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Abstract: We analyzed the effects of air leakage and other building characteristics on outdoor
particle penetration in classrooms. The building characteristics including air leakage of 12 Korean
schools were investigated, and onsite measurements were conducted to estimate the outdoor particle
infiltration. The correlations among variables associated with air leakage and building characteristics
and outdoor particle infiltration were analyzed using the Pearson correlation analysis and linear
regression. The effective leakage area (ELA) of classrooms varied highly from 340.8–1566.9 cm2,
and a significant disparity in the air leakage characteristics among the classrooms appeared. The
results of onsite measurement revealed that the average ELA was larger in the corridor side with
an ELAcorridor-side of 264.7 cm2 than in the outdoor side (ELAoutdoor-side of 93.1 cm2). Results of
correlation analysis indicated a high correlation (r = 0.68~0.78, p-value < 0.05) between the size
resolved outdoor particle source (P × λ) and specific ELA. Particularly, a strong linear relation
(R2 = 0.69~0.71) with specific ELAcorridor-side was seen. Results suggest that cracks between windows
and doors in the corridor side considerably affect outdoor particle penetration. These results indicate
the importance of improving the airtightness of not only the building envelope but also the inter-zonal
walls for effectively reducing the outdoor particle infiltration into classrooms.

Keywords: outdoor particle infiltration; air leakage; blower-door test; school classroom; pearson
correlation; regression analysis

1. Introduction

With increasing outdoor particle concentration, interest in reducing health risks of
respiratory and cardiovascular systems due to exposure to particulate matters is growing [1,2].
In particular, children and adolescents having incomplete immune systems and lower
weights than those of adults react more sensitively when exposed to equivalent particulate
matters [3–6]. Classrooms have a high occupancy density with 20–30 students staying
for long hours in areas of approximately 46–68 m2 [7–9]. Additionally, students may be
exposed to a high particle concentration as they spend 8–10 h in classrooms per day [10–14].
Previous studies on particle concentration in classrooms and students’ health and academic
achievement demonstrated that the particle concentration in classrooms adversely affects
their health and academic performances [15], thereby leading to lower attendance rates
and intelligence quotient (IQ) [16]. Accordingly, assessing the particle concentration in
classrooms is important for managing the indoor air quality where children and youth
vulnerable to particles stay.

The particle concentration in classrooms is affected by both indoor and outdoor sources
such as indoor generation and resuspension from students’ indoor activities or outdoor
particle penetration through building cracks. In some studies, it was found that the particles
of the latter can be more harmful than those of the latter [17–19]. In particular, Zwoz’dziak
et al. [19] analyzed the component of PM2.5 in classrooms and found high contents of Zn,
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Pb and S, which have an adverse effect on children’s health. Such components were found
to originate from the high concentration of outdoor particles. Abt et al. [20] reported that
20–43% of indoor particles of 2–10 µm size and 63–92% of indoor particles of 0.2–0.3 µm
size entered from outside. By investigating the characteristics of 34 classrooms in Korea in
a study, over 65% of the classrooms were in more than 50 year old buildings [9], and thus it
is highly likely that outdoor particles will penetrate through cracks of such buildings.

Previous studies have suggested that the outdoor particle infiltration is associated with
air leakage and other building characteristics such as construction year and floor area [21–24].
Chao et al. [21] and Choi and Kang [23] presented that outdoor particles mainly penetrate
through cracks in the exterior walls and exterior window frames in multifamily residential
buildings. Stephens and Siegel [25] analyzed the correlation between outdoor ultrafine
particle penetration and air leakage in exterior walls and building characteristics in single
family residential buildings and observed a strong correlation between outdoor particle
sources and leakage test results.

Unlike residential buildings, classrooms have a corridor on one side and an exterior
on the other [26]. The corridor-side window or walls act as a barrier between the exterior
and classroom. Especially, schools have a larger area connected to inter-zonal components
such as corridors, lobbies, and entrance halls compared to that of residential buildings.
As these inter-zonal components is indirectly associated with ambient conditions, the
indoor-outdoor particle transport characteristics in classrooms may differ from those in
residential buildings.

The objectives of this study are to analyze the effect of air leakage of both exterior walls
and inter-zonal walls and other building characteristics on outdoor particle infiltration
in classrooms. On-site experiments were carried out at 12 schools to measure particle
infiltration and air leakage characteristics, and a statistical analysis was carried out to
analyze the effect of air leakage and other building characteristics for size-resolved particles
on outdoor particle infiltration. The analytical results can contribute to developing effective
school construction guidelines for reducing indoor particles in classrooms.

2. Methods
2.1. Study Design

To analyze the effect of air leakage and other building characteristics of classrooms
on outdoor particle infiltration, 10 elementary schools and two middle school classrooms,
expected to have different classroom sizes and air leakage characteristics, were selected.
The experiments were performed in a single classroom for each school. Air leakage and
outdoor particle infiltration testing were conducted from January 2018 to November 2020.
In particular, they were performed focusing on spring and winter seasons when the out-
door particle concentration is high in Korea [27]. Therefore, changes in outdoor particle
concentration by season were not considered in the analysis. In addition, to estimate
the penetration coefficient (P) and deposition loss rate (k) assuming no generation and
resuspension of indoor particle, measurement were performed in the afternoon after class
when the students were not occupied. For the correlation analysis, several variables associ-
ated with air leakage characteristics, other building characteristics, and outdoor particle
infiltration were selected. (1) As variables related to air leakage characteristics, effective
leakage area (ELA), specific ELA, air change per h at 50Pa (ACH50), flow coefficient (C),
and flow exponent (n) in the power-law expression were selected, and the data were col-
lected through field experiments in classrooms to investigate the analytical variables (2) As
variables related to other building characteristics, built year, floor area, envelope area, and
frame material were selected, and the values of these variables were investigated through
field measurement. (3) As variables related to outdoor particle infiltration, penetration
coefficient (P), deposition loss rate (k), and outdoor particle source (P × λ) were selected.
A normality test of variables was performed to assess whether the measured data could fit
the normal distribution. The correlations among the data were analyzed using Pearson
correlation and linear regression analyses.
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2.2. Description of Classrooms

Figure 1 shows the general configuration of the target classrooms. Classrooms in
Korea generally face a corridor on one side and have a rectangular plan where the length is
larger than the width. As the investigated classrooms have similar dimensions, the relevant
factors such as floor areas, volume, and so on were not considered in the analysis. The
characteristics of classrooms are summarized in Table 1. The 12 schools are located in
Seoul and Gyeonggi-do in Korea and built with bricks or reinforced concrete structures,
which were constructed in 1937–1998, and the average construction year was 1966. Nine
of the 12 schools underwent renovation such as exterior window and door replacements
between 1992 and 2019. The floor areas of 10 elementary school classrooms (A–J) are
between 58.8–70.6 m2 with an average of 63.2 m2, while the floor areas of two middle
school classrooms (K, L) are 90.8 m2, approximately 1.44 times that of the former. The floor
area of the elementary classroom was similar to that of the previous study [7–9]. The floor
height of classrooms is 2.5–2.9 m. The number of students per classroom is 16–28 with an
average of 24 students.

Figure 1. General plan of classrooms in Korea.

Table 1. Characteristics of Korean school classrooms.

Class
Rooms Orientation

Built
Year

(Years)

Renovation
Year

(Years)

Length,
L

(m)

Width,
W1
(m)

Floor
Area
(m2)

Height
(m)

Floor
Level

Mechanical
Ventilation

The Number of
Students in a

Class

A SW 1988 2010 8.8 6.9 60.7 2.6 3 None 24
B S 1937 1993 8.8 7.0 61.6 2.8 3 None 16
C S 1989 2019 8.9 6.9 61.4 2.8 3 None 22
D SE 1961 2000 8.8 7.6 66.9 2.6 2 None 20
E SE 1944 2010 8.4 8.4 70.6 2.6 1 Installed

(HVAC) 23
F SE 1971 None 8.8 7.2 63.4 2.5 2 None 25
G S 1967 2014 7.9 7.8 61.6 2.5 3 Installed

(HVAC) 26
H SW 1937 2006 8.8 7.3 64.2 2.6 4 None 26
I SW 1983 1992 8.5 7.4 62.9 2.9 1 None 28
J SE 1944 2014 8.8 7.0 58.8 2.9 2 Installed

(HRV) 25

K E 1998 None 13.0 6.9 89.8 2.8 1 Installed
(HVAC) 36

L S 1965 None 10.8 8.5 91.8 2.9 2 Installed
(HRV) 24
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2.3. Air Leakage Testing Method

The leakage area in the 12 classrooms was analyzed according to the outdoor par-
ticle penetration pathway and air leakage characteristics using the blower door testing
method [28]. A blower door (Retrotec EU6101 with DM32, Retrotec, USA) was used for the
measurement, and the measurement error of air volume was ±5%. The blower door was
installed at the front or back door due to easy installation and control of power supply. The
airflow rate was measured at a specific difference between indoor and outdoor pressures,
which are related as shown in Equation (1):

Q = C∆Pn (1)

where Q is the airflow rate through the building envelope (m3·h−1), C is a flow coefficient
(m3·h−1·Pa-n), and n is a flow exponent (dimensionless).

C is correlated to the total leakage area in building envelope, and n varies from 0.5 to
1.0 according to the flow regime.

Based on the measurement results, the effective leakage area at 4 Pa (ELA) and air
change per h at 50 Pa (ACH50) were calculated using Equations (2) and (3). To calculate the
ELA by outdoor particle penetration pathway, the building envelope, window, and door
frame, which are expected to be the main pathway, were sealed. After sealing, the blower
door pressurization and depressurization test were conducted. The pressurization and
depressurization tests were repeated as the seals removed sequentially. In addition, the
specific ELA, which is defined as the measured ELA divided by the floor area as follows,
was used to compare the degree of leakage for classroom of the different floor area.

ELA = C∆Pn−0.5
re f

√
ρ

2
(2)

ACH50 =
Q50

V
(3)

where ELA is the effective leakage area (m2), Pref is a reference pressure (4 Pa) and ρ is the
air density (assumed as 1.2 kg/m3). ACH50 is the air changes per hour at 50 Pa (h−1), Q50
is the airflow rate at 50 Pa (m3·h−1), and V is the classroom volume (m3).

2.4. Outdoor Particle Infiltration

To analyze the characteristics of outdoor particle infiltration into classrooms, we
estimated the penetration coefficient (P) and deposition loss rate (k) using the natural
decay method [21,29]. This method is to solve the mass balance equation under dynamic
conditions without indoor particle generation. Penetration coefficient (P) is a dimensionless
coefficient representing the rate of outdoor particle penetration into a room through the
building envelope and ranges from 0 to 1. Deposition loss rate (k) is the rate of particles
deposition loss onto interior surface and is positive.

The field measurement procedure is as follows. Before measurement, the classrooms
were ventilated by opening windows to increase the indoor particle concentration level
to the same as the outdoor particle concentration level. Figure 2 represents the outdoor
particle number concentration during the outdoor particle infiltration test. The outdoor
particle infiltration test was performed when the outdoor particle number concentration of
0.3 µm particles was at least 1 × 105/m3. After increasing the indoor particle concentration,
the windows were closed to naturally decrease it [29]. The indoor and outdoor particle
number concentrations were measured using the optical particle counters TSI9306-v2 (TSI,
USA), which has six channels for detecting the concentration number of size-resolved
particles (0.3–0.5, 0.5–1.0, 1.0–3.0, 3.0–5.0, 5.0–10.0, >10.0 µm). The flow rate of TSI9306-v2
was 2.83 L/min with a ±5% accuracy. The optical particle counters were calibrated within
one year from the measurement period by the qualified testing agency.
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Figure 2. Outdoor particle number concentration during the outdoor particle infiltration tests (measured values in size
ranges of 0.3–0.5, 0.5–1.0, 1.0–3.0, 3.0–5.0, 5.0–10.0 µm).

At a sampling interval of 1 min during the experiment periods, the indoor particle
number concentration was measured at the classroom center and 1.2 m above the floor. The
outdoor particle number concentration was measured at a location unaffected by direct
radiation when opening the outdoor-side window of the adjacent classroom. To minimize
the indoor particle generation and resuspension, the experiment was performed in the
empty classroom. During the experiment, the mechanical ventilation system was not
operated and naturally ventilated. In addition, in the case of classrooms equipped with a
mechanical ventilation system, air-tight tapes were used to seal the supply diffuser and
return grills. To secure repeatability, experiments to estimate P and k were conducted three
times in nine school classrooms, except for classrooms A to C. There, the experiment was
conducted only once due to limited school access.

The penetration coefficient (P) and deposition loss rate (k) were estimated using the
indoor and outdoor particle concentration results over time based on the law of mass
conservation (Equation (4)) assuming no indoor particle generation and resuspension.

The air change rate (AER, λ) was estimated using the tracer-gas method [30] with
carbon dioxide (CO2), while reducing the indoor particle concentration. The CO2 concen-
tration was measured using the IAQ-CALC TSI 7545(TSI, USA). CO2 gas injected till the
indoor CO2 concentration of 1500 ppm, and a well-mixed condition was reached.

A significant estimation error appeared due to a small number of particles with sizes of
10 µm or larger measured when estimating P and k by particle size. Thus, the size-resolved
particle P and k were estimated using the data of five particle sizes, except for particle
sizes > 10 µm using the following equation:

dCin
dt

= PλCout − (λ + k)Cin (4)

where Cin = indoor particle number concentrations (counts/m3), t = time (h), P = penetra-
tion coefficient (dimensionless), λ = air exchange rate (AER, h−1), Cout = outdoor particle
concentration (counts/m3), and k = indoor particle deposition loss rate (h−1).

In Equation (4), all the variables except the penetration coefficient (P) and deposition
loss rate (k) are obtained from field measurement. When Cout and AER are assumed
to be constant, it can be expressed as an exponential particle decay profile as shown in
Equation (5). The penetration coefficient and deposition loss rate were estimated by fitting
the measured particle number concentration value into the equation using the curve fitting
toolbox of MATLAB.

Cin =
PλCout

(λ + k)
+

(
Cint −

PλCout

λ + k

)
e−(λ+k)t

(5)

where Cint = initial indoor particle number concentration.
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2.5. Statistical Analysis

In this study, the effects of air leakage and other building characteristics on outdoor
particle infiltration were analyzed in 12 classrooms. For correlation analysis, SPSS 26.0
was used.

2.5.1. Normality Test

The normality of the measured data was tested using the Kolmogorov-Smirnov and
Shapiro-Wilk test methods, and the test results are provided in Table A1. The number
of samples of P and k was 12, and the average value estimated in each classroom was
used. The results of P and k of size-resolved particles were observed to follow a normal
distribution with a significance level (α) of 0.05 or higher, except for the significance level
of P between 0.3 and 0.5 µm, which was 0.042, close to 0.05. Thus, normality was achieved
because the significance level in the Kolmogorov-Smirnov test between the two testing
methods was satisfied.

2.5.2. Correlation Coefficient

To analyze the correlations among the measured data, the Pearson analysis that
analyzes correlations among variables having linear relations was conducted. The corre-
lation was analyzed by calculating significance levels and correlations, and the statistical
significance was verified.

The Pearson analysis is a statistical analysis method for analyzing the linear correlation
between two variables and verifying its statistical significance. The correlation coefficient
(r), calculated using Equation (6), ranges from −1 to 1, and a high relation is implied
when its absolute value is close to 1. Thus, a strong relation between two parameters with
correlation coefficient of 0.7 can be considered [31]. In addition, the statistical significance of
correlation analysis result can be verified based on the significance level (p-value) calculated
through a t-test between two variables. When the p-value is less than 0.05, the result is
statistically significant. The equation for correlation coefficient is as follows:

r = ∑n
i=1(xi − x)(yi − y)

(n − 1)SxSy
(6)

where r is the correlation coefficient, x is the mean of sample x, y is the mean of sample y,
n is the number of samples, Sx is standard deviation of sample x, and Sy is the standard
deviation of sample y.

3. Results and Discussion
3.1. Building Characteristic of Classrooms

The building characteristics of 12 classrooms such as mechanical ventilation system,
envelope area, and window material and size are summarized in Table 2. Five of the
12 classrooms have a mechanical ventilation system, while three of them have a heating,
ventilation and air-conditioning (HVAC) system including supply and return ductwork.
The remaining two classrooms have a heat recovery ventilator (HRV) without ductwork.

The envelope areas of 10 classrooms (A–J) range between 19.0–25.5 m2, with an
average of 22.8 m2, and two classrooms (K, L) have an average envelop area of 33.9 m2. All
the 12 classrooms have wide exterior windows (average 12.4 m2) approximately 2.5 times
the area of corridor windows (average 5.0 m2), and thus high outdoor particle penetration
through the exterior windows is expected.

Schools that underwent renovation replaced the exterior windows, and the renovation
year was surveyed. Ten classrooms have PVC window frame, while five of them have dou-
ble glazing window made of PVC and steel or PVC and aluminum. The window frames on
the corridor side have less PVC applications than exterior windows. Only two classrooms
have PVC window frames on the corridor side, and eight classrooms have wooden window
frames. Hence, the exterior windows are expected to have better airtightness than the
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corridor windows. The main materials of classroom doors are aluminum frame and wood,
and PVC is used in two classrooms.

3.2. Air Leakage Characteristics of Classroom

The air leakage characteristics of the 12 classrooms measured using the blower door
pressurization and depressurization test method are provided in Table 3. These character-
istics were analyzed through C, n, ELA, ACH50, and specific ELA according to leakage
pathways. The specific ELA was analyzed by dividing it into specific ELAoutdoor-side and
specific ELAcorridor-side based on ELAoutdoor-side and ELAcorridor-side calculated in the main
expected leakage pathway.

The flow exponent (n) was calculated to be between 0.55–0.71, which seemed reason-
able given the flow exponent range (0.6–0.7) of general building cracks. The ACH50 of
classrooms appeared in a wide range of 9.1–24.8 h−1, with an average of 16.0 h−1, which is
lower than the airtightness of residential buildings (6.1 h−1, Choi & Kang [24]; 12.7 h−1,
Stephen & Sigel [25]).

ELAtotal was calculated to vary widely as 340.8–1566.9 cm2 with an average of
685.9 cm2, thus showing a large difference in the leakage area of classrooms. The result of
ELA according to leakage pathway in the 12 classrooms showed an average ELAoutdoor-side
of 15% of ELAtotal., while the average ELAcorridor-side was 39%., indicating that the win-
dows on the corridor side have a larger leakage area. It seems that the ELA is affected
by the materials of window frame and door, and renovation of classrooms, given that the
installation ratio of PVC window frame of outdoor side with a better airtightness than
wood is high. The ELAother, which represents the ELA of other elements excluding the
window and door, was 76% of ELAtotal, implying a large leakage area due to airflow rate
between adjacent classrooms or cracks in the finishing materials of ceiling textile.

The specific ELA of the most airtight classroom H (ACH50 = 9.1 h−1) was 5.3 cm2/m2,
and that of classroom K (ACH50 = 22.5 h−1), which was approximately 2.5 times less
airtight than classroom H, was 17.4 cm2/m2, approximately 3.3 times larger than that of
classroom H. In particular, classrooms I and J had similar airtightness, with ELA of 514.8
and 511.6 cm2 and ACH50 of 11.8 and 11.3 h−1, respectively. On the contrary, ELAoutdoor-side
and specific ELAcorridor-side were 1.5 and 5.4 cm2/m2 (classroom I), and 3.6 and 3.2 cm2/m2

(classroom J), respectively, suggesting that the primary penetration pathway of outdoor
particles will vary by classroom.

Table 2. Building characteristics of school classrooms.

Classrooms Built Year
(Years)

Mechanical
Ventilation

Envelope
Area
(m2)

Window Area (m2) Material of the Window
Frame

Material of the
Door

Outdoor
Side

Corridor
Side

Outdoor
Side

Corridor
Side Frame Panel

A 1988 None 22.9 8.6 6.7 PVC Wood aluminum Wood
B 1937 None 24.6 10.4 7.4 PVC PVC aluminum
C 1989 None 24.9 8.9 6.7 PVC Wood aluminum Wood
D 1961 None 22.9 13.0 6.2 PVC, Steel Wood Wood
E 1944 Installed

(HVAC) 21.8 9.6 0 Steel None Wood
F 1971 None 22.0 14.7 5.1 PVC Steel Steel
G 1967 Installed

(HVAC) 19.8 13.4 4.8 PVC, Steel PVC,
Steel PVC

H 1937 None 19.0 15.1 4.5 PVC,
Aluminum Wood Wood

I 1983 None 24.7 13.3 6.7 Steel Wood Wood
J 1944 Installed

(HRV) 25.5 14.2 5.5 PVC Wood Wood

K 1998 Installed
(HVAC) 36.5 15.6 2.4 PVC,

Aluminum PVC PVC

L 1965 Installed
(HRV) 31.2 12.0 3.7 PVC,

Aluminum PVC Wood
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Table 3. Air leakage characteristics of school classrooms.

Classrooms C
(m3·h−1·Pa-n) n (-) ACH50

(h−1)

ELA (cm2) Specific ELA (cm2/m2)

Total Outdoor
Side

Corridor
Side Other Total Outdoor

Side
Corridor

Side

A 410.2 0.58 24.8 981.2 301.7 462.6 216.9 16.2 5.0 7.6
B 264.8 0.61 16.7 663.7 72.0 257.5 334.3 10.8 1.2 4.2
C 295.4 0.62 19.6 752.7 20.4 514.9 217.4 12.3 0.3 8.4
D 212.2 0.65 15.6 562.9 60.3 206.9 295.7 8.4 0.9 3.1
E 203.7 0.71 18.1 589.3 23.0 175.6 390.7 8.3 0.3 2.5
F 200.4 0.61 14.0 505.3 76.4 156.7 272.2 8.0 1.2 2.5
G 161.0 0.70 15.9 453.9 28.0 140.2 285.7 7.4 0.5 2.3
H 133.9 0.62 9.1 340.8 93.0 110.5 137.3 5.3 1.4 1.7
I 209.4 0.60 11.8 514.8 91.7 339.0 84.0 8.2 1.5 5.4
J 222.4 0.55 11.3 511.6 209.3 186.2 116.1 8.7 3.6 3.2
K 671.3 0.56 22.5 1566.9 69.1 309.3 1188.5 17.4 0.8 3.4
L 322.8 0.59 12.3 787.3 72.3 228.9 486.1 8.6 0.8 2.5

3.3. Outdoor Particle Infiltration

Table 4 provides a summary of the size-resolved particle penetration coefficient (P)
and air exchange rate (AER, λ) measured in each classroom. The analysis result showed
that the arithmetic mean and standard deviation (A.M., ± s.d) of estimated value of P0.3–0.5
is 0.80 ± 0.28, P0.5–1.0 is 0.75 ± 0.30, P1.0–3.0 is 0.60 ± 0.25, P3.0–5.0 is 0.57 ± 0.28, and P5.0–10.0
is 0.51 ± 0.25. Larger the particles, the smaller was the penetration coefficient, which is
consistent with the result of previous studies [8,32,33]. It indicates that a small fraction of
particles (0.3–0.5 µm) is easiest to enter indoors through the crack in the building envelope,
and the indoor particle concentration has a high proportion of small particles.

The penetration coefficient of particles larger than 5.0 µm appeared to be small because
interception, impaction, or gravitational settling are the major particle loss mechanisms of
these large particles. In some classrooms (D and K), the penetration coefficient appeared to
be large for a small fraction (0.3–0.5 µm). This is because the outdoor particle concentration
was smaller than the indoor concentration at the time of measurement, and at the 2nd
measurement in classroom K, the AER was calculated as 0.97 seemingly because a school
administrator opened the classroom windows during the measurement. This balanced
the indoor and outdoor concentration, causing an error. The mean value of AER was
0.41 ± 0.13 h−1.

Table 5 presents the deposition loss rate (k) of size-resolved particles of 12 classrooms
in this study, which have a range of 0.22–1.03 h−1. This implies a particle sink effect
corresponding to 0.54–2.51 times the average AER (0.41 h−1) of the 12 classrooms. This
result indicates that the deposition loss rate is a significant factor affecting the particle
sink within classrooms. The analytical result of arithmetic mean and standard deviation
(A.M. ± s.d) of deposition loss rate by particle size showed that k0.3–0.5 is 0.22 ± 0.23 h−1,
k0.5–1.0 is 0.30 ± 0.25 h−1, k1.0–3.0 is 0.32 ± 0.19 h−1, k3.0–5.0 is 0.65 ± 0.26 h−1, and k5.0–10.0 is
1.03 ± 0.25 h−1. The deposition loss rate was particle-size dependent, which show a similar
trend to the result of previous studies on deposition loss rate by particle size [8,21,33–35].
However, the estimated value of k by particle size differed from the previous studies [21,33–35].
The deposition loss rate of the previous studies was estimated from residential buildings
and varied according to indoor surface material and roughness [35,36], the amount of
indoor surface area [37], and particle density.

By contrast, a study on deposition loss rate by particle size in a classroom of ele-
mentary school [8] deduced deposition loss rates of k0.3–0.5 = 0.16 h−1; k0.5–1.0 = 0.16 h−1;
k1.0–2.0 = 0.33 h−1; k2.0–5.0 = 0.69 h−1; k5.0–10.0 = 1.32 h−1, similar to the result of this study.
This is because features used [8] were similar to those in our study: classroom area (about
59 m2), material of the indoor surface and window frame (wall: painting; window frame:
wood and single glazing window), and students’ desk and chair materials (wood framed
by metal).
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Table 4. Size-resolved particle penetration coefficient and air exchange rate of classrooms.

Classrooms
Penetration Coefficient, P a Air Exchange

Rate a, λ (h−1)0.3–0.5 µm 0.5–1.0 µm 1.0–3.0 µm 3.0–5.0 µm 5.0–10.0 µm

A b 1.00 1.00 0.78 0.78 0.49 0.67
B b 1.00 1.00 0.56 0.33 0.23 0.35
C b 1.00 1.00 1.00 1.00 1.00 0.45
D 0.26 ± 0.20 0.32 ± 0.18 0.51 ± 0.03 0.37 ± 0.11 0.43 ± 0.16 0.48 ± 0.10
E 0.71 ± 0.27 0.55 ± 0.28 0.71 ± 0.27 0.61 ± 0.33 0.52 ± 0.23 0.42 ± 0.05
F 0.68 ± 0.31 0.50 ± 0.19 0.47 ± 0.19 0.35 ± 0.24 0.37 ± 0.20 0.54 ± 0.28
G 1.00 ± 0.00 0.88 ± 0.16 0.18 ± 0.26 0.58 ± 0.31 0.83 ± 0.24 0.25 ± 0.01
H 0.83 ± 0.29 0.73 ± 0.39 0.89 ± 0.18 0.95 ± 0.09 0.77 ± 0.40 0.30 ± 0.09
I 0.77 ± 0.39 0.76 ± 0.41 0.63 ± 0.35 0.56 ± 0.33 0.70 ± 0.28 0.36 ± 0.06
J 0.88 ± 0.20 0.81 ± 0.19 0.72 ± 0.27 0.59 ± 0.36 0.72 ± 0.28 0.25 ± 0.03
K 0.13 ± 0.00 0.15 ± 0.00 0.50 ± 0.15 0.29 ± 0.18 0.25 ± 0.19 0.53 ± 0.39
L 0.54 ± 0.65 0.12 ± 0.13 0.43 ± 0.49 0.06 ± 0.05 0.31 ± 0.41 0.39 ± 0.19

AM c 0.80 0.75 0.60 0.57 0.51 0.41
s.d c 0.28 0.30 0.25 0.28 0.25 0.13
GM c 2.05 1.87 1.79 1.65 1.71 1.50
GSD c 1.41 1.39 1.36 1.38 1.36 1.20

a Mean ± standard deviations. b Classrooms A, B, and C were tested once in accordance with the school’s access issue. c AM, arithmetic
mean; s.d, arithmetic standard deviations; GM, geometric mean; GSD, geometric standard deviations.

Table 5. Deposition loss rate of size-resolved particles of classrooms

Classrooms
Deposition Loss Rate (k) a

0.3–0.5 µm 0.5–1.0 µm 1.0–3.0 µm 3.0–5.0 µm 5.0–10.0 µm

A b 0.16 0.33 0.40 0.89 0.89
B b 0.71 0.77 0.53 0.70 0.84
C b 0.43 0.26 0.40 0.85 1.25
D 0.00 ± 0.00 0.00 ± 0.00 0.04 ± 0.06 0.46 ± 0.14 1.05 ± 0.19
E 0.34 ± 0.27 0.21 ± 0.20 0.35 ± 0.30 1.03 ± 0.57 1.29 ± 0.36
F 0.18 ± 0.15 0.14 ± 0.12 0.19 ± 0.07 0.70 ± 0.25 1.22 ± 0.32
G 0.26 ± 0.16 0.33 ± 0.11 0.10 ± 0.07 0.37 ± 0.01 0.69 ± 0.04
H 0.04 ± 0.07 0.06 ± 0.10 0.13 ± 0.10 0.45 ± 0.14 0.47 ± 0.42
I 0.38 ± 0.47 0.46 ± 0.50 0.69 ± 0.24 0.95 ± 0.78 1.26 ± 0.61
J 0.61 ± 0.12 0.68 ± 0.13 0.34 ± 0.08 0.55 ± 0.05 1.07 ± 0.32
K 0.07 ± 0.00 0.11 ± 0.00 0.29 ± 0.00 0.60 ± 0.28 0.96 ± 0.43
L 0.12 ± 0.00 0.64 ± 0.00 0.20 ± 0.12 0.16 ± 0.16 1.01 ± 0.34

AM c 0.22 0.30 0.32 0.65 1.03
s.d c 0.23 0.25 0.19 0.26 0.25
GM c 1.30 1.34 1.31 1.88 2.75
GSD c 1.31 1.34 1.24 1.47 1.48

a Mean ± standard deviations. b Classrooms A, B, and C were tested once in accordance with the school’s access issue. c AM, arithmetic
mean; s.d, arithmetic standard deviations; GM, geometric mean; GSD, geometric standard deviations.

3.4. Relationship between Air Leakage Characteristics, Other Building Characteristics, and
Outdoor Particle Infiltration

The Pearson correlation analysis was conducted to analyze the effects of air leak-
age characteristics (C, n, ACH50, ELA, and specific ELA) and other building charac-
teristics (built year, floor area, volume, and envelope area) on size-resolved outdoor
particle penetration.

The results of correlation analysis are provided in Tables 6–8. Table 6 indicates a high
correlation between the size-resolved outdoor particle source (P × λ) and air leakage char-
acteristic (specific ELAcorridor-side). As for the correlation coefficient between the outdoor
particle source (P × λ) and total ELA, r0.3–0.5 was −0.070, r0.5–1.0 was −0.002, r1.0–3.0 was
0.027, r3.0–5.0 was 0.014, and r5.0–10.0 was −0.196, indicating almost no correlation. As for
the correlation coefficient between the outdoor particle source and specific ELAcorridor-side,
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r0.3–0.5 was 0.705, r0.5–1.0 was 0.777, r1.0–3.0 was 0.727, r3.0–5.0 was 0.721, and r5.0–10.0 was
0.680, and the p-value was 0.05. Thus, a statistically significant relationship was seen.
The results demonstrate that outdoor particle penetration in classrooms is likely to occur
through the leakage pathway in corridors due to the fact that ELAcorridor-side is larger than
ELAoutdoor-side. Corridors are easily connected to exterior through school doors, lobbies,
and staircases, and thus the particle concentration in corridors may be as high as that
outdoor. Consequently, renovating corridor windows as well as exterior windows needs to
be considered to reduce outdoor particle penetration and improve airtightness of school
classrooms.

Table 7 shows that there is no significant correlation between the deposition loss
rate (k) and air leakage and other building characteristics, while Table 8 shows a high
correlation between the envelope area, ELAtotal, and specific ELAtotal. The correlation
coefficients (r) between the envelope area and ELAtotal and between the envelope area and
specific ELAtotal were 0.831 and 0.615, respectively, and the p-values were 0.01 and 0.05,
respectively. These results indicate that a larger envelope area increases the ELA.

Figures 3 and 4 show the results of linear regressions of the factors having a high cor-
relation. In this study, the Durbin-Watson test, used in autocorrelation analysis of residual
variables, was performed. The range of the value of Durbin-Watson test was 1.339–2.106.
This value is near or around 2, which indicates is no autocorrelation of error. Figure 3
provides a plot of the linear relation between the size-resolved outdoor particle source
and three specific ELA parameters (specific ELAtotal., specific ELAoutdoor-side, and specific
ELAcorridor-side). A strong linear relationship (R2 = 0.69 and 0.71) was observed between the
outdoor particle sources of small particle size (0.3–0.5 and 0.5–1.0 µm, respectively). In the
results of linear relations between the size-resolved outdoor particle source and ELA pa-
rameters, a sharp weakening of linear relation was observed between the outdoor particle
source of particle sized 5.0–10.0 µm and the parameters, except for specific ELAcorridor-side.
This implies that specific ELA calculated using the blower door in school classrooms can be
utilized to estimate an outdoor particle source having small sizes. These results are similar
to the results (PM2.5 outdoor particle source vs. ELA, R2 = 0.78) of Stephens & Siegel [25]
on linear relations between an ELA measured in residential buildings and outdoor particle
sources. Between the size-resolved outdoor particle source and specific ELAcorridor-side,
a weak linear correlation (R2 = 0.41~0.55) was observed, unlike the Pearson correlation
analysis where a high correlation coefficient (r = 0.68–0.78, p-value < 0.05) was obtained.
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Table 6. Correlations coefficient between particle penetration(P), deposition loss rate(k), outdoor particle source (P × λ) of size-resolved particles, air exchange rate(λ) and air leakage
characteristic (C, n, ACH50, ELA, and specific ELA).

Penetration Coefficient (P) Deposition Loss Rate (k) Outdoor Particle Source
(P × λ)

AER C n ACH50
Total
ELA

Specific
Total
ELA

Specific
ELAc0.3

–0.5
0.5

–1.0
1.0

–3.0
3.0

–5.0
5.0

–10.0
0.3

–0.5
0.5

–1.0
1.0

–3.0
3.0

–5.0
5.0

–10.0
0.3

–0.5
0.5

–1.0
1.0

–3.0
3.0

–5.0
5.0

–10.0

k

0.3
–0.5

0.613
*

0.615
* 0.245 0.100 0.164 1

0.5
–1.0 0.451 0.284 −0.015 −0.289 −0.120 0.748

** 1
1.0

–3.0 0.377 0.468 0.323 0.127 0.027 0.653
* 0.526 1

3.0
–5.0 0.292 0.465 0.471 0.433 0.141 0.361 −0.092 0.692

* 1
5.0

–10.0 −0.186 −0.180 0.134 −0.162 −0.039 0.246 0.046 0.408 0.543 1

P
×
λ

0.3
–0.5

0.733
**

0.733
** 0.561 0.574 0.256 0.264 0.112 0.398 0.590

* 0.050 1
0.5

–1.0
0.676

*
0.784

** 0.557 0.614
* 0.269 0.268 0.048 0.415 0.621

* 0.024 0.970
** 1

1.0
–3.0 0.342 0.422 0.765

**
0.596

* 0.212 −0.006 −0.225 0.267 0.623* 0.265 0.820
**

0.827
** 1

3.0
–5.0 0.456 0.570 0.699

*
0.788

** 0.440 −0.060 −0.340 0.177 0.593
* 0.081 0.844

**
0.871

**
0.928

** 1
5.0

–10.0 0.419 0.496 0.665
*

0.790
**

0.693
* −0.037 −0.375 0.103 0.501 0.272 0.656

*
0.677

*
0.791

**
0.882

** 1

AER −0.296 −0.166 0.054 −0.061 −0.421 −0.424 −0.407 0.036 0.379 0.302 0.656
* 0.443 0.630

* 0.524 0.311 1
C −0.441 −0.270 −0.284 −0.280 −0.464 −0.209 −0.058 0.148 0.047 0.064 −0.080 −0.008 0.016 0.000 −0.214 0.564 1
n 0.123 0.049 −0.108 0.161 0.250 −0.090 −0.334 −0.307 0.098 −0.010 0.012 −0.040 −0.085 0.032 0.170 −0.220 −0.533 1

ACH50 −0.033 0.168 −0.066 0.085 −0.219 −0.074 −0.197 0.155 0.428 0.150 0.453 0.525 0.434 0.483 0.253 0.724
**

0.690
* −0.014 1

Total ELA −0.447 −0.278 −0.293 −0.278 −0.465 −0.218 −0.088 0.135 0.072 0.087 −0.070 −0.002 0.027 0.014 −0.196 0.582
*

0.996
** −0.457 0.732

** 1
Specific

Total ELA −0.146 0.079 −0.070 −0.036 −0.315 −0.030 −0.018 0.297 0.301 0.119 0.293 0.388 0.322 0.325 0.074 0.680
*

0.908
** −0.468 0.877

**
0.911

** 1

Specific
ELAc 0.394 0.559 0.510 0.460 0.298 0.271 0.122 0.580

* 0.564 0.326 0.705
*

0.777
**

0.727
**

0.721
**

0.680
* 0.461 0.293 −0.277 0.570 0.296 0.594 * 1

Specific
ELAo 0.322 0.379 0.296 0.222 −0.015 0.111 0.265 0.229 0.171 −0.141 0.525 0.558 0.418 0.410 0.145 0.283 0.134 −0.553 0.185 0.082 0.327 0.350

** Significant at p < 0.01. * Significant at p < 0.05.
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Table 7. Correlations coefficient between penetration coefficient(P), deposition loss rate(k), outdoor particle source(P × λ) of size-resolved particles, air exchange rate(λ) and other building
characteristics (built year, floor area, volume, and envelope area).

Penetration Coefficient (P) Deposition Loss Rate (k) Outdoor Particle Source (P × λ)
AER Built

Year
Renovation

Year
Floor
Area Volume0.3

–0.5
0.5

–1.0
1.0

–3.0
3.0

–5.0
5.0

–10.0
0.3

–0.5
0.5

–1.0
1.0

–3.0
3.0

–5.0
5.0

–10.0
0.3

–0.5
0.5

–1.0
1.0

–3.0
3.0

–5.0
5.0

–10.0

k

0.3
–0.5

0.613
*

0.615
* 0.245 0.100 0.164 1

0.5
–1.0 0.451 0.284 −0.015 −0.289 −0.120 0.748

** 1
1.0

–3.0 0.377 0.468 0.323 0.127 0.027 0.653
* 0.526 1

3.0
–5.0 0.292 0.465 0.471 0.433 0.141 0.361 −0.092 0.692

* 1
5.0

–10.0 −0.186 −0.180 0.134 −0.162 −0.039 0.246 0.046 0.408 0.543 1

P
×
λ

0.3
–0.5

0.733
**

0.733
** 0.561 0.574 0.256 0.264 0.112 0.398 0.590

* 0.050 1
0.5

–1.0
0.676

*
0.784

** 0.557 0.614
* 0.269 0.268 0.048 0.415 0.621

* 0.024 0.970
** 1

1.0
–3.0 0.342 0.422 0.765

**
0.596

* 0.212 −0.006 −0.225 0.267 0.623
* 0.265 0.820

**
0.827

** 1
3.0

–5.0 0.456 0.570 0.699
*

0.788
** 0.440 −0.060 −0.340 0.177 0.593

* 0.081 0.844
**

0.871
**

0.928
** 1

5.0
–10.0 0.419 0.496 0.665

*
0.790

**
0.693

* −0.037 −0.375 0.103 0.501 0.272 0.656* 0.677
*

0.791
**

0.882
** 1

AER −0.296 −0.166 0.054 −0.061 −0.421 −0.424 −0.407 0.036 0.379 0.302 0.414 0.443 0.630
* 0.524 0.311 1

Built year −0.225 −0.083 −0.185 0.003 0.035 −0.424 −0.267 0.176 0.211 0.325 0.161 0.218 0.241 0.315 0.361 0.610
* 1

Floor area −0.712
**

−0.818
** −0.474 −0.627

* −0.550 −0.464 −0.059 −0.215 −0.411 0.041 −0.573 −0.632
* −0.405 −0.501 −0.542 0.189 0.265 −0.511 1

Volume −0.634
*

−0.736
** −0.379 −0.615

* −0.494 −0.286 0.137 −0.032 −0.382 0.110 −0.562 −0.613
* −0.403 −0.528 −0.546 0.097 0.262 −0.499 0.964

** 1

Envelop area −0.572 −0.518 −0.370 −0.555 −0.494 −0.079 0.193 0.165 −0.187 0.220 −0.435 −0.405 −0.297 −0.404 −0.457 0.239 0.470 −0.336 0.797
**

0.876
**

** Significant at p < 0.01. * Significant at p < 0.05.
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Table 8. Correlations coefficient between air leakage characteristic (C, n, ACH50, ELA, and Specific ELA) and other building characteristics (built year, floor area, volume, and envelope
area).

C n ACH50 Total ELA Specific Total
ELA Specific ELAc Specific ELAo Built Year Floor Area Volume

n −0.533 1
ACH50 0.690 * −0.014 1

Total ELA 0.996 ** −0.457 0.732 ** 1
Specific Total

ELA 0.908 ** −0.468 0.877 ** 0.911 ** 1

Specific ELAc 0.293 −0.277 0.570 0.296 0.594 * 1
Specific ELAo 0.134 −0.553 0.185 0.082 0.327 0.350 1

Built year 0.641 −0.293 0.585 0.644 0.671 0.578 0.059 1
Floor area 0.62 −0.196 0.121 0.631 0.283 −0.309 −0.353 0.265 1

Volume 0.627 * −0.349 0.054 0.625 * 0.300 −0.196 −0.285 0.262 0.964 ** 1
Envelope area 0.847 ** −0.592 * 0.294 0.831 ** 0.615 * 0.072 −0.091 0.470 0.797 ** 0.876 **

** Significant at p < 0.01. * Significant at p < 0.05.
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Figure 3. Linear regressions between size-resolved outdoor particle source (P × λ) and specific ELA: (a) specific ELAtotal, (b) specific ELAoutdoor-side, and (c) specific ELAcorridor-side.



Sustainability 2021, 13, 7382 15 of 18

Figure 4 shows the analysis results of linear relations between the envelope area
and ELA, and three specific ELA parameters. The envelope area has a high correlation
(R2 = 0.69) with the ELA, whereas it has a weak or nearly no linear relation with the specific
ELA parameters. Since this is a basic study to analyze which parameters of air-leakage
characteristics and other building characteristics are correlated with the outdoor particle
infiltration, a simple regression analysis was performed. Moreover, although the variables
evaluated here were presented as major variables in previous studies [21–24], there may
be confounding factors. In future, we plan to develop a predictive model for the outdoor
particle infiltration of classrooms by performing multicollinearity and sensitivity tests of
parameters.

Figure 4. Linear regressions between envelope area and ELA: (a) ELAtotal., (b) specific ELAtotal., (c) specific ELAoutdoor-side,
and (d) specific ELAcorridor-side.

Consequently, Tables 6 and 7 show no significant correlation between the penetration
coefficient (P) of classrooms and air leakage and other building characteristics. Such results
are similar to those of previous studies (Liu & Nazzaroff [38,39]) that presented the particle
size and crack height as primary determinants of particle penetration than the leakage area
in a certain pressure range (4–10 Pa) using a chamber test. However, given an outdoor
particle source in a small particle size range has a linear relation with the specific ELA
parameters as shown in Figure 1, the particle penetration of small particle size seems to be
affected by specific ELA. The results demonstrate that the outdoor particles penetrating
classrooms have mostly a small size range, and that the particle penetration of such small
particles should be analyzed when assessing the students’ hazards of exposure to outdoor
particles.
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4. Conclusions

In this study, the relationship among air leakage characteristics, other building char-
acteristics, and outdoor particle penetration was analyzed. Furthermore, the air leakage
characteristics of classrooms were analyzed, and the penetration coefficient and deposition
loss rate were estimated by measuring the airtightness and indoor and outdoor particle
concentrations according to particle size.

The airtightness of 12 classrooms appeared to be lower than that of residential build-
ings with an average ACH50 of 16.0 h−1. As expected, the estimated value of P by particle
size demonstrated that larger the particle size, smaller was the penetration coefficient. The
deposition loss rates of 12 classrooms ranged between 0.22–1.03 h−1, indicating a particle
sink effect corresponding to 0.54–2.51 times the average air exchange rate (0.41 h−1). The
correlation between the size-resolved outdoor particle source (P × λ) and specific ELA was
high (r = 0.68–0.78, p-value < 0.05), and in particular, that with specific ELAcorridor-side was
strong (R2 = 0.69~0.71).

These results strongly suggest that airtightness of corridor-side wall and windows
is an important factor for outdoor particle infiltration. As the national renovation project
for deteriorated schools has been conducted in Korea, the improvement of airtightness
of exterior walls has been usually considered for both reducing energy consumption and
reducing indoor particle concentration. The results of this study, however, indicated that
improving airtightness of inter-zonal wall should be also considered for the same purpose.
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(No. 2019M3E7A1113090).
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Appendix A

Table A1. Results of normality test of penetration coefficient and deposition loss rate of size-resolved particles.

Parameter
Particle Size

(µm)
Kolmogorov-Smirnov Shapiro-Wilk

Skewness KurtosisT Significance Level (α) T Significance Level (α)

Penetration
coefficient (P)

0.3–0.5 0.175 0.200 * 0.855 0.042 0.977 0.058
0.5–1.0 0.170 0.200 * 0.914 0.238 0.505 1.019
1.0–3.0 0.099 0.200 * 0.981 0.986 0.132 0.474
3.0–5.0 0.149 0.200 * 0.958 0.761 0.181 0.392

5.0–10.0 0.141 0.200 * 0.947 0.598 0.334 1.012

Deposition
loss rate (k)

0.3–0.5 0.163 0.200 * 0.933 0.418 0.727 0.357
0.5–1.0 0.171 0.200 * 0.932 0.401 0.524 0.963
1.0–3.0 0.140 0.200 * 0.963 0.827 0.578 0.111
3.0–5.0 0.121 0.200 * 0.975 0.953 0.217 0.605

5.0–10.0 0.144 0.200 * 0.929 0.367 0.808 0.291

* Significance level limit.
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