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Abstract: The thermal performance of building envelopes is significantly affected by building insula-
tion and airtightness. However, most studies have focused on improving thermal performance in
building envelopes, while few studies on improving airtightness in buildings have been conducted.
The present study measured airtightness and infiltration in non-residential buildings using fan
pressurization and tracer gas methods. By analyzing the results obtained from both methods, the
distribution of the correlation factors was identified, which can be used for the air leakage rates
obtained from the blower door test to estimate the infiltration rates under natural airflow conditions.
Since it is difficult to get the values of ACH50 through the blower door test in buildings of large
volume or where large air leakages occur, the study proposed a method to convert the values of
airtightness under several low-pressure differences of 20 Pa, 25 Pa, 30 Pa and 35 Pa into ACH50
using conversion coefficient. By dividing the air leakage rate under 20 Pa pressure difference by the
conversion coefficient of 0.60, the values of ACH50 can be estimated. Results converted to ACH50
using conversion coefficient for various pressure differences of 20 Pa, 25 Pa, 30 Pa, and 35 Pa showed
an error of 0.1–4.4%, respectively, compared to actual ACH50 measurement results.

Keywords: airtightness; blower door; ACH50; non-residential building

1. Introduction
1.1. Background and Objective

With the significant concern for climate change in response to global warming, the
Intergovernmental Panel on Climate Change (IPCC) has agreed to achieve the goal of
net zero by 2050 to limit temperature increase to 1.5 ◦C by 2100. Thus, many countries
have agreed to reduce greenhouse gas (GHG) emission rates [1]. The building sector in
the EU accounts for about 40% of total energy consumption [2–4]. In addition, 60–70% of
building energy consumption was used for space heating. Among possible strategies to
reduce building energy consumption, one of the most effective strategies is to improve the
thermal performance of building envelope systems [5]. In residential buildings, the exterior
walls contributed about 34% of building energy consumption, which was important in
determining the energy demand for indoor thermal comfort [5,6].

In the Energy Conservation Design Standard of buildings in Republic of Korea, the
government has strengthened the thermal properties of building envelopes by about 15–20%
every two or three years since 2008 [7]. Specifically, the thermal transmittance value from
2008 to 2022 was changed from 0.47 W/m2K to 0.15 W/m2K, respectively. This shows an
approximate decrease in thermal transmittance of 70%. Even though building insulation and
airtightness are both important for the thermal properties of building envelopes, the Korean
government has only focused on building insulation performance. In addition, there have
been a few studies of the infiltration in building energy consumption [8]. In the total heat loss
of buildings, infiltration accounted for about 15–60%.

Moreover, air leakage has demanded about 25% and 12% of heating and cooling,
respectively [9]. The improvement of airtightness in buildings can be considered an effective
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way to minimize heat loss. In the case of high-performance buildings, the effectiveness of
the improved airtightness can be relatively greater [10,11].

Generally, airtightness can play a significant role in building energy efficiency [11–15].
Recently, much attention has been paid to the importance of building airtightness [15–17].
Exfiltration is estimated to account for 3–5% and 11–15% of the total energy demand and
CO2 emissions in UK housing stock, respectively [1]. Thus, improving airtightness in
building envelopes is necessary, which can result in improved building energy efficiency
and indoor air quality [18,19].

To assess building airtightness, two methods have been commonly used: the fan
pressurization method and the tracer gas method [20–22]. The fan pressurization method
measures the airflow at an artificial condition of 50 Pa or 10 Pa of pressure difference
between indoors and outdoors. In addition, the air leakage rates from the measurement can
be used as a metric for the air leakage rates on the unit area of the building envelope [23–25].
The airtightness value in natural conditions is quite a bit lower than that under a 50 Pa
pressure difference between indoors and outdoors. Specifically, the pressure difference
between indoors and outdoors under the natural airflow condition is lower than 10 Pa [26].
Generally, the tracer gas method has been used to measure infiltration under natural air
flow conditions, and it can provide a more reliable result than that offered by the fan
pressurization method [27–29].

For the objectives of the present study, the infiltration rates for non-residential build-
ings were regularly measured using the tracer gas method and the fan pressurization
method to identify the correlation factor. The measurements assessed the airtightness of
non-residential buildings, and the correlation factor was recognized by the analyses of the
results obtained from the two methods. Since it is difficult to maintain a 50 Pa pressure
difference for the blower door test in buildings of large building volume or which are
old, the present study also proposed a method to convert the values of airtightness under
several low-pressure differences of 20 Pa, 25 Pa, 30 Pa and 35 Pa into ACH50. The overall
flow of this study is displayed in Figure 1.
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1.2. Literature Review

Sherman proposed a simple rule-of-thumb of the “air changes per hour under 50 Pa”
(hereafter ACH50/N (N = the correlation factor, 20), divided-by-20 rule) [30,31] and correla-
tion factor simply consists of the assumption that the infiltration in a building is 1/20th
of its airtightness [32]. However, recent studies have revealed that the correlation factor
can differ by building location and climate conditions and that a correlation factor greater
than 20 was analyzed [19,33,34]. For example, Alan et al. measured the infiltration rates of
19 residential buildings by the blower door test and the tracer gas method. Since the ratio
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of the volume to the envelope area of the buildings was about 1:1, the correlation factor
was calculated using the envelope area. As a result, the correlation factor ranged from 21 to
55, and the average value was 37 (divide-by-37 rule) [19]. To extrapolate the correlation
between the fan pressurization-measured airtightness and the tracer gas-measured infil-
tration, it is necessary to perform the blower door test in advance. However, it is difficult
to maintain a 50 Pa pressure difference between indoors and outdoors in some situations,
such as large-scale or leaky buildings. While additional fans or a combination of blower
door equipment and air handler units can overcome the problem, it is still difficult to
maintain a 50 Pa pressure difference in reality [24,35–37]. Previous studies have used air
handle units to maintain a 50 Pa pressure difference between indoors and outdoors for
airtightness measurements in large-scale buildings that cannot establish a 50 Pa pressure
difference [24,38]. However, there are limitations in measuring airtightness performance in
large-scale buildings or buildings with numerous leakage points.

2. Methodology
2.1. Fan Pressure Method—Blower Door Test

Among various methods for airtightness measurements, the fan pressurization method
employs artificial pressure conditions between indoor and outdoor fans. Figure 2 shows
that the airtightness was measured using a blower door system. Specifically, the airflow
rate was monitored to induce a particular pressure between the interior and exterior of the
building. To set up the pressure–leakage relationship, the airflow rate passing the fans was
also measured [37].

Q = C(∆p)n (1)

where Q [m3/h] is the airflow rate through the opening, and C [m3/(h·Pan )] is the flow
coefficient. In addition, n is the pressure exponent.
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While there are several airtightness metrics available, such as ACH50 (h·1), ELA (m2),
EqLA (m2), and Air permeability (m3/h·m2), ACH50 was used for the present study as
the metric to analyze the result obtained from the airtightness measurements. To present
the metric of ACH in a natural ventilation state, it was expressed as ACH50. In addition,
the blower door tests were conducted in accordance with ISO Standard 9972:2015 method
3 [39]. The windows and doors were closed for the measurements, but nothing was sealed,
including the window frames and the wall.

Moreover, a blower door system was installed at the main entrance. The measurements
were conducted at intervals of 5 Pa–10 Pa indoors and outdoors pressure difference by
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pressurizing or depressurizing from 10 Pa–65 Pa. In accordance with ISO Standard 9972,
they were required that the indoor/outdoor air temperature difference should not exceed
25 ◦C (when the height of a building is 10 m) and the wind speed should not exceed 6 m/s.
Therefore, during the Blower Door test, indoor and outdoor temperatures, humidity, and
wind speed were monitored and confirmed [39].

2.2. Tracer Gas—Decay Method

The tracer gas method is one of the most highly regarded methods for infiltration
measurements in buildings [40]. Three tracer gas techniques exist concentration decay,
constant injection, and constant concentration [25]. Among them, the decay method is
the most widespread technique for infiltration measurements due to its convenience, and
compared with other techniques, it produces relatively accurate results [41–43]. While
SF6 gas or CO2 were mainly used as a tracer gas, the use of SF6 is limited due to its
environmental effects [44]. Thus, CO2 has been increasingly used [45].

For the measurement in the study, CO2 was injected into the selected building room
where the windows and doors remained closed, with the same conditions as those of the
blower door method. As shown in Figure 3, the infiltration rates obtained from the decay
method were calculated using Equation (2):

ACH = (lnC0 − lnC(t))/t (2)

where C (t) is the tracer gas concentration at time (t), C0 is the concentration of the tracer in
the space at t = 0, t is time, and ACH is the air change rate (h−1).
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Based on the CO2 concentration in each room, the tracer gas was measured in the
center of the room for 6 h–12 h.

2.3. Airtightness under Several Low-Pressure Differences

As a representative airtightness metric, the ACH50 can be calculated using Equation (3):

ACH50 = Q50/V (3)

where, Q50 is the air leakage rate under the 50 Pa indoor/outdoor pressure difference
(m3/h), and V is the volume (m3).

The present study proposed a method to predict the ACH50 by analysing the airtight-
ness measurements with several indoor/outdoor pressure differences of 20 Pa, 25 Pa, 30 Pa
and 35 Pa. In addition, the measured values of ACH50 were compared with the predicted
ACH50. The specific methods are below:

Step 1. According to the analyses of the measured data at an interval of 5 Pa–10 Pa from
10 Pa to 65 Pa through the airtightness measurements in accordance with ISO 9972:2015, the
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value of ACH50 was compared with the measured data at several indoor/outdoor pressure
differences of 20 Pa, 25 Pa, 30 Pa and 35 Pa.

Step 2. Using Equation (4), the conversion coefficient can be calculated with measured
data when the value is at the ACH50 is assumed to be 1. For the conversion coefficient,
the average values obtained from the airtightness measurements under four low-pressure
differences in 6 rooms in buildings A, B, and C were used:

Npr = ACHpr/ACH50 (4)

where, ACH50 is the air change per hour under 50 Pa (h−1), and pr is the pressure difference
(Pa). In addition, ACHpr is the air change per hour under the various pressure differences
(h−1), and Npr is the conversion coefficient under the various pressure differences.

Step 3. To validate the conversion coefficient, the airtightness was measured to obtain
the values of ACHpr (pr = 20 Pa, 25 Pa, 30 Pa and 35 Pa) in four different rooms. Moreover,
the ACH50 was measured for the same four rooms for validation in accordance with ISO
9972:2015—method 3. The calculated ACH50 values (by using the measured, ACHpr and
Equation (4)) were compared with the measured ACH50 values. The difference from the
comparison was identified.

The data to maintain the four pressure differences of 20 Pa, 25 Pa, 30 Pa and 35 Pa
without sealing any parts in the room was measured twice. To reduce the effect of different
environmental conditions, the airtightness measurement under a 50 Pa pressure difference
was immediately conducted for validation.

2.4. Building Description

According to previous studies, airtightness measurements have mainly been con-
ducted in residential buildings [10,19,46,47]. However, there have been few studies of
airtightness in non-residential buildings, such as offices, schools, etc. The present study
focuses on the airtightness in school buildings (Buildings A, B, and C).

Table 1 presents a description of the selected buildings. The selection of buildings was
based on their building age, i.e., 1987, 1994, and 2007. The structure of all the buildings was
made of reinforced concrete, and two window frames, of PVC and Aluminum, were used.
In all rooms in these selected buildings, the blower door tests were performed, and both
pressurization and depressurization test modes were applied twice. The tracer gas tests
were also conducted in all the rooms of the selected buildings. For validation of the ACHpr
at 20 Pa, 25 Pa, 30 Pa, and 35 Pa, the measurements were performed in 4 rooms (A3, A4, B3,
and C3).
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Table 1. Building description.
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3. Results
3.1. Blower Door Test Results

For both the fan pressurization method and tracer gas method, the indoor and outdoor
temperatures were measured. The wind data were based on the weather data [48].

In Table 2, the indoor and outdoor temperatures ranged from 8.1 ◦C–25.1 ◦C and
1.9 ◦C–22.6 ◦C, respectively. The in/outdoor temperature difference ranged 0.9 ◦C–14.8 ◦C.
In addition, the wind speed ranged from 0.68 m/s to 6.79 m/s, which was considered a
“Moderate breeze” on the Beaufort scale of wind in ISO 9972 standard Annex D [39].

Table 2. Indoor and outdoor climate parameters during the experiment period.

Room Measurement
Date

Indoor
Temp [◦C]

Outdoor
Temp [◦C]

Indoor/Outdoor
Temperature

Difference [◦C]

Outdoor Wind
Speed [m/s]

A1 16 April 2021
29 September 2021

22.3
24.8

14.8
22.6

7.5
2.2

1.3
3.8

A2 18 April 2021
30 September 2021

17.0
23.1

13.4
22.2

3.6
0.9

2.6
1.0

A3 17 December 2021
8 April 2022

17.1
16.3

2.3
10.1

14.8
6.2

6.8
1.3

A4 17 December 2021
8 April 2022

15.0
18.7

2.7
10.1

12.3
8.6

4.5
1.5

B1 30 April 2021
23 December 2021

20.5
16.3

18.3
4.8

2.2
11.5

3.6
4.1

B2 4 May 2021
23 December 2021

21.5
17.4

19.3
4.8

2.2
12.6

1.7
3.6

B3 23 December 2021 16.6 4.9 11.7 3.6

C1 17 September 2021
7 January 2022

25.1
8.1

20.9
2.4

4.2
5.7

0.7
1.7

C2 7 January 2022
15 April 2022

8.4
20.1

1.9
14.9

6.5
5.2

1.1
3.9

C3 7 January 2022
15 April 2022

8.7
19.0

2.2
13.2

6.5
5.8

1.9
3.9

Figure 4 shows the results of the blower door tests in two rooms in each building. Four
pressurization and depressurization tests were performed in each room. As a result, the
ACH50 values for pressurization in the room A1 were 18.50 h−1–18.51 h−1, while the values
for depressurization were 17.42 h−1–17.65 h−1. The average value of ACH50 was 17.8 h−1.
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By comparing the average values of all buildings, the air leakages for buildings A, B, and
C under ACH50 were (21.1 h−1, 10.9 h−1 and 6.6 h−1, respectively. The difference in the air
leakage rates was caused by the building age [10]. Specifically, the air leakage rate of Building
A, constructed in 1980, was about three times higher than that of Building C in 2000.



Energies 2023, 16, 6845 8 of 13

3.2. Tracer Gas Results and Distribution of the Correlation Factor

Figure 5 shows the measurement results obtained from the decay method.
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Figure 5. Concentration of the rooms through tracer gas measurement.

According to the result of the decay method, the averaging infiltration rates for
buildings A, B, and C were 0.3 h−1, 0.16 h−1 and 0.09 h−1, respectively. Similarly, the
lowest infiltration rate was observed in building C, as with the blower door test results.
The averaging infiltration rates of building A were about three times higher than that of
building C due to the blower door method.

Table 3 shows the infiltration rates obtained from the decay method and the blower
door test that were analyzed to determine the distribution of the correlation factors in
non-residential buildings in Republic of Korea.

Table 3 presents measurement results and the correlation factors. In Table 3, the
infiltration rates for room A1 were 0.22 h−1 and 0.29 h−1, while the values under the
ACH50 from the blower door test were 18.02 h−1 and 17.57 h−1, respectively. In addition,
the calculated correlation factor was 81.91 based on the measurement results obtained from
the blower door test and the decay method.
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Table 3. Airtightness performance measurement results and distribution of the correlation factor.

Room
Air Change per Hour
(h−1, ACH) Using the

Decay Method

Air Change per Hour at
50 Pa (ACH50) Using the

Blower Door Test
ACH50/ACH

A1 0.22
0.29

18.02
17.57

81.91
60.58

A2 0.21 24.64 117.31

B1 0.16
0.15

14.02
12.91

87.59
86.08

B2 0.15
0.18

9.26
7.25

61.73
40.29

C1 0.09
0.09

5.21
5.64

57.83
62.64

C2 0.09 6.79 75.42

When estimating the correlation factors based on the measurement results of the
blower door test and the decay method, the factors ranged from 40.29−117.31. The aver-
age correlation factor was 73.14, about 3.6 times higher than that suggested by Sherman
(divided-by-20 rule). Alan et al. estimated the distribution of correlation factors through
the comparison between the measurement of air permeability (m3/h·m2) and the results of
the tracer gas method in residential buildings in the UK [19]. As a result, the factors were
distributed in the range of 20.54−55.06, and the average value was 36.53.

Comparing the averaging correlation factors of each building, the values for buildings
A, B, and C were 86.6, 68.93, and 65.3, respectively. The highest correlation factor can be
caused by the highest air leakage rates in a building.

4. Results ACH of Several Low-Pressure Differences

In this study, the air leakage rates under several pressure differences
(ACHpr, pr = 20 Pa, 25 Pa, 30 Pa, 35 Pa and 50 Pa) and Equation (4) for the calculation of
Npr were analyzed. Equation (4) was used to convert the data obtained from the blower
door test in the selected buildings into ACH50 values. In addition, the value of conversion
coefficients was calculated.

In this chapter, the ACHpr was measured in rooms A3, A4, B3, and C3 in the selected
buildings. The conversion coefficients (Npr) were calculated through comparison with the
measured ACH50 values.

ACH50
P was predicted based on the conversion coefficients and the measured ACHpr

values using Equation (5):
ACHpr/Npr = ACH50

P (5)

where, pr = 20 Pa, 25 Pa, 30 Pa and 35 Pa.
Figure 6 shows the distribution of the conversion coefficients obtained from the blower

door test, which were calculated under four low-pressure differences of 20 Pa, 25 Pa, 30 Pa
and 35 Pa, assuming that the ACH50 was 1.

The distribution of the conversion coefficients under the 20 Pa indoor and outdoor
pressure difference was from 0.55 to 0.73, in which the average value was 0.60. For this
study, the average conversion coefficient was used, and the values of ACHpr 20 Pa, 25 Pa,
30 Pa and 35 Pa were 0.60, 0.68, 0.76, and 0.84, respectively. Figure 7 presents the results
obtained to verify the conversion coefficient in Room A3. To validate this, the airtightness
performance (ACH 20, ACH 25, ACH 30, ACH 35) at the corresponding pressure differ-
ences was divided by the conversion coefficient (20 Pa = 0.60, 25 Pa = 0.68, 30 Pa = 0.76,
35 Pa = 0.84) presented in Figure 6 to calculate ACH 50. According to the result obtained in
room A3, the depressurization and pressurization values under ACH20 were 8.2 h−1 and
9.2 h−1, respectively, as shown in Figure 7. Moreover, the same measurements under the
pressure differences of 25 Pa, 30 Pa and 35 Pa were performed in rooms A4, B3, and C3.
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The values of ACH50
P can be calculated using Equation (5). The values of ACH50

P

were compared with the values of ACH50
M for validation, which was obtained from the

measurements in the rooms in accordance with ISO 9972: Method 3. Figure 8 presents
the values of ACH50

P and ACH50
M. To calculate the values of ACH50

P, the measured
data under the 20 Pa pressure difference was divided by the conversion coefficient 0.60 in
Figure 6. As a result, the ACH50

P(ACH20/N20) was 14.6 h−1, while the ACH50
M obtained

from the measurement in the same room was 15.2 h−1. The difference between these values
was 4.4%. By comparing the difference between ACH50

M and ACH50
P in Table 4, the results

are 3–4.4%, 0.1–4.4% and 0.4–2.9% for buildings A, B, and C, respectively. For comparison
under the indicated pressure differences in Table 4, they were 0.7–4.4%, 1.0–3.2%, 0.1–3.1%
and 0.9–4.1% for ACH20, ACH25, ACH30, and ACH35, respectively.

A comparison of the values under several pressure differences shows that the results
are evenly distributed. In addition, the conversion coefficients are evenly distributed and
seem not to be affected by the building age. Therefore, it is shown that the conversion
coefficients can be used to convert the measured data under a lower pressure difference
than 50 Pa in the building where large air leakages occur or which has a large volume into
ACH50 values.
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5. Discussion and Conclusions

The present study identified the airtightness and distribution of the correlation factors
for non-residential buildings in Republic of Korea. In addition, the study also proposed a
method to calculate the airtightness under the low-pressure difference caused by large air
leakage in the building or large building volume.

The distribution of the values of ACH50 obtained from the blower door test in non-
residential buildings in Republic of Korea increased according to the increase in building
age. The average values in two rooms in buildings A and C, built in 1987 and 2007, were
21.1 h−1 and 6.6 h−1, respectively. The air leakage rates in Building A were about three
times higher than in Building C.

The correlation factors through the comparison of the results obtained from the blower
door test and the tracer gas method ranged from 40.29 to 117.31. A comparison of these
values with the factor (N = 20, dived-by-20 rule) proposed by Sherman showed the high
difference between them. In addition, they also showed a high difference compared with
the value of 36.53 determined by Alan et al. Specifically, the correlation factors for buildings
A, B, and C were 86.60, 68.93, and 65.30, respectively. In this study, it was difficult to
determine the value of the correlation factor properly. There was a limit in that the value
was larger than other studies. Further, determining the representative correlation factor for
various buildings is necessary, considering the construction year, WWR (window-to-wall
ratio), locations, etc.

The conversion coefficient Npr was proposed to convert values under low-pressure
differences of 20 Pa, 25 Pa, 30 Pa and 35 Pa into the ACH50 value. To verify the conversion
coefficient, the measurements under low-pressure differences of 20 Pa, 25 Pa, 30 Pa and
35 Pa were performed. The values of ACH50

P were calculated using the conversion coeffi-
cient (Npr). As a result, the differences between the ACH50

P and the ACH50
M values were

less than 5%.
In the future, it is necessary to investigate the accuracy of conversion coefficients

through measurements for residential buildings and buildings with various purposes. In
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addition, a study will be conducted to confirm the possibility of measurement at a lower
pressure difference. This will be achieved by calculating the conversion coefficient based
on measurement results at a pressure difference lower than 20 Pa and comparing it with
ACH50 measurement results.
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