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Filtration performance of do-it-yourself (DIY) box fan filters deployed across a university campus was
assessed over an academic year. Four DIY air filters were constructed from box fans and air filters with
a minimum efficiency reporting value (MERV) of 13 and deployed in four spaces (two laboratories that
include sources of particles and two offices). They were operated 9 hours daily with a programmable
timer and were continuously monitored with power meters. Particle concentrations in the spaces were
continuously monitored with low-cost nephelometers. The particle size dependent clean air delivery rate
(CADR) and single pass filtration efficiency for each box was measured in a laboratory before
deployment and every 10 weeks, for a total of five measurements over 40 weeks. We find that these DIY
box fan filters maintain robust performance over time, with each air filter maintaining at least 60% of its
initial CADR at the end of the 40 week study even with daily operation in environments with modest
particle concentrations. CADR values for particles of 1.0-3.0 um optical diameter averaged 34% higher
than CADR values for 0.35-1.0 pum particles, aligning with MERV 13 filter size-dependent filtration

expectations. Reductions in CADR over time were attributed to a reduction in filtration efficiency, likely
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Accepted 21st October 2024 due to a loss of filter electrostatic charge over time. There was no strong indication that increased
resistance due to particle accumulation on filters appreciably decreased flow rates over time for any of

DOI-10.1039/d4em00406; the fans. The long-term robustness of DIY box fan air filters demonstrates their validity as a cost-

rsc.li/espi effective, high performance, alternative to portable high efficiency particulate air (HEPA) filters.
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Environmental significance

The work provides insight into the ability of low-cost do-it-yourself (DIY) air filters to improve the indoor environment by reducing particle concentrations and

related human exposure. The longterm and size-dependent performance is studied to enable analysis of how DIY air filters will perform with regards to particles

generated by different sources (e.g. wildfire smoke vs. respiratory aerosols)

Introduction

Filtration of indoor air with portable air filters reduces particle
concentrations indoors, which is expected to have health
benefits for building occupants.* Most portable air cleaners that
are applied in intervention studies use high efficiency particu-
late air (HEPA) filters that remove 99.97% of the most pene-
trating particles from the airstream.”> Low-cost do-it-yourself
portable air cleaners can be built from a box fan and standard
filters used in heating, ventilation, and air conditioning (HVAC)
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systems, which are rated based on their minimum efficiency
reporting value (MERV). When MERV-rated filters are arranged
in a box configuration, termed a Corsi-Rosenthal box (CR box),
the airflow resistance is low, the airflow rates are high, and the
particle removal rates exceed most commercially available
portable HEPA filters.> While the fraction of particles removed
on a single-pass through a MERV-rated filter is lower than
a HEPA filter, the overall filtration performance can be
compared through a clean air delivery rate (CADR) metric,
which is a measure of the volumetric rate of particle-free air
delivered by the air cleaner.*

Portable filtration has been observed to reduce the concen-
tration of respiratory aerosols and the risk of respiratory infec-
tion transmission between occupants in a variety of building
types. In a field study in 16 homes with an individual positive
for COVID-19, Myers et al. observed a reduction in SARS-CoV-2
RNA positive air samples in the room most often occupied by
the infected individual when a portable HEPA filter was
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operated.” In a field study of a hospital patient room and
adjacent corridor and nurses' station, Buising et al. demon-
strated that a surrogate for respiratory aerosol rapidly travelled
from the patient room to adjacent spaces and that portable
HEPA filters increased aerosol removal rates and decreased
spread outside the patient room.® In a field study in a secondary
school with 90 students, Banholzer et al. found that air samples
positive for SARS-CoV-2 were reduced from 8% to 5% when
a portable HEPA filter was operated in classrooms.” Addition-
ally, average viral concentrations of positive air samples were
substantially reduced by operation of the HEPA filter. Although
the infection transmission risk odds ratio for SARS-CoV-2 was
calculated to be comparable for the periods with and without
portable air filters, the short two-week intervention and low
number of infections resulted in high uncertainty in this
conclusion. In a six-month study comparing two daycare
centres with a portable HEPA filter intervention to a large
reference population, Vartiainen et al demonstrated that
absenteeism due to child illness was reduced by 32% in the
daycare centres with HEPA filters.® These field results are
consistent with infection transmission risk modelling that
predicts a reduced number of infections when using air filters
that remove respiratory aerosols from the indoor air.*®

Filtration has additional health benefits in reducing occu-
pant exposure to particles including pollen, pet dander, indoor
cooking generated particle pollution, and outdoor-source
particle pollution (e.g. vehicle exhaust, forest fire and residen-
tial wood smoke). A general review of the health benefits of
particle filtration by Fisk in 2013 concluded that the majority of
well-designed intervention studies employing particle filtration
report modest statistically significant improvements in health,
particularly for people with allergies or asthma. Notably, two of
the studies reviewed demonstrated portable HEPA filtration
used in homes reduced both particulate matter exposure and
health markers (vascular and endothelial function) that are
predictors of future coronary events.'>' A 2021 review of 21
papers related to portable air cleaners and published between
2005 and 2020 by Cheek et al. showed substantial reductions (22
to 90%) of indoor particulate matter less than 2.5 microns
(PM2.5) when portable air filters were in use." Health benefits of
reduced particulate matter exposure assessed by these studies
were also summarized, but evidence of benefits was limited and
inconsistent. However, the authors note that the cumulative
body of scientific evidence supports that there are positive
health benefits associated with reduced PM2.5 exposure.

A limitation of the widespread deployment of portable HEPA
filters is cost. In a cost-benefit analysis of HEPA filtration in
2017, Fisk and Chan estimated the cost of procuring HEPA
filtration for a home at $0.55 to $1.40 per m® h™" of clean air
delivered (CADR) and determined that the mortality-related
economic benefits exceed the cost of purchasing and oper-
ating air cleaners when used over their multi-year life."” In 2022,
Dal Porto et al. estimated the cost of HEPA filtration at $0.44 to
$0.51 per m* h™' of CADR.®> The American Home Appliance
Manufacturers (AHAM) recommend a CADR target of 12 m> h™"
per m” of floor area, which equates to $5.39 to $6.25 per m” of
floor area when applying costs from Dal Porto et al.*®* Therefore,
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HEPA filtration may not be a priority or may be too costly for
some residents and operators of commercial buildings (e.g.
schools, daycares, offices). The CR box offers a first-cost that is
an order of magnitude below HEPA at $0.05 to $0.07 per m®> h™*
of CADR.* While multiple papers have been published doc-
umenting the filtration performance of new CR boxes,>'**®
there is no published data on the longevity of the devices and
their long-term performance. The purpose of this research was
to assess the filtration performance of CR boxes operated daily
over a 9 month academic year to determine how well these low-
cost do-it-yourself filters perform over time.

Experimental

Four CR boxes were constructed, tested in new condition, and
deployed across the UC Davis campus where their use was
continuously monitored via power measurement. The CR boxes
were collected every 10 weeks, retested, and redeployed for
a total of 40 weeks of operation and five performance
measurements. Each round of testing included measurement of
the particle-size dependent CADR and single pass filtration
efficiency (SPFE).

Construction

Four CR boxes were constructed with the following materials
each: three-speed box fan (Lasko model 3129342), 5 cm deep
MERV 13 filters (two 50 x 50 cm and two 40 x 50 cm), card-
board shroud with opening of diameter 42 cm to reduce back-
flow through the corners of the fan, cardboard base, and duct
tape. Filters for box 1 were from Air Handler (AH) and filters for
boxes 2-4 were from Tex-Air (TA). Although both brands of
filters had the same MERV 13 filtration efficiency rating, the
filters looked visibly different, with the AH filters having
a fuzzier appearance. The cost of each CR box was approxi-
mately $70 ($24 fan, $11 x 4 filters, $2 duct tape), consistent
with the cost reported by Dal Porto et al.?

Deployment and long-term monitoring

The CR boxes were deployed in four locations across the UC
Davis campus, two lab environments and two office spaces
(Table 1). Ventilation with 100% outside air (OA) and activities
occurring in the selected labs were expected to be large sources
of particles to load the CR boxes. The Bainer laboratory is used
primarily as a teaching laboratory for several undergraduate
civil and environmental engineering courses and also as
a general workshop space with a variety of sporadic activities
(cutting, drilling, hand tools) that may generate particles.
Within the Western Cooling Efficiency Center (WCEC) research
laboratory particles were periodically generated from typical
shop activities (cutting and drilling wood and metal).

Power

Power draw of each CR box was continuously measured and
logged every 5 minutes by an Onset HOBO Plug Load Data
Logger (UX120-018). Power data was used to determine run time
at each fan speed and assess changes in the power draw for
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Table 1 Deployment locations for four CR boxes on the UC Davis
campus

CR Building ventilation Ventilation

box Space type schedule

1 Bainer - lab 100% OA All hours

2 WCEC - lab Local exhaust Varies (manual)
3 Kemper - office 100% OA All hours

4 Ghausi - office Recirculated M-F 6:00-18:00

a particular speed over time. A digital programmable timer
turned on the fan daily at 8:00 and off at 17:00. The users could
change the fan speed (low, medium, high) to suit their prefer-
ence but were asked to leave the fan turned on (so that the on-
off status would be controlled by the timer). The power used by
the timer (about 1 W) was included in the power measurements.
The change in power over time was assessed with a linear fit of
the power data when the fan was running.

Clean air delivery rate (CADR)

The CADR was calculated from the measured decay of salt
particles in a room with and without the CR box operating. The
methods generally followed Dal Porto et al.® The salt particles
were generated using a portable mesh nebulizer (Wellue or
equivalent) using an aqueous table salt solution (50 g L™").

Measurements were conducted in a conference room at
WCEC with measured volume of 120 m*® (Fig. 1). The mechan-
ical heating, cooling, ventilation and filtration system for the
conference room was shut off so that the only particle loss
mechanisms in the room were deposition, air exchange through
infiltration, and removal by the CR box. The total particle loss
rate for combined deposition and infiltration was measured
without the CR box operating. This loss rate was subtracted
from the particle loss rate calculated with the CR box operating
to obtain the particle loss rate attributable to the CR box.

The following procedure was used to collect the data
required to calculate the CADR:

Fig.1 CR box experimental test setup in a conference room.
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1. Salt particles were generated for 10 minutes while the CR
box was off. Two fans placed on the table mixed the room air at
low speed during this period.

2. The mixing fans were turned off. The room was left
undisturbed for 10 minutes.

3. The CR box was turned on for 30 minutes to measure the
exponential decay of the particles.

In the first round of testing, particle concentrations by size
bin were measured every 5 seconds with two types of instru-
ments, a laboratory-grade aerodynamic particle sizer (APS; TSI
model 3321) and two low-cost optical particle counters (OPC;
Alphasense OPC-N3 packaged into QuantAQ-MODULAIR-PM).
This was done to correlate the particle concentration
measurements for the lower-accuracy OPCs, which were avail-
able for the duration of the yearlong study, with the higher
accuracy APS, which was only available intermittently. Kaur and
Kelly evaluated nine Alphasense OPC-N3 sensors and reported
a negative bias for particle concentration relative to the APS, as
well as substantial inter-sensor variability.” Since CADR is
calculated based on the change in particle concentration over
time, an error in absolute sensor accuracy (i.e. gain) does not
impact the results. However, sensor non-linearity does impact
the results and is important to correct for.

As described in the ESI, T the particle aerodynamic diameters
defining each APS bin were converted to physical diameter
(assuming spherical particles) to account for particle density
and aligned with the optical diameter bins for the OPC. A set of
empirical correlations were then developed to convert OPC
particle concentrations to APS-equivalent particle concentra-
tions. The APS-equivalent values were then used to calculate the
air changes per hour (ACH) for particle removal (bins 0-6) as
described by Dal Porto et al. for the CR box including filtration
(f), deposition (d), and infiltration (i), termed ACHg.q.;.> Particle
removal by deposition may be enhanced by the increased
turbulence engendered by the fan on the CR box, enhancing the
apparent losses due to filtration alone. We distinguish below
between depositional losses with (d + fan) and without (d) the
CR box fan.

Curve fits were calculated with Igor Pro v9.02 using the
Levenberg-Marquardt least-squares method. The 95% confi-
dence interval for each fit coefficient for ACHg g, is also
reported.

The air changes per hour (ACH) for deposition (d) and
infiltration (i), termed ACHg.;, was measured in an experiment
in the conference room where:

1. Salt particles were generated for 10 minutes. Two fans
placed on the table mixed the room air at low speed during this
period.

2. The mixing fans were turned off. The room was left
undisturbed for 24 hours.

The APS-equivalent values were then used to calculate for
particle removal as described by Dal Porto et al® Particle
concentrations for larger particle diameters dropped below the
detection limit of the OPC before the end of the 24 hour settling
period. The particle loss rate analysis was limited to the period
where the particle concentration was above 0. The particle loss
rate for deposition and infiltration and analysis period for each
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Table 2 Particle loss rates from deposition and infiltration by particle
size

APS physical OPC optical ACHjq Analysis
Bin (j) diameter (um) diameter (um) (h™ period (h)
0 =0.46 0.35-0.46 0.141 24.0
1 0.46-0.66 0.46-0.66 0.166 24.0
2 0.66-1.03 0.66-1.0 0.202 21.7
3 1.03-1.28 1.0-1.3 0.245 14.7
4 1.28-1.72 1.3-1.7 0.284 12.0
5 1.72-2.30 1.7-2.3 0.378 6.5
6 2.30-3.07 2.3-3.0 0.523 1.9

bin are shown in Table 2. As generally expected, ACHg.i
increased with particle size.

The CADR for the air cleaner for each particle size bin “j” was
then calculated from eqn (1):

CADR(I) = (ACHf+d+i(j) - ACHd+i(]')) V (1)

where V is the volume of the conference room (120 m®). The
95% confidence interval for each ACHg.q.i() was used to esti-
mate the confidence interval for CADR(;. Although there are
also uncertainties in calculation of ACHg.;) and V, these values
were only measured once and were held constant in the long-
term performance analysis. Therefore, uncertainties in these
values do not impact the analysis of the change in performance
of the CADR boxes over time. Note that the CADR obtained from
eqn (1) includes the combined effects of removal by the filter
and enhanced depositional losses.

To simplify the presentation of the data, the CADR results from
bins 0 to 6 were averaged into two groups: particles with optical
diameter less than 1 um (more representative of particle diame-
ters observed in wildfire smoke) and particles with optical diam-
eters between 1 to 3 um (more representative of particle diameters
observed in infectious respiratory aerosols).>*** The average CADR
for all bins was also calculated. All averaging calculations
weighted the CADR measurement for each bin equally. To esti-
mate the uncertainty of the CADR measurement method, we
measured the CADR of box 3 on speed high 10 times. This testing
was performed after the 40 week deployment. The repeat
measurements included setup and takedown of the CR box and
the instrumentation to account for minor differences in place-
ment. The uncertainty (two standard deviations) was 6% of the
average measurement for 0.35 to 1 um optical diameter particles

View Article Online

Paper

and 5% for 1 to 3 optical diameter particles. This uncertainty (as
a percentage) was applied to all CADR measurements.

Single pass filtration efficiency and pressure drop

The single pass filtration efficiency of the air filters for each
particle size bin “j” was calculated with eqn (2):

Clerine j _Cler utlet(j
SPFE(/-) :( filt let(j) filter outl l(/)> (2)

Ciilter inlet(j)

where Cgieer inler 1S the particle concentration in the room as
measured by OPC-1 and Cgjeer outlet 1S the particle concentration
inside the CR box as measured simultaneously by OPC-2. OPC-2
was placed inside the filter box by cutting an access door in the
cardboard bottom and taping the door shut during testing. Both
OPC-1 and OPC-2 were sampled every 5 s for 2 min and the
average result was calculated. The average OPC measurements
were converted to equivalent APS values prior to calculation of
the SPFE with eqn (2). Static pressure drop across the filters was
measured using plastic tubing and a differential pressure
sensor (The Energy Conservatory DG-500).

While the SPFE and pressure drop data were collected every
10 weeks, the sensor access door was unintentionally not taped
during SPFE testing that occurred on weeks 10 and 20. Leaks in
the bottom of the box made the results unreliable and therefore
only SPFE results from 0, 30, and 40 weeks are presented. The
access door was securely taped for the CADR testing and those
results were unaffected.

Enhanced particle deposition

As noted above, the air movement from the fan increases
particle deposition by increasing the turbulent kinetic energy in
the room.?> While such enhanced loss is attributable to the CR
box it is not attributable to removal by the filters. To separate
particle removal by the filter from enhanced deposition we
followed the same procedure as used to measure the ACHq.; but
with a “mock” CR box that had the fan in the same orientation
as a standard CR box but with the filters removed. The resulting
loss rate, ACHgsi, fan(j), includes the enhanced particle deposi-
tion of the CR box fan (Table 3). As expected, the ACHaui+fan()
values at all sizes exceeded the ACHg,; values.

A modified CADRgyer, meaning the CADR attributed to the
filters only, was calculated from eqn (3):

CADRgiier, = (ACHr+a+i(y — ACHdsisfang) V (3)

Table 3 Particle loss rates from deposition and infiltration with box fan on (no filter) by particle size

Bin (j) OPC optical diameter (um) Low speed (h ™) Medium speed (h™") High speed (h ™) Analysis period (h)
0 0.35-0.46 0.44 0.37 0.55 2.0

1 0.46-0.66 0.68 0.60 0.76 2.0

2 0.66-1.0 0.79 0.72 0.89 2.0

3 1.0-1.3 0.91 0.86 1.06 2.0

4 1.3-1.7 1.02 0.97 1.17 2.0

5 1.7-2.3 1.17 1.17 1.35 2.0

6 2.3-3.0 1.38 1.58 1.69 0.6-0.9
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Total airflow rate

Airflow rate of the fan was analysed over the 40 weeks of testing to
determine if performance losses were attributed to a reduction in
filtration efficiency and/or a reduction in total fan flow rate (due
to increased resistance to flow as filters accumulated particulate
matter). The total airflow rate of the fan, Q, was estimated from
the CADRg; divided by the SPFE for each bin “”.

Q(]) == (CADRﬁlterU)/SPFE(/)) (4)

The CADRg; values were used here instead of the CADR values
so as to focus on just the airflow through the filters. The calculated
flow rate for a CR box should be the same across all particle size
bins. Any size-dependent differences in the flow result are attrib-
uted to the uncertainty in the measurements of CADRgy, and
SPFE. The average flow rate (Q) was calculated as the average across
all seven size bins. The 95% confidence interval was calculated as
two standard deviations across the seven measurements.

Estimate of mass collected on filters

Indoor air particle concentrations in each space with a CR box
deployed were monitored with a low-cost Purple Air sensor (PA-
II-SD) that reported an average result from two Plantower
PMS5003 nephelometers. Nephelometers measure total light
scattered by an air sample and estimate the total particle mass
concentration.”® Since the CR box will collect particles of all
sizes, the Purple Air signal for particulate matter less than 10
pm (PM,,) was used, which is the best measurement available
from these low-cost sensors to represent the total particle mass
concentration of the air being filtered. While a field evaluation
by the South Coast Air Quality Management District determined
outdoor PM;, measured by Purple Sensors was only moderately
correlated (R* < 0.41) with PM,, measured by federal equivalent
reference methods, the study of six sensors showed good
agreement between devices.”* Relevant to indoor environments,
it has also been demonstrated that Purple Air PM;, measure-
ment accuracy varies substantially and depends on the source of
indoor particles; the accuracy generally decreases as particle
size and concentration increase.”>*®* While the spaces moni-
tored in our study had similar sources of outdoor particles due
to their proximity on the same campus, the two laboratories had
different sources of indoor particles. Low accuracy of the
nephelometer-based PM;, measurements, and lack of a true
mass-based PM,, reference measurement, is a limitation of this
study and thus the cumulative mass is labelled as “estimated”
to indicate the accuracy limitation of the sensors used.

The mass deposited on the filters over each deployment period
was estimated per eqn (4). For each fan speed i, the cumulative
mass deposited was estimated by multiplying the number of
hours (¢) of operation (as measured by the power meter), the
average particle mass concentration as measured by Purple Air
(PMy), and the average CADR for all particle bins (CADR). The
total estimated mass was calculated as the sum of the mass
collected at each fan speed (low, medium, high). These data were
used to estimate the cumulative mass deposited on the box at the
time each set of CADR and SPFE measurements were taken.

This journal is © The Royal Society of Chemistry 2025
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high
Miotal = E CADR; x PMy; X ¢; (5)

i=low

Results & discussion

Power

The complete power data collected for each box fan are included
in the ESI in Fig. S31 and the total hours of operation for each
box fan by speed are summed in Table 5. CR boxes 2 and 3 ran
as expected during the entire study. Run hours for boxes 1 and 4
were approximately 10% and 2% less, respectively, due to the
boxes becoming unintentionally unplugged. The initial power
and final power for each box fan were estimated using a linear
fit of the power data collected at the speed used most frequently
(Table 4). For box 2, power data did not log during the final
deployment period (although the fan was running per periodic
observations), so the final power was predicted based extrapo-
lation of the measurements from the first three deployment
periods and an additional day of power measurements collected
at the end of the experiments. Overall, changes in power were
small and, for boxes 1, 3, and 4, were within the accuracy
specification of the power meter. Box 2 measurements showed
a power decrease of about 3 W, potentially indicating that the
airflow through the fan was slightly reduced.

Clean air delivery rate

The average CADR for the size bin as a function of the estimated
cumulative mass deposited on the filter is plotted in Fig. 2 for
high, medium, and low fan speeds. As a reminder, the CADR
values include the combined effects of removal by the filters and
enhanced depositional losses. Complete CADR results for each
particle diameter bin are available in the ESI (Tables S4 to S67).
Further details about the cumulative mass results displayed on
the x-axis are provided in the next section. Note that particle
accumulation combines the effects of operating time with the
average particle concentration; here, an increase in particle
accumulation for a given box corresponds to an increasing
overall deployment time.

Overall the CADR measurements (and associated cost-
effectiveness) for new CR boxes (514 to 1387 m® h™', depend-
ing on box, fan speed, and particle size) were within range of
others reported in the literature (Fig. 2)."® Box 1 (AH filters)
outperformed the other CR boxes, both when new and
throughout the study. This illustrates that filter selection, even

Table 4 Initial power and final power for each box fan estimated using
a linear fit of the power data collected at the most used speed

Box Mainspeed Initial power (W) Final power (W) % change
1 Medium 72.6 73.3 1.0%

2 Low 63.2 60.3 —4.5%

3 High 86.5 87.1 0.7%

4 Low 60.1 60.3 0.4%
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Fig. 2 CADR results for CR boxes as a function of cumulative mass
deposited over the 40 week field trial. Coefficients for the linear and
quaderatic fits are provided in Tables S2 and S3.1 Error bars represent an
estimated uncertainty of 6% for 0.35 to 1 um optical diameter particles
and 5% for 1 to 3 optical diameter particles.

among those rated MERV 13, may impact performance. In
addition to differences in box fans, filter selection likely
contributes to the wide range of CADR results reported in the
literature.™ In addition to actual differences in CR box perfor-
mance due to material selection, measurement methods will
influence results because of CADR dependence on particle size.
For example, use of sensors and methods that calculate CADR
based on particle mass removal rates (as opposed to particle
count removal rates) are likely to yield higher CADR results
because MERV 13 filters have higher removal rates of larger
particles that dominate mass-based measurements.
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This study was designed to assess the long-term perfor-
mance of CR boxes and was not designed to assess differences
between MERV 13 filter brands, and we did not expect the
results to be different for the box built with a different brand of
filter. The minimum 0.3 to 1.0 um diameter particle removal
efficiency must be at least 50% for MERYV 13 filters and 75% for
MERYV 14 filters. The large jump in filtration efficiency between
MERV 13 and MERV 14 shows that there could be variation
among MERV 13 filters brands that meet or exceed the MERV 13
standard but are still classified as such.”” Both types of filters
used in this study met requirements of MERV 13 filters, with
a small difference between the filters' initial filtration efficiency
(e.g- AH 61% and TA 55% for 0.3 to 1.0 pm particles) per the
ASHRAE 52.2-2017 test reports, which were obtained from the
manufacturers.?®* Although initial filtration efficiency differ-
ences were small, CR box builders may benefit from reviewing
manufacturer provided filtration performance data when
making filter selection instead of only considering MERV rating
(in addition to consideration of filter cost).

As expected for MERV 13 filters, the CADR for 1.0-3.0 um
optical diameter particles was consistently higher than the
CADR for 0.35-1.0 pm optical diameter particles because they
are more easily removed by impaction with filter fibres.*® Across
four CR boxes tested at three speeds at five times during the 40
week deployment (n = 60), the CADR for 1.0-3.0 pm optical
diameter particles was, on average, 34% higher than the CADR
for 0.35-1.0 pm optical diameter particles.

The CADR for CR boxes 2, 3, and 4 (TA filters) declined
approximately linearly with particle accumulation on the filters
(Fig. 2). Considering these three CR boxes as one dataset,
a linear least-squares regression estimated that, after 4.8 g of
particles was deposited, the CADR was 62-63% of the new CR
box performance for particles 0.35 to 1.0 pm optical diameter
and 69-70% of the new CR box performance for particles 1.0 to
3.0 um optical diameter.

The CADR for CR box 1 was higher than CR boxes 2, 3, and 4.
A two-sample t-test comparing all CADR measurements for box
1 to all CADR measurements for box 2, 3, and 4 (at the same
speed) determined that the higher value of CADR for box 1 was
statistically significant at high speed (p = 6.6 x 1077) and
medium speed (p = 1.5 x 10 ) but not at low speed (p = 0.20).
Coincidentally, box 1 was deployed in the dustiest environment
and accumulated an estimated 9.6 g of particles on the filters
over the course of the deployment. Box 1 appeared to have an
increase in CADR in almost all cases between the first and
second measurements (except high speed, 0.35 to 1.0 um optical
diameter particles). CADR generally decreased in subsequent
measurements. A quadratic least-squares regression estimated
that, after 9.6 g of particles was deposited, the CADR was 63—
75% of the new CR box performance for particles 0.35 to 1.0 pm
optical diameter and 70-84% of the new CR box performance
for particles 1.0 to 3.0 pm optical diameter. CADR was better
maintained at high and medium speed than low speed. The
sample size of one box with AH filters is too limited to draw
general conclusions; it is unknown if a larger sample size would
exhibit similar behaviour.
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Analysis of the CADR results alone cannot determine if the
CADR is decreasing due to a loss of filtration efficiency or due to
areduction in flow rate due to increased resistance of the filters.
The SPFE measurements, flow rate calculations, and power
measurements provide insight to the reasons for the perfor-
mance decrease.

Cumulative mass deposited

For each CR box and deployment period, the hours of operation
at each speed, the average CADR calculated for that speed (from
Fig. 2), the average PM;, measurement during that period and
speed, and the PM;, deposited are detailed in Table 5. In some
instances, periods of PM;, data were missing due to loss of
sensor power (Table 5). The average PM;, measurement was
calculated from the available data and was used as the average
for the deployment period. Box 1, which had a higher CADR
than the other boxes and was placed in a lab environment with
sources of particle generation, accumulated the highest amount
of estimated particle mass of 9.6 g over the 40 weeks of
measurement. Box 2, which was also placed in a lab environ-
ment with sources of particle generation, accumulated an esti-
mated particle mass of 4.8 g. Boxes 3 and 4, which operated in
cleaner office environments, accumulated an estimated particle
mass of 1 and 2 g respectively. Photographs of the filters at the
end of the study are shown in Fig. 3.

Single pass filtration efficiency

The average SPFE as a function of the estimated cumulative
mass deposited on the filter is plotted in Fig. 4 for high,
medium, and low fan speeds. Complete SPFE results for each
particle diameter bin are available in the ESI (Tables S7 to S97).
In agreement with the CADR measurements, the SPFE for the
1.0-3.0 pm optical diameter particles was consistently higher
than for 0.35-1.0 um optical diameter particles because larger

Fig. 3 Photographs of filters for each CR box at the end of the last
deployment period.
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Fig. 4 SPFE results for CR boxes as a function of cumulative mass
deposited at 0, 30, and 40 weeks. Error bars represent an estimate 20%
relative error on the SPFE measurement.

particles are more easily removed by impaction with filter fibres.
Across four CR boxes tested at three speeds at five times during
the 40 week deployment (n = 60), the SPFE for 1.0-3.0 um
optical diameter particles was, on average, 23% higher than the
SPFE for 0.35-1.0 um optical diameter particles. It is difficult to
estimate the uncertainty of the SPFE measurements (which are
more sensitive to accurate measurement of absolute particle
concentration than the CADR measurements). Assuming a best-
case scenario where the measured particle concentrations have
an accuracy of £10% of reading (which is the reported accuracy
of the APS), uncertainty propagation of the SPFE formula is
a 20% relative uncertainty. While there is substantial uncer-
tainty in these measurements, the results are still helpful to
understand the change in CR box performance over time.

The SPFE for CR box 1 was consistently higher than CR boxes
2, 3, and 4. The SPFE declined over time for all boxes. A
contradiction in the data is an apparent increase in CADR for
box 1 between the first and second measurements along with an
initial SPFE of nearly 1 (SPFE was not measured at the second
test period). An increase in CADR would occur from either an
increase in filtration efficiency or an increase in airflow through
the filter. There is no physical rationale for an increase in
airflow over time, as the fan motor was unchanged, and filter
resistance increased with time (see sections on power and total
airflow rate and pressure drop). Likewise, if SPFE started at the
maximum of 1 as observed, it would be impossible to increase.
Therefore, the remaining explanations for the results observed
are error in the SPFE measurement (such that the measured
value is higher than actual) or error in the CADR measurement
(such that the difference between the first and second
measurement is not significant). Larger sample sizes would be
needed to investigate this further. While we applied a quadratic
fit to the box 1 results to help visualize the observation, we do
not intend to imply the observed increase in CADR is statisti-
cally significant.

Collectively for CR boxes 2, 3, and 4, the decline in SPFE was
correlated with the cumulative mass deposited. This likely
results from the filters having an initial electrostatic effect that
is reduced as the filter accumulates particles.®* Both manufac-
turers confirmed that the filters use both charged fibres and

This journal is © The Royal Society of Chemistry 2025
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mechanical principles to remove particles. ASHRAE 52.2 testing
that is used to determine MERV rating does not take into
account electrostatic discharge. The difference in the SPFE
between the CR boxes indicates that box 1 filters may rely less
on initial electrostatic forces to meet their stated initial MERV
performance (since the box 1 removal efficiency better persists
with particle accumulation). Unfortunately, performance data
after electrostatic discharge are not generally available to the
consumer in ASHRAE 52.2 test reports (unless optional
appendix J is used).

Total airflow rate and pressure drop

For each test, there was substantial variation in the derived flow
rates between the 7 particle size bins owing to the variability
and uncertainty in the SPFE measurement (ESI, Tables S10 to
S127). This leads to relatively large standard deviations for each
average flow rate determination (Fig. 5). Nonetheless, there is
no strong indication that the flow rates decreased appreciably
over time for any of the fans. In comparison, there were clearer
trends in loss of SPFE with particle accumulation, particularly
for boxes 2 to 4. This suggests that the declines in CADR over
time are likely not due to a change in airflow, but rather due to
a loss of filtration efficiency. This is counterintuitive to the
expectation that the accumulation of particles will increase
resistance on the filters and reduce airflow. MERV filters for
HVAC applications are generally designed for an air velocity of
2.5 m s~ ', whereas the air velocity of the CR box (with approx-
imately 1 m* of surface area) is 0.1 to 0.4 m s~ " for airflow rates
of 500 to 1500 m* h™".

Complete pressure drop measurements are available in the
ESI, Table S13.1 At high speed, the static pressure drop across
new boxes was 7.1 to 7.2 Pa and the final pressure drop was 8.2
to 10.9 Pa, where the highest final pressure drop was observed
for box 1. This increase in pressure is small relative to the total
external static pressure across the fan. For example, an increase
of static pressure of 3 Pa at a flow rate of 1500 m® h™" is equal to
a fluid power loss of only 1.3 W. Although the efficiency of the
fan and motor assembly is not known (so conversion to elec-
trical power cannot be estimated), 1.3 W is small compared to
the electrical input of the box fan at high speed (86 W).
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Fig.5 Calculated flow results for CR boxes as a function of cumulative
mass deposited at 0, 30, and 40 weeks. Error bars represent the 95%
confidence interval for the average result calculated from 7 particle
size bins for each test.
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Therefore, while particle accumulation on the filters will
increase resistance, the change is small relative to the external
static pressure across the fan system and thus is expected to
have minimal impact on total flow rate.

Limitations

This study had several limitations that should be considered in
interpretation of the results and conclusions. It was designed to
assess the long-term performance of CR boxes and was not
designed to assess differences between MERV 13 filter brands.
We did not expect the results to be different for the box built
with a different brand of filters. While a clear difference was
observed, the sample size of one box with AH filters is too
limited to draw general conclusions; it is unknown if a larger
sample size would exhibit similar behaviour. A study with larger
sample sizes of CR boxes built with different filter brands could
explore this further.

A second limitation was the estimate of PM;, cumulative
mass. This metric was used to provide more information than
the cumulative runtime because particle concentrations in the
indoor environment vary widely. As discussed in the method-
ology, low-cost Purple Air sensors have only moderate correla-
tion with PM,, reference measurements. An improvement to
this study methodology would be to deploy periodic PM;,
reference instruments (e.g. 1 week per deployment period) to
calibrate the Purple Air sensors for the specific environments in
which they are deployed.

Finally, in this study we did not directly measure airflow
through the CR box. Methods that measure air velocity are
challenging because they require many individual measure-
ments and assumptions on the applicable area for the
measured velocity to calculate flow.> As such, we estimated
airflow as the ratio of measured CADR and SPFE. A limitation of
this approach is a high uncertainty of the SPFE measurement,
which impacts uncertainty of the total flow calculation.

Conclusions

Four CR boxes deployed across a university campus in labs and
offices demonstrated robust performance over 40 weeks of
operation. Across four CR boxes tested at three speeds at five
times during the deployment (n = 60), the CADR for 1.0-3.0 um
optical diameter particles was, on average, 34% higher than the
CADR for 0.35-1.0 um optical diameter particles. This result is
consistent with rating requirements for MERV 13 filters. While
CR boxes are effective at filtering all particle sizes, the results
show they are particularly well suited for filtering most of the
volume of respiratory aerosol particles. Programmable timers
are a useful tool to efficiently operate the CR boxes automati-
cally when people are expected to be present.

Considering all three boxes with the same filter brand (TA) as
one dataset, a linear least-squares regression estimated that,
after 4.8 g of particles were deposited, the CADR was 62-63% of
its initial value for particles 0.35 to 1.0 pm optical diameter and
69-70% of its initial value for particles 1.0 to 3.0 um optical
diameter. For the CR box with a different filter brand (AH),
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a quadratic least squares regression estimated that, after 9.6 g
of particles deposited, the CADR was 63-75% of its initial value
for particles of 0.35 to 1.0 pm optical diameter and 70-84% of
its initial value for particles 1.0 to 3.0 um optical diameter. Since
CR boxes are an order of magnitude less in cost than HEPA
filters and they maintain at least 60% of their initial CADR (even
after 40 weeks of daily operation in dirty lab environments), they
are a cost-effective long-term tool to manage air quality. The
results indicate that annual filter replacements are sufficient in
dirty environments and that filters may last 2-3 years in clean
office environments. No substantial wildfire smoke was
observed during the study period. A study by Liang et al
quantified that indoor air PM2.5 was approximately 2.7 times
higher on “fire days” versus “non-fire days”.*” Thus, the occa-
sional and short-term presence of wildfire smoke is not ex-
pected to appreciably affect the 1-3 year lifetime of the CR box.
Performance losses as particles accumulated were attributed
to loss of single pass filtration efficiency (likely due to loss of
initial electrostatic charge on the filters). Although total airflow
rate measurements had high uncertainty, there were no indi-
cations that minimally increased filtration resistance signifi-
cantly affected airflow, even for CR boxes operating in
laboratory environments with sources of particle generation.
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