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ARTICLE INFO ABSTRACT

Keywords: Radon is a naturally occurring radioactive gas that accumulates inside poorly-ventilated environments, posing
Radon significant health risks due to its association with lung cancer. This study analyzes indoor radon dynamics in a
CFD . building located within a former uranium mine in Saelices el Chico (Spain), evaluating the effectiveness of nat-
Natural Ven.maFlon ural and mechanical ventilation for radon mitigation. Experimental measurements were conducted to monitor
Forced ventilation . . . . .
Simulation radon levels over time, supported by a CFD model that simulated both indoor and outdoor environments while
accounting for terrain-induced wind effects. This modeling approach improved boundary condition accuracy,
revealing up to 20 % discrepancies between raw meteorological data and simulated environments. A seasonal
analysis was performed under representative weather conditions and compared with a forced ventilation sce-
nario using an industrial fan to continuously supply fresh air. The mechanical ventilation model showed strong
agreement with experimental results. Findings indicate that mechanical ventilation substantially enhances air
renewal—reaching up to 2.21 air changes per hour (ACH)—whereas natural ventilation only provides 0.13-0.25
ACH, corresponding to renewal times between 4 and 8 hours. As a result, simulated radon concentrations inside
the studied room dropped from over 10,000 Bq/m? under natural conditions to about 2,000 Bq/m? within just
one hour after implementing the mechanical setup. These findings demonstrate the critical role of mechanical
ventilation in reducing radon accumulation and improving indoor air quality, particularly in buildings with lim-
ited openings, suboptimal airflow paths, or low wind conditions where natural ventilation becomes ineffective.

1. Introduction

Radon (**?Rn) is a naturally occurring radioactive element produced
by the decay of radium-226 (**°Ra) formed along the uranium-238
(**8U) decay chain, which is present in varying concentrations in soil,
rock, and groundwater [1]. Radon has several isotopes, including >*’Rn
(thoron) and 2!°Rn (actinon), but 222Rn is the most relevant for indoor
air quality due to its relatively long half-life of 3.8 days [2]. This half-life
allows it to accumulate in enclosed spaces such as buildings, whereas
219Rn and ?*Rn (with half-lifes of only 4.0 and 55.6 seconds, respec-
tively [3]) decay too quickly to pose a similar threat. However, in some
cases, thoron can contribute to indoor radon concentrations, particularly
in basements located in areas with high geogenic radon potential or in
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buildings constructed with materials enriched in thorium [4]. When in-
haled, radioactive progeny of radon present in the air, such as 2!3Po and
214po, emit alpha radiation that can damage lung tissue and increase the
risk of lung cancer. This risk is further enhanced by the exposure to air
pollution and smoking [5,6].

According to the European Environment Agency (EEA), radon is re-
sponsible for approximately 1 in 10 lung cancer cases in Europe [7],
making it a significant public health concern. Only in 2019, around
19,000 lung cancer deaths in Europe may have been due to naturally
occurring indoor residential radon [8]. Exposure occurs primarily in
homes and workplaces, where radon seeps through foundation cracks,
construction joints, and gaps around pipes [9]. Degassing from water
with high concentrations of radon is also an important source of radon
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in air, and is regulated in Spain by Royal Decree 3/2023 [10], which
establishes quality criteria for drinking water. Building materials are
also a relevant source of radon and thoron in some cases [11,12]. While
their contribution to indoor concentrations is generally low [13], it can
become significant or even predominant in specific scenarios—such as
in upper-floor dwellings, newly built energy-efficient homes, or historic
buildings featuring ultra-thick walls. Given its health risks, effective mit-
igation strategies are crucial, particularly in high-radon areas.

International regulations on radon exposure have evolved to estab-
lish reference levels that protect public health. The European Union’s
Directive 2013/59/Euratom [14] sets a reference level of 300 Bq/m? for
indoor radon concentrations, applicable to homes, public buildings, and
workplaces. However, some European countries, such as Germany [15]
and the United Kingdom [16], recommend not exceeding 100 Bq/m?
and consider levels above 200 Bq/m? as a risk. In Spain, Royal Decree
1029/2022 [17] establishes a 300 Bq/m? reference level for enclosed
spaces, aligning with EU directives. Moreover, the Nuclear Safety Coun-
cil (Consejo de Seguridad Nuclear, CSN) in Spain has categorized the
country’s regions based on radon levels, identifying areas where a sig-
nificant percentage of the population is subjected to radon concentra-
tions greater than 300 Bq/m? [18]. Furthermore, the World Health Or-
ganization (WHO) suggests that radon concentrations should not exceed
100 Bq/m? [19] to minimize significant health risks.

Effective mitigation strategies are crucial for reducing radon expo-
sure [20,21], particularly in areas with high radon potential. The sim-
plest strategy consists in increasing natural ventilation [22], which helps
reducing indoor radon levels by promoting the exchange of indoor and
outdoor air, preventing the gas from accumulating in enclosed spaces.
This strategy, however, is not always effective due to geometrical con-
siderations or predominant wind conditions, and its applicability in res-
idential buildings and workspaces may be further constrained during
colder periods, when the need to preserve indoor thermal comfort and
energy efficiency limits the extent of natural ventilation. In parallel, me-
chanical ventilation can be applied to increase air exchange in a more
controlled way, offering a practical alternative when natural ventilation
alone is insufficient [23]. Another common technique involves sealing
cracks in floors and walls [24], thus preventing radon from seeping into
buildings. Additionally, radon sumps or sub-slab depressurization sys-
tems [25] can be installed to lower the pressure beneath the foundation,
effectively redirecting radon gas before it enters indoor spaces. These
last two alternatives are often associated with projects that are difficult
to execute or restricted by legislation, making both natural and mechan-
ical ventilation highly relevant options in many cases [26].

To optimize these mitigation strategies, Computational Fluid Dy-
namics (CFD) simulations provide valuable insights by modeling radon
transport and accumulation under different ventilation scenarios and
environmental conditions [27,28]. These simulations enable a detailed
assessment of airflow patterns and radon dispersion, helping to refine
mitigation techniques to improve indoor air quality. Moreover, CFD-
based studies contribute to the development of more efficient ventila-
tion designs, ensuring that mitigation measures are both effective and
energy-efficient.

Previous studies have analyzed the effects of temperature differ-
ences between indoor and outdoor environments [29,30], as well as
the influence of external meteorological conditions and wind direc-
tion across various window geometries [31]. However, many of these
works face limitations in the way boundary conditions are defined, of-
ten simplifying or neglecting the outdoor environment and local orog-
raphy. For example, [30] determinates inlet velocities based on ex-
perimental measurements of radon concentrations rather than deriv-
ing them from external meteorological data or predictive models, while
other studies [32] do not explicitly specify how inlet velocities are im-
plemented. These simplifications become even more critical in urban
settings, where surrounding buildings strongly influence airflow pat-
terns and, consequently, the accuracy of predictive indoor ventilation
simulations. Moreover, many of these studies lack validation through
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real-life measurements, limiting the reliability of their CFD simulation
results.

The existing bibliography on CFD simulations of radon transport re-
mains limited, with most studies focusing on simplified or idealized
boundary conditions and rarely accounting for the complexity of real
environments. To address these issues, we present a modeling approach
for a real building and its surrounding environment, supported by pre-
cise radon concentration measurements performed in an old uranium
mine, a unique experimental building in Salamanca, Spain. To achieve
a comprehensive analysis that accounts for general seasonal conditions,
averaged wind parameters were selected and incorporated into an au-
tomated tool designed to simulate wind currents using low-resolution
wind data. This approach considers the influence of buildings, vegeta-
tion, bodies of water, and terrain elevation [33], raising a more realistic
value of the real wind speed and direction. The resulting wind measure-
ments from these simulations are then employed as boundary conditions
for the radon ventilation simulations, in which the time evolution of
radon concentration levels is analyzed and compared. Finally, a forced
ventilation system is implemented in the CFD simulations and evaluated
in comparison with the experimental measurements.

This paper is structured as follows. Section 2 outlines the method-
ology, detailing the geometry preparation and the simulation setup. A
brief discussion of the selected wind conditions is presented, along with
an evaluation of the CFD-based reconstruction of the surrounding terrain
to the studied building. Then, results for every seasonal simulation are
presented in Section 3, and a comparison between them is performed.
Lastly, a forced ventilation system is introduced within the simulation,
comparing the radon concentration levels to real-world measurements.

2. Methodology
2.1. Numerical simulations using CFD techniques

Independent numerical simulations were carried out to analyze air
circulation inside and outside the experimental building. The commer-
cial software Simcenter STAR-CCM + [34] was used to design the build-
ing geometry, build the polyhedral meshes, solve the governing conser-
vation equations (Navier-Stokes) using Finite Volume Methods (FVM)
[35] and post-process the results. The equations for the conservation of
mass and momentum read as,

i/pdV+}2§p~v~da=/SudV, (€8}
or Jy A v
z/pvdV+j{pv®v~ala=—;I{pl-da+7{T-da+/f,,dV+/suaIV, 2)
ot Jy A A A v v

where ¢ is time, V' is volume, a is the area vector, p is the density, v is
the velocity, p is pressure, T is the viscous stress tensor, I is the isotropic
pressure force contribution from the total stress tensor o = —pI + T, f, is
the resultant of body forces, S,, s, are user-specified source terms, and
® denotes the outer product.

An incompressible solver with constant density was selected,
along with a realizable k-¢ turbulent Reynolds-Averaged Navier-Stokes
(RANS) model, which has been widely adopted for numerical simula-
tions of air circulation and pollutant dispersion in enclosed environ-
ments [36]. This model offers a good compromise between accuracy
and computational cost, and has been successfully applied in several
recent CFD studies of indoor radon transport and ventilation perfor-
mance [37,38], demonstrating its capability to capture realistic mixing
and ventilation patterns under typical indoor Reynolds numbers. In ad-
dition, an enhanced wall treatment with a two layer approach [39] was
used to gain flexibility of an all —y* wall treatment.

The transport equations for the kinetic energy k and the turbulent
dissipation rate ¢ of the turbulence model are given as in Egs. (3) and

4,
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Table 1
Properties of the two species for the multi-component
gas [40].
Air Radon
Density (kg/m?) 1.26 9.73
C, J/kg-K) 1003.62 93.55
Dynamic Viscosity (kg/m-s)  1.86 107  2.45.107°
Molar weigth (kg/kmol) 28.97 222.02
0 — Hy
5 PRV (kM) =V | {4+ = VK + P —p(e—g) + S, 3)
Ok

u

0 — 1 £ £
E(p£)+V~(p5V)=V~ [(/4+ >V€}+FC&1ﬁ—C&2f2p<— —>+SE, “4)

1
Oc e . Ty
where v is the mean velocity; u is the dynamic viscosity; 6, = 1.0, o, =
1.2, C,; = 1.44, and C,, = 1.9 are the model coefficients; f, is a damping
function; and S, S, are the user-specified source terms. The subscripts
in g\, T, indicate baseline values for dissipation and time scales. P, and

P, are the production terms defined by Eqs. (5) and (6),
P, =f.G,+Gy—vy, 5)

Ps =chk+C£3Gb’ (6)

where C,3 = tanh (|v,|/|u,|) is a model coefficient in which u, and v, are
the velocity components parallel and perpendicular to the gravitational
vector g, f. is the curvature correction factor, G, and G, are buoyancy
and turbulent production, y,, is the compressibility modification [41],
fr=k/ (k + \/v_s) is a damping function and S, are the user-defined
source terms.

SIMPLE algorithm was used for pressure-velocity coupling and a
second-order upwind discretization scheme was used for the conserva-
tion of mass and momentum equations. The influence of temperature
and relative humidity in the radon exhalation rate was not considered
in this study, as we will explain later.

For representing radon concentrations, a multi-component gas model
was used, with two different species: air and radon gas. The selected
physical properties for each species used in the transport equations are
presented in Table 1. The transport equation for the mass fraction Y; of
a species is given by Eq. (7),

2/,)Y,.dv+}§ [PY,(v+ M) .da=?§ [J,+ﬁw,.] ~da+/ (Sy_+C[)dV
ot Jy A A oy 14 !
()]

where M, is the migration term included when modeling the move-
ment of charged species, o, is the Schmidt number, J; is the diffusive
flux and C; is the added transport term when modeling concentrated
charge migration.

2.2. Radon measurements and place of study

The experimental data used to calculate the radon generation rate
was measured at the Laboratory of Natural Radiation (LNR)', a unique
experimental building located at the former uranium mine managed by
ENUSA Industrias Avanzadas in Saelices el Chico, Salamanca, Spain (see
Fig. 1). Experimental data was measured during the “International Inter-
comparison Exercise on Natural Radon Radiation Measurements Under
Field Conditions 2024”, a reference activity for radon measurements
celebrated in May 20-23, 2024.

The suitability of this environment for such activities is attributed to
the high content of radioactive elements present in the soil, together

1 The exact coordinates of the building are: 40°38/13.0”N, 6°36/55.0”W.
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with the site-specific environmental conditions. Measurements were
conducted in Room 1, marked as a red prism in Fig. 1(a), which has a
total volume of 56.91 m?. The only connection between Room 1 and the
external environment is a pressurization system, which was completely
deactivated during the measurement period. Room 1 is connected to the
rest of the LNR building via a completely sealed metal door facing east.
Said building has a metallic door facing south that provides access from
the outside. Given that the pressurization system was deactivated, ven-
tilation of Room 1 is only possible when both doors are open. A general
overview of the real and reconstructed domains can be seen in Fig. 1,
with the inclusion of the mechanical ventilation system used later.

Measurements were taken every 10 minutes using an AlphaGUARD
radon monitor, whose technical characteristics are shown in Table 2.
The monitor was calibrated in the calibration chamber of the Laboratory
of Environmental Radioactivity of the University of Cantabria (LaRUC)
[42-44], which is accredited according to UNE-EN ISO/IEC 17025:2017
[45].

Prior to the initiation of radon exposure measurements, the intrinsic
background signal of the monitor was determined. This background rep-
resents the average radon concentration recorded by the device in the
absence of an external radon source and arises due to electronic noise
or residual contamination from long-lived radionuclides [46,47]. To
ensure accurate environmental radon measurements, this background
value must be subtracted from each recorded data point, as it does
not reflect the actual radon concentration in the monitored environ-
ment. The determined background level of the monitor was found to be
103 Bq/m>.

The measurements were conducted in Room 1 of the LNR for a con-
tinuous span of 4 days, between May 20-23, 2024. Fig. 2 shows the
evolution of radon concentration, measured in Bq/m?. The sensor was
placed in the middle of the room at 1 m high, over a table of size 2.5 x
1.0m. The room remained completely sealed during the entire process,
with no direct clean air ingress during the experiment.

2.3. Analytical model: radon balance equation
The time evolution of the average radon concentration within an
enclosed space is governed by a balance equation [48],

acw) _ G _ (2 + /1R,1>C(f)’ ®)

dt 14 |4

where C (Bq/m?) is the average radon concentration in the room, V
(m?) is the room volume, ¢ (m?/s) is the volumetric air exchange rate
(both from ventilation and air leakages), and A, (s~!) is the radon decay
constant. The source term G (Bq/s) represents the total radon entry rate
into the room, which is often derived from the radon exhalation rate
per unit surface area E (Bq/m?s) and the surface area A (m?) of the
enclosing walls and floor, so that G = E - A.

In practice, this radon exhalation rate G(¢) is not strictly constant
but often exhibits a time dependence driven by external meteorological
conditions. G(t) can be regarded as consisting of two main components:
one that varies dynamically with environmental and indoor parameters
such as pressure, temperature, and humidity [49,50]; and another that
reflects a baseline contribution ensuring the system tends toward its
characteristic equilibrium state. This perspective can be loosely inter-
preted in analogy with a mean-field approach, where the baseline term
acts as a restoring force. For instance, in a completely ventilated room
with negligible radon concentration, this contribution would initially be
dominant, driving the concentration upward to an expected equilibrium
value. As this steady state is approached, the baseline contribution starts
becoming smaller, and the fluctuations caused by the meteorologically
driven component—which can be either positive or negative—play a
more significant role, thereby explaining the observed variability in in-
door radon concentration. Formally, this can be expressed as

G(t) = Gy(C(M) + Gper (D), 9
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Fig. 1. () Aerial view of the LNR, showing the studied room marked in red. (b) Reconstructed geometry of the LNR building inside the simulation software. The
detector position is marked with a red cross, and the system used in the mechanical ventilation simulation is shown with a gray tube. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Technical characteristics of the radon monitor used in the study.

Device name Manufacturer Detection principle

Range (Bq/m’)  Sensitivity (cpm at 1 kBg/m?)  Radon uncertainty (statistical)

AlphaGUARD Bertin Instruments (Frankfurt, Germany)

Pulsed Ionization Chamber

2-2-10° 50 < +10% at 200 Bq/m’ after 1 h

20000

175001

15000

125001

100001

C (Bg/m?3)

7500+
5000
2500+

(1) (2)
04

(3)

20/0512:00  21/0500:00  21/0512:00

22/05 00:00
Date

22/0512:00  23/05 00:00 23/05 12:00

Fig. 2. Radon concentration in Room 1 on May 20-23, 2024. The gray areas indicate the intervals used for extracting a generation rate using a linear fit. A
measurement with forced ventilation was performed at the end of the period and is shown in the blue area, during which both doors of the building were opened.
In all other cases, Room 1 was kept fully sealed to ensure isolation from external influences. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

where G,(C(1)) denotes the baseline restoring term which dominates at
lower radon concentrations and G, (¢) represents the meteorologically
driven fluctuations, explaining why radon concentrations can still de-
crease in enclosed spaces without significant ventilation.

In our case, the available experimental data does not correspond to
conditions starting from a low-concentration, ventilated environment,
but rather to situations in which the fluctuating component of the gen-
eration rate is already dominant. As a result, it is not possible to fit the
measurements to the baseline equilibrium and directly extract a rep-
resentative generation rate for modeling the growth of radon concen-
tration from a ventilated condition. For that reason, we adopt a dif-
ferent strategy: we neglect the baseline contribution and focus on the
regions of the experimental data that correspond to worst-case scenar-
ios. By fitting the solution of Eq. (8) to these selected regions, we can

obtain reference values for the maximum values of the fluctuating com-
ponent, G(f) ~ G,:(t), which can then be employed to simulate ventila-
tion strategies under worst-case conditions, a common approach in this
type of risk prevention studies.

Following this, we can define the Air Changes per Hour (ACH), which
represents the number of times the air inside the room is exchanged per
unit time,

v A ¢

A = — . 10
ACH v % 10

From this, we can define the equivalent decay constant, that accounts
for both the air renewal rate and radioactive decays,

A= App+ Aach- an
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Fig. 3. Experimental measurements of radon concentration (red points) compared with radon concentration growth predicted by the model in Eq. (15). Each fit
corresponds to the corresponding gray area in Fig. 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Therefore, Eq. (8) can be rearranged into,

dc(t) G
= — —AC(1), 12
it % ® 12)
with the following analytical solution,
C(t) = Cy +(Cy — Cr)e ™™, 13)

where C, = C(t = 0) is the initial condition of radon concentration and
C,, = G/ AV represents the equilibrium concentration where the rate of
input G/V exactly balances the rate of removal AC. In our measure-
ments, the room was considered nearly airtight, such that 1, ~ 0. For
relatively short observation periods, we can also neglect the radioactive
decay constant Ay, compared to the rate of change of C(¢). Under these
assumptions, Eq. (12) reduces to

dC(t) G

—_— ==, 14
dt vV a9

whose analytical solution can be written as

C@t)=Cy+ gt, (15)

which is a straight line with initial condition C, and slope equal to G/V.
This means that, in complete absence of air renewal, the radon concen-
tration grows in a straight line, transitioning to an exponential trend
when air leaks are considered. Knowing the volume of the place, we
can adjust the experimental values to get a representative value for
worst-case scenarios of the meteorologically-driven radon generation
rate, which we will then use in our simulations. These scenarios are
marked in gray in Fig. 2. As we are considering long time series spanning
several hours (150-300 minutes), some deviations from the straight-line
behavior of the radon concentration are to be expected, since these in-
tervals are long enough for external meteorological conditions to vary
and influence the radon generation rate. The corresponding linear fits
during the three measurement intervals are shown in Fig. 3. Each 10-
minute measurement is assigned an uncertainty of +15% of its value,
consistent with the AlphaGuard’s specified statistical performance for
short averaging intervals.

Table 3

Extracted values for G from the linear fits.
Interval 1 2 3 Average
G (Bq/s) 40.5+1.5 73.5+4.0 96.6 + 5.3 70.2 +2.3

The radon concentration fits exhibit some oscillations, with three
distinct cases that have been fitted using a linear approximation of the
balance equation, as in Eq. (15). Although the concentration does not
increase monotonically over the four days of measurement—fluctuating
substantially instead—the calculated exhalation rates G are considered
to be important for risk prevention. As explained, this approach assumes
a worst-case scenario by modeling an effective source term that drives
the concentration upward, despite the natural variability in exhalation
rates over time due to humidity, pressure and temperature changes [51].
The extracted values for the generation rate are shown in Table 3. The
average G value was chosen as a reference value for our simulations,
even taking into account the notably different values extracted from the
linear fits.

The usage of linear fits is justified by the conditions under which
Eq. (15) is valid. Room 1 is completely sealed from the rest of the
building, making air exchange completely negligible. The variability in
radon concentration observed in the experimental data shown in Fig. 3
can be explained by the long time intervals considered, during which the
meteorological component of the exhalation rate can vary substantially.
Exponential fits with 1 # 0 were also tested, but they didn’t provided
better agreement with the experimental data.

2.4. Meteorological conditions

To conduct our simulations, we selected the most representative me-
teorological conditions for each season. Historical wind data spanning
over a decade was obtained from OpenMeteo [52], using measurements
recorded at the nearest meteorological station, located approximately
4km away from the study area. The data was categorized by season to
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Velocity (m/s)
1.75

0

>3.5

Fig. 4. Reconstructed domain around the LNR laboratory. The building is located in the center of the domain, and the wind direction and speed is measured 50 m
from it in a direction parallel to the wind movement. The velocity field at 2m height is shown for each season: (a) Winter, (b) Spring, (¢) Summer and (d) Autumn.

Table 4

Comparison between the meteorological station data and the CFD reconstruction results of wind speeds
and directions. Both values are referenced at 10 m height.

Winter Spring Summer Autumn

Station CFD Station CFD Station CFD Station CFD
Wind speed (m/s) 2.7 2.4 2.8 2.5 2.5 2.5 2.5 3.0
Wind direction (°)  45.0 (NE) 45.6 45.0(NE) 457 315.0(NW) 3152 180.0(S) 177.1

facilitate the analysis. The wind direction histogram demonstrated dis-
tinct distributions, with prevalent wind directions varying across sea-
sons, while the wind velocity magnitude frequencies exhibited consis-
tent seasonal trends. Both histograms are included in the Supplementary
Material.

These simulations were designed to isolate the impact of seasonal
wind patterns. Therefore, inputs were based on the dominant wind
speed and direction for each season. While seasons also involve changes
in other variables, these are not relevant to the scope of this study as
they do not influence the results of the simulations.

To determine the most representative wind speed and direction at
a height of 10 m, we extracted the median wind velocity and the most
frequently observed wind direction for each season, as summarized in
Table 4. The selected wind values correspond to measurements taken at
a meteorological station positioned 10 m above ground level in a small
town near the study site. However, these values do not necessarily rep-
resent the wind conditions affecting the LNR laboratory. To address this
discrepancy, we employed an automated CFD tool, validated in [33],
to reconstruct high-precision wind fields in the study area while incor-
porating the influence of buildings and vegetation from low-resolution
wind data. The registered value at 10m in the vicinity the laboratory
is displayed in Table 4, and compared to the value extracted from the
meteorological station.

In our analysis, we assumed that the wind speed recorded at the
meteorological station was comparable to that of the study area, despite
the 4 km separation. Additionally, we accounted for terrain elevation to
accurately estimate the wind speeds impacting the vicinity of the LNR
laboratory.

This methodology ensures the preservation of the neutral atmo-
spheric boundary layer logarithmic profile by applying appropriately

corrected boundary conditions in the CFD simulations. Consequently,
the resulting wind speed values near the building at a specified height
can be used as a reference for the boundary conditions for radon disper-
sion simulations. Fig. 4 presents the reconstructed domain surrounding
the LNR laboratory along with the different simulations. A more com-
plete representation of the wind fields in the whole domain is provided
in Figures S3, S4, S5, and S6 of the Supplementary Material.

As it can be seen, in only one of the four cases (Summer) the wind
speed registered in the simulation near the laboratory is comparable
to the one extracted from the meteorological station situated far away.
The other three cases show a difference of more than 15 % between both
speed values, demonstrating the usefulness of this methodology to es-
timate the wind currents near the building. The wind direction value
is almost identical for the four cases, which was to be expected given
the location of the building, with no disturbances modifying the air pat-
terns other than the terrain elevation. This tool could become even more
powerful in more complex environments, where the presence of larger
vegetation zones or more buildings could really affect the behavior of
wind patters, raising even larger differences in relation to the meteoro-
logical station values, for both wind speed and direction. The simulated
values at 10 m height presented in Table 4 will be used as a reference
for the inlet boundary conditions in all our radon simulations.

2.5. Numerical domain and boundary conditions

As marked before, the study is not limited to the interior of the
building, as we only have one door connecting it to the outside. For that
reason, the setting of appropriate boundary conditions becomes harder,
as fresh air should be entering and exiting at the same boundary, com-
plicating the setup of the simulation. For that reason, an exterior domain
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Fig. 5. (a) Exterior domain of the building with example inlet positions and (b) selected mesh for the simulations. (c) The mesh was refined near the building and,

specifically, close to the doors.

surrounding the building shown in Fig. 5(a) was considered. The
sizes of the exterior domain follow the recommended dimensions in
[53], with a blockage ratio (BR) of less than 3%, that effectively lim-
its the border effects in the simulation and the artificial acceleration of
wind. The outside region is considered to be flat, as the terrain elevation
has already been considered in the reconstructions from the previous
section.

A mesh independency test was performed to assess the suitability of
the numerical domain, and all the extracted numerical results can be
further examined in the Supplementary Material. We considered three
starting meshes (Fine, Intermediate and Coarse) with different sizes and
variable refinements inside the building and near the doors. We found
out that the results were not consistent between these three starting
meshes, as the final average concentration inside the building and the
Room 1 had up to 10% of difference between meshes. A fourth one
with more refinement near the doors was considered, raising a similar
result than the Fine mesh, but with an increase of over 50 % of cells
and computational time. For that reason, we finally decided to use the
Fine mesh, as it represented a good tradeoff between the number of
cells (computational time) and the precision of the results. An overview
of the selected mesh can be seen in Fig. 5(b,c), and the most relevant
parameters are shown in Table 5. The selected mesh is configured using
a Base Size of 1.25m, and two volumetric controls for the proximity of
the building and the interior of Room 1.

As explained before, we performed the reconstruction of the envi-
ronment with the aim of fine-tuning the boundary conditions of our
ventilation simulations, whose results can be seen in Table 4. We will
use the value at 10 m height extracted from the reconstruction as a refer-
ence for the radon simulation, also modeling the atmospheric boundary
layer logarithmic profile [54] at every point. This equation states that
the wind velocity at any height can be expressed in terms of the height
with respect to the ground as in Eq. (16),

v(z) = u?* log <Z-:—ZO> (16)
0

where x = 0.41 is the von Karman constant [55], z is the height, z, = 0.1
is the aerodynamic roughness length that depends on the type of terrain
[56], and u, is the friction velocity, whose value can be extracted by
knowing the wind velocity at a given height. This equation is used for
the boundary conditions of the four simulations. For the cases with diag-
onal wind (NE, NW), two walls were set as inlets, while for the case with
south wind (S), only one was considered. The other lateral walls were set
as pressure outlets, while the rest of the domain has a no-slip wall bound-
ary condition. Inside the building model, radon exhalation was applied

only on the floor of Room 1 for simplification, as this required less mesh
refinement. The emission rate assigned to the floor corresponds to the
average radon generation rate derived from the linear fits in Fig. 3,
equal to 71.9Bq/s. This is equivalent to a flux of 7.64 - 10~1° kg/m?s,
as detailed in the Supplementary Material. Distributing the same total
exhalation over both the floor and the lateral walls would yield similar
results, as the total radon exhalation rate would remain unchanged.

2.6. Forced ventilation

To improve the inflow of clean, radon-free air into Room 1, a forced
ventilation system was installed on the last day of measurements. Fol-
lowing its installation, radon concentration measurements were taken
to establish a reference curve for the decrease in radon levels. The area
highlighted in blue in Fig. 2 represents the time interval, conducted be-
tween 8:00 and 9:00 AM on May 23rd.

During this interval, we calculated the average wind velocity and
direction recorded by the nearest meteorological station. As in previous
analyses, we simulated the reconstructed domain surrounding the LNR
building and extracted localized wind velocity and direction near the
structure to serve as boundary conditions for the ventilation simulation.
The wind speed used in the simulation was 2.91 m/s, with a direction
of 33.5° (close to northeast, NE). In contrast, the meteorological station
reported a wind speed of 2.51 m/s and an almost identical direction of
34.0°. This discrepancy in wind speed highlights once again the intrin-
sic value of the reconstructed domain around the LNR building, as it
allows for more accurate boundary conditions in our radon dispersion
simulations.

The ventilation system includes a VEVOR fan (model BT-SHT12A-
U(S)5) with a diameter of 12in. (30.48 cm). To accurately represent the
fan’s effect in the simulations, a 30.48 cm diameter cylindrical inlet was
installed inside the LNR, adjacent to the door of Room 1, as shown in
Fig. 1. A mass flow inlet of 0.04kg/s was placed near the door, with a
cylindric tube with an outlet at the other end of the tube.

3. Results

We conducted four distinct simulations, each corresponding to a dif-
ferent season, based on the CFD boundary conditions extracted from
the reconstruction presented in Fig. 4. In these simulations, we mea-
sured the average radon concentration within the entire LNR building
as well as specifically inside Room 1. Since real-life measurements were
performed exclusively within Room 1, we obtained a direct estimate of
the radon generation rate inside this room but lacked equivalent data
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Table 5
Summary of the mesh independency test results. The percentage values represent the difference with respect to the selected mesh for the simulations
(Fine).
Mesh Base Size (m) Number of cells Computation time Final radon concentration LNR (Bq/m?) Final radon concentration Room 1 (Bq/m?)
Fine 1.25 2242149 1.1 days 2163 7099
Intermediate 2.50 567 529 5 hours 2043 (-5.5%) 6381 (-10.1 %)
Coarse 4.00 217 019 2 hours 2133 (-1.4%) 6014 (-15.3%)
Optimized 1.25 3769 537 2 days 2175 (0.5%) 7386 (4.0 %)
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Fig. 6. Time evolution of radon concentration (a) in the entire LNR building and (b) inside the Room 1 for the four seasonal simulations.

for the rest of the building. Consequently, we opted to introduce a radon
generation rate solely for the walls of Room 1.

As previously discussed, we can define the radon generation rate G
as a value with two different contributions: one that works for lower
radon concentrations and the other that oscillates depending on the me-
teorological conditions. At higher concentrations, the baseline genera-
tion rate can be neglected and we have to consider the significant influ-
ence of external environmental factors, such as temperature, humidity,
and pressure variations. The choice of a relatively high generation rate,
neglecting the baseline contribution and adjusting the meteorological
generation rate to the intervals in which the rate of change in the con-
centration is higher, ensures that our analysis accounts for a worst-case
scenario. Given the limited influx of fresh air from the exterior, the ven-
tilation intervals needed to achieve lower radon levels are substantially
prolonged, making the generation rate a critical factor in the overall
radon concentration dynamics. After performing the simulations, we can
extract an equivalent ventilation rate (4 ~ A4y ) fitting Eq. (13) to the
simulated data to quantify the ventilation effectiveness.

The evolution of the radon concentration for the seasonal simulations
is presented in Fig. 6, while the 1,y values for both Room 1 and the
whole LNR building are presented in Table 6. Furthermore, an animated
video for each simulation is also included in the Supplemetary Material.

An initial uniform radon concentration of 5200 Bq/m? was chosen in
all the simulations, as it is the initial condition for the forced ventilation
measurements marked in blue in Fig. 2. This will serve us as a good
reference for the comparison between the natural and forced ventilation
mechanisms, as we will see later.

Among the four simulations, only one scenario resulted in a signifi-
cant reduction in the average radon concentration within the LNR build-
ing. However, none of the cases effectively reduced radon levels in Room
1, where a high radon generation rate was imposed.

The results for winter and spring are nearly identical, which was
something to be expected given the similar boundary conditions in both
cases: the wind direction at the inlet remained equal (NE), and the wind
speed difference between both simulations was less than 4 %. This NE
wind direction primarily impacts the side of the building opposite the
south-oriented door, allowing only low-speed recirculation zones behind
the structure to enter the building and contribute to air exchange.

The summer simulation presents a case of symmetry along the E-
W axis due to the pure NW wind direction. Initially, one might expect

Table 6
Air Changes per Hour (ACH) for each season inside Room 1 and the
whole LNR building.

Season Winter Spring Summer Autumn

Region Room1 LNR Room1l LNR Room1l LNR Room1 LNR

Agen (A7) 0.14 0.17 0.14 0.18 0.13 0.13 0.25 1.11

results to be similar to those of winter and spring; however, as observed
in Fig. 6, ventilation worsens slightly. This difference is attributed to
the placement of the LNR building’s door. As shown in Fig. 1, the door
is positioned closer to the eastern wall, allowing recirculation zones to
form further to the entrance and difficulting the air exchange for the
NW wind case.

The most effective ventilation occurs in the autumn simulation,
which demonstrates a notable reduction in average radon concentration
within the LNR building. This improvement is primarily caused due to
the different wind direction (S), which is directly perpendicular to the
building’s entrance. Despite this enhancement, radon levels in Room 1
remain elevated, as airflow through the internal door separating it from
the main building remains minimal.

Analyzing the results, an important conclusion from the autumn case
can be extracted. The simulated external airflow entering through the
door was 0.53 m?/s. Given the door area of 2.11 m? and the average in-
troduced air velocity, an ideal flux of up to 3.71 m3/s could be achieved.
This means that only the 14 % of this expected airflow is obtained, indi-
cating inefficient ventilation. This inefficiency arises from the lack of an
additional exit point for the inside air. With only a single opening, air
movement is restricted, significantly reducing ventilation efficiency. In-
troducing a secondary opening, such as a window or an additional door,
would greatly enhance ventilation by providing a clear circulation path
for air to exit. This improvement would be beneficial not only in the
autumn scenario but also across all seasonal conditions, where the in-
clusion of a door at the northern wall of the building would dramatically
improve the airflow inside the building.

The comparison of ACH values from Table 6 between Room 1 and
the entire LNR building reveals consistent behavior for three of the
four simulated seasons. In winter, spring, and summer, the ventilation
rates inside Room 1 are comparable to those of the overall building,
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Fig. 7. Comparison between the experimental data for the forced ventilation
methodology and the simulated data. Simulated data corresponds to the average
radon concentration within Room 1.

with only minor differences. This indicates that under these boundary
conditions, the air exchange within the building is uniformly limited,
and the restricted inflow of outdoor air affects both the local (Room 1)
and global (LNR) environments in a comparable manner. The situation
changes in the autumn case, where the ACH for the whole building in-
creases sharply to 1.11h~!—more than four times higher than in the
other seasons—while Room 1 reaches only 0.25h~!. This pronounced
disparity highlights the poor internal air communication between Room
1 and the rest of the LNR. Despite the improved external ventilation
caused by the perpendicular wind direction to the entrance, the limited
airflow through the interior doorway prevents the efficient renewal of
air in Room 1. Consequently, the room remains largely isolated from
the building’s overall ventilation dynamics. This behavior underscores
the importance of internal connectivity and cross-ventilation pathways:
even when external conditions promote higher overall air exchange,
confined subspaces with restricted openings may continue to exhibit
elevated radon concentrations.

Given that radon concentrations remained elevated under the evalu-
ated setups, particularly in Room 1, the next step involves implementing
a forced ventilation system to enhance the intake of fresh air, as de-
scribed in the previous section. During the measurement time interval,
wind conditions were characterized by a predominant northeast (NE)
component, comparable to those observed in the winter and spring cases
and with similar wind speeds. In those earlier simulations, natural ven-
tilation alone failed to significantly reduce radon levels. However, they
serve as useful reference points for evaluating the effectiveness of forced
ventilation, which can now serve us to validate our simulations using
the corresponding experimental data.

The results of this comparison are presented in Fig. 7, which displays
both the simulation outcomes and the corresponding experimental mea-
surements. As shown, the simulated radon concentrations closely follow
the trend observed in the experimental data. Minor discrepancies be-
tween the two can be attributed to factors such as limitations in the fan
modeling and the use of boundary conditions that may lack sufficient ac-
curacy. It is also worth noting that the meteorological data was obtained
from a station located over 4 km away from the laboratory, which could
lead to deviations in wind-related parameters. Additionally, the simula-
tions assumed a constant average wind speed and radon exhalation rate,
while in reality, meteorological conditions likely varied throughout the
experiment. This variation helps explain why the data does not follow
a perfect exponential trend, showing instead a slight deviation around
the midpoint of the measurement period. Despite these considerations,
the overall agreement between simulation and experiment supports the
validity of the simulation methodology.

We can see that forced ventilation proves to be a highly effective
strategy for reducing radon concentrations, particularly under condi-
tions where wind is weak and air inlets are insufficient. In fact, it is the
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only scenario in which radon levels in Room 1 are reduced, whereas all
other cases exhibit a continuous increase in concentration. This is also
supported by the ACH value calculated for this simulation, going up to
2.21 h~! for the Room 1 (more than 10 times higher than in the seasonal
studies with natural ventilation) and 0.67h~! to the whole building.
This higher value for Room 1 can be expected, as the clean air intake
is directed into the room. The amount of wind entering the building
is comparable to the seasonal cases with NE wind direction, and the
greater A oy value in comparison with the other cases is explained by
the inclusion of the fan inside Room 1, which also introduces clean air
inside one part of the building. After one hour, the average radon con-
centration stands just above 2,000 Bq/m?, while in the natural ventila-
tion cases, radon levels reached between 8000 and 10,000 Bq/m>. This
corresponds to four times greater values, demonstrating once again the
effectiveness of forced ventilation setups under sub-optimal ventilation
conditions.

3.1. Engineering applications

The methodology and findings of this study provide key insights for
the design and assessment of radon mitigation systems in buildings with
limited ventilation. The presented framework enables engineers to pre-
dict radon accumulation patterns and evaluate ventilation strategies be-
fore implementation.

The results presented here demonstrate that effective radon mitiga-
tion strongly depends on the existence of cross-ventilation paths. Even
with favorable external airflow, a single opening significantly limits the
renewal of indoor air. Introducing a secondary outlet substantially en-
hances air circulation by providing a clear exit pathway for the air, as
demonstrated by our results. In practice, this simple modification can
transform an inefficient ventilation scheme into an effective mitigation
strategy, particularly in underground or semi-enclosed spaces.

The forced ventilation system proved highly effective, increasing
the ACH more than tenfold compared with natural ventilation and
markedly reducing radon concentrations. The close match between sim-
ulated and experimental radon data—typically within the measurement
uncertainty—further supports the accuracy of the modeling approach.
Although our results pertain to a specific test building, the methodol-
ogy is broadly applicable to other structures with limited ventilation or
elevated radon potential.

From an engineering perspective, our CFD-based methodology offers
an efficient way to optimize the placement of air inlets, outlets, or fans
within existing or planned structures. Its scalability allows it to be ap-
plied to more complex geometries or larger facilities without prohibitive
computational costs. Beyond radon mitigation, the same framework can
be extended to a wide range of indoor air quality assessments, includ-
ing studies of pollutant dispersion, humidity control, and thermal com-
fort in enclosed spaces. By accurately reconstructing both indoor and
outdoor flow domains, the method improves the definition of bound-
ary conditions, enhancing the reliability of ventilation simulations. As
such, it bridges environmental modeling and practical engineering de-
sign, offering a robust foundation for improving air quality management
in low-ventilation environments.

4. Conclusions

Accumulation of radon within indoor spaces has become a recog-
nized health problem worldwide, and various official organizations have
started to impose restrictions on radon concentration levels, mainly in
enclosed spaces such as houses or workplaces. To keep up with this
trend, it is important to know how different mitigation methodologies
affect indoor radon concentrations.

In this context, experimental measurements of radon concentra-
tions over time were conducted in the Laboratory of National Radiation
(LNR), a unique experimental facility located in a former uranium mine
in Saelices el Chico (Salamanca, Spain). Radon measurements in Room
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1 were used to determine a representative radon generation rate under
worst-case conditions, which was subsequently applied in a series of
simulations modeling natural ventilation under predominant seasonal
wind conditions

Results show that natural ventilation alone is insufficient to re-
duce radon effectively, especially in poorly connected subspaces such as
Room 1. Across winter, spring, and summer scenarios, only minor dif-
ferences in average radon concentration appeared, reflecting limited air
exchange due to the building internal layout. In autumn, when wind was
perpendicular to the entrance, overall ventilation improved but airflow
through the internal doorway to Room 1 remained minimal. Quantita-
tive analysis of Air Changes per Hour (ACH) highlighted this disparity:
the LNR building reached 1.11h~! in autumn, while Room 1 reached
only 0.25h~! (a reduction of near 80 %), demonstrating the critical role
of internal connectivity and cross-ventilation pathways.

In the literature, an ACH of 0.5-1h~! is often treated as a useful
reference point. For instance, [38] and [31] report that maintaining 1
ACH keeps radon concentrations within acceptable limits, while lower
rates cause sharp increases. In our study, forced ventilation in Room 1
achieved 2.21 h~!, comfortably above this benchmark. Natural ventila-
tion cases yielded only 0.13-0.25h~!, confirming that single-opening
configurations are inadequate in this suboptimal setup. Thus, we can
conclude that effective mitigation in confined subspaces requires at least
1-2h~! of ventilation.

Despite these promising results, some limitations must be noted. The
radon generation rate G(f) was treated as a constant, fitted linearly while
neglecting the baseline component. With measurements obtained from
an initially radon-free room, it would be possible to better distinguish
between the baseline and the meteorologically driven components of
radon generation. Moreover, the analysis was carried out under worst-
case conditions, which in practice may only persist for a couple hours.
Also, in most real situations the generation rate is likely much lower or
even negative depending on the variations of external conditions. No
experimental data were available for the natural ventilation scenarios,
limiting the validation of the simulations. Additionally, the fan perfor-
mance curve used in the mechanical ventilation modeling had to be ap-
proximated from a similar device, introducing some uncertainty in the
estimation of volumetric airflow. Finally, although the methodology of
environmental reconstruction was validated under forced ventilation,
its performance in more complex geometries or highly turbulent envi-
ronments remains to be fully verified, even though it was already tested
successfully in [33].

From a computational perspective, the CFD framework was very ef-
ficient. Steady-state outdoor simulations were run in less than one hour
on a standard workstation, showing feasibility for realistic case stud-
ies. Extending to larger and more complex regions would increase the
overall computational cost, but it could be managed by focusing on crit-
ical high-radon areas while simplifying peripheral zones. This scalabil-
ity supports broader applicability for radon risk assessment, air quality
studies, and mitigation design, as stated in the previous section.

Future work will focus on addressing these limitations by improving
experimental measurements to validate the proposed methodology in
more complex environments—such as multi-room buildings with inter-
nal walls or irregular layouts—and by refining the estimation of G(r) to
separate baseline emission from the meteorological contribution. More-
over, extending the dataset to include transient measurements of radon
decay under natural ventilation would allow for more comprehensive
validation of the modeling framework. These advances will strengthen
the predictive capability of the CFD methodology and support the design
of robust, energy-efficient mitigation strategies for buildings affected by
radon accumulation.
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