Environ. Eng. Res. 2024; 29(2): 230269 pISSN 1226-1025
https://doi.org/10.4491/eer.2023.269 elSSN 2005-968X

Research

Improvement of indoor air quality using a smart gate that can
lessen viral aerosol (MS2 virus) and particulate matter (PM):
Experimental findings

Shambhavi Sharma'?, Ahtesham Bakht’, Muhammad Jahanzaib?, Hyunsoo Lee®, Juyeol Lee’,
Choonsoo Park’, Duckshin Park"?'

"Department of Transportation Environmental Research, Korea Railroad Research Institute (KRRI), Chleodobangmulgwan-ro, Uiwang-si 16105, Republic
of Korea

*Transportation System Engineering, University of Science & Technology (UST), 217 Gajeong-ro, Yuseong-gu, Daejeon (34113), Republic of Korea
*Kumoh National Institute of Technology (KIT), 61 Daehak-ro, Gumi-si, Gyeongsangbuk-do (39177), Republic of Korea

‘Anytech Co. Ltd., 2F, 11-35, Simin-daero 327 beon-gil, Dongan-gu, Anyang-si, Gyeonggi-do (14055), Republic of Korea

Received May 7, 2023 Revised July 19, 2023 Accepted July 21, 2023

ABSTRACT

Fine particulate matter (PM) and viruses have more detrimental impacts on human health when present in an indoor setting than when present
in an outdoor environment. With the COVID-19 epidemic, a healthy indoor environment has emerged as a crucial necessity. There are many
different cleaning technologies available, but most of them have drawbacks and are challenging to utilize in daily-use indoor venues including
workplaces, retail malls, movie theaters, subway stations, and many other locations. We created a portable, smart gate that is simple to use
at a commercial level and evaluated it for effectiveness in lowering particulate matter concentrations of various sizes. The results show that
97.76% for PM10, 97.72%PM4, 97.44% for PM2.5, and 96.91% for PM1. reduction. Also, the aerosolized MS2 virus was used to test its ability
to decrease viral transmission and the viral reduction efficiency of the smart gate was found around 82%. The experimental results show that
the smart gate is better than all the current available cleaning technologies along with its user-friendly and easy use.
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1. Introduction

People spend 80% of their time inside, making indoor air quality
(IAQ) extremely important. This is especially true now that the
SARS-CoV-2 or novel coronavirus pandemic has brought increased
attention to the issue. Over the world, more than 758.3 million
people have contracted SARS-CoV-2 (COVID-19) (by 2023 February
23). Together with other pollutants like ozone, nitrogen oxides,
and sulfur oxides, particulate matter (PM,o, PM; 5, and PM;) are
some of the most dangerous air pollutants [1-4]. Numerous studies
have examined in detail the harmful effects that these pollutants
can have on human health, and a variety of adverse outcomes,
such as a high risk of cancer and early death [5-9], have been
established. For some socioeconomic categories of people, such
as those who are particularly sensitive, including small children,
the elderly, and people with specific illnesses, a healthy environ-
ment is even more important. Children who spend the majority
of their time at school, for example, as well as workers and employ-
ees in the transportation industry, such as those working at subway
stations and traffic police [6,10], are constantly exposed to indoor
pollutants even though the majority of the particles they inhale
come from outdoor sources. It has been widely demonstrated that,
on exposure to low-ventilation and enclosed spaces, an individual
can come in contact with these airborne pollutants [5].

In order to improve indoor air quality, a variety of air cleaning
technologies are available, ranging from fibrous-media filters and
ultraviolet germicidal irradiation (UVGI) to numerous different
electronic air cleaners (EACs), such as plasma generators, hydroxyl
radical generators, ionizers, photocatalytic oxidizers, and more
[6-8]. An overview of the development of ultraviolet-based air
filtration technology was provided by several prior publications,
such as [9]. In 2009,[10] investigated the efficacy of several tech-
nologies for eradicating germs from indoor air, including filtration
and UV, as well as how well they integrated with existing HVAC
systems. The issue with HVAC systems is that they have significant
concentrations of germs and fungus, which can spread through
air movements [11]. As a result, the HVAC systems might lead
to an increase in the spread of diseases including TB, influenza,
and bronchial asthma [12]. In addition to a few specialized tech-
nologies (such as photocatalysis and ionization radiation), the em-
ployment of plasma technology and UVC radiation can reduce
virulence [13-15]. Using cold ionizing plasma, sometimes referred
to as non-thermal plasma, air ionization, or dielectric-barrier dis-
charge, which is created by electrostatic discharge in the kilovolt
range between many electrodes and has a potent virucidal effect,
as radiation is applied as part of the first method. This method's
disadvantage, as of yet, is that it produces residual ozone, a sig-
nificant pollutant, and a small number of reaction products of
concern during the brief exposure intervals and relatively low
plasma temperatures [13,16,17].

Even when the global market for indoor air purification is antici-
pated to reach $3.8 billion by 2027, according to the Manufacturing
Industry Market Research Report, and as public awareness of air-
borne pathogens and overall air quality continues to rise a compre-
hensive knowledge of any such technology in its mature state
is still lacking which can reduce both particulate matter and

air-borne pathogenic microorganisms at once is lacking [18].
Research and evaluation of the most recent air cleaning tech-
nologies are necessary in order to maintain public health improve-
ments and meet the expanding market. The development of air
cleaning technology is crucial to public health to avoid transmission
of airborne infections. Additionally, due to the COVID-19 pandemic
situation, indoor air quality is receiving more attention [19-
21].Some research mentioned in the literature, address the evalua-
tion of the improvement of indoor air quality through the use
of various air cleaning technologies, like, filtration, heat treatment,
UV, electrostatic, microwave, photocatalysis, plasma, ozonation,
and chemical aerosolization technologies, are few examples of
physicochemical technologies. Various other ways include filtra-
tion, heat treatment, UV, electrostatic, microwave, photocatalysis,
plasma, ozonation, and chemical aerosolization technologies are
examples of physicochemical technologies. Botanical dis-
infectants, herb fumigation, and lysozyme are examples of bio-
chemical technology [9,10,22-24]. However, all of the above men-
tioned technologies have some limits and are less feasible to use
in real-time conditions [6-8,13-17]. As a result, the effectiveness
of smart gate, like the one validated in the present study, is being
studied because this can significantly improve the quality of the
air in enclosed spaces such as shopping complexes, public rest
areas, offices, school, and many more.

A smart-gate has been created by the combined effort of the
Korea Railroad Research Institute (KRRI) and Anytech Co. Ltd.
to reduce the levels of viruses and particulate matter in confined
areas in order to provide a healthy indoor environment. In this
work, we evaluated how well our smart-gate reduced particulate
matter (of various sizes) as well as aerosolized virus particles.
Our research results aim to expand our knowledge of indoor air
pollutant concentration decrease and overcome some obstacles.
Here, we conduct an experimental evaluation of the smart gate's
effects on aerosolized MS2 bacteriophage and particulate matter.
Tests were also conducted to determine the smart gate's filtering
effectiveness in interior environments, both with and without the
smart gate. We also study the smart gate's effects to determine
how well it will prevent viruses from spreading indoor spaces.

2. Material and Methods

2.1. Smart Gate Unit

A smart gate unit (length=3000mm, breadth=1770mm and
width=300mm each side) that was employed in this investigation
is shown in Fig. 1 together with all of its essential parts and
dimensions. The smart gate is made up of a ceiling air conditioning
unit (length=757mm, breadth=407, width=157mm) that purifies
outside air before delivering it inside, generating a positive pressure
inside while preventing the entry of infectious pollutants. Air
curtain units (length=1205mm, breadth=198mm, width=220mm)
are installed on both sides which can perform brushing off the
particulate matter infectious contaminants attached to the body
and clothing, after entering the smart gate. The bottom air condition-
ing unit (length=700mm, breadth-320mm, width=212mm) ejects
fine dust and infectious pollutants suspended in the air to the
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Fig. 1. A representative of the smart gate unit with all the main components and dimensions.

bottom by creating the down air flow and also helping in maintain-
ing internal positive pressure. A system controller is installed
which can be connected from outside with a tablet. The main
function of this is internal function control with the display of
particulate matter and pressure measurement values. A lot of multi-
ple thermal imaging cameras have also been installed in it to
detect specific temperatures to measure the body’s high heat. Inbuilt
indoor particulate matter is also installed inside it. For virus removal
and sterilization, a mini unit of space sterilizer has been installed
which comprises high-performance filters and UVC lights.

2.2. Experimental Description

The entire smart gate unit was covered completely with plastic
sheets in such a way that everything except for the inlet pipe
was sealed. For the standard values, the first experiment was per-
formed with turning on the smart gate. For this, we used TOPAS
(SAG Series) dust generator in order to produce dust, filling the
space. Through an inlet the dust generated from the dust generator
was sprayed inside the sealed smart gate. A smart size fan was
also installed in order to promote the even distribution of the
dust particles. A wide-range aerosol spectrometer and optical par-
ticle counter (Mini-WRAS, Model 1.371, Grimm Aerosol Technik,
Germany) were used to assess the size distributions of all particulate
matter over the study period for every 6 sec. PM mass concentration
(g/m®) was recorded for the aerodynamic diameter less than 1
um, 2.5 um, 4 um, and 10 um (PM10) (representing 17 size channels).
Every time, a jet of fresh compressed air was used to clean the
analyzer's input ducts before sampling. Mini WRAS has a time
resolution of 1 minute and runs at a flow rate of 1.2 L/min. Apart
from the standard condition, the reduction efficiency of the smart
gate for particulate matter was tested for three different settings.
Each experiment cycle was performed for 20 mins with a 15 mins
gap in between each setting. Detailed information about all the
conditions is mentioned in the Table 1. The temperature was
22°C and the RH ranged between 55-65%. For measuring the viral

Table 1. The set of experimental conditions used in this experiment
Experimental Setup Abbreviation
Without Smart Gate on (standard) WSMG-M

With Smart gate on but both Air curtains off SMGON-ACOFF-M
With Smart gate on and both air curtain at
lowest setting

With Smart gate on and one air curtain at lowest
and one air curtain at highest setting
With Smart gate on and both air curtain at
highest setting

SMGON-AC_1-M
SMGON-AC_2-M

SMGON-AC_3_M

inactivation efficiency of the smart gate, through the inlet aero-
solized virus was sprayed inside. Bioparticle counter MBio 150
device (Mediaever Co. Ltd.) was used to measure the amount of
aerosolized virus. For standard condition, the aerosolized virus
spray was done with smart gate off and later on with smart gate on.

2.3. MS2 Bacteriophage Virus Preparation

The MS2 bacteriophage, commonly utilized as a viral model system
[25,26], has been demonstrated to be acceptable for this
investigation. MS2 bacteriophages (MS2, ATCC 15597-B1,
Manassas, VA, USA) was used in this experiment as a virus model
for these does not cause any harm to human health. To aerosolize
the MS2, a diffusion drier (silica gel tube) was coupled to an
atomizer (model 9302, TSI Inc., Shoreview, MN, USA). The particle
generation capacity of the atomizer was more than 107 particles/cm®
with a flow rate of 6.5L/min. A mass flow controller (MFC) was
used to pump, clean, and regulate compressed air. The aerosolized
virus solution was then fed through the tube connected to the
inlet opening. A total of 10 vials (0.1mL) of stock solution of MS2
bacteriophages were used and diluted up to 50 mL of Deionized
water. The use of such an amount of stock solution was performed
due to the nature of the size of the UV system of the Smart Gate.
Prior experiments were done using the subunit of the smart gate
had yielded poorly due to low initial concentrations of viruses.
Ten (0.1 ml) stock vials, each diluted in 50 ml of deionized water,



Shambhavi Sharma et al.

total of 500 ml solution was then used on the actual site.

2.4, Production, Deposition, and Removal of Aerosol
Particles

The four size fractions of 10 wm, 4 wm, 2.5 um, and 1 um are
taken into consideration. Let G be the rate at which the dust
generator produces aerosol particles. The effectiveness of the smart
gate was measured using the following equation:

_ (Cs=Co)

E(%) = [_Cs | X 100 (1)
where is concentration for the standard condition (when the smart
gate was turned off) whereas the represents concentration for
each experimental setup.

3. Results and Discussion

3.1. Effectiveness of Smart Gate in Reducing the Particulate
Matter

The conditions used during the experiments are mentioned in
Table 1. The results for the same are mentioned in Table 2 showing

the efficiency of the smart gate in reducing the particulate matter
and the aerosolized viral concentration.

In order to measure the ability of the smart gate to reduce
atmospheric particulate matter, the initial concentrations were
measured without turning it on (WSMG-M). The average PM;,
concentration for this was found to be 8489.562 ug/m® whereas,
the average concentration for PMy PM,5 and PM; were found
to be 5069.621 ug/m® 3103.717ug/m’and, 461.83 ug/m® respectively
(these values were taken after 20 mins of stabilization of the dust
injected). Without entering inside the smart gate, using the tablet,
the smart gate was turned on which showed significant reduction
in the particulate matter. For the first case, both the air curtains
were turned off. This case is represented as SMGON-ACOFF-M.
It is important to measure the reduction efficiency of the smart
gate without turning on the air curtains because of the research
conducted previously suggesting that air curtains even though
they provide a better protection than single or vestibule doors,
they are not best suited for leaky buildings under windy condition
[27,28]. The readings of PM;o, PMy, PM, 5 and PM; showed sig-
nificant reduction with an average value of 189.65 ug/m®, 115.29
ug/m?®, 79.38 ug/m®, and 14.26 ug/m®. There are three basic operating
conditions for air curtains, according to the findings of [29,30]
numerical studies. One in which the air curtain flow reaches it
and seals the door is the ideal situation. Inflow breakthrough is

Table 2. The average concentration of each pollutant for all the experimental cycles and reduction efficiency of the smart gate for each case.

PM(ug/ m’)
(Avg conc)
WSMG_M 8489.562
SMGON-AC OFF_M 189.654
SMGON-AC_1_M 8.002
SMGON-AC_2_M 502.660
SMGON-AC OFF_M 62.110

Experiment cycle

Pollutant Condition

WSMG-M (control)
SMGON-ACOFF-M
PM;o SMGON-AC_1-M
SMGON-AC_2-M
SMGON-AC_3-M
WSMG-M(control)
SMGON-ACOFF-M
PM, 5 SMGON-AC_1-M
SMGON-AC_2-M
SMGON-AC_3-M
WSMG-M(control)
SMGON-ACOFF-M
PM, SMGON-AC_1-M
SMGON-AC_2-M
SMGON-AC_3-M
WSMG-M(control)
SMGON-ACOFF-M
PM, SMGON-AC_1-M
SMGON-AC_2-M
SMGON-AC_3-M

PM,(ug/m’)
(Avg conc)
5069.621
115.296

285.196
36.434

PM, 5(ug/m’) PM; (ug/m®)
(Avg conc) (Avg conc)
3103.717 461.833
79.389 14.266
4.673 3.438 1.205
169.953 27.134
24.800 5.889

Reduction Efficiency (%)

97.76%
99.9%
94.07%.
99.26%

97.44%
99.88%
94.52%

99.2%

97.72%

99.9%
94.37%
99.28%

96.91%
99.73%
94.12%
98.72%



Environmental Engineering Research 29(2) 230269

12000 -
-
-
10000 «
-‘E -
8000 4
? = (WSMG)-M
% 0ol & (SMG ON AC OFF)-M
= 4 {SMG ON AC 1)-M
2 w000 . v (SMG ON AC 2)-M
g *  (SMG ON AC 3)-M
3 2000 -
04 2= 3 H :
§ r;'\in 10 :nin 15 min 20 :'nirl

Time Interval (minutes)

—=— (WSMG)-M
—+— (SMG ON AC OFF)-M
—a— (SMG ON AC 1)-M

—+—(SMGONAC2)M -
—+—(SMGON AC 3)-M |
1000 | 4

[
=
=3
3
T

Average PM, (ug/m’)
g
T

500 | 4

e ——ZF —32

L L L
5 min 10 min 15 min 20 min

Time Interval (minutes)

10000 r . . r

—=— (WSMG)-M
—+— (SMG ON AC OFF)-M |
—a— (SMG ON AC 1)-M

—v— (SMG ON AC 2)-M
| —+— (SMG ON AC 3)-M

5000 |~

Average PM, (ug/m’)

—————— & ;4
oF L 1 1 Il 7
5 min 10 min 15 min 20 min

Time Interval (minutes)

5

—a— (WSMG)-M
—e— (SMG ON AC OFF)-M
—a—(SMG ON AC 1)-M
—v— (SMG ON AC 2)-M
—+—(SMG ON AC 3)-M

n

E=]

=]
T

Average PM, (ug/im’®)

t—F ! 4 4

1 1 1 L
5min 10 min 15 min 20 min

Time Interval (minutes)

Ld)

Fig. 2. () Average concentration of PM10 for various experimental conditions. (b) Average concentration of PM4 for various experimental conditions.
(©) Average concentration of PM2.5 for various experimental conditions. (d) Average concentration of PM1 for various experimental conditions.

the second condition, which occurs when the air curtain flow
curves inward but does not reach the floor. Outflow breakthrough
is the third condition, which occurs when the air curtain flow
curves outward but does not reach the floor. With these three
air curtain settings in mind, three experimental setups were created,
the first of which retained both air curtains at their lowest setting.
This case is represented as SMGON-AC_1-M. In the second scenar-
io, one air curtain was left at its lowest setting while the other
was raised to its highest, represented as SMGON-AC_2-M; in the
third scenario, both air curtains were raised to their highest posi-
tions denoted as SMGON-AC_3-M.

The average concentration of PM,;, PMy PM, ;s and PM; (Fig.
2) for SMGON-AC_1-M condition was 8.00 ug/m®, 4.67 ug/m®,
3.43 ug/m® and, 1.2 ug/m®. The results obtained using smart gate,
agree with the several studies conducted in the past, suggesting
that the air curtains can also help in the particulate matter reduction
[4,29,30,32].

The average concentration of PM;, PM, PM,; and PM; (Fig.
2), for SMGON-AC_2-M condition was 502.66 ug/m®, 285.19 ug/m®,
169.95 ug/m®, and 27.13 ug/m®. Also, the average concentration
of PMyo, PM, PM,5 and PM,; (Fig. 2), for SMGON-AC 3-M condition
was 62.11 ug/m®, 36.43 ug/m’, 24.80 ug/m®, and 5.88 ug/m®.

Even though the guide vane angle and position of the air curtain
are important factors in the reduction of particulate matter, prior
studies have only shown a reduction of particulate matter of up
to 75% [4], which is still below the results shown by the smart

gate even when the air curtains are not in use (Table 2). The
reduction efficiency of the smart gate even the air curtains are
turned off is 97.76% for PMo, 97.72% for PM, 97.44% for PM, 5
and 96.91% for PM,. When both air curtains are turned on, the
smart gate shows much superior performance in lowering the
PM concentration than when they are off (Table 3). These findings
support earlier research that found air curtains can help with
particulate matter reduction [4,29,30,32]. It should be noted that
under the SMGON-AC_2-M condition, the two air curtain flow
conditions—the optimal and the inflow break-through conditions
—are confirmed by the experimental design. The zones of the
best operation for both supply speed tests are in the zone of negative
flow rate, meaning that the net flow through the door is negative.
When the flows, or volume flow rate, are almost zero and turn
positive (inflows), it means that inflow breakthrough circumstances
have changed. The current study is restricted to depressurization
or mild pressurization since pressurizing the chamber at high
pressures might potentially cause the blower fan flow to interact
with the air curtain jets, complicating the airflow inside the
chamber. This is comparable to [32,33] studies and, where many
blower door tests were depressurization rather than pressurization.

Numerous researchers, including [22,34,35], have also used
commercially available air purifiers to reduce PM;o and PM,s,
but these only achieve reductions of up to 90% and 80%, re-
spectively, which is significantly less than the results attained
using the smart gate (Table 2). The reduction efficiency for the



Shambhavi Sharma et al.

particulate matter supplied by the smart gate is significantly higher
than the other solutions now available, making it a better alternative.

3.2. Virus Reduction Using Smart Gate

The SARS-CoV-2 virus can remain infectious in the air for hours,
according to [36]. A number of research, including [37,38], demon-
strated a positive association between PM levels and COVID-19
viral strains and transmission. As a result, since the virus may
remain contagious in the form of aerosols for hours and on surfaces
for days, the SARS-CoV virus can spread by aerosol. The COVID-19
illness can be brought on by droplet particles having an aerody-
namic diameter <5 um that are ejected from the coughing or
sneezing of the carrier. Many specialized technologies, including
photocatalysis, ionization radiation, plasma technology use, UVC
radiation, and liquid air purification systems, can lessen pathoge-
nicity [13-15]. It has been discovered that using various filters
and purifiers to filter or purify the air in interior places might
reduce the viral load there, hence reducing the risk of virus trans-
mission [2,39]. The procedures include the use of mechanical
air filters, MERV and HEPA filters, electronic air cleaners, gas-phase
air cleaners, ultraviolet disinfection systems, etc. in areas with
significant levels of outside pollution, such as metropolitan centers,
where natural ventilation is problematic and impractical. The
HEPA filter has a cheap initial investment cost, but significant
operating and energy expenditures. When HEPA filter-based air
purifiers were evaluated in a lab environment in China, there
was a reported loss in effectiveness with a 200-250 nm particle
size range. This is significant because the particles with these
size ranges are prevalent in megacities, may penetrate the building
envelope, remain suspended in the air, and can operate as a virus
carrier [40]. Apart from these, other air cleaning techniques also
have similar issues and cannot be applied in spaces such as offices,
schools etc.

As seen from the Fig. 3, the concentration of the aerosolized
bioparticle significantly decrease as we turn on the smart gate.
This is due to the components present inside the smart gate (Fig.
1). The average concentration before the start of the smart gate
was found to be 1467.86 particles where after starting the smart
gate the bioparticle concentration drops to the average of 259.2
particles demonstrating its reduction efficiency of approximately
82.29%. The ceiling air conditioning unit consists of sterilization
unit. This unit comprises of UV-C lamp along with the MERV-filters.
As, the ceiling air condition unit created positive pressure by
supplying a large amount of air inside, the sterilization unit treats
the infectious contaminants such as aerosolized virus. Previous
studies have shown that the UV-C lamp along with the MERV
filter has shown their ability to reduce airborne micro-organisms
[27,28,31]. However, it is challenging to use UV light everywhere
because of restrictions like installation over 1.8 m above the floor
to prevent any health risks as adverse health effects on skin, such
as erythema, photokeratitis, etc. are known to occur with excessive
exposure. In addition, the level of relative humidity must be main-
tained up to 50% as with increase in RH, UV irradiation efficiency
decreases by 40% [10,41]. Considering these issues and the findings
of the smart gate study, it may also be used as a substitute for
virus reduction.
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Fig. 3. Bioparticle (aerosolized virus) concentration with and without
smart gate.

4. Conclusions

The knowledge gap on the indoor pollutant along with the virus/in-
fectious disease transmission risks in indoor built spaces and to
provide fundamental insight into the significance of indoor air
quality (IAQ). Although IAQ has been widely discussed in the
literature in terms of the overall health of an individual, but the
influence of IAQ on viral transmissions risk, especially on
COVID-19 related information, is limited. Complimentary effects
of various meteorological parameters along with its role in pollutant
and viral transmission risks are not widely discussed in the liter-
ature as per authors knowledge. Based on the results of the tests
conducted on the reduction of PM and viruses, it can be said
that the smart gates are a better alternative and is successful in
lowering the concentration of airborne particles. Because of the
different components Fig. 1 that are within the smart gate, which
contribute to its efficiency it is the greatest option for reducing
viruses and particulate matters. Moreover, smart gate might be
effectively used in congested and crucial situations, considering
the requirement for enhanced indoor air quality in relation to
the COVID-19 pandemic (for example shopping malls, schools,
hospitals or waiting rooms in public transportation areas and so
on). Also, a noticeable decrease in particle count, particularly
in the fine fraction, was seen while the smart gate was operating
along with the aerosolized virus, and this finding has a favorable
effect on indoor air quality since finer particles are the ones that
enter the pulmonary alveoli. The results show that 97.76% for
PM,o, 97.72%PM,, 97.44% PM,5 and 96.91% PM,. reduction. Due
to its size and the results, it has produced, it may be used as
a better alternative for reducing indoor air pollution in public
areas like shopping centers, subway platforms, and movie theater
entrances, among other places instead of the commercially available
air purifiers.
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