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ABSTRACT

NUMERICAL SIMULATION OF A COUPLED
GEOTHERMAL PAVEMENT SYSTEM WITH
EVENT-BASED PUMP CONTROL

The increasing global demand for energy has led to a growing interest in sus-
tainable energy sources. The utilization of geothermal energy presents a promising
alternative to meet this demand due to its accessibility and unlimited nature. Among
the various applications of geothermal energy, one innovative use is de-icing pavement
systems. This study aims to investigate the performance of a geothermal pavement
system under winter conditions through a numerical simulation using COMSOL Mul-
tiphysics. An energy pile is connected to the pavement via a closed-loop pipe network.
In order to prevent ice formation on the pavement surface, the heat carrier pipes trans-
fer heat from the ground to the pavement through a circulating fluid. The coupling of
Heat Transfer in Porous Media, Heat Transfer in Pipes, and Pipe Flow physics helps
simulate more realistic thermal and fluid dynamics. The surface boundaries include en-
vironmental factors such as solar radiation, wind, and latent heat transfer. The pump
operation was controlled on the basis of the pavement surface and ambient tempera-
tures using the Events interface. The traditional approach is to study the pavement
and energy pile separately, which overlooks the effect of the inter-domain heat transfer.
This work offers a unified approach through a coupled system, enhancing the accuracy

of performance assessment.



OZET

KOSULA BAGLI POMPA KONTROLU UYGULANAN
BIRLESTIRILMIS JEOTERMAL YOL YUZEY1
SISTEMININ SAYISAL SIMULASYONU

Artan kiiresel enerji talebi, siirdiiriilebilir enerji kaynaklarma olan ilgiyi
artirmigtir. Jeotermal enerjinin kullanimi, erisilebilirligi ve tiilkenmez dogasi sayesinde
bu talebi kargilamak icin etkin bir alternatif sunmaktadir. Jeotermal enerjinin cesitli
uygulamalar1 arasinda, yenilikci bir kullanim alani da kaldirim sistemlerinin buzdan
arindirilmasidir. Bu ¢alisma, kig kosullarinda bir jeotermal kaldirim sisteminin perfor-
mansini degerlendirmek amaciyla COMSOL Multiphysics yazilimi kullanilarak sayisal
bir simiilasyon gergeklestirmeyi amacglamaktadir. Bir enerji kazigi, yol yilizeyine ka-
pali devre boru agi araciligiyla baglanmigtir. Yol yiizeyinde buz olusumunu onlemek
amaciyla, 181 tagiyici borular dolagan bir akigkan vasitasiyla yer altindan yol yiizeyine 1s1
transferi saglamaktadir. Heat Transfer in Porous Media, Heat Transfer in Pipes ve Pipe
Flow fizik modiillerinin birlikte kullanimi, daha gercekci bir 1s1l ve akigkan dinamigi
simiilasyonuna olanak tanimaktadir. Yiizey sinirlarinda gilineg radyasyonu, riizgar ve
gizli 1s1 transferi gibi cevresel faktorler modele dahil edilmistir. Pompa g¢alismasi, yol
ylzeyi ve ortam sicakliklarina bagh olarak Events arayiizii ile kontrol edilmigtir. Ge-
leneksel yaklagimda yol yiizeyi ve enerji kazig1 ayr1 ayri incelenmekte olup, bu durum
hacimler arasi 1s1 transferinin etkisini goz ardi etmektedir. Bu ¢aligma ise, bu iki bilegeni
kapali devre bir sistemle birlestirerek hacimler arasi 1s1 etkilesimini dikkate alan birlesik

bir model sunmakta ve performans degerlendirmesinin dogrulugunu artirmaktadir.
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1. INTRODUCTION

Sustainable energy sources have gained interest due to the increase in global en-
ergy demand. Among these, geothermal energy presents a promising solution, offering
both environmental and economic advantages. Ground source heat pumps (GSHP),
thermo-active energy piles, and borehole thermal energy storage (BTES) systems are

among the most widely used geothermal technologies.

Recently, an innovative application of geothermal energy has gained attention.
Geothermal pavements are utilised in order to provide an alternative to the traditional
de-icing methods. Salting and the use of electrical resistance heaters have been the
most common operations against the formation of ice over the pavement surface, but

these methods are environmentally damaging and economically inefficient.

Geothermal pavement systems include an energy pile and a set of horizontal heat
exchanger pipes embedded beneath the surface of the pavement, at a shallow depth of
1 to 2 meters. An energy pile is a conventional foundation pile with heat exchanger
pipes integrated, typically to the steel reinforcement cage. These pipes form a closed-
loop system, linking the energy pile with the pavement surface. A circulating fluid,
commonly water,transfers heat from the ground to the pavement, mitigating surface

ice formation during winter.

In this study, a numerical simulation of a geothermal pavement system was per-
formed in COMSOL Multiphysics Software to evaluate the efficiency of heat transfer
to the pavement surface in winter conditions. A cylinder, representing the ground,
was modelled. On the surface of the ground, a block was modelled as a part of the
geothermal pavement. At the centre of the ground, another cylinder was located and
assigned as a borehole. Heat exchanger pipes were modelled as 1D elements. In the
borehole, the pipes were in a single U-shaped configuration, and in the pavement, a

serpentine configuration was used.



In order to simulate the heat exchange between the domains, the Heat Transfer
in Porous Media and the Heat Transfer in Pipes physics modules were employed. The
Pipe Flow module couples fluid dynamics with heat transfer. Initial and boundary
conditions were assumed based on real-life data. The far-field and bottom boundaries
were assumed to be adiabatic with no heat transfer. At the surface of the pavement and
the ground, solar radiation, solar gain, wind, and latent heat transfer were incorporated

to enhance the model’s realism.

To simulate realistic system behaviour, the Events interface in COMSOL was
used to control the operation of the heat pump based on surface conditions. The pump
is activated when the pavement surface temperature drops below 7°C and deactivated
when it reaches 9°C. This operation is used to prevent the formation of ice and dew on
the pavement surface. Additionally, the system is designed to minimise its contribution
to the urban heat island effect. To achieve this, the pump also activates when the
pavement surface temperature rises 10°C above the ambient air temperature and stops

once it reaches ambient conditions.

This study provides a comprehensive approach to modelling geothermal pavement
systems. Traditionally, the pavement and the energy pile are uncoupled and modelled
separately. However, such an approach neglects the heat transfer interactions between
the domains. This work addresses that limitation by integrating the pavement and
energy pile within a unified model connected through a closed-loop heat exchanger

system, thereby more accurately reflecting real-world thermal behaviour.



2. LITERATURE REVIEW

2.1. Geothermal Energy

Geothermal energy is defined as the heat stored in Earth’s core. The source of this
heat is the planet’s formation 4.5 billion years ago and the radioactive decay of naturally
occurring radioactive isotopes. It is considered a renewable energy source because the
heat derived from the Earth’s crust is limitless. The utilization of geothermal energy
dates back to the Paleolithic age, as hot springs were used in daily life for washing,
cooking, and bathing. [1] As the demand for sustainable energy resources increased,
geothermal energy became the focus of new studies, and many developments in this
field were achieved. Throughout the world, about 8200 MW of electricity is produced

from geothermal energy power plants. [2]

The temperature and thermal properties of the Earth are the most important
parameters that affect heat transfer. The temperature of a specific location can be
observed through field tests, but the general temperature distribution for various sites
is available in the literature. [3] Kusuda states that the temperature of the ground
below approximately 6 m (20 ft) is relatively stable. Above this level, the temperature
is sensitive to atmospheric conditions. Heat from the Earth’s core moves towards the
crust and dissipates. Thus, as depth increases, the temperature of the ground also

increases. [4]

2.2. Geothermal Energy Extraction

Geothermal energy can be directly used for different applications such as space
heating, commercial treatment, greenhouse heaters, and traditional bathing practices.
Direct use of geothermal energy depends on currently available technology and basic
engineering principles. [5] The decrease in reserves, rise in operational costs and oil
prices, and sustainable energy demand led the energy industry to explore and uti-

lize these clean and cheaper energy sources. Utilization of geothermal energy occurs



through geothermal systems. Geothermal systems are commonly classified depend-
ing on their exploitation depths. Systems with operational depths greater than 400
m are considered deep geothermal systems, while those operating at depths less than
400 m are classified as shallow geothermal systems. Three main components make up
geothermal systems: a heat source (typically the ground), a heat sink (typically the

built environment), and a heat exchanger (generally pipes containing fluid).

Shallow geothermal systems, because of their low operational depths, harness
geothermal energy indirectly. Additional devices are employed to enhance or lower
the energy transferred between the heat source and heat sink. These systems are
adequate for small-scale and domestic applications. They can be utilized to provide
space heating, cooling, and hot water using underground temperatures less than 25°C.
On the other hand, in deep geothermal systems, direct use of geothermal energy is
possible. Additional devices are not necessary in this case, except for controlling the
flow of the heat exchanger fluid. These systems are generally employed for medium- to
large-scale operations, exploiting underground temperatures greater than 25°C and up
to 200°C. They can be utilized to provide heating and hot water, as well as electrical

power.

Another classification of geothermal energy systems is based on the presence
of closed- or open-loop heat exchangers. Systems that employ sealed pipes containing
heat exchanger fluid are considered closed-loop systems. Open-loop systems involve the
direct use of groundwater from aquifers through wells. In these systems, mass exchange
occurs, enhancing heat transfer efficiency. However, despite exploiting a greater amount
of energy, open-loop systems are less cost-efficient and prone to environmental risks such
as underground pollution. Closed-loop systems minimise such risks and do not require
extractive licensing. Shallow geothermal systems can employ open- or closed-loop heat

exchange, whereas deep geothermal systems are generally open-loop.

Typical examples of shallow geothermal systems include horizontal geothermal
boreholes, geothermal baskets, groundwater capture systems, vertical geothermal bore-

holes, and energy geostructures. Common examples of deep geothermal systems include



thermal springs, hydrothermal systems, and petrothermal systems. [6]

2.3. Thermoactive Geostructures

Thermoactive geostructures, commonly known as energy geostructures, are a
developing and versatile technology that can be used for structural and energy transfer
applications. All structures embedded in the ground that exchange heat with it while
providing structural support are considered thermoactive geostructures. Examples of
thermoactive geostructures include those using deep foundations, such as piles, piers,
and barrettes; shallow foundations, such as footings and base slabs; earth-retaining
structures, such as diaphragm walls and sheet pile walls; as well as tunnel linings and

anchors.

Thermoactive geostructures can function for multiple objectives. Energy piles,
energy walls, energy slabs, and energy tunnels can be used for heating and cooling
superstructures. They can be employed to produce hot water for anthropogenic pur-
poses. Energy piles that support bridge piers, energy slabs, and energy pavements
can provide heat for deicing the pavements and bridge decks of roads, bridges, station
platforms, and airport runways. Heat can be stored in the ground for consecutive use

via energy piles, energy walls, energy slabs, and energy tunnels.

2.3.1. Materials

Generally, concrete is chosen as a medium because of its favorable thermal con-
ductivity and thermal storage capacity. [7] Thermoactive geostructures contain pipes
embedded within the reinforced concrete. In shallow and closed-loop geothermal sys-
tems, a heat exchanger fluid flows through these pipes. This fluid can be water or
a water-antifreeze solution. Generally, ethylene glycol and propylene glycol are em-
ployed as antifreeze additives. Heat exchanger pipes are usually made of high-density
polyethylene. In order to optimise energy efficiency, the first meters of the pipes are
insulated to prevent the effects of climatic conditions. Heat exchanger boreholes with

diameters of 10-15 cm are drilled to depths of 20-300 m. A large number of bore-



holes can be employed in a system with appropriate separation to limit performance

degradation. [§]

The configuration of heat exchanger pipes embedded into the concrete has an
impact on the efficiency of energy production and the cost of operation. Different
configurations, such as single-U-shaped, multi-U-shaped, W-shaped, and spiral, have
been employed. Spiral and W-shaped pipe configurations have higher efficiency, while
the U-shaped is the most cost-efficient configuration. [9]

MY

\_ U U ~

Figure 2.1. Schematics of pipe configurations in energy piles: single-U, W, multi-U,

and spiral.

When dealing with energy pavements, pipe configurations such as series, unbal-
anced ladder shape, balanced ladder shape, and parallel can be considered. [10] The
most commonly used type is the series configuration. This configuration is illustrated
in Figure 2.2. When designing the pipe configuration of energy geostructures with sig-
nificant heat exchange surfaces, the goal is to maximize heat exchange while minimizing

pressure drop and investment costs.



Figure 2.2. Series pipe configuration in energy pavements.

Figure 2.3. The schematics of the pipe configurations in energy walls.

The efficiency of the systems also depends on the heat exchange interfaces. Energy
tunnels, walls, slabs, and pavements have both air-solid and solid—solid heat exchange
interfaces. The selection of an appropriate pipe location has a considerable influence

on the heat exchange between these interfaces.

2.3.2. Operating Systems

Thermoactive geostructures use the ground as a heat source in winter and a heat
sink in summer for heating and cooling purposes. The temperature of the ground
within a few meters of the surface is close to the ambient temperature and is greatly

influenced by meteorological changes. However, as depth increases, the ground temper-



ature becomes almost constant and is close to the mean atmospheric temperature. The
average thermal gradient varies with depth and is about 25°C to 30°C per kilometer due
to heat generation within the crust. [11] Thus, the ground is warmer than the ambient

temperature during cold seasons and colder during warm seasons.

Thermoactive geostructures contain two main circuits connected by a ground
source heat pump. The two main circuits are the primary circuit and the secondary
circuit. Figure 2.4 illustrates this configuration. The primary circuit exchanges heat
with the ground via the selected heat carrier fluid flowing through the pipes embedded
in the geostructure. The superstructure is cooled or heated via the secondary circuit.
When the heat carrier fluid enters the heat pump and passes through the compressor,
it is compressed and becomes warmer. When the fluid passes through the evaporator,
it expands and cools. This operating principle is reversed in heat pumps that operate

in cooling mode.

Secondary Circuit

Heat Pump Unit

Compressor . . i
Primary Circuit

Condenser

q

Ev
Distribution System apprato

Valve

Figure 2.4. Schematics of a geothermal source heat pump system.

It is desirable for the heat pump to be both ecologically and economically efficient.
Efficiency is characterized by the coefficient of performance (COP). EN 14825 defines
COP as the ratio of the declared heating capacity of the unit to the effective power input
of the unit at a specific temperature condition. [12] A higher coefficient of performance

corresponds to greater efficiency. COP is expressed as



Delivered Energy (kW)
Input Energy (kW)

Coefficient of Performance =

2.4. Modes of Heat Transfer

Heat transfer occurs between two particles that have different temperatures. Heat
is transferred by three modes: conduction, convection, and radiation. For energy
geostructures, it flows mainly by conduction and convection. [13] A schematic illus-
trating the heat transfer modes occurring in energy geostructures is shown in Figure
2.5. Heat transfer by convection can be minimized via thermal insulation between en-
ergy geostructures and the underground environment. The heat exchange mechanism
that occurs between the ground and the energy geostructure is illustrated in Figure

2.6.

kGI’OUﬂd D Q .Convectim
.Conductiow
,'Convectiorp g .
— «
)b
' - Conduction
ol
P e
NS |
—_’ 4‘
Bl
Energy Pile

Figure 2.5. Heat transfer modes involved with energy geostructures.
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Heat transfer across
.. |soil-geostructure interface

Heat and potential
¢ |mass transfer in soil

.|Heat transfer in
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Heat transfer across
Heat transfer grouting material-pipe

in pipe wall

Heat transfer between
heat carrier fluid-pipe

Heat transfer in and mass !
transfer of absorber fluid ‘0 :F .| Rile M a

hj a

Figure 2.6. Heat transfer mechanism for an energy pile.

2.4.1. Conduction

Conduction is the thermal motion of solid or fluid molecules to transfer heat
energy. This motion occurs at the microscopic level and is related to energy diffu-
sion. Physically, conduction can be exemplified by particles moving within a medium
bounded by two surfaces at different temperatures. This phenomenon is illustrated in
Figure 2.7. The molecules in gases are farther apart than in solids and liquids and
have less frequent interactions. Conduction is governed by atomic activity in the form
of lattice vibration in solids. Thus, conduction heat transfer is more effective in solids

than in fluids.

Figure 2.7. Conduction heat transfer.
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Conduction is governed by Fourier’s law. According to this equation, the amount
of heat transferred per unit time across an area, A, is proportional to the area and the
negative gradient of temperature, dT/dx. Heat transfer occurs from warmer to cooler

material; therefore,

dT

where, A is the surface area across which heat is transferred (m?), k is the thermal
conductivity of the solid (W/m-K), q is the rate of heat flow across the area Ab(W),

T is temperature (K), and x is the distance normal to the surface A (m), respectively.

2.4.2. Convection

Heat transfer between a fluid and a solid surface is called convection. It is charac-
terized by fluid particles moving in the presence of a temperature gradient. Convection
involves both energy transport by diffusion and bulk motion of the fluid. Energy dif-
fusion results from microscopic molecular movements, while bulk motion refers to the
macroscopic movement of the fluid. This bulk movement is known as convective mass
transfer and is associated with advection. The physical aspect of convection can be
explained as fluid motion relative to a bounding surface at different temperatures. This
phenomenon is illustrated in Figure 2.8. At the surface, the temperature is Ty, and
in the bulk fluid it is T, < T,. Since the wall temperature is higher, heat transfers
from the wall to the fluid. At the surface, convection occurs, while molecular diffusion

dominates within the fluid boundary layer.
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q

»

' Heated Surface i 1

T<Ts

Figure 2.8. Convection heat transfer.

Convection is usually subdivided into two phenomena: natural (free) and forced
convection. The temperature difference between materials causes a density difference,
which triggers fluid motion. If the bulk fluid motion is caused solely by the thermal
gradient, it is called natural convection. Fluid motion caused by any other means is
called forced convection. A mixed mode of convection heat transfer arises when both

natural and forced convection occur simultaneously.

Convection is governed by Newton’s law of cooling. According to this law, the
heat flux density is proportional to the temperature difference between the surface and
the fluid, with the heat transfer coefficient as the proportionality constant, which can

be calculated as

Gconv = hc(Ts - Tf) (23)
where, ¢e.ony 1S the convective heat flux, Ty is the surface temperature, and 717 is the

fluid temperature, respectively.
2.4.3. Radiation

Radiation is the heat transfer process in which heat waves are emitted by a

body. For example, the sun heats the Earth through radiation via electromagnetic
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waves. Radiation plays a more significant role in gases and vacuums than in solids
or liquids. Radiation involves energy transfer between a surface and its surroundings
due to temperature differences. This phenomenon is illustrated in Figure 2.9 T is the

surface temperature, and T, is the constant temperature of the larger surface.

Ts;€:0x: A

Figure 2.9. Radiation heat transfer.

Radiation is governed by the Stefan-Boltzmann law. According to this law, the
heat flux density emitted by a surface depends on the thermal energy of the body

bounded by that surface. The equation is expressed as
Qrad,e = EUSBT;L (24)
where, ¢ is the surface emissivity and ogp is the Stefan—Boltzmann constant equal to

5.67 x 1078 W/(m2K%).

If the radiation is absorbed from a heat source nearby, the equation changes to
Grad,e = O‘irro-SBT;lo (25)

where, ;. is the surface absorptivity.

[14] performed a field test and numerical study, concluding that the performance

of energy piles as underground solar energy storage is efficient. [15] investigated the
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influence of surface solar radiation on the thermal behavior of energy piles and soil. [16]
developed a hybrid system coupling a photovoltaic/thermal panel with energy piles to
investigate soil thermal balance, revealing that this novel system efficiently utilizes

solar and geothermal energy.

2.5. Energy Piles

Energy piles are a specialized type of energy geostructure that has a dual function
as a structural foundation and as a heat exchanger enabling thermal energy transfer
between the ground and the superstructure. The first function is the conventional
load-bearing role that ensures the structural requirements of the building. The second
function enables geothermal energy transfer via an integrated heat exchange system.
This system includes heat exchanger pipes connected to the steel cage of the pile. The

types and configuration of these tubes affect the heat exchange efficiency. [17]

Many studies have been conducted on energy piles, as attention to this subject
has increased exponentially in recent years. Full-scale field experiments observing the
thermomechanical response of energy piles under the coupled effects of static and ther-
mal loading have been conducted in various regions [18-25]. Pile efficiency has been
investigated through different tests [26-30]. Various studies have also focused on the

interaction between energy piles and the group effect [31-34].

The development of computer technology provides intelligent models that can be
applied to numerical analyses. The heat exchange capacity of energy piles has been
investigated through different numerical studies, depending on heat exchanger pipe
type [35], pipe configuration [36], flow rate and inlet temperature [37], and charac-
teristics of the heat exchanger fluid [38]. Furthermore, regression analysis [39] and
data-driven machine-learning models such as Artificial Neural Networks (ANN) [40],
support vector machines [41], random forest [42], and K-Nearest Neighbor Machine

Learning (KNN-ML) [43] tools can be employed.
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2.6. Geothermal Pavements

The rapid increase in human population and urbanization has created a great
demand for transportation. Roads, bridges, pedestrian pathways, and parking lots
comprise large areas of infrastructure. Therefore, the utilization of geothermal pave-
ments can significantly improve thermal regulation and energy sustainability in urban
areas. They provide a sustainable energy harvesting system, efficient energy use, mit-
igation of the urban heat island effect, improved pavement lifespan, and contribute to

sustainable infrastructure. [44]

A geothermal pavement mainly comprises horizontal heat exchanger pipes em-
bedded under the surface of the conventional pavement at a shallow depth of 1 m to 2
m [45]. Figure 2.10 illustrates the working principle of a geothermal pavement and its
components. The primary circuit includes the heat exchanger loops installed within
the pavement. The secondary circuit consists of energy piles that transfer heat to or
from the ground medium. A water pump may be employed to maintain continuous

circulation of the heat carrier fluid.

v uuuyu

pump

Heat exchanger pile

Figure 2.10. Working principle of a geothermal pavement.
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The influence of tube spacing and depth on the performance of geothermal pave-
ments has been investigated through various studies [46-49]. Designs that are too
shallow or too deep can negatively affect heat exchange and lead to unnecessary costs.
The spacing between the heat exchanger pipes should also be considered during design.
Baghban (2022) discussed that lower burial depths result in higher temperature gra-
dients, while increased depth reduces solar radiation absorption. The optimal burial
depth is proposed to be 40 mm to 60 mm. Pipe spacing is suggested to be in the
interval of 5 to 40 cm; shortening the spacing would increase the thermal efficiency of

the pavements [50].

The most common usage of geothermal pavements is for snow melting and de-
icing. Ice and snow on roads, bridge decks, and pavement slabs cause numerous prob-
lems and hazardous road conditions, which are a main cause of accidents and traffic
jams during snowy seasons [51]. Therefore, snow melting and de-icing improve traffic
safety and reduce accidents. The most commonly used de-icing methods are salting
and electrical resistance heaters [52]. These methods are costly and environmentally
harmful. Geothermal pavements, on the other hand, are environmentally friendly and
cost-effective structures [53]. Horizontal heat exchanger pipes embedded in the pave-

ment maintain the surface temperature above freezing, aiding de-icing [54].

Geothermal pavements are an effective way of utilizing waste heat in urban ar-
eas. The urban heat island (UHI) phenomenon, also known as the reverse oasis, occurs
due to the accumulation of solar energy during the day [55]. A high concentration of
buildings and pavement leads to the formation of heat islands in urban and suburban
areas [56]. Heat exchanger pipes embedded in the pavements cool the surface dur-
ing summer by circulating colder heat carrier fluid, thereby reducing the temperature
buildup above the structures. Lower structural temperatures reduce corrosion rates,

thereby extending the lifespan of the infrastructure [57].

The newly arising interest in geothermal pavements has caused many studies to
be conducted on this novel subject. Different design and modeling approaches have

been employed by these studies. Finite Element Models (FEM) have been utilized to
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simulate and optimize the thermal and mechanical behavior of these structures. [58] de-
veloped a numerical model in COMSOL Multiphysics, investigating the long-term per-
formance of a geothermal pavement system. [59] performed a quasi-3D model numerical
simulation of horizontal ground coupled heat exchangers. The effects of tube spacing,
tube diameter, soil conductivity, and operating conditions were investigated. [60] con-
ducted a numerical analysis using the Midas NFX program to determine the factors
affecting the performance of horizontal ground heat exchangers. The performance of
geothermal pavement systems was investigated through many field tests. [61] performed
a thermal response test (TRT) in order to fill the gaps in our understanding of the
thermal behavior of geothermal pavement systems. [62] explored the use of geothermal

energy for de-icing in bridge decks through a field-scale experiment.
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3. SIMULATION MODEL

3.1. Model Description

A 3D Finite Element model was developed in COMSOL Multiphysics Software
v.6.3 to conduct a numerical analysis and investigate the thermal behavior of the
geothermal pavement system. Three physics modules were employed. The Heat Trans-
fer in Solids module simulates heat transfer between the ground and the borehole. Heat
carrier pipes were modeled via the Heat Transfer in Pipes module. The Pipe Flow mod-
ule was employed to couple heat transfer and fluid flow. This module simplifies 3D

heat exchanger pipes by modeling them as 1D elements.

3.2. Geometry

The model representing the ground is a cylinder with a 10 m radius and an 84
m height. Two different layers were created in the ground model to assign different
initial conditions depending on depth, representing natural conditions. The borehole
is modeled as another cylinder with a 15.24 ¢m radius and 60.96 m height, located at
the center of the ground. A block with a width of 3.5 m, depth of 1.22 m, and height
of 25.4 cm is placed at the surface of the ground. This block represents the pavement.
Another block, measuring 6.6 m in width, 25.4 cm in depth, and 25.4 cm in height,
is located directly above the borehole, extending towards the pavement. This block
was created to embed the heat carrier pipes that connect the borehole to the pavement
above the surface. The 3D model view is illustrated in Figure 3.1, and a close-up of

the pavement block is presented in Figure 3.2.

Recent studies have assumed the bond between the ground and the borehole to
be perfect, without the use of interface elements [63-65]. The same assumption is

employed in this study.
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Figure 3.1. Overall view of the model.

r\LFigure 3.2. 3D view of the pavement block.

Heat carrier pipes are modeled as 1D line elements defined by parametric curves.
These edge elements are modeled in the assumed configurations and embedded in
three different domains. A single-U configuration is employed in the borehole, while a
serpentine configuration is used in the pavement block. Inside the insulation domain,
heat carrier pipes are modeled parallel to each other, connecting the two domains. The
Heat Transfer in Pipes physics module interface includes parameters for the pipes and

the heat carrier fluid. The inner diameters of the pavement pipes are 1.27 c¢m, and
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those of the borehole pipes are 3.81 cm. The line elements embedded in the pavement

and the borehole are represented in Figure 3.3 and Figure 3.4, respectively.

Figure 3.3. 3D view of the pavement and pipes as line elements.

Figure 3.4. 3D view of the borehole and pipes as line elements.

3.3. Materials

The material properties assigned to the domains were chosen to closely represent
traditional applications. Ground, borehole, and pavement were modeled as porous
media. The ground had a porosity of 0.4, with water filling the voids. The pavement

and the borehole was made of concrete with a porosity of 0.1. The voids in concrete
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were assumed to be filled with air particles. For this study, a multiphase heat carrier
fluid, composed of 30% Propylene Glycol (C3H802) and 70% water, is circulated in the
pipes. The properties of the ground, borehole, and pavement are tabulated in Table

3.1.

Table 3.1. Material properties for ground, borehole, and pavement.

Properties Ground | Borehole | Pavement
Density, p (kg/m?) 1800 2400 2400
Young’s modulus, £ (MPa) 25 35000 35000
Poisson’s ratio, v 0.3 0.2 0.2
Porosity, ¢ 0.4 0.1 0.1
Heat capacity, C, (J/(kg-K)) 900 1000 1000
Thermal conductivity, K (W/(m-K)) 1.8 2 2

3.4. Boundary and Initial Conditions

Boundary conditions are coupled within the model using the governing equations;
thus, choosing appropriate conditions is crucial to simulate the accurate operation of
the model. The far-field and bottom boundaries of the ground are assumed to be
sufficiently far away such that no heat transfer occurs through these surfaces. Adiabatic
boundary conditions were assigned to these surfaces. The side faces of the pavement

were assumed insulated, and thermal insulation boundary conditions were applied.

The top surfaces of the pavement and the ground are assumed to be exposed to
climatic conditions. Energy balance boundary conditions were chosen for these surfaces
to simulate the effects of heat transfer between the air and the surfaces more realis-
tically. The energy balance boundary condition includes heat transfer via convection,
conduction, radiation, solar heating, and precipitation. This was implemented in the
model using different modules. The thermal boundary conditions for the ground and

pavement models are illustrated in Figures 3.5 and 3.6, respectively.
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Energy balance
boundary condition

Adiabatic boundary condition

~

Adiabatic boundary
condition

Figure 3.5. Thermal boundary conditions for the ground surfaces.

Energy balance boundary condition

Thermal insulation

Figure 3.6. Thermal boundary conditions for the pavement surfaces.

The environmental boundary conditions were derived from the climate data of
Ankara, a cold and dry city characterized by a continental climate. As the capital
of Tiirkiye and a densely populated urban area, Ankara serves as a representative
location where preventing surface icing is particularly important for public safety and

energy-efficient infrastructure.
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Surface-to-ambient radiation was used to simulate long-wave radiation. The sur-
face emissivity of the pavement is 0.94, while that of the ground surface is 0.96. The
wind effect was modeled as a convective heat flux. Short-wave radiation was added
as a boundary heat source. The solar absorptivity of the pavement is 0.9, and that
of the ground is 0.85. The peak solar irradiance is 600 W/m?2. Precipitation was also
modeled as a boundary heat source with a negative sign, representing the energy loss
from the surface caused by the phase change of snow. The snowfall rate was taken from
meteorological data. The graph showing the snowfall rate in the region from October

1, 2023, to December 31, 2024, is given in Figure 3.7.
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Figure 3.7. Snowfall rate data of Ankara (01.10.2023-31.12.2024).

The initial temperature of the ground varies with depth. In the ground model,
two layers were defined. The initial temperatures of the top 1-meter layer, the pave-
ment, and the insulation were all set equal to the ambient air temperature, which is
14°C. The deeper ground temperature was calculated based on the annual average am-
bient temperature, following the approach in [66], which states that the annual ground
temperature is approximately 1.1°C higher than the annual ambient temperature. Ac-
cordingly, the annual ambient temperature was taken as 14°C, resulting in a ground
temperature of 15.1°C. The monthly ambient temperatures for this city are shown in

Figure 3.8.
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Figure 3.8. Annual ambient temperature of Ankara (01.01.2024-31.12.2024).

3.5. Governing and Constitutive Equations

The formulation is implemented in the model using COMSOL Multiphysics soft-
ware to accurately calculate the thermal behavior of the system. A time-dependent

finite element model was created to simulate the heat transfer between the domains.

The thermal energy change between the porous media is evaluated using the
equation

T,

(/)Cp)effﬁ

+pCp,ﬂu'VT2+v'q:Q+Qp+@vd+@geo (31)

where p is the material density, C), is the specific heat capacity, 1" is the temperature,
t is the time, () is the general volumetric heat source, (), is the work done by pressure

forces, (QQvq is the viscous dissipation, and (g, is the geothermal heat source.

Here, q is the heat flux vector, representing the rate and direction of conductive
heat transfer. It is governed by Fourier’s law. The constitutive equation for q is

expressed as

q = —/{?effVTQ (32)

where kg is the effective thermal conductivity of the porous medium.
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The first term on the left side of Equation 3.1 describes how temperature changes
over time and includes contributions from both solid and fluid phases. The second term
represents convective heat transfer caused by the flowing fluid. The last term is the
divergence of the heat flux vector, which describes the amount of heat transferred

through a point via conduction.

The heat transfer in a heat carrier fluid traveling inside a pipe is calculated by

the equation

oT 1
pACPW + pAC,u -V, T =V, - (AkV,T) + §{Z—DpAyuyu2 + Q + Quan (3.3)
h

where, p is the material density, A is the pipe cross-sectional area, C, is the specific
heat capacity, T is the temperature, t is the time, u is the fluid velocity, e; is the
tangential unit vector, k is the thermal conductivity, fp is the Darcy friction factor,

dy, is the hydraulic diameter, and () represents the volumetric heat sources within the

fluid.

Here, fp is the Darcy friction factor, and it can be calculated with the equations

%, if Re < 1000

fp =4 Tte 64 | (3.4)
max | fiurb, e ) if Re > 1000

where, Re is the Reynolds number. It is dimensionless and characterizes the flow
regime of a fluid, whether it is laminar, turbulent, or transitional. The definition of

this number is calculated as

d
Re:pu h

(3.5)

14

where, p is the material density, u is the fluid velocity, dj, is the hydraulic diameter,

and p is the dynamic viscosity.
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The flow regime is decided through the conditions is expressed as

.

Laminar, Re < 2300

Flow regime = { Transitional, 2300 < Re < 4000 (3.6)

Turbulent, Re > 4000.

\

Qwan is the rate of heat transferred per unit length of the pipe. It is expressed as

Quatl = (hZ) e+ (Texe — 1) (3.7)

where, (hZ)eg is the coefficient of effective heat transfer per unit length, Tiy is the
temperature of the external domain, and 7" is the temperature of the heat carrier fluid

inside the pipe.

The effective heat transfer coefficient models heat conduction and convection in
series through a convective layer on the inner pipe wall, conduction across pipe layers
(i.e., walls, insulation), and a convective layer at the outer pipe wall. It can be expanded

as

(hZ)eff = (38)

In( 27
1 1 o
Zohint + Z N hext _I_ Z (27rkwalll,n )
where, Z; is the internal wetted perimeter of the pipe, h;,; is the convective heat transfer
coefficient on the internal surface of the pipe, Zy is the external wetted perimeter of
the pipe, hey is the convective heat transfer coefficient on the external surface of the

pipe, r, is the outer radius of the n-th wall layer, r,,_; is the inner radius of the n-th

wall layer, and kyan,, is the thermal conductivity of the n-th wall layer.

The first term in the denominator is the internal convection resistance. The
second represents the external convection resistance, and the last term is the conduction

resistance through each cylindrical pipe wall or insulation layer.
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Here, hiy¢ can be expanded as

Nu-k

hin =
t d

(3.9)

where, dj, is the hydraulic diameter of the pipe, and Nu is the Nusselt number.

Nusselt number is chosen with a condition in order to ensure that the heat transfer

is not underestimated. The condition is expressed as

Nu = max (Nwam, Nugys) - (3.10)

This condition means that the greater value between the laminar and turbulent
Nusselt numbers will be used. For circular pipes, the laminar Nusselt number, Nuy,,,,
is 3.66. The turbulent Nusselt number, Nuyu,, on the other hand, is calculated using

the Gnielinski correlation, which is expressed as

(£2) (Re — 1000) Pr

N, = (3.11)

1127/ 22 (Pri - 1)

This correlation is valid for

3000 < Re < 5 x 109,
(3.12)

0.5 < Pr <2000

where, the Prandtl Number, Pr is dimensionless and describes the relative thickness of

the momentum and thermal layers. It can be calculated through the equation given as

Pr= % (3.13)

where, C), is the specific heat capacity at constant pressure, p is the dynamic viscosity,

and k is the thermal conductivity.
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The working principle of the pump is governed by an equation that relates mass
flow rate to velocity at the inlet and outlet of a pipe. This equation assumes a steady-
state incompressible flow and no fluid accumulation in the system, and is expressed
as

Uin = % = Ugut (3.14)
where mMpump 1S the mass flow rate of the pump, p is the fluid density, A is the cross-
sectional area of the pipe, uy, is the average velocity at the inlet, and uy; is the average

velocity at the outlet.

The relationship between the average velocity at the inlet and at the outlet is
determined by the cross-sectional areas of the inlet and outlet, assuming constant fluid

density.

The energy balance boundary condition applied to the upper surfaces of the

ground and pavement is governed by the equation

40 = Geonv T Grad + Gsolar + s (315)
where, qq is the heat flux needed to melt the snow, given by ¢y = Geonv + Grad + Gsolar + s,
with geony the convective heat flux, ¢..q the infrared radiation heat flux, gg.a- the solar

radiation heat flux, and ¢, the heat flux under the snow.

Convective heat flux considers the wind effect and can be determined as

Gconv = h<Text - T) (316)

where, T' the surface temperature, T, the absolute air temperature near the ground,

and h the convective heat transfer coefficient. h is expressed as

(

_ 1/3p,1/2
5. E i . 0.3387 Pr*/°Re; if Re, < 5. 10°

1/4
L 0.0468\ >3\
h =< I+{ =5, (3.17)

o. Mair pays (0.037}2@‘;/5 _ 871) if Re, > 5 - 10°.

>~
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The incoming solar radiation is evaluated through the equation

Graa = € -0 - (T* = T4,) (3.18)

where, ¢ is the surface emissivity, o is the Boltzmann constant (5.67 x 1078 W/m? K*),

and Ty is the sky temperature.

The outgoing infrared solar radiation is calculated by the equation

solar = O+ I 3.19
q (

where, « is the absorptivity coefficient and I is the direct radiation incident on a

horizontal surface.

The heat flux of snow melting is governed by the equation
gs =m- (Hy 4+ Cps(Thn — Tinow)) (3.20)

where, m is the mass snowfall rate, Hy is the latent heat of fusion of snow, Cj, is the heat

capacity of snow, T, is the melting temperature, and T}, is the snow temperature.
3.6. Events

One of the most important aspects of engineering is creating solutions that are
sustainable and economically viable. This requires the system to operate effectively
with minimal cost. To achieve this, it is desirable to control the periods during which
the geothermal heating system runs. In this work, this is accomplished using a math-
ematical physics interface called Events in COMSOL. Two different conditions control

the state of the pump in the geothermal heating system.

The first condition is applied to control the system for de-icing purposes. As
mentioned earlier, the formation of ice and frost on the pavement surface is a primary
cause of traffic incidents. The aim here is to prevent this phase change and keep the
surface safe at all times. A condition is modeled through a discrete event module,
stating that the fluid pump will operate when the average pavement surface temper-

ature falls below the dew point and will stop when the temperature rises to a certain
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value. The dew point is 7 °C, taken as the average for the winter months (January,
February, March, October, November, and December) from meteorological data [67].
The temperature at which the system stops is set with a 9 °C buffer added to the dew

point temperature.

The second conditioning prevents the formation of the aforementioned phenome-
non, Urban Heat Island. In the literature, it is accepted that when the temperature of
the pavement surface is 10 °C higher than the ambient temperature, UHI occurs. Here,
the same assumption is made, and two implicit events are created. The pump was set to
start working when the pavement surface temperature passes 10°C above the ambient
air temperature, and stops when it drops to 2°C above the ambient temperature. What
this means is that if the pavement starts to accumulate heat on its surface, the system
gets triggered to work, and through the circulation of the heat carrier fluid, the excessive
heat is transferred to the ground. And later, in order to prevent the overworking of

the pump, the system is shut down.

3.7. Meshing

The selection of meshing is critical in finite element modelling as it affects the
accuracy, stability, and computational efficiency. A finer mesh gives more accurate
results and helps avoid errors like divergence, oscillations, or artificial numerical diffu-
sion, but it also increases the memory use and computation time. Thus, using different
element sizes for different domains is the best choice to balance accuracy and time. In
this study, the ground domain is meshed with bigger elements, the pavement, bore-
hole, and insulation domains, which contain the pipes with slightly smaller elements,
and the heat carrier pipes with the smallest ones. There are 26575 tetrahedral, 3161
triangular, 1774 edge, and 68 vertex elements in this model. The meshing of the entire

model is represented in Figure 3.9 and a close op to the surface in Figure 3.10.
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Figure 3.9. Meshing applied to the model.

Figure 3.10. Close up of the meshing applied to the model.
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4. RESULTS

4.1. Initial Thermal Stabilization Period (0-90 Days)

In order to understand the seasonal behaviour of the system, a full-year simu-
lation was conducted. Additionally, a 90-day period was included at the start of the
simulation without system activation. During this stage, the thermal conductivity of
the heat exchanger pipes was set to zero. This approach aimed to allow the domains
to settle into a stable thermal state. Throughout this phase, the pavement surface
was influenced by environmental conditions such as wind, radiation, and precipitation,

with an average ambient air temperature of approximately 11°C.

After day 90, the thermal conductivity of the pipes was set to 0.5 W/(m-K). From
this point onward, heat transfer was activated between the solid domain and the heat
carrier fluid. Figures 4.1, 4.2, 4.3, and 4.4 presents the temperature distribution at four
key locations within the model: the pavement surface, the horizontal plane where the
embedded pipes are located, and the horizontal cross-section of the ground extending
to depths of 1 and 30 meters. The results are shown for five selected time steps—day 0,
day 90, day 91, day 180, and day 457—to capture the thermal evolution of the system
before activation, immediately after activation, during mid-winter operation, and on

the final day.

The figures show the activation of the pipes after the 90th day. Before the activa-
tion period, heat is distributed along the planes (Figures a and b). However, a distinct
region of temperature difference becomes evident along the serpentine pipes after day
90 (Figure c). This localized thermal change indicates heat transfer between the pave-
ment and the circulating fluid. Despite the heat being confined and not significantly
propagating toward the pavement surface, this demonstration proves continued heat

transfer (Figures d and e).
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(a) (b)

(c) (d)

(e)

Figure 4.1. Temperature distribution in the pavement surface at (a) day 0,(b) day 90,
(c) day 91, (d) day 180, and (e) day 457.
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(a) (b)

(c) (d)

(d)

Figure 4.2. Temperature distribution in the pavement layer at the depth of the
horizontal pipes at various times: (a) day 0, (b) day 90, (c) day 91, (d) day 180, and
(e) day 457.
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Figure 4.3 and Figure 4.4 depict the temperature distribution through the hor-
izontal cross-section of the ground at 1 and 30 meters. To assess the effect of envi-
ronmental conditions on heat transfer, the thermal distribution at two different depths
was extracted. While the 1 m layer of the ground is exposed to climatic conditions

throughout the year, at 30 m depth the annual temperature remains stable.

These slices show that during the 90-day starting period, the temperature distri-
bution is uniform and not influenced by the energy pile (Figures a and b). The energy
pile is activated starting from day 91, and a region of heat transfer becomes visible
(Figure c). The continuity of heat extraction is evident from the expansion of thermal
change (Figures d and e). The radial symmetry of the temperature gradient suggests

that the energy pile acts as a central heat source.
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(a) (b)

(c) (d)

(e)

Figure 4.3. Temperature distribution in the ground at 1 m depth at (a) day 0, (b)
day 90, (c) day 91, (d) day 180, and (e) day 457.
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(a) (b)

(c) (d)

(e)

Figure 4.4. Temperature distribution in the ground at 30 m depth at (a) day 0, (b)
day 90, (c) day 91, (d) day 180, and (e) day 457.
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4.2. Effectiveness of the System on Pavement Surface Temperature

After the 90-day inactive period, the geothermal system was activated, and heat
transfer from the subsurface to the pavement was enabled. The main aim of the study
was to prevent the surface temperature of the pavement from dropping below 7°C. Two
scenarios were compared to investigate the effectiveness of the heating system: when

the system is at rest and when it is running. The comparison is shown in Figure 4.5.

As reflected in the plot, for both scenarios, temperatures follow a similar path
while the system was inactive. On day 91, a sudden temperature rise can be seen in the
system activation scenario. This spike highlights the effect of the geothermal system

as soon as circulation starts.

In the inactive scenario, during winter conditions—particularly from day 90 to
approximately day 180—the pavement temperature drops below 7°C, reaching a mini-
mum of 1°C. These low temperatures indicate the risk of ice formation on the surface.
However, during the active scenario, the pavement surface temperature is maintained

above 7°C, demonstrating the system’s heating capacity and frost prevention potential.

Following the winter period, the stabilizing effect of the system can be observed.
In the inactive scenario, the surface temperature fluctuates sharply due to its high sen-
sitivity to climatic conditions. A comparison of ambient air temperature and pavement
surface temperature for the same period is presented in Figure 4.6. It can be seen from
the graph that there is a correlation between low ambient temperatures and drops in
pavement surface temperature in the inactive heating system state. The geothermal
system, however, smooths these reactions and moderates the thermal changes. Toward
the end of the simulation, after day 400, another winter season begins. Again, in the
inactive scenario, the surface temperature tends toward lower values, while the active

system continues to preserve higher thermal stability.
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Figure 4.5. Comparison of ambient air temperature and the temperature profiles at

the pavement surface over time in the inactive scenario.
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Figure 4.6. Temperature profiles at the pavement surface over time during heating

system active and inactive scenarios.

4.3. Performance Under Event-Based Operation

An event-based logic was implemented in the model to improve energy efficiency
and prevent overworking of the system. This was achieved using the Events interface in
COMSOL Multiphysics. The first step in this operation was selecting a threshold value
to trigger system activation. To fulfill the aim of this study, the pavement surface had
to be maintained above a certain temperature to prevent ice formation. This threshold

was determined based on a review of historical weather conditions. The maximum
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dew point temperature during snow events was 6.4°C. Therefore, a threshold of 7°C
was chosen to activate the heating system, ensuring proactive frost prevention under

worst-case dew point conditions.

Figure 4.7 illustrates the average pavement surface temperature and the pump
state over the 457-day simulation period. The pump was triggered to work four times
during the year, primarily in January, February, and March. Despite the pump not
working throughout the entire year, the system managed to keep the pavement surface
above 7 °C. Compared to a continuously active system, this approach significantly
reduced the total amount of heat the system had to deliver and the potential energy

consumption, while still achieving the primary performance goal.
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Figure 4.7. The activation of the pump depending on the average pavement surface

temperature.
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5. DISCUSSIONS

5.1. Interpretation of Results

The results presented in this chapter underline the performance of the geother-
mal pavement system across different operational phases. In order to ensure a reliable
baseline, an initial thermal stabilization period was added to the simulation. This
period allowed the model to reach thermal steady-state conditions.Overall, these find-
ings confirm the systems’ potential for sustainable and efficient pavement temperature

management.

Later, during the active phases, the system maintained the pavement surface
temperature above freezing, demonstrating its capability to prevent ice formation. The
control mechanism further optimized energy consumption, allowing the pump to work

only when necessary, without compromising thermal performance.

The Urban Heat Island Effect mitigation strategy was included to the system
to prevent overheating of the pavement. However, under the climatic conditions used
in the model, this mechanism is never triggered. This indicates that the pavement
remains in moderate temperatures during warmer seasons and does not exacerbate

urban warming.

5.2. Limitations and Model Assumptions

When discussing the results, limitations should be considered. A homogeneous
soil domain and steady boundary conditions were assumed by the model. These as-
sumptions do not reflect the real field conditions of heterogeneous soil and variable

weather patterns.

The treshold temperatures selected for the event-based control mechanism are

predifinded and may requiere redifenment based on real-time monitoring.
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The simulation simplifies the complex interactions between the pavement, the
ground and the climatic conditions. This can affect the long-term behaviour of the
system. A more detailed weather data, soil layering, and dynamic boundary conditions

can enhance model realibility.

5.3. Practical Implications and Future Work

The simulations results indicate that geothermal pavement systems with event-
based controls has the adequate potential to prevent ice formation while minimizing
energy consumption. This suggests a promising pathway for integrating sustainable

thermal management solutions in cold urban environments.

Future studies should focus on field validation of the model and adaptive control
algorithms that responds to real-time temperature and weather data. The efficiency
of the model can be tested under altered versions such as with multiple boreholes,

different pipe configurations and material properties, and varying soil conditions.
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6. CONCLUSION

This study aimed to evaluate the thermal performance of a geothermal pavement
system through numerical simulation. COMSOL Multiphysics Software 6.3 was em-
ployed, and the Heat Transfer in Solids, Heat Transfer in Pipes, and Pipe Flow physics
modules were incorporated. Winter conditions were taken into consideration to focus
on the prevention of ice formation. A closed-loop pipe system with a pump was mod-
eled to investigate the heat transfer efficiency between the ground and the pavement.
Environmental conditions were applied as boundary conditions. An event-based pump

control system was implemented to reduce energy consumption.

The simulation was conducted over a period of 457 days. An initial 90-day period
was modeled to allow the ground and the pavement to reach thermal equilibrium.
During this phase, the geothermal heating system was inactive, and there was no
heat transfer between the circulating fluid and the surrounding domains. After 90
days, the system was activated, and heat transfer was allowed. This approach enabled
the observation of both the transient ground behavior and the effectiveness of system

activation under winter conditions.

Cross-sectional views of the ground at different depths confirmed the influence
of climatic variations on shallow ground layers. At a depth of 30 meters, the ground
temperature remained stable throughout the year, while the first meter was more re-
sponsive to environmental conditions. This behavior validated the need to monitor
surface-level conditions for ice risk assessment. Furthermore, the cross-sectional views
at different time steps confirmed that, during the initial phase, heat remained confined

around the pipes but gradually dispersed into the ground and the pavement.

Comparative analysis of the active and inactive heating scenarios showed that, in
the absence of heating, the pavement surface temperature dropped to 1°C, entering the
critical range for frost and ice development. In contrast, the active system successfully

maintained surface temperatures above 7°C throughout the winter season.
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The operation of the pump was controlled by an event-based trigger mechanism.
The system was activated only when the pavement surface temperature dropped below
7°C. This threshold was derived from historical dew point data during snow events.
The results demonstrated that the system responded as designed to low-temperature

events.

Additionally, the urban heat island effect was taken into consideration. Due to
solar radiation and heat accumulation, the surface temperature can rise above ambient
levels. Another event-based control mechanism was implemented during the summer
months to prevent pavement overheating and initiate a cooling cycle. However, it was
observed that the temperature did not reach the threshold, so the system was not

activated.

Overall, the numerical study successfully demonstrated that the geothermal pave-
ment system is effective and functions as intended. The integration of the event-based
control system enabled stable and safe pavement temperatures while maintaining en-
ergy efficiency. The study shows that such systems can offer a sustainable solution for

frost prevention in urban infrastructure.
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