air purier CADRs Various Lowther 2020 (ref. 13)
Outdoor background PM concentration 1.0092 × 104 cm−3 Measured
Indoor background PM concentration 6.614 × 103 cm−3 Measured

Fig. 3 PM size distributions of ambient and indoor air from 18–514 nm
collected by a TSI SMPS, over 12 hours (2 hours per day), with the
measurement between ambient and indoor switched every 20
minutes, on six days of the sampling campaign. dW/dlog Dp units
display particle size distributions normalised to one decade of particle
size.
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3 Results and discussion
3.1 Study location background information

The effect of air change on AP performance is a function of the
PM concentrations in the ambient air penetrating inwards.
Therefore, it is necessary to understand the likely concentra-
tions and composition of PM in ambient air outside the
apartment and its variability. In the presence of no dominant
indoor sources, the average indoor concentration was 6900
cm−3 compared to 11 500 cm−3 outdoors, (see Fig. 3).
Guangzhou ambient PM2.5 in the wet season (when this
campaign was conducted) is typically composed of organic
aerosol (49%), sulphate (20%), nitrate (17%), ammonium
(13%) and chloride (1%).34 Key sources of emissions of PM2.5

in Guangzhou in the wet season can be attributed to vehicular
(37%), industrial (32%), power generation (12%) and resi-
dential (7%) sectors with a further 12% from indistinguishable
sources.35

It is important to note that the majority of PM2.5 is generated
by vehicular sources, which predominantly generate particles
<500 nm.36
© 2023 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Adv., 2023, 2, 235–246 | 239
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3.2 Experiment 1

Generally, increased air change rate is associated with
decreasing particle decay rate and therefore decreased AP
performance, as seen in Fig. 4. For each of the three rooms, the
performance of APs is least effective under the window open
ventilation scenario. It should be noted that some of the
measured air change rates appear unusual, particularly the
greater air change in Room C when sealed than with the AC on
and the greater air change in Room B with AC on than with the
window open. These experiments were conducted in an urban
megacity context where ambient PM oen exceeds indoor PM,
and hence increasing air change can act as an additional source
of PM and reduce the effectiveness of air purication.

Particle decays when the AP was operated under the different
ventilation conditions are shown in Fig. 5. Both the modelled
and measured outputs show that increasing air change rate
decreases the rate of net particulate removal (and therefore the
APs performance). In addition, the air change rate appears to
determine the equilibrium particle number concentration
achieved. Therefore, at lower air change rates, the AP performs
more efficiently, and a lower equilibrium concentration is
reached. The model appears consistent with what was
measured and this would indicate that our understanding of
processes within the indoor environment is reasonable.
Fig. 4 The measured relationships between air change and particle dec
Room A, (b) Room B and (c) Room C. The blue circles and red cross rep

Fig. 5 (a) Measured and (b) modelled total particle number decays whe

240 | Environ. Sci.: Adv., 2023, 2, 235–246
Fig. 6 shows how the decay of PM due to AP use changes
under different ventilation conditions when indoor PM
concentrations are initially greater than outdoor concentra-
tions (i.e. when a dominant indoor source of PM is present).
Fig. 6 demonstrates that when indoor PM concentrations
exceed ambient PM concentrations, as is the case initially,
then air change acts as a sink of PM, removing PM from the
indoor environment. Conversely, when indoor PM concen-
tration is less than ambient PM concentration, air change
inhibits the performance of the air purier, leading to
decreased particle decay rates and increased equilibrium PM
concentration, as for the measurements shown in Fig. 6.
Looking at total PM exposure (area under the curve) for each of
the ventilation scenarios in Fig. 6, it seems that when PM is of
concern, and when there are limited indoor sources of PM,
sealing the environment is the best strategy for reducing
exposure. Although sealing the environment initially removes
PM at a slower rate (when ambient PM > indoor PM), this
effect is small compared to the benets of increased removal
rate and decreased equilibrium concentration when indoor
PM > ambient PM. If indoor and ambient PM concentrations
could be quantied in real-time, as may be possible in a future
smart home,37 ventilation could be automatically controlled to
maximise the removal efficiency of PM. However, until then it
ay rates for three rooms under the different ventilation scenarios; (a)
resent the repeats and the mean respectively.

n an air purifier is active in Room C under four ventilation conditions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Modelled total particle number decays when the large AP is active onmedium fan speed in an average-sized Chinese bedroom under five
ventilation conditions. The initial concentration is significantly greater than the ambient background to simulate a potent indoor PM source. The
window open and air-con on, air change rates used were averages for measurements across the three rooms. The percentiles are of annual
infiltration rate of 294 Chinese residences as in Hou et al., 2019.28
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is likely best to seal the environment and allow the AP to
remove PM with limited inhibition.

When PM is of primary concern, and there are limited
sources of indoor PM, sealing the environment and allowing the
AP to reduce PM with minimal inhibition seems like the most
logical strategy. However, this may not be coherent with
a holistic view of IAQ. Therefore, it is also necessary to consider
the effect of this sealing on the gaseous components of IAQ.

Fig. 7 considers the impact of sealing on the accumulation of
CO2 from breathing within a ‘sealed’ bedroom overnight. It
demonstrates that by the end of the night, concentrations can
be 4–10 times greater than the background. It is thought that
CO2 concentrations greater than ∼1000 ppm can affect
concentration and comfort,38 with the 8 hour time-weighted-
average exposure limit value to CO2 being 5000 ppm.39 Within
an average-sized Chinese bedroom with average air change, and
a single occupant, CO2 concentrations can reach ∼2000 ppm
overnight.

Fig. 8 shows how different ventilation conditions will inu-
ence the removal of PM and total volatile organic compounds
(TVOCs) aer a cooking event. Regardless of the ventilation
condition, PM is reduced to an acceptable level within ∼50
minutes. However, the ventilation condition does dene the
equilibrium concentration reached, as outlined in Fig. 4 and 5.
© 2023 The Author(s). Published by the Royal Society of Chemistry
TVOCs, a gaseous component of IAQ, which are therefore not
removed by the AP are not reduced to acceptable levels within
the 3 hour duration, regardless of the ventilation strategy. This
demonstrates that although ‘sealing’ indoor environments can
be benecial for the removal of PM, this will have clear impli-
cations on the accumulation and decay of gaseous components
of IAQ.

Increasing air change rate can be used to reduce trans-
mission of airborne pathogens and improve air quality, whilst
reducing air changes can also reduce ingress of outdoor air
pollution and improve energy efficiency. There is therefore
much discussion around the role of air change in both resi-
dential and commercial building types. Our ndings are
consistent with the existing literature which indicates that air
exchange can act as both a source and sink of indoor air
pollution.12 With air change acting as a source of PM into indoor
environments, in our studies we demonstrate that this will also
affect the efficiency of APs in reducing PM concentrations
within residences. Additionally, this effect is quite signicant,
with a 95th percentile air exchange room in China, having
almost an order of magnitude greater PM number concentra-
tions than a 5th percentile room (Fig. 6). It is therefore likely
that rooms with HEPA purication, and lower air change rates,
Environ. Sci.: Adv., 2023, 2, 235–246 | 241
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Fig. 7 Carbon dioxide accumulation from one and two occupants breathing in an average-sized Chinese bedroom over ten hours, for different
air change conditions. The percentiles are of annual infiltration rate of 294 Chinese residences as in Hou et al., 2019.28

Fig. 8 Particle number concentration (cm−3) and TVOC concentration (mg m−3) over time for simulation of a ten-minute Chinese style stir-
frying event in a 21 m3 room; after the ten-minutes of cooking small AP is turned on at maximum fan speed. This is simulated for different air
change conditions. The acceptable TVOC concentration is 0.6 mg m−3.40 The acceptable level of PNC is set as 103 cm−3, defined as “relatively
clean” by Lowther et al.3 and Bo et al.41
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will tend to have much lower PM concentrations than those
with greater air change rates.

The modelling components of this investigation demon-
strate that IAQ is a holistic issue, and that although reducing air
exchange may be benecial for reducing concentrations of
some pollutants, it could potentially increase the concentra-
tions of others. In the future, building management systems
242 | Environ. Sci.: Adv., 2023, 2, 235–246
and residential systems could use a combination of indoor and
outdoor air quality sensors (measuring multiple types of
pollutants), to make intelligent and real-time decisions on how
best to utilise ventilation and ltration, in order to minimise
overall exposure to pollutants. However, an ethical dilemma
(exacerbated by limited epidemiological evidence) that will
need to be faced is how these devices can be used to support
© 2023 The Author(s). Published by the Royal Society of Chemistry
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more holistic decision-making about exposures. For example, is
it better to seal an environment and expose individuals to
elevated levels of CO2, or ventilate an environment and increase
exposure to more ambient pollutants such as PM or NO2?
Overall, such systems should have their efficacy explored, as
they are likely to lead to signicant reductions in overall expo-
sures to air pollutants from internal and external (ambient)
sources.

In addition to air change rate, another important factor
effecting AP performance within residences is the number of air
puriers used across a residential space. This is considered in
Experiment 2.

3.3 Experiment 2

Table 2 compares the effectiveness of single and multiple AP
usage within a two-bedroom residence.

Under the single AP scenario, Room A was cleaned most
efficiently, as this was where the AP was located. The reduction
in PM decreased for Room B and Room C as the distance away
from the AP increased. For the multiple AP scenario, where one
AP was located in each room and was operated on the lowest fan
speed, ∼70–80% reductions in PM can be seen consistently
across the three rooms. Therefore, not only is it more energy-
efficient to run multiple APs on lower modes, than it is to run
a larger AP on maximum fan speed, it also more efficient in
removing PM. It should be noted that, although a single AP was
able to reduce PM across the investigation area, this was with all
the doors open, which oen will not be the case in an occupied
residence, especially whilst sleeping, when AP use is arguably
most important. Under a scenario where all the doors were
closed, the improvements from a multiple AP scenario would
likely be signicantly greater than from a single AP scenario.
Even within typical Chinese residences which are comparatively
Table 2 Particle decay rates and percentage particle reductions over two
AP scenarios

Single AP scenario

Decay rate min−1

Repeat number

1 2 3 Mea

Room A 0.0272 0.0155 0.0291 0.02
Room B 0.0108 0.0113 0.0143 0.01
Room C 0.0045 0.0118 0.0046 0.00

Single AP scenario

Percentage reduction per hour

Repeat number

1 2 3 Me

Room A 80.4 60.5 82.5 74
Room B 47.8 49.2 57.7 51
Room C 23.5 50.6 24.0 32

© 2023 The Author(s). Published by the Royal Society of Chemistry
small, a single AP is likely insufficient to clean the area it is
rated for, given the barriers to mixing that are present within
residences, i.e. walls, doors and furniture. Therefore, a better
strategy would be to have APs located in any room where
extended periods are spent. This would also be benecial for
energy consumption, being more efficient than running a single
AP on greater fan speed. However, the upfront cost of multiple
APs will be greater.

This research is consistent with the existing literature in
highlighting the tangible reductions of PM concentrations
associated with HEPA AP use.14–17 In this investigation, reduc-
tions in the number concentrations of PM of between 30–80%
(depending on the setup) were observed. Previous studies have
reported reductions in PM concentrations of 50%, 63% and 30–
70% respectively.14–17 However, this is the rst research to
demonstrate that use of multiple APs around a residence may
bemore effective in removing particulate matter from indoor air
than a single AP. Although less efficient, this investigation also
shows that use of a single purier within a residence can still
provide signicant reductions in PM concentrations in adjacent
rooms. With populations spending approximately one third of
their time sleeping, and 50–60% of their waking time at home,42

wider adoption of HEPA technologies in many urban settings
with elevated PM may be able to signicantly reduce overall PM
exposures, and improve overall population health. Given that
exposure is a function of both the amount of time spent in an
environment, and the concentration of pollution in that envi-
ronment, it would be necessary to rst understand where
people spend time in their homes (which is relatively well
documented42) and second, how pollutant concentrations vary
in different rooms of any given home (which is much less
certain). Further research into the second element of this could
allow us to give better recommendations on where in the home,
hours for the three measurement rooms for the single AP andmultiple

Multiple AP scenario

Decay rate min−1

Repeat number

n 1 2 3 Mean

39 0.0311 0.0264 0.0248 0.0274
21 0.0318 0.0335 0.0297 0.0317
69 0.0219 0.0164 0.0187 0.0190

Multiple AP scenario

Percentage reduction per hour

Repeat number

an 1 2 3 Mean

.5 84.5 79.5 77.4 80.4

.6 85.2 86.6 83.2 85.0

.7 73.2 62.6 67.4 67.7

Environ. Sci.: Adv., 2023, 2, 235–246 | 243
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residents should be prioritising use of HEPA APs. For the time
being, it would seem sensible to recommend usage where most
time is spent, i.e., bedrooms and living rooms.

4 Conclusion

Using a combination of measurement and modelling, this
investigation aimed to determine the effect of air change on AP
effectiveness and the benets of using single or multiple APs
within a multi-room residence.

Firstly, increasing air change rate inhibited the effectiveness of
AP use, by acting as a source of PM into the indoor environment.
The rate of air change determined the equilibrium concentration
reached in the indoor environment, once the sink of PM (AP) and
source of PM (air change) became balanced. Conversely, when
indoor PM > ambient PM, i.e. when there are strong sources of
PM indoors, then air change can act as a sink of PM. However,
this sink is negligible compared to the sink of the AP. Therefore,
when PM is ofmajor concern within the indoor environment, and
when there are minimal indoor sources of PM, it seems logical to
seal the environment as much as is possible, to minimize the
inhibition of the AP. However, this allows for the accumulation of
gaseous components of IAQ, which are not removed by the HEPA
lter. Additionally, in contrast to many developing countries,
where sealing of buildings is becoming increasingly prevalent as
a method to improve energy efficiency,3 in China, increasing
natural ventilation is suggested to be benecial to improving
energy efficiency.43 Therefore, there are many conicting factors
when suggesting an optimal air change rate. Future work could
determine to what extent a “smart home”, where concentrations
of various pollutants can be measured in real-time, and where air
change can be adjusted accordingly, can reduce exposures to PM.

Secondly, the use of multiple APs within a multi-room resi-
dence can reduce PM concentrations more than the use of
a single AP on higher fan speed. Therefore, in a multi-room
residence, it is benecial to have APs located in any room
where signicant time is spent, and although the upfront and
maintenance cost of APs is greater, utilizing multiple APs is also
more energy-efficient than operating a single more powerful AP
on higher fan speed.

This investigation used measured and modelled data to
determine that increasing air change inhibits the performance
of APs, and therefore, sealing is benecial to reducing exposure
to PM, although this conicts with concentrations of gaseous
components of PM and improving energy efficiency in Chinese
buildings. Additionally, using multiple APs in a multi-room
residence can reduce exposure to PM and have a lower energy
consumption when compared to the use of a single AP.

Conflicts of interest

There are no conicts of interest to declare.

Acknowledgements

We are grateful to EuropeAid project SEW-REAP (ECRIP ICI+/
2014/348-010) and the British Council/Newton Fund for
244 | Environ. Sci.: Adv., 2023, 2, 235–246
nancial support. We are also grateful for open funds support
from the Guangdong Key Laboratory of Environmental Protec-
tion and Resources Utilization and the Chinese Academy of
Sciences (Grant No. QYZDJ-SSW-DQC032). We thank NAQTS for
lending a V2000 micro-sized air quality monitoring station for
this study.

References

1 N. E. Klepeis, W. C. Nelson, W. R. Ott, J. P. Robinson,
A. M. Tsang, P. Switzer, J. V. Behar, S. C. Hern and
W. H. Engelmann, The National Human Activity Pattern
Survey (NHAPS): A Resource for Assessing Exposure to
Environmental Pollutants, J. Exposure Anal. Environ.
Epidemiol., 2001, 11(3), 231–252, DOI: 10.1038/
sj.jea.7500165.

2 M. H. Forouzanfar, L. Alexander, V. F. Bachman, S. Biryukov
and M. Brauer, Global, Regional, and National Comparative
Risk Assessment of 79 Behavioural, Environmental and
Occupational, and Metabolic Risks or Clusters of Risks in
188 Countries, 1990-2013: A Systematic Analysis for the
Global Burden of Disease Study 2013, Lancet, 2015, 2287–
2323, DOI: 10.1016/S0140-6736(15)00128-2.

3 S. D. Lowther, K. C. Jones, X. Wang, J. D. Whyatt, O. Wild and
D. Booker, Particulate Matter Measurement Indoors: A
Review of Metrics, Sensors, Needs, and Applications,
Environ. Sci. Technol., 2019, 53(20), 11644–11656, DOI:
10.1021/acs.est.9b03425.

4 D. Shao, Y. Du, S. Liu, B. Brunekreef, K. Meliefste, Q. Zhao,
J. Chen, X. Song, M. Wang, J. Wang, H. Xu, R. Wu,
T. Wang, B. Feng, C. S. C. Lung, X. Wang, B. He and
W. Huang, Cardiorespiratory Responses of Air Filtration: A
Randomized Crossover Intervention Trial in Seniors Living
in Beijing: Beijing Indoor Air Purier StudY, BIAPSY, Sci.
Total Environ., 2017, 603–604, 541–549, DOI: 10.1016/
j.scitotenv.2017.06.095.

5 Q. Zhang, Y. Zheng, D. Tong, M. Shao, S. Wang, Y. Zhang,
X. Xu, J. Wang, H. He, W. Liu, Y. Ding, Y. Lei, J. Li,
Z. Wang, X. Zhang, Y. Wang, J. Cheng, Y. Liu, Q. Shi,
L. Yan, G. Geng, C. Hong, M. Li, F. Liu, B. Zheng, J. Cao,
A. Ding, J. Gao, Q. Fu, J. Huo, B. Liu, Z. Liu, F. Yang, K. He
and J. Hao, Drivers of Improved PM2.5 Air Quality in China
from 2013 to 2017, Proc. Natl. Acad. Sci. U. S. A., 2019, 116,
24463–24469, DOI: 10.1073/pnas.1907956116.

6 Ministry of Ecology and Environment the People’s Republic of
China, The 2017 Report on the State of the Ecology and
Environment in China Is Hereby Announced in Accordance
with the Environmental Protection Law of the People's
Republic of China, May 22, 2018, https://english.mee.gov.cn/
Resources/Reports/soe/SOEE2017/201808/
P020180801597738742758.pdf.

7 J. Xiang, C. J. Weschler, Q. Wang, L. Zhang, R. Ma, J. Zhang
and Y. Zhang, Reducing Indoor Levels of “outdoor PM2.5” in
Urban China: Impact on Mortalities, Environ. Sci. Technol.,
2019, 53(6), 3119–3127, DOI: 10.1021/acs.est.8b06878.

8 W. W. Nazaroff, Indoor Particle Dynamics, Indoor Air, 2004,
14(7), 175–183, DOI: 10.1111/j.1600-0668.2004.00286.x.
© 2023 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1038/sj.jea.7500165
https://doi.org/10.1038/sj.jea.7500165
https://doi.org/10.1016/S0140-6736(15)00128-2
https://doi.org/10.1021/acs.est.9b03425
https://doi.org/10.1016/j.scitotenv.2017.06.095
https://doi.org/10.1016/j.scitotenv.2017.06.095
https://doi.org/10.1073/pnas.1907956116
https://english.mee.gov.cn/Resources/Reports/soe/SOEE2017/201808/P020180801597738742758.pdf
https://english.mee.gov.cn/Resources/Reports/soe/SOEE2017/201808/P020180801597738742758.pdf
https://english.mee.gov.cn/Resources/Reports/soe/SOEE2017/201808/P020180801597738742758.pdf
https://doi.org/10.1021/acs.est.8b06878
https://doi.org/10.1111/j.1600-0668.2004.00286.x
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2va00206j


Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

1/
16

/2
02

5 
1:

23
:4

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
9 L. Huang, Z. Pu, M. Li and J. Sundell, Characterizing the
Indoor-Outdoor Relationship of Fine Particulate Matter in
Non-Heating Season for Urban Residences in Beijing, PLoS
One, 2015, 10(9), e0138559, DOI: 10.1371/
journal.pone.0138559.

10 C. Chen and B. Zhao, Review of Relationship between Indoor
and Outdoor Particles: I/O Ratio, Inltration Factor and
Penetration Factor, Atmos. Environ., 2011, 275–288, DOI:
10.1016/j.atmosenv.2010.09.048.

11 A. P. Jones, Indoor Air Quality and Health, Atmos. Environ.,
1999, 33(28), 4535–4564, DOI: 10.1016/S1352-2310(99)
00272-1.

12 W. W. Nazaroff, Residential Air-Change Rates: A Critical
Review, Indoor Air, 2021, 31(2), 282–313, DOI: 10.1111/
ina.12785.

13 S. D. Lowther, W. Deng, Z. Fang, D. Booker, D. J. Whyatt,
O. Wild, X. Wang and K. C. Jones, How Efficiently Can
HEPA Puriers Remove Priority Fine and Ultrane
Particles from Indoor Air?, Environ. Int., 2020, 144, 106001,
DOI: 10.1016/j.envint.2020.106001.

14 S. Batterman, L. Du, G. Mentz, B. Mukherjee, E. Parker,
C. Godwin, J. Y. Chin, A. O’Toole, T. Robins, Z. Rowe and
T. Lewis, Particulate Matter Concentrations in Residences:
An Intervention Study Evaluating Stand-Alone Filters and
Air Conditioners, Indoor Air, 2012, 22, 235–252, DOI:
10.1111/j.1600-0668.2011.00761.x.

15 T. J. Ward, E. O. Semmens, E. Weiler, S. Harrar and
C. W. Noonan, Efficacy of Interventions Targeting
Household Air Pollution from Residential Wood Stoves, J.
Exposure Sci. Environ. Epidemiol., 2017, 27, 64–71, DOI:
10.1038/jes.2015.73.

16 F. J. Kelly and J. C. Fussell, Improving Indoor Air Quality,
Health and Performance within Environments Where
People Live, Travel, Learn and Work, Atmos. Environ., 2019,
200, 90–109, DOI: 10.1016/J.ATMOSENV.2018.11.058.

17 S. Batterman, C. Godwin and C. Jia, Long Duration Tests of
Room Air Filters in Cigarette Smokers’ Homes, Environ. Sci.
Technol., 2005, 39, 7260–7268, DOI: 10.1021/es048951q.

18 EPA Residential, Air Cleaners: A Technical Summary, 2018.
19 China Manufacturing Consultants, Pollution in China,

accessed 2020-11-20, https://cdn2.hubspot.net/hubfs/
2185827/Content_Offers/PollutionInChinaWhitepaper/
cmc_pollution_in_china_whitepaper_nal.pdf?
hsCtaTracking=b3db0be1-f05b-44e8-84da-b77d095db96f%
7C90c4d816-9834-4a02-a06f-9dcf48053843.

20 R. J. Shaughnessy and R. G. Sextro, What Is an Effective
Portable Air Cleaning Device? A Review, J. Occup. Environ.
Hyg., 2006, 3, 169–181, DOI: 10.1080/15459620600580129.

21 Y. Lin, J. Zou, W. Yang and C. Q. Li, A Review of Recent
Advances in Research on PM2.5 in China, Int. J. Environ.
Res. Public Health, 2018, 15, 438, DOI: 10.3390/
ijerph15030438.

22 P. Penttinen, K. L. Timonen, P. Tiittanen, A. Mirme,
J. Ruuskanen and J. Pekkanen, Ultrane Particles in Urban
Air and Respiratory Health among Adult Asthmatics, Eur.
Respir. J., 2001, 17, 428–435, DOI: 10.1183/
09031936.01.17304280.
© 2023 The Author(s). Published by the Royal Society of Chemistry
23 D. Stephenson, G. Seshadri and J. M. Veranth, Workplace
Exposure to Submicron Particle Mass and Number
Concentrations from Manual Arc Welding of Carbon Steel,
Am. Ind. Hyg. Assoc. J., 2003, 64(4), 516–521, DOI: 10.1080/
15428110308984848.

24 W. J. Kowalski, W. P. Bahneth and T. S. Whittam, Filtration
of Airborne Microorganisms: Modeling and Prediction, ASHRAE
Transactions, 1999.

25 S. Cui, M. Cohen, P. Stabat and D. Marchio, CO2 Tracer Gas
Concentration Decay Method for Measuring Air Change
Rate, Build. Environ., 2015, 84, 162–169, DOI: 10.1016/
j.buildenv.2014.11.007.

26 NAQTS, Our Technology, accessed 2020-01-29, https://
www.naqts.com/what-we-do/our-technology/.

27 AHAM, 2018 Directory of Certied Portable Electric Room Air
Cleaners, Association of Home Appliance Manufacturers,
2018.

28 J. Hou, Y. Sun, Q. Chen, R. Cheng, J. Liu, X. Shen, H. Tan,
H. Yin, K. Huang, Y. Gao, X. Dai, L. Zhang, B. Liu and
J. Sundell, Air Change Rates in Urban Chinese Bedrooms,
Indoor Air, 2019, 29, 828–839, DOI: 10.1111/ina.12582.

29 Chinese Bureau of Statistics, Building and industry continued
high speed development. Improved image of countryside and
cities - China's newly established 70 year economic and societal
development report paper, 2019, accessed 2019-12-20, http://
www.gov.cn/xinwen/2019-07/31/content_5417485.htm.

30 R. G. Carroll, Elsevier’s Integrated Physiology, 2007, DOI:
10.1016/B978-0-323-04318-2.50014-5.

31 CO2 Meter, What is Carbon Dioxide?, accessed 2019-12-30,
https://www.co2meter.com/blogs/news/10709101-what-is-
carbon-dioxide.

32 Y. Zhao and B. Zhao, Emissions of Air Pollutants from
Chinese Cooking: A Literature Review, Build Simul., 2018,
14, 977–995, DOI: 10.1007/s12273-018-0456-6.

33 Y. Zhao, A. Li, R. Gao, P. Tao and J. Shen, Measurement of
Temperature, Relative Humidity and Concentrations of
CO, CO2 and TVOC during Cooking Typical Chinese
Dishes, Energy Build., 2014, 69, 544–561, DOI: 10.1016/
j.enbuild.2013.11.037.

34 J. Guo, S. Zhou, M. Cai, J. Zhao, W. Song, W. Zhao, W. Hu,
Y. Sun, Y. He, C. Yang, X. Xu, Z. Zhang, P. Cheng, Q. Fan,
J. Hang, S. Fan, X. Wang and X. Wang, Characterization of
Submicron Particles by Time-of-Flight Aerosol Chemical
Speciation Monitor (ToF-ACSM) during Wintertime:
Aerosol Composition, Sources, and Chemical Processes in
Guangzhou, China, Atmos. Chem. Phys., 2020, 20(12), 7595–
7615, DOI: 10.5194/acp-20-7595-2020.

35 H. Cui, W. Chen, W. Dai, H. Liu, X. Wang and K. He, Source
Apportionment of PM2.5 in Guangzhou Combining
Observation Data Analysis and Chemical Transport Model
Simulation, Atmos. Environ., 2015, 116, 262–271, DOI:
10.1016/j.atmosenv.2015.06.054.

36 J. Xue, Y. Li, X. Wang, T. D. Durbin, K. C. Johnson,
G. Karavalakis, A. Asa-Awuku, M. Villela, D. Quiros, S. Hu,
T. Huai, A. Ayala and H. S. Jung, Comparison of Vehicle
Exhaust Particle Size Distributions Measured by SMPS and
Environ. Sci.: Adv., 2023, 2, 235–246 | 245

https://doi.org/10.1371/journal.pone.0138559
https://doi.org/10.1371/journal.pone.0138559
https://doi.org/10.1016/j.atmosenv.2010.09.048
https://doi.org/10.1016/S1352-2310(99)00272-1
https://doi.org/10.1016/S1352-2310(99)00272-1
https://doi.org/10.1111/ina.12785
https://doi.org/10.1111/ina.12785
https://doi.org/10.1016/j.envint.2020.106001
https://doi.org/10.1111/j.1600-0668.2011.00761.x
https://doi.org/10.1038/jes.2015.73
https://doi.org/10.1016/J.ATMOSENV.2018.11.058
https://doi.org/10.1021/es048951q
https://cdn2.hubspot.net/hubfs/2185827/Content_Offers/PollutionInChinaWhitepaper/cmc_pollution_in_china_whitepaper_final.pdf?hsCtaTracking=b3db0be1-f05b-44e8-84da-b77d095db96f%7C90c4d816-9834-4a02-a06f-9dcf48053843
https://cdn2.hubspot.net/hubfs/2185827/Content_Offers/PollutionInChinaWhitepaper/cmc_pollution_in_china_whitepaper_final.pdf?hsCtaTracking=b3db0be1-f05b-44e8-84da-b77d095db96f%7C90c4d816-9834-4a02-a06f-9dcf48053843
https://cdn2.hubspot.net/hubfs/2185827/Content_Offers/PollutionInChinaWhitepaper/cmc_pollution_in_china_whitepaper_final.pdf?hsCtaTracking=b3db0be1-f05b-44e8-84da-b77d095db96f%7C90c4d816-9834-4a02-a06f-9dcf48053843
https://cdn2.hubspot.net/hubfs/2185827/Content_Offers/PollutionInChinaWhitepaper/cmc_pollution_in_china_whitepaper_final.pdf?hsCtaTracking=b3db0be1-f05b-44e8-84da-b77d095db96f%7C90c4d816-9834-4a02-a06f-9dcf48053843
https://cdn2.hubspot.net/hubfs/2185827/Content_Offers/PollutionInChinaWhitepaper/cmc_pollution_in_china_whitepaper_final.pdf?hsCtaTracking=b3db0be1-f05b-44e8-84da-b77d095db96f%7C90c4d816-9834-4a02-a06f-9dcf48053843
https://doi.org/10.1080/15459620600580129
https://doi.org/10.3390/ijerph15030438
https://doi.org/10.3390/ijerph15030438
https://doi.org/10.1183/09031936.01.17304280
https://doi.org/10.1183/09031936.01.17304280
https://doi.org/10.1080/15428110308984848
https://doi.org/10.1080/15428110308984848
https://doi.org/10.1016/j.buildenv.2014.11.007
https://doi.org/10.1016/j.buildenv.2014.11.007
https://www.naqts.com/what-we-do/our-technology/
https://www.naqts.com/what-we-do/our-technology/
https://doi.org/10.1111/ina.12582
http://www.gov.cn/xinwen/2019-07/31/content_5417485.htm
http://www.gov.cn/xinwen/2019-07/31/content_5417485.htm
https://doi.org/10.1016/B978-0-323-04318-2.50014-5
https://www.co2meter.com/blogs/news/10709101-what-is-carbon-dioxide
https://www.co2meter.com/blogs/news/10709101-what-is-carbon-dioxide
https://doi.org/10.1007/s12273-018-0456-6
https://doi.org/10.1016/j.enbuild.2013.11.037
https://doi.org/10.1016/j.enbuild.2013.11.037
https://doi.org/10.5194/acp-20-7595-2020
https://doi.org/10.1016/j.atmosenv.2015.06.054
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2va00206j


Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

1/
16

/2
02

5 
1:

23
:4

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
EEPS during Steady-State Conditions, Aerosol Sci. Technol.,
2015, 49, 984–996, DOI: 10.1080/02786826.2015.1088146.

37 A. Schieweck, E. Uhde, T. Salthammer, L. C. Salthammer,
L. Morawska, M. Mazaheri and P. Kumar, Smart Homes
and the Control of Indoor Air Quality, Renewable
Sustainable Energy Rev., 2018, 94, 705–718, DOI: 10.1016/
j.rser.2018.05.057.

38 B. Du, M. C. Tandoc, M. L. Mack and J. A. Siegel, Indoor CO2
Concentrations and Cognitive Function: A Critical Review,
Indoor Air, 2020, 30, 1067–1082, DOI: 10.1111/ina.12706.

39 ACGIH, Documentation of the Threshold Limit Values and
Biological Exposure Indices, Sixth Edition, Am. Conf. Gov.
Ind. Hyg., 2001, 594530.

40 Indoor Air Quality Standard of China (GB/T 18883-2002),
General Administration of Quality Supervision, Inspection and
Quarantine of the People’s Republic of China, 2003.
246 | Environ. Sci.: Adv., 2023, 2, 235–246
41 M. Bo, P. Salizzoni, M. Clerico and R. Buccolieri, Assessment
of Indoor-Outdoor Particulate Matter Air Pollution: A
Review, Atmosphere, 2017, 8, 136, DOI: 10.3390/
atmos8080136.

42 American Time Use Survey, Table A-1. Time Spent in Detailed
Primary Activities and Percent of the Civilian Population
Engaging in Each Activity, Averages Per Day by Sex, Annual
Averages (PDFs), accessed 2022-10-30, https://www.bls.gov/
tus/.

43 Z. Tong, Y. Chen, A. Malkawi, Z. Liu and R. B. Freeman,
Energy Saving Potential of Natural Ventilation in China:
The Impact of Ambient Air Pollution, Appl. Energy, 2016,
179, 660–668, DOI: 10.1016/j.apenergy.2016.07.019.
© 2023 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1080/02786826.2015.1088146
https://doi.org/10.1016/j.rser.2018.05.057
https://doi.org/10.1016/j.rser.2018.05.057
https://doi.org/10.1111/ina.12706
https://doi.org/10.3390/atmos8080136
https://doi.org/10.3390/atmos8080136
https://www.bls.gov/tus/
https://www.bls.gov/tus/
https://doi.org/10.1016/j.apenergy.2016.07.019
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2va00206j

	Factors affecting real-world applications of HEPA purifiers in improving indoor air quality
	Factors affecting real-world applications of HEPA purifiers in improving indoor air quality
	Factors affecting real-world applications of HEPA purifiers in improving indoor air quality
	Factors affecting real-world applications of HEPA purifiers in improving indoor air quality
	Factors affecting real-world applications of HEPA purifiers in improving indoor air quality
	Factors affecting real-world applications of HEPA purifiers in improving indoor air quality
	Factors affecting real-world applications of HEPA purifiers in improving indoor air quality
	Factors affecting real-world applications of HEPA purifiers in improving indoor air quality

	Factors affecting real-world applications of HEPA purifiers in improving indoor air quality
	Factors affecting real-world applications of HEPA purifiers in improving indoor air quality
	Factors affecting real-world applications of HEPA purifiers in improving indoor air quality
	Factors affecting real-world applications of HEPA purifiers in improving indoor air quality

	Factors affecting real-world applications of HEPA purifiers in improving indoor air quality
	Factors affecting real-world applications of HEPA purifiers in improving indoor air quality
	Factors affecting real-world applications of HEPA purifiers in improving indoor air quality


