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ABSTRACT

One of the most widely available technologies to clean the air in homes of particulate matter of less
than 2.5 um in diameter (PM,s), known to have negative health impacts, are portable home air
purifiers (HAPs). This paper presents research which (1) explored the effectiveness of HAPs in
real-world conditions in 57 homes in three European cities; (2) examined if HAPs affect users’
perceptions of the indoor air quality (IAQ) at home; and (3) considered the motivations for
occupants’ operation of HAPs. Results from this study found that PM,s concentrations in
bedrooms were reduced by 45% to 69%; perceptions of IAQ were not correlated with measured
high PM, 5 levels; occupants reported the HAPs to have a ‘cooling’ effect, which may explain
why the predominant driver of HAP use was thermal comfort, rather than IAQ, in all three cities.
The latter finding was supported by a statistically significant increase in the probability of HAP
use with increasing indoor temperatures. If the operation of HAPs can be managed, or fully
automated, to reflect indoor air pollution levels rather than thermal conditions, better pollutant
reduction would be feasible and their use to reduce PM,s may help mitigate the negative
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health effects of exposure whilst at home.

Introduction

Particulate matter ofless than 2.5 um in diameter (PM, s5)
is known to have negative health effects (Pope et al.,
2020), and 9 million deaths globally are estimated to be
associated with indoor exposure (WHO, 2019). Exposure
to PM, 5 may be especially high at home because (1) it is
where people spend most of their time, (2) there are
many indoor sources (e.g. cooking, smoking, cleaning)
in addition to the contribution from outdoors, and (3)
people have not been found to perceive PM, 5 and there-
fore may not act to mitigate unhealthy levels. Addition-
ally, home is different from most other indoor settings
as it is where people sleep. Sleep being a time of special
vulnerability because people cannot take action to
remedy poor air quality. It is therefore important to
understand ways to improve the IAQ in homes, and
the occupant behaviours that impact IAQ.

Substantial research has been published on the
effectiveness of air purifiers in reducing indoor PM, s,
in laboratory settings and computer models, as well as

short-term monitoring in homes (e.g. Allen et al,
2011; Barn et al,, 2018; Zhan et al., 2018). However, little
evidence is available that explains the actual use of the
equipment by occupants, or what the motivations are
for HAP use. This work aimed to explore the impact
of commercially available home air purifiers (HAPs)
used in bedrooms on indoor PM, 5 concentration and
perceived indoor air quality. As well as, to better under-
stand how and why portable air purifiers are used by
occupants in three European cities (Eindhoven, NL,
Helsinki, FL, and London, UK).

This research focusses on PM, 5 indoors for two main
reasons. First, it is widely recognized in the literature as
having a negative impact on health outcomes, as is pre-
sented in the next section. Secondly, air purifiers such as
the type used in this study are designed to filter particles
in this size range and have a limited impact on gaseous pol-
lutants. Therefore, other indoor air pollutants, such as
nitrogen dioxide (NO,) and volatile organic compounds
(VOCs), are not included in the scope of this work.
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The work presented here provides new results and
analysis, from more residences in more countries, and
expands upon the initial findings regarding occupants’
use of HAPs presented for the case of flats in London
(Cooper et al., 2021). The current work provides a com-
parison between three different cities in the effectiveness
of HAPs, the perception of air quality, and the HAP
operational behaviour of occupants. The aim of this
work is to better understand the conditions which influ-
ence the effectiveness of HAPs to reduce PM,; in
residences.

Background and literature review

Building standards have changed to meet requirements
for energy efficiency and carbon reduction which has
lowered infiltration rates, making intentional venti-
lation paramount to the dilution of indoor generated
pollutants to provide acceptable indoor air quality
(Shrubsole et al., 2014). According to a 2012 review
article by Dimitroulopoulou (2012) ventilation rates in
Europe often fall below 0.5h™" (a common regulatory
standard) which can lead to an accumulation of indoor
generated air pollutants, and consequently increased
pollutant exposure risks. Although there are several
ways to achieve the required air change rate, including
continuous mechanical extract, or supply and extract
with heat recovery, residences in many places have
relied primarily, or entirely, upon natural ventilation
(i.e. windows and doors) and uncontrolled ventilation
has been common.

In the UK background ventilators (e.g. trickle-venti-
lators) remain a common approach but, as with other
types of natural ventilation, they do not have filtration
capacity, and leave the indoor air quality heavily depen-
dent upon the quality of the outdoor air. In addition to
the reliance upon good outdoor air quality, for events of
high indoor pollutant generation (e.g. cooking), venti-
lation through natural ventilation alone may be
inadequate. The results of a BRE (Building Research
Establishment) study found that 68% of homes had a
whole house ventilation rate below the minimum design
value of 0.5h™" in the winter, and in summer 30% of
homes failed to reach this standard (Dimitroulopoulou
et al., 2005). As more than two-thirds of the homes in
the work presented here (and all of those located in
London and Helsinki) were apartments it is notable
that, in the same BRE study (Dimitroulopoulou et al.,
2005), flats performed even more poorly than other
types of homes monitored.

In cold climates, like Finland, airtightness of build-
ings is critical in maintaining thermal comfort efficien-
tly, and as a consequence mechanical ventilation is

essential in providing acceptable indoor air quality in
the heating season. However, occupant behaviour, like
opening windows and doors, cooking, burning candles,
etc. will influence the ultimate indoor to outdoor ratio.
Flats monitored in this study were equipped with
MVHR, and although their performance was not
measured in the work presented here, previous studies
in Finnish homes found that the recommended venti-
lation rate (>0.5h™") was achieved by only 57% of
newly constructed dwellings with MVHR (Kurnitski
et al., 2007).

By decree, the required ventilation rate in Dutch
homes is 300 m>/h, and studies have reported that this
is often achieved (van der Wal et al., 1991). However,
low-energy homes, monitored in another study, which
primarily used mechanical ventilation had lower venti-
lation rates than those required by the Dutch Building
Code (Balvers et al., 2012).

Levels of outdoor air pollution, cultural and behav-
ioural patterns, and perhaps even perceptions of well-
being, vary widely across Europe. However, home, for
most people, is a place of comfort and safety, and people
spend up to 65% of their time there (Klepeis & Ott,
2001). Therefore, it is important to understand place-
specific differences in the quality of the air in homes,
people’s responses to it and how best to mitigate it
when it is poor.

Indoor air quality and health

Air pollution concentrations, including particulate mat-
ter, can, in many locations, exceed health-based guide-
lines developed by the World Health Organization
(WHO) for both chronic and acute exposure (Logue
et al., 2012; WHO, 2006). Prior studies have demon-
strated the contribution of indoor air pollution to total
exposure (Samet, 1993; Weisel et al., 2005), as well as
the negative health impacts associated with exposure.
Atmospheric particulate matter less than 2.5 um in
aerodynamic diameter has been explicitly implicated
in multiple health outcomes including; cardiovascular
diseases (Ostro & Rothschild, 1989), asthma (Schwartz
et al., 1993), bronchitis (Anderson et al., 2012), prema-
ture mortality (Crouse et al., 2012; Laden et al., 2006;
Pope & Dockery, 2006) and lung cancer (Pope et al,
2002).

Home air purifiers: technologies and impact

Previous studies have considered the health benefits of
different methods of particulate filtration (Batterman
et al., 2012; Fisk, 2018; Fisk & Chan, 2017b), and the
adoption of technologies to mitigate indoor air



pollution is increasingly common (‘Global Residential
Air Purifiers Market: Growth, Trends, COVID-19
Impact and Forecasts’, 2021). Home air purifiers
(HAPs) which utilize HEPA (high efficiency particulate
air) filtration as the primary mechanism of air cleaning
are one of the most common devices currently available
for in-home wuse. Simple installation without the
requirement of a central air handling system, flexibility
in location and the lack of harmful by-products give
these devices a number of advantages over other air
cleaning methods.

Substantial reductions in PM, s in spaces using these
devices, from as much as 82.7% (Zhan et al., 2018) to as
little as 29% (Barn et al., 2018), were reported in pre-
vious studies, with most studies finding reductions of
around 50% (e.g. McNamara et al., 2017; Shao et al.,
2017). A crossover study in Denmark reported a
reduction in PM, 5 of 54.5% (median value) in locations
using HEPA filtration (Spilak et al, 2014). A 43%
reduction in PM,s; was shown in an intervention
study in the United States when HEPA filtration was
used (Park et al, 2017). In a modelling study by Fisk
and Chan (Fisk & Chan, 2017a) a number of scenarios
were simulated, including using portable air purifiers
in homes without forced air systems, which closely
resembles many of the dwellings monitored in the
work presented here. The results of models of homes
with continuously operating portable air purifiers
showed a reduction of 45% in PM, 5 concentrations
(Fisk & Chan, 2017a).

However, past research was, for the most part, not
inclusive of typical ambient air quality conditions and
healthy adults. Rather, outdoor pollution events, such
as wildfires, and occupants with specific health con-
ditions, like lung disease, and children were the focus
of the studies (Brugge et al., 2017; Maestas et al., 2019;
Park et al., 2017; Spilak et al., 2014; Vyas et al., 2016;
Weichenthal et al., 2013).

Perception of air quality

There is little evidence that indicates people readily per-
ceive poor air quality due to PM, 5. The perception of air
quality has been shown to be most strongly influenced
by the thermal conditions and relative humidity of a
space (Fang et al., 2004). A study by Rotko et al
(2002) found that, although people expressed annoy-
ance with air pollution, there was poor association
between annoyance and measured PM,s concen-
trations. A study in France assessed the perception of
air quality in homes and found that there was little cor-
relation between occupants’ perceived air quality and
the measured parameters (including particulate matter)
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(Langer et al., 2017). In the Langer et al. study, occu-
pants generally described their home more favourably
than visitors, who did a better job of assessing air qual-
ity, as compared to measured pollutants such as volatile
organic compounds. However, neither occupants’ nor
visitors’ perceptions were strongly associated with
PM, s.

Thermal comfort

Thermal stimuli affect the way that occupants experi-
ence comfort and control of their environment indoors.
A review by Day et al. (2020) provides a good descrip-
tion of the way in which occupants interact with differ-
ent components of the built environment and the
drivers behind those behaviours. Thermal comfort is
explored as an occupant motivation for window oper-
ations and thermostat use in the Day et al. review, and
is further explored in work by Cali et al. (2016) and
by Jeong et al. (2016), among others. Very little work
was found that included occupant interactions with
building environmental controls other than windows
and thermostats. One study by Rijal et al. (2008) devel-
oping adaptive algorithms that included the operation
of fans to predict thermal comfort, and noted that
increased mean globe temperatures were associated
with more fan use.

Use of HAPs

As with indoor air quality perception, there is a paucity
of research available on occupant use of HAPs. Factors
affecting indoor air quality, as well as the performance
of HAPs, such as, building ventilation systems, building
infiltration rates, personal behaviour (e.g. window/door
opening, smoking, etc.) and location of the air purifier
in the residence (Novoselac & Siegel, 2009; Shaughnessy
& Sextro, 2006; Whitby et al., 1983), have been docu-
mented, there exists little work in the literature that
describes how or why people use HAPs, or how that
might affect their performance.

A study in China by Pei et al. (2019) found that of 43
households provided with portable air purifiers more
than 80% did not use the device at all, and the rest
used them only intermittently. These patterns of use,
they concluded, would be insufficient to adequately
reduce indoor PM, 5 levels. A study from the California
Air Resources Board (Piazza et al., 2006) found very
different use patterns to those in China. Although the
devices in this study were not monitored, in surveys
conducted by the researchers, 57% of owners of air pur-
ifiers claimed to use them continuously every day. Little
evidence is available to explain the significant difference
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between these two studies, but the authors speculated
that the motivation of participants in California for fre-
quent air purifier use was due to the perceived health
benefits of their use. It seems unlikely, however, that
owners of HAPs in China would be unaware of similar
potential health benefits of cleaner air. Any differences
in air purifier use across countries, cultures and climates
have the potential to be important factors in the effec-
tiveness of HAPs.

Kaviany et al. (2021) reported on the use of HAPs in
an intervention study in homes of asthmatic children in
the USA. This study monitored not only the utilization
of HAPs (i.e. power ON or OFF), but also the fan speed,
to determine adherence to the intervention’s protocol.
The authors reported that participants used the purifiers
80% of the time, with adherence to the fan settings 60%
of the time. However, this study used financial incen-
tives (US$50) and weekly reminder calls to participants
to encourage adherence to the air purifier regime that
was prescribed. Higher rates of HAP use are therefore
not unexpected. Interestingly, in their multivariable
analysis model, winter season was found to be the
main driver of HAP use. There was a 21% decrease in
adherence to the high and turbo fans speeds in winter
which the authors attribute to the cold draught pro-
duced by the devices (Kaviany et al., 2021).

Schweiker et al. (2020) reviewed multi-domain
approaches to investigate indoor environment behav-
iour and found that studies remain limited despite rec-
ognition by many that the stimuli that influence
occupants’ behaviour and perception are multi-factorial
and varied (e.g. thermal, visual, indoor air quality
(IAQ)). In the work presented here physical (i.e. IAQ
measurements, temperature and relative humidity),
contextual (i.e. country and season) and personal (i.e.
thermal sensation, IAQ preferences, perception of con-
trol over environmental variable) variables were
included in the analysis of HAP operating behaviour.
This method yielded new insights into occupants’ per-
ceptions of their homes, and behaviours that may
impact air quality.

Methods
Context

The study utilized a convenience sample for both the
cities and monitored households with a target of 20
households in each of three cities, Eindhoven, The
Netherlands, Helsinki, Finland, and London, UK Par-
ticipants had to be adults, and no specific health status
(e.g. healthy, asthma, etc.) was required. Children or
pets in the home were both allowed, as was smoking

or wood-burning stoves. Demographic information for
all participants can be found in Table 1. After some
exclusions and drop-out of participants, there were 18
households in London, 19 households in Eindhoven,
and 20 households in Helsinki (a total of 57 dwellings).
Both Eindhoven and London are located in the Cfb
Képpen Climate Classification subtypes (marine west
coast climate) with winter temperatures between 2°C
and 6°C, and summer temperatures between 17°C and
20°C. Helsinki is located in the Dfb subtype (warm-
summer, humid continental climate) with a coldest
month average temperature of —3°C, and the warmest
month average of approximately 17°C. Heating Degree
Days (HDD) at 15.5°C are 1,973, 1,724 and 3,504 for
Eindhoven, Helsinki and London respectively.

Eindhoven dwellings included in the work were the
most varied in size, type, location, and construction.
Participants were selected from throughout the city,
and housing types included ten (10) townhouse/ter-
raced-houses, three (3) apartments/flats, three (3)
semi-detached, and two (2) detached houses. The smal-
lest home was a flat of approximately 90 m* and the lar-
gest were detached houses of about 270 m>. Seven were
classified as being located in a ‘town with or without a
small garden’, four were described as ‘city centre, den-
sely packed housing’ and the other were reported as
‘suburban with larger garden’. Nine of the homes uti-
lized mechanical ventilation whilst the other ten relied
upon natural ventilation alone. Bedrooms ranged in
volume from approximately 23-60 m>. None of the
homes provided social or subsidized housing.

In Helsinki, the monitored site was in Jatkdsaari, a
new urban district next to the city centre by the sea.
All 20 residences were flats located in a recently con-
structed high-rise apartment building in the southeast
part of the city, described as ‘city centre, densely packed
housing’. Light vehicular traffic, building construction
and harbour traffic was noted in the immediate area.
Flats used mechanical ventilation with heat recovery,
as well as window openings, for ventilation, and bed-
rooms were typically 30-40 m’ in volume. As with
Eindhoven, none of the housing was subsidized.

In the UK, the 18 residences were located within
three high-rise apartment buildings at two sites (Sites
A and B) in east London. Site A in London included ele-
ven (11) units, all of which had some level of social
housing subsidy. Both buildings were constructed
within the last 15 years and relied primarily upon natu-
ral ventilation in the non-heating season. At Site B
trickle-ventilators provided ventilation in the heating
months. Site A used mechanical ventilation with heat
recovery (MVHR) during the heating season with a
by-pass mode for use in non-heating times. However,



Table 1. Demographics of participating households in each city.

Helsinki London Eindhoven

Demographic Value Frequency % Demographic Value Frequency % Demographic Value Frequency %
Gender (of lead participant) Male 6 30.0 Gender (of lead participant) Male 10 55.6 Gender (of lead participant Male 13 68.4
Female 14 70.0 Female 8 444 Female 6 31,6
Age (of lead participant) Under 30 3 15.0 Age (of lead participant) Under 30 3 16.7 Age (of lead participant) Under 30 0 0.0
Over 30 17 85.0 Over 30 15 833 Over 30 19 100.0
Years at residence <1 years 18 90.0 Years at residence <1 years 0 0.0 Years at residence <1 years 0 0.0
>1 years 2 10.0 >1 years 18 100.0 >1 years 19 100.0
Household size 1 3 15.0 Household size 1 4 222 Household size 1 3 15.8
2-4 15 75.0 2-4 8 444 2-4 16 84.2
>4 2 10.0 >4 6 333 >4 0 0.0
<18 y.o. in household 0 8 40.0 <18 in household 0 10 55.6 <18 y.o. in household 0 15 789
1-2 10 50.0 1-2 3 16.7 1-2 4 21.1
>2 2 10.0 >2 5 27.8 >2 0 0.0
Smoking status Yes 2 10.0 Smoking status Yes 6 333 Smoking status Yes 5 263
No 18 90.0 No 12 66.7 No 14 73.7
Cooking (per week) 1 0 0.0 Cooking (per week) 1 0 0.0 Cooking (per week) 1 2 10.5
2-5 1 5.0 2-5 6 333 2-5 2 10.5
>5 19 95.0 >5 12 66.7 >5 15 789
Cleaning (per week) Not reported Cleaning (per week) 1 4 22.2 Cleaning (per week) 1 6 31.6
2-5 9 50.0 2-5 11 579
>5 5 27.8 >5 2 10.5
Air freshener use (per week) Never 16 80.0 Air freshener use (per week) Never 2 1.1 Air freshener use (per week) Never 13 68.4
1 3 15.0 1 6 333 1 1 53
2-5 0 0.0 2-5 1 5.6 2-5 3 15.8
>5 1 5.0 >5 9 50.0 >5 2 10.5
Candle use (per week) Never 9 45.0 Candle use (per week) Never 4 22.2 Candle use (per week) Never 8 421
1 10 50.0 1 1 61.1 1 6 316
2-5 1 5.0 2-5 1 5.6 2-5 3 15.8
>5 0 0.0 >5 2 1.1 >5 2 10.5
Pets in home Yes 9 45.0 Pets in home Yes 0 0 Pets in home Yes 1 579
No 1 55.0 No 18 100 No 8 421
Wood/pellet stove Yes 0 0 Wood/pellet stove Yes 0 0 Wood/pellet stove Yes 6 31.6
No 20 100 No 18 100 No 13 68.4

£1T (%) NOILYWHO4NI® HD¥Y3SIH ONICTING
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most residents reported that the MVHR was turned off
during the warmer months. The units were decentra-
lized, one unit per flat, with fan efficiencies between
75% and 77%, and heat exchanger performance compli-
ance of 92-93%. Filtration with the MVHR was minimal
(ISO Coarse 45%), and filter changing, and maintenance
was intermittent, at best. None of the flats had any air
conditioning systems. Previous work at Site A included
a pressure test which found an air permeability of 2-
3 m?/ (h.m?) at 50 Pa. Given the age and characteristics
of the other building, the infiltration rate is estimated to
also be less than 5m>/ (h.m?) at 50 Pa. Bedrooms in
which the HAPs were located, ranged in size from
approximately 28-34 m’, and typically had one operable
window approximately 1.6 m”,

Philips, a study partner, loaned each household a
Philips AC5659/10 home air purifier for use in the
main bedroom during the study period (at no cost to
the occupants). The HAPs used in this study had a
pre-filter, an activated carbon filter, and a HEPA filter
with a clean air delivery rate (CADR) of 500 m>/hour
with a 0.3 pm particle removal efficiency of 99.97%,
for room sizes up to 130 m* Many similar products
are available from other manufacturers (e.g. Panasonic,
Dyson), and the results presented here are expected to
be comparable across devices with similar specifications.

(ug m™>) and sent information via the cloud to the man-
ufacturer regarding ON/OFF status, operation mode
(e.g. fan speed), and PM, s levels. Surveys were con-
ducted of the households to gather information about
occupancy, physical characteristics of the dwelling
(e.g. area, carpeted, etc.), and occupancy patterns and
behaviours.

Flats in Eindhoven and London were monitored for
six months, from July until the end of December, to
measure conditions across three seasons, and Helsinki
was monitored from July through October. Informed
consent was obtained from all individual participants
included in the study. A diagram of the study timeline
is shown in Figure 1.

Air quality monitoring

Air quality data in Eindhoven was collected using
bespoke sensors developed by IMEC. The sensor box
consisted of commercially available environmental
(temperature, relative humidity) and air quality
(PM,5, PM;( and NO,) sensors on custom developed
sensor boards and the OCTA prototype platform. The
particulate matter sensor (Alphasense OPC-N3) was
an optical particle counter (OPC). It had a fan-based
sampling flow rate of 1.2 L/min, it optically (658 nm

Each HAP had a built-in sensor for measuring PM, 5 laser scattering) quantified particles within the
2 2 2 z g 3 g £
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Figure 1. Diagram of study dates and timeline at each city.
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0.38-17 um particle size range, defined in 16 different
size bins (Mie scattering theory). From these particle
counts, particle mass concentrations of PM;, PM,;
and PM;,, were consequently calculated from the par-
ticle size spectra and concentration data, assuming a
particle density of 1.65g ml™' and refractive index
(RI) of 1.5. An electrochemical sensor for NO, (Alpha-
sense NO,-A43F) was included as well. The Alphasense
NO, sensors were capable of detecting NO, concen-
trations at ppb (outdoor) level. As low-cost air quality
sensors are sensitive to ambient atmospheric tempera-
ture (°C) and relative humidity (%), a Farnell SHT31
environmental sensor was included in the sensor
boxes. According to the technical specifications, this
sensor exhibits a typical accuracy tolerance of 2% for
relative humidity and 0.2°C for air temperature. The
raw sensor data were collected at a 1/7 Hz temporal res-
olution and BLE-transmitted to an Ethernet connected
gateway (raspberry pi) at a 1/30 Hz resolution and sub-
sequently averaged to 5-minute readings. Sensor
measurements were compensated for temperature (°C)
and relative humidity (%) and subsequently calibrated
online against the regulatory reference monitoring
stations of the Dutch National Institute for Public
Health and the Environment (RIVM).

In Helsinki, the air quality sensors were the AQBurk,
a self-contained, compact setup monitoring box. These
monitors collected data on temperature, relative humid-
ity (RH), PM;o and PM, 5. Boxes incorporate two sensor
units, one unit for particles (Nova Fitness SDS011) and
one for temperature (°C) and relative humidity (%)
(Bosch BME280). The AQBurk were installed inside
and outside a bedroom of each monitored flat. The
AQBurk connected to existing Wi-Fi networks and
sent data via MQTT to a server in one second intervals.
Data were held in an Influx database and 5 min average
was delivered to an Azure installation. The apparatus
had previously been deployed in several unpublished
air quality studies. Compensation parameters for the
sensors were computed on the basis of data collected
during a calibration session at Helsinki Region Environ-
mental Services Authority measurement site at Méke-
lankatu in Helsinki.

Indoor and outdoor air quality sensors in London
were Eltek TU1082 - AQI110/112. This device is
equipped with Alphasense PM (OPC-N2) and gas
(NO2-A43F) sensors (similar to the units used in Eind-
hoven). Overall, 18 living rooms, 17 bedrooms, and 60
opening areas (18 doors and 42 windows) were moni-
tored by sensors which worked in a clustered sensor net-
work. After testing the onsite transmission signal
strength, all 18 flats were allocated to 11 Eltek Squirrel
SRV250 data loggers. This architecture enabled
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real-time data collection from each flat to be sent and
stored to an online server every 5 mins using available
3G networks. Due to the availability of a constantly
updated database, a core part of data quality assurance
work was automated to check for power-off, signal
loss, or other issues. Problems were quickly identified,
and the appropriate action was taken to minimize data
loss to the greatest extent. The Eltek indoor air quality
transmitters, AQ110/112, were placed at a height of
1.5-1.7 m above the finished floor in the living room
of each flat to avoid disruptions in occupants’ use of
their homes. Eltek GD47B sensors were located at the
same height in the bedroom where the HAP was used
to measure air temperature, relative humidity, and
CO,. An AQI110/112 sensor was deployed outside of
each building to measure the real-time outdoor
environmental pollutant level. The buildings were all
located in relatively dense urban mixed-use areas adja-
cent to high traffic roads.

Full specifications for all the sensors used in the study
can be found in the Supplemental Materials.

Crossover study design

The cross-over structure of the study was developed to
answer research questions regarding the performance
of the home air purifier with respect to PM, 5 indoors,
its relationship to outdoor concentrations, and to
people’s perceptions of air quality in their homes. The
World Health Organization Air Quality Guidelines
(2008) were used as a reference for both outdoor and
indoor air in this study. This recommendation is for a
short-term exposure limit of 25 pg/m> 24-hour mean,
and long-term limit of 10 pg/m’ annual mean (WHO,
2006). The home air purifier turned on to fan speed 1,
2, 3 or turbo (HAP ON) was compared with respect
to using no purification device (HAP OFF) as well as
using the HAP always ON but on the lowest fan speed
setting (HAP BACKGROUND).

Pollutant levels, and operational status of the HAP,
were collected and recorded every 5 min. In addition
to the data on use collected from the devices themselves,
use was evaluated through interviews when installing
(baseline) and when collecting the HAPs at the end of
the study (final). The cohorts in each city were divided
into four (4) roughly equal tracks, three with alternating
configurations of HAP use: always off, always on at the
lowest fan speed, or freely operated for the duration of
the study. Each phase of the crossover period lasted a
minimum of three weeks. For one week of each phase,
participants were sent short surveys each day that
asked them about the quality of their sleep and well-
being during the previous day.
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Semi-structured interviews

Semi-structured interviews were conducted at the first
site visit to establish a baseline of the occupants’ overall
satisfaction with the dwelling, their general health and
wellbeing, and sleep quality. A part of the Building
Users’ Survey Methodology (BUS) (Arup, 2020) was
used to determine the occupants’ opinions on various
aspects of their home, including air quality, thermal
comfort and control of the environment (Cohen et al.,
2001). The Short Form health survey (SF-12) was
employed to assess the self-reported mental and phys-
ical health of the participants (Jenkinson et al., 1997).
Additionally, participants were asked about their sleep
quality using the Pittsburgh Sleep Quality Index
(PSQI) (Buysse et al., 1989). At this first interview, the
monitoring equipment was installed and participants
were introduced to the use of the air purifier. After
the 9-week crossover period, another semi-structured
interview was performed in an effort to determine if
there were any changes to participants’ sleep and well-
being, as well as to understand how the air purifiers
were perceived and utilized. Some of the households
in London and Eindhoven agreed to continue with
monitoring after the cross-over study period to the
end of the calendar year. This extension allowed the
capturing of data during the heating season. Due to
agreements with study participants in Helsinki, data
were collected only until mid-October.

Statistical analysis

Summary statistics (means, medians, ranges) were gen-
erated for PM, 5, indoor and outdoor temperature and
relative humidity (RH) using the open source statistical
software R (R Core Team, 2018). The tests of statistical
significance and correlations that were used in the
analysis are specified in the results. BUS survey results
were analysed through The Usable Buildings Trust,
information about which can be found at the BUS
Methodology website (Arup, 2020).

A logistic regression model was used to explore cor-
relations between environmental parameters and HAP
use. This type of model has been used to describe occu-
pant behaviour related to window operations, and is a
reasonable approach to discerning operational behav-
iour of binary actions (ON/OFF), and in this example
in relation to temperature (Andersen et al., 2013). In
this model, outdoor temperature was used as an expla-
natory variable to simulate whether the HAP was ON
or not. The coeflicients for this model are represented
by the following expressions, and are significant to the

level of 0.05:
Eindhoven:Logit(probability of HAP ON)

= log (p/(1 = p))
= —4.93 + 0.14%Outdoor Temperature

Helsinki:Logit(probability of HAP ON)

= log (p/(1—p)
= —0.21 + 0.063%Outdoor Temperature

London:Logit(probability of HAP ON)

= log(p/(1—p))
= —2.83 + 0.082xOutdoor Temperature

Results
Indoor air quality

This work focussed on indoor PM, s in homes that
use air purifiers. Homes monitored during the study
period had good air quality when compared against
WHO guidelines. Indeed, there were few times or
days during the study period where indoor or outdoor
air exceeded the limits (10 and 25 pg m™>). It is worth
noting however, no safe exposure limits have been
established for PM,s; (WHO, 2013), and as almost
two-thirds of our time is spent at home, even small
reductions in concentrations are expected to be
impactful. Indoor PM,s concentrations across the
entire study period can be found in the Supplemental
Materials (online).

The typical daily patterns of PM, s concentrations
indoors and outdoors illustrate the daily dynamics
between indoor and outdoor sources, as well as when
the internal generation of pollutants may occur. Figure
2 shows average hourly values across a day, aggregated
for all days and all homes for the three cities (four
sites). In London, particulate matter levels outside at
both sites show a peak around 8 am, most likely associ-
ated with road traffic, before dropping in the afternoon.
Indoor levels at London site B show a morning peak
correlated with outdoor levels, and a large evening
peak attributable to cooking activities. London Site A
concentrations are relatively flat throughout the day
with a small increase in the evening. PM, s concen-
trations outdoors in Eindhoven have relatively equival-
ent levels in the morning and evenings, with a drop
midday, once again most likely reflecting traffic con-
ditions. Indoor levels in Eindhoven remain very con-
stant throughout the day. In Helsinki, outdoor levels
are relatively flat across the day, illustrating that the
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Figure 2. Typical daily patterns of outdoor and indoor PM, 5 at all sites in three cities.

building is located in a low-traffic area. Indoor levels in
Helsinki show a small rise in the evenings, most likely
coinciding with the preparation of evening meals.
Although the average indoor air quality is consistently
better than what is experienced outside, short-lived
peak events occasionally far exceed outdoor
concentrations.

When measurements from participants’ bedrooms
are combined, clear decay curves can be seen from the
onset of HAP use to 100 min run time (Figure 3). The
decay curves represent the aggregated performance of
the HAP; however, it is important to note that not all
run cycles resulted in the same reduction pattern, par-
ticularly in the presence of continued internal sources,
re-suspension, etc. In Eindhoven after 90 min of oper-
ation, PM, 5 concentrations were reduced by a mean
of 69%. In Helsinki after 90 min of operation, PM, 5
concentrations were reduced by a mean of 68%. In
London after 90 min of operation, PM, 5 concentrations
were reduced by a mean of 45%. Differences between
sites may be attributable to differing use in regard to
fan speed, different window operations and ventilation,
and differing indoor source generation.

Normalized concentrations were used for the decay
curves because data from the internal HAP sensors
were used in this analysis. This was to avoid conflicts
or differences between the different types of external
sensors deployed in each city. The HAP sensors could
not be fully calibrated however, calibrated sensors collo-
cated with the HAPs were in strong agreement with the
levels measured by the air purifiers (R*=0.9, RMSE =
4.5 ug/m>, MBE = —0.16 pg/m’). Technical specifica-
tions that include CADR by fan speed are shown in
Table 2. Hourly patterns indicated that the concen-
tration of particulate matter is correlated with fan
speed. That is, the higher the fan speeds the lower the
concentration of PM, s.

Indoor concentrations of PM, 5 were typically below
WHO guidelines in all cities (measured by outdoor and
indoor instruments), with the homes in Helsinki exhi-
biting the lowest outdoor and indoor (mean: 2.3 pg/
m?) PM, 5 levels, London and Eindhoven had very simi-
lar median PM, 5 concentrations, however, the range in
Eindhoven was greater. This difference could be
explained as Eindhoven included 19 different locations,
and London had only two sites. Whilst the mean in
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Figure 3. Change in the mean concentration of PM, s in bed-
rooms using home air purifiers. Start measurements at time 0,
with minutes of run time shown. Top: Eindhoven, Middle: Hel-
sinki, Bottom: London.

Table 2. Air purifier flow rate and clean air delivery rate (CADR)

by mode.

Mode Flow (m>/hr) CADR (m/hr)
Sleep 117.6 115
Mode 1 2108 207
Mode 2 308.7 303
Mode 3 416.8 408
Turbo 509.8 500

London was higher 6.6 pg/m’, compared with 5.1 pg/m’
in Eindhoven (Figure 4).

Indoor temperatures in all three cities ranged from a
high near 30°C (in London) to a low of nearly 17°C
(Figure 5). Relative humidity (RH) in all locations
remained within an acceptable range for occupant com-
fort (40-60%, see Supplemental Materials), and results
from the BUS survey indicate that there was general sat-
isfaction with the humidity of the homes in winter.
There were no reports of problems with condensation,
and no visible moisture or mould in any of the resi-
dences at the baseline or exit interviews. Correlations
between temperature, or relative humidity, and PM, 5
were generally very weak, with Pearson’s correlation
factors all below +/- 0.5.

Perceived indoor air quality

Sections of the Building Users’ Survey (Arup, 2020)
were used to assess the satisfaction of occupants on a
number of indoor environmental factors. Of the 22 fac-
tors that were scored, 5 were considered satisfactory in
all cities: stillness of the air in winter, overall condition
of the air in winter, control over lighting and noise, and
the stability of the temperature in winter. Ten factors
were marginal including: Odour of the air in summer
and winter, overall condition of the air in summer, dry-
ness of the air in winter, freshness of the air in winter,
overall comfort, control over heating, stability of the
temperature in summer, overall winter temperature,
and the coldness of the winter temperature. Notably,
seven factors were unsatisfactory including: humidity
of the air in summer, stuffiness of the air in summer,
stillness of the air in summer, control over cooling
and ventilation, temperature in summer (too hot), and
the overall comfort of temperature. A list of parameters
and aggregate scores is shown in Table 3.

Generally, occupants rated the indoor air quality
poorer in the summer with a very high rate of dissatis-
faction with the temperature, stuffiness and stillness of
the air, as well as control over the cooling and
ventilation.
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temperature data in Eindhoven due to a server failure.)

HAP operation behaviour

Given that residents across all sites expressed some dis-
satisfaction with the warmth of the temperatures in their
homes in summer, and that many felt that there was
inadequate control over cooling and ventilation, and

that the HAPs’ internal fans generate a ‘cooling’ effect,
the pattern of use displayed below (Figure 4) is perhaps
not surprising. A clear correlation between increasing
temperatures and increasing HAP use is shown in the
logistic regression model (Figure 6). As there was no
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Table 3. A summary of parameters and scores (upper and lower limits) from the Building Users’ Survey (BUS).

Parameter (long name) Eindhoven Study mean score

Helsinki Study mean score

London Study mean score Benchmark score (limits)

Air in summer: dry/humid 3.6
Air in summer: fresh/stuffy 4.5
Air in summer: Odourless/ smelly 2.5
Air in summer: Overall 4.2
Air in summer: Still/draughty 23
Air in winter: Overall 6.1
Air in winter: Dry/humid 33
Air in winter: Fresh/stuffy 24
Air in winter: Odourless/ smelly 2.1
Air in winter: Still/draughty 33
Comfort: Overall 5.6
Control: Over cooling 4.2
Control: Over heating 6.1
Control: Over lighting 6.7
Control: Over noise 4.2
Control: Over ventilation 49
Temp in summer: Hot/cold 29
Temp in summer: overall 42
Temp in summer: Stable/variable 29
Temp in winter: Hot/cold 4.6
Temp in winter: Overall 5.1
Temp in winter: Stable/variable 2.6

37 44 35 (33-37)
4.1 49 35 (3.2-37)
29 34 26 (2.9-3.4)
4 39 5.4 (5.1-5.6)
2.7 24 2.8 (2.5-3.1)
46 56 55 (53-5.7)
24 33 33 (3.1-3.5)
45 338 33 (3.1-3.6)
3.1 25 2.8 (2.5-3.0)
33 29 3.1 (27-3.4)
47 49 5.9 (5.7-6.0)
3 32 44 (40-47)
32 65 5.2 (4.9-5.6)
54 6.2 5.7 (5.4-6.0)
48 32 3.9 (3.6-4.2)
29 45 5.1 (4.8-5.4)
25 24 33 (3.2-3.5)
4 3.1 49 (46-5.1)
4 38 42 (3.9-4.4)
39 46 43 (4.1-4.4)
5 5.7 5.5 (5.3-5.8)
2.7 34 3.8 (3.6-4.1)

mechanical cooling available in the homes, the corre-
lation between the outdoor and indoor temperatures
was strong, suggesting that it is actually indoor tempera-
ture that influences HAP use.

It is clear that the probability that the HAP was oper-
ating was greater with increasing outdoor temperatures,
although the degree of use differed across the sites irre-
spective of temperature. For example, the predicted
probability that the HAP was ON in London was
approximately 0.42 when it was 30°C outside, whilst
in Eindhoven at the same temperature the predicted
probability was only about 0.35, but in Helsinki at 30°
C the probability that the HAP was ON was nearly

0.82. The model provides good statistical evidence for
the anecdotal finding that participants’ HAP use is dri-
ven by the perceived cooling effects of the devices. How-
ever, it does not provide insights into why the use, or
temperature thresholds for use, differ between cities.
From interviews, people in all three cities generally
expressed more satisfaction with the overall air quality
and comfort in the cooler months which could contrib-
ute to a decline in the perceived utility of an air purifier,
and decreased utilization. For participants in the group
that was allowed to use the HAP in any manner they
pleased during the entirety of the study period mean
hours per day the HAP was ON (any speed) was 7.5,
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Figure 6. Probability of air purifier use in relation to mean outdoor temperature (p < 0.05).



14.1 and 10.4 for Eindhoven, Helsinki and London
respectively. These usage means are also reflected in
the logistic regression model shown in Figure 4.

Another possible motivation for HAP use could
include the health status of occupants. Healthy adults
were recruited, however having specific health con-
ditions did not prevent people from participating.
Thirty-three (58%) of the participants reported having
allergies, 10 (18%) reported having asthma, 12 (21%)
reported frequent respiratory infections, and 3 (5%)
participants had been diagnosed with COPD. Only 13
participants reported no symptoms of allergies, asthma,
frequent respiratory infections, or COPD. However, no
statistical associations between frequency of use, or dur-
ation of use, of the devices and any of the health con-
ditions were found.

Discussion
Principal findings

The results of the work presented here demonstrate the
effectiveness of HEPA air purifiers to reduce indoor
PM, s concentrations. Although reductions are reported
for running times of 90 min, it is worth noting that the
actual running time of air purifiers was typically much
longer. This was the case especially in warmer weather,
which could lead to larger reductions for longer periods
of time. However, there were also many conditions and
times, either due to thermal comfort or perceived air
quality, in which residents did not use their HAPs at all.

The participants in this study generally reported dis-
satisfaction with several aspects of their indoor environ-
ment, in particular during the warmer months. The
combination of the residents” opinions that the quality
of the indoor environment of their homes was better
in the cooler months and that the air purifiers had a
cooling effect, may lead residents to use the air purifier
less often, or inconsistently, in the heating months, irre-
spective of the actual air quality.

Many of the standards of practice for ventilation are
based upon what is perceived as acceptable air quality by
occupants, however, there is little evidence that people’s
perception correlates with actual air quality. The evi-
dence presented here indicates it does not. Notably,
although Helsinki had the lowest median daily PM, 5
concentration (1.4 pug/m>), they had the highest daily
mean HAP use (14.1 h), with London use at 10.4 and
Eindhoven occupants using HAPs only 7.5h daily.
The perception of indoor air quality is influenced by
many factors including relative humidity, noise, and
most importantly, temperature. Those participants in
the work presented here who reported their motivations
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for HAP use did not, in large measure, use the HAPs
for their intended benefit of reduction in particulate
matter.

In The Netherlands, the types of homes in this study
varied widely; flats, semi-detached, and detached houses
with mechanical and natural ventilation systems were
included in the monitoring campaign. Perhaps as a con-
sequence of this variety, the median PM,s concen-
trations spanned a larger range, and the use of the air
purifiers also varied more widely, than in the flats in
Helsinki or London. Due to the heterogeneity of the
Dutch cohort, as well as different monitoring setup in
The Netherlands, interpreting the results of this study
presents some challenges. However, given the recog-
nized shortcomings of some ventilation strategies, the
measured indoor PM, 5 concentration and the effective-
ness of the HAPs is noteworthy.

Relation to similar research

The reduction in PM, 5 seen in the work presented here,
with means of 45% to 69% after 90 min, is in line with
reductions found in other studies. This study differed
from many previous studies in the length of the studied
period of approximately six months. Most other
research on HAPs monitored for only days or weeks,
no other similar work was found that monitored for
more than 21 days.

There is very little published research on occupants’
operation of air purifiers and the two studies that were
found differed substantially in their findings. Personal
health motivations were suggested by one study (Pei
et al., 2019) as the reason for the substantial difference
in the use patterns found in their study and those
reported by Piazza et al. (2006). The findings from the
work presented here do not support that supposition.
No correlation between reported health conditions
and HAP use was seen, despite many of the participants
saying in the baseline interviews that they were con-
cerned about the impact of air pollution on their per-
sonal health.

Limitations

Due to the agreements and coordination between the
different sites and cities, the monitoring times and dur-
ations were not the same (see Figure 1). As a result,
unlike in London and Eindhoven, data in Helsinki
was only collected from July until the middle of Octo-
ber. Therefore, information for occupant use of HAPs
during the coldest time of the year is missing for Hel-
sinki. Patterns still emerge, however, that are consistent
across all three sites.
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Another potential limitation of this study was the lack
of a sham device. Participants were aware when the HAP
was off and therefore may have believed that the air qual-
ity was poor when it was not. An additional limitation of
the work presented here was that the devices used to
measure the indoor air quality were not the same in all
three cities. The difference between the sensors could
lead to differences in absolute concentrations. Some of
this limitation was overcome in the analysis of the
PM, s decay through the use of the sensors internal to
the HAPs, which were all the same make and model. It
should also be noted that this study used only one type
of HAP from one manufacturer (Philips), however simi-
lar results are expected from devices with equivalent spe-
cifications from other manufacturers.

A potential factor that should be considered in HAP
utilization, and may be a limitation in this study, was
the cost of operating the device. Participants were pro-
vided with the HAPs for the duration of the study at
no cost, but electricity to operate the device was paid
for by the occupants. Although operational costs
were relatively low, at approximately €2-4 per
month, they were not negligible for some participants,
and remain a limitation in our understanding of the
motivations that could influence occupant behaviour.
Additionally, the first-time cost of purchasing an air
purifier may also be beyond the financial capacity of
many people.

Implications and impact

CO, was monitored in this study in London (both living
room and bedroom) The London data were presented in a
previous publication (Cooper et al., 2021). Those findings
showed typical patterns of CO, concentrations for the
bedrooms of naturally ventilated buildings, that is, lower
concentrations in the non-heating season and higher con-
centrations in the heating season, due to window oper-
ations. These findings support the conclusion that
because occupants’ use of HAPs is positively correlated
with temperature, as is window opening, the benefits of
reduced PM, s from indoor sources using HAPs may be
reduced, especially in the heating season. The winter
period is typically associated with (1) higher outdoor air
pollution levels, (2) lower natural ventilation rates (i.e.
opening of windows) and (3) potential additional indoor
emissions (e.g. wood stoves, candles). There is therefore a
greater risk that low rates of HAP utilization in the heat-
ing season could lead to unacceptable indoor air quality
when ventilation rates from natural ventilation are typi-
cally very low. If users prioritize thermal comfort over
indoor air quality, they may not respond appropriately
to the actual risk of PM, 5 exposure.

In the rooms in which they are located, commercially
available home air purifiers utilizing HEPA filtration, do
a good job of reducing PM, s levels in the indoor air.
However, if occupants fail to use them because of a mis-
perception of risk, or due to a misunderstanding of their
utility, solutions that automate functionality are one
reasonable approach to ensure the devices are working
as intended and to their full capacity. Recommendations
to provide internal sensors (a feature that is currently
available), default ON (user must opt-out of HAP
use), and integration with outdoor air quality data are
also options that could allow the HAPs to function
more effectively to reduce PM, 5.

The present study collected evidence on indoor and
outdoor PM,s dynamics at different households in
each of the partner cities. Generally, indoor PM, 5 levels
were much lower than outdoor levels. Nevertheless,
indoor concentrations reflected outdoor concentrations
and recurrent events of indoor PM, 5 generation could
often be observed that exceeded outdoor concentrations
(e.g. cooking). The timing, size and periodicity of these
events were found to be household specific. Participants
reported dissatisfaction with many of the conditions in
their homes in summer, in particular high temperatures,
stillness and stuffiness of air, and insufficient control over
cooling. These conditions may be affected by the use of
air purifiers due to the fan-driven air. However, poor
air quality persists throughout the year, and may increase
in the non-heating season in naturally ventilated homes
due to reduced window opening. Therefore, it is impor-
tant to consider other motivations of air purifier use, or
other control solutions, if air purifiers are to be used
for year-round removal of particulate matter.

If occupant behaviour towards the air purifiers could
be better managed to reflect indoor air pollution levels
rather than thermal conditions, better HAP perform-
ance (higher and more consistent PM, 5 reductions) is
achievable, ultimately aiding in the mitigation of the
negative health effects of exposure whilst at home.

Conclusions
Unanswered questions and future work

This study included questions on sleep and wellbeing at
both the baseline and exit interviews to try to better
understand the impact the HAPs might have. Although
there were trends that indicated reported improvement
in sleep quality, they did not reach statistical signifi-
cance in most cases (see Supplemental Materials). Ques-
tions regarding associations between sleep quality and
wellbeing remain important areas of inquiry and future
work should be undertaken in this area.



As with the questions of sleep and wellbeing, additional
work should be done to understand any connections
between home air purifier use and perceived improve-
ments in health, as the evidence found in the literature
remains weak. The level of reduction found in this
work, and reported elsewhere, suggests that health out-
comes of conditions such as asthma, lung cancer, stroke,
ischemic heart disease, and chronic lung disease could be
improved with consistent and long-term use of HAPs in
homes. More work should be done to understand the
impact of HAP use on population health and mortality.

COVID-19 has brought wider attention to issues of
indoor air quality, and the use of HAPs has been an
area of new interest for airborne infection control. Future
research will likely include a greater focus on the design
and operation of buildings that reduce the risk of infec-
tion, and HAPs could play a role in the mitigation of
this risk. More research should be done across multiple
settings (e.g. offices, schools) with different building ven-
tilation system types. The work presented here could con-
tribute to this work and provide insights into why or
when people choose to operate HAPs. Indoor operating
temperature should be considered when specifying any
occupant-controlled device, especially when part of a
critical infection control system.

This study had one of the longest study periods of any
found in the literature, however additional research would
benefit from a longer study period (a full year), with a
greater number of participants, and a range of measured
pollutants (e.g. NO, and TVOCs). That being said, the
results presented here remain important due to the
demonstrated adverse health impacts of PM,s. This
paper considered a study with air purifiers in homes
with already low outdoor and indoor PM, 5 levels and it
is not known that the reported findings on air quality per-
ception and device use hold true for areas or homes where
PM, 5 levels are very high. Additional studies in locations
with high ambient PM, 5 concentrations, as well as differ-
ent climatological conditions (e.g. in Southern Europe,
North America, and South Asia), should be undertaken
to better understand these relationships.

As was noted earlier in this paper, although the HAPs
in this study were lent to the participants at no cost, they
were still responsible for the cost of electricity. Given
that even this relatively small monthly financial outlay
presented a nonnegligible burden for some, the cost of
acquiring a new device along with maintenance and
operation may be too much of a barrier to adoption
for many people. This economic reality may be
especially true for areas of the world that have the
worst outdoor air conditions which impact indoor air.
Therefore, although these devices may provide health
benefits to those that have them, a reliance upon
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expensive devices to mitigate poor indoor air quality
could exacerbate existing inequalities globally.
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