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Abstract: Mechanical ventilation systems used in houses are designed to reduce carbon dioxide emissions
while minimizing the energy loss resulting from ventilation. However, increase in indoor fine particulate
(PM2s) concentration because of external PMzs, influx through the ventilation system poses a problem. In this
study, we analyzed the changes in indoor PM2s concentrations via distinguishing between cases of high and
low outdoor PMzs concentrations, considering the efficiency of filters used in residential mechanical ventilation
systems. When using minimum efficiency reporting value (MERV) 10 filters in the ventilation system, the
outdoor PMzs concentration was 5 pg/m?; the indoor PM2s concentration became 73% after 60 min compared
to the initial. When the outdoor PM2s5 concentration was 30—40 pig/m?, the indoor PMas concentration reached
91%. However, when MERYV 13 filters were used, the indoor PM25 concentration consistently dropped to 73—
76% regardless of the outdoor PM2s5 concentration. Furthermore, by comparing the established equation with
the mass-balance model, the error was confirmed to be within 5%, indicating good fit. This allows the
prediction of indoor PM25 under various conditions when using mechanical ventilation systems, enabling the
formulation of strategies to maintain indoor PMzsas recommended by the World Health Organization.

Keywords: mechanical ventilation; CADR; PM:s; MERYV; residential house

1. Introduction

People spend a significant proportion of their time indoors[1-3]. This includes the time spent in
residences, where they sleep and eat, and in workplaces. Commuting using public transportation or
vehicles to reach the workplace is a substantial indoor activity. A major portion of time is dedicated
to being indoors.

Primary pollutants originating from indoor environments encompass a wide range of sources.
These include airborne microorganisms from humidifiers, air-conditioning units, refrigerators, pets,
and food waste[4,5]. Formaldehyde is also emitted by furniture, insulating materials, and
plywood[6-8]. Moreover, acetone emissions from synthetic resins and adhesives, and combustion
gases (carbon monoxide and oxides of nitrogen and sulfur), arise from stoves and gas ranges[9,10].
Radon arising from latex matrices and building materials[11], along with volatile organic compounds
from cigarette smoke and fine particulate matter, are also prevalent indoor contaminants[12-14].

Prolonged exposure to these pollutants can lead to skin conditions, respiratory illnesses, and
even lung cancer[15]. Furthermore, recent research has suggested that fine particulate matter can
affect the stomach and colorectal cancer[16]. However, the recognition of indoor pollutants is often
challenging. One method to mitigate indoor pollution is frequent ventilation of indoor spaces via
opening windows. Nonetheless, on days with high outdoor particulate matter levels, natural
ventilation may increase indoor particulate matter concentrations, which could lead to energy losses
during summer and winter owing to heating or cooling[17,18]. Consequently, mechanical ventilation
systems are required, and extensive researches are being conducted on managing indoor air quality
using such systems.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Mechanical ventilation systems are designed to bring in outdoor air and expel indoor air,
utilizing the heat exchange between indoor and outdoor air to minimize heating and cooling losses.
In addition, these systems are equipped with filters to prevent the influx of fine particulate matter
and ensure clean air supply[19]. Starting in 2006, South Korea introduced mandatory ventilation
systems in residential complexes with more than 100 units[20]. Consequently, many apartment
buildings are equipped with mechanical ventilation systems. Regulations on filter efficiency based
on the outdoor air intake have also been strengthened. Currently, ventilation systems in residential
complexes and multi-use facilities are required to achieve a capture efficiency of over 60% using
particle counting methods. While residential complexes have a specified minimum ventilation rate
of at least 0.5 air change per hour, multi-use facilities regulate ventilation based on the per-person
ventilation rate.

Various studies have defined the factors that influence indoor air quality and assessed their
impacts. Noh and Yook (2016) evaluated the effectiveness of air purifiers and their circulation effects
in university lecture rooms[21]. Martins and da Graca (2017) reported that outdoor fine particulate
matter (PM2s), which infiltrates indoors via natural ventilation, is the primary source of indoor
PM25[22]. Ben-David and Waring (2016) simulated the impacts of natural and mechanical ventilation
on indoor pollutant concentrations and energy usage in office buildings, and proposed ventilation
strategies[23]. Ruan and Rim (2019) measured indoor PM:sand ozone concentrations based on air
handling unit and occlusion-aware filter efficiency in office houses and analyzed the effects of filter
efficiency and outdoor air concentration on indoor PMzs concentrations[24]. They also conducted an
analysis of the influence of ventilation rates and filter efficiency on indoor PM:s and ozone
concentrations in office buildings. Despite the diverse range of studies on pollutant control via
mechanical ventilation, most have focused on ventilation devices in office spaces. Research analyzing
the effects of ventilation systems in actual residential houses remains limited.

In this study, the indoor concentrations based on filter efficiency were measured in residential
mechanical ventilation systems. Variations in indoor PM2s concentrations were analyzed between
periods of high and low outdoor PM:zs concentrations. Furthermore, a mass-balance model was
formulated to compare the actual measurements with theoretical values, deriving an equation that
accurately predicted the indoor PM2s concentrations. The accuracy of this equation was verified not
only in experimental houses but also in various other residential houses. This study thus devised an
approach to predict indoor PMzs concentrations using mechanical ventilation systems based on
outdoor PM2s concentrations and ventilation system filter grades. This approach aims to maintain
indoor PM2s concentrations below 10 pig/m3.

2. Materials and Methods

Figure 1 depicts a schematic that models the factors affecting indoor particle concentrations
when a ventilation system is used in an actual residential house.
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Figure 1. Schematic diagram of indoor concentration with a mechanical ventilation system.

The factors that influence the indoor concentrations applied in the model include particles
entering and exiting via the ventilation system, via the building envelope, and particles settling
naturally. Through the modeling process, an equation describing the variation in indoor
concentrations over time was formulated as follows:

dCin(t)
dt

|4 = PMV X QSA X Cout(t) - QRA X Cin(t) + Pinf X Qinf X Cout(t) - Qexf X Cin(t)

— VXS X Cip(t)

Here, C;, represents the indoor PM:2s concentration, V is the volume of the interpreted space,
Qs is the indoor supply airflow rate due to the ventilation system, Py is the particle penetration
coefficient of the ventilation system filter, P;,; is the particle penetration coefficient through the
apartment envelope, Q;, is the airflow rate entering through the apartment envelope, C,,; is the
outdoor PMzs concentration, Q. is the airflow rate exiting the indoor space through the apartment
envelope, and S is the deposition rate by settling. Solving the differential equation in Equation (1)
leads to the following Equation (2):

PpmyXQsa+PinFXxQ; QratQ +V XS
Cin(8) = (Cin(ti—l) - QRA+Qefoi{/><$‘mf X Cout(ti—l)) X exp (_+f(ti - ti—l)) +

PMyXQsa+PingXQing
QRA+Qexf+V><S

X Cout (ti—l)

Equation (2) represents the indoor PM25 concentration over time as an exponential function of
its relationship with the outdoor PMzsconcentration. In this study, current indoor PM25s concentration
(Cin(ti)) was influenced by the prior indoor PMzs concentration (Cin(ti1)) and inflow of the prior
outdoor PMzsconcentration (Cout(ti-1)). Here, the real-time outdoor PM25 concentration was measured
and applied at one-minute intervals for calculation.

Figure 2 shows the experimental setup used to investigate the changes in indoor particle
concentrations using ventilation systems in a residential house. The experiment was conducted in an
apartment with a dedicated area of 72 m? built in 2018. Only the kitchen and living room areas were
utilized for the experiment, with a calculated volume of 84 m3. Particle measurements were
performed at location B using an optical particle counter (1.109, Grimm Aerosol Technik, Ainring,
Germany) placed on a table in the living room. The test particles were generated at location A using
a potassium chloride 1% solution in a six-jet atomizer (9306, TSI, MN, USA), which passed through a
diffusion dryer to remove moisture, and neutralized using a neutralizer (3012, TSI) with a krypton-
85 source. A ventilation system was installed on the exterior side of the living room ceiling with two
supply and exhaust diffusers connected to the living room and kitchen. The flow rate of the diffusers
was measured using dedicated equipment, revealing a combined supply flow rate of 44 m3h and
exhaust flow rate of 56 m3h. To determine the infiltration and exfiltration flow rates through the
apartment envelope, airtightness measurements were conducted following standardized tests
(EN13829[25] and ASTM E779-10[26]) and compared with the decay of carbon dioxide (CO2)
concentrations under normal temperature and pressure conditions.
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Figure 2. Floor plan of the test house and experimental setup. A is the particle generation system and
B is the particle measurement system.

In this study, the clean air delivery rate (CADR), a metric commonly used to indicate air purifier
performance, was used to quantify the particle removal efficiency of the ventilation system. CADR
represents the volume of clean air delivered by an air purifier per unit of time and is calculated via
multiplying the airflow rate of the air purifier by the particle collection efficiency of the filter.
Similarly, ventilation systems supply clean air via filtering out pollutants from the incoming outdoor
air. Therefore, the particle reduction effect of the ventilation system can be expressed using the CADR
ventilation system. It is defined by the following equation:
—VX (M)

CADR,,, =V X (M) —
274

t2—ty

= CADRyyon — CADRyy off
of f

CADR, as defined by the standard test protocol (SPS-KACAQ02-132[27]), is calculated as the
product of the slope of the indoor concentration decay curve over time and experimental space
volume. However, in actual residential houses, indoor particle concentrations often exhibit a decay
pattern in the form of Cin(t) = exp(-kt) + A, rather than a simple exponential decay of Cin(t) = exp (-kt).
Therefore, defining CADR in an actual environment requires adopting a formulation similar to the
aforementioned pattern. In this study, t1 for CADR via mechanical ventilation (CADRwmv) was
considered as approximately 2-3 min after the operation of the ventilation system, and t> was set to
20 min after ti. According to the standard testing protocol SPS-KACAQ02-132, more than 20
measurement points or measurements should be marked until the time is equal to 1/10 of the initial
particle concentration. Hence, the duration t>—t1 was set to 20 min. Using Equation (2) for calculations
and fitting, the results indicated that when the time exceeded 40 min, the R? value decreased below
0.99. Based on this observation, Equation (3) was concluded to be utilized to calculate CADRwmv to
accurately define the purification capability of the ventilation system.

In this study, filters with minimum efficiency reporting value (MERV) ratings of 10 and 13 were
used and compared. Following the standard testing protocol SPS-KACAOQ02-132, tests were
conducted to determine the fine particle removal efficiencies of the filters. The efficiency of PM2s for
the MERV 10 filter was approximately 7%, whereas the MERV 13 filter exhibited an efficiency of
around 90%. The particle reduction effects originating from the ventilation system were examined
via comparing differences in particle capture efficiency between these filters.

on
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3. Results

Figure 3 shows the measured changes in CO2 concentration over time when only the ventilation
system was and was not operated after introducing COz into the test house. A comparison was made
between the results calculated using Equation (2) and the actual measured data.

Normalized CO, concentration (C;,/C,)
o
(4]

0.4
0.3 —MV ON (Theory)
0.2 © MV ON (Measurement)
- MV OFF (Theory)

0.1 ¢ MV OFF (Measurement)

0
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Figure 3. Normalized carbon dioxide (COz2) concentrations with operation of a mechanical ventilation
system on and off according to elapsed time. Marked symbols are measured concentrations and lines
represent estimation ones from the theoretical calculation.

First, the measured and theoretical values were compared without operating the ventilation
system. The air leakage rate of the test house, as measured using the building envelope standard test,
showed an ACHS50 value of 2.1 air changes per hour (ACH). This value can be converted to ACH
under atmospheric pressure conditions by dividing ACH50 by 20 [28], resulting in an ACH of 0.11
for the test house. Using this, the calculated value of Qs is 0.13 m%h. Applying this value to
Equation (2), the calculated MV OFF value was obtained to be a level of 92% after 60 min. The
measured value of MV OFF exhibited a similar trend, reaching 92% after 60 min with an error within
0.5%.

Second, the measured and theoretical values were compared after the ventilation system was
operated. The airflow rates of the supply and exhaust diffusers were measured to be 44 m3/h and 56
m?/h, respectively. These airflow rates were applied to Equation (2) for calculation and comparison
with the measured data. The measured PM2.5 concentration after 60 min became approximately 67%
compared to the initial one, which is consistent with the theoretical value.

Figure 4 is a graph illustrating the variation in indoor PM2s concentration over time. The graph
compares the reduction levels based on the rating of the ventilation system filter and thus compares
the measured values with those calculated using Equation (2). The ventilation system used for
comparison employed filters with MERV ratings of 10 and 13, representing low- and high-
performance filters, respectively.
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Figure 4. Normalized PM2s concentrations with the minimum efficiency reporting value (MERV) 10
and 13 filters installed to mechanical ventilation system according to elapsed time. Outdoor PM2.5
concentrations are in the range of (a) 0-5 pg/m? and (b) 30-40 pg/m?. Marked symbols are measured
concentrations and lines represent estimation ones from the theoretical calculation.

Figure 4(a) shows measurements taken on days when the outdoor PMzsconcentration was below
5 pg/m3. The initial indoor PM25 concentration was set to 47 pug/m?, and the ventilation system was
operated for a total of 60 min. The results showed that with the use of MERV 13 filters, the PM2s
concentration became 72% of the initial value, whereas with MERV 10 filters, the concentration
became 73%. This indicates that the filter performance does not significantly impact indoor
concentration when the outdoor PM:s concentration was sufficiently low.

Figure 4(b) shows a graph depicting the effect of indoor PM:25 reduction over time through the
operating the ventilation system on days when the outdoor PM2s concentration ranged from 30 to 40
pg/m?d. Using relatively high-efficiency MERYV 13 filter, the concentration after 60 min became 76% of
the initial value. Conversely, with the relatively low-efficiency MERV 10 filters, the concentration
became approximately 91% of the initial value. This indicates that when the outdoor PMa2s
concentration is higher, the dust particle concentration in the air supplied through the ventilation
system increases, significantly influencing the indoor PM:zs reduction capability. Furthermore, by
comparing the calculated results from Equation (2) with the measured values, the error was found to
be within 1%.

Figure 5 shows CADRwmv according to outdoor PMzs. Measurements were conducted via
alternating the application of MERV 10 and 13 filters to the ventilation system while varying the
outdoor PM:2s. The goal of these experiments was to analyze the indoor fine particle removal
efficiency of the ventilation system based on outdoor PMzsand filter ratings. Twelve measurements
were performed using MERV 10 filters and seven measurements were performed using MERV 13
filters. In the figure, the circular data points represent the actual measured values, whereas the lines
indicate the CADRwmv values calculated using the theoretical equation. The measured and calculated
values were evidently in good agreement. Furthermore, on days when the outdoor PM2s was below
5 pug/m3, CADRwmv ranged from 0.9 to 1.2 m%min regardless of the filter grade. However, as the
outdoor PM2s concentration increased, the CADRwmv decreased, and the decrease rate varied based
on the filter grade. When using MERV 10 filters, at an outdoor PM:s5 concentration of 50 pg/m3
(considered “unhealthy” air quality), CADRwmv dropped to 0.09 m3/min, which was ten times lower
compared to 0.94 m?/min at 5 pug/m?3. For MERYV 13 filters, at an outdoor PM2s concentration of 50
pg/m3, CADRwmv decreased to 0.81 m3/min, 1.3 times lower compared to 1.03 m3/min at 5 pg/m3. This
demonstrates that filter efficiency significantly affects the air purification capability of the ventilation
system.
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Figure 5. Experimental and theoretical clean air delivery rate for mechanical ventilation (CADRwmv)
with the minimum efficiency reporting value (MERV) 10 and 13 filters installed to mechanical
ventilation system according to outdoor fine particulate matter (PMz2s) concentrations.

Figure 6 presents the comparison between the measured indoor PM:s concentrations and
calculated results using Equation (2) for seven residential houses (apartments) constructed between
2013 and 2018. The experiments were conducted via opening windows of each apartment to allow
outdoor air to enter and equilibrate with the outdoor PM2s. Subsequently, the windows were closed
and ventilation systems were operated to measure the reduction in indoor PM2s concentrations.
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Figure 6. Indoor fine particulate matter (PMz2s) concentration changes according to time at actual

residential houses.
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Table 1 provides information on the construction year, floor area, test volume, supply and
exhaust airflow rates of the ventilation systems, filter efficiency, and other parameters used in the
calculations. The ACHS50, initial particle concentration, outdoor PM25 concentration, deposition rate,
particle penetration through walls, and other relevant values used in Equation (2) are also included.
The window frames in all apartments were made of polyvinyl chloride; for apartments constructed
within the last 10 years. For all apartments, the ACH50 value of 2.1/h measured from Apartment A
was applied because their construction years were similar. When the construction year is similar, it
has been observed that the air leakage rate tends to be comparable [29].

Atmospheric particles were used as test particles, and indoor and outdoor PM25 concentrations
were simultaneously measured and incorporated into the equation. This study examined the use of
various ventilation systems with different performance levels for different house types. When
applying the equation established in this study, the degree of reduction in indoor PM:2sconcentrations
was observed to vary. In particular, for houses D and E with low-efficiency (under 40%) filters, a
phenomenon has been observed where, over time, the indoor PM25 concentration became similar to
or even higher than the outdoor PM:s5 concentration when the initial concentration was lower than
that outdoors. The equation aligned well with the observed data, particularly in cases where different
ventilation system performances and filter efficiencies were applied. The filter performance when
using the ventilation system was confirmed to have the most significant impact on indoor PM:s
concentrations.

Table 1. Test houses information for substitution in Equation 2.

Mechanical ventilation .. Avera
Initi
e
. Supp  Exha Collecti al & Penetrat
Yearof  Exclusi  Test | . ¢ ollecti Outdo Depositi
Apart et i yar  us on ACH PM: . ion of
artm  completi ve volu . or on rate,
P P flow air ffici 50 51, ) wall,
ent on Area me, V ¢ fl etficien PM2zs, S
Yead ) @) g o w1- WO (1/h) Finy
ea m m Qsa rate, (g out (%)
3 Pyy 3 (48
(m/h Qs %) /m’) s
) (m’/h) /m’)
A 2018 72 84 44 56 90 2.1 43.2 30 0.1 90
B 2018 75 72 79 50 52 2.1 25 31 0.1 90
C 2015 70 72 80 0 72 2.1 29.9 36 0.1 90
D 2017 75 85 50 39 20 2.1 124 16 0.1 90
E 2013 85 85 167 142 41 2.1 11.2 16 0.1 90
F 2017 85 85 70 35 60 2.1 36.1 50 0.1 90
G 2016 85 85 138 167 92 2.1 28.1 31 0.1 90

1. PM2.5, fine particulate matter

4. Discussion

A measurement analysis of the indoor concentration reduction achieved using ventilation
systems in apartments was performed and represented using mathematical equations for
comparison. Through previous experiments, this equation was verified to closely approximate the
actual measured values. In the future, utilizing this equation will allow the prediction of indoor fine
PM2s5 concentrations during ventilation system operation based on outdoor PM:s. This can help
propose methods for operating ventilation systems to reduce indoor exposure to fine particulate
matter.
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The impact of filter efficiency on indoor PM:2s5 concentrations during operating the ventilation
system was confirmed. Different MERV-rated filters result in different pressure differences and
airflow rates within the ventilation system. Higher pressure differences lead to reduced airflow rates,
subsequently lowering the frequency of the indoor air exchange. Equation (2) was employed to
analyze the reduction in CO:2 and PM2s concentrations based on filter efficiency. The analysis was
conducted for different outdoor PM25 concentration levels: good, moderate, and unhealthy.

Figure 7 depicts the calculated CO: concentration over time using Equation (2) while considering
three different filter grades and varying airflow rates resulting from filter pressure differences. MERV
6, 10, and 13 filters were utilized with airflow rates of 52, 44, and 39 m3/h, respectively. The initial
CO:z concentration was set at 2000 ppm, and the simulation was conducted for 300 min of ventilation
system operation. The times required to reach the indoor air quality standard of 1000 ppm or less
was 93, 107, and 121 min for MERV 6, 10, and 13 filters, respectively. As the filter grade of the
ventilation system increases, it leads to higher pressure differences and reduced airflow rates. It can
result in lower CO:z removal capacity of the ventilation system.
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Figure 7. The changing indoor carbon dioxide (CO:z) concentration according to time when using
minimum efficiency reporting value (MERV) 6, 10, and 13 filters.

Figure 8 shows the changes in indoor PM:2s concentration over a 400-minute period using
different MERV filter grades when the outdoor PM:s concentration is classified as “good,”
“moderate,” or “unhealthy.” Fig. 8(a) shows the use of the MERYV 6 filter. The initial indoor PMas
concentration was assumed to the half of outdoor PM2.5 concentration [30]. The filter efficiency of
the MERYV 6 filter for PM2s was set to 10%. When the outdoor PM:s concentration is at the “good”
level of 10 pg/m?, the initial indoor PM2s concentration is 4.5 pg/m?, increasing over time to reach 8.6
pg/m? in a saturated state. When the outdoor PMzs concentration is at the “moderate” level of 25
ug/m3, the initial indoor PMzs concentration is 11 pg/m?, increasing to 19.7 ug/m? in a saturated state.
When the outdoor PMas concentration is at the “unhealthy” level of 55 ug/m?, the initial indoor PM2s
concentration is 23.9 pg/m?3, increasing to 43.3 pg/m? in a saturated state. Using a low-efficiency filter
in the ventilation system can increase the indoor PM2s concentration.
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Figure 8. Indoor fine particulate matter (PM2s) concentrations with different outdoor PM:s
concentrations according to time. (a) minimum efficiency reporting value (MERV) 6, (b) MERV 10,
and (c) MERYV 13 filters.

As shown in Figure 8(b), a MERV 10 filter with a filter efficiency of 50% was used. After 400 min,
when reaching a saturated state, the indoor PM2s concentration was 4.8 pg/m?3 for an outdoor PM2s
concentration of 10 pg/m?, 12.1 pg/m? for 25 pg/m?3, and 26.6 pg/m?3 for 55 pg/ms3. Overall, the use of
the MERYV 10 filter tended to maintain or slightly increase the initial PM2s concentration.

Figure 8(c) shows a MERV 13 filter with a filter efficiency of 97%. After 400 min, when reaching
a saturated state, the indoor PM:5 concentration is 2.0 pg/m? for an outdoor PMzs concentration of 10
pg/ms, 5.1 pg/ms3 for 25 pg/md, and 11.2 pg/m3 for 55 pg/m3. Overall, the indoor PM25 concentration
decreased when using a MERV 13 filter.

Based on these findings, it is very important to select a relatively high efficiency filter for the
ventilation system while a ventilation rate meets the regulatory ventilation requirement. This
combination of enough ventilation and high-efficiency filtration is conclusively essential for
maintaining indoor PM2s concentrations of 10 pig/m?3.

5. Conclusions

In the context of using mechanical ventilation systems for indoor CO: reduction in houses, the
impact of ventilation system filter efficiency on indoor PM2s concentrations was investigated. This
study aimed to provide insights into predicting and controlling indoor PM:2s5 concentrations via
ventilation system operation. The impacts of filter efficiency, ventilation flow rates, and outdoor PM2s
on indoor air quality were assessed using mathematical modeling and experimentation. The results
revealed that using filters rated MERV 13 or higher was more advantageous. Additionally, the study
developed a mass balance equation for indoor PMzsand demonstrated that this equation accurately
matched the measured values. These findings enable the development of effective strategies for
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maintaining indoor air quality and minimizing exposure to fine particulate matter in residential
houses.

Funding: This research was supported by a grant of the Basic Research Program funded by the Korea Institute
of Machinery and Materials (grant number: NK237A).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Klepeis, N.E.; Nelson, W.C.; Ott, W.R.; Robinson, ]J.P.; Tsang, A.M.; Switzer, P.; Behar, J. V; Hern, C,;
Engelmann, W.H. Klepeis2001.Pdf. 2001.

2. Jenkins, P.L; Phillips, T.J.; Mulberg, E.J.; Hui, S.P. Activity Patterns of Californians: Use of and Proximity
to Indoor Pollutant Sources. Atmospheric Environment Part A, General Topics 1992, 26, 2141-2148,
doi:10.1016/0960-1686(92)90402-7.

3. Bruce, N.; Perez-padilla, R.; Albalak, R. Bruce, Perez-Padilla, _ Albalak_2000_“Indoor Air Pollution in
Developing Countries_A Major Environmental and Public Health Challenge.Pdf. 2000, 78.

4. Prussin, A.].,; Marr, L.C. Sources of Airborne Microorganisms in the Built Environment. Microbiome 2015, 3,
78, doi:10.1186/s40168-015-0144-z.

5. Calderén-Garciduenas, L.; Ayala, A. Air Pollution, Ultrafine Particles, and Your Brain: Are Combustion
Nanoparticle Emissions and Engineered Nanoparticles Causing Preventable Fatal Neurodegenerative
Diseases and Common Neuropsychiatric Outcomes? Environmental Science and Technology 2022, 56, 6847—
6856, doi:10.1021/acs.est.1c04706.

6. Wang, X,; Hong, S.; Lian, H.; Zhan, X.; Cheng, M.; Huang, Z.; Manzo, M.; Cai, L.; Nadda, A.; Le, Q. Van; et
al. Photocatalytic Degradation of Surface-Coated Tourmaline-Titanium Dioxide for Self-Cleaning of
Formaldehyde Emitted from Furniture. Journal of Hazardous Materials 2021, 420, 126565,
doi:10.1016/j.jhazmat.2021.126565.

7. Uchiyama, S.; Matsushima, E.; Kitao, N.; Tokunaga, H.; Ando, M.; Otsubo, Y. Effect of Natural Compounds
on Reducing Formaldehyde Emission from Plywood. Atmospheric Environment 2007, 41, 8825-8830,
doi:10.1016/j.atmosenv.2007.09.046.

8. Kim, S; Kim, H.J. Comparison of Formaldehyde Emission from Building Finishing Materials at Various
Temperatures in under Heating System; ONDOL. Indoor Air 2005, 15, 317-325, doi:10.1111/j.1600-
0668.2005.00368.x.

9.  Rybinski, P.; Syrek, B.; Szwed, M.; Bradlo, D.; Zukowski, W.; Marzec, A.; Sliwka—Kaszyriska, M. Influence
of Thermal Decomposition of Wood and Wood-Based Materials on the State of the Atmospheric Air.
Emissions of Toxic Compounds and Greenhouse Gases. Energies 2021, 14, doi:10.3390/en14113247.

10. Lin, S.L; Lee, W.J.; Lee, C.F.; Chen, S.J. Energy Savings and Emission Reduction of Nitrogen Oxides,
Particulate Matter, and Polycyclic Aromatic Hydrocarbons by Adding Water-Containing Acetone and Neat
Soybean Oil to a Diesel-Fueled Engine Generator. Energy and Fuels 2010, 24, 4522-4533,
do0i:10.1021/ef100556b.

11. Tso, M.W.; Ng, C; Leung, ].K.C. Release Materials.

12. Morgan, A.L,; Torpy, F.R; Irga, P.J.; Fleck, R.; Gill, R.L.; Pettit, T. The Botanical Biofiltration of Volatile
Organic Compounds and Particulate Matter Derived from Cigarette Smoke. Chemosphere 2022, 295, 133942,
doi:10.1016/j.chemosphere.2022.133942.

13. Permana, B.H.; Thiravetyan, P.; Treesubsuntorn, C. Effect of Airflow Pattern and Distance on Removal of
Particulate Matters and Volatile Organic Compounds from Cigarette Smoke Using Sansevieria Trifasciata
Botanical Biofilter. Chemosphere 2022, 295, 133919, d0i:10.1016/j.chemosphere.2022.133919.

14. Maung, T.Z; Bishop, J.E.; Holt, E.; Turner, A.M.; Pfrang, C. Indoor Air Pollution and the Health of
Vulnerable Groups: A Systematic Review Focused on Particulate Matter (PM), Volatile Organic
Compounds (VOCs) and Their Effects on Children and People with Pre-Existing Lung Disease. International
Journal of Environmental Research and Public Health 2022, 19, doi:10.3390/ijerph19148752.

15. Samet, .M. Indoor Air Pollution: A Health Perspective. Annals of Internal Medicine 1992, 116, 175-175,
doi:10.7326/0003-4819-116-2-175_4.

16. Ethan, CJ.; Mokoena, K.K,; Yu, Y.; Shale, K,; Fan, Y.; Rong, J.; Liu, F. Association between PM2.5 and
Mortality of Stomach and Colorectal Cancer in Xi’an: A Time-Series Study. Environmental Science and
Pollution Research 2020, 27, 22353-22363, d0i:10.1007/s11356-020-08628-0.

17. Siew, C.C.; Che-Ani, A.lL; Tawil, N.M.; Abdullah, N.A.G.; Mohd-Tahir, M. Classification of Natural
Ventilation Strategies in Optimizing Energy Consumption in Malaysian Office Buildings. Procedia
Engineering 2011, 20, 363-371, doi:10.1016/j.proeng.2011.11.178.


https://doi.org/10.20944/preprints202309.1685.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 September 2023 doi:10.20944/preprints202309.1685.v1

12

18.  Simonson, C. Energy Consumption and Ventilation Performance of a Naturally Ventilated Ecological
House in a Cold Climate. Energy and Buildings 2005, 37, 23-35, doi:10.1016/j.enbuild.2004.04.006.

19. Park, ].S.; Jee, N.Y.; Jeong, ].W. Effects of Types of Ventilation System on Indoor Particle Concentrations in
Residential Buildings. Indoor Air 2014, 24, 629638, doi:10.1111/ina.12117.

20. Korea Ministry of Environment Indoor Air Quality Management Act, Revised Version; 2005;

21. Noh, K.C; Yook, S.J. Evaluation of Clean Air Delivery Rates and Operating Cost Effectiveness for Room
Air Cleaner and Ventilation System in a Small Lecture Room. Energy and Buildings 2016, 119, 111-118,
doi:10.1016/j.enbuild.2016.03.027.

22. Martins, N.R.; Carrilho da Graga, G. Impact of Outdoor PM2.5 on Natural Ventilation Usability in
California’s Nondomestic Buildings. Applied Energy 2017, 189, 711-724, doi:10.1016/j.apenergy.2016.12.103.

23. Ben-David, T.; Waring, M.S. Impact of Natural versus Mechanical Ventilation on Simulated Indoor Air
Quality and Energy Consumption in Offices in Fourteen U.S. Cities. Building and Environment 2016, 104,
320-336, doi:10.1016/j.buildenv.2016.05.007.

24. Ruan, T.; Rim, D. Indoor Air Pollution in Office Buildings in Mega-Cities: Effects of Filtration Efficiency
and Outdoor Air Ventilation Rates. Sustainable Cities and Society 2019, 49, 101609,
doi:10.1016/j.5cs.2019.101609.

25.  Thermal Performance of Buildings — Determination of Air Permeability of Buildings — Fan Pressurization Method;
LST EN 13829; European Union: Brussels, Belgium; 2002;

26. ASTM, A.; others Standard Test Method for Determining Air Leakage Rate by Fan Pressurization. West
Conshohocken, PA 1999, 12959-19428.

27. Sps-Kaca002-132:2021. 2021.

28. Meier, A. Infiltration: Just ACH 50 Divided by 20? Home Energy 1986, 35-37.

29. Arvela, H,; Holmgren, O.; Reisbacka, H.; Vinha, J. Review of Low-Energy Construction, Air Tightness,
Ventilation Strategies and Indoor Radon: Results from Finnish Houses and Apartments. Radiation Protection
Dosimetry 2014, 162, 351-363, doi:10.1093/rpd/nct278.

30. Deng, G,; Li, Z; Wang, Z.; Gao, J.; Xu, Z,; Li, J., Wang, Z. Indoor/Outdoor Relationship of PM2.5
Concentration in Typical Buildings with and without Air Cleaning in Beijing. Indoor and Built Environment
2015, 26, 60-68, doi:10.1177/1420326X15604349.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202309.1685.v1

