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Abstract: Reducing children’s exposure to air pollution is a priority among California communities
heavily impacted by air pollution exposures. We conducted an observational air quality study at
a school to investigate the effectiveness of improved Heating, Ventilation, and Cooling (HVAC)
system filters and portable air cleaners (PACs) in reducing children’s exposure to fine particulate
matter (PM2.5) under real-world classroom conditions. This study included five classrooms, three of
which had PACs. Halfway through the study period, high-efficiency HVAC filters were installed in
all five classrooms. Continuous measurements of outdoor and in-classroom PM2.5 concentrations
were used to evaluate filtration effectiveness. The air filtration strategies, alone and in combination,
demonstrated 14–56% reductions in indoor PM2.5 concentrations compared to outdoor levels. There
were significant improvements in filtration resulting from HVAC filter upgrades in the two classrooms
without PACs (11% and 22% improvement, p < 0.001). Upgrading HVAC filters in classrooms with
PACs did not significantly improve filtration effectiveness, suggesting that utilizing both strategies
simultaneously may not meaningfully improve air quality under these circumstances. CO2 data,
as a proxy for ventilation, helped demonstrate that the observed filtration effectiveness was likely
impacted by the variable HVAC system use and open doors.

Keywords: indoor air quality; schools; particulate matter; air filtration

1. Introduction

Exposure to fine particulate matter (PM2.5) air pollution is associated with adverse
health outcomes such as respiratory and cardiovascular diseases [1,2]. Children are espe-
cially susceptible to the health effects of PM2.5 exposure due to their higher respiratory rates
in proportion to their body weight [3,4]. In California, children spend an average of 8–12%
of their time in school, which suggests that minimizing exposures at school is important,
particularly in communities with a disproportionately high burden of air pollution [5].
Clean air in classrooms can reduce absenteeism, improve students’ academic achievement
and better the health of both staff and students [6].

Stockton is a city in California that has historically experienced poor air quality, with
high PM2.5 concentrations due in large part to heavily trafficked freeways intersecting
the city, the Port of Stockton, and industrial sources [7]. Census tracts in southwest
Stockton rank above the state’s 90th percentile in PM2.5 exposure, as well as in adverse
health indicators and socioeconomic stressors (asthma, cardiovascular disease, low birth
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weight, educational attainment, housing burdened low-income households, linguistic
isolation, poverty, and unemployment) [8]. Due to this extreme burden of pollution and
population vulnerability, Stockton is designated as an Assembly Bill (AB) 617 community
in the California Air Resources Board’s (CARB) Community Air Protection Program [9].
AB 617 requires CARB and local air districts to engage with designated communities to
develop and implement community air monitoring and emission reduction programs [10].
Stockton’s community emission reduction program (CERP) includes reducing children’s
exposure to air pollution as a community priority, and calls for advanced air filtration at
schools as a strategy to do so [7].

Several studies have shown air filtration to be an effective method of mitigating
exposure to particulate air pollution in homes and offices and reducing associated morbidity
and mortality [11–14]. However, there is limited research considering how air filtration can
reduce PM2.5 exposure in occupied school classrooms. Previous studies concluded that
classroom air filtration may be an effective way to mitigate children’s exposure to PM2.5 air
pollution, but that the effectiveness is largely impacted by filter type, Heating Ventilation
and Cooling (HVAC)-system design and ventilation modes. These studies suggested a
need for more research on air filtration strategies [5,15–17].

In many AB 617 communities, including Stockton, the installation of high-efficiency
filters in the HVAC systems of schools is an exposure reduction strategy stated in their
CERP [7]. The American Society of Heating, Refrigerating and Air-Conditioning Engi-
neers (ASHRAE) recommends Minimum Efficiency Reporting Value (MERV) 13 filters
for classroom HVAC systems [18]. For schools whose HVAC systems are not capable of
handling the high-efficiency filters, the use of portable air cleaners (PACs) in classrooms is
suggested [7,19]. PACs usually contain high-efficiency particulate air (HEPA) filters. MERV
filters are rated by particle removal efficiency under controlled testing conditions, with
higher ratings indicating better particle capture from the air flow. HEPA filters are rated
to have greater particle removal efficiency than the highest-rated MERV [20]. However,
there are limited field studies demonstrating the effectiveness of these HVAC-based high-
efficiency filters and portable air cleaners in reducing PM2.5 concentrations in occupied
classrooms in U.S. communities heavily impacted by air pollution. Schools in historically
underserved communities are often located in older buildings, have higher ambient air
pollution, and are less likely to have dedicated facility managers [21]. As such, the provi-
sion of clear evidence-based recommendations for air filtration that ensure effective use of
limited resources is critical.

This study aims to evaluate the effectiveness of two air filtration strategies (improved
HVAC-based filters and portable air cleaners) when operated as they regularly would be
by school personnel in both portable and permanent classrooms. The study results provide
important data on the effectiveness of these strategies at a school in a community that faces
many compounding environmental, health and socioeconomic stressors.

2. Materials and Methods
2.1. Study Setting and Design

This is an observational study with a nested intervention component, conducted at
a Kindergarten—Grade 8 school in Stockton, California. The school is located within
2.5 miles and downwind of two heavily-trafficked freeways and the Port of Stockton, each
to the northwest of the school site. The facility includes a total of nine classrooms, five of
which were included in the present study (Figure 1). These five classrooms were chosen
to match the classrooms that were included in a prior pilot study of air pollution at this
school site [22,23]. Each classroom had its own door that opens to the outdoors, as well
as its own decentralized HVAC system. Classrooms 1–3 were permanent classrooms with
packaged unit HVAC systems (roof mounted) and adjustable dampers. Classrooms 4 and
5 were portable classrooms with Bard HVAC systems (wall mounted) and dampers that
could not be adjusted. The windows in the classrooms did not open.
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This study was designed to evaluate two types of air filtration strategies: portable air
cleaners (PACs) and improved HVAC filters. The PACs were present in three of the five
classrooms throughout the duration of this study (September–December 2022). Halfway
through the study period, an intervention was implemented in which improved HVAC
filters (MERV 13s) were installed in all five classrooms. The effectiveness of the air filtration
strategies was assessed by their ability to reduce PM2.5 concentrations in the classrooms
as measured by air monitors (PA-II, PurpleAir, Draper, UT, USA) deployed in all five
participating classrooms and at two outdoor locations on the school premises. Classroom
enrollment numbers were collected from school administrators.

This study was conducted under real-world conditions to assess how these air filtration
strategies perform in the variable environment of occupied classrooms in a community
with limited resources and high burdens of air pollution. We did not dictate specific settings
for the portable air cleaners or the HVAC systems. At the start of the study period, we set
the HVAC systems to “Fan On”, but the teachers were able to adjust the settings of their
HVAC system (i.e., Fan On/Fan Auto, Heat/Cool/Off) and the portable air cleaners as
they usually would.

2.2. Air Filtration Strategies
2.2.1. Portable Air Cleaners (PACs)

Before this study, we installed portable air cleaners (HealthPro Plus Air Purifier, IQAir,
Goldach, Switzerland) in three of the five classrooms. These portable air cleaners are
designed to filter aerosolized particles of all sizes, as well as gases and odors. They have six
levels of fan speed settings, which the teachers were able to choose and adjust throughout
this study. The air-flow rates corresponding to speed levels of 1–6 are 70, 130, 220, 290, 340
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and 510 cubic meters per hour (m3/h), respectively [25]. The air cleaners use HEPA filters
and are stated to remove more than 99% of PM2.5 from the air that flows through them.

Combining the given air-flow rate and HEPA filter removal efficiency, we estimated
the clean air delivery rate (CADR) at each speed level using “air-flow rate × filter efficiency.”
The equivalent clean air changes per hour (ACH) in each classroom were then calculated
as “CADR/classroom volume”. The calculation results are provided in the Supplementary
Materials, Table S1. It should be noted that these results are only based on theoretical
calculations. We did not experimentally verify the equivalent ACH provided by PACs.

To continuously monitor and record when and what speed settings the PACs were
on throughout this study, power use data loggers (HOBO UX 120-018, ONSET, Bourne,
MA, USA) were installed on each portable air cleaner. Details on how these data loggers
help to determine the speed setting (and therefore the flow rate of the PAC) are available in
Section 2.3.

2.2.2. Improved HVAC Filters

Approximately halfway through the study period, we installed new MERV 13 filters
in the return vent of the HVAC system in all five participating classrooms. MERV 13 filters
are reported to capture at least 85% of fine particulate matter (PM2.5) in the air that passes
through them [20].

Informed by a recent HVAC assessment, and in consultation with school staff, we
designed this study under the assumption that prior to the start of this study, all five rooms’
HVAC systems had filters with a MERV 6 rating. However, at the start of this study in
September 2022, only three of the classrooms had the MERV 6 filters. The remaining two
classrooms already had filters with a MERV 13 rating, which had been installed in late
July 2022 unbeknownst to the study team and school staff. As a result, only Classrooms
1–3 received the intended HVAC filter upgrade from a MERV 6 to a MERV 13. ASHRAE
recommends that HVAC filters be replaced approximately every three months; so, we
replaced all five classroom filters with new MERV 13 filters at the intervention point
(27 October 2022), as the two original MERV 13s in Classrooms 4 and 5 were three months
old by that time [18]. Filter details are in the footnotes of Table 1. An intervention timeline
is provided in Figure 2.

Table 1. Classroom air filtration characteristics.

Classroom
Number Occupancy 1 Volume

(m3)
Classroom

Type 2
Classroom
Function

Portable Air
Cleaner 3

HVAC Filter:
Pre-Intervention 4

HVAC Filter:
Post-Intervention

Classroom 1 17 245 Permanent General Ed. No MERV 6 MERV 13
Classroom 2 10 240 Permanent General Ed. No MERV 6 MERV 13
Classroom 3 15 240 Permanent General Ed. Yes MERV 6 MERV 13
Classroom 4 10 195 Portable English Yes MERV 13 MERV 13
Classroom 5 20 195 Portable Science Yes MERV 13 MERV 13

1 Occupancy reflects the number of students enrolled in the class. 2 Portable classrooms are transportable, and
permanent classrooms are site-built [26]. 3 The Portable Air Cleaner used in this study was the IQAir HealthPro
Plus Air Purifier. 4 At baseline, Classrooms 1–3 had filters with a Filter Performance (FPR) rating of 4, which
corresponds to a Minimum Efficiency Reporting Value (MERV) 6 rating. They had been in use for three years
prior to the start of this study. Classrooms 4 and 5 had filters with a FPR rating of 10, which corresponds to a
MERV 13 rating [27,28]. These had been in use for approximately two months prior to the start of this study.

On the day we installed the new MERV 13 filters (i.e., 27 October 2022), we measured
both the supply and return air-flow rates in each classroom using a balometer (CH-15D Stan-
dard Hood, Evergreen Telemetry, Mesa, AZ, USA) and then converted the measurements to
ACH based on classroom volume. The measurements were conducted immediately before
and after the filter change (with the HVAC fan on, after school with no students present).
The measurement results are provided in the Supplementary Materials, Table S2. The
equivalent ACH provided by a HVAC filter is impacted by factors such as how frequently
the HVAC fan is run and how well the filter bypass is minimized. In addition, the MERV
ratings are established based on size-resolved removal efficiencies for 0.3–10 µm particles.
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Therefore, the equivalent ACH will also vary for different particle sizes. Since not all of the
above-mentioned factors were fully controlled or documented in our study, it is difficult to
accurately calculate the equivalent ACH provided by a HVAC filter.
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2.3. Data Collection

Each classroom was equipped with monitors and data loggers to measure PM2.5, CO2,
and the use of the portable air cleaners over time (Figure 3). PM2.5 was also monitored
at two outdoor locations on school grounds to provide context for the indoor air quality
measurements. These air quality monitoring locations are labeled in Figure 1.
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The primary outcome measured in this study was PM2.5 in the classrooms, measured
by low-cost monitors with laser particle counters that estimate mass concentrations by
light scattering (PA-II, PurpleAir, Draper, UT, USA) [29,30]. The monitors were tested
prior to deployment and the PM2.5 data were calibrated by SJVAir, which is a coalition of
community-based nonprofits in the San Joaquin Valley who maintain a network of low-cost
air quality monitors [31]. Details on the monitor testing and calibration are provided in
Appendix A. The indoor PM2.5 monitors were installed at approximately breathing height.
The outdoor PM2.5 monitors were installed under the eaves on the outside of the buildings,
approximately 8 feet above the ground.

Real-time CO2 concentrations were recorded by data loggers (HOBO MX1102, Onset,
Bourne, MA, USA) mounted on classroom walls at approximately breathing height [32]. As
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a proxy measure of ventilation, the CO2 data contributed to our understanding of classroom
conditions and HVAC system use.

Portable Air Cleaner (PAC) power-usage data loggers (HOBO UX 120-018, Onset,
Bourne, MA, USA) were deployed on each PAC to continuously record the power usage
which is linked to the speed settings of the PAC [33]. The relationship between power use
data and PAC speed settings was pre-determined by measuring the power consumption
at different speed settings for each PAC before the study period, reported in Table 2. The
data loggers were used to inform interpretation of the PM2.5 concentrations and discussion
about the use of PACs and their feasibility as a solution.

Table 2. Measured PAC power use and speed-setting data.

PAC Speed Setting Flow Rate (m3/h) Power Consumption (Watts)
Classroom 3 Classroom 4 Classroom 5

Level 1 70 27 27 27
Level 2 130 52 52 51
Level 3 220 85 88 87
Level 4 290 113 114 115
Level 5 340 168 163 167
Level 6 510 224 220 225

Details on data collection are provided in Table 3. All air monitoring measurements
were collected for approximately 11 weeks.

Table 3. Data collection summary.

Parameter Instrument Manufacturer Data
Frequency Locations Monitored

PM2.5 PA-II PurpleAir 2 min Classrooms 1–5,
Outdoors: North and Central

CO2
HOBO MX 1102

data logger Onset 5 min Classrooms 1–5

PAC Power
Usage

HOBO UX 120-018
plug load

data logger
Onset 1 min Classrooms 3–5

2.4. Data Analysis

Analyses were completed using R Statistical Software version 4.3.1 [34]. PM2.5 data
were averaged hourly prior to analysis [35]. Data included for evaluation of the air filtration
strategies include only school hours (weekdays, 8:00–15:00), as this is the period most
relevant to children’s school exposures. Days with any missing school hours were excluded,
resulting in the inclusion of 21 school days (147 h) pre-HVAC filter intervention, and
21 school days (147 h) post-HVAC filter intervention. For outdoor monitors, daily PM2.5
averages were also calculated, including all days with at least 22 hours of data, to illustrate
the trend in ambient air pollution.

Based on previous literature, we evaluated the effectiveness of the air filtration by
percent reduction in classroom PM2.5 concentrations compared to concurrent outdoor con-
centrations, calculated from the hourly PM2.5 values as [(Outdoor Concentration—Indoor
Concentration)/Outdoor Concentration] × 100 [5,15,36]. Indoor/Outdoor (I/O) ratios
were also calculated. Although the two outdoor PM2.5 monitors were highly correlated
(r = 0.97), we used the outdoor monitor closest to each classroom for these indoor/outdoor
calculations. The particle filtration effectiveness values were compared in each classroom
before and after the HVAC filter intervention via a Wilcoxon signed-rank test, as well
as across the classrooms and their different filtration scenarios (PAC, no PAC, MERV 6,
MERV 13).
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Speed-setting data from the PAC usage data loggers were reviewed and used to help
interpret the comparison of particle filtration effectiveness values.

CO2 concentrations are often used as a proxy indicator for ventilation adequacy. There
are four methods for quantitively estimating classroom ventilation rates (VRs) based on
CO2 monitoring, using occupant-exhaled CO2 as a tracer gas: steady-state, decay rate,
build-up, and transient mass balance methods [37]. All these methods are based on the mass
balance model assuming a well-mixed single zone. The transient mass balance method uses
time-resolved occupancy and CO2 observations and has the least restrictions for applicable
conditions, but it involves more complex numerical calculations. The other three methods
are easier to use, but require that the number of students, the outdoor VR, and the outdoor
CO2 concentration can be approximated as constants during the analysis period. The
steady-state method is easiest to use and requires minimum model input parameters. This
method has been found to have the least uncertainty in estimating classroom VRs when
compared with decay and build-up methods [38]. Several previous school studies used this
method to estimate classroom VRs [38–42]. However, when using the steady-state method,
the cumulative student-occupied hours need to be sufficiently long and the outdoor VRs
need to be sufficiently high so that a true (or near) steady-state can be reached within
a school day. It is important to note that any VRs related to CO2 measurements reflect
the total amount of outdoor air entering indoors. It is not possible to differentiate what
percentage of outdoor air enters indoors through the mechanical HVAC system or through
open doors via CO2 measurements alone.

In this study, since the HVAC fan operation time, the door-opening conditions and
daily student attendance were not fully controlled or documented, we only analyzed the
general trend of CO2 concentrations without further estimating VRs due to the concern
that the underlying assumptions for using the steady-state CO2 approach to estimate VRs
were not fully met in these classrooms. The main purposes of reporting CO2 measurement
results are to compare with available classroom CO2 guideline values and to qualitatively
illustrate the variations in ventilation and occupancy conditions in these classrooms, which
can be useful in informing the interpretation of PM2.5 results.

3. Results
3.1. Fine Particulate Matter (PM2.5)

Average PM2.5 concentrations were higher in almost all outdoor and indoor locations
in the post-HVAC filter intervention period, compared to the pre-HVAC filter intervention
period (Table 4). This is expected due to known seasonal trends in particulate matter
concentrations in the San Joaquin Valley where ambient PM concentrations increase during
the winter months due largely to weather conditions, such as thermal inversions, that can
lead to air stagnation and buildup of PM in the valley [43,44]. Trends in daily outdoor
PM2.5 concentrations at the school are presented in Figure 4. Daily outdoor concentrations
exceeded the U.S. Environmental Protection Agency’s (EPA) 24 h standard for ambient
PM2.5 (35 µg/m3), as well as the World Health Organization’s (WHO) 24 h air quality
guideline (AQG) for ambient and indoor PM2.5 (15 ug), on multiple occasions.

Outdoor concentrations during the study period were higher on average during
non-school-hours (mean = 15.9 µg/m3 and 16.7 µg/m3 for Outdoors: North and Central,
respectively), compared to school-hours (mean = 11.1 µg/m3 and 10.3 µg/m3 for Outdoors:
North and Central, respectively). This is due in part to the impact of maximum PM2.5
concentrations seen during the Thanksgiving holiday week when school was not in session
(20 November 2022–27 November 2022). It may also be due to pre- and post-school traffic
elevating the non-school hour average. These higher concentrations during non-school
hours are also consistent with reported trends that PM builds up overnight in the winter
in the San Joaquin Valley [45]. As a result, differences in concentrations between the pre-
and post-HVAC filter intervention periods are likely less pronounced when looking only at
school hours to evaluate the filtration effectiveness, as in Table 4. We chose, however, to
focus our analyses for the evaluation of the air filtration on school hours because this is the
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timeframe that is relevant for children’s exposures at the school. Note that average outdoor
concentrations observed in this study both during and outside of school hours exceeded
the EPA’s annual standard for ambient PM2.5 of 9 µg/m3 and the WHO’s annual AQG for
ambient and indoor PM2.5 of 5 µg/m3, which aim to protect against harm from long-term
exposure [46,47]. These observed ambient concentrations highlight the importance of
filtering outdoor air entering indoors to reduce air pollution exposures in classrooms.

Table 4. Averages of hourly PM2.5 concentrations pre- and post-HVAC filter intervention.

HVAC Filter
Intervention Location PAC

(Yes/No)
PM2.5 (µg/m3)
Mean +/− SD

Pre-HVAC Filter
Intervention 1

Post-HVAC Filter
Intervention 2

Outdoors: North Not applicable 10.1 +/− 3.1 12.1 +/− 7.3
Outdoors: Central Not applicable 9.7 +/− 3.5 10.9 +/− 7.9

Upgrade:
MERV 6 →
MERV 13

Classroom 1 No 8.2 +/− 2.4 10.1 +/− 10.8
Classroom 2 No 9.9 +/− 2.9 8.0 +/− 5.2
Classroom 3 Yes: Speed 3 (220 m3/h) 7.7 +/− 2.0 8.1 +/− 5.6

Replacement:
MERV 13 → MERV 13

Classroom 4 Yes: Speed 5 (340 m3/h) 5.2 +/− 1.6 6.2 +/− 6.0
Classroom 5 Yes: Speed 3 (220 m3/h) 4.1 +/− 1.4 5.1 +/− 3.2

1 22 September 2022–21 October 2022, excluding 18 October 2022 due to missing data. N = 147 h. 2 1 Novem-
ber 2022–9 December 2022, excluding Veterans Day and Thanksgiving Holiday Week: 11 November 2022, 18
November 2022–28 November 2022. N = 147 h.
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Figure 4. Daily 24 h average PM2.5 concentrations from the two outdoor monitors at the school
(Outdoors: North and Outdoors: Central). Data presented in this figure include all days from the
start—end of this study, including weekends and holidays. Missing days (18 October 2022, 25 October
2022–31 October 2022) were due to Wi-Fi outages and database updates.

To account for the changing outdoor concentrations over the course of the study period,
we focused on the percent reduction in PM2.5 in classrooms compared to concurrent outdoor
concentrations as a measure of particle filtration effectiveness. Figure 5 and Appendix B,
Table A1 summarize the particle filtration effectiveness achieved in each classroom during
school hours, before and after the HVAC filter intervention. I/O ratios are also presented
in Appendix B, Table A2.
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Figure 5. Particle filtration effectiveness by classroom and filtration scenario, before and after HVAC
filter intervention. Figure shows a boxplot with outliers hidden, zoomed in from the boxplot including
outliers. * Indicates that there is a statistically significant difference between before and after the
HVAC filter intervention in Classrooms 1, 2 and 5 (Wilcoxon signed-rank test p value < 0.05).

The MERV 13 HVAC filters and PACs, alone and in combination, demonstrated 14–56%
particle filtration effectiveness. During the pre-HVAC filter intervention period, there
appeared to be better particle filtration in the classrooms with MERV 13s (i.e., Classrooms 4
and 5) compared with the MERV 6s (i.e., Classrooms 1, 2 and 3). Large variability in the
data, driven by small sample size and varying classroom conditions, prevents the statistical
comparison between these classrooms, but visual inspection of Figure 5 suggests that the
MERV 13 filters provided some benefit. For classrooms with MERV 6s, the PAC did not
appear to increase particle filtration, though this is likely impacted by varying classroom
conditions which are discussed below.

To statistically evaluate the effect of the improved HVAC filters, we compared the
median PM2.5 filtration effectiveness in each classroom, pre- and post-HVAC-based filter
intervention (Table A1). Classrooms 1, 2 and 3 received the intended HVAC filter interven-
tion: they were upgraded from MERV 6 filters in their HVAC system to MERV 13s. The
two classrooms (1 and 2) that did not have portable air cleaners saw statistically significant
improvements in particle filtration (Wilcoxon signed-rank test p value < 0.05) with the
installation of the MERV 13 filter (11%, p < 0.001 and 22%, p < 0.001). Classroom 2 saw
the largest improvement in particle filtration, increasing from −5% to 17% reduction in
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fine particles. The negative particle filtration effectiveness value pre-intervention suggests
considerable indoor sources of PM2.5 in this classroom. Classroom 3, which had a portable
air cleaner running for the duration of this study, did not see a significant improvement in
filtration after the HVAC filter upgrade (0.11%, p = 0.12).

Classrooms 4 and 5 received new MERV 13 filters to replace their three-month-old
MERV 13 filters during this study intervention and had portable air cleaners running for
the duration of this study. As this replacement did not change the filter rating, we would
not expect substantial improvements in particle filtration and did not see improvements in
either classroom. In fact, both classrooms reported declines in filtration (−7%, p = 0.08 and
−13%, p < 0.001). The decline in effectiveness likely resulted in part from behavior changes,
explained further in the Discussion section. However, both classrooms reported the highest
particle filtration effectiveness of all classrooms throughout the study period.

The air filtration solutions observed in this study brought average classroom concen-
trations below the EPA’s annual ambient standard of 9 µg/m3 in all but one classroom
(Classroom 1), while only one classroom (Classroom 5) reported an average PM2.5 concen-
tration below the WHO’s indoor annual guideline of 5 µg/m3.

3.2. Portable Air Cleaner (PAC) Use

Portable air cleaner usage data show that the PACs in each of the three classrooms
were run consistently over the entire study period. Via the pre-determined power use and
speed-setting relationship, the plug load logger data showed that the PACs in Classrooms
3 and 5 were set to Speed 3 (220 m3/h), and the PAC in Classroom 4 was set to Speed 5
(340 m3/h) for the duration of this study (Table 2, Figure 6).
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Figure 6. Portable air cleaner power usage data for the PACs in Classrooms 3–5. PACs which consis-
tently used approximately 90 watts of power were on speed setting 3. The PAC which consistently
used approximately 170 watts of power was on speed setting 5.

3.3. Carbon Dioxide (CO2)

Figure 7 presents the distribution of daily 95th percentile of classroom CO2 concen-
trations during school hours before and after the HVAC filter intervention. The daily 95th
percentile or maximum CO2 concentrations during school hours are commonly used as
an approximation of steady-state CO2 concentration for estimating ventilation rates (VRs)
based on the mass-balance equation because directly measuring outdoor ventilation rate
airflows under real-world conditions can be difficult in many classrooms [38,41,42,48].
It should be noted that VRs can only be accurately estimated using 95th percentile (or
maximum) CO2 concentrations if a true (or near) steady-state has been reached during a
school day. The real-time CO2 data can help to illustrate if true (or near) steady-state has
been reached. If the steady-state mass balance equation is applied to CO2 concentrations
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measured before reaching steady state, or if steady state is never reached, the VR will
be overestimated [49]. Although there is no CO2 guideline value for existing California
classrooms, the 2022 California Green Building (CalGREEN) Code set an indoor CO2
threshold of 1100 ppm for triggering notification to the facility staff or the teacher in newly
constructed K-12 classrooms [50].
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Figure 7. Distribution of daily 95th percentile CO2 levels by classroom pre- and post-HVAC filter intervention.

Our monitoring results show that the 95th percentile daily CO2 concentrations varied
for different days in each classroom and among different classrooms. Three of the class-
rooms (classrooms 1, 4 and 5) regularly exceeded this threshold value of 1100 ppm. In
particular, Classroom 5 had significantly higher daily 95th percentile CO2 concentrations for
both pre- and post-HVAC filter intervention, suggesting it had the worst overall ventilation
conditions during occupied school hours among all the classrooms studied. Classroom 5
did have the highest occupancy, and a very small opening for outdoor air in the HVAC
system (Figure 8). Note that both Classrooms 4 and 5 are portable classrooms. These CO2
monitoring results are generally consistent with observations from previous studies that
inadequate ventilation tended to occur more often in portable classrooms [26,51].
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The results also indicate that there were significant differences between the distribu-
tions of daily 95th percentile CO2 concentrations during the pre- and post-HVAC filter
intervention periods in some classrooms, and the reason is not fully clear. There are many
factors that may influence classroom CO2 concentrations, including the number of students
in each classroom and classroom occupancy schedule, the actual operation status of the



Atmosphere 2024, 15, 901 12 of 20

mechanical ventilation system, the door-opening behaviors, and the classroom envelope
tightness. Some hypotheses will be discussed in the Discussion section.

Regarding the relationship between CO2 and PM2.5 concentrations, some previous
studies observed a high correlation between them in some school environments [52,53].
In our study, we observed increases in CO2 concentrations in classrooms during the occu-
pied school hours in general. For each school day, the indoor CO2 concentration began
to increase at the beginning of school when students entered the classroom. Indoor CO2
had a dynamic increase or decrease depending on the class bell schedule during the day.
After the dismissal of the students, it gradually decreased. There were also occasionally
increases in CO2 concentrations outside of school hours (evenings, weekends, etc.) due to
other gathering activities in some classrooms. As for PM2.5 concentrations, they regularly
peaked at the beginning of the school day. Throughout the school day, PM2.5 concentrations
dynamically changed based on the bell schedule, but also followed trends in ambient air
pollution and experienced increases likely due to additional indoor sources. There were
occasional peaks in classroom PM2.5 outside of school hours due to after-school gathering
activities, cleaning, and peaks in outdoor concentrations. Outside of those events, PM2.5
concentrations in classrooms with PACs generally declined overnight; however, PM2.5
concentrations in classrooms without PACs were often higher overnight in parallel with
outdoor concentrations. These daily patterns are explored further in the Discussion section.
Although some similarities exist in CO2 and PM2.5 generation as related to human activities
as well as their removal by ventilation, there are PM2.5 sources indoors besides human activ-
ities, more variation in outdoor PM2.5 concentrations compared to outdoor CO2, and more
PM removal mechanisms (e.g., surface deposition and filtration). Therefore, we did not
conduct a further systematic correlation analysis between CO2 and PM2.5 concentrations.

4. Discussion
4.1. PM2.5 and Filtration Effectiveness

Overall, the PM2.5 filtration effectiveness achieved by the air filtration strategies evalu-
ated in this study (14–56% particle removal) was consistent with most other studies [15,17,54].
However, Polidori’s study of air filtration in California classrooms reported much higher
PM2.5 filtration effectiveness (>85%), at similar average outdoor concentrations [5]. The
higher effectiveness reported in Polidori’s study may be explained by variation in the
factors that impact observed filtration effectiveness and associated classroom PM2.5 con-
centrations unique to our study setting, including indoor sources, room volume, and both
natural and mechanical ventilation. Research suggests adverse health effects at low PM2.5
concentrations; so, it is important to consider and address the impact of the aforementioned
elements, in addition to ambient concentrations [46,55,56].

Added indoor sources of PM2.5 can drive the indoor air concentration up, working
against improvement in the removal of other pre-existing and ambient sources of particu-
late matter. Classroom 1 and Classroom 4’s filtration effectiveness distributions included
notable negative outliers in the post-intervention period, suggesting peaks in indoor gener-
ated PM (Figure 5). Classroom 1’s outliers are likely due in part to an essential oil diffuser
that had been added to a classroom shelf directly next to the PM monitor, after the date
of the HVAC filter upgrade and before the conclusion of this study (confirmed by photos
taken at site visits). Classroom 4 also reported noticeable peaks in PM2.5 that did not follow
patterns of the outdoor PM2.5 concentrations, which suggests significant contribution from
indoor sources, including cleaning activities before school hours as well as occupant activity
during the school day. In Appendix C, Figures A1 and A2 show these trends in Classrooms
1 and 4’s I/O relationships.

In addition to indoor sources and fixed characteristics like room volume and HVAC
system design, the observed effectiveness of the filtration interventions likely reflects the
impact of modifiable factors such as the amount of time that the HVAC system fan was
running. One key constraint of this evaluation is that the HVAC system fans were turned
to “auto” rather than “on” in all classrooms by school staff shortly after the study period



Atmosphere 2024, 15, 901 13 of 20

began, which significantly reduces the performance of HVAC-based filtration. When set to
“auto”, the system only pulls air through the filter, and therefore removes particles from
it, when the heating or cooling is active. We would expect to see buildup of both PM and
CO2 more readily in classrooms running on fan “auto” mode. Use of the fan “auto” setting
may have been due to a misunderstanding of the various settings of the HVAC system
and their role in air filtration. The study team did not intervene when this was noticed
because this study aimed to evaluate the effectiveness of this filtration system under such
real-world conditions. This finding highlights a need for improving the understanding of
how to optimize behaviors surrounding HVAC system use to see the maximum benefit of
HVAC-based MERV 13 filters in classrooms, such as by leaving the fan set to “on”.

We observed that the HVAC systems were turned off (thermostat: off, fan: auto) at
the end of each school day to conserve energy and costs. In classrooms without PACs,
PM2.5 concentrations generally followed trends in ambient concentrations outside of school
hours. In classrooms with PACs, PM2.5 concentrations generally declined overnight. As
mentioned previously, all classrooms experienced peaks in concentrations due to after-
school activities and outdoor sources, but the impact of the after-school peaks was reduced
in classrooms with PACs. The overnight trends suggest that when the HVAC system is
off, there is substantial infiltration of outdoor air and that the pollutants build up without
active filtration and ventilation. While we cannot compare the impact of the HVAC modes
directly as we do not know exactly when the HVAC was on during the day, this trend
highlights the importance of running the HVAC system during school hours such that there
is positive pressure in the classrooms.

4.2. Portable Air Cleaner Use

The data confirming stable use of each portable air cleaner enable us to conclude that
changes in PM2.5 concentration levels before and after the MERV 13 installation were not
due to changes in the PAC use. The consistent use of the portable air cleaners suggests that
noise and other barriers were not too disruptive to prevent classroom use. This pattern of
use indicates that PACs are a feasible option for classroom air filtration, albeit sometimes
an expensive option when compared to the cost of upgrading filters in an existing HVAC
system. The limited impact of PACs observed in this study may be due at least in part to
moderately low median PM2.5 concentrations (4–8 µg/m3) in classrooms with PACs. The
small number of classrooms with PACs, and their varying classroom conditions, also mean
that these results may not be conclusive.

4.3. Ventilation and Particle Filtration Effectiveness

If the number of students and student occupancy schedule are similar during the pre-
and post-HVAC filter intervention periods, we expect the 95th percentile of CO2 concen-
trations to remain similar in each classroom under the assumptions that the mechanical
ventilation system continuously runs, and the doors remain closed during the class time.
However, we observed significantly lower CO2 concentrations in some classrooms (Class-
rooms 2, 3 and 4) and higher CO2 concentrations in other classrooms (Classrooms 1 and 5)
after filter replacement. This implies that the amount of time during which HVAC system
fans were running, and the teachers’ behaviors of opening doors, might have changed
during the post-HVAC filter intervention period due to the change in outdoor weather
conditions or other unknown factors. It also suggests that these conditions differ among
the classrooms studied.

As mentioned earlier, we observed that the outdoor PM2.5 concentrations were higher
during the post-HVAC filter intervention period. If the lower CO2 concentrations during
the post-HVAC filter intervention period were caused by greater time with open doors, the
increased amount of unfiltered outdoor air may lead to less indoor PM2.5 reduction. On
the other hand, if the lower CO2 concentrations during the post-HVAC filter intervention
period were caused by an increased amount of time with the HVAC system running,
the increased amount of filtered outdoor air may lead to higher indoor PM2.5 reduction.
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To accurately interpret the impact of ventilation on the change in PM2.5 concentration
reduction before and after the MERV filter change, separate measurements for ventilation
airflow rates from the HVAC system and from opening doors would be necessary but were
beyond the scope of our current study.

Weather data suggest that in general, HVAC systems set on auto were likely running
more often during the pre-HVAC filter intervention period due to consistently high outdoor
temperatures compared to the post-HVAC filter intervention period in which the outdoor
temperature remained temperate and unlikely to trigger classroom heating or cooling
systems. This potential reduction in HVAC system use would minimize the observed
average impact of the HVAC filter intervention. Further, in Classroom 5, we saw increased
CO2 concentrations and decreased filtration effectiveness after the MERV 13 replacement,
which is consistent with reduced HVAC system use.

4.4. Limitations

The results of this study should be interpreted with caution because of the variety of
classroom and filtration conditions at baseline and the small number of classrooms overall.
As an observational study, the lack of detailed information on HVAC system operation and
door-opening patterns presents uncertainties in interpreting the impact of mechanical and
natural ventilation on classroom PM2.5 concentrations. Without activity diaries, we were
also not able to account for indoor PM sources, such as burning candles or other classroom
activities, that may cause differences in results amongst classrooms.

Other limitations stem from utilizing low-cost monitors for particulate matter moni-
toring. We lost some days of data due to monitor issues ranging from unplugged monitors
to database updates that paused data collection. Also, there exist some concerns about the
accuracy of the PurpleAir sensors at low PM2.5 concentrations; however, recent evalua-
tions report good precision and accuracy at the range of concentrations observed in this
study, and the applied spatiotemporally relevant calibration process further improves data
quality [57,58]. It is important to note that accuracy concerns are most relevant when PM
measurements are used for regulatory purposes or to estimate health effects—neither of
which were the focus of the current study. Since we have no reason to believe that the
accuracy of the PurpleAir monitors would vary by filtration scenario, it is unlikely that
constraints in accuracy would result in spurious findings.

5. Conclusions

To our knowledge, this was the first study to evaluate the prioritized school air filtra-
tion strategies of improved HVAC filters and portable air cleaners in occupied classrooms
of a school within an AB 617 designated community in California. Implementing effective
exposure reduction strategies is critical in AB 617 communities as they have some of the
highest air pollution and population health burdens in California. High-efficiency HVAC
filters and portable air cleaners are commonly included in AB 617 community emission re-
duction programs, but their real-world effectiveness has not been comprehensively studied.
Most previous intervention studies evaluated these air filtration strategies only under strict
conditions, dictated by study design and not necessarily reflective of how they are typically
used. The observational design of this study enabled us to evaluate the effectiveness of
these two air filtration strategies when used under normal operational conditions of a
school in a community highly burdened with air pollution, which gives an indication of
how these exposure reduction strategies are working in practice.

All filtration strategies observed in this study brought average classroom PM2.5 con-
centrations below average ambient levels (Table 4). The small number of classrooms and
heterogeneity of ventilation and HVAC characteristics across classrooms precluded our
ability to formally evaluate whether the PACs independently improved air quality. The
results from the nested intervention study, however, demonstrated that installing high-
efficiency HVAC filters in classrooms without PACs significantly reduced indoor PM2.5
exposures. Conversely, the installation of improved HVAC filters in classrooms with PACs



Atmosphere 2024, 15, 901 15 of 20

did not significantly improve filtration effectiveness at the outdoor PM2.5 levels seen during
this study. Overall, these observations suggest that utilizing both air filtration strategies
simultaneously may not meaningfully increase the filtration effectiveness under these
circumstances. This finding has important implications for an efficient use of resources in
the often resource-limited setting of schools in AB 617 communities.

However, PM2.5 and CO2 data suggested that the filtration effectiveness was largely
impacted by behavioral factors including variable HVAC system use and door-opening
patterns. This highlighted a need for guidance for school personnel on optimal HVAC
system settings for filtration, as well as for minimizing indoor sources of air pollution and
optimizing natural ventilation with respect to air pollution.

While the observational design of our study prevented a rigorous evaluation of the
independent effects of HVAC and PAC air filtration in reducing exposures, it provided
a novel opportunity to assess the use of these filtration strategies as they were used in
an under-resourced school in a community heavily impacted by air pollution. As such,
it was able to identify some pragmatic solutions to improve air quality. Perhaps most
importantly, our results suggest that schools utilizing these air filtration strategies could
see improvements in filtration effectiveness, and an associated reduction in exposures, with
behavior changes that require little to no additional investment. For example, during our
study, we learned that it was common practice to set the HVAC system to “auto”, thereby
limiting air filtration to times when the air conditioning or heat automatically turns on in
response to temperature fluctuations. Thus, improvements in air quality could be enhanced
by advising school personnel to program (or manually set) the HVAC system to turn on
when children are present regardless of temperature. Additional improvements could
be gained by reducing avoidable indoor sources of PM and keeping doors closed when
outdoor air quality is poor. While future research is warranted, including more detailed
exploration of the impact of these modifiable conditions and how to maximize the benefit
from these air filtration technologies in occupied classroom settings, implementation of
some of these simple mitigation strategies could provide some immediate improvements
in the air that children breathe while at school.
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Appendix A

The deployed PurpleAir monitors were calibrated by SJVAir using the following
quality control and quality assurance process. The monitors were collocated and assessed
for intra- and inter-device variability prior to deployment in the field. Monitors had to
demonstrate good precision via intra-device (A versus B Channel) or inter-device (between
monitors) correlation > 0.98 and average percent variance < 10% to be deployed. Correction
equations were generated by regressing local collocated Federal Equivalent Method (FEM)-
designated Beta Attenuation Monitor (BAM) and PurpleAir data over different time periods
and selecting the best multivariable model fit for the day. The correction equations from
the nearest collocation site were then applied to the data from the monitors deployed in
this study [31]. If the correlation between the two particle counters (Channel A and B) in
each monitor was ≥0.99 and the average percent variance was ≤10%, then the algorithm
reported data from the channel with lower concentrations. If the correlation and variation
were within these thresholds and there were collocated monitors, the algorithm compared
peaks between monitors and reported data from the channels with the lower inter-device
percent variance [59].

Appendix B

Table A1 reports the average percent reduction from outdoor to in-classroom PM2.5
concentrations, pre- and post-HVAC filter intervention. Table A2 reports the average PM2.5
indoor/outdoor ratios in each classroom, pre- and post-HVAC filter intervention.

Table A1. Particle filtration effectiveness values in classrooms, pre- and post-HVAC filter intervention.

HVAC Filter
Intervention Location PAC

(Yes/No)
Filtration Effectiveness 1 (%)

Median

Change in Filtration
Effectiveness 1 after

HVAC Filter
Intervention (%)

Pre-HVAC Filter
Intervention 2

Post-HVAC Filter
Intervention 3

Upgrade:
MERV 6 →
MERV 13

Classroom 1 No 19.26 30.33 11.07
(p < 0.001) 4

Classroom 2 No −5.36 16.74 22.10
(p < 0.001) 4

Classroom 3 Yes: Speed 3 (220 m3/h) 14.38 14.49 0.11
(p = 0.12)

Replacement:
MERV 13 →
MERV 13

Classroom 4 Yes: Speed 5 (340 m3/h) 45.50 38.98 −6.52
(p = 0.08)

Classroom 5 Yes: Speed 3 (220 m3/h) 55.87 43.03 −12.84
(p < 0.001) 4

1 Filtration effectiveness calculated as ((Outdoor PM2.5 Concentration—Indoor PM2.5 Concentration)/Outdoor
PM2.5 Concentration) X 100. 2 22 September 2022–21 October 2022, excluding 18 October 2022 due to missing data.
N = 147 h. 3 1 November 2022–9 December 2022, excluding Veterans Day and Thanksgiving Holiday Week: 11
November 2022, 18 November 2022–28 November 2022. N = 147 h. 4 Statistically significant difference between
before and after HVAC filter intervention (Wilcoxon signed-rank test p value < 0.05).
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Table A2. I/O ratios of PM2.5 concentrations before and after the HVAC filter intervention.

HVAC Filter
Intervention Location Portable Air Cleaner Median I/O Ratio

Pre-HVAC Filter
Intervention

Post-HVAC Filter
Intervention

Upgrade:
MERV 6 → MERV 13

Classroom 1 No 0.81 0.70 *
Classroom 2 No 1.05 0.83 *
Classroom 3 Yes: Speed 3 0.86 0.86

Replacement:
MERV 13 → MERV 13

Classroom 4 Yes: Speed 5 0.54 0.61
Classroom 5 Yes: Speed 3 0.44 0.57 *

* Significant difference between before and after HVAC filter intervention (Wilcoxon signed-rank test, p < 0.05).
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