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Abstract: The naturally occurring radioactive gas radon presents a major public health danger mainly
affecting people who spend time in poorly ventilated buildings. The periodic table includes radon as
a noble gas which forms through uranium decay processes in soil and rock and water. The
accumulation of radon indoors in sealed or poorly ventilated areas leads to dangerous concentrations
that elevate human health risks of lung cancer. The research examines environmental variables
affecting radon concentration indoors by studying geothermal installations and their drilling
activities which potentially increase radon emissions. The key findings showed that radon levels peak
at cold days where the concentration had a mean value of 41.5 Bq/m?® and maxed at about 95 Bg/m?.
The reason was first and foremost poor ventilation and pressure difference. The lowest
concentrations were on days with increased human activity with measures that had a mean value of
14.8 Bq/m?, which is about 65% reduced. The results that are presented confirm the hypotheses and
the study is making clear that ventilation and human activity are crucial in radon mitigation,
especially on geothermal and energy efficient structures.
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1. Introduction

As the fifth most abundant gas in the earth’s crust, radon (Z = 86) is a noble gas and has been
identified as a major source of indoor radiation exposure [1]. It has been established by the World
Health Organization that radon is the second most significant cause of lung cancer next to smoking
[2]. This is due to the fact that people spend a significant amount of their time indoors, thus it is
important to assess the concentration of radon in residential and occupational areas for public health
purposes [3].

There are two isotopes of radon, namely, 222Rn (from the uranium-238 decay chain via the 2°Ra
channel) and ?2°Rn, also referred to as thoron from the thorium-232 decay chain via the 22¢Ra channel
[4]. The half-lives of these two isotopes are 3.8 days for 222Rn and 55 seconds for 22°Rn which have a
significant impact on their distribution in the environment [4]. Due to its inert nature, radon is emitted
from solid matrices like soil, rocks and building materials and is transported in the subsurface as a
carrier gas (e.g., CO,) or through groundwater [5].

The rates of radon emission vary significant and are influenced by temperature, humidity,
porosity and mineral composition of soil and rock. The emission coefficients for soil and rock are
between 0.1% and 40% [6]. The main sources of radon in homes are:
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From the ground and the rocks under the buildings, where the gas enters through cracks, joints
and around pipes. It is most dangerous in basements and cellars.

Construction materials, especially those that are naturally mineral based. In temperate climates,
the indoor radon concentration from these materials can account for as much as 20% of the total radon
concentration in homes [2].

Domestic water supplies, where radon dissolved in groundwater are released when household
activities such as showering take place thus increasing the concentration of radon in the air locally [2].

To prevent to prevent the health risks which has been suggested by the WHO to a maximum
annual average indoor radon level of 100 Bq/m?, it is possible to determine the level of radon using
the active methods (alpha spectrometry) or the passive methods (activated carbon detectors) [7].

As far as the reduction of indoor radon pollution is concerned, it is a big problem. The two major
methods of reducing the levels of indoor radon are: (1) reducing the entry of radon into buildings
and (2) increasing the rate of air exchange in the indoor environment [8]. To reduce entry from soil
and rock interstitial air, a barrier that is impermeable can be placed between the ground and the
building foundation. Such methods of sub-slab depressurization systems or other active soil suction
techniques can remove radon before it enters the interior space [3,9].

Ventilation works best to reduce radon emissions from building materials and domestic water
sources. The combination of natural and mechanical ventilation systems works well to prevent radon
accumulation in warm climates. The requirement for energy efficiency in cold climates necessitates
mechanical ventilation systems to bring fresh radon-free air into buildings while removing radon-
contaminated air [10].

The human body absorbs radon and its short-lived decay products mainly through inhalation
and consumption while exposing individuals to serious health threats. Prolonged radon exposure at
elevated levels within unventilated houses leads to an increased risk of developing lung cancer [11].
Radon creates no environmental compounds because it is a noble gas and does not bind to microbes
or plants or sediments which enables it to easily move from its formation locations into the
atmosphere [12].

The process of radon formation takes place within soil mineral grains or organic matter before
it diffuses into adjacent air-filled and water-containing pore spaces. Soil water and air partition
according to Henry’s law before radon diffuses to the surface through either advective flow or
diffusion based on soil permeability [13]. The movement of radon from its source can reach distances
of hundreds of kilometers [6,15].

Underneath buildings radon continues to form constantly in the underlying soil. Radon can
easily move into indoor areas because even the slightest negative indoor pressure allows it to pass
through foundation cracks, joints and pipe penetrations [3]. The concentrations of radon indoors
become hundreds of times greater than outdoor radon levels [16]. Workers in underground
workplaces face additional exposure dangers because of inadequate ventilation and proximity to
radon emission sources. The process of water consumption leads to the release of dissolved radon
into indoor air [11].

According to the United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR), radon stands as the leading cause of natural radiation exposure affecting both workers
and general population members [11]. The radiation dose received by mine workers comes mostly
from radon which comprises about 80% [14]. The general population receives about 50% of their
natural radiation exposure from radon present in indoor air. Finland stands out as a country where
indoor radon exposure creates more than half of total radiation doses that exceed medical, industrial
and nuclear fallout contributions [11]. The exposure of people who consume radon-rich borehole
water reaches elevated levels because this group makes up only 4% of the total population [17].
Radjiation protection authorities worldwide recognize radon mitigation and public protection as their
top priorities because of health concerns and exposure risks.
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2. Materials and Methods

2.1. Measurement Site and Setup

A monitoring device was installed in the basement of the plumbing educational building at the
Aristotle University of Thessaloniki to evaluate the potential impact of geothermal activity on indoor
radon levels since the building is equipped with a geothermal heating system. The location was
selected because it was near the geothermal infrastructure to observe radon emissions that could be
related to geothermal operations [18].

The device was strategically placed next to the geothermal system's piping where the highest
likelihood of radon leakage was anticipated. The installation site was determined based on structural
assessments of the basement layout and consultation with facility engineers to ensure accurate and
reproducible measurement conditions. The goal was to obtain representative radon concentrations
under real operational conditions to enable a comparative analysis between geothermal proximity
and indoor radon activity levels [19].

2.2. Instrumentation and Data Collection Procedure

A high-precision digital radon detector based on a pulsed ionization chamber served as the
instrument for this research. The device provides readings within one hour and it refreshes
measurements every 10 minutes by using a moving one-hour average. The device provides
measurement accuracy of +10% at 370 Bq/m? reference concentration while its range extends from 1
to 3700 Bq/m3. The device supports bluetooth data communication which enables real-time
monitoring and smartphone application-based data retrieval.

The device received its installation on a flat stable surface inside the plumbing building
basement where it is positioned near the geothermal heating system pipes. The monitoring accuracy
required all windows and doors to remain closed throughout the period to prevent external airflow
from affecting indoor radon concentrations. The device received power from a 12VDC adapter which
provided continuous power supply for uninterrupted data acquisition.

2.3. Measurement Protocol

The measurement campaign spanned 150 days while collecting data every week to detect both
short-term and long-term radon level changes that might link to geothermal system operation. The
measurement site near the geothermal pipes was selected because previous research showed that
geothermal systems influence local radon emissions through subsurface fracture networks and
elevated temperatures and fluid movements [20].

The measurement unit displayed radon concentration in Becquerels per cubic meter (Bq/m?) to
meet international radiological protection standards.[21] The collected data underwent analysis to
study time-dependent patterns and system operational cycles for detecting radon spikes when
geothermal operations increased [22].

2.4. Environmental and Operational Influences

Environmental and operational elements together with other factors helped to determine the
radon measurement results. Radon, which is a radioactive noble gas that develops from uranium
decay in rocks and soils enters buildings through floor cracks and pipe gaps and unsealed
foundations [23]. People cannot detect this substance because it exists without color or smell, but its
presence can be revealed through active measurement [24].

The process of radon migration strongly depends on temperature conditions. Radon entry into
buildings increases when pressure differences between indoor and outdoor air develop because of
temperature differences between seasons. Natural ventilation through open windows and increased
air exchange during warmer months results in reduced indoor radon concentrations [25].
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Indoor radon accumulation can be best controlled through proper ventilation systems. Buildings
with limited ventilation systems tend to have elevated radon concentrations yet mechanical
ventilation systems including HVAC or exhaust fans work to decrease indoor radon concentrations
to safer amounts. The systems can create hazardous radon accumulation when they remain inactive
or when their maintenance is improper [26].

Heating systems operating with forced air distribution methods help move radon-contaminated
air throughout the entire building. Heating operations that cause temperature changes in the air affect
pressure gradients which modify radon entry patterns [27].

Measurements of radon concentrations show changes due to human activities that take place
inside the building. The movement of people combined with door usage and regular occupancy helps
enhance air circulation which leads to decreased radon concentrations. Abandoned spaces along with
inactive periods tend to have higher radon levels because their indoor air remains stagnant [28].

The geological features of the measurement location play a vital role in determining radon
behavior patterns. Regions containing uranium-rich bedrock along with permeable soils enable more
efficient radon migration toward the Earth's surface [29]. The examination of geothermal activity and
radon emissions takes place within this specific environmental context.

To systematically investigate these parameters and their relationships, five unique days were
selected from the data set, each representing a different environmental and operational situation.
These selected days include a weekday with high occupancy, a Sunday with zero activity, a day with
particularly low outdoor temperatures, a day when the heating system was operating, and a typical
day showing radon fluctuations. These selections were designed to ensure that the study would
capture changes in radon concentration under various ventilation patterns, heating influences, and
human activity levels. The selection of these days allows for a comparative analysis showing the
extent to which external and internal variables affect radon accumulation and diffusion.

The relationships between radon levels and these environmental variables will be examined in
depth using graphical representations depicting their behavior over 24-hour cycles. These diagrams
will correspond to the following hypotheses, allowing for comparative data analysis and a better
understanding of the dynamic interactions that affect indoor radon concentrations.

H1: Radon concentrations are higher on colder days due to reduced ventilation and increased
temperature differences [29].

H2: Periods of low activity, such as vacations or holidays, lead to increased radon accumulation
due to stagnant air [30].

H3: The activation of heating systems leads to temporary increases in radon levels due to air
mixing and pressure changes [25].

H4: Increased human activity and ventilation reduce radon concentrations by enhancing air
circulation [31].

H5: Radon concentrations follow diurnal fluctuations, with higher levels during the night hours
due to reduced ventilation and lower values during the day, when human activity and natural
ventilation are increased [32].

The aim of the research in evaluating the data from these selected days is to capture the variations
in radon levels under various scenarios and environmental conditions. The findings of these
investigations will help advance our understanding of the behavior of radon indoors, thereby
contributing to efforts to design more effective radon reduction and air quality management measures.

To confirm the hypotheses developed in the previous section, a series of data-driven
investigations were carried out using radon measurements collected over a specific period. Five
critical days were selected for a full examination, each reflecting a different activity and
environmental situation. These include a weekday with high occupancy, a weekend with little
activity, a holiday with no human presence, a day with low outdoor temperatures and a day when
the heating systems were on.
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Changes in radon concentration during these days were graphically depicted in 24-hour cycles.
The study focuses on identifying trends, such as the effect of human activity on air circulation, the
relationship between heating system operation and radon levels, and the role of ventilation in
reducing indoor radon accumulation. Each graph depicts how radon behaves under various
conditions, allowing for comparison of different factors that affect it.

The purpose of these diagrams is to assess whether the hypotheses are accurate. The findings
will serve as a foundation for the evaluation and conclusions in the next section, where each
hypothesis will be assessed for its validity and implications.
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Figure 1. The figure presents the changes in radon concentration during a cold day to test the hypothesis that
low temperatures increase radon levels because of reduced ventilation and temperature differences.

The measurements show that radon concentrations reach their highest levels during the first
part of the day. The concentrations decrease gradually after reaching their peak levels in a pattern
that matches the linear trend. The radon accumulation at the beginning of the day occurs because the
space remains sealed and air exchange rates decrease during nighttime.

The day-by-day reduction in concentrations occurs because brief ventilation episodes and
indoor condition modifications enable gas removal. The high initial radon concentrations support the
hypothesis that cold temperatures allow radon accumulation because low outdoor temperatures
restrict ventilation and create pressure differences that influence radon transport into buildings.

The collected data confirms that radon concentrations rise on cold days thus requiring proper
ventilation and indoor air quality control measures.
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Figure 2. The results from diagram 2 show the radon concentration during a holiday, specifically Sunday, and

tests the hypothesis that periods of low activity led to increased radon accumulation due to limited air
circulation.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The graph shows radon concentration rising steadily throughout the day while the linear trend
shows a positive slope. The observed radon concentration rise matches the hypothesis that reduced
air exchange and limited activity and no ventilation during holidays cause radon to build up in
indoor spaces.

The concentration shows occasional variations which could stem from brief changes in air
circulation patterns or environmental elements. The overall upward trend indicates that both human
inactivity and restricted air renewal play essential roles in raising radon concentrations.

These data validate the hypothesis about low activity periods resulting in radon accumulation
which supports the requirement for proper ventilation systems during periods of reduced human
occupancy.
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Figure 3. Diagram 3 shows the variation of radon concentration during the day, under the influence of the
operation of heating systems. The recording of radon concentration shows strong fluctuations during the first
hours, with the appearance of several peaks, which suggests that heating may be associated with increased

emissions or changes in the concentration of the gas due to turbulence in the indoor air.

The diagram shows a general decrease in concentration throughout the day through its linear
trend. The observed radon concentration decrease may result from the establishment of a dynamic
equilibrium between radon concentration and air exchange or modifications in heating operations
during daytime hours.

The observed time period shows that warming onset leads to short-term radon concentration
increases which align with the hypothesis predictions. Additional research along with environmental
and operational factor analysis is needed to determine the specific cause of these concentration
variations.

The relationship between human activity and radon concentration shows variations through
Figure 4 which presents radon level changes during a busy day. According to Hypothesis 4 the
combination of more activity and better ventilation helps decrease radon concentration through
improved air circulation.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. 1 weekday with high human activity.

The radon concentration shows distinct changes throughout the day with rising and falling
patterns. The minimum radon values appear at various times because continuous air movement
creates conditions that decrease radon concentrations inside the building space. The highest radon
readings appear at times when ventilation decreases, or air circulation stops.

The diagram shows a straight line that indicates radon levels decrease briefly during increased
activity, but this does not produce a steady downward pattern. The ongoing radon emissions from
soil and building materials function as counteracting factors that prevent ventilation from eliminating
radon presence.

The analysis of data reveals that human activity together with ventilation affects radon
concentration, but the effect remains partial. The data supports Hypothesis 4 because radon
concentration decreases but the evidence does not show enough support to prove ventilation
eliminates radon from the indoor space.
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Figure 4. The graph demonstrates the typical 24-hour radon concentration pattern which matches the theoretical

prediction of increased radon levels at night and decreased levels during daytime.

The radon concentrations begin the 24-hour period at elevated levels which show multiple
fluctuations because the gas accumulated during hours with minimal ventilation. The initial peaks in
radon concentration appear because ventilation remains poor, and air stagnates within indoor spaces.

The radon concentration decreases steadily throughout the day because human activity
increases and natural or artificial ventilation becomes more effective. The downward trend shown in
the dotted line demonstrates that radon concentration levels decrease throughout the day.

The middle section of the 24-hour period shows minor variations because air circulation patterns
might shift, or heating and air conditioning systems could be operating. The values show stabilization or
a minor increase during the last part of the period because ventilation decreases during evening hours.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The diagram supports the investigated hypothesis by demonstrating that radon concentrations
increase at night because of poor ventilation while they decrease throughout the day because of better
air circulation.

== Hypothesis 1 Linear Hypothesis 1 == Hypothesis 2 Linear Hypothesis 2
100

75

50

25

B o B A & o8 80 S g

NN

X A X R X X & X
OGO B

Time
Figure 5. Correlation 1 & 2.

The correlation analysis presented in Figure 6 demonstrates opposing patterns between the two
hypotheses regarding radon concentrations. The first hypothesis proposes that radon levels increase on
colder days because ventilation decreases, and temperature differences become more pronounced. The
second hypothesis states that radon accumulation rises during holidays because the air remains stagnant.
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Figure 6. Correlation 1 & 3.

The graphical illustration demonstrates that the first hypothesis curve decreases which suggests
radon concentration levels decrease because of enhanced air exchange throughout the day. The
second hypothesis curve demonstrates an upward direction which shows that radon concentrations
rise when human activities decrease.

The opposing patterns between these two mechanisms could be caused by different factors that
affect radon concentration levels. The gas retention indoors becomes more effective during cold
temperatures and ventilation limitations during off-season periods lead to increased gas
concentration. The different trends between these two hypotheses indicate that understanding radon
accumulation requires analyzing temperature and ventilation conditions together.

The connection between hypotheses 1 and 3 investigates the relationship between temperature
fluctuations and heating system operation on radon concentration levels. Hypothesis 1 predicts that
radon concentrations increase when temperatures drop because ventilation decreases while

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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temperature differences enhance radon gas transport between buildings and the ground. Hypothesis
3 proposes that heating system activation leads to brief radon increases because of air circulation and
pressure variations.

The curve of hypothesis 1 in diagram 7 demonstrates elevated radon concentrations at the start
of the day which then decreases progressively to show radon accumulation patterns during cold
temperatures. The curve of hypothesis 3 demonstrates minor variations which represent the impact
of heating on gas distribution patterns. The trend lines demonstrate that radon levels rise from both
factors, yet the cold environment maintains stable concentrations while heating produces brief
variations.

Low temperatures elevate the standard radon concentration while heating system activation
produces brief peaks because of air circulation and internal pressure variations. The general decline in
both cases appears to result from increased daily ventilation or equalization of atmospheric pressure.
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Figure 6. Correlation 2 & 4.
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Figure 7. Correlation 3 & 5.

The graph in Figure 8 shows radon concentration measurements between low human activity
times and high human activity times with improved ventilation systems. Radon concentration shows
a steady rise in the first scenario because of the lack of ventilation and decreased air movement
enabling the gas to build up inside indoor spaces.
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Figure 8. Correlation 4 & 5.

The high human activity conditions result in stable and significantly lower radon concentrations
which supports the hypothesis that ventilation together with air mobility work as radon removal
systems. The first case shows a linear trend that increases steadily which supports the idea that
enclosed spaces with air will cause radon concentrations to rise continuously.

The analysis of these two hypotheses shows how human activity affects radon levels and proves
that ventilation systems both natural and artificial play a crucial role in controlling indoor gas
concentrations.

The comparison between hypotheses 3 and 5 in Figure 9 demonstrates how radon concentration
changes when environmental conditions differ. The activation of heating systems under hypothesis
3 leads to short-term radon level increases because of air recirculation and pressure changes. The fifth
hypothesis studies how radon concentrations change throughout the day by showing higher
nighttime values because of reduced ventilation and lower daytime values because of increased
human activity.

The diagram displays significant changes in radon concentration through its visual presentation
of both hypotheses. The early morning hours produce peaks in hypothesis 5 which matches the
theoretical explanation of nighttime radon concentration elevation due to minimal air renewal. The
time series data in hypothesis 3 demonstrates sudden spikes which support the hypothesis that
heating system activation produces these effects.

The two data trend lines demonstrate a general decline in both cases but with different steepness.
The observed decrease could stem from ventilation growth alongside the diminishing heating effects
that occur after a specific period. The data comparison reveals that the two factors interact because
heating-related air recirculation strengthens or transforms the natural daily patterns of radon
concentrations.

The analysis of this data confirms that radon concentrations follow dynamic patterns because of
thermal and environmental factors which validate both hypotheses.

The data presented in Figure 10 demonstrates how human activity together with ventilation
affects indoor radon concentrations between hypotheses 4 and 5. According to hypothesis 4 the
combination of human activity and ventilation leads to decreased radon concentrations because it
promotes better air circulation. The fifth hypothesis examines diurnal radon variations by showing
elevated nighttime radon levels because of decreased ventilation and reduced daytime radon levels
because of increased human activity.

The two hypotheses present data patterns that do not match each other well. The initial radon
concentration values in hypothesis 5 decrease gradually throughout the observation period in
accordance with the predicted daily pattern. The data distribution in hypothesis 4 remains stable while
showing minimal variations because human activity and ventilation work to keep radon levels low.
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The downward trend in both data points exists but Case 5 demonstrates more significant
variations between its values. The data shows that radon levels decrease throughout the day but there
are occasional spikes which could result from changes in ventilation or human activities.

3. Results

The results validate that human activity and natural ventilation are key to radon removal from
indoor environments although radon concentrations increase at night because of decreased air
circulation. Multiple hypotheses comparison demonstrates that sufficient air replacement emerges as
the essential factor for lowering radon concentration.

The evaluation of indoor radon concentration measurements revealed crucial factors which
affect gas behavior and movement patterns in different situations. The systematic evaluation of the
proposed hypotheses revealed both correct statements and partial confirmation together with new
relationships between variables.

Hypothesis 1: Low Outdoor Temperatures and Radon Levels

The analysis showed that colder days lead to increased radon levels because ventilation is low
while temperature gradients help radon migration from subsoil into buildings. There were some
cases where human presence and sufficient air exchange managed to limit the growth of radon
concentrations. This shows that although temperature is an important factor, it is not the only one
and other factors also can play a role.

Hypothesis 2: Low Human Activity and Radon Accumulation

Research evidence supports the fact that periods with little human interaction like holidays lead
to higher radon concentrations. The lack of movement together with the lack of natural ventilation
leads to the formation of stagnant air and gas accumulation which underlines the need for mechanical
ventilation systems during such periods.

Hypothesis 3: Heating Systems and Radon Fluctuations

Data revealed that heating may lead to short-term increases in radon levels possibly because of
changes in pressure and air movement. At the same time, there were some cases where heating
decreased concentration, possibly because of better circulation. Thus, the effect of heating is not a
consistent factor for increasing or decreasing radon levels but instead depends on the overall
ventilation conditions.

Hypothesis 4: Human Activity and Reduced Radon Levels

The hypothesis was fully confirmed. The results of the analysis revealed that higher occupancy
and natural ventilation led to lower radon levels which confirms that human activity and frequent
air exchange are effectively affecting the reduction of radon levels.

Hypothesis 5: Diurnal Fluctuations in Radon Levels

Radon concentrations tend to rise at night when ventilation is usually lower and falls during the
day when there is more activity and flow. However, this motif was altered sometimes by other
affecting elements such as heating or unsteadiness in the occupancy.

Correlation Analysis

H1 & H2: Although low temperature and low activity are also factors that lead to higher radon,
it seems that the main reason is the lack of ventilation. On days with low temperatures but high
occupancy rates, radon levels did not rise.

H1 & H3: The relationship between heating and low temperature is variable. In some instances,
heating worked against the effects of low temperature through enhancing convection.
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H2 & H4: Human involvement is very crucial in the process of reducing radon. Though there is
a tendency for gas to accumulate during low activity, there is evidence that increased movement and
ventilation help to counteract this.

H3 & H5: The daily fluctuations in radon levels are to some extent dependent on heating. There
were instances where heating led to temporary increase in levels and instances where heating was
beneficial and led to better air movement.

H4 & H5: Ventilation is the most important factor. The daily patterns and human activity are
closely related; activity seems to be the key to better air quality and lower radon levels.

In conclusion, the analysis of the data suggests that the factors that influence radon levels are
interrelated, and that ventilation is the main one. Radon variations are not strictly linear, and factors
like temperature, heating and occupancy may either add to or reduce them. Therefore, it can be
concluded that measures that guarantee good ventilation and proper functioning of heating systems
are critical in minimizing radon concentrations and enhancing indoor air quality.

4. Discussion

This work validates the correlation between radon concentration levels and their corresponding
environmental and operational factors for underground thermal energy storage systems
applications. More specifically, this research is aligned with earlier findings stating that low
temperatures combined with minimal ventilation and infrequent human activity result in higher
radon concentrations, while frequent ventilation in combination with increased human presence can
potentially lead to opposite results [31]. The study indicates ventilation as a dominant control factor
and confirms subsurface radon mitigation models under pressure-driven conditions especially
during colder periods.

Although the research mostly proved the fundamental hypotheses, it also revealed more
complex radon concentration behavior particularly in heating systems. These systems can cause
fluctuations on radon concentration measurements through pressure changes and airflow paths.
Previous research supports these dual effects thus demonstrating the requirement to study heating
and ventilation system interactions more thoroughly for complete radon level comprehension [34].

Finally, it should be noted that concentration patterns based on human activity and ventilation
have experienced occasional unpredictable changes throughout the day. The unexpected behavior
indicates potentially unidentified factors such as building architectural elements or local air
circulation routes and structural permeability.

To conclude, the research highlights that temperature gradients alongside subsurface thermal
conditions control radon mitigation, however additional long-term studies are necessary for better
understanding of repeated thermal cycling effect, while the predictive accuracy of radon mitigation
models would increase together with the long-term viability of thermal energy storage systems
through the integration of geological data and seasonal monitoring.

Future research should focus on the following areas:

e Research should perform extended observations of thermal cycling to determine its prolonged
impact on radon movement.

e  Studies should compare radon diffusion across various geological sites to evaluate the effects
of soil composition combined with moisture content and permeability.

e  Research needs to perform detailed studies on heating and ventilation system designs to
evaluate their influence on radon accumulation and removal.

e  Advanced computational models which could use machine learning should be developed to
enhance risk assessment and optimize radon management in underground thermal energy
storage systems.

This research contributes to the expanding understanding of indoor radon behavior specifically
in underground thermal energy storage facilities. The evidence supports integrated multidisciplinary
approaches to protect such systems from radon risks and enhance their efficiency and safety.
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