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A B S T R A C T

Effective mitigation of the health impacts of radon exposure begins with accurate measurement of
this environmental contaminant. Typically, radon surveys require measurements over a period of
several months. This process involves the application of temporal correction factors (TCF). Dis-
parities in indoor radon concentration (IRC) are evident across building types. While the inte-
grated technique has traditionally been considered the most reliable for measuring IRC, the active
method is becoming more prevalent due to the availability of commercial radon measurement
instruments. The aim of this study is to compare IRC using passive (CR-39) and active (ICA de-
vice) methods across 69 indoor spaces, including 35 workplaces and 34 residential buildings. The
investigation was conducted over a span of one year and included 966 CR-39 detectors that were
replaced every 3 and 6 months, respectively, to assess seasonal fluctuations and facilitate the
computation of TCF. Statistically significant differences in IRC were observed between residential
and workplace buildings (p < 0.001). Among workplaces, educational and research institutions
showed the highest average IRC (166 Bq/m3), while hospitals exhibited the lowest (25 Bq/m3).
Significant differences in TCF were found between the two measurement methods (p < 0.05),
making TCF specific to the passive method inapplicable to active method. Moreover, distinctions
between workplace and residential buildings, including the presence of air conditioning units and
differing occupancy patterns, lead to substantial differences in both IRC (p < 0.001) and TCF. The
assessment of radon exposure based on room occupancy duration revealed substantial variations:
workplaces showed lower actual exposure (62 Bq/m3 vs. 75 Bq/m3, p < 0.001), while residential
settings, particularly at night, displayed higher exposure (278 Bq/m3 vs. 245 Bq/m3, p = 0.02)
than integrated measurements suggest. Continuous monitoring systems offer critical insights into
true radon exposure levels.
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1. Introduction

Contrary to popular belief, the risk of exposure to ionizing radiation from indoor radon concentration (IRC) is greater than from
nuclear energy and even from the largest man-made source of ionizing radiation, namely radiological medicine [1]. Of the 20,000
breaths we take a day, around 16,000 are from indoor sources. As a result, IRC accounts worldwide for about 50 % of the overall
amount of ionizing radiation to which human beings are exposed [2]. Estimates show that IRC contributes 60 % of the total exposure in
Europe and approximately 75 % in Romania [3]. About 8–15 % of lung cancer cases are caused by residential radon, which is the
leading environmental driver of this disease [4]. However, radon is a risk factor that can be controlled and reduced at reasonable cost,
thereby saving many lives. In this sense, knowing IRC for each individual building represents a first step in this approach regarding the
public health protection against radiation. This characteristic is particularly crucial since radon exhibits significant temporal and
spatial fluctuation, making it impossible to generalize the results of a particular area or building’s neighbours. Numerous variables,
including geology, soil characteristics, the presence of fissures and cracks at the soil-building interface, indoor - outdoor temperature
differences, wind direction and speed, building materials, type of ventilation, occupancy patterns, can affect the amount of radon
indoors [5–8]. The primary source of radon is represented by bedrock, respectively the soil on which the building is located. Being a
gas, resulting from the decay of Ra-226, radon can escape by gaseous diffusion and convection from the matrix in which it was formed
[9,10]. The geological and soil characteristics could lead to the configuration of regions with high radon concentrations, namely radon
priority area (RPA). This “label” will affect all types of buildings, including public or workplaces, as a result of the transposition of
Directive 2013/59/Euratom in the national legislation, within the European Union member states. In certain countries, like Spain, it is
necessary to conduct radon measurements for all buildings with workplaces situated in RPA [11]. In contrast, in Romania, radon
measurements are mandatory for all public and workplace buildings, regardless of whether the region is classified as RPA or not [12].

In addition to the spatial fluctuation, IRC highlighted a high temporal dispersion, depending on the period of the day or the year in
which the measurement takes place. The increase in the temperature difference between indoor and outdoor environments results in
the emergence of two distinct patterns: a daily variation, characterized by high concentrations at night, and a seasonal variation, with
elevated levels during the colder months [13–15]. However, extreme reverse seasonal variations of IRC have been identified in certain
situations [16]. Most of radon surveys conducted worldwide indicate the integrated (passive) method as the most proper measuring
method for indoor radon exposure [17]. Using the integrated method of measuring IRC by track detectors gives an accurate result, but
only as an average value for the period during which the detector was exposed. Owing to temporal variations registered for radon
concentrations, 12-month measurements are considered the ideal solution to measure annual IRC (AIRC). The undertaking of extensive
measurements for the length of one full year is impractical for several reasons. These include the necessity to consider real estate
transactions, rehabilitation and reconstruction works, and the possibility of losing the detector. In this regard, most of the radon
surveys made a concession by providing semiannual or quarterly intervals for which temporal correction factors (TCF) were used to
estimate AIRC [17]. To cover this issue, several countries developed a database of TCF [18–22]. Burke&Murphy, (2011) highlight the
danger in using a single set of TCF for the entire country [8]. Several parameters, such as the type of soil, building [19,21,22], climate,
region [8,21], or the outside temperature [23] can induce important variations of TCF from one building to another. The absence of
seasonal variations of indoor radon was also identified and attributed to the presence of the mechanical ventilation [24]. This aspect
suggests that the approach to apply TCF to buildings with distinctive characteristics, for instance the existence of mechanical venti-
lation or different occupancy pattern (e.g. workplace buildings), is limited, regardless of the period or location of the measurement. A
comparative investigation conducted in Canada between federal buildings and homes revealed a notable disparity in radon concen-
trations, with workplaces exhibiting significantly lower levels, primarily to a higher ventilation rate and a better construction, as
concluded by Whyte et al. [25]. A similar analysis which targeted Austria, Finland, Germany, and Italy indicated that indoor radon
levels in homes and workplaces are significantly different [26]. In this analysis, Trevisi et al. pointed out that although dwellings can be
used to outline the distribution of radon in each area, they do not represent all buildings as a result of the influence of different
anthropogenic factors. The air conditioning was identified as an additional factor influencing IRC in workplace buildings [27].

On the other hand, workplace radon exposure is much more subtle and the 2013/59/Euratom Directive does not clearly specified
whether or not the AIRC must be representative for the radon exposure during working hours. An overestimation of the actual exposure
to radon in the case of daytime work and an underestimation for the nighttime work activities is expected following the use of in-
tegrated measurement methods for radon concentration assessment, as pointed out by Bochicchio [28]. In a study covering 33
workplaces, Venoso et al. identified a disparity of around 20 % in the average radon concentration between working hours and the
entire day [29]. Based on a study conducted in a school and a day-care centre, Rydock et al. concluded that the only way to make an
effective assessment of radon exposure is by measuring it during the time when the building is being used [30]. In addition, the
2013/59/Euratom Directive does not stipulate if TCF specific to workplaces or those specific to residential buildings should be applied.
In fact, according to our knowledge, there is no study to target TCF in the workplaces.

As such, real time monitoring of indoor radon for long-time periods (months to years) using continuous radon monitors (active
method) can give a better understanding of the risk associated with the exposure to this pollutant. The active method enables the
assessment of the IRC for any given period, considering the occupancy program. They also assist in identifying the impact of user
activity on the indoor radon dynamics, which facilitates the planning of practical strategies for improving the quality of indoor air. As
such, for a rigorous assessment of radon exposure it is especially important to have access to continuous data and exposure timeframe
in different type of buildings (residential and public/workplaces) and to combine these data to generate a time-weighted estimates of
radon exposure.

Hence, the primary objective of the present study was to conduct a comprehensive year-long monitoring of IRC in both residential
and public/workplace buildings, employing both the passive and active method. The secondary objective was to compute the TCF

T. Dicu et al.



Heliyon 10 (2024) e37144

3

based on the measurement method and building destination. The evaluation of the IRC in accordance with the work schedule allowed
the assessment of the actual radon exposure.

2. Material and method

2.1. Design of the study and indoor radon measurements

For the selection of the buildings involved in the study, two different strategies were chosen depending on the destination of the
monitored building: residential or public/workplace. For the residential environment, the existing databases within LiRaCC laboratory
were used, targeting dwellings with high IRC. The selection of the buildings, including work and public spaces, was based on media
campaigns and the employers’ declared interest following the transposition of the 2013/59/Euratom Directive into national legis-
lation. In the context of the international significance of radon monitoring and its impact on public health, Romanian legislation has
been aligned with the European regulations by introducing the reference level (RL) of 300 Bq/m3 for all types of buildings [12].
According to this normative act, screening measurements using the passive method are mandatory in Romania, throughout the
country, regardless of the region or RPA, for all buildings with a high degree of occupancy (schools, kindergartens, hospitals, dor-
mitories, nurseries, universities, etc.), and for the buildings in which workplaces are organized, or any other buildings with public
access or similar use. In accordance with the legislation, remedial measures for protection against radon must be implemented in all
buildings where RL levels are exceeded.

The study’s eligibility criteria encompass the requirement to allow radon monitoring in the bedroom or living in a residential
setting or the room where the activity takes place in a workplace building. Additionally, participants must have Internet connectivity
to send recorded data from the radon monitor (ICA device). Priority was given to buildings where the monitored room was situated on
the ground or mezzanine level. Subsequently, to achieve the desired number of buildings, consideration was also given to those placed
on the upper floors.

As part of the monitoring campaign, both passive, represented by solid-state nuclear track (CR-39) detectors (Radosys Ltd,
Hungary), and active methods, through the ICA device, were used. To highlight the time variability of IRC, the passive detectors were
organized within a kit (Lemon kit) that presented 6 detectors organized in 3 categories depending on the measurement period: yellow
(3 months), lime (6 months), green (12 months), each being in duplicate for the assessment of the variability induced by the detector
(Fig. 1).

The detectors in the yellow position were replaced every 3 months, those in the lime position were replaced every 6 months, while
those in the green position were placed at the beginning of the campaign, being collected at the end of one year exposure. As such, the
first campaign was conducted between November 2022 and February 2023, the second campaign between February and May 2023, the
third campaign between May and August 2023, and the fourth campaign from August to the end of November 2023, the measurement
period being 3 months. For the six months measurements, the first campaign coincided with the first two three-month campaigns,
starting in December 2022, and ending in May 2023, while the second campaign ended in November 2023, the month in which the
detectors from the 12-months campaign were also collected. Thus, 14 detectors were used for each monitored room, a total of 966 CR-

Fig. 1. Monitoring the IRC through passive method (CR-39 detectors, organized within the Lemon kit - left), respectively active method (ICA device
- right).
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39 detectors being used in the current survey.
The ICA device, a continuous radon monitor developed by the LiRaCC research team using TSRS2 radon sensor (Tesla, Czech Rep.)

was installed in the same room, where the Lemon kit was placed. A detailed description of the ICA device is made by Tunyagi et al.
[31].

The CR-39 detectors were mounted and collected by a member of the research team. After each measurement campaign, the
detectors were collected and then processed and analysed at the LiRaCC laboratory, following the manufacturer’s approach, as
described by Cucoş et al. [32]. The accuracy of radon measurements conducted using passive detectors was assessed through the
participation of the LiRaCC laboratory in the calibration exercise held by BfS (Germany) in 2022. The calibration factor was deter-
mined to be 0.98, with a 95 % confidence interval of ±0.06.

In the case of ICA devices, the calibration was conducted inside a radon chamber equipped within LiRaCC laboratory using Rad7
(Durridge Company Inc., USA) and AlphaGUARD PQ 2000PRO (Bertin SA, France) devices as a reference. In the situation where the
relative percentage difference between measured and reference concentration was higher than ±25 %, the calibration factor within
the radon sensor was adjusted. The radon source used was a pitchblende stone with an activity of 4.1 kBq.

The study concerned 34 residential buildings, of which 25 from the cities of Cluj-Napoca, 7 from Timişoara and two from Bucharest.
All public/workplace buildings (n = 35) were selected from Cluj-Napoca. In the case of residential buildings, 32 are single-family
houses, and two are apartment blocks, one of the apartments being located on the ground floor and the other on the 4th floor.
Among the public/workplace buildings, there were 12 educational and research institutions, 14 business offices, 6 medical offices, 2
hospitals and a residence hall.

2.2. Statistical analysis

The statistical analysis of the data was performed using IBM SPSS 24 (IBM Corp., Armonk, NY, USA) and OriginPro 2024 (OriginLab
Corporation, Northampton, MA, USA) software. The Wilcoxon signed-rank test was used to compare two paired samples, while
Mann–Whitney test was applied for two independent samples. The decision to use non-parametric tests was influenced by the small
sample size and the distribution of the data. The results are reported in these situations as medians (Mdn.). Additionally, the data are
presented as arithmetic or geometric means with specific standard deviations (SD or GSD), to facilitate comparison of the results with
those from the literature. To assess the degree of agreement provided by two distinct approaches, Lin’s concordance correlation co-
efficient (CCC) was applied. The relative percentage difference (RPD) was used to assess the difference between the two results. The
RPD was set at ±25 % based on the guidelines provided by the American Association of Radon Scientists and Technologists [33]. This
threshold aligns with the expected range of precision for the individual percent difference for radon measurements. The significance
level α was chosen at 0.05.

To assess the TCF, two strategies were chosen. For the comparison based on the measurement method, the TCF computation was
chosen by performing the ratio between the AIRC and the specific value of each measurement campaign. Therefore, TCF are limited to
three- or six-months measurement campaigns. On the other hand, for the generation of TCF, reported according to the start month and
the duration of the measurement (from one month to 11 months), the data measured with the ICA device were strictly used. In this
sense, the initial hourly average radon time series was transformed using a geometric moving average over a 1-month period into a
second time series of the same length by appending the first available data points at the end of the time series. To each value of this
additional time series, an index ranging from 1 to 12 was assigned. The index ’j’ was assigned if the middle day of the period fell
between the midpoint of the (j-1)th and jth months. Based on these indexes, a vector of twelve geometric mean radon concentrations,
denoted as mj, for each month j, was calculated. Since IRC show seasonal periodicity, it can be assumed that seasonal patterns could be
represented by Fourier series as linear combinations of sine and cosine functions [23,34]:

m̃j= β̃0 + α̃1 sin
(

πj
6

)

+ β̃1 cos
(

πj
6

)

(1)

The coefficients were computed using the least squares method and utilized to determine the adjusted m̃j values necessary for
deriving the seasonal correction factors using the model proposed by Pinel et al. [34].

For each location, a matrix twelve by eleven of seasonal correction factors was derived using the adjusted m̃j values. The seasonal

Table 1
Descriptive statistics regarding AIRC depending on the type of monitored building.

Building type Building destination No. AIRC (Bq/m3)

Min.a AM (SD) GM (GSD) Mdn. Max.

Residential Dwellings 33 21 267 (168) 209 (2.2) 110 655
Flat 2 64 83 (26) 80 (1.4) 83 101

Public/Workplace Business office 14 19 114 (83) 84 (2.3) 105 297
Educational & research institutions 12 38 166 (204) 106 (2.5) 92 761
Medical office 6 21 68 (42) 56 (2.1) 66 123
Hospital 2 19 25 (8) 24 (1.4) 25 30

a Min. – Minimum, AM – Arithmetic Mean, SD – Standard Deviation, GM – Geometric Mean, GSD – Geometric Standard Deviation, Mdn. – Median,
Max. – Maximum.
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correction factor matrix can be calculated as follows:

f̃ j,t =
t

12

∑12
k=1m̃k

∑j− t− 1
k=j m̃k

(2)

The means of seasonal correction factors, along with their corresponding standard errors, lower and upper confidence intervals,
were then calculated by aggregating all seasonal factor matrices.

3. Results and discussion

3.1. Descriptive statistics using passive method

Residential buildings showed an AIRC arithmetic mean of 252 Bq/m3, with a range from 21 to 655 Bq/m3 (Table 1). The average
value (121 Bq/m3) computed for the public/workplace buildings is identical to the one reported by Cosma et al. for residential
buildings in Cluj County, where the buildings in question are located [35]. When examining the institution’s profile, it is seen that
educational and research institutions have the highest average (166 Bq/m3), the maximum AIRC (761 Bq/m3) belonging to a class-
room among all public/workplace buildings. In a survey conducted by Martin-Gisbert et al. among 3140 workplaces, the Education &
Culture sector, which includes schools, universities, kindergartens, etc., was shown to be most affected to radon exposure [11]. The
arithmetic and geometric means computed for educational and research institutions in the present study are close to those reported in
neighbouring countries, such as Bulgaria (AM = 132 Bq/m3, GM = 101 Bq/m3) [36], Serbia (AM = 119 Bq/m3, GM = 100 Bq/m3) [37]
or Bosnia and Herzegovina (AM = 128 Bq/m3, GM = 99 Bq/m3) [38]. Similar values were reported by Burghele & Cosma for the
Romanian schools monitored in two neighbouring counties, namely Sălaj (AM = 180 Bq/m3) and Satu Mare (AM = 169 Bq/m3) [39].

The lowest average levels of the AIRC are found in hospitals (25 Bq/m3) and medical offices (68 Bq/m3) due to stringent indoor air
regulations. Comparable results have been reported in studies that targeted hospitals in Poland [40], Japan [41] or Taiwan. In the case
of the latter, high values were recorded especially when air conditioning systems were turned off during off-hours [42]. The AIRC
measured in the residence hall was 200 Bq/m3, while the business office showed an arithmetic mean of 144 Bq/m3, with the maximum
value falling below the reference threshold.

The AIRC values for 12 residential buildings exceed the RL of 300 Bq/m3, while for the public/workplace buildings only in two
cases. As anticipated, by applying the non-parametric Mann-Whitney test, a statistically significant difference was obtained between
the medians of radon concentrations when considering the building type (p < 0.001). The difference can be attributed to both to the
criteria applied when selecting residential buildings (drawing from existing databases of dwellings with increased radon levels) and
the characteristics of workplace buildings, particularly the use of mechanical ventilation units during working hours.

As stated earlier, the CR-39 detectors were placed in pairs to assess the variability of the detectors. The differences recorded for
radon concentrations at the pair level were not statistically significant (p = 0.58), regardless of the measurement campaign duration
(from 3 months to one year). A linear relationship between the radon values was obtained from pairs of CR-39 detectors, with a
coefficient of determination of 0.995. The calculated value for CCC is 0.99, suggesting an excellent level of concordance between the
outcomes generated by the detector pairs.

By evaluating the coefficient of variation (CV) at the pair level, an average value of 6 % was obtained with limits between 0 and 72
%. It should be noted that this coefficient of variation has an average value of 3 % (limits: 0–13 %) for measurements above the
reference level of 300 Bq/m3, 5 % (limits: 0–31 %) for those in the range of 100–300 Bq/m3, respectively 10 % (limits: 0–72 %) for
those below the value of 100 Bq/m3. When comparing the CV values of the measurement pairs with those specified in the US EPA
protocol for radon measurements [43], it was found that 1.2 % of the detectors exceeded the warning level, while 0.4 % exceeded the
control limit if the IRC was lower than 148 Bq/m3. For concentrations above this threshold, only one detector exceeded the control
limit. Comparable results were reported by Carpentieri et al. in a study that involved the exposure of paired CR-39 detectors for
6-months period [44]. These results indicate the accuracy of the results provided by this type of detectors even for radon concen-
trations slightly higher than the background value.

The centralized results according to the measurement campaign and type of building are shown in Table 2.

Table 2
Descriptive analysis of the radon concentration measured with CR-39 detectors, depending on the measurement campaign and the type of
building.

Campaign duration Campaign
No.

IRC (Bq/m3)a

Residential Public/Workplace

3 months I 365 ± 262 153 ± 188
II 298 ± 220 117 ± 150
III 74 ± 57 88 ± 137
IV 303 ± 236 127 ± 153

6 months I 318 ± 205 128 ± 157
II 193 ± 142 112 ± 145

12 months – 252 ± 168 121 ± 135

a Data are presented as AM ± SD.

T. Dicu et al.
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Consistent with expectations, throughout the 3-month campaign, the average of IRC is highest during the cold season (campaign I)
and lowest in the warm season (campaign III). Even in the case of the six-month campaigns, a notable disparity can be noted in the
average values computed for residential buildings, specifically 318 and 193 Bq/m3, respectively. Thus, by applying the non-parametric
Wilcoxon test, a statistically significant difference was obtained between the ranks in radon concentration for the two 6-months
campaigns, at the level of residential buildings (p < 0.001). The correlation coefficient between the two campaigns was deter-
mined to be 0.89 (p < 0.001). The significant difference in IRC can be attributed to the discrepancy in outdoor temperatures during the
two campaigns, with an average temperature of 4.6 ◦C for the first campaign and 18.2 ◦C for the second. In fact, a similar pattern was
observed in the three-month campaign, where an increase in the average temperature led to a decrease in the average IRC. As such, the
arithmetic mean rose from 3.6 ◦C to 5.5 ◦C, and then to 18.8 ◦C during the first three campaigns, each lasting three months. This was
followed by a slight decrease to 17.6 ◦C in the final campaign. These values are specific to the city of Cluj-Napoca. In Timișoara, the
average temperatures were approximately 2 ◦C higher for each campaign.

In the case of public/workplace buildings, the difference between the average values is less obvious (128 vs. 112 Bq/m3), being at
the threshold of statistical significance (p = 0.052), in this case the degree of correlation being 0.95 (p < 0.001). A statistically sig-
nificant difference was obtained between the IRC medians depending on the type of building, regardless of the measurement campaign
(p < 0.001). The difference between the two types of buildings was significant (p < 0.001), even when considering only the buildings
from Cluj-Napoca. This approach was taken to eliminate the regional impact of geological and climatic factors.

3.2. Active vs. passive method

The degree of concordance between the two methods, passive (CR-39 detectors) and active (ICA device) is indicated in Table 3, as
well as the average IRC values for the measurement campaigns according to the measurement method.

The median of RPD between active and passive devices is 10 %, being lower (7 %) for IRC higher than 300 Bq/m3. Statistically
significant differences were obtained between IRC according to the measurement methods (p < 0.05). Venoso et al. reported better
results in a study that sought to monitor radon levels using both passive (CR-39) and active (TSR 4M, Tesla, Czech Rep.) methods [29].
A potential reason for the improved outcomes could be attributed to the 6-months duration over which the study was conducted.
According to Table 3, the CCC coefficient indicates poor concordance for the 3-month campaigns, except for the May–August campaign
(III), respectively a moderate concordance for the 6-month campaigns, the annual campaign having a substantial concordance (0.95).
Higher values for CCC are specific for the 6-month campaigns compared to the 3-month campaigns, notably 0.92 and 0.93. An in-depth
examination of the data collected by the TSRS2 radon sensor revealed a negative correlation between humidity variability during a
specific measurement campaign and the agreement between passive and active measures, as quantified by the CCC, as a potential
explanation for the differences obtained between the two methods. For the annual campaign, the CCC value (0.95) is higher than the
value (0.92) reported by Dicu et al. as a result of an investigation conducted in 71 residential buildings in Romania using the same type
of passive and active detectors [45].

3.3. TCF

Table 4 displays the TCF values based on the building type, respectively the measurement method. In this instance, the TCF are
computed as the ratio between AIRC and radon concentration specific to a certain measurement campaign. As such, the values pre-
sented in Table 4 represent the geometric means of the TCF computed for each individual building, together with the 95 % confidence
interval. The use of the geometric mean was preferred to minimize the impact of excessive values. The computed TCF are significantly
lower for the active method in the first and the third campaigns for residential buildings (p = 0.01), respectively third campaign for
public/workplace buildings, as a result of the measurements conducted for a period of three months (p = 0.01). Significantly lower
values were obtained using the active method even during the first 6-month campaign, for both residential and public/workplace
buildings (p < 0.05). For workplace buildings, the TCF are significantly higher for the first and second three-month campaigns, and for
the first 6-months campaign, compared to residential buildings, regardless of the measurement method (p < 0.05). However, for the
third three-month campaign, as well as for the 6-month second campaign the TCF for public/workplace buildings are significantly
lower compared to residential buildings (p < 0.05). These results indicate both the existence of significant differences in TCF

Table 3
Descriptive analysis of the radon concentration measured by the two methods, alongside the coefficient of concordance (CCC).

Campaign duration Campaign
No.

IRC (Bq/m3)a CCC

Passive method Active method

3 months I 253 ± 252 303 ± 315 0.83
II 204 ± 212 194 ± 172 0.78
III 86 ± 123 93 ± 118 0.96
IV 181 ± 176 172 ± 153 0.87

6 months I 218 ± 208 220 ± 200 0.93
II 149 ± 155 127 ± 133 0.92

12 months – 180 ± 170 161 ± 155 0.95

a Data are presented as AM ± SD.

T. Dicu et al.
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depending on the measurement method and the building type, as well as the lack of consistency in the trend of these differences at the
annual level.

A moderate level of agreement was seen between the true (ITC calculated for the 12-month exposure) and estimated AIRC, using
TCF during the 6-month monitoring campaigns. This was determined by the CCC, regardless of whether the data were evaluated based
on the type of building (0.92 for residential and 0.94 for workplaces) or as a whole (0.94). For three-month measurement campaigns,
the level of agreement for residential buildings is poor, with the lowest values seen during the summer campaign (0.56), followed by
autumn (0.68), winter (0.78), and spring (0.92). However, when it comes to workplace buildings, the level of agreement is moderate
for the summer (0.84), spring (0.92), and winter (0.94) campaigns, but it is substantial for the autumn campaign (0.95). Consequently,
the spring campaign yields optimal outcomes for residential buildings, whereas autumn and winter are more suitable for workplaces.
In a study conducted by Müllerová et al. (2022) involving 56 rooms in Slovakia, the best agreement was found for the autumn and
winter seasons in the residential buildings.

Fig. 2 illustrates TCF in relation to the month when radon measurement begins, as well as the duration of the measurement, based
on the type of building being monitored with active device. The variations of TCF are displayed for both residential buildings (top) and
workplace buildings (bottom). The upper graph depicts measurements conducted over a period of either 3- or 6-months, which is the
most frequently used duration for passive measurements.

The graph on the right illustrates the starting month for the measurements, which are February, May, August, and November,
mirroring the four campaigns conducted in the present study. As expected, the maximum TCF values are specific to the months of May
and June for the 3-month measurement period, regardless of the building type. However, during the 6-month measurements, the peak
values are specific to the months of March and April for residential buildings, and April and May for workplace buildings. This shift in
peak values for residential buildings indicates that the summer months have a more significant effect on the TCF compared to
workplace buildings. This can also be observed by examining the TCF values listed in Table S1 (residential buildings) and S2
(workplace buildings), which vary according to the initial month and duration of measurement, as well as the specific type of building.

The computation of the RPD between TCF for the two types of buildings, based on a 3-month measuring period, results in values
within the ±25 % range for January through March and August through October. For a span of 6 months, only the months of March to
May yield RPD levels that exceed the 25 % threshold. In the scenario where the radon measurement begins in February, only for the
measurement period of one month, the RPD indicates a value exceeding the 25 % threshold between the TCF associated with the two
types of buildings (Fig. 3). This scenario also applies when measurements start at the end of the warm season (August). Conversely, if
measurements begin in months marking the start of the warm season (May or June), there is significant fluctuation in TCF during short-
term measurements (up to 6 months). It is only after the 7-month period that the TCF values tailor for residential buildings align with
those of workplace buildings, as indicated by a RPD in the predetermined interval ±25 %. If the initial month is November, the DRP for
TCF will fall between the ±25 % range only after at least 6 months measurement duration. These findings suggest that using TCF,
which are tailored for residential buildings, to estimate AIRC in workplace buildings can lead to inaccurate estimations. This holds true
even if the measurements are conducted for a duration of 6 months or if the initial month is at the beginning of the hot or cold season.

3.4. AIRC: overall vs. actual exposure

For workplace buildings, 80 % of the participants reported that their work hours are between 8 a.m. and 6 p.m. Additionally, 12 %
stated that the occupancy time is non-stop in the monitored space (working from home), while 8 % indicated that their work hours are
either in the afternoon or only a few hours per week in the investigated room. Therefore, using the data obtained with the active
method, it was possible to calculate the actual level of exposure to IRC, while considering the specified duration of occupancy. The RPD
between the annual exposure to radon, calculated as an average for the period of actual occupation and the entire period, range from
− 53 % to 14 %, with an average value of − 11 %. Thus, the radon concentration during the period of actual occupation (Mdn. = 71 Bq/
m3) is significantly lower than the calculated concentration for the whole interval (Mdn. = 78 Bq/m3), with a p-value of 0.003. If the
analysis is carried out strictly for those situations in which the occupation interval is between 8 a.m. and 6 p.m. then the RPD between
the medians reaches − 17 % (62 Bq/m3 vs. 75 Bq/m3), p < 0.001 (Fig. 4). The ratio between the radon level during working hours and
the overall exposure was determined, resulting in an average value of 0.86, with limits ranging from 0.47 to 1.00. These findings align

Table 4
Temporal correction factors (TCF) depending on the measurement method, respectively the destination of the building.

Campaign duration Campaign Residential buildings Public/workplace building

Passive method Active method Passive method Active method

3 months I 0.73* (0.67–0.79) 0.65a (0.58–0.73) 0.86b (0.79–0.94) 0.84b (0.75–0.94)
II 0.91 (0.79–1.06) 0.89 (0.81–0.97) 1.17b (1.09–1.25) 0.97a (0.92–1.03)
III 2.65 (1.79–3.93) 2.11a (1.58–2.82) 1.45b (1.25–1.69) 1.27a,b (1.12–1.44)
IV 0.90 (0.76–1.07) 0.91 (0.82–1.00) 0.94 (0.86–1.02) 0.99 (0.91–1.06)

6 months I 0.83 (0.76–0.91) 0.74a (0.68–0.81) 1.08b (1.00–1.17) 0.92a,b (0.86–0.99)
II 1.33 (1.18–1.49) 1.39 (1.25–1.54) 1.07b (0.97–1.19) 1.12b (1.03–1.23)

*The values are shown as geometric mean, respectively 95 % confidence interval.
a statistically significant difference depending on the measurement method for the same type of building (p < 0.05).
b statistically significant difference depending on the destination of the building (p < 0.05).
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with the results (0.8, with limits between 0.5 and 1.0) reported by Venoso et al. from a comparable study conducted in 33 workplaces,
specifically focusing on buildings with radon levels exceeding 150 Bq/m3 [29].

In 50 % of residential buildings, the declared period of occupancy includes exposure during the night (from 8 p.m. to 7 a.m.).

Fig. 2. TCF depending on the starting month and duration of the measurement according to the type of building: residential (top), public/work-
place (bottom).
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Additionally, 40 % of buildings stated that the period of occupancy covers the interval from 5 p.m. to 9 p.m. In cases where the
exposure occurred at night, the radon concentration (Mdn. = 278 Bq/m3) is significantly higher than the overall computed concen-
tration (Mdn. = 245 Bq/m3), with a p-value of 0.02. The RPD between medians is 13 %. When analysing the situations when the
exposure occurred between 5 p.m. and 9 p.m., the radon concentration (Mdn. = 195 Bq/m3) is significantly lower compared to the
overall exposure (Mdn. = 212 Bq/m3), with a RPD between medians of − 8%.

Fig. 3. Comparison of TCF variation depending on the starting month and the duration of the measurement for residential and workplace buildings
(the values are reported as GM ± 95 % CI).

Fig. 4. Actual vs. overall radon exposure depending on the occupancy period (*p < 0.05; ***p < 0.001).
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4. Conclusion

The increasing number of instruments that are capable of continuous radon measurements has led to a shift in consumer behaviour,
with an increasing inclination towards self-conducted measurements over reliance on licensed laboratories. The trend towards using
commercial active devices is evident even in research groups, as the number of scientific papers using long-term active monitoring is
consistently growing. While the integrated method presents distinct advantages, the momentum behind continuous measurements,
driven by both consumer demand and scientific utility, necessitates a reassessment of strategies for IRC assessment.

This study compares two in-situ measuring methods. Active devices perform comparably to the integrated technique over periods
longer than six months (CCC >0.92). However, for three-month campaigns, CCC varied (0.78–0.96), highlighting limitations of active
devices, especially their sensitivity to humidity fluctuations.

In response to market demands, there is a notable trend towards reducing measurement periods, necessitating the use of specific
TCF for estimating AIRC. Our study reveals significant differences in TCF between the two measurement methods, even when their
agreement was moderate or substantial according to IRC. Consequently, TCF developed for passive methods are not applicable to
active methods. Moreover, distinctions between workplace and residential buildings, including the presence of air conditioning units
and differing occupancy patterns, lead to substantial differences in both IRC and TCF.

Radon levels vary by room occupancy duration. In workplaces, actual exposure is lower than integrated measurements suggest. In
homes, nighttime exposure is higher. As such, continuous monitoring can reveal true radon exposure levels.

Radon research laboratories can aid in integrating commercial active devices by addressing their limitations through regular
calibrations and sensor accuracy improvements. This study provides a comprehensive dataset on TCF applicability based on mea-
surement method and building type. Future analyses using time series from active methods can further enhance TCF adjustments,
focusing not only on the stating month and the duration of the measurement, but also on distinct factors influencing radon concen-
tration variations. This consideration gains prominence among growing evidence of interannual variations, underscoring the
importance of such refinements.
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[32] A. Cucoş Dinu, et al., Thorough investigations on indoor radon in Băiţa radon-prone area (Romania), Sci. Total Environ. 431 (Aug. 2012) 78–83, https://doi.

org/10.1016/J.SCITOTENV.2012.05.013.
[33] AARST, Performance Specifications for Instrumentation Systems Designed to Measure Radon Gas in Air (MS-PC 2015), 2015.
[34] J. Pinel, T. Fearn, S.C. Darby, J.C.H. Miles, Seasonal correction factors for indoor radon measurements in the United Kingdom, Radiat. Protect. Dosim. 58 (2)

(Feb. 1995) 127–132, https://doi.org/10.1093/oxfordjournals.rpd.a082606.
[35] C. Cosma, A. Cucos (Dinu), and T. Dicu, “Preliminary results regarding the first map of residential radon in some regions in Romania,” Radiat. Protect. Dosim.,

vol. 155, no. 3, pp. 343–350, Jul. 2013, doi: 10.1093/rpd/nct015.
[36] K. Ivanova, Z. Stojanovska, M. Tsenova, V. Badulin, B. Kunovska, Measurement of indoor radon concentration in kindergartens in Sofia, Bulgaria, Radiat.

Protect. Dosim. 162 (1–2) (Nov. 2014) 163–166, https://doi.org/10.1093/rpd/ncu251.
[37] F. Bochicchio, et al., Radon in indoor air of primary schools: a systematic survey to evaluate factors affecting radon concentration levels and their variability,

Indoor Air 24 (3) (Jun. 2014) 315–326, https://doi.org/10.1111/ina.12073.
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