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Abstract: A lack of ventilation in multi-unit dwellings can affect human health adversely owing
to accumulated radon gases; therefore, developing immediate and effective methods to reduce
radon gas in indoor living environments is urgently needed. Therefore, this study conducted a
basic research study to develop ventilation guidelines for radon through assessments of various
ventilation strategies on indoor radon concentration in multiple-unit dwellings, a typical residential
type in Korea. Radon measurement was conducted in November 2020 using RAD 7 Radon Detector
(Durridge Co., Billerica, MA, USA) for living rooms and rooms of an apartment located in Uijeongbu,
Gyeonggi-do, Korea. The radon reduction effect according to the ventilation conditions per hour
was compared and evaluated by performing seven natural ventilation scenarios through opening
and closing windows leading to the outside and three types of mechanical ventilation with high,
middle, and low operating intensity. The concentration ratio (Cr) was estimated to present the
indoor radon increase/decrease ratio. Among the natural ventilation scenarios, Case 3 had the
highest radon reduction rate in the living room and Case 1 in the room, and Case 2 using natural
ventilation equipment showed the lowest reduction rate in both the room and the living room. When
ventilated by mechanical ventilation conditions, the radon reduction rate (Pr) was 70% or less under
all conditions. Under the natural ventilation measurement condition, when every doors and windows
was opened, it showed an effective ventilation in a short time. With high mechanical ventilation,
the radon reduction effect in a relatively large space was better. Additionally, with middle and low
mechanical ventilation, the reduction effect seems to be good in a relatively narrow space.

Keywords: indoor air quality; mitigation; apartment; radon; ventilation

1. Introduction

Radon is a naturally occurring radionuclide that is released into the atmosphere as a
gas during the decay process of its parent nuclide uranium (238U) in the ground. Radon gas
is colorless, odorless, and difficult to directly identify, thereby posing a serious health risk
in indoor environments, such as homes [1–4]. It has a half-life of approximately 3.8 days,
and when it enters an indoor space in a chemically inert gaseous state, the human body can
be easily exposed to it via respiration [5–8]. Radon from various sources has been reported
to be deposited in the lungs via respiration and can cause damage to the cells owing to an
internal exposure to radiation [9]. According to the Environmental Protection Agency (EPA)
in the United States, approximately 21,000 people die annually from lung cancer induced
by radon, and they emphasized that, after smoking, the second most common cause of
death from lung cancer is radon exposure [10]. The International Agency for Research on
Cancer (IARC, France) designated radon as a class 1 carcinogen in terms of harmfulness to

Atmosphere 2022, 13, 204. https://doi.org/10.3390/atmos13020204 https://www.mdpi.com/journal/atmosphere

https://doi.org/10.3390/atmos13020204
https://doi.org/10.3390/atmos13020204
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0002-8674-3344
https://orcid.org/0000-0001-8957-311X
https://orcid.org/0000-0003-2276-2463
https://doi.org/10.3390/atmos13020204
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos13020204?type=check_update&version=2


Atmosphere 2022, 13, 204 2 of 13

human health and body [2]. Radon gas is mainly generated from the soil where buildings
are constructed, from where it partially flows into the indoors through gaps and cracks in
buildings. In addition, radon gas generated from building materials in indoor spaces is
also known to be a major potential source of radon contamination [11–15].

Keller et al. (2001) verified the possibility of radon exhalation from building materials
in indoor spaces. However, because exhalation may be low owing to individual effects
of building materials such as the degree of sealing and airtightness, as well as structural
differences, it is necessary to verify radon concentration by direct investigations in actual
indoor spaces [16]. Concentrated evaluations of specific building materials are necessary
for radon exhalation from building materials; however, there have been instances in which
radon exhalation rates 5 to 9 times higher were investigated depending on the structure of
the apartment housings and the influence of the building materials, and building materials
directly exposed to the interior have been identified as factors that can determine indoor
radon concentrations [17]. In houses with successful air exchange, radon exhalation from
building materials do not significantly affect the indoor air quality [18]. Meanwhile, the
absence of ventilation can cause health hazards owing to the accumulation of radon gas,
even in environments with low exposure to radon [19].

Therefore, various environmental parameters, such as indoor decompression level,
meteorological condition, ground and building characteristics, air exchange rate, and
ventilation type can influence both the radon influx into a building and the associated
indoor radon concentration. In addition, these parameters can affect indoor radon dilution,
and regardless of the use of a building, proper ventilation is crucial for radon reduction [20].
Currently, research in South Korea on national standards such as the guidelines for the
management of radon reduction in apartment housings via ventilation and other means
has commenced; however, available fundamental data are insufficient. Hence, prompt and
reliable reduction measures are required for indoor living environments.

This study was performed to evaluate various effects of indoor radon ventilation in
apartment housings, which is the most common type of residence in South Korea, and to
provide baseline data for the development of South Korean ventilation guidelines. This
study was conducted in an actual living environment to provide baseline data for radon
research, which is subject to uncertainties triggered by the effects of various parameters.

2. Methods
2.1. Study Target and Duration

Radon was measured for 11 days from 16 November to 26 November 2020, in a
household living in an apartment located in Nakyang-dong, Uijeongbu-si, Gyeonggi-do,
Korea. An apartment constructed in 2015 was selected to minimize the effects of air
infiltration due to aging and cracks in building materials. The measurement locations
include the living room, which was the basic location indicated in the official indoor air-
quality test standard announced by the Ministry of Environment (Korea), and the farthest
room from the living room to compare the radon concentration. The living room had a
glass window that could be opened from both sides, and the size of both windows was
85 cm × 220 cm. The window in the kitchen connected to the living room was installed
to ventilate the kitchen while cooking. It is positioned opposite the window in the living
room with dimensions 60 cm × 120 cm. The windows in the room and the balcony window
were 90 cm × 235 cm and 90 cm × 220 cm, respectively. Measurements were carried
in the household where radon could be measured according to the planned ventilation
scenarios of the natural ventilation with the condition of having a resident and using the
air-conditioning ventilation system. The detailed features of the studied household in this
study, including the floor, area, etc., are provided in Table 1.
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Table 1. Study target household structure and characteristics.

Location Nakyang-dong, Uijeongbu-si,
Gyeonggi-do, Korea

Household
structure
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Form 84.99 m2, three rooms, two bathrooms 

Area 
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Household floor 12th floor

Apartment type Tower-shaped apartment

Form 84.99 m2, three rooms, two
bathrooms

Area
Room: 11.5 m2

Living Room: 21.4 m2

Volume
Room: 26.5 m3

Living Room: 49.3 m3

Mechanical ventilation Energy recovery ventilator system

2.2. Radon Measurement Device

The RAD 7 Radon Detector (Durridge Co., Billerica, MA, USA), a continuous radon
measurement device, was used in the living room and the farthest room from the living
room in the same manner to minimize the deviation between the measurement devices.
They were installed in the center of the spaces at 1.2–1.5 m from the ground, such that they
represent the measurement spaces according to the official indoor air-quality test standard.
The average concentration of radon per unit time (Bq m−3) measured after 3 h was adopted,
after eliminating the possible influence of radon remaining in the device during the first
3 h of measurement.

2.3. Measurement Method

To study the efficiency of radon reduction by ventilation types in the room and
living room, the rooms were sealed for about 4 h or more, according to the official indoor
air-quality test standard, such that the radon concentration could increase sufficiently,
which was followed by ventilation for 6 h, according to the ventilation types. During
the measurements, the entrances, exits, windows, toilets, etc., of the rooms not subject to
measurement remained closed.

The variations in radon concentration according to the ventilation types were mea-
sured for natural and mechanical ventilation. Natural ventilation was adopted in the
opening and closing of windows and doors leading to the outside, hence the natural ven-
tilation system used air conditioning structures installed in windows. The mechanical
ventilation measurement was classified into high, middle, and low intensities, based on the
Enforcement Decree of the Building Act No. 2013-23 of the Ministry of Land, Infrastructure,
and Transport (Korea).

The natural ventilation case proceeded with seven varying conditions, from Cases 1
to 7, as presented in Figure 1. In Case 1, all the windows in the living room and kitchen
were open, and the room window and door connected to the living room were open for
ventilation. In Case 2, the door connecting the living room to the room was closed during
the natural ventilation by the system installed in the window. In Case 3, only the living
room window was opened, while the room door, room window, and kitchen window
were closed. In Case 4, the door between the living room and the room was closed, the
window in the living room was closed, and the kitchen and room windows were opened
for ventilation. In Case 5, the room door and window were closed, the kitchen window
was open, and only one of the two living room windows was open for ventilation. In Case
6, the room door and window and the kitchen window were closed, and only one of the
two living room windows was open for ventilation. In Case 7, all the windows in the living
room and kitchen were closed; however, the door and window in the room were open for
ventilation.
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The concentration ratio (Cr) was calculated using Equation (1), by dividing the meas-

ured radon concentration by the initial radon concentration, to examine the reduction in 
indoor radon concentration according to the ventilation type [21]. In addition, the radon 

Figure 1. Natural ventilation type scenarios.

Mechanical ventilation was performed using the air-conditioning system under three
conditions: high, middle, and low intensities. The door between the living room and the
room remained closed during mechanical ventilation in each space.

The measurement device installation locations, window locations, mechanical/natural
ventilation systems, and natural ventilation locations from this study are presented in
Figure 2.
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Figure 2. Locations of measurement device installation, windows, mechanical/natural ventilation
systems, and natural ventilation executions.

2.4. Analysis Method

The concentration ratio (Cr) was calculated using Equation (1), by dividing the mea-
sured radon concentration by the initial radon concentration, to examine the reduction in
indoor radon concentration according to the ventilation type [21]. In addition, the radon
reduction rate (Pr) was calculated with Equation (2), using the concentrations before and
after ventilation.

The calculation equations adopted in this study are expressed as follows.

Cr =
C
C0

(1)

Pr =
C0 − Cmin

C0
(2)

where Cr denotes the radon concentration ratio, C denotes radon concentration during
ventilation (Bq m−3), C0 denotes initial radon concentration at the beginning of ventilation
(Bq m−3), Pr denotes radon reduction rate, and Cmin denotes minimum radon concentration
during ventilation.

3. Results
3.1. Radon Reduction from Each Natural Ventilation Conditions

Natural ventilation was performed according to each scenario from Cases 1 to 7, and
the results obtained from the comparison of indoor radon concentrations are presented
with the recommended standards 148 Bq/m3 by Ministry of Environment, Korea (Figure 3).
Cr was calculated to identify the indoor radon increase/decrease ratios according to each
scenario (Figure 4), while C0 and Cmin were demonstrated to identify the radon reduction
rates according to each scenario (Figure 5 and Table 2).

In Case 1, after natural ventilation, radon concentration decreased from 134.73 Bq m−3

to 14.71 Bq m−3 in the living room and from 163.29 Bq m−3 to 10.83 Bq m−3 in the room,
with high reduction rates of 89.08% and 93.37%, respectively. In Case 2, where the natural
ventilation system equipment was operated, the decrease in radon concentration was in-
consistent, and the concentration was higher than the standard value of 148 Bq m−3 during
ventilation. After 1 h of ventilation in the living room and 2 h in the room, low reduction
rates of 20.27% and 11.62% were observed, respectively. In addition, the concentration
ratio increased to 1.46 and 1.19 in the living room after 4 h of ventilation and in the room
after 3 h of ventilation, respectively. In Case 3, the concentration in the living room with
direct ventilation decreased from 86.90 Bq m−3 at the onset of ventilation to 4.01 Bq m−3

after 5 h, thereby exhibiting a high reduction rate of 95.38%. Here, the Cr value was 0.05,
which was the lowest value among the ventilation scenarios in the living room and the
room. Meanwhile, in the room without direct ventilation, the concentration after ventilation
reduced from 140.09 Bq m−3 to 88.29 Bq m−3, which was a relatively low reduction at
36.98%. In Case 4, where independent ventilations proceeded with the door connecting the
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living room and the room closed, the reduction rates were 64.54% and 90.42% in the living
room and the room, respectively. In Case 5 where ventilation proceeded solely in the living
room, the living room exhibited a 90.53% reduction from 127.01 Bq m−3 to 12.03 Bq m−3

after 3 h of ventilation, while the room exhibited a 59.39% reduction. Similarly, in Case
6, where ventilation solely proceeded in the living room, the reduction rate in the living
room was 84.04% from 92.25 Bq m−3 to 14.72 Bq m−3, while that of the room was 46.72%.
In Case 6, the Cr value of the room was 1.09 after 1 h from the onset of ventilation, the
radon concentration decreased after a partial increase, and the initial concentration of
198.49 Bq m−3 decreased to 111.48 Bq m−3 after a 3-h ventilation, which was below the
standard value. In Case 7, which was ventilated by opening only the door and window of
the room while leaving the window in the living room completely closed, the reduction
rate was 92.38% in the living room and 93.13% in the room, both exhibiting high reduction
rates. The concentration in the room after 1 h of ventilation decreased from 157.63 Bq m−3

to 73.15 Bq m−3, which was confirmed as equal to or below the standard value.
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In Cases 3, 5, and 6, when all the doors and windows of the room were closed, and only
the ventilation conditions in the living room were differentiated, it was confirmed that the
radon concentrations in the room and living room reduced simultaneously. However, the
reduction rates were relatively low, 60% or less. In the living room, the highest concentration
rate was observed in Case 3, followed by Cases 5 and 6. In Case 4, where ventilations were
conducted in independent spaces, the reduction rates were 64.54% and 90.42% in the living
room and room, respectively, thereby indicating a higher reduction rate in the relatively
smaller space.

Radon concentrations decreased to low levels of 4.01–22.76 Bq m−3 after ventilation
in the remaining scenarios, excluding the rooms in Cases 3, 5, and 6, where windows and
rooms were not opened for ventilation, and in Case 2 where the natural ventilation system
was employed.
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Table 2. Radon reduction rate (Pr) from each natural ventilation scenario.

Living Room Room

C0 (Bq m–3) Cmin (Bq m−3) Pr (%) C0 (Bq m−3) Cmin (Bq m−3) Pr (%)

Case 1 134.73 14.71 89.08 163.29 10.83 93.37

Case 2 98.93 78.88 20.27 129.15 114.15 11.62

Case 3 86.90 4.01 95.38 140.09 88.29 36.98

Case 4 64.17 22.76 64.54 98.89 9.47 90.42

Case 5 127.01 12.03 90.53 140.40 57.02 59.39

Case 6 92.25 14.72 84.04 198.49 105.76 46.72

Case 7 140.44 10.71 92.38 157.63 10.83 93.13
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3.2. Radon Reduction from Mechanical Ventilation Conditions

The results obtained from the comparison of indoor radon concentrations from each
mechanical ventilation condition, which were categorized into high, middle, and low
operational intensities, are provided natural ventilation was performed according to each
scenario from Cases 1 to 7, and the results obtained from the comparison of indoor radon
concentrations are presented with the recommended standards 148 Bq/m3 by Ministry
of Environment, Korea (Figure 6). In addition, Cr values were calculated to identify the
indoor radon increase/decrease ratios (Figure 7), while C0 and Cmin values were presented
to identify the radon reduction rates according to each scenario (Figure 8 and Table 3).
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Table 3. Radon reduction rate (Pr) from each mechanical ventilation operational condition.

Living Room Room

C0 (Bq m−3) Cmin (Bq m−3) Pr (%) C0 (Bq m−3) Cmin (Bq m−3) Pr (%)

High 174.11 78.88 54.70 85.61 58.33 31.87

Middle 116.31 80.22 31.03 126.38 51.61 59.16

Low 82.89 48.37 41.65 86.93 29.86 65.66

Before the high mechanical ventilation, the radon concentration in the living room
was at 174.11 Bq m−3, which exceeded the standard value of 148 Bq m−3. After 1 h of
ventilation, it was reduced to a value below the standard value, at a reduction rate of
a 54.7%. In the room, after the Cr value increased to 1.19 after 1 h of ventilation, the
concentration gradually decreased and exhibited a 31.87% reduction rate. In the middle
mechanical ventilation condition, the radon concentration after 1 h in the living room had
not changed from before the ventilation, which after the partial increase in concentration
and the increase in Cr to 1.02 after 2 h of ventilation exhibited a 31.03% reduction rate after
3 h of ventilation. The radon concentration in the room was reduced from 126.38 Bq m−3 to
51.61 Bq m−3 by 59.16%. In the low mechanical ventilation condition, the living room and
room exhibited reduction rates of 41.65% and 65.66%, respectively, and the Cr value was
the lowest value at 0.34 among the living room and room ventilation conditions.

In the high mechanical ventilation condition, the reduction rate was higher in the
living room than in the room; however, in the middle and low mechanical ventilation
conditions, the reduction rate was higher in the room with a smaller area than the living
room.

4. Discussion

In a household located on the 12th floor of a newly constructed apartment building, it
could be considered that radon is commonly emitted from the soil in the housing facilities
of the upper floors and the newly constructed buildings, and the influence of radon inflow
through cracks in buildings is low indoors. However, in this study, it was verified to be
at the standard value of 148 Bq m−3 or above, but without ventilation. Results obtained
from a previous study results indicated that in a 2017 survey from the National Geographic
Information Institute of the Ministry of Land, Infrastructure, and Transport, in certain
areas of South Korea, the radon concentrations in apartments and multiunit housing
in the form of apartment housing were determined to be at 148 Bq m−3 (or above) or
approaching the standard value [22]. This implies that in the apartment housing, the most
common residence type in South Korea, despite being on upper floors in newly constructed
apartment, exposure to radon above the standard value is possible, which required suitable
radon management by studies on indoor radon. The target household of this study was
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geologically located in the sedimentary rock zone and surrounded by Daebo granites and
biotite granite zones. The radon from the indoor air of the target household was estimated
to have been generated from the indoor building materials or the soil, which traveled
through the pipes and infiltrated the upper floors.

In this study, the rooms were sealed for more than 4 h before the start of ventilation
because the radon reduction effect of ventilation could be underestimated if the ventilation
began when the room radon concentration was distributed at a low level during the mea-
surements. In Case 1, under the natural ventilation measurement condition, high reduction
rates of 89.08% and 93.37% were observed in the living room and the room, respectively,
and it was confirmed that the radon concentration could be reliably reduced by opening
all the windows in the living space. Furthermore, in Case 1, the radon concentration in
the living room decreased to the lowest level within 3 h after the start of ventilation, thus
indicating that the ventilation of the entire household, even for a short period, is effective
for indoor radon management. However, in Case 2, the reduction rate of 20.27% and
11.62% in the living room and room, respectively, indicated that the radon concentration
increased above the standard during ventilation. Based on this result, it was considered
that the operating natural ventilation system equipment can support the redistribution of
indoor air in the apartment housing; however, when used alone, it is difficult to control
the indoor radon concentration via ventilation. Comparing the results of Cases 3, 5, and
6, in which ventilation activities proceeded in the living room while the room windows
remained closed, the reduction rates were 95.38%, 90.53%, and 84.04%, respectively, with
higher reduction rates in the living room in the order of Cases 3, 5, and 6. This indicated
that the ventilation method of opening both the living room windows in Case 3 is more
effective than the method of opening one of the windows in Case 6, and the bidirectional
ventilation through the opposing window in Case 5 is more effective than the unidirec-
tional ventilation in Case 6. In Case 4, where the room door was closed and independent
ventilation proceeded in the living room and room, the reduction rate was as high as 90.42%
in the room, while the living room exhibited a relatively low reduction rate of 64.54%. In
addition, a difference of 30.85% was observed, compared to the reduction rate of 95.38% in
the living room of Case 3, which was ventilated with the room door closed. This implies
that ventilation in a small space is more effective than in a large space, and the ventilation
through a wide window is more effective than ventilation through a narrow window. In
Case 6, the radon concentration in the room increased immediately after the beginning of
ventilation and decreased 1 h later. The increase in concentration was considered to have
originated from the temporary change in the current in the room, owing to the procession
of ventilation in the living room, despite the absence of ventilation in the room, which
affected the gaseous radon concentration. Although both Cases 1 and 7 exhibited high
reduction rates, the lowest radon concentration appeared after 3 and 4 h in the living room
and room of Case 1, and after 5 and 4 h in the living room and room of Case 7, respectively.
This indicates that although the radon concentration in the living room can be controlled
by ventilation in the room, it is more suitable to ventilate all spaces of the entire household
for effective indoor radon control in a short time.

The investigation of the ventilation scenarios in the room indicated that Cases 1, 4,
and 7, which were directly ventilated, all exhibited reduction efficiencies of 90% or above,
at 93.37%, 90.42%, and 93.13%, respectively, while Cases 3, 5, and 6, which were affected
by indirect ventilation in the living room through closed windows and doors and gaps in
the doors, exhibited relatively low reduction efficiencies of 60% or below. The reduction
of radon concentration in the room up to a certain level indicates that radon was reduced
by indirect ventilation effects, even if the room door and window were closed; however,
the reduction rate at 60% or below implies that effective indoor radon management could
not be achieved without direct ventilation. In addition, in the three scenarios, the orders
of the scenarios that exhibited high reduction rates in the living room did not match the
order of the reduction rates in the room, thereby suggesting that the radon reduction in
the unventilated room was more influenced by atmospheric pressure and other factors



Atmosphere 2022, 13, 204 11 of 13

than the radon reduction effect in the living room. Therefore, it was considered that direct
ventilation is more efficient for reliable reduction effects in the room with ventilation by
opening the room windows or doors connected to the outside and living room, even though
the room could be affected by the natural ventilation of the living room.

In the room under the high mechanical ventilation condition, the Cr value was 1.19
for 1 h after the start of ventilation. The radon concentration increased and was followed
by a gradual decrease, which was considered to have originated from a strong current
change after mechanical ventilation, as radon was in a gaseous state. In the high mechanical
ventilation condition, the reduction rate was higher in the living room than in the room,
while in the middle and low mechanical ventilation conditions the rate was higher in the
room than in the living room. The indoor radon concentration reduction was most effective
at 54.70% with “high” mechanical ventilation in the living room; however, the reduction
rate was 50% or below when operating under middle and low mechanical ventilation
conditions. Proceeding ventilation with an intensity of high mechanical ventilation or
above or mechanical ventilation in parallel with natural ventilation was considered efficient
in predicting the radon reduction effect in the living room from mechanical ventilation
alone. Meanwhile, the indoor radon concentration reduction with mechanical ventilation in
the room was most efficient at 65.66% with the low mechanical ventilation, and a relatively
high reduction efficiency was also observed from the middle mechanical ventilation at
59.16%. However, a reduction rate lower than 50% was observed from the high mechanical
ventilation, thereby indicating that the low mechanical ventilation intensity is more effective
than high intensity for radon management in narrow spaces. Therefore, it was determined
that low mechanical ventilation intensity in narrow spaces and high mechanical ventilation
intensity in wide spaces were effective for radon reduction.

In this study, based on various natural and mechanical ventilation conditions by the
intensity of operation, various ventilation effects on radon in the indoor environment of an
apartment housing, the most common type of residence in South Korea, were evaluated.
Basic research was conducted to establish indoor ventilation guidelines via this evaluation.
In addition, the study proceeded in an actual living environment with the condition
of having residents, which was considered to sufficiently contribute to radon studies
previously believed to have uncertainties regarding the influence of various environmental
parameters.

5. Conclusions

In this study, basic research was conducted to develop guidelines for radon ventilation
by evaluating various ventilation effects of indoor radon in apartment housings under
various natural and mechanical ventilation conditions with different operational intensities.
Accordingly, seven natural ventilation scenarios and three different mechanical ventilation
operating conditions were investigated to compare and evaluate the radon reduction effects
according to the ventilation operations per hour, with windows and doors that could
be naturally ventilated, living room and room with natural ventilation, and mechanical
ventilation system equipment as targets using the RAD 7 Radon Detector (Durridge Co.,
Billerica, MA, USA).

The results obtained from this study indicated that even in households on the upper
floors of an apartment building, radon can accumulate at concentrations above the standard
value in the absence of ventilation. Hence, appropriate radon management via ventilation
is required.

Operating the natural ventilation system equipment can support the redistribution of
the indoor air in an apartment house; however, controlling the indoor radon concentration
by ventilation was challenging when the system was solely adopted. Opening all the
windows was verified to provide reliable radon reduction in a short time, and bidirectional
ventilation was determined to be more effective than unidirectional ventilation. Although
sealed conditions can be affected by external ventilation, the reduction rate was 60% or
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below. Therefore, it was verified that, in general, partial ventilation was significantly more
effective for indoor radon management.

Radon reduction by mechanical ventilation with a relatively low operational intensity
was more effective in small spaces, while that with a relatively high intensity of mechanical
ventilation was more effective in large spaces. Therefore, it is considered necessary to
ventilate with a mechanical ventilation intensity that matches the properties of the space or
a ventilation system that combines natural and mechanical ventilation to predict the radon
reduction effect of mechanical ventilation alone.
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