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• High indoor radon levels are not speciﬁc
to radon priority areas.
• Retroﬁt works should include mandatory radon survey and mechanical ventilation.
• SSD combined with radon barrier yields
the highest efﬁciency in radon reduction.
• Indoor air quality mitigation requires indoor heat recovery ventilation.
• Mitigations of inhabited buildings can
be inconvenient yet highly beneﬁcial.
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a b s t r a c t
Over the last 10 years applied scientiﬁc research has been carried out in Romania to tacked the residential radon
issues. The increased interest to reduce the carbon footprint of buildings has lead to the implementation and use
of new architectural solutions aimed to save energy in houses and other buildings. As a consequence, the degree
of retroﬁt in existing buildings and energy efﬁciency of new buildings promoted the need to not only mitigate
indoor radon, but improve indoor air quality overall. The present study found that the while the best performance
in radon reduction was conﬁrmed to be based on sub-slab depressurization (61% - 95% reduction), centralized
and decentralized mechanical supply and exhaust ventilation with heat recovery yielded a good efﬁciency in
overall improvement of indoor air quality (CO2, VOC, RH, temperature). The outcome of our research, as well
as future perspectives, take into account the recommended harmonization of energy efﬁciency programs with
those of public health by ﬁnding and applying the best technologies in compliance with energy saving and indoor
environmental quality.
© 2020 Elsevier B.V. All rights reserved.

1. Introduction
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Radon is one of the most important air pollutants. Found in trace
concentrations outdoors (between 5 and 15 Bqm−3) it can accumulate
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to life threatening concentrations when trapped indoors (WHO, 2016).
Radon accumulation indoors is dependent both on natural conditions
(geogenic radon, soil properties) as well as anthropogenic factors,
such as construction and current condition of a building which can
allow radon to migrate from the ground through various opened pathways into the living spaces (Cosma et al., 2013a; Dai et al., 2019;
Florică et al., 2020). Epidemiological studies have established that exposure to enhanced levels of radon can lead to life-threatening diseases,
particularly lung cancer (Darby et al., 2005; WHO, 2018). Specialized international organizations identiﬁed radon as a category one human carcinogen (IARC, 1988; ICRP, 2007; WHO, 2009). On the other hand, radon
is a modiﬁable cause of lung cancer.
Several mitigative actions, by which indoor radon concentrations
can be cost-effectively reduced, have been developed and implemented
worldwide, in order to lower the associated health risk (Khan et al.,
2019). The techniques can be divided into two main categories: those
focusing on the treatment of a contaminated indoor environment and
those intended to prevent radon rich soil gas from entering the living
areas. The choice of an adequate mitigation technique should always
be made individually and since the effectiveness of radon interventions
cannot be predicted a priori, conﬁrmatory tests should be performed to
certify that the radon exposure has been reduced to at least bellow the
regulated levels (Euratom, 2014; HG nr526, 2018). The costeffectiveness in health terms of radon mitigation for residential buildings has been extensively validated (Haucke, 2010; Gaskin et al., 2019).
One novel aspect in the ﬁght against radon exposure is the homeengineering practices focused on energy efﬁciency which has been associated with low air exchange rates and increased indoor radon levels
(Milner et al., 2014; Cucoș et al., 2015; Stanley et al., 2017; Pampuri
et al., 2018; Collignan and Powaga, 2019). Airtightness of buildings
has been negatively linked to not only indoor radon but also to other indoor air quality indicators (Du et al., 2019). In the wake of increasing demand for building retroﬁt and based on the most recent published data
indicating that a high percentage of buildings already register elevated
indoor radon (Cucoş (Dinu et al., 2017) the Romanian government has
started to control the effects of indoor air pollution by issuing a standard
to limit, through mitigations, indoor radon concentration to 300 Bqm−3
(HG nr526, 2018).
Given the paramount importance of radon mitigation in the quest
for healthier living, the Babeș-Bolyai radon research group has solely
undertaken the task of mitigating various levels of indoor radon in residential buildings of representative architecture, occupancy and environmental setting in Romania. The present paper discusses the
applicability of different mitigative actions from a scientiﬁc perspective.
The objective of this research was to raise public and stakeholder
awareness on the necessity of implementing comprehensive mitigation,
focusing not only on radon or radon priority areas, but coherently addressing the indoor air quality spectrum.
2. Materials and methods
2.1. Site description
Two speciﬁc sites and a total of 30 individual buildings were considered for the present research study. The most common characteristic of
the building sites was the high radon potential, identiﬁed in previous
works (Cosma et al., 2013b; Burghele et al., 2019; Florică et al., 2020).
As recommended by Groves-Kirkby et al. (2006), all residences considered have been occupied for several years prior to the present study,
thus the dissipative/diffusive effect of normal daily living, including
the use of heating has been averted. A second common characteristic
of the residential buildings selected for radon mitigation was the retroﬁt
works undertaken during the recent years, such as double-glazed windows, indoor or outdoor thermal insulation, yet without additional mechanical ventilation. The lack of mechanical ventilation has been
observed in other energy efﬁcient buildings, in association with

elevated indoor radon concentrations (Sferle et al., 2020). Kotol et al.
(2014) observed that although the thermal and noise comfort is enhanced in energy efﬁcient buildings, ventilation by opening windows
could lower the gain by creating humidity issues and introducing outdoor pollutants.
The ﬁrst research site is located in the countryside of Bihor County,
protected by the clear air of the Bihor Mountains and is comprised of
four localities: Băița, Nucet, Fînațe and Cîmpani. From a radon perspective, the site overlaps a radon priority area (Sainz et al., 2009; Cucoş
et al., 2012; Dicu et al., 2019), distributed along the banks of a small
river coming down through the former uranium mining site of Băița
Plai (Begy et al., 2012). Overall, 20 residential buildings were selected
(hereafter reported as batch A), based on voluntary registration, for
experimental radon mitigation. This set of dwellings had a particular
characteristic, the building material, which was partially made of byproducts of uranium mining operations (Cosma et al., 2013a).
The second site selected for mitigative works was represented by the
metropolitan areas of three major cities of Romania (Cluj-Napoca, Timișoara, Bucharest) where, additionally to indoor radon risk (Todea et al.,
2013), the outdoor pollution often exceeds the recommended threshold
(IQAir, 2019). Ten buildings (hereafter reported as batch B), selected
among those representative for each region's architecture have been selected for indoor air quality mitigation.

2.2. Measurements
In a ﬁrst stage, all houses selected for the study were passively monitored using solid state nuclear track detectors (RSKS, Radosys Ltd.
Hungary). Detectors were installed in one to three rooms, selected
based on inhabited volume and the highest occupancy factor, following
the nationally recommended methodology (Decree185, 2019). Each detector was placed and recovered by trained researchers, ensuring suitable locations and accurate exposure duration.
The second stage of measurements required a detailed radon diagnostic of each building site, i.e. indoor and outdoor. Information about
the building characteristics and conditions collected from the inhabitants by a questionnaire included: dimension and volume, energy
usage, building materials, retroﬁt works, presence of screed or cellar,
type of heating and ventilation system, how the owners perceive the indoor environmental quality, health status, renovation history, etc. Additionally, the following qualitative and quantitative aspects were
investigated by the researchers: building tightness, geology, soil permeability, indoor radon mapping, indoor chemical cocktail, radon index of
the building site, gamma dose measurements of soil and building materials, etc. Each building's airtightness level was determined using ﬂoors/
walls exhalation measurements, detection of relevant radon leakages by
grab sampling, identiﬁcation of air ﬂows movements by air ﬂow test
tubes and thermography cameras and rate of indoor CO2 dispersion.
The general working protocol has been described in previous works
(Barnet et al., 2008; Cosma et al., 2015; Florică et al., 2020). An indoor
air quality monitoring system named ICA, was developed by the
Babeș-Bolyai research group (Tunyagi et al., 2020) and installed in
house B1-B10 to record real-time properties (temperature (T), atmospheric pressure (p), relative humidity (RH), carbon monoxide (CO),
carbon dioxide (CO2), volatile organic compounds (VOC) and radon
(222Rn)) of the household environment for up to one year prior to mitigation works and continuously recorded data ever since.
Follow-up measurements were carried out to verify the effectiveness of mitigation measures implemented in order to reduce radon exposure and optimize occupant protection, in accordance with national
methodology (Decree185, 2019). All follow-up measurements were
performed during corresponding season as pre-mitigation measuring
campaigns, in order to reduce bias cause by temporal variability. During
this ﬁnal test the houses were occupied and the indoor heating was normally operating in order to simulate the air-ﬂow anticipated.
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All instrumentation used belong to the Constantin Cosma Radon
Laboratory, nationally designated radon laboratory by the National
Commission for Nuclear Activities Control, in accordance with ISO/IEC
170252.
2.3. Mitigation
Considering the different typology of the selected buildings, customized and individually dedicated mitigative actions had to be drawn up in
order to meet the needs for health and comfort of residents. The mitigation plans were designed by an interdisciplinary research group composed of radon experts, civil building engineers and ventilation system
engineers. Each particular system was meant to be innovative, energy
efﬁcient, cost-effective and minimally invasive on the building structure
and inhabitants' comfort. The mitigation works included techniques
based on depressurization of the building sub-slab (SSD), radon barrier,
fan-assisted sump, simple ventilation and heat recovery ventilation. The
mitigation systems installed in houses B1–B10 included a real time indoor monitoring ICA system which would enable the mechanical ventilation when/if a pre-set threshold of indoor pollutants is exceeded. The
main solutions used to reduce radon concentrations in Romanian dwellings are being described in the following sub-chapters.
2.3.1. Mechanical sub-slab depressurization system (MSSDS)
Flexible and perforated polyvinyl chloride (PVC) vent pipes (diameter of 100 mm) were placed into a permeable layer underneath the
ﬂooring. In order to maintain a low impact on the house structure and
its inhabitants, the vent pipes were inserted by drilling under the existent ﬂoor of targeted rooms from outside the building or from the cellar.
Whenever this option was not applicable, the mitigation works resumed to disturbing only one room from which a network of vent
pipes was created, to cover as many surrounding rooms as possible. If
the footprint of the building was too large for only one ventilator, additional measures were resorted to. All ﬂexible vent pipes were connected
to an airtight PVC duct, provided, at the outdoor end, with an exhaust
fan. Special care was given to the tilting of the airtight ducts in order
to avoid the accumulation of condensed soil water vapors. Air containing radon was extracted through these piping networks and exhausted
outdoors, away from windows and doors, before it could breach the
ﬂooring layer and accumulate inside the living spaces.
2.3.2. Mechanical sump depressurization system (MSDS)
To limit the impact on living spaces a radon sump was created in the
cellar or outside the foundation wall, whenever the architecture
allowed it. In order to be eligible for this mitigation technique, the
house had to have a shallow foundation or a cellar with direct access
from within the house. These deep radon extractors were perforated
PVC pipes (Փ 400 mm, 80 cm in length) buried in a thin layer of gravel
to facilitate the extraction of radon from the surrounding environment.
The sump was left hallow and covered with a PVC top. An airtight pipe,
equipped with an electric fan, was attached to the top of the sump and
guided above the roof where it ended with a wind turbine.
2.3.3. Centralized heat recovery ventilation system (CHRV)
In those houses where the ﬂoors had a concrete slab, the mitigation
works were oriented towards the indoor environment. The indoor air
quality was controlled through mechanical ventilation balanced with
heat recovery, equipped with heat inverter that introduces fresh air
into the living rooms and bedrooms and exhaust polluted air through
the bathroom or kitchen. The solution includes chalking of radon
entry points identiﬁed during the building's detailed diagnostic.
2.3.4. Decentralized heat recovery ventilation system (DHRV)
The fastest and least invasive mitigation method was used in two
houses where inhabitants accepted interventions of small duration
and only in the rooms with the highest radon readings. The mitigation
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solution involved balanced mechanical ventilation with a heat inverter
that introduces fresh air into living areas and removes it through the
same path. The polluted indoor air was evacuated to the outside environment, giving off heat to the fresh air that was introduced from outside. The heat transfer was achieved through a double copper heat
exchanger (without direct intersection of air ﬂows). The inlet/outlet
air ﬂow is done with the help of air grilles. The solution includes
chalking of radon entry points identiﬁed during the building's detailed
diagnostic.
Methods based on MSSDS and MSDS require information about the
radon concentration and permeability of the soil in which it was to be
installed. These are applicable to all radon concentrations, given the
building's architecture allows it.
On the other hand, methods based on CHRV and DHRV are recommended when rooms are provided with a radon-impermeable interface
on contact with the soil, such as a screed or concrete slab that often has a
low radon diffusion. Methods based on indoor air exchange are limited
by the fan's ability to remove radon before it can accumulate. This type
of ventilation cannot be obtained without thermal discomfort and elevated energy consumption. Therefore, methods based on increased indoor ventilation are only recommended for medium and low radon
concentrations.
The efﬁciency of the radon reduction system has been assessed
based on radon concentrations, measured with passive detectors, before
(C1) and after (C2) intervention in various rooms of the house and reported as house average, using the following equation:
Efficiciency ð%Þ ¼

C 1 −C 2
 100%
C1

3. Results
3.1. Pre-mitigation measurements
The ﬁrst set of passive results was obtained in 2010 based on two
sets of consecutive measurements covering a full year. The annual indoor radon concentration for batch A (radon priority area) prior to mitigation was 992 Bqm−3 with house values ranging from 530 Bqm−3 to
2135 Bqm−3. The geometric mean and geometric standard deviation
were 912 Bqm−3 respectively 1.50 Bqm−3. The second survey began
in 2016 with biannual sampling followed by seasonal sampling. The annual indoor radon concentration for batch B (metropolitan areas) prior
to mitigation was 529 Bqm−3 with house values ranging from 326
Bqm−3 to 1221 Bqm−3. The geometric mean and geometric standard
deviation were 483 Bqm−3 respectively 1.51 Bqm−3. Individual results
have been listed in Table S1 of Supplement 1.
3.2. Building inspection
Following the detailed measurements, and according to the classiﬁcation drafted by Neznal et al. (2004), it was established that the permeability of the building sites was unanimously high for batch A, while it
covered the full spectrum in case of batch B. This natural characteristic
of the building site can determine the applicability of certain mitigation
measures, such as sub-slab depressurization, its efﬁciency being directly
corelated with the permeability of the sub-slab layer. The third quartile
of radon concentration at 0.8 m below the surrounding building sites
was found to vary between 6.1 kBqm−3 and 82 kBqm−3. Similar to
the results published by Florică et al. (2020), the radon in soil values
could not be directly correlated to indoor levels. 60% of the houses involved in radon mitigation were provided with an uninhabitable,
small cellar (under one, maximum two rooms), yet with direct access
to the interior of the house in half of the cases. The majority of the buildings (87%) were constructed with red bricks and were retroﬁtted with
double-glazed windows (90%). Another common feature (87%) was
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the presence of opened staircases to upper ﬂoors and/or a chimney
stack. All these construction features, often combined with a nonthermally insulated wooden ceiling, guaranteed the stack effect which
lead to the accumulation of indoor radon above the levels expected
based solely on the concentration of radon in soil. Building radon mapping revealed horizontal and vertical variability of indoor radon, one example of such behavior being represented in Fig. 1.
Seasonal, weekly and daily variability was observed for indoor air
pollutants such as radon, CO2 and RH with higher levels recorded during
the night hours of the cold season. The average indoor temperature during the heated season was within national recommendations of 20 °C to
27 °C (Regulation22/06/2011, n.d.) in all investigated houses. The CO2
concentration recorded in 10 houses was comparable to other values reported for energy efﬁcient residential buildings in Romania (Sferle et al.,
2020). Based on indoor CO2 concentration, the Romanian regulations
(Regulation22/06/2011, n.d.) divides the indoor air quality into 4 categories (high, average, moderate and low). Following this classiﬁcation,
only 3 houses can be reported as having CO2 levels in the category of
high indoor air quality. On the other hand, in these same 3 houses,
radon values between 230 Bqm−3 and 874 Bqm−3 were registered,
the average per house being always above 300 Bqm−3. Total VOC readings showed concentrations between 24% and 86% with frequent
exceedances of the upper limit of detection (100%) in those periods
when the inhabitants were at home, which suggests that their source
is represented by personal care and cleaning products.

3.3. Mitigation works
The experimental study on radon mitigations conducted in Romania
evaluated four main techniques in combination with 14 additional measure. Table 1 shows the effectiveness of each radon mitigation solution,
implemented in Romania since 2012, in two different research studies
(IRART and SmartRadEn).
The best performance in radon reduction was recorded in those
houses were the main mitigation technique was based on sub-slab depressurization (61% - 95% reduction) followed by underground sump
depressurization (73% - 85% reduction). As a general rule, the SSD system was assisted by radon barrier membrane (Monarﬂex – BMI group,
Romania), with three exceptions, when the interventions were conducted from outside the building. Radon reduction efﬁciency reached

Table 1
Different mitigation solutions implemented post-construction.
Main system

Additional measures

Efﬁciency/house
(%)

Sub-slab
depressurization

Rn barrier membrane + wind turbine
Rn barrier membrane + outdoor sump +
wind turbine
Rn barrier membrane
Rn barrier membrane + cellar sump +
wind turbine
Rn barrier membrane + decentralized
heat recovery ventilation
Outdoor sump + wind turbine
Wind turbine
Decentralized heat recovery ventilation
Wind turbine
Rn barrier membrane + wind turbine
Rn barrier membrane + wind turbine +
mechanical exhaust ventilation of the
cellar
2 units + mechanical exhaust ventilation
of the cellar
1 unit
1 unit
2 units

61–95
88–92

Sump
depressurization

Centralized heat
recovery
ventilation
Decentralized heat
recovery
ventilation

76–95
78
94
82
72
92
78
85
73

67
64
25–27
54–64

only up to 92% when the radon membrane was absent. Sub-slab depressurization systems were designed to serve between one and three
rooms, as needed, yet considering the least disturbance of the living
spaces. This task was achieved by drilling – and inserting perforated
pipes under the target slabs – from outside the building or from only
one room located inside the house. Fig. 2 presents a graphical representation of a sub-slab depressurization system implemented in one of the
studied buildings.
The reduction capacity of underground sumps was assessed in two
locations, i.e. underneath the basement slab and outside the foundation
wall, each ﬁtted with an evacuation pipe running to above roof level. A
detailed representation of the underground sump has been published
by (Cosma et al., 2015). Similar to results reported in Spain (Vázquez
et al., 2011), the underground sump positioned outside the foundation
wall yielded a good efﬁciency in radon reduction, due to the

Fig. 1. Horizontal distribution of indoor radon in a detached house (B9).
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Fig. 2. Post-construction implementation of a sub-slab depressurization system combined with radon barrier (B9).

combination of great depth of sump and shallow foundation, which
allowed and efﬁcient extraction of radon from under the building. The
position of the ventilator and exhaust pipe was determined by the available options, i.e. bathroom, attic, outside wall or front yard garden.
Whenever the exhaust pipe could be installed above the roof level
(20 houses), it was equipped with a wind turbine. The study conducted
on a pilot hose by Cosma et al., (2015) pointed out that the use of wind
turbines in radon mitigation is not always justiﬁed, its operational being
directly dependent on meteorological parameters. In the present study,
however, the indoor radon concentration decreased following the installation of wind turbines in 80% of homes of batch A. The use of
wind turbines is to be encouraged, whenever applicable, due to its low
energy impact. Centralized and decentralized mechanical supply and
exhaust ventilation with heat recovery yielded the lowest efﬁciency in
radon reduction (25% - 67% reduction) yet it proved a good efﬁciency
in overall improvement of indoor air quality (CO2, VOC, RH, temperature). Correlations were observed between the indoor radon concentration and outdoor meteorological conditions based on ICA real-time
monitoring. Although seasonal variability was clearly established prior
to mitigation, the changes in pressure induced by variations in the
indoor-outdoor temperature gradients had no effect on the indoor
radon levels after mitigation, as it can be observed in Fig. 3.
The effectiveness of the mitigation works could not be corelated to
the season in which they took place, i.e. during the summer for batch
A and late autumn for batch B.
3.4. Post-mitigation measurements
Active and passive monitoring devices were installed in each house
shortly after the mitigation works have been completed. The active
real-time monitoring, installed in batch B, recorded the changes of indoor radon before, during and after mitigation works. Fig. 4 presents
the variation in time of radon in house B7, under different stages of mitigation. Initial house conditions were as follows: wooden ﬂoor on exposed soil, double-glazed windows, natural ventilation.
The installation of DHRV yielded a notable improvement of the indoor air quality, in terms of CO2 concentration, yet the radon levels
did not decrease below the cost-effectiveness threshold of 100 Bqm−3
suggested by (Haucke, 2010). In a second stage of mitigations works, a
minimally invasive SSD system was installed under the wooden ﬂoor,
by means of a perforated pipe drilled in from outside the building. In
the absence of a concrete slab, the wooden ﬂoor proved sufﬁcient in creating and maintaining the sub-ﬂoor negative pressure required in order

to prevent radon entering indoors. The indoor air quality was generally
and cost-effectively improved by combining and implementing these
two mitigations techniques in two houses (B7 and B10). On the other
hand, this observation also pointed out that using these two techniques
separately could hardly bring about the same outcome, as it can be observed in Table 2.
The CO 2 concentration, often an indicator of indoor air quality
(Lazović et al., 2016), decreased in all investigated environments,
the Romanian standard of high indoor air quality being achieved in
70% of cases. Other indoor air quality parameters recorded for
batch B, such as temperature and RH, did not require corrections
and were maintained post-mitigation within recommendations, i.e.
20–27 °C, respectively 30–70% (Regulation22/06/2011, n.d.). The
VOC readings after the implementation of mitigation systems decreased to concentrations between 14% and 70%, for similar winter
months. Individual results on indoor air quality have been listed in
Table S2 of Supplement 1.
At the time of the ﬁrst mitigation works (batch A), Romanian legislation did not include radon as a risk factor. Therefore, the target was
only to decrease the exposure to indoor radon. This target was successfully achieved, the efﬁciency in radon reduction being between 61% and
95%. The average indoor radon, however, was 158 Bqm−3, higher than
the national level (Cucoş (Dinu et al., 2017). By the time the batch B
was considered for mitigation, Romania had adopted the European recommendations of implementing measures to decrease indoor radon
levels exceeding 300 Bqm−3 (HG nr526, 2018). Therefore, in case of
batch B, the average indoor radon exposure was reduced to concentrations ranging from 23 Bqm−3 to 294 Bqm−3.
Although the national criteria were met in all but one house, according to cost-effectiveness studies (Haucke, 2010; Gaskin et al., 2019),
these mitigation systems should be tuned in such a way that the
radon concentrations decrease to levels below 100 Bqm−3, or according
to the ALARA principle (as low as reasonably achievable). It must be emphasized that the only threshold taken into consideration for
experimental radon mitigations in Romania was the national recommendation of 300 Bqm−3. On the other hand, the ICA systems linked
to the ventilator provides the possibility to adjust the exhaust airﬂow,
thus creating the prospect of decreasing the indoor levels in accordance
with the ALARA principle. Long-term monitoring of these houses will be
able to show if these mitigation systems alone will sufﬁce in reducing
indoor radon below100 Bqm−3. The distribution of individual annual
indoor radon concentration pre/post mitigation obtained based on passive monitoring has been represented in Fig. 5.
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Fig. 3. Monthly distribution of indoor radon concentration (B10).

permitted absolute determination of the mitigation efﬁciency for each
house, throughout each house and among the properties studied. Overall, mitigation achieved its objectives, with all properties yielding radon
concentrations well below its initial levels. With one exception, a house
located in a radon priority area, the indoor radon exposure was decreased to annual concentrations below the recommended level of
300 Bqm−3. Although the radon reduction was between 25% to 95%,
the radon concentrations were decreased according to targeted levels.
However, one critical conclusion is that the mitigation threshold should
never be the nationally or internationally recommended level, but lowest achievable level. The originality of the study lies in the fact that the
solutions proposed and implemented represent a step forward towards
integrating the common mitigation methods, often reported in the literature, with modern technologies for monitoring and controlling indoor
air quality. The novel mitigation approach allows us to provide a more
realistic follow-up strategy and long-term cost-beneﬁt analysis. At the
time of writing these results, these were the only radon mitigated
houses in Romania. Thus, our experimental research has a role of good
practices and contributes to the elaboration of speciﬁcations for optimal
performance of radon and general indoor air quality mitigation systems
for dwellings with similar characteristics.
The indoor radon survey carried out by the Babeș-Bolyai Radon
Group in Romania, between 2005 and 2020, covers roughly half of the
country's territory and yielded a national indoor radon level above the
European average, with signiﬁcant investigated grid cells having annual
indoor radon concentrations exceeding the threshold of 300 Bqm−3.
Therefore, sustainable education of building engineers, increased public
awareness, installation of public grants for radon mitigation and prevention, registration of radon-priority areas in the land utilization
maps, and inclusion of regulations and recommendations into building
codes are highly required. Redirection of limited health care resources

Additional active monitoring has been used post-mitigation to map
the indoor radon levels in each house. Figs. 1 and 6 presents one example of indoor radon distribution before and after the installation of subslab depressurization. It can be observed that the radon levels dropped
below 100 Bqm−3 throughout the house even if the mitigations system
serves physically only 3 of the investigated rooms, as it can be seen in
Fig. 2.
4. Limitations
Even though the intervention is considered acceptable (WHO,
2016), the mitigation system used has reduced the radon levels as low
as possible (ICRP, 2007), it should be stressed that in no time one can
be 100% risk free since the goal of complete elimination on indoor
radon would be futile (Khan et al., 2019). Although numerous countries
have implemented various mitigation measures, systematic follow-up
measurements are scarce, creating an unclear perspective of
long-term adequate protection. One additional inconvenience could be
represented by the increased noise level due to the installation of ventilation (i.e. decentralized ventilation units) in living and sleeping spaces.
Although the SSD proved to be the most effective radon mitigation technique, implementing these systems in inhabited houses can represent a
serious inconvenience, both in term of costs and disruption of household daily activities. Proper maintenance and the installation of alarms
that would be tripped by motor failures or electrical outages are therefore imperative to ensuring long-term low radon levels.
5. Conclusions
Experimental mitigation on 30 existing buildings allowed long-term
indoor air quality assessment before and after intervention. This aspect
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Table 2
The impact of various mitigation systems on indoor air quality parameters.
House code

B1
B2
B3
B4
B5
B6
B7
B8
B9
B10

Mitigation

Annual radon
(Bqm−3)/house

- 1 DHRV unit (1 room)
- 2 CHRV units (10 rooms)
- 2 DHRV units (2 rooms).
- 1 CHRV unit (4 rooms)
- 1 DHRV unit (1 room).
- 2 DHRV units (1 room).
- 1 SSD (1 room);
- 1 DHRV unit (1 room).
- 1 SSD + Rn barrier (1 room).
- 1 SSD (3 rooms) + Rn barrier (1 room);
- 1 SSD + Rn barrier (1 room);
- 1 DHRV unit (1 room).

Effectiveness (%)

Winter CO2
(ppm)/house

Before

After

Rn reduction

Before

After

392
426
394
535
326
385
423

294
141
141
194
239
176
35

25
67
64
64
27
54
92

3042
1524
880
956
1351
1239
785

2645
584
677
518
944
700
609

377
806
1221

23
138
73

94
83
94

673
603
1700

483
489
1243

into preventive radon reduction interventions would reduce lung cancer treatment costs in the future.
The Romanian experience in radon research and implementation of
standard measures against elevated radon exposure of the population
shows that in less than 10 years reasonable and sustainable solution of
radon mitigations have been developed and successfully implemented.
This milestone was achieved through permanent communication between scientists, professionals, public and stakeholders and has shown
that multidisciplinary research is required on physics, radiation protection, geology, construction engineering and material research.
Radon interventions on residential and public buildings, whether
they are preventive or post-construction, should be continuously implemented in Romania to reduce exposures to this very modiﬁable cause of
lung cancer and help reduce the increasing lung cancer burden in an
ageing Romanian population.
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Fig. 6. Indoor radon mapping post mitigation (B9).

Radon linked with Energy Efﬁciency Optimization of Buildings in
Romanian Major Urban Agglomerations SMART-RAD-EN” of the POC
Programme (http://www.smartradon.ro/).
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.141858.
References
WHO, 2009. World Health Organization,Handbook on Indoor Radon, A Public Health Perspective. WHO Press, Geneva, Switzerland.
Barnet, I., Pacherová, P., Neznal, M., Neznal, M., 2008. Radon in Geological Environment—
Czech Experience Czech Geological Survey Special Papers. vol. 19 pp. 25–30.
Begy, R.C.S., Simon, H., Cosma, C., 2012. Radiological Assessment of Stream Sediments Between Băiţa-Plai and Beiuş. Paper Presented at the First East European Radon
Symposium–FERAS.
Burghele, B., Ţenter, A., Cucoş, A., Dicu, T., Moldovan, M., Papp, B., Szacsvai, K., Neda, T.,
Suciu, L., Lupulescu, A., Maloş, C., Florică, Ş., Baciu, C., Sainz, C., 2019. The FIRST
large-scale mapping of radon concentration in soil gas and water in Romania. Sci.
Total Environ. 669. https://doi.org/10.1016/j.scitotenv.2019.02.342.
Collignan, B., Powaga, E., 2019. Impact of ventilation systems and energy savings in a
building on the mechanisms governing the indoor radon activity concentration.
J. Environ. Radioact. 196, 268–273.
Cosma, C., Cucoş-Dinu, A., Papp, B., Begy, R., Sainz, C., 2013a. Soil and building material as
main sources of indoor radon in Băiţa-Ştei radon prone area (Romania). J. Environ.
Radioact. 116, 174–179.
Cosma, C., Cucoş, A., Papp, B., Begy, R., Dicu, T., Moldovan, M., Truţă, L.A., Niţă, D.C.,
Burghele, B.-D., Suciu, L., 2013b. Radon and remediation measures near Băiţa-Ştei
old uranium mine (Romania). Acta Geophys 61, 859–875.
Cosma, C., Papp, B., Cucoş Dinu, A., Sainz, C., 2015. Testing radon mitigation techniques in
a pilot house from Băiţa-Ştei radon prone area (Romania). J. Environ. Radioact. 140,
141–147. https://doi.org/10.1016/j.jenvrad.2014.11.007.
Cucoş (Dinu), A., Papp, B., Dicu, T., Moldovan, M., Burghele, D.B., Moraru, I.T., Tenţer, A.,
Cosma, C., 2017. Residential, soil and water radon surveys in north-western part of
Romania. J. Environ. Radioact., 166 https://doi.org/10.1016/j.jenvrad.2016.10.003.
Cucoş, A., Cosma, C., Dicu, T., Begy, R., Moldovan, M., Papp, B., Niţă, D., Burghele, B., Sainz,
C., 2012. Thorough investigations on indoor radon in Băiţa radon-prone area
(Romania). Sci. Total Environ. 431, 78–83.
Cucoș, A., Dicu, T., Cosma, C., 2015. Indoor radon exposure in energy-efﬁcient houses from
Romania. Rom. J. Phys. 60, 1574–1580.
Dai, D., Neal, F.B., Diem, J., Deocampo, D.M., Stauber, C., Dignam, T., 2019. Conﬂuent impact of housing and geology on indoor radon concentrations in Atlanta, Georgia,
United States. Sci. Total Environ. 668, 500–511.
Darby, S., Hill, D., Auvinen, A., Barros-Dios, J.M., Baysson, H., Bochicchio, F., Deo, H., Falk, R.,
Forastiere, F., Hakama, M., 2005. Radon in homes and risk of lung cancer: collaborative analysis of individual data from 13 European case-control studies. Bmj 330, 223.

Decree185/2019, 2019. Methodology for Determining the Concentration of Radon inside
Buildings and at Workplaces,Ofﬁcial Gazette of Romania,Part I, Nr. 655/7.VIII.2019
(Romania).
Dicu, T., Burghele, B.D., Cucoș, A., Mishra, R., Sapra, B.K., 2019. Assessment of annual effective dose from exposure to natural radioactivity sources in a case–control study in
Bihor county, Romania. Radiat. Prot. Dosim. 185, 7–16.
Du, L., Leivo, V., Prasauskas, T., Täubel, M., Martuzevicius, D., Haverinen-Shaughnessy, U.,
2019. Effects of energy retroﬁts on indoor air quality in multifamily buildings. Indoor
Air 29, 686–697.
Euratom, 2014. Council Directive 2013/59/Euratom of 5 December 2013 laying down
basic safety standards for protection against the dangers arising from exposure to
ionising radiation, and repealing Directives 89/618/Euratom, 90/641/Euratom, 96/
29/Euratom, 97/43/Euratom a. Off J Eur Commun L13.
Florică, Ş., Burghele, B.D., Bican-Brişan, N., Begy, R., Codrea, V., Cucoş, A., Catalina, T., Dicu,
T., Dobrei, G., Istrate, A., Lupulescu, A., Moldovan, M., Niţă, D., Papp, B., Pap, I., Szacsvai,
K., Ţenter, A., Sferle, T., Sainz, C., 2020. The path from geology to indoor radon. Environ. Geochem. Health https://doi.org/10.1007/s10653-019-00496-z.
Gaskin, J., Coyle, D., Whyte, J., Birkett, N., Krewksi, D., 2019. A cost effectiveness analysis of
interventions to reduce residential radon exposure in Canada. J. Environ. Manag. 247,
449–461.
Groves-Kirkby, C.J., Denman, A.R., Phillips, P.S., Crockett, R.G.M., Woolridge, A.C., Tornberg,
R., 2006. Radon mitigation in domestic properties and its health implications—a comparison between during-construction and post-construction radon reduction. Environ. Int. 32, 435–443.
Haucke, F., 2010. The cost effectiveness of radon mitigation in existing German
dwellings–a decision theoretic analysis. J. Environ. Manag. 91, 2263–2274.
HGnr526/2018, 2018. HG Nr. 526/2018. National Radon Action Plan Published in the Ofﬁcial Gazette of Romania, [WWW Document]. Off. Gaz. Rom (Nr. 645/25.VII.2018).
IARC, 1988. (International Agency for Research on Cancer) Monographs on the Evaluation
of the Carcinogenic Risks to Humans. Man-made Mineral Fibers and Radon. 1988th
Ed. Lyon, France.
ICRP, 2007. (International Commission on Radiological Protection) Publication 103 The
2007 recommendations of the International Commission on Radiological Protection.
ICRP publication 103. Ann. ICRP 37, 1–332. https://doi.org/10.1016/j.icrp.2007.10.003.
IQAir, 2019. World Air Quality Report 2019.
Khan, S.M., Gomes, J., Krewski, D.R., 2019. Radon interventions around the globe: a systematic review. Heliyon 5, e01737.
Kotol, M., Rode, C., Clausen, G., Nielsen, T.R., 2014. Indoor environment in bedrooms in 79
Greenlandic households. Build. Environ. 81, 29–36.
Lazović, I., Stevanović, Ž.M., Jovašević-Stojanović, M., Živković, M.M., Banjac, M.J., 2016.
Impact of CO2 concentration on indoor air quality and correlation with relative humidity and indoor air temperature in school buildings in Serbia. Therm. Sci. 20,
S297–S307.
Milner, J., Shrubsole, C., Das, P., Jones, B., Ridley, I., Chalabi, Z., Hamilton, I., Armstrong, B.,
Davies, M., Wilkinson, P., 2014. Home energy efﬁciency and radon related risk of lung
cancer: modelling study. Bmj 348, f7493.
Neznal, M., Neznal, M., Matolín, M., Barnet, I., Mikšová, J., 2004. The new method for
assessing the radon risk of building sites. Czech. Geol. Survey Special Papers 47 p.,
CGS Prague.
Pampuri, L., Caputo, P., Valsangiacomo, C., 2018. Effects of buildings’ refurbishment on indoor air quality. Results of a wide survey on radon concentrations before and after
energy retroﬁt interventions. Sustain. Cities Soc. 42, 100–106.

B.D. Burghele et al. / Science of the Total Environment 751 (2021) 141858
Regulation22/06/2011, n.d. For the design, execution and operation of ventilation and air
conditioning installations (indicative I5-2010). Ofﬁcial Gazette of Romania Nr.504bis/
15.VII.2011. Romania.
Sainz, C., Dinu, A., Dicu, T., Szacsvai, K., Cosma, C., Quindós, L.S., 2009. Comparative risk assessment of residential radon exposures in two radon-prone areas, Ştei (Romania)
and Torrelodones (Spain). Sci. Total Environ. 407, 4452–4460.
Sferle, T., Dobrei, G., Dicu, T., Burghele, B.-D., Brişan, N., Cucoş (Dinu), A., Catalina, T.,
Istrate, A., Lupulescu, A., Moldovan, M., Niţă, D., Papp, B., Pap, I., Szacsvai, K., Florică,
Ş., Ţenter, A., Sainz, C., 2020. Variation of indoor radon concentration within a residential complex. Radiat. Prot. Dosim., 1–7 https://doi.org/10.1093/rpd/ncaa040.
Stanley, F.K.T., Zarezadeh, S., Dumais, C.D., Dumais, K., MacQueen, R., Clement, F.,
Goodarzi, A.A., 2017. Comprehensive Survey of Household Radon Gas Levels and
Risk Factors in Southern Alberta. C. Open 5, E255.
Todea, D., Cosma, C., Dicu, T., Roşca, L., Dinu, A.C., Rişteiu, M., Iancu, D., Papuc, I., Rădulescu,
D., 2013. Lung cancer risk induced by residential radon in Cluj and Alba counties,
Romania. Environ. Eng. Manag. J. 12.

9

Tunyagi, A., Dicu, T., Cucos, A., Burghele, B.D., Dobrei, G., Lupulescu, A., Moldovan, M., Nită,
D., Papp, B., Pap, I., Szacsvai, K., Țenter, A., Beldean-Galea, M.S., Anton, M., Grecu,
Cioloca, L., Milos, R., Botos, M.L., Chiorean, C.G., Catalina, T., Istrate, M.A., Sainz, C.,
2020. An innovative system for monitoring radon and indoor air quality. Rom.
J. Phys. 65, 1–14.
Vázquez, B.F., Adán, M.O., Poncela, L.S.Q., Fernandez, C.S., Merino, I.F., 2011. Experimental
study of effectiveness of four radon mitigation solutions, based on underground depressurization, tested in prototype housing built in a high radon area in Spain.
J. Environ. Radioact. 102, 378–385.
WHO, 2016. World Health Organization,Radon and health [WWW Document]. URL
https://www.who.int/news-room/fact-sheets/detail/radon-and-health.
WHO, 2018. World Health Organization. Guidelines, WHO Housing and Health.

