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Analysis of indoor radon
concentration levels and trends in
China

Bowei Ding, Yunyun Wu*, Yanchao Song, Changsong Hou and
Bing Shang

Key Laboratory of Radiological Protection and Nuclear Emergency, China CDC, National Institute for
Radiological Protection Chinese Center for Disease Control and Prevention, Beijing, China

A systematic review of publicly available papers on indoor radon data from 1980
to 2023 was conducted to provide a preliminary understanding of indoor radon
concentration levels and trends in China. Keywords were used to collect literature
on indoor radon surveys in China during the periods of before 2000, 2000-2010
and after 2010 in the CNKI, WANFANG, VIP and PubMed databases. This paper also
collected indoor radon concentration data from WHO, UNSCEAR publications and
PubMed databases for other countries. A total of 37,886 indoor radon concentration
data points were collected in China, covering 31 provinces. The results showed
that the weighted and arithmetic mean radon concentrations in China were
29.4 Bg/m?* and 33.2 Bg/m? (n = 17,940) before 2000, 44.7 Bgq/m?* and 43.3 Bq/m?®
(n =10,692) in 2000-2010, 57.6 Bg/m?® and 60.8 Bg/m?3(n = 9,254) after 2010,
respectively. It indicated an increasing trend in indoor radon concentrations in
China. The differences in mean indoor radon concentrations across time periods
were significant (p < 0.001). In the regional analysis, the differences in indoor radon
concentrations between different administrative geographic regions for each
time period were significant (p < 0.05). Furthermore, the differences in indoor
radon concentrations among climatic areas were significant for the periods
2000-2010 and after 2010 (p < 0.05). Additionally, this paper collected indoor
radon data from 63 countries worldwide. The mean radon concentrations across
the three periods—before 2000, 2000-2010 and after 2010—were 56.5 Bg/m?,
67.9 Bg/m® and 81 Bg/m?, respectively. Meanwhile, a comparison of indoor radon
concentration was made before and after 2000 among 26 countries, of which 16
countries showed an increasing trend. So, it can be seen the increase in indoor
radon concentration in China is not an isolated phenomenon, and the issue of
indoor radon pollution still requires further attention.
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1 Introduction

Radon is a radioactive gas that is widely distributed in nature. It is colorless, odorless and
pervasive, and it constitutes the primary component of natural radiation exposure (1). There
are 27 known isotopes of radon, of which *’Rn, **Rn and **’Rn are three natural radioisotopes.
This paper focuses on *?Rn. *?Rn arises from the natural radioactive uranium decay system
existing in the rocks and soil of the earth, and **U generates ***Ra after a series of decays with
a half-life of 1,602 years, which is the direct parent of *?Rn. Given the prevalence of radioactive
elements such as uranium and radium in soil, rock and groundwater, it is inevitable that radon
will be released from these medium and enter the surface and indoor environment through
advection and diffusion (2). The primary sources of indoor radon are the house foundation
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and surrounding soil, building materials, outdoor air, domestic water,
natural gas, and household fuels (2, 3). Among these sources, building
materials represent the primary source of indoor radon in multi-
storey or high-rise buildings. Epidemiological studies (4-11) have
demonstrated that radon is the second leading cause of lung cancer in
the general population, after smoking. These studies provide
compelling evidence of an association between indoor radon exposure
and lung cancer, even at relatively low radon levels in common
dwellings (12). Therefore, indoor radon is one of the most significant
air pollutants as people spend about 80% of their lives indoors (13, 14).

In order to mitigate the adverse effects of radon on human health
and to develop effective risk management strategies, numerous
countries have conducted comprehensive nationwide surveys on
indoor radon concentrations and established indoor radon control
standards (15-17). Since the 1980s, China has conducted successive
national or regional surveys of indoor radon concentrations. From
1984 to 1990, the survey organized by the Ministry of Health (18)
covering 26 provinces and cities with a total of 10,811 data points
showed that the average indoor radon concentration was 22.5 Bq/m’.
At the same time, a survey administered by the Ministry of
Environmental Protection (19), covering 21 provinces and cities with
a total of 1,610 data points, reported indoor radon concentration in
China was 20.2 Bg/m®. From 2001 to 2004, the National Institute for
Radiological Protection of the Chinese Center for Disease Control and
Prevention (NIRP, CCDC) (20) conducted a survey on indoor radon
concentrations in typical areas of China, including 18 provinces and
cities with a total of 2,117 data points, and the results demonstrated
that the average indoor radon concentration in China was 44.1 Bq/m’
in China. The increasing trend of indoor radon concentrations in
China has raised widespread concern among researchers.
Subsequently, from 2006 to 2010, two regional surveys on indoor
radon concentration were conducted by the China National Nuclear
Corporation and the Ministry of Housing and Urban-Rural
Development (21, 22) respectively, with reported indoor radon
concentrations of 32.6 Bq/m® and 34.9 Bq/m’, respectively. However,
after 2010, no national surveys of indoor radon concentrations were
conducted in China, so it is necessary to conduct a comprehensive
summary and comparison of national indoor radon surveys.

This paper provided a summary of indoor radon concentration
survey data in China across three time periods: before 2000, 2000-
2010, and after 2010. The analysis encompassed the levels and trends
of indoor radon concentration across diverse administrative regions
and building climatic areas. Additionally, the study made a
comparative analysis of indoor radon concentration with other
countries across different periods. The results of the analyses would
provide a scientific basis to formulate building and indoor air quality
standards. Simultaneously, it also could raise public awareness of
indoor radon and enable the public to take corresponding protective
measures, such as enhancing ventilation and using radon-resistant
materials, to reduce the risk of lung cancer.

2 Methodology

The literature on indoor radon concentrations in China was
collected in three representative periods: before 2000, 2000-2010,
and after 2010. It was done through the literature search platforms
CNKI, WANFANG, VIP and PubMed, and the open literature was
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searched using the terms “radon,” “indoor,” “residential,
“concentration,” and “survey,” as shown in Figure 1. In addition to
searching literature on nationwide indoor radon concentrations in
other countries, publications from the World Health Organization
(WHO) and the United Nations Scientific Committee on the
Effects of Atomic Radiation (UNSCEAR) were also examined for
national surveys on indoor radon concentrations. A preliminary
screening was conducted based on the time and location of the
method,
concentration and its statistical description (arithmetic mean,

survey, sample size, measurement and radon
maximum and minimum values) of the collected literature in order
to form an initial database of indoor radon concentration covering
the world.

In the screening of literature containing indoor radon data, only
papers presenting arithmetic means were included. When calculating
the mean value for each province, the weighted arithmetic mean based
on sample size was used if multiple surveys were available, to
determine the average indoor radon concentration for that province.
Similarly, when calculating the indoor radon concentration on a
national scale, the sample size and mean value of each province were
used to calculate the sample-weighted mean value. In contrast to the
population-weighted calculation of the global mean radon
concentration presented in the UNSCEAR report, this study employed
the arithmetic mean as the global mean radon concentration, based
on the collection of indoor radon concentration data from many
countries worldwide in this study. In the comparison between China
and other countries, the arithmetic mean of indoor radon
concentration in China was calculated and then compared with the
arithmetic means of other countries.

In order to evaluate the correlation between indoor radon
concentrations and a number of potential variables, including period,
administrative geographic region, and building climate region, a series
of statistical tests were conducted using the SPSS 27 software package.
The period, geographic region and climate region were analyzed as
independent variables, and the correlations between different
subgroups were analyzed using Spearmans rank correlation
coefficient. The normality and homogeneity tests were conducted on
the corresponding indoor radon concentrations in accordance with
the grouping of the independent variables. The data from the different
subgroups that met the conditions for normality and homogeneity
were analyzed using one-way analysis of variance (ANOVA), while
those did not meet the conditions were analyzed using the Kruskal-
Wallis test.

The distribution of indoor radon concentrations and the sample
size of the survey in China were mapped using ArcGIS software. The
data were grouped into three periods: before 2000, 2000-2010, and
after 2010. Different colors were used to indicate different radon
concentration levels, and the size of distribution points was used to
indicate the sample size.

3 Results
3.1 Database

A total of 37,886 indoor radon concentration data points from 92
papers were collected across three phases of before 2000, 2000-2010
and after 2010, and the summarized results are shown in Table 1.
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FIGURE 1
The literature search of indoor radon concentration data in China.

TABLE 1 The descriptive statistical results of the indoor radon in China.

Concentration (Bq/m3)

SWM

Spearman (p) Kruskal-Wallis

Before 2000 17,940 33.2 29.4 0.4 ~ 596 0.494 (0.001) 0.001
2000-2010 10,692 43.3 44.7 1.9 ~ 1,004
After 2010 9,254 60.8 57.6 1.9 ~ 558

N, number of indoor radon survey samples; AM, arithmetic mean; SWM, sample weighted mean.

Before 2000, the majority of indoor radon concentration data in
China were sourced from 37 papers provided by the Ministry of Health,
the Ministry of Environmental Protection and other departments. These
sources collectively contributed 17,940 data points from 29 provinces. In
2000-2010, the data primarily came from indoor radon surveys organized
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by the Ministry of Health, the China National Nuclear Corporation and
various universities, with a total of 24 studies contributing 10,692 data
points from 29 provinces. After 2010, a total of 9,254 indoor radon
concentration data points from 31 papers were collected across 21
provinces by universities, colleges, and other departments.
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The statistical analysis of the data indicated that there was a
significant difference in the mean value of indoor radon concentration
across different periods (p < 0.001). Additionally, there was a positive
correlation between indoor radon concentration in the country and
different periods (p <0.001), suggesting that indoor radon
concentration tends to increase over time. However, it is important to
note that the sample size of the survey has been decreasing, as shown
in Table 1.

3.2 Measurement methods analysis

The measurement methods employed in indoor radon
concentration surveys at various periods in China was shown in
Table 2. These measurement methods were classified into three
categories based on sampling time, including instantaneous
measurements, short-term measurements and long-term
measurements. Instantaneous measurements are characterized by
the shortest sampling time, which is approximately a few hours. In
contrast, short-term measurements, which cover less than
3 months, require a longer sampling duration, while long-term
measurements are the most time-consuming and consequently the
most reliable.

Before 2000, 54% of indoor radon surveys used instantaneous
measurements (such as scintillation flask method, two-Filter
Method, and balloon method), 6% used short-term measurements
(e.g., activated charcoal detectors, continuous radon monitors), and
40% used long-term measurements (e.g., Alpha-track Detector).
However, it was worth noting that most of the indoor radon
concentration data in 1983-1990 were measured using
instantaneous measurement, while in 1991-1999, the long-term
accumulation measurement, which is the Alpha-track Detector
method, was the main method for indoor radon concentration
measurements. For the indoor radon surveys in the 1980s, due to
the limitations of the equipment conditions and measurement
methods at that time, as well as the lack of a uniform sampling
method, the results of the surveys were often inaccurate in reflecting
the average level of radon concentration (20). However, to ensure
the accuracy and comparability of the results, three inter-laboratory
intercomparisons on grab radon sampling-measurements were
organized by the Ministry of Health during the course of survey. At
the same time, Ren (3) and Pan (23) also analyzed this issue and
considered the national indoor radon concentration levels during
this period were of value. Subsequently, in 2000-2010, only two
cities were measured using the two-filter method for instantaneous
measurements. After 2010, instantaneous measurements were
replaced by short-term measurements such as various continuous

10.3389/fpubh.2025.1524179

radon monitors like AlphaGUARD and RAD?7, as well as long-term
accumulation, such as Alpha-track Detector.

3.3 Sampling distribution

In order to visualize the distribution of radon concentration and
sample size in each investigation, the distribution map of indoor
radon concentration and sample size in China has been created based
on the data collected in this study, as shown in Figure 2. It can
be clearly seen that before 2000, the indoor radon concentration in
most of the cities did not exceed 40 Bq/m’. However, in 2000-2010,
there was a significant increase in the number of cities with indoor
radon concentration of more than 40 Bq/m’. After 2010, the number
of cities with radon concentration below 40 Bq/m’ decreased
significantly, and the number of cities with average concentration of
80 Bq/m” also increased. For the distribution of sample sizes, it was
evident in all three periods that most of the samples were distributed
in the eastern part of the country, which may be related to economic
development factors and population density. Compared with the
period before 2000, the individual sample size and the number of
cities in the indoor radon surveys during the other two periods have
decreased. Meanwhile, most of the indoor radon surveys after 2010
were limited to the provincial and municipal levels, with no national
survey on indoor radon.

3.4 Levels and trends of different regions

3.4.1 Administrative region

China is a vast country with complex topography and
significant variations in climate across regions, making regional
analyses of indoor radon concentration necessary. Administrative
geographic regions represent a comprehensive consideration of
political, economic, ethnic, geographical conditions, population
distribution, historical tradition and other factors for regional
division. Therefore, China was divided into seven administrative
regions: North China, Northeast China, East China, Central
China, South China, Southwest China, and Northwest China
(indoor radon concentration data of Hong Kong, Macao and
Taiwan were not collected), and the weighted average indoor
radon concentrations in these regions over different periods were
summarized in Figure 3. The results of statistical analysis
indicated that there were significant differences in indoor radon
different
(p <0.05). However, in the correlation analysis, only the

concentrations between regions in periods

indoor radon concentrations in 2000-2010 were correlated with

TABLE 2 The indoor radon measurement methods at different periods in China.

Period IM/Ratio STM/Ratio LTM/Ratio

1983-1990 41 (84%) 2 (4%) 6 (12%) 49
Before 2000

1991-1999 2 (6%) 3 (10%) 26 (84%) 31
2000-2010 2 (3%) 13 (19%) 54 (78%) 69
After 2010 0 (0) 13 (43%) 17 (57%) 30

IM, instantaneous measurement; STM, short-term measurement; LTM, long-term measurement; City, number of cities covered by the surveys in each period.
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FIGURE 2
The sampling distribution of indoor radon survey in China.
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The trends of indoor radon concentration in different administrative regions in China.
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the regions correlation coefficient

=0.429, p < 0.001).

(Spearman

3.4.2 Climate regions

The building climate region is the climate division of this study,
which refers to the Uniform Standard for Design of Civil Buildings
(24) and takes into account the differences in building energy-saving
design under different climatic conditions in different regions. China
was divided into five major climate areas, including severe cold area
(SCA), cold area (CA), hot-summer and cold-winter area (HCA),
hot-summer and warm-winter area (HWA), and mild area (MA). The
indoor radon concentrations in different climate regions in China are
shown in Figure 4, and there is no survey data in the mild region after
2010. The indoor radon concentrations in each climate region showed
an increasing trend across three periods. The results of statistical
analysis showed that the differences in indoor radon concentrations
during the two periods, 2000-2010 and after 2010, were significant
(p < 0.05), but the differences in indoor radon concentrations between
climate regions before 2000 were not significant (p = 0.15). Meanwhile,
the correlation between climate areas and indoor radon concentration
was not significant (p = 0.206), which was similar to the results of
Su (25).

3.5 Indoor radon concentration worldwide

A total of 92 data points of national average indoor radon
concentration surveys from 63 countries between 1980 and 2018
were collected, and all of them were averaged as arithmetic means.
The data were divided into three periods, before 2000, 2000-2010
and after 2010, and the world average indoor radon concentration
during the three periods was calculated, shown in Table 3. They
were compared with the average indoor radon concentration
in China.

10.3389/fpubh.2025.1524179

The average indoor radon concentrations in different countries in
three periods were shown in Figures 5-7 respectively. It can be seen
that the indoor radon concentrations in China in three periods
(25.6 Bq/m?, 43.3 Bq/m’, and 60.8 Bq/m®) were in the middle of the
world, lower than the world average value. Comparing the data of
countries in the three periods, it is evident that the average indoor
radon concentration in the world has been increasing.

The 26 countries with indoor radon concentration surveys before
and after 2000 were collected in the database, as shown in Figure 8.
Sixteen of them showed an increasing trend of indoor radon
concentration before and after 2000, with an increase of 5% to 560%.
Nine countries showed a decreasing trend in indoor radon
concentration, with a decrease of 5% to 50%. Albania, which is located
in the southeastern part of Europe, did not show any significant
change. The indoor radon concentration in most countries was in
increasing trend and the increase was large, while the indoor radon
concentration in some countries was decreasing and the decrease
was small.

4 Discussion

This study presented a summary of data from indoor radon
surveys conducted in China and other countries between the 1980s
and 2023. The levels and trends of indoor radon concentrations were
analyzed with respect to the different periods, measurement methods
and regions.

The results showed that the weighted and arithmetic mean radon
concentrations in China were 29.4 Bq/m*® and 33.2 Bq/m® before 2000,
44.7 Bg/m® and 43.3 Bq/m’ in 2000-2010, 57.6 Bq/m’ and 60.8 Bq/m’
after 2010, respectively. It is obvious that the indoor radon
concentration in China showed an increasing trend, which was
basically consistent with the conclusion of the study of Su (25) and
Yao (26).
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[\ w B W [*)) - (2] O
o o o (=) o o (=) o
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FIGURE 4

The trends of indoor radon concentration in different climate regions in China.
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TABLE 3 The descriptive statistical results of indoor radon in the world.

10.3389/fpubh.2025.1524179

Period Country (n) Concentration (Bq/m?) Reference
AM Range
Before 2000 43 56.5 7~ 184 (2,49, 50)
2000-2010 33 67.9 7.7 ~ 200 (1,17, 51-61)
After 2010 16 81 41~ 189 (15,27, 62-73)
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FIGURE 5
The average indoor radon concentration in different countries before 2000.

A number of factors could contribute to elevated indoor radon
concentrations. These include indoor and outdoor environments
(27), geologic radon potential (28, 29), soil radium content and
surface precipitation rates (30), climate and season (31-34),
building type, building structure, and age of the building (27). In
addition, the most widely reported factors are building materials
and ventilation (35-39). In recent years, China has actively
promoted the use of new building materials in order to meet the
requirements of energy conservation and environmental protection.
The autoclaved aerated concrete has emerged as a highly suitable
alternative to traditional solid clay bricks. However, the porosity of
aerated concrete was high, and the radon exhalation rate of building
materials was significantly higher than that of fly ash bricks, coal
gangue bricks, and clay bricks (35), resulting in elevated indoor
radon concentrations in new dwellings utilizing aerated concrete
blocks as building wall materials compared to those utilizing brick-
concrete. In terms of ventilation, the indoor radon concentration in
buildings with closed doors and windows was considerably higher
than that in poorly ventilated and normally ventilated buildings
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(25). Furthermore, the energy-saving design of buildings results in
increased air tightness and a decreased rate of air exchange, which
ultimately led to the accumulation of radon concentration indoors.
For example, in 2020, Wu (40) measured that the average air
exchange rate of 21 houses in five cities (0.19 h™') was significantly
lower than Ren’s (41) measurements of typical buildings in Beijing
in the 1980s (0.50 h™'). Meanwhile, a study by Vasilyev (39) of
Russia showed that radon concentrations in modern energy-
efficient buildings are two times higher than in old buildings, and
that the low air exchange rate of energy-efficient buildings is the
main factor contributing to their elevated indoor radon
concentrations. Arvela’s study in Finland (42) showed that the
indoor radon concentration in new energy-efficient buildings with
an air exchange rate of 0.6 h™' is two times higher than in old
buildings with an air exchange rate of 4 h™".

There
concentrations across different administrative geographic regions

were significant differences in indoor radon

and building climate regions. The indoor radon concentration in
the Northwest China, South China and Northeast China was higher
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FIGURE 6
The average indoor radon concentration in different countries during 2000-2010.
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FIGURE 7
The average indoor radon concentration in different countries after 2010.

before 2000, the indoor radon concentration in the Northeast can be observed that the indoor radon concentration in the three
China, Southwest China and Northwest China was higher from  northern regions is consistently higher across all three time periods
2000 to 2010, and the indoor radon concentration in the South  in China. This may be attributed to the region’s habit of opening
China, Northeast China and North China was higher after 2010. It ~ windows and ventilating less during the winter months due to the
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Comparison of average indoor radon concentrations in 26 countries before and after 2000.
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severe cold climate (43). Additionally, the majority of indoor radon
samples from South China originate from Guangzhou. For instance,
after 2010, there were 2,224 samples from South China, of which
1,796 were from Guangzhou (44). The average indoor radon
concentration in this region is notably high, reaching 84.2 Bq/m’.
This may be attributed to the elevated radioactivity levels of
concrete rubble and fly ash utilized in construction in Guangzhou,
which contribute to the radioactivity of formed concrete being
considerably higher than that observed in China and globally (45).
The indoor radon concentrations in SCA, CA, HCA, HWA, and
HCA all demonstrated an increasing trend across the three periods.
Among them, the indoor radon concentration in SCA and CA is
higher compared to other areas. A systematic review of indoor
radon in China from 2000 to 2020 also found that the indoor radon
concentrations in SCA and CA in winter are on the high side (25).
The indoor radon concentration in MA was higher than other
climate areas both before 2000 and in 2000-2010, which may
be related to the high soil **Ra content and radon surface
precipitation rates in this climate area (30). Soil gas is a very stable
radon source and is capable of providing steady non depleting **Rn
concentration over a long period of operation (46, 47). Mainly
entering through cracks or holes in foundations and concrete floors
as a consequence of pressure differential between buildings and the
surrounding soil, radon gas concentrations can reach high indoor
levels (48), especially in low-rise buildings where the foundation is
closer to the soil.

The results of this paper presented in this paper indicated that
the global average indoor radon concentration was increasing, with
the arithmetic mean radon concentrations across the three periods
being 56.5 Bq/m® 67.9 Bq/m® and 81 Bq/m’, respectively. The
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indoor radon concentrations in 9 countries showed a decreasing
trend when comparing before and after 2000, while 16 countries’
indoor radon concentration showed an increasing trend, indicating
that the increase of indoor radon concentration in China was not
an isolated case, and the issue of indoor radon pollution still
required further attention.

5 Limitations

The samples varied in quality in this study. The indoor radon
concentration data of different sample sizes were obtained by different
organizations and investigators using different measurement methods.

The distribution of samples was uneven. Firstly, most of the
indoor radon data came from homes, with less from offices and public
places. Secondly, the samples of each province may only come from
one city, which means that indoor radon in other areas was neglected.
Finally, the samples for different regions varied greatly. Some regions
lack data for certain periods, which may lead to bias in the results.

Sample weighting was inherently limiting. Different sample sizes
would affect the average radon concentration. The sample-weighted
approach was used to calculate the average indoor radon concentration
at the provincial, regional and national levels, which could reduce the
effect of small sample size surveys and make the obtained average radon
concentration values more biased towards surveys with large sample sizes.

Therefore, it is essential to apply uniformly indoor radon
measurement methods (e.g., alpha-track detectors) which were
calibrated to ensure the effectiveness of surveys in future. At the same
time, quality assurance and control measures must be implemented to
guarantee the accuracy and reliability of the data. Samples should
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be collected from as many districts and diverse types of buildings (e.g.,
dwellings, offices, and public places) as possible across various
provinces and regions, in order to accurately reflect the distribution
of indoor radon concentrations nationwide. Additionally, the
distribution of the population across different areas should
be considered, with sample data weighted according to population
proportions, to obtain a more accurate regional and national average
radon concentration.
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