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Abstract: The indoor air quality in public transport systems is a major concern in South Korea.
Within this context, we investigated the effect of air purification systems on the indoor air quality of
intercity buses, one of the most popular transport options in South Korea. Air purifiers were custom
designed and equipped with high-efficiency particulate air (HEPA) filters to remove particulate
matter and ultraviolet light-emitting diodes (UV-LEDs) to remove airborne bacteria. To investigate
the effectiveness of the air purification systems, we compared concentrations of particulate matter
(PM; 5 and PMy), airborne bacteria, and carbon dioxide (CO;) in six buses (three with air purification
systems and three without) along three bus routes (BUS1, BUS2, BUS3) in Gyeonggi Province,
South Korea, between 6 April and 4 May 2021. Compared to the buses without air purification, those
with air purification systems showed 34-60% and 25-61% lower average concentrations of PM, 5
and PMj, respectively. In addition, buses with air purification systems had 24-78% lower average
airborne bacteria concentrations compared to those without air purification systems (when measured
after 30 min of initial purification).

Keywords: intercity bus; indoor air quality; air purifier; airborne bacteria; PM, 5; PM;jg; CO,

1. Introduction

In modern times, humans spend more than 90% of the day indoors and are con-
tinuously exposed to indoor pollutants, such as fine dust (PM;5, PMjg) and airborne
bacteria [1,2]. Fine dust, a common indoor pollutant, enters the respiratory and circula-
tory systems and negatively affects the human body by causing various diseases [3]. In
addition, airborne bacteria, ubiquitous in the atmosphere, can cause infectious diseases in
humans [4-6]. As a result, many researchers have investigated the air quality of various
indoor environments, including public transport [7-15]. Among indoor environments,
intercity buses, one of the most popular public transport options in South Korea, have
a particular indoor environment [16,17]. Specifically, the windows of intercity buses are
designed to remain closed, with the removal of indoor air pollutants resting solely on the
default ventilation and filtration systems of the buses. These default filters often have a
low filtration efficiency, with Lee and Zhu [18] reporting an average filtration efficiency of
approximately 50% for ultrafine particles with diameters of less than 100 nm in passenger
cars. The external air circulation mode (with exchange between indoor and outdoor air) al-
lows on-road air pollutants (at a concentration much higher than the urban average [19]) to
enter without sufficient filtration, while the internal air circulation mode (without exchange
between indoor and outdoor air) results in the re-suspension of fine dust by passenger
movement, representing a major source of indoor pollution [20]. Moreover, the absence of
external ventilation may increase the concentration of airborne viruses and bacteria, which
may pose a serious health risk [21]. Neither of the two options provides a satisfactory
indoor environment for bus passengers.
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The challenge of creating a hygienic and pollution-free indoor environment can only be
solved by the installation of additional air purification systems inside buses. In a study on
air purification in buses, the only previous study to the best of our knowledge, Lee et al. [22]
investigated the effects of a ventilation system on school bus air quality [22]. Their results
indicated that the filtration system reduced levels of ultrafine particles (diameter < 100 nm),
black carbon, and PM; 5 by 88 =+ 6%, 84 £ 5%, and 55 =+ 22%, respectively. However, further
studies are needed to demonstrate the effectiveness of such purification systems on various
air pollutants across different vehicles and driving conditions.

Our study compares the indoor concentrations of PM; 5, PMjg, and airborne bacteria
in buses along three intercity routes in Gyeonggi Province, South Korea, using buses with
and without air purification systems. This is the first study to demonstrate the effects of air
purification systems on airborne bacteria and the related effects on air quality in intercity
buses. The air purification systems installed in the buses were specifically designed and
manufactured as part of a fine dust reduction project conducted in Gyeonggi Province. In
addition to the air purification systems, we also analyze the effect of outdoor pollutant
concentrations on the indoor air quality of buses. Furthermore, we calculate the carbon
dioxide (CO;) levels per passenger as a proxy for the level of external circulation inside
the buses.

2. Methods
2.1. Air Purification System

The air purification systems used in this study were designed and manufactured
within a fine dust reduction project conducted in Gyeonggi Province. The systems include
high-efficiency particulate air (HEPA) filters for the removal of fine and ultrafine dust
along with ultraviolet light-emitting diodes (UV-LEDs) for the removal of airborne bacteria.
The air purification systems were installed on the ceiling of buses near the center of the
passenger area, which were about two-thirds of the bus length away from the front. The
location of the system is graphically shown in Figure S1.

2.2. Air Pollutant Measuring Equipment

Particulate matter (PM; 5 and PM;() was measured in real time (every minute) using
Dusttrack II Aerosol Monitors (TSI Incorporated, Shoreview, MN, USA) and Air Scan
(Sensoronic, Bucheon, Korea). In addition, CO,, temperature, and relative humidity were
measured in real time (every minute) using an 1Q-610Xtra (Graywolf sensing solutions,
Shelton, CT, USA). Airborne bacteria were measured at a flow rate of 1 cubic foot per minute
(CFM) for 5 min using KAS-120 (KEMIK Corporation, Sungnam, Korea). The measurement
systems were located at the end of the bus (see Figure S1), which is away from the air
purification system (which was at the center of the passenger area). Such distance was
intentionally placed for the measurement system to obtain the overall concentration inside
the bus instead of the localized concentration near the air purification system.

2.3. Selection of Buses for Air Quality Investigation

We selected three popular intercity bus routes (BUS1, BUS2, BUS3) in Gyeonggi
Province, South Korea. Figure 52 shows the map of Gyeonggi Province along with three
selected routes. These bus routes were selected because they were one of the longest bus
routes in the province. The travel times of these routes takes about 1 to 2 h. In each route,
two buses were selected for air quality investigation (six buses in total)—one with an
air purification system and one without. Table S1 shows the general information on the
selected six intercity buses. The indoor air quality of the selected six buses was measured,
and at each bus stop, the number of passengers getting on and off was recorded.

2.4. Investigation of External Air Quality and Climate

Outdoor PM, 5 and PM; concentrations were obtained from the Korea Environment
Corporation (https:/ /www.airkorea.or.kr/ accessed on 5 December 2021). To estimate
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PM, 5 and PM;( concentrations in the external environment, we used concentration data
obtained from the nearest air quality monitoring station (AQMS). Outdoor climate infor-
mation, such as temperature and relative humidity, was obtained from the Korea Meteoro-
logical Administration (https://data.kma.go.kr/ accessed on 5 December 2021).

3. Results

We measured the concentrations of PM; 5 and PMj in six intercity buses (Figure 1,
Table S1). Our results indicate that the buses with air purification systems had lower PM; 5
and PM; concentrations across all three routes. Buses with air purification systems had
60%, 34%, and 60% lower average PM; 5 concentrations and 61%, 25%, and 51% lower
average PM;g concentrations than those without purification systems across all three routes
(BUSI1, BUS2, BUS3), respectively (Table 1).
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Figure 1. Particulate matter (PM,5 and PMjp) concentrations measured in six buses along three

routes (BUSI1, BUS2, BUS3). Blue lines indicate buses with air purification systems, while red lines
represent buses without these systems. The x-axis shows time after departure.


https://data.kma.go.kr/

Atmosphere 2022, 13, 55

40f10

Table 1. Average concentrations of particulate matter (PM, 5, PMjg), carbon dioxide (CO;), and
airborne bacteria indoors and outdoors, along with the indoor-to-outdoor ratio (IOR), and the

average number of passengers, average temperature, and average relative humidity.

Bus BUS1 BUS2 BUS3

Air Purification On Off Ratio On Off Ratio On Off Ratio

Indoor [pg/m?] 7.0 17.4 40% 8.2 12.3 67% 2.1 53 40%

PMys Outdoor [pug/m?] 228 232 98% 23.6 19.9 119% 27.7 27.3 101%
IOR 0.31 0.75 41% 0.35 0.62 56% 0.08 0.19 42%

Indoor [pg/m?3] 7.9 20.3 39% 10.4 13.8 75% 3.8 7.8 49%

PMy Outdoor [ug/m?] 45.3 47.2 96% 724 73.2 99% 51.8 53.9 96%
IOR 0.17 0.43 40% 0.14 0.19 74% 0.07 0.14 50%

Bacteria Whole trip 36.8 165.4 22% 129.4 89.4 145% 83.5 105.2 79%
[CFU/m?] 30 min and after 424 195.2 22% 51.1 83.6 61% 77.1 101.3 76%
CO, [ppm] 12235 9314  131% 35451 24782  143% 13850 17635 = 79%

CO, Passenger 10.0 7.8 128% 24.4 20.2 121% 14.4 19.7 73%
CO, /passengers 122.0 1193  102%  145.1 1227 118% 96.2 89.4 108%

Indoor [°C] 19.6 20.6 95% 21.1 21.1 100% 26.2 25.3 104%

Temperature Outdoor [°C] 12.4 12.5 99% 14.6 15.4 95% 12.8 12.6 102%
IOR 1.58 1.65 96% 1.45 1.37 105% 2.05 2.01 102%

Indoor [%] 47.2 48.7 97% 56.3 439 128% 30.0 31.0 97%

ﬁrﬁ‘fgfy Outdoor [%] 78.7 79.3 99% 48.0 47.2 102% 48.1 52.9 91%
IOR 0.60 0.61 98% 1.17 0.93 126% 0.62 0.59 106%

We investigated both the indoor concentration of PMj; 5 in six buses and the corre-
sponding outdoor concentrations, obtained from the nearest air quality monitoring stations
(Figure 2). In BUS1-2 and BUS2-2 (without air purification), indoor PM; 5 concentrations
corresponded to external concentrations. Notably, BUS1-1 and BUS2-1 (with air purifica-
tion) showed a similar but much weaker relationship. The buses associated with the third
route, BUS3-1 and BUS3-2, had indoor PM; 5 concentrations that did not correspond to
the external concentrations. Owing to the low outdoor temperature, the buses on Route 3
(BUS3-1 and BUS3-2) were operated with the default heating system on (see Table 1 for
comparing indoor and outdoor temperatures in BUS3-1 and 3-2). The heating system
facilitated internal air circulation and filtration by default filters, thereby decoupling the
relationship between indoor and outdoor concentrations.

Variation in the relationship between indoor and outdoor concentrations in buses
without air purification systems may stem from differences in the filtration efficiency of
the default filters along with the air circulation rate. However, regardless of the buses and
driving conditions, buses with air purification systems showed a 44-59% lower indoor-to-
outdoor concentration ratio (IOR) for PM, 5 than those without air purification systems
(Table 1).

We investigated the concentration of PMjg in the six buses, along with the outdoor
concentrations obtained from the nearest air quality monitoring stations (Figure 3). The
relationship between indoor and outdoor PMjy concentrations was weaker than that of
PM; 5, especially in BUS2-1 and BUS2-2. This may be partly due to the different filtration
efficiencies for PM; 5 and PMjg [23]. Similar to PMj; 5, buses with air purification systems
had a 26-60% lower IOR for PM;( compared to those without air purification (Table 1).
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Figure 2. Particulate matter (PM; 5) concentration measured in six buses along three routes (BUSI,
BUS2, BUS3). Blue lines indicate outdoor concentrations measured from the nearest air quality
monitoring stations. Red lines represent PM, 5 concentrations inside selected buses. The x-axis shows
elapsed time after departure.

We also investigated the concentration of airborne bacterial concentrations in the six
buses (Figure 4). Our results showed buses BUS1-1 and BUS3-1 had lower bacterial concen-
trations than buses BUS1-2 and BUS3-2 throughout the duration of the trips. However, at
departure, BUS2-1 showed higher bacterial concentrations than BUS2-2. The high bacterial
concentrations in BUS2-1 decreased rapidly during the first 30 min after departure, with the
concentration levels remaining lower than those in BUS2-2 thereafter. We suggest that the
high concentrations of bacteria in BUS2-1 and BUS2-2 are primarily related to the location
of a park next to the bus terminal (Incheon Bus Terminal) [24]. Figure 52 shows the maps of
three departing bus terminals (one for each route). As can be seen from the map of route 2,
there is a large park called Jungang Park right next to Incheon Bus Terminal, whereas other
bus terminals do not have such large parks in the vicinity.
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Figure 3. Particulate matter (PM;) concentrations measured in six buses along three different routes
(BUS1, BUS2, BUS3). Blue lines indicate outdoor concentrations obtained from the nearest air quality
monitoring stations, while red lines represent PM;( concentration inside the buses. The x-axis shows
the time after the departure.

Table 1 shows the average bacterial concentrations during the trip without the first
30 min and across the entire trip. Our results indicate that buses BUS1-1, 2-1, and 3-1 (with
air purification systems) had 78%, 39%, and 24% lower average concentrations of airborne
bacteria than buses BUS1-2, 2-2, and 3-2 (without air purification systems), respectively,
during the trip without the first 30 min.

Furthermore, we investigated the CO, concentrations inside the six buses (Figure 5).
The higher the number of passengers, the higher the CO, concentration inside the bus
because of the exhalation of the passengers. The average CO; levels per average number of
passengers (CPP) ranged from 89.4 to 145.1 ppm/person (Table 1). Of the six buses, the
CPP was lowest in BUS3-2 (89.4) and highest in BUS2-1 (145.1), which may indicate that
the rate of exchange between indoor and outdoor air was highest in BUS3-2 and lowest in
BUS2-1.
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Figure 4. Concentrations of airborne bacteria measured in six buses. Blue lines represent buses with
air purification systems, while red lines represent those without air purification systems. The x-axis
represents time since departure.
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Figure 5. Carbon dioxide (CO,) concentrations (red lines) measured in six buses along three routes
(BUS1, BUS2, BUS3). Blue lines represent the number of passengers (including the driver and
researcher). The x-axis shows time after departure. The left y-axis indicates CO, concentrations and
the right y-axis the number of passengers.

4. Discussion

To examine the effects of air purification systems on the indoor air quality of public
intercity buses, we compared the indoor air quality of a bus with an air purification system
to that of a bus without. For an ideal comparison, all factors other than the operation of air
purification systems must be identical between two buses. For a successful comparison,
we were able to select two public intercity buses of the same model, which were operated
with an interval less than an hour. However, we were not able to control the operation
of the HVAC (heating, ventilation, and air conditioning) system and passengers in public
buses; therefore, they may have acted as confounding factors in the comparisons. For
example, strong heating and air conditioning increase the mixing of internal air, and a
strong ventilation increases the exchange between indoor and outdoor air. Additionally,
the number of passengers and their activities may have affected the re-suspension rate of
particulate matters. In addition, the efficiency of the default air filter, climate, and traffic
conditions may have also acted as confounding factors in the comparison.

A possible effect of such confounding factors can be minimized by averaging the
measurements from multiple buses. This study measured three bus pairs. However,
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References

measuring a greater number of bus pairs would be helpful to more accurately examine the
effect of air purification systems.

There are some other limitations of the study. In calculating the indoor to outdoor
concentration ratio (IOR), we used the outdoor concentration data measured from the
closest air quality monitoring station (AQMS). However, there can be a deviation between
the air pollutant concentrations at AQMS and right outside a bus. A measurement system
capable of measuring the air quality outside a bus can improve the accuracy in IOR
measurement, and this is left for a possible future research avenue.

In addition, the air quality measurements were performed at a single location (at the
end of the bus), assuming the air quality of the bus was similar everywhere (except of the
vicinity of the air purification system). By multiple measurements at various locations and
averaging, researchers may obtain a better understanding of the air quality of a whole bus.

5. Conclusions

This study examined the effects of air purification systems on the indoor concentrations
of PM; 5, PMjg, and airborne bacteria based on measurements from six intercity buses. The
buses with air purification systems showed 34-60%, 25-61%, and 24-78% lower average
concentrations of PMj 5, PM;, and airborne bacteria (average after 30 min), respectively,
than those without air purification systems. The concentration of PM; 5 and PM; inside
the buses was generally related to the concentration in the external environment. However,
the IOR decreased with the use of air purification and air conditioning systems. To reduce
indoor air pollutants and CO; levels (related to increased numbers of passengers), we
suggest the installation and use of air purification systems inside buses, along with the
exchange between indoor and outdoor air.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/atmos13010055/s1, Figure S1: The location of the air purification system and air quality
measurements in top and side views. Figure S2: The map of Gyeonggi Province, along with three
selected intercity bus routes (from NAVER maps). Figure S3: The maps of departing bus terminals
for each intercity bus route (from NAVER maps). Table S1: General information on the intercity buses
selected for air quality measurement.
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