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ARTICLE INFO ABSTRACT

Keywords: Heat recovery ventilation (HRV) system is emerging as a sustainable technology to reduce human exposure to air
Indoor air quality pollutants in residential buildings. However, there is a lack of information on the HRV system performance for
PMz 5

controlling both indoor-generated and outdoor-generated particles in a residential building. To fill this knowl-
edge gap, we conducted field monitoring of indoor airborne particles with two representative HRV system
operating modes (ventilation and circulation modes) in a full-scale residential testbed. The results reveal that the
filter efficiency, airflow rate, and filter bypass factor of the HRV system play important roles in indoor particle
concentrations. The indoor/outdoor concentration ratio is reduced by 72%-92% when operating the HRV sys-
tem. For both circulation and ventilation modes, the bypass factor is crucial for the particle removal performance
of the HRV system. A 20% filter bypass factor leads to up to a 50% increase in indoor exposure to outdoor-
originated and indoor-generated PMy 5 compared to the no-bypass scenario. Although circulation mode per-
formed better than ventilation mode, both operating modes with a minimal bypass factor can effectively remove
particles generated from indoor emission sources (e.g., incense stick burning and bacon pan frying). The study
results suggest that HRV system can reduce human exposure to indoor-generated particles by 56%-90% and

Exposure control
Indoor emissions
Mass balance model
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particle control performance hinges upon minimizing HRV filter bypass.

1. Introduction

Epidemiological studies found that long-term exposure to airborne
particulate matter (PM) can cause adverse health impacts such as res-
piratory and cardiovascular disease [1-4]. Since people spend most of
their time indoors [5], controlling indoor particle concentration is key to
mitigating human exposure to airborne particles. Given that particle
emission sources exist both inside and outside buildings [6-11], build-
ing ventilation/filtration systems are responsible for controlling both
outdoor-originated and indoor-generated particles.

Mechanical ventilation systems with air filters are mainly found in
offices and commercial buildings. Many residential buildings rely on
natural ventilation to control indoor-generated particles using fresh
outdoor air. However, in several regions with severe urban air pollution
and wildfire, natural ventilation can contribute to increasing the indoor
particle concentration of outdoor origin [11-14]. Accordingly, there has
been a growing need for mechanical ventilation systems for residential
buildings. South Korea is one of the countries with exacerbated urban air
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pollution. The country has implemented a law requiring new residential
buildings to be equipped with a heat recovery ventilation system (HRV)
(Indoor air quality control in publicly used facilities, 2016). Note that an
HRYV system is an outdoor air ventilation system with a heat exchanger
due to its energy-saving benefits [15,16]. It also has air filters on the air
pathway to remove particles and supply fresh air. However, it is not
equipped with cooling/heating coils and mainly used for ventilation in
residential buildings.

Previous studies reported that mechanical ventilation systems in
residential buildings could yield a 50% particle removal effect on the
daily average particle concentration [17-20]. However, even with the
filter efficiencies used in these studies (higher than that of MERV 11
rating), the total particle removal effect in a whole house could be
smaller than 50%. This is mainly because indoor particle emission
sources increase concentration in residential buildings [6,21-23].
Cooking, one of the major particle emission sources in residential
buildings, can lead to indoor particle concentrations more than 100
times higher than the background concentration, and it often takes
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several hours until the concentration is reduced back to the background
level [21,24,25]. Furthermore, due to improper installations or poor
sealing, unintended air leakages could occur through HRV air filters and
duct systems [26,27], resulting in more outdoor-originated particles
transported indoors.

Previous studies reveal that indoor emission sources significantly
affect elevated human exposure to indoor particles. However, very little
measurement data are available regarding how effectively residential
HRYV systems control indoor-generated and outdoor-originated particles.
Given this background, the primary objective of this study is to examine
the particle removal performance of residential HRV systems with
common indoor emission sources under representative building oper-
ating conditions. Based on field measurements along with material
balance analysis, this study quantifies the effects of HRYV filter efficiency,
airflow rate, and the filter bypass factor on the total particle removal
performance of the HRV system.

2. Methods
2.1. Heat recovery ventilation system

Heat recovery ventilation (HRV) system can improve indoor air
quality and energy conservation because the outdoor ventilation air
passes the HRV air filter and exchanges energy with the exhaust air. HRV
systems typically provide two operating modes: 1) ventilation mode and
2) circulation mode. Ventilation mode is a conventional operating mode
that supplies 100% outdoor air, while circulation mode recirculates
100% indoor air without taking outdoor air (Fig. 1). The size of an HRV
system used in this study is 72 cm x 55 cm x 34 cm (length x width x
height). It has a heat exchanger with a heat transfer efficiency of 70% for
the heating/cooling and two HEPA grade of H13 filters (higher filtration
efficiency than MERV16 rating). It operates with three ventilation
airflow rates, 130, 200, and 230 m®/h, and this study tested only 200
m3/h based on the outdoor air requirements for kitchens [28].

2.2. Testbed and sampling

Field measurements were conducted in 2020 from February 21st to
April 3rd at a typical residential apartment in Seoul, South Korea. The
apartment unit is on the 15th floor of a 26-story building constructed in
2017. The apartment had three bedrooms, two bathrooms, and one dress
room with a floor area of 84 m? and a total air volume of 205 m>. The
indoor temperature was set to 20 °C and controlled by the floor radiant
heating system. During the experiment, all windows were closed, and
only two researchers were present in the testbed to set up the experi-
mental conditions and perform indoor particle generation/decay tests.
Fig. 2a shows the floor plan of the testbed and the ductwork layout. Note
that the HRV system was installed in the mechanical room outside the
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Fig. 2. Apartment floor plan: (a) HRV system ductwork and (b) mixing fans and
sampling points. Note that “SA” and “EA” denote supply and exhaust diffusers,
respectively.

apartment, and each room has at least one supply and exhaust register
connected to the HRV system ductwork. To minimize the air infiltration
from other apartment units, we sealed openings with potential vertical
air paths, such as the bathroom, as shown in Fig. 2a. Additionally, we
sealed any potential leakage sites, including duct joints and the outer
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Fig. 1. Operating modes of HRV system: (a) ventilation mode and (b) circulation mode.
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shell of the HRV system, to ensure that the HRV system operates at the
designed airflow rate of 200 m®/h. Table 1 summarizes the airflow rate
of each diffuser with ventilation and circulation modes based on the
measurement with an anemometer (TESTO 417, TESTO, USA).

Sidepak (AM520, TSI, USA), an optical light scattering sensor, was
used to measure PM5 5 and PM;( every 2-min. Sidepak has a detectable
particle size range of 0.1 pm-10 pm with an uncertainty of 1 ug/m?>, and
its sampling flow rate was 1.8 L/min. Before the measurement
campaign, collocation tests for all sensors were performed [29]. In
addition, temperature and relative humidity were measured every 2-min
(MCH-383SD, LUTRON, Taiwan). Sidepak sensors were placed 1.2 m
above the floor in each bedroom and outside, as shown in Fig. 2b and
Fig. S1.

Along with PM measurements, the air change rate was measured
during each experiment using the tracer gas decay method. First, SFg
tracer gas was released at a rate of 15 L/min to each bedroom and living
room, while four mixing fans operated at an air speed of 2 m/s to make
the well-mixed condition. After a sufficiently high and uniform tracer
gas concentration of 50 ppm was obtained for all rooms, the decay test
started. SFg concentrations were measured at a sampling interval of 10
min for both emission and decay periods,. The measured average (£+SD)
air change rate was 0.12 (+0.10) h™! during HRV system off mode,
which is much lower than the geometric mean air change rate of resi-
dential buildings in the U.S., 0.5 h! [30,31]. Table S1 summarizes all
environmental and concentration data measured during the experiment.

2.3. Indoor particle emission tests under different HRV system operation
modes

Indoor emission tests were performed under three HRV system
operating modes: 1) HRV off mode, 2) Ventilation mode, and 3) Circu-
lation mode. Since cooking and candle/incense burning are common
indoor particle emission sources [22], incense stick burning and bacon
pan frying were selected as particle emission sources. For the repeat-
ability of the test, the particle generation test was performed based on
the protocols described below:

Incense stick burning: One incense stick was ignited using a pocket
torch gas lighter for 7 min in the kitchen. After 7 min of burning, it was
covered with wet tissue to distinguish it completely.

Bacon pan frying: 40 (+1) g of bacon was fried using a 24 cm
diameter pan without cooking oil on the electric stove in the kitchen.
The pan was preheated until the pan surface temperature reached
230 °C, and then bacon was fried for 3 min for one side and 2 more
minutes for the other side. After bacon pan frying, the pan was covered
completely.
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Table 2
Experiment conditions.

Mode Days  Indoor particle  Air change Peak
generation rate (h™1) PM, sconcentration
(ug/m>)
HRYV off 10 Incense stick 0.11 55
burning
11 Bacon pan 0.12 231
frying
Ventilation 7 Incense stick 0.98 56
mode burning
7 Bacon pan 0.98 203
frying
Circulation 8 Incense stick 0.13 52
mode burning
4 Bacon pan 0.10 166
frying

circulates the air without exhausting cooking-generated particles to
outdoors [33]. In such case, mechanical ventilation systems such as a
HRYV system might be an alternative method to control indoor-generated
particles. Furthermore, it should be noted that this study tested cooking
and incense burning as only two indoor emission sources and future
studies should examine further other common indoor emission sources
(e.g., combustion and chemical emissions).

2.4. Estimation of the particle removal efficiency

Using the measurement data, we estimated the particle removal ef-
ficiency while considering HRV operating modes and the filter bypass
factor. After calculating input parameters (see Supporting information:
Estimation of the penetration coefficient, deposition rate, and particle
emission rate), an analytical mass balance model was established to
investigate the effects of the outdoor particle concentration, airflow rate
of the HRV system, two operating modes and the bypass factor on the
particle removal performance of the HRV system.

Without the HRV system, outdoor particles enter indoors through
infiltration, so the indoor particle concentration at time t can be written
as Eq. (1), [34,35]. On the other hand, when the HRV system operates
with ventilation mode, indoor particle concentration is expressed as Eq.
(2), where particle filtration occurs with the outdoor ventilation air. For
circulation mode, since 100% indoor air recirculates via the HRV sys-
tem, particle removal only occurs with the indoor particles as Eq. (3),
[36].

dCi, (1) E(1)

Note that before each indoor emission test, we cleaned the floor and ar i PCou(t) = (K+ i) Cin(1) + Vv (Eq. 1)
all surfaces of the residential testbed to minimize the effect of particle
. . .. dc,,(t E(t
resusp(.enswn f.ro.m the surface.s. Table 2 shows tbe: experiment condition (®) = i PCo(8) 4 (1= My )renPCona (1) = (K + @iy + ns) Cin(1) + ()
of particle emission tests. During the test, the mixing fans were operated dr 14
to make the room air well-mixed. (Eq. 2)
In general, the kitchen range hood is widely used to remove cooking-
generated particles during cooking. Combined kitchen range hood and dCul1) _ AingPCoi(t) = (k+ ding) Cin () — NoipcirCin (1) + E() (Eq. 3)
HRV system can be more effective than using the HRV system solely dt v
[32]. However, some houses have a non-vented range hood that only
Table 1
Airflow rate of supply and exhaust diffusers.
Mode Airflow rate (m®/h) Sum
1 2 3 4 5 6 7
Ventilation SA” 28.5 21.3 26.8 23.4 - 60.4 32.0 192.4
EA” 27.1 31.7 34.3 39.6 74.5 - - 207.2
Circulation SA 29.0 22.2 26.9 23.3 - 60.7 33.4 195.5
EA 25.8 29.7 31.3 38.1 67.9 - - 192.8

@ SA: supply diffuser.
b EA: exhaust diffuser.
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Where Gy (t) is the indoor particle concentration at time, t (ug/m>),
Cout(t) is the outdoor particle concentration at time, t (yg/m3), Ay is the
air change rate by infiltration (™), ayene is the air change rate by the
HRV system (ventilation mode) (h™D), ar is the air change rate by the
HRYV system (circulation mode) (h’l), P is the penetration coefficient
(dimensionless), k is the deposition rate (h’l), E(t) is the emission rate at
time t (ug/h), V is the total room volume (m%), ,,,, and 7, are the total
particle removal efficiency of the ventilation mode and the circulation
mode, respectively, including the effects of the air filter and bypass
(dimensionless).

With the discrete time step approach proposed by Ref. [34], Eqs (1)-
(3) can be rewritten as Eqs (4)-(6), respectively. This approach is valid
under the following conditions: 1) The relatively small-time step is
necessary to approximate the exponential decay of indoor particle
concentration by the linear model, and 2) there are no other indoor
emission sources. To satisfy these conditions, we set the time step of PM
sensors as 2 min and collected particle concentration data up to 24 h
from the start of each particle emission test.

Cin(£) = dingPCoua(t) At + (1 — (k+ @i ) AL) Cio (1 — 1) (Eq. 4)
Cin () = (1 = 1,0 ) @vens Cous (1) A+ (1 = (k4 yens) AL Cio (2 — 1) (Eq. 5)
Cin(1) = @i PCout (1) AL + (1 — (k + Ging + 1 0iy ) AL) Cin (1 — 1) (Eq. 6)

Where At is the time step (2 min), and Ci;(t —1) is the indoor particle
concentration one time step before t (ug/m>).

Note that the penetration coefficient (P) and the deposition rate (k)
were calculated first using Eq (4). They are applied to Eqs (5) and (6) to
estimate the particle removal efficiency for ventilation mode (77,,,,,) and
circulation mode (71;,.).

Additionally, we assume that 1) the penetration coefficient (P) and
the deposition rate (k) do not change over time, and 2) in the ventilation
mode, outdoor-indoor infiltration flow rate is negligible compared to the
HRYV flow rate. Note that the average air change rate with ventilation
mode was 0.98 h™! (Table 2), which is equal to the air change rate based
on the HRV system flow rate, 0.98 (+0.12) h L Therefore, the particle
gaining term due to infiltration was not considered in Eq (5).

2.5. Effect of filter bypass

The total particle removal efficiency of an HRV system is a function
of air filter efficiency, filter bypass, air leakage, and particle deposition
and resuspension in ductworks [26,37,38]. Among others, filter bypass
is a critical factor for particle control because even small amounts of
filter bypass could decrease particle removal performance and increase
heat exchanger fouling [39].

Since all potential leakage components of the HRV system ductwork
were sealed and double-checked before the experiment, determinant
factors of the total particle removal efficiency of ventilation mode (1,,,)
and circulation mode () are the filtration efficiency of the air filter
and bypass factor as Eq (7), [26].

Nyens OF Ny =1 — (Fbwass + (1 _'/ﬂner) (1 - Fbypass)) Eq (7)
Where Fyy,q is the bypass factor that represents the ratio of the airflow
rate not passing the air filter to the total airflow rate (dimensionless),
and 7, is the particle filtration efficiency of the air filter (dimension-

less).

2.6. Parametric analysis

The particle removal performance of the HRV system was estimated
for representative ranges of the outdoor particle concentration, the
airflow rate, and the particle removal efficiency under ventilation and
circulation modes. Table 3 provides the summary of the input variables
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Table 3
Input variations for parametric analyses.

HRV system operating mode Ventilation mode

Circulation mode

Particle source Bacon pan frying(3.1x10° pg/h)

Air change rate by infiltration 0.12h7!
Initial PM; 5 concentration 15 pg/m3
Outdoor PM, 5 concentration 12 pg/m3
35 pg/m>
55 pg/m>
100 pg/m>
Bypass factor 0%-40%
Airflow rate of HRV system 200 m®/h
400 m*/h

for the parametric analysis. The ranges of the particle removal efficiency
and bypass factor were selected based on the experiment result on the
bypass factor through the air filter [26]. Four outdoor PM 5 concen-
trations, 12 pg/m°>, 35 pg/m°>, 55 pg/m>, and 100 pg/m>, were based on
the concentration standard set by the United States Environmental
Protection Agency (EPA) (https://www.epa.gov/naaqs/particulate-
matter-pm-air-quality-standards). In addition, the initial PMs 5 concen-
tration and air change rate by infiltration were set as 15 pg/m°> and 0.12
h~! based on the average values from the measurement (Table S1), and
the infiltration airflow rate was only applied to the circulation mode.

Finally, to quantify indoor exposure to particles associated with the
HRV system, 4-hr integrated PM, 5 exposure was calculated for each
operating mode, expressed as time-integrated indoor PM; 5 concentra-
tion over 4 h from the start of the cooking emission.

2
PM, 5 exposure = / 1C;y ()dt Eq (8)

tl

Where t1 is the time when cooking starts and t2 is 4 h after t1.
3. Results and discussion
3.1. Indoor particle concentrations with HRV system operation

Fig. 3 illustrates time-series indoor PM; 5 concentration with two
indoor emission sources under three HRV system operating modes. For
incense burning, regardless of the HRV system operation, indoor PMj 5
concentration reaches the peak of 55 pg/m> however, the particle
concentration decays faster with the HRV system operating. With the
HRYV circulation mode, PMj 5 concentration decreases to the background
concentration within 4 h, whereas the concentration remains above 25
pg/m® even after 6 h from incense burning with the HRV system off.

For bacon pan frying, under the HRV system off mode, the concen-
tration is notably high, up to 231 pg/m%; however, HRV operating with
ventilation and circulation modes yield peak concentrations of 215 pg/
m® and 165 pg/m°, respectively (Fig. 3b). PMays concentration trend
similar to the incense stick burning was observed with the HRV system
operation, in which PMj; 5 concentration decreases to the background
concentration within 4 h, while the concentration remains greater than
68 ug/m> more than 6 h with the HRV system off.

Fig. 4 demonstrates that under the HRV system off mode, approxi-
mately 36 h are required for indoor PM; 5 concentration to reach the
background concentration. Meanwhile, under the HRV system operating
condition, only 4 h are needed for indoor PMy 5 concentration to be
lower than 5 pg/m?>.

Comparing the two HRV modes, the circulation mode was expected
to eliminate indoor particles more effectively than the ventilation mode
due to indoor air recirculation through the air filter (HEPA grade H13)
without introducing outdoor particles. However, the two modes make
marginal differences in reducing indoor PMj 5 concentration (Fig. 3),
given the similar concentration decay pattern and peak concentration.
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Fig. 4. 36 h PM, 5 concentration with HRV system operating modes: (a) HRV system off, (b) ventilation mode, and (c) circulation mode.

This pattern is mainly because the average outdoor PMj 5 concentration
was 20.1 pg/m° under the ventilation mode, which made a negligible
outdoor influence on indoor particle concentrations (Fig. 4). This result
suggests that both ventilation and circulation modes are effective in
indoor particle removal when the outdoor particle concentration is
lower than 20 pg/m>

Even though operating the HRV system can reduce human exposure

to indoor particles during cooking, the indoor particle concentration can
surge (>150 pg/m%), as shown in Fig. 3b. Furthermore, cooking ac-
companies the heat source that accelerates particle diffusion [40] and
occupants are likely to be exposed to high peak PM> 5 concentrations. In
such cases, the HRV system appears insufficient to control
indoor-generated particles; therefore, during the cooking emission
period, additional source controls or filtrations are necessary to control
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acute exposure to PMs 5 For example, a kitchen range hood installed
near the cooktop can remove around 70% of contaminants from cooking
[25,32,41]. Furthermore, using a portable air cleaner could be an
effective measure to reduce human exposure to cooking-derived parti-
cles [42-44].

3.2. Indoor to outdoor particle concentration ratios

Table 4 summarizes the average indoor to outdoor particle concen-
tration ratio (I/0 ratio) that varies with the HRV system operating mode
under no indoor emission condition. When the HRV system is off, the
average I/0 ratios are 0.40 for PMj 5 and 0.36 for PM; . The 1/0 ratios of
PM, 5 and PM; o decrease by 72%-80% with ventilation mode and 80%—
92% with the circulation mode. Note that average indoor PM; 5 and
PM;( concentrations decrease by 56%-90% with the HRV system
operation (Table S1). These results resonate with those of previous
studies that at least 50% particle removal can be achieved by using
mechanical ventilation systems in residential buildings [17-20].

The circulation mode yields about a 40% lower average I/0 ratio
than the ventilation mode (Table 4). This is mainly because ventilation
mode continuously introduces outdoor-originated particles into the
room through the air filter. On the other hand, circulation mode
continuously recirculates 100% indoor air through the air filter, while
the impact of outdoor particles is negligible with the relatively small
infiltration rate (0.12 h™'). The discrepancy between two operating
modes is expected to vary with the outdoor air condition and particle
filtration efficiency, which is discussed more in detail in section 3.4.

3.3. Particle removal efficiency for ventilation and circulation modes

The particle removal efficiencies estimated based on Egs. (5) and (6)
are 0.85 for PM; 5 and 0.89 for PM;( under ventilation mode, while they
are 0.95 for PM5 5 and 0.96 for PM;( under circulation mode (Table S2).
The range of particle removal efficiency observed in the present study is
higher than the reported values of 50%-85% from previous studies [18,
45]. One possible explanation is that double-checking air sealing of the
HRV system ductwork before each test minimizes the filter bypass and
improves the particle removal efficiency of the HRV system.

Circulation mode shows an 8%-12% higher particle removal effi-
ciency than ventilation mode, mainly because the circulation mode has
only one (i.e., recirculation) air path via the air filter, while it appears
that more air leakage and bypass occur when the air passes the heat
exchanger for the ventilation mode.

The detailed effect of the bypass through the air filter on the particle
removal efficiency of the HRV system based on Eq (7) revealed the
relationship between the bypass and particle removal efficiency. The
bypass factors for PMj 5 are estimated as 5% under the circulation mode
and 15% under the ventilation mode.

3.4. Indoor PMz 5 concentrations and time-integrated exposure

Fig. 5 compares measured and predicted PM 5 concentrations based
on the parametric analysis (Table S2). For bacon pan frying, the differ-
ence between the predicted and measured concentrations was 9%-15%.
For incense burning, the difference was less than 8%. In addition, the

Table 4
Indoor and outdoor PM concentration ratio (I/O ratio).
Mode Average 1/0 ratio (+SD)
PM, 5 HRV system off 0.40 (+0.22)
Ventilation mode 0.11 (+0.40)
Circulation mode 0.07 (£0.32)
PM;o HRV system off 0.36 (+£0.27)
Ventilation mode 0.19 (+0.42)
Circulation mode 0.12 (£0.39)
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decay pattern of the predicted and measured PM; 5 concentrations show
a reasonable agreement with an R? value > 0.97 for all cases.

Fig. 6 illustrates 4-h integrated PM; 5 exposure under two HRV sys-
tem operating modes for varying outdoor particle concentrations (i.e.,
12 pg/m?3,35 pg/m?, 55 pg/m>, 100 pg/m) and two supply airflow rates
(i.e., 200 rn3/h, 400 rn3/h). Note that the HRYV filter bypass factor can be
translated to the particle removal efficiency of the system based on Eq
(7). For the ventilation mode, 4-hr integrated PMs 5 exposure varies
noticeably with the outdoor PM; 5 concentration. For instance, at an
outdoor PM 5 concentration of 12 pg/m°, an increase in the bypass
factor from 0% to 40% yields a 7% increase in PM> 5 exposure at the flow
rate of 200 m3/h. However, at the outdoor PM 5 concentration of 100
ng/m>, a 60% increase in PMy 5 exposure is observed at the same flow
rate. Furthermore, the effect of the bypass factor is amplified as the
supply airflow rate increases; at the airflow rate of 400 m>/h, PMy 5
exposure dramatically increases by about 230% as the bypass factor
increases from 0% to 40%.

Fig. 6 shows that a bypass increase yields a reduced particle removal
efficiency of the HRV system, ultimately resulting in a higher risk of
indoor particle exposure. For example. a bypass factor of 20% leads to a
30%-50% increase in PMj 5 exposure at an outdoor PMs 5 concentration
of 100 pg/m> compared to the no-bypass scenario. In general, the bypass
significantly degrades the total particle removal efficiency of the system,
and its negative effect is pronounced as the filter is loaded with particles,
the airflow rate increases, and the filter efficiency is high [37,46,47].
Previous studies reported that a 0.1 mm gap yields up to 60% penetra-
tion of particles [48], and the bypass through a 10 mm gap could
completely nullify the filtering efficiency [26]. Moreover, such filter
bypass increases the penetration of fine particles <2.5 pm, which have
more severe health impacts than coarse particles [49,50]. In cases where
the filter is not installed and maintained properly, increasing the airflow
rate of ventilation system could increase exposure to fine particles of
outdoor origin, especially for buildings located near strong outdoor
particle emission sources [51,52].

Fig. 7 compares 4-hr integrated PM; 5 exposure under ventilation
and circulation modes depending on the removal efficiency, the airflow
rate, and outdoor PM> 5 concentration. It shows that when outdoor air is
polluted (e.g., PMg2 5 concentration >100 pg/m3), operating circulation
mode is better to mitigate PM; 5 exposure than the ventilation mode. On
the other hand, when the outdoor air is clean (e.g., PMa2 5 concentration
<15 pg/mB), ventilation mode can lower PM; 5 exposure more than the
circulation mode as far as the total particle removal efficiency is <85%.

3.5. Study implications and limitations

Overall, our study results reveal that the HRV circulation mode is
beneficial for reducing indoor particle concentration, particularly in
areas where the outdoor air is highly polluted with particles. For
instance, the daily average ambient outdoor PM; 5 concentration ex-
ceeds 100 pg/m® in most megacities [53-59], and areas impacted by
wildfire [12-14,60]. In such cases, circulation mode could better protect
occupants from PMj; 5 exposure than ventilation mode. However, since
indoor environments have other contaminants generated by various
indoor activities, such as CO, VOCs, NOy and CO, [43,44,61-63],
operating circulation mode for a long time is likely to accumulate other
indoor pollutants. Taken together, indoor particle and indoor CO5 con-
centrations (a commonly used indoor air quality index) can be consid-
ered to determine the operating strategy for the HRV system. A previous
study [64], proposed an energy-efficient strategy for the HRV system
that controls the operating mode based on both outdoor and indoor
pollution conditions. For example, for conditions of indoor COy con-
centration <1000 ppm and indoor PMy s concentration >35 pg/m°,
circulation mode can be applied [64]. reported that the maximum
airflow rate of 600 m®/h is required to ensure adequate indoor air
quality in the typical residential house. However, considering that the
emission rate due to cooking (e.g., bacon pan frying) is often more than
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10 times higher than the emission rate used in the study by Ref. [64], it
will be desirable that the HRV system can operates with the kitchen
range hood and/or portable air cleaners to control indoor-generated
pollutants. Furthermore, the efficiency of the air filter is crucial for

reducing both fine and ultrafine particles (UFP, <0.1 pm). Many indoor
emission sources including incense and cooking, are the major source of
indoor UFP. For instance, cooking using a gas stove and candle burning
can produce UFP of more than 3 x 10° ¢cm~3 [65]. Besides indoor
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sources, many urban cities have high outdoor particle concentrations;
thus, the HEPA grade filter is desirable due to its higher removal effi-
ciency for all size particles (>99%) [66,67]. Additionally, appropriate
filter maintenance is required because of degraded performance and
secondary VOC emissions of overloaded filters [68,69].

A few limitations of our study should be noted. First, we tested only
two particle emission sources, incense stick burning and bacon pan
frying. Second, we performed the experiment with one air filter (HEPA
grade H13) and one supply air flow rate of 200 m3/h. Based on our
parametric analysis, operating the HRV system with a higher airflow
rate and a higher-grade air filter is expected to reduce indoor exposure to
particles. However, it should be noted that a higher airflow rate and air
filter efficiency are likely to be accompanied with a higher pressure
drop, which could increase the filter bypass and degrade the total par-
ticle removal efficiency of the HRV system [37]. Future studies are
warranted to investigate how much the filtration efficiency and airflow
rate affect the filter bypass in the supply air under the realistic envi-
ronmental conditions of residential buildings. In addition, while several
other studies examined energy saving benefits of the heat recovery
systems or energy recovery systems, future studies can further evaluate
co-benefits in energy saving and indoor pollution control of a HRV
system in highly populated megacities [36].

4. Conclusion

The present study investigated the performance of an HRV system in
controlling indoor-generated and outdoor-originated particles with two
operating modes (i.e., ventilation mode and circulation mode). Based on
the field measurement data, an analytical mass balance model was
established to examine the effect of the outdoor particle concentration,
the HRV airflow rate, and the particle removal efficiency of the HRV
system. The following major findings are obtained.

1) For an airtight residential building (0.12 h’l), it takes up to 36 h to
fully eliminate particles from cooking with no HRV system, while
particle concentration decreases to the background concentration
within 4 h with operating a HRV system. However, the HRV system
alone marginally reduces the peak concentration during the cooking
emission period.

2) Operating the HRV system reduces the indoor average PMy 5 and
PM;( concentrations by 56%-90% compared to HRV off mode.
Moreover, the indoor/outdoor concentration ratio shows that cir-
culation mode has better particle control, with a 92%-97% reduc-
tion, than ventilation mode, with a 72%-80% indoor particle
reduction.

The outdoor particle concentration is a critical factor for the HRV
ventilation mode, while it has a marginal effect on circulation mode.
However, for both modes, the bypass factor is a determinant factor of
indoor exposure to particles. The bypass factor of 20% yields an in-
crease in PMj 5 exposure up to 50%, suggesting that control of the
HRYV filter bypass is key to improving the particle removal efficiency
of the HRV system.
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