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Abstract
During summer, the surface temperature of an asphalt road pavement can rise up to 70°C due to
absorbed solar radiation. The high temperature degrades the performance of the asphalt concrete by
accelerating the thermal oxidation and plastic deformation, especially under heavy traffic loads. On the
contrary, during winter, the temperature of road surfaces can reduce below the temperature of the ambient
air due to the radiative heat loss. The low temperature hardens the asphalt pavement and makes it more
susceptible to thermal cracking. Moreover, the low temperature causes the road surface to get slippery and
hereby increases the risk for traffic accidents. A potentially environmental-friendly method to overcome
the abovementioned problems is to use a Hydronic Heating Pavement (HHP). The HHP system consists
of embedded pipes in the road. A fluid as thermal energy carrier circulates through the pipes. During sunny
days, when the road surface is warm, the energy is harvested and saved in seasonal thermal energy storages.
During cold days, the warm fluid from the storage is pumped back to the pipes to increase the surface
temperature.
The aim of this study is to investigate the feasibility of the HHP system for harvesting solar energy
during summer and anti-icing the road surface during winter. The study is done in five different steps: (i)
determining the thermal properties of three typical asphalt concrete used for the construction of roads in
Sweden using experimental tests and numerical simulation models, (ii) developing a 2D numerical
simulation model of the HHP system to find out the most suitable boundary condition equations associated
with the heat transfer interactions between the road surface and surrounding climate as well as the initial
results related to the required energy for anti-icing the road surface and remaining number of hours of the
slippery condition on the road surface, (iii) developing a hybrid 3D numerical simulation model of the
HHP system to obtain the fluid temperature decline along the pipes and the effects of the fluid flow rate
on the performance of the HHP system, (iv) calculating the minimum required energy for anti-icing the
road surface using optimization tools so no slippery condition remains on the road surface and (v)
investigating the feasibility of the coupled HHP system to a Horizontal Ground Heat Exchanger (HGHE)
for harvesting solar energy and anti-icing the road surface. The numerical simulation model of the HHP
system is made based on the finite element method and validated by the experimental results and analytical
solutions as well as by the results of the other numerical simulation models from literature.
The results associated with the thermal properties show that the thermal conductivity of asphalt
concrete can vary from 1 W/(m·K) to 3 W/(m·K). The results associated with the 2D numerical simulation
model shows that the annual required energy for anti-icing is about 75 Ȁሺଶ  ሻ and the remaining
number of hours of the slippery condition after heating the road surface is 128 hours. The results associated
with the hybrid 3D numerical simulation model show that the annual required energy for anti-icing is about
84 Ȁሺଶ  ሻ and the remaining number of hours of the slippery condition after heating the road
surface is 217 hours. The results associated with the optimization show that the minimum annual required
energy for anti-icing the road surface is 107 Ȁሺଶ  ሻ which results in remaining only 3 hours of
the slippery condition on the road surface. Furthermore, the results associated with the coupled HHP
system to the HGHE show that the annual required energy for anti-icing is about 75 Ȁሺଶ  ሻ and
the remaining number of hours of the slippery condition is 580 hours.
Key words: asphalt concrete; anti-icing; solar energy; optimization; ground heat exchanger
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Användning av solenergi för att eliminera frosthalka från vägytor genom vattenbaserat vägvärmesystem med låg
temperatur
Raheb Mirzanamadi
Arkitektur och samhällsbyggnadsteknik
Byggnadsteknologi
Chalmers Tekniska Högskola

Sammanfattning
Under sommartid kan temperaturen på asfaltbelagda vägar stiga upp till 70 ˚C. Den höga temperaturen
accelererar den termiska oxidationen och kan leda till deformation, särskilt vid hög trafikbelastning. Å
andra sidan, under vintertid kan temperaturen på vägar minska ner till omgivande luftens temperatur. Den
låga temperaturen kan leda till att vägar blir hala och därmed ökar risken för trafikolyckor. En potentiellt
miljövänlig metod för att minska ovannämnda problemen är att använda ett vattenbaserat vägvärmesystem
system (HHP). HHP-systemet består av rör integrerade i vägbanan. En vätska cirkulerar genom rören som
värmeenergibärare. Under sommartid utvinns solenergi och sparas in i ett termiskt säsongsenergilager.
Under vintertid förs den energin tillbaka från det termiska energilagret till vägen för att öka vägytans
temperatur.
Syftet med denna avhandling är att undersöka möjligheterna för att använda HHP-systemet till att
utvinna solenergi under sommaren och minska risken för frosthalka under vintern. Avhandlingen består
av fem delar: (i) experimentella tester och numeriska simuleringsmodell av asfalt, (ii) en 2D numerisk
simuleringsmodell av HHP-systemet, (iii) en hybrid 3D numerisk simuleringsmodell av HHP-systemet,
(iv) beräkning av minimienergi för att helt eliminera frosthalka från vägytan och (v) en simuleringsmodell
av ett HHP system kopplat till en horisontell markvärmeväxlare. Den numeriska simuleringsmodellen av
HHP-systemet valideras mot experimentella resultat och analytiska lösningar samt mot resultat från andra
numeriska simuleringsmodeller från litteraturen.
Resultaten relaterade till asfaltens egenskaper visar att värmeledningsförmågan av asfaltbetong kan
variera från 1 W/(m·K) till 3 W/(m·K). Resultaten relaterade till den numeriska 2D simuleringsmodellen
visar att den årliga energin för att minska frosthalka är 75 Ȁሺଶ  ሻ och det årliga återstående
antalet timmar med frosthalka efter uppvärmning av vägytan är 128 timmar. Resultaten relaterade till den
numeriska hybrid 3D simuleringsmodellen visar att den årliga energin för att minska frosthalka är 84
Ȁሺଶ  ሻ och det återstående antalet timmar med frosthalka är 217 timmar. Resultaten relaterade
till minimienergin visar att den årliga energi som krävs för att helt eliminera frosthalka är 107 Ȁሺଶ 
ሻ vilket leder till att endast 3 timmar med frosthalka återstår på vägytan under ett år. Dessutom visar
resultaten relaterade till HHP-systemet kopplat till en horisontell markvärmeväxlare att den årliga energin
för att minska frosthalka är 75 Ȁሺଶ  ሻ och det återstående antalet timmar med frosthalka är
cirka 580 timmar.
Nyckelord: asfalt; halkfria vägar; solenergi; optimering, markvärmeväxlare
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Convective heat transfer coefficient
Latent heat of water evaporation
Equivalent heat transfer coefficient
Radiation heat transfer coefficient
Depth
Solar irradiation
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Heat flux
Annual average of heat fluxes from pipe in road
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Surface thermal resistance
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Time
Temperature
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iv
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Fluid flow rate
Road width
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Greek symbols
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Moisture transfer coefficient
Humidity by the volume
Emissivity coefficient
Thermal conductivity
Density
Stephan-Boltzmann constant
Absorptivity coefficient
Kinematic viscosity
Dynamic viscosity
von Karman constant
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s
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Air
Ambient air
Condensation
Conductive heat transfer
Convective heat transfer
Deviation
Dew-point
Equivalent temperature/resistance
Evaporation
Fluid
Harvested energy
Additional annulus surrounding the pipe
Inner/inlet
Long wave radiation
Heat loss
Number of sections
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Pipe/Periodic
Inner pipe wall surface
Required energy for anti-icing of the road surface
Saturated/surface
Short wave radiation
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Introduction
This chapter presents: (i) background, (ii) problem definition, (iii) scope of the study, (iv)
methodology, (v) limitations and (vi) reading guide.
1.1. Background
During summer months, the surface temperature of an asphalt road pavement can rise up to
70°C, due to absorbed solar radiation [1]. The high temperature of the road surface usually
degrades asphalt concrete by accelerating the thermal oxidation and plastic deformation under
traffic loads. In addition, the high temperature of the road creates environmental matters such
as the Urban Heat Island (UHI) effect. The UHI is referred to as areas of a city which are
considerably warmer than their surroundings [2]. Furthermore, cold weather in winter reduces
the road surface temperature. Low temperatures harden the asphalt concrete and subsequently
induce thermal cracks on the surface of the road. Also, cold weather leads to the formation of
ice on the road surface. Icy conditions increase the risk of traffic accidents and causes
transportation safety problems [3]. The number of traffic accidents on a snow/ice covered road
in Sweden is approximately five times higher than that on a dry road surface [4]. Approximately
50% of all annual fatal accidents of passenger cars in Sweden occur on slippery conditions [5].
In rural roads of northern Sweden, the proportion of fatal accidents associated with snow/ice
covered roads is about 90% [6].
The most common method for mitigation of the slippery conditions on the road surface is to
distribute salt and sand [7]. Generally, there are three main goals for usage of salt and sand,
namely: anti-icing, de-icing and anti-compaction of snow [8]. Anti-icing is an action to prevent
the wet road from freezing, de-icing is an action to melt the existing ice/snow on the road surface
and finally the anti-compaction is an action to prevent the snow from compacting into a hard
crust [9]. In Scandinavian countries, annually about 0.6 million tons salt and 1.7 million tons
sand are consumed for winter maintenance of roads [10]. Salting is mainly used for roads with
high traffic volumes when the average annual daily traffic (AADT) ranges from 2,000 to 3,000
and sanding mainly used for the secondary road networks with less traffic volume [3]. Salting
and sanding are not environmentally friendly methods for removing ice and snow from the road
surface. Salting and sanding can result in the pollution of the ground and surface waters [11] as
well as the corrosion of vehicles and road infrastructures [12]. Furthermore, there is a
temperature limitation for usage of the salt and sand. The Scandinavian guidelines operate with
a lower limitation of -8°C on the road surface for distributing the salt and sand [3]. For the
surface temperature lower than -8°C, it is difficult to keep the salt concentration high enough to
prevent the ice-formation on the road surface [3]. It should be also noted that the salt and sand
agents could be lost from road surface due to wind, traffic and runoff [8]. Moreover, the delay
in distribution of salt and sand could lead to traffic congestion and severe traffic accidents at the
slippery surface [13].
An environmental-friendly method to overcome the abovementioned problems is to use a
Hydronic Heating Pavement (HHP) [14]. The HHP system consists of embedded pipes inside
the road. A fluid such as brine (solution of salt and water), oil or glycol-water circulates through
the pipes [15]. The HHP system harvests solar energy during sunny days, stores it in a Seasonal
1

Thermal Energy Storage (STES) and releases heat for ice/snow melting during cold periods
[16]. Harvesting solar energy during summer leads to a decrease in the temperature of the road
surface. On the contrary, heating the road surface during winter leads to an increase in the
surface temperature which in turn leads to a decrease in the remaining number of hours of the
slippery condition on the road surface [17].
Ground Heat Exchanger (GHE) is one the most common STES methods for heating/cooling
road surface [18]. The GHE can be used year-round, regardless of the variation of the ambient
temperature [19,20]. There are two types of the GHEs: Vertical Ground Heat Exchangers
(VGHE) and Horizontal Ground Heat Exchangers (HGHE) [21]. The VGHE consists of
vertically buried boreholes, the depths of which varies from 30 m to 200 m [22]. However, the
HGHE consists of horizontally laid pipe networks in a shallow depth of 1 m to 2 m [23].
Application of the VGHE and HGHE for heating/cooling system in a building showed that the
VGHE has approximately 15% higher heating/cooling efficiency comparing to the HGHE [19].
However, the installation cost of VGHE is approximately 15% higher than that of HGHE [19].
The scheme of the HHP systems coupled to a VGHE and HGHE are shown in Figure 1-1.

b

a

Figure 1-1. Scheme of a Hydronic Heating Pavement (HHP) system (a) the HHP system coupled to the Vertical
Ground Heat Exchanger and (b) the HHP system coupled to the Horizontal Ground Heat Exchanger.

Installing the HHP systems in roads is not a new method. In 1948, the earliest system was
installed in Klamath Falls in Oregon, USA by Oregon Highway Department. The source of
energy in this system was geothermal hot water. This system failed after 50 years of working
due to external corrosion of the metal pipes [24]. Another successful example for the HHP
system is the SERSO project in Switzerland, installed on a bridge since 1994 [25]. The idea of
the SERSO project was to defrost a bridge surface using renewable energies and guarantee the
same road surface conditions on the heated bridge as on the subsequent road sections. The
surface temperature of the bridge was set just above 0°C to prevent ice formation and freezing
of compacted snow. The SERSO project was annually running approximately 1,000 hours in
summer to harvest energy and another 1,000 hours in winter to alleviate the slippery conditions
[26].
To analyze the anti-icing operation of the HHP system, different numerical simulation
models were developed. Pahud [26] made a one-dimensional (1D) numerical model to simulate
the heating system, installed in a bridge. This heating system was controlled using the air
temperature. The heating system was turned on when the air temperature was below 4°C and
turned off when the air temperature was below -8°C. The reason for turning off the system was
the low likelihood of the ice formation on the road surface due to the low humidity content of
2

air for the air temperature below -8°C [27]. Moreover, Li et al. [28] examined two different
heating systems to keep the surface temperature of the bridge higher than the freezing point of
water. The first heating system was a simple ON/OFF system with a constant heating power and
the second heating system was a dynamic heating system with a variable heating power. The
dynamic heating system was developed based on an inverse heat conduction along the thickness
direction of the bridge. Both the ON/OFF system and the dynamic heating system were able to
keep the surface temperature of the bridge higher than ͲǤͷԨ. The required heat power for the
ON/OFF system was constant of ʹͲȀଶ , however, the maximum required heat power for
the dynamic heating system was approximately ͳͷͲȀଶ .
1.2. Problem definition
Although, previous studies [24,29] numerically simulated the HHP system and examined
different parameters for heating the road surfaces, there are still some questions remaining. For
example, previous studies mostly focused on the usage of the HHP system for snow-melting
rather than anti-icing. The recommended fluid temperatures for snow-melting ranges from 25°C
to 50°C [24]. This temperature range is high for the aim of anti-icing and will result in losing
the energy which is required for heating the road surface. For the purpose of anti-icing, the
control system for heating the road surface is a key point to decrease the energy consumption.
Generally, two different strategies were used for anti-icing the road surface: (i) keeping the road
surface temperature above 0 °C and (ii) keeping the road surface temperature above the dewpoint temperature when the surface temperature is below 0°C. The annual required energy for
anti-icing the road surfaces using the second strategy is 10 times less than that using the first
strategy [30]. However, in the previous studies, the second strategy were combined with: either
the constant fluid temperature [30] or the fluid temperature that varies based on the air
temperature [26]. Those studies did not consider the time delay due to the heat conduction from
the pipes to the road surface. This delay can result in remaining slippery conditions on the road
surface.
Most of the previous numerical simulation models related to the heating and cooling of roads
focus either on the HHP system [31] or on the GHE [22]. In addition, the studies associate with
the HHP system were separated to either harvesting solar energy from the road surface [29] or
heating the road surface [24]. There were few studies from literature that investigated the
performance of the HHP system which is coupled to the GHE for both harvesting and heating
periods. Even for these studies, the HHP system was coupled to the VGHE [26].
Moreover, the main part of heat in the HHP system is transferred through the road pavement.
For the road pavement, constructed from the asphalt concrete, the thermal conductivity can vary
between 0.7 W/(m·K) to 2.9 W/(m·K) [32,33]. However, in some of the previous studies
associated with the HHP system, the thermal conductivity of asphalt layers were considered to
be either too low, e.g. 0.7 W/(m·K) [34] or too high, e.g. 4 W/(m·K) [30]. Hence, the accurate
determination of the thermal properties of asphalt concrete is essential for designing the HHP
system.
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1.3. Scope
The aim of this study is to investigate the performance of HHP system for harvesting solar
energy during sunny days and anti-icing the road surface during cold periods. In the HHP
system, the main part of the heat is transferred through the road materials. The thermal properties
of three typical asphalt concretes, used to construct the road pavements in Sweden, are
measured. Also, different design parameters of the asphalt concretes, such as aggregate types
and air void contents, are examined to find out their effects on the thermal properties of asphalt
concretes. Furthermore, the numerical simulation model of the HHP system is made to find out
the influence of the different design options of the HHP system such as the fluid flow rate and
fluid temperature on the required energy for anti-icing the road surface and the remaining
number of hours of the slippery condition. The minimum required energy for anti-icing the road
surface so that no slippery condition is remaining on the road surface is calculated. Moreover,
the feasibility of the coupled HHP system to the Horizontal Ground Heat Exchanger (HGHE)
are investigated for harvesting solar energy and anti-icing the road surface.
Examples of the research questions in this thesis are:
x
x
x
x
x
x
x

What are the thermal properties of some typical asphalt concrete types used to construct
different layers of the road such as wearing and binder layers in Sweden?
How can different design components of an asphalt concrete such as aggregate types and
air void contents influence the thermal properties of asphalt concretes?
Can the HHP system with low fluid temperatures mitigate the slippery condition?
What are the effects of design parameters of the HHP system such as inlet fluid temperature
on the solar energy harvesting and anti-icing the road surface using the HHP systems?
How can pre-heating the road surface affect the required energy for anti-icing the road
surface using the HHP system and the remaining number of hours of the slippery condition?
What is the minimum amount of required energy for anti-icing the road surface using the
HHP system so that no slippery conditions remain on the road surface?
What is the energy balance of the road surface during harvesting and anti-icing operations
of the HHP systems which is coupled to the HGHE?
1.4. Methodology

In order to detect the thermal properties of the asphalt concretes, three different types of
asphalt concrete (ABT11, ABS11 and AG22) were provided by the Skanska Road Construction
Company in Gothenburg, Sweden. The delivered samples were some typical asphalt concrete
types used in Sweden to construct asphalt bound layers (wearing, binder and base layers) of the
road pavement structure. Thermal properties of asphalt concrete samples were measured using
the Transient Plane Source (TPS) method. The accuracy of a measurement with the TPS method
is highly dependent on the size of the employed sensor. Therefore, different measurements were
taken using different TPS sensor sizes in order to investigate the effect of the sensor size vs. the
maximum aggregate size ratio on the thermal property measurements. Moreover, a numerical
simulation model of asphalt concrete was developed based on the random distribution
programming to investigate the effects of different design parameters of asphalt concretes,
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moisture and freezing conditions on the thermal properties of asphalt concrete. The generation
process using random distribution programming was performed in MATLAB R2015b and
COMSOL Multiphysics 5.2.
In order to analyze the harvesting and anti-icing operations of the HHP system, a 2D and a
hybrid 3D numerical simulation models were developed. The 2D numerical simulation model
was basis for developing the hybrid 3D numerical simulation model. The hybrid 3D model is
represented by the 2D models which were connected to each other through the convective heat
transfer of fluid. Both 2D and hybrid 3D numerical simulation models were used to examine the
effects of different design options such as the distance between pipes and the diameter of pipes
on the performance of the HHP system. Furthermore, the hybrid 3D numerical simulation model
made it possible to investigate the effects of fluid flow rate on the performance of the HHP
system and also check the fluid temperature rise along the pipes during the harvesting period
and fluid temperature decline during the anti-icing period. Moreover, the hybrid 3D numerical
simulation model was used to obtain the minimum required energy for anti-icing the road
surface and also for studying the coupled HHP system to the HGHE. Furthermore, a 3D
numerical simulation model of Borehole Thermal Energy Storage (BTES) were made to
investigate the temperature change at the borehole walls on a long-term operation. The
development of the numerical simulation models were done using COMSOL Multiphysics 5.3
and the optimization of the required energy was done based on a linear programming
optimization using Gurobi Optimizer 7.5 [35], interfaced MATLAB R2016.b environment.
The climate data are obtained from Östersund (63.18 N and 14.5 E), a city in the middle of
Sweden. The city has long and cold winter periods which makes it interesting to simulate the
anti-icing operation of the HHP system. It should be noted that another main reason to use the
climate data form Östersund was due to construction of a test site of the HHP system in this
city. The annual mean temperature of the ambient air in Östersund is 2.53 °C [36]. The location
of Östersund is shown in Figure 1-2.

Figure 1-2. Locations of Östersund in Sweden and Earth (Source: https://maps.google.com).

The 2D and hybrid 3D numerical simulation models were validated using (i) analytical
solutions, (ii) an experimental test, (iii) a laboratory experimental test and (iv) the results of the
numerical simulation models from two different literature.
Two analytical solutions were used to validate the 2D numerical simulation model. These
two analytical solutions were related to: (i) thermal resistance between the pipe and the road
surface and (ii) the heat flowing out from the pipe to the surrounding domain of the road.
Furthermore, one analytical solution related to the decline of the fluid temperature along the
pipes were used to validate the hybrid 3D numerical simulation model.
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The experimental test was related to a road without embedded pipes from a test site in
motorway E18 in Sweden [37]. The test site E18 is located in Sweden between the cities
Västerås and Enköping. The data were selected because both climate data and measured
temperature of the road, on the surface and at different depths, were available.
The laboratory experimental result related to the HHP system was taken from the literature
[38]. The laboratory experimental test was selected because the boundary conditions on the road
surface, the fluid temperature, the material properties and the average temperature on the road
surface were known. The laboratory experimental test was used to validate the hybrid 3D
numerical simulation model.
The hybrid 3D numerical simulation model in this study were compared with the results of
the numerical simulation models from two different literature sources [39,40]. The numerical
simulation models were selected because the boundary condition, the temperature of the surface,
the material properties, the geometrical design as well as the inlet and outlet temperatures of
fluid were known. The results from the other numerical simulation models were used to validate
the hybrid 3D numerical simulation model.
1.5. Limitation
In this work, the asphalt concrete microstructure was 2D and created based on the assumption
that the aggregates have cylindrical shape. The cylindrical shape of aggregates caused that the
number of contact points between two aggregates to get only one point. However, if realistic
aggregate shapes were used, the aggregate contact area would have been much larger which
would have affected the heat transfer inside the asphalt concrete and the thermal properties of
asphalt concrete. Another limitation associated with the numerical simulation of the asphalt
concrete was the air void size. In this work, it was assumed that all air voids have the same sizes.
However, in reality, the sizes of air voids are different.
Furthermore, in this study, it was assumed that all snowfalls were immediately removed from
the road surface, so the investigation was not dealing with snow-melting and only the anti-icing
performance of the HHP system was studied. Anti-icing in this study only referred to the
prevention of ice-formation due to deposition of water vapor from the air to the road surface
which better known as hoar frost formation [41]. Hence, the prevention of the ice-formation due
to the wet surface and compacted snow were not investigated. Moreover, it was not taken into
account that how thick of the ice on the road surface can cause the friction problem for driving.
Furthermore, the anti-icing operation was only investigated for the first coming vehicle and then
the effects of the produced heats from the vehicles engine, exhaust gases and traffic jam on the
heat balances of the road surface were not taken into account.
Main part of this work was related to the road section and no storage section. Hence, an
important limitation of the work was the interaction between the HHP system and the thermal
energy storage. Only for one specific case; i.e. the coupled HHP system to the HGHE, the
interaction between the road section and the storage section was investigated. However, for the
coupled HHP system to the BTES, the road section and the storage section were decoupled from
each other and their performance were investigated separately. Furthermore, the design of heat
pumps was not investigated in this thesis.
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Furthermore, the minimum required energy for anti-icing the road surface was based on the
weather forecast for two next weeks. However, it was assumed that the weather forecast was
100% accurate and precise, so the reliability of the weather forecast was not examined.
In this work, it was assumed that there is no contact resistance between the pipes and the road
materials and also there is no contact resistance between the different layers of the road. The
road materials were considered to be made of asphalt concrete and so the cement concrete was
not investigated. The emissivity and absorptivity values of the asphalt concrete were obtained
from literature without measuring their values. These values were considered to be constant for
all conditions during summer and winter.
1.6. Outline of the thesis
This thesis consists of a summery section and seven appended papers. The summery section
consists of eight chapters including:
x

Chapter 1 is about the background of the work, problem definition, scope of the thesis,
methodology and limitation.

x

Chapter 2 is about the determination of the thermal properties of the asphalt concrete using:
(i) the experimental test (ii) the numerical simulation model of the asphalt concrete
microstructure and (iii) the validation of the numerical simulation model of the asphalt
concrete. This chapter is based on Paper I.

x

Chapter 3 is about the 2D numerical simulation model of the HHP system, including (i) the
mass and heat balance, (ii) the validation of the numerical simulation model using the
experimental test and analytical solution, (iii) the numerical simulation model of the HHP
system for Östersund case and (iv) the results related to the require energy for anti-icing the
road surface and remaining number of hours of the slippery condition on the road surface.
This chapter is based on Papers II and III.

x

Chapter 4 is about the hybrid 3D numerical simulation model of the HHP system, including
(i) the model development, (ii) the validation of the hybrid 3D numerical simulation model,
(iii) the results related to the harvested solar energy, the require energy for anti-icing the
road surface, the average outlet temperature of the fluid, the temperature reduction on the
road surface during harvesting period and the remaining number of hours of the slippery
condition on the road surface during anti-icing period as well as (iv) the long-term operation
of the HHP system. This chapter is based on Papers IV and V.

x

Chapter 5 is about the determination of the minimum required energy for anti-icing the road
surface, including: (i) the superposition principle used for separation of the HHP system
into two sub models, (ii) obtaining the elementary temperature response, (iii) the results
related to the minimum required energy for anti-icing the road surface and (iv) running the
full simulation model of the HHP system using the calculated minimum required energy.
This chapter is based on Papers VI.

x

Chapter 6 is about the investigation of the feasibility of the coupled HHP system to the
HGHE, including (i) the model development, (ii) the feasibility the coupled HHP system to
the HGHE for harvesting solar energy and anti-icing the road surface, (iii) the heat loss
from the HGHE to the surrounding soil and (iv) the effects of the thermal properties of the
7

ground materials on the performance of the coupled system. This chapter is based on
Papers VII.
x

Chapter 7 is about the summary and conclusion from the work.

x

Chapter 8 is about the possible suggestion for future work.
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Thermal properties of asphalt concrete
This chapter presents: (i) experimental test to determine the thermal properties of the asphalt
concrete (ii) numerical simulation model of the asphalt concrete microstructure and (iii)
valuation of the numerical simulation model by the experimental results.
2.1. Experimental test to determine the thermal properties
There are several experimental methods to measure the thermal properties of asphalt concrete
at ambient conditions [32,42]. The most common methods are steady-state, however, the
measurement process by steady-state methods is time-consuming (up to several hours for each
sample) [43]. Furthermore, setting up the steady-state conditions needs a specific size of asphalt
concrete samples, depending on the measurement method. For example, the available guarded
heat flow meter at Chalmers University of Technology requires sample size of 300 mm x 300
mm (sample thickness should be smaller than 70 mm). The available samples in this study were
not large enough to use this method. In this study, instead, the Transient Plane Source (TPS)
method was selected to measure the thermal properties of the asphalt concrete samples. The
TPS method requires approximately 5 minutes to measure the thermal properties of materials.
The TPS method is based on a transiently heated plane sensor, made of a nickel double spiral.
For a typical measurement, the sensor is located between two pieces of the (same) material. The
TPS sensor is used both as a heating source and as a dynamic temperature sensor. Hence, an
electric current is injected through the sensor and the generated temperature gradient between
the two sample pieces is recorded. It is assumed that the sensor is located in an infinite medium.
Therefore, the measurement time has to be controlled so that the thermal penetration depth does
not exceed the thickness of the sample. It is worth noting that, by principle, the accuracy of the
TPS method to determine the thermal conductivity of materials is within ±5% [44]. Further
details on the TPS technique can be found in [44].
2.1.1. Asphalt concrete samples
Three different types of asphalt concrete (ABT11, ABS11 and AG22) which are some typical
asphalt concrete types for construction of the road layers in Sweden were provided by Skanska
Road Construction Company in Gothenburg, Sweden. The samples were manufactured in
dimensions of 100 mm (diameter) x 60 mm (thickness). In all cases, three samples of the same
asphalt concrete type were employed to measure the thermal properties. ABT11, ABS11 and
AG22, on average of three samples, weighed 1,217 g, 1,151g and 1,169 g, respectively. Before
testing, the samples were stored (pre-conditioning) for three weeks in room conditions e.g. ʹʹԨ
and 30% RH. The design parameters of each sample type are tabulated in Table 2-1. In
particular, the (i) bitumen content, (ii) air content, (iii) asphalt concrete density, (iv) type of
aggregate and (v) amount of aggregates passed from the different sieve sizes are depicted.
2.1.2. Influence of the TPS sensor size on the thermal properties values
In this study, the asphalt concrete samples were cut into halves. The thickness of each half
sample is 30 mm±0.1 mm. The TPS sensor was then positioned between the two halves as
shown in Figure 2-1 (a). Furthermore, Figure 2-1 (b) depicts the position of the TPS sensor on
the surface of an asphalt concrete sample. The position of the TPS sensors between two clamped
half samples of asphalt concrete were randomly selected to let the sensors acquire measurements
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from different sample surface areas (e.g. binder, aggregate parts or their combination). Three
measurements were recorded at each position and the mean value of the total six measurements
was used as the thermal property of each sample. The waiting time between the two successive
measurements was selected to be at least 20 min.

Quartzite

Table 2-1. Asphalt concrete samples parameters (data were provided by Skanska Road Construction Company).
ABT11
ABS11
AG22
Bitumen content:5.8%
Bitumen content: 6.6%
Bitumen content: 4.1%
Air content: 2.1%
Air content: 2.8%
Air content: 4.9%
Bulk density: 2,617 kg/m3
Bulk density: 2,421 kg/m3
Bulk density: 2,582 kg/m3
Amount of
Amount of
Amount of
Sieve
Agg.
Sieve size
Agg.
Sieve size
passed
Agg.
passed
passed
size
type
type
aggregate
type
(mm)
(mm)
aggregate
aggregate
(mm)
%
%
%
31.5
100
31.5
100
31.5
100
22.4
100
22.4
100
22.4
97
16
100
16
100
16
76
11.2
98
11.2
96
11.2
57
8
77
8
51
8
44
5.6
62
5.6
36
5.6
37
4
50
4
30
4
30
2
34
2
25
2
21
1
24
1
19
1
15
0.5
18
0.5
15
0.5
12
0.25
14
0.25
14
0.25
9
0.125
9
0.125
11
0.125
7
0.075
7.9
0.075
9.6
0.075
5.7
Diabase

Diabase

Diabase

a

b

Figure 2-1. Using Transient Plane Source (TPS) method to measure the thermal properties of the asphalt concrete (a)
employing the sensor between two halves samples and (b) the TPS sensor position on the surface of an asphalt
sample. (Photos: Raheb Mirzanamadi)

The different TPS sensor sizes were employed to examine their effect on the measurement
of thermal properties. Table 2-2 tabulates the (i) sensor ID, (ii) sensor diameter, (iii) injected
power, (iv) measurement time related to each different sensor size and (v) thermal penetration
depth. The penetration depth is calculated as ʹ ή ξܽ ή ݐ. Here, ܽ (ଶ Ȁ) is the thermal diffusivity
and t (s) is the measurement time [44].
Table 2-2. Details related to the measurement of the thermal properties of the asphalt concrete samples using the
different TPS sensor sizes.
Sensor diameter
Measurement time
Thermal penetration depth
Sensor ID
Power (mW)
(mm)
(s)
(mm)
5465
6.36
100
10
4-5
5501
12.8
200
40
8-10
8563
19.7
300
80
12-18
4922
29.2
1000
160
18-21
5599
58.8
1000
320
22-26
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The effects of the sensor size vs. the maximum aggregate size ratio on the thermal
conductivity and thermal diffusivity values are presented in Figure 2-2. Where each value
represents the mean value of 18 measurements (3 [specimens] (x) 2 [positions] (x) 3 [times]).
In the TPS method, the thermal conductivity is the actual and important result of the experiment.
The accuracy of thermal diffusivity and volumetric heat capacity depends on the temperature
increase (preferably greater than 1°C) and number of collected data points around the
characteristic time,  ݎଶ Ȁܽሺሻ. Where r (m) is the TPS sensor radius and ܽ is the thermal
diffusivity [44,45]. Dixon et al. [45] reported that the accuracy and repeatability of the thermal
conductivity, measured by the TPS method is within ±2%. This value for the thermal diffusivity
changes to ±10% [45].
As can be seen in Figure 2-2, when the sensor diameter to the maximum aggregate size ratio
is less than 2, a significant variation between the measured thermal properties occurs. The use
of small sensor sizes which cover small measuring areas, often leads to inaccurate measurements
e.g. the thermal conductivity of AG22 is 25% higher when measured with a 6.36 mm diameter
sensor compared to a 58.8 mm diameter sensor. It is highly likely that the thermal property
readings when using the small-sized sensor (6.36 mm diameter) represent mostly the thermal
properties of the aggregates. On the other hand, a large size sensor (58.8 mm diameter) is large
enough to cover both aggregate and binder areas allowing for more rational measurements. By
increasing the sensor size to the maximum aggregate size ratio, the variations in the measured
thermal conductivity and diffusivity values are minimized. When this ratio exceeds 2, the
variation of the thermal properties (apart from the thermal diffusivity of ABS11) is less than
4%. ABS11 consists of about 70% quartzite (coarse aggregate) and 30% diabase (fine
aggregate), a non-uniform distribution of which might be the cause of the encountered
oscillation in the thermal properties when using different sensors. In such design case, it is
recommended to employ large size sensors. The sensor size with the diameter of 19.7 mm has
a ratio of 1.7 in the case of ABS11. This implies the fact that only a single large quartzite
aggregate can be fully covered by the sensor during a measurement. Sensor sizes with the
diameters of 29.2 mm and 58.8 mm correspond to 2.65 and 5.45 ratios, respectively. Hence,
they are large enough to cover 2 and 5 large quartzite aggregates, increasing the accuracy of the
thermal property measurements.

a

b

Figure 2-2. The effects of the ratio of sensor diameters to the maximum aggregate size on (a) the thermal conductivity
and (b) the thermal diffusivity. The vertical bars show the standard deviations of 18 measurements.
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2.2. Numerical simulation model of the asphalt concrete microstructure
A hierarchically-based multiscale approach was adopted as a common method to generate
the microstructure of asphalt concrete. As such, the generated structure by smaller aggregates is
regarded as a component of the next structure composed of larger aggregates e.g. the structure
generated of bitumen and filler, aggregates smaller than 0.075 mm, is regarded as ‘binder’ for
asphalt concrete composed of aggregates larger than 0.075 mm. Previous studies [46,47], as
shown in Figure 2-3 (a), employed several matrices to generate the final asphalt sample to
calculate thermal conductivity values. However, this process exhibited reduced accuracy in the
computed results and required several simulation efforts. In this study, in order to increase the
accuracy of the results (taking into consideration the improved contact and mechanical
interlocking among different aggregates) and also reduce the simulation process efforts, the
asphalt concrete microstructure (including all aggregate sizes larger than 0.075 mm in Table 21) is generated in only one numerical sample, see Figure 2-3 (b).
a

b

Figure 2-3. Scheme of generating aggregate microstructure using a hierarchical multiscale method (a) generating
different matrix to reach the final sample (b) the generated microstructure model in this thesis using only one matrix

In this thesis, the method of random distribution programming was used to numerically
generate the microstructure of asphalt concrete samples. The required time to generate the
microstructure of the ABT11 sample, using random distribution programming, was
approximately 5 min. It is worth noting that Chen et al. [46] reported that, when aggregates are
randomly distributed, their aspect ratio does not significantly influence the thermal conductivity
of asphalt concrete (less than 1%). Therefore, in this work, the shape of the aggregates was
considered to have circular cross-sections. Furthermore, despite the fact that a real asphalt
concrete sample is three-dimensional (3D), considering the required time consumption and
computational resources of generating 3D models, this study followed a development of a 2D
numerical model approach. It is also worth noting that, Chen et al. [46,47] showed that
difference between the calculated thermal conductivity of the asphalt concrete using 2D and 3D
numerical models is about 5%.
The generation process using random distribution programming was performed in MATLAB
R2015b and COMSOL Multiphysics 5.2. Details are as follows:
I.

The amount of different aggregates is calculated for a square of 90 mm side length size.

II.

The generation of aggregates starts from the larger to the smaller size. To speed-up the
process, after generating and randomly placing an aggregate, the placed area is booked
and no more random aggregates can be generated and occupy the same place.
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III.

A control system is posed on generated aggregates to avoid overlapping with other
aggregates. In the case of aggregate overlap, the aggregate position is removed and a
new position is randomly selected. The process continues until zero overlapping.

After generating all aggregates, a square of 45 mm side length size is extracted from the
generated area as the final sample. The reason of length downsizing is to reduce the effects of
fine aggregate distribution (at the edges of the generated sample) on the thermal conductivity
and also reduce the computational cost. The extracted sample length is two times larger than the
larger possible aggregate size (22.4 mm), see Table 2-1. A representative numerically generated
microstructure is shown in Figure 2-4.

a

b

Figure 2-4. The numerically generated microstructure (a) initial generated asphalt concrete model and (b) final
extracted asphalt concrete model to measure the thermal properties. Gray circles represent aggregates, blue circles
represent air voids and white area represents the binder (bitumen and filler)

It should be noted that the downsizing of asphalt concrete model may affect the distribution
of the different constituents. Table 2-3 illustrates the distribution of the constituents in the initial
and final numerical models. As can be seen, downsizing results in more coarse aggregates in
the final model.
Table 2-3. Volumetric distributions of asphalt concrete components in the initial and final numerical models.
Volumetric distribution of components in the asphalt sample (%)
ABT11
ABS11
AG22
Component
Initial
Final
Initial
Final
Initial
Final
model
model
model
model
model
model
Coarse aggregate
58.56
54.77
65.45
63.06
66.88
66.79
Fine aggregate
19.04
21.65
9.73
11.52
11.99
12.93
Air void
1.57
2.10
2.18
2.80
4.15
4.90
Binder (bitumen and filler)
20.83
21.48
22.63
22.62
16.98
15.38

2.3. Validation of the numerical model by experimental results
In the numerical model, the thermal properties of asphalt concrete are influenced by the
distribution of components (coarse aggregate, fine aggregate, air void and binder) along with
the volumetric fraction and the thermal properties of each component. The distribution and the
volumetric fraction of the components are presented in Section 5 of Paper I. The thermal
properties of the different constituents were derived from literature and used as input in the
model. Table 2-4 lists the derived thermal properties of different components.
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Table 2-4. Thermal properties of different components.
Reference

Thermal conductivity
(W/(m·K))

Component

Pen et al. 2014 [48]

Binder without additives
0.39
Liquid water
0.61
Theodore et al. 2011
Stagnant air (22°C)
0.025
[49]
Ice (at -5°C)
2.25
4- 8
Côté et al. 2013 [32]
Quartzite aggregate
(Here 5 W/m·K is selected from [32])
Andofsson 2013
[50]
1.5- 2.5
Diabase aggregate
Robertson 1988 [51]
(Here 2.3 W/m·K is selected from [32])

1459
1000
1.18
918

Specific heat
capacity
(J/(kg·K))
1158
4181
1017
2027

2650

850

2980

817

Density
(kg/m3)

Three samples were numerically generated for each type of asphalt concrete. The effective
thermal conductivity, ߣ (W/(m·K)), for the asphalt concrete samples was calculated at steadystate and at two principal (perpendicular) directions. The details for calculation of thermal
conductivity, thermal diffusivity and volumetric heat capacity are presented in Section 3-1 of
Paper I.
The results associated with the thermal properties of asphalt concrete obtained through the
experimental and numerical methods are tabulated in Table 2-5. The relative error is defined as
the difference between the experimentally and numerically derived thermal properties, divided
by the experimental values [relative error = (experimental value-numerical value)/experimental
value]. As it is shown, the relative error is between 2% and 10%, which would suggest that the
proposed numerical model is reliable enough to predict the thermal properties of asphalt
concrete.
Table 2-5. Thermal properties of asphalt concrete obtained from numerical and experimental methods. (SD: Standard
Deviation; Num.: Numerical model; Exp.: experimental testing, RE: relative error).
ABT11
ABS11
AG22
Thermal properties
Num. Exp. RE (%) Num.
Exp. RE (%) Num. Exp. RE (%)
Thermal conductivity (W/(m·K))
1.37
1.39
1.44
1.84
1.89
2.65
1.39
1.51
7.94
S.D. for thermal conductivity (W/(m·K)) 0.02
0.02
0.1
0.03
0.05
0.05
Volumetric heat capacity (MJ/(m3·K))
2.23
2.16
3.24
2.11
2.08
1.44
2.31
2.25
2.67
S.D. for volumetric heat capacity
0.06
0.09
0.09
(MJ/(m3·K))
Thermal diffusivity (mm2/s)
0.61
0.64
4.69
0.87
0.91
4.39
0.60
0.67
10.4
2
S.D. for thermal diffusivity (mm /s)
0.01
0.02
0.05
0.01
0.02
0.05
-
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Two dimensional (2D) numerical simulation model
This chapter presents: (i) the mass and heat balance on the road surface, (ii) the validation of
the numerical simulation model of the HHP system, (iii) the numerical simulation of the HHP
system for Östersund and (iv) results.
3.1. Mass and heat balance
This section presents mass and heat balances of the road surface. The equations are derived
from [52].
3.1.1. Mass balance
It is assumed that all snowfall is immediately removed from the road surface and rainfall is
drained well. In this study, the mass balance of the road surface is based on condensation and
evaporation as:
̶
ௗೞೠೝ

ௗ௧

̶

̶

ൌ ݉ሶ ܿ ݊െ ݉ሶ ݁ݒ

(3-1)

̶
݉௦௧௨
(Τଶ ) is the mass balance of water on the road surface, t (s) is the time,
̶
̶
݉ሶ
ሺΤሺଶ ή ሻሻ is the condensation rate to the surface and ݉ሶ௩
ሺΤሺଶ ή ሻሻ is the
evaporation rate from the surface.

3.1.2. Heat balance
It is important to note that the heat flux associated with the latent heat of the snow melting is
not considered in the heat balance due to the snow removal from the road surface. However,
falling snow, before the snow removal is started, affects the heat balance of the road surface.
Hence, the sensible heat flux of snow, ݍ௦௪ , related to the heat capacity of snow is considered
in the heat balance. As can be seen in Figure 3-1, the heat balance of the road surface consists
of seven heat fluxes, including: conductive heat flow from ground and pipes, ݍௗ , convective
heat flow from the ambient air, ݍ௩ , sensible heat of rain, ݍ , sensible heat of snow, ݍ௦௪ ,
long-wave radiation, ݍ௪ , short-wave radiation, ݍ௦௪ , as well as the latent heat of evaporation
and condensation, ݍ௩Ȁௗ . The heat balance is written as:
ݍௗ  ݍ௩  ݍ  ݍ௦௪  ݍ௪  ݍ௦௪  ݍ௩Ȁ ൌ Ͳ

Figure 3-1. Heat balance of the road surface.
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(3-2)

In Figure 3-1, all of the heat fluxes directed toward the road surface, however this does not
mean that they are always positive. A positive sign (+) indicates that energy is given to the
surface from the ambient and a negative sign (-) indicates that energy is taken out from the
surface to the ambient.
Table 3-1 presents the details related to each heat flux. ߣ (W/(m·K)) is the thermal
conductivity of the road materials (treated as constant by moisture and temperature variations),
ܶ (K) is the temperature, ܶ௧ (K) is the ambient air temperature, ܶ௦௨ (K) is the road
surface temperature,ܶ௦௬ (K) is the sky temperature, ߝ (-) is the emissivity of the surface, ߙ (-)
is the solar absorptivity of the surface, ߪሺȀሺʹ ή Ͷ ሻሻ is the Stefan-Boltzmann constant, I
(W/m2) is the solar irradiation, ݄ (W/(m2·K)) is the convective heat transfer coefficient,
݄ ሺ Ȁሻ is the latent heat of evaporation of water, ߚሺȀሻ is the moisture transfer coefficient,
ߩ ܿ (J/(m3·K)) is the volumetric heat capacity of the ambient air at atmospheric pressure,
ݒ௧ ሺȀ͵ ሻ is the humidity by the volume of the ambient air, ݒ௦ ሺȀ͵ ሻ is the humidity
by the volume of the saturated air at the surface temperature, ݉ሶ௦௪ (kg/(m2·s)) is the snowfall
rate per square meter of the surface,݉ሶ (kg/(m2·s)) is the rainfall rate per square meter of the
surface, ܿି௦௪ ሺ Ȁሺ  ሻሻ is the heat capacity of ice crystals in snow and ܿି௪௧ ሺ Ȁሺ  ሻሻ
is the heat capacity of water.
Table 3-1. Different heat fluxes on the road surface.

Heat transfer process
Conductive heat

Equation

No.

Convective heat

ݍௗ ൌ െߣ ή ܶ
ݍ௩ ൌ ݄  ሺܶ௧ െ ܶ௦௨ ሻ

3-3
3-4

Long-wave radiation

ସ
ସ
ݍ௪ ൌ ߝ  ߪ  ሺܶ௦௬
െ ܶ௦௨
ሻ

3-5

Short-wave radiation

ݍ௦௪ ൌ ߙ  ܫ
ݍ௩Ȁ ൌ ݄  ߚǤ ሺݒ௧ െ ݒ௦ ሻ

3-6

Evaporation/Condensation

݄

where (ߚ ൌ ߩ ܿܿ )
ܽ ܽ

3-7

Sensible heat flux of snow

ݍ௦௪ ൌ ݉ሶ௦௪  ܿି௦௪ ή ሺܶ௧ െ ܶ௦௨ ሻ

3-8

Sensible heat flux of rain

ݍ ൌ ݉ሶ  ܿି௪௧  ሺܶ௧ െ ܶ௦௨ ሻ

3-9

3.2. Validation of the numerical simulation model of the HHP system
This section presents the validation of the numerical simulation model for two cases: (i) the
road without embedded pipes and (ii) the road with embedded pipes. For the first case, the
validation is done using the measured data from an experimental test site in the motorway E18.
For the second case, the validation is done using two different analytical solutions.
3.2.1. Validation of the numerical simulation model without embedded pipes using
experimental data
In order to validate the numerical model, the motorway E18 [37] was chosen because both
climate data and measured temperature of the road surface were available. The details related to
the motorway E18 and the details of simulation are provided in Section 3-1 of Paper II. Only
results related to the validation are provided in this section.
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Figure 3-2 (a) illustrates the scatter plot of the calculated and measured temperature of the
road surfaces for the test site E18 during the year 2014. In this Figure, the vertical axis, y (°C),
represents the numerically calculated surface temperature and the horizontal axis, x (°C),
represents the measured surface temperature. For the best case, y=x. In this study, the relation
between y and x is obtained as: y=1.06·x-0.4°C.
Furthermore, Figure 3-2 (b) illustrates the calculated and measured road surface temperatures
for October 2014. For this period, the mean temperature difference between the calculated and
measured data (T.Diff.) is -0.13°C with the standard deviation (S.D.) of 1.93°C. Using different
values for emissivity and absorptivity values of the road surface will lead to different results,
see Table 2 in Paper II.
a

b

T.Diff.= - 0.13 °C
S.D.=1.93 °C

Figure 3-2. Comparing the surface temperatures obtained from the numerical simulation model and measured data of
the test site E18 (a) the scatter plot of the calculated and measured temperatures (b) the surface temperature versus
time for October 2014.

3.2.2. Validation of the numerical model with embedded pipes using analytical solution
Two different analytical solutions are used to validate the numerical simulation model with
the embedded pipe. The analytical solutions are associated with: (i) the thermal resistance
between the pipes and road surface and (ii) the heat flowing out from the pipe located in an
infinite region.
(i) Analytical solution associated with the thermal resistance between the pipes and
road surface
In this section, the thermal resistance between the pipes and road surface, R (m·K/W), is
obtained from an analytical solution and the numerical model. The analytical solution represents
the 2D thermal process in the cross-section of the road which is perpendicular to the pipe. It is
assumed that the road material is homogenous. The thermal resistance is theoretically modeled
for a single embedded pipe, located in the middle of an infinite array of pipes. The theoretical
model is based on that the road domain is divided into strips with equal width and with adiabatic
surfaces at the strip boundaries. The analytical solution accounts for the distance between the
pipes, the embedded depth of the pipes, the pipe size, the thermal conductivity of materials and
the surface thermal resistance. The equations related to the analytical solution are obtained from
[53] and presented in Section 3-2 of Paper II. The scheme of the road section used for the
analytical solution is shown in Figure 3-3.
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Figure 3-3. Road section used for the analytical solution related to thermal resistance between pipes and surface.

A pipe with the radius of 20 mm is embedded at the depth of 60 mm from the surface. The
fluid temperature and the ambient temperature are set to be 1°C and 0°C, respectively. The road
consists of one layer with the thermal conductivity of 2 W/(m·K). The analytical solution is
based on a semi-infinite geometry. In the numerical simulation, the height of the model was
truncated to 10 times the embedded depth of the pipe. The thermal resistance between the pipe
and road surface is obtained from both the analytical solution and numerical model. The
distances between the pipes varied from 200 mm to 500 mm. The surface resistance is
considered to be 0.1 m2·K/W.
The results associated with the thermal resistance between the pipes and the road surface are
shown in Figure 3-4. As can be seen, the results of the thermal resistance between the pipe and
surface related to the numerical model and analytical solution are matching well. The maximum
relative error between two methods is 1%. It is worth noting that the analytical model is based
on line sources and the error compared with real circular pipes increases when the pipes are too
close to each other or too close to the ground surface.

Figure 3-4. Thermal resistance between the pipe and surface for different pipe distances (the surface thermal
resistance is 0.1 m2·K/W).

(ii) Analytical solution associated with the heat flowing out from the pipe located in an
infinite region.
This section presents the results associated with the heat flow, q (W/m), in an infinite region
bounded internally by a pipe with a constant temperature, obtained from an analytical solution
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and the numerical simulation. The equations related to the analytical solution are obtained from
[54] and presented in Section 3 of Paper III.
A scheme of the model used for the analytical solution is shown in Figure 3-5.

Figure 3-5. Scheme of the model used for analytical solution related to the heat flow from pipes.

A pipe with the inner radius of 10.2 mm and outer radius of 12.5 mm is embedded in a square
area, side length of which is 1.5m. The size of the area is considered to be large enough in order
to resemble the infinite region in the analytical solution. The fluid temperature is 6°C and the
road temperatures is -4.7°C. The thermal conductivity of the pipe material is 0.4 W/(m·K) and
that of the road material is 1.44 W/(m·K). The results associated with the heat flow, q (W/m),
and energy loss, E (kWh/m) are shown in Table 3-2. As can be seen, the maximum relative
errors related to the heat flow and energy loss between the analytical and numerical methods
are 4% and 6%, respectively. The relative error for both heat flow and energy loss is less than
4% for when the running time is longer than 20 minutes.

Time
(min)
10
20
30
40
50
60
120

Table 3-2. Comparison between analytical and numerical simulation.
Relative error= (Numerical result/Analytical result-1)×100.
Heat flow, q (W/m)
Energy, E (kWh/m)
Analytical
Numerical
Relative
Analytical
Numerical Relative error
solution
solution
error (%)
solution
solution
(%)
46.063
47.883
3.95
0.0094
0.0099
5.64
40.321
41.400
2.68
0.0165
0.0171
3.58
37.442
38.357
2.44
0.023
0.0235
2.28
35.593
36.333
2.08
0.0291
0.0296
1.77
34.259
34.815
1.62
0.0349
0.0355
1.66
33.231
33.668
1.32
0.0405
0.0411
1.60
29.769
29.871
0.34
0.0718
0.0727
1.32

3.3. Numerical simulation model of the HHP system for Östersund
As mentioned in Section 1-4 of this thesis, the climate data were obtained from Östersund.
The climate data included: dry-bulb/air temperature (°C), relative humidity (%), wind speed
(m/s), dew-point temperature (°C), incoming long-wave radiation (Ȁଶ ), short-wave
radiation (Ȁଶ ) and precipitation (mm/h). The numerical simulation was modeled using the
implicit time-stepping method. The time-step was 1 hour in line with the resolution of climate
data [36].
To start the investigation, an arbitrary geometry of the HHP system was selected for the
simulation. The road structure consists of six different layers: the first three layers are made of
asphalt concretes, the next second layers are made of crushed aggregates and the last layer is
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ground. For more details see Section 3-1 of Paper II. Furthermore, in this thesis, it was assumed
that the temperature of the ground at the depth of 5 m from the road surface was equal to the
annual mean temperature of the ambient air. The data related to the road and pipes, used for the
numerical simulation, are presented in Tables 3-3 and 3-4.

Materials
Wearing layer
Binder layer
Base layer
Subbase layer
Subgrade layer
Ground

Table 3-3. Materials properties of the road layers [17].
Thermal
Thickness
Density
Specific Heat Capacity
Conductivity
(mm)
(kg/m3)
(J/(kg·K))
(W/(m·K))
40
2.24
2415
848
60
1.44
2577
822
100
1.51
2582
894
80
0.7
1700
900
1000
0.8
1400
900
3720
0.6
1300
600

Table 3-4. Information about the simulated HHP system.
Parameter
Value
Thermal conductivity of pipe materials
0.4
Density of pipe materials
925
Specific heat capacity of pipe materials
2300
Outer diameter of the embedded pipes
25
Pipe thickness
2.3
Distance between the pipes
100
Embedded depth (from center of the pipe to the surface)
87.5
Emissivity of the road surface
0.89
Absorptivity of the road surface
0.78
Fluid Temperature
6

Unit
W/(m·K)
kg/m3
J/(kg·K)
mm
mm
mm
mm
°C

Condensation occurs on the road surface if the surface temperature, ܶ௦௨ , is lower than
the dew-point temperature of ambient air, ܶௗ௪ . If ܶ௦௨ is lower than the freezing
temperature of water, ܶ௭ , then the moisture on the road will turn to ice. Therefore, if
ܶ௦௨ ൏ ͲԨ, the HHP system is to keep the surface temperature above ܶௗ௪ to avoid
condensation. Moreover, to prevent ice formation on the road surface before the heating starts,
the HHP system is turned on before that ܶ௦௨ is below ܶ௭ and ܶௗ௪ . In this case, even
if the surface temperature is lower than the freezing temperature, ice is not formed on the road
surface. The mentioned criteria for running the HHP system could be written as:
ܶ௦௨ ൏ ܶௗ௪  οܶௗ௪ 
൜
ሺοܶௗ௪ οܶ௭ ሻ  ͲԨ
ܶ௦௨ ൏ ܶ௭  οܶ௭

(3-10)

where, ܶ௦௨ is the surface temperature in the middle between the pipes (point C in Figure
3-1). οܶௗ௪ and οܶ௭ are the temperature thresholds for pre-heating (equal to or above
0°C) related to dew-point and freezing temperatures, respectively. Whenever the heating is
started, the temperature of fluid, circulating through the pipes, is set to be 6°C. Furthermore,
whenever the heating is stopped, the boundary condition at the inner surface of the pipe walls is
set to be adiabatic. It should be noted that the temperature drop of the fluid along the pipe is
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assumed to be negligible. By calculating the heat flow from a single pipe, ݍି௧ (W/m),
the annual required energy for anti-icing the road surface, ܧ (kWh/(m2·year)), is calculated as:
ܧ ൌ

ͳ
 ଵ௬ ݍି௧  ݀ݐ
ܿ ௧ୀ

(3-11)

where c (m) is the distance between the pipes. Furthermore, the number of hours of the
slippery condition on the road surface, ݐ௦௬ (h), are calculated when the temperature of the
road surface is lower than both ܶ௭ and ܶௗ௪ .
ଵ௬

ݐ௦௬ ൌ 

݂ ή ݀ ݐሺ݂ ൌ ͳ݂݅ ൬

ܶ௦௨ ൏ ܶௗ௪
൰ ݂ ൌ Ͳሻ
ܶ௦௨ ൏ ܶ௭

(3-12)

Moreover, in order to investigate how different values of οܶௗ௪ and οܶ௭ can affect
the anti-icing performance of the HHP system, the parameter of SR (-) is defined as the relative
௧ೞೝ̴ೌ ି௧ೞೝ
difference of remaining hours of slippery condition,
ሺെሻ to the relative
௧ೞೝ̴ೌ

difference of annual required energy,

ாೝ ିாೝ̴ೌ
ாೝ̴ೌ

ሺെሻ, see Equation 3-13. It should be noted that

a higher value of SR means that a small increase in the annual required energy results in a large
reduction in the remaining slippery hours of the road surface.

ܴܵ ൌ

݈ܽݐ̴݅݊݅ݕݎ݈݁݅ݏݐെݕݎ݈݁݅ݏݐ
݈ܽݐ̴݅݊݅ݕݎ݈݁݅ݏݐ

(3-13)

ݎܧെ݈ܽ݅ݐ̴݅݊݅ݎܧ
݈ܽ݅ݐ̴݅݊݅ݎܧ

3.4. Results
Table 3-5 presents the results of anti-icing the road surface for οܶௗ௪ ൌ ͲԨ and
οܶ௭ ൌ ͲԨ . As can be seen, 75.3 kWh/(m2·year) energy is annually required to mitigate
the slippery conditions in Östersund. Using the HHP system reduces the numbers of hours of
slippery conditions, due to the deposition of water vapor from the air to the road surface, by
94%, from 2009 h to 128 h.
Table 3-5. Annual required energy for anti-icing and number of hours of slippery conditions on the road surface with
and without heating system (Geometry of the HHP system are presented in Table 3-4).

Annual required
energy for antiicing, ܧ 
ሺȀሺଶ  ሻሻ
75.3

Number of hours
that the surface
temperature is below 0
˚C, without heating (h)
3440

Remaining
slippery hours, due
to the deposition,
without heating (h)
2009

Remaining hours of
the slippery conditions,
due to the deposition,
after heating, ݐ௦௬ ሺሻ
128

In order to investigate how pre-heating the road surface can influence the anti-icing
performance of the HHP system, six different temperature thresholds for pre-heating the road
surface are taken into account. The thresholds are: 0°C, 0.1°C, 0.2°C, 0.4°C, 0.8°C and 1.6 °C.
The results related to the annual required energy for anti-icing and the remaining slippery hours
on the road surface are presented in Figure 3-6.
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a

b

Figure 3-6. The effects of pre-heating on the anti-icing performance of the HHP system (a) the annual required energy
(b) the remaining slippery hours on the road surface.

If ܧ̴௧ ൌ ͷǤ͵Ȁሺଶ  ሻ and ݐ௦௬̴௧ ൌ ͳʹͺ, the relative difference of
the remaining hours of slippery conditions to the relative difference of the annual required
energy, SR (-), for each specific combination of οܶௗ௪ and οܶ௭ is as Figure 3-7.

Figure 3-7. Relative difference of remaining hours of slippery condition to the relative difference of annual required
energy for different cases of pre-heating.

As can be seen from Figure 3-7, the value of SR is more sensitive to variations of οܶௗ௪
compared to that of οܶ௭ . For example, keeping οܶ௭ ൌ ͲǤͳԨ constant and varying
οܶௗ௪ from ͲǤͳԨ to ͲǤʹԨ results in a 45% reduction in the SR, while keeping οܶௗ௪ ൌ ͲǤͳԨ
constant and varying οܶ௭ from ͲǤͳԨ to ͲǤʹԨ results in only a 3.5% reduction in the SR.
It is worth mentioning that the sensitivity of SR to variations of οܶௗ௪ and οܶ௭ reduces
by increasing their values from ͲǤͳԨ to ͳǤԨ. The minimum value of SR is 0.9 which is related
to οܶௗ௪ ൌ ͳǤԨοܶ௭ ൌ ͳǤԨ. In addition, the maximum value of SR is 14.8 which
is related to οܶௗ௪ ൌ ͲǤͳԨοܶ௭ ൌ ͲԨ.
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Hybrid three dimensional (3D) numerical simulation model
This chapter presents: (i) the development of hybrid 3D numerical simulation model, (ii) the
validation of the hybrid 3D model, (iii) the results related to harvesting and anti-icing operations
and (iv) the long-term operation of the HHP systems.
4.1. Development of the hybrid 3D numerical simulation model
Figure 4-1 shows a scheme of the hybrid 3D numerical simulation model of the HHP system.
As can be seen, the HHP system is divided into a finite number of sub-sections. For each subsection, the hybrid 3D model of the HHP system is represented by 2D vertical cross sections
which are perpendicular to the pipe direction. All 2D vertical cross sections are serially
connected to each other through the convective heat transfer in the fluid, circulating along the
pipe. The hybrid 3D numerical simulation model simultaneously calculates the transient heat
flowing out from the pipes using the finite element method and the temperature decline of the
fluid along the pipe using a quasi-steady state assumption.

Figure 4-1. A scheme of the hybrid 3D numerical simulation model of a HHP system (a) hybrid 3D model of a HHP
system is divided into a finite number of sub-sections (b) the 3D model of the HHP system is represented by 2D
vertical sections.

In each 2D vertical cross section, the heat flowing out from the pipes is calculated using an
equivalent temperature surrounding the pipe, ܶି ሺሻ, and an equivalent thermal resistance
between the fluid and the embedded materials, ܴି ሺ ή Ȁሻ. ܴି consists of three
serially coupled thermal resistances of: (i) the thermal resistance at inner pipe surface, ܴௐௌ ሺ ή
Ȁሻ, (ii) the pipe material resistance, ܴ ሺ ή Ȁሻ, and (iii) the thermal resistance between
the outer pipe wall and an additional annulus, ܴǤ ሺ ή Ȁሻ. Hence, the value of ܴି can
be calculated as:
(4-1)

ܴି ൌ ܴ  ܴǡ  ܴௐௌ
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ݎ

ܴ ൌ

ሺݎ݁ݐݑݎሻ

ܴǡ ൌ

݅݊݊݁ݎ

(4-2)

ʹήߨήߣ݁݅
ݎ
ሺ݅ ݎǡ݆ ሻ

ܴௐௌ ൌ

ݎ݁ݐݑ

(4-3)

ʹήߨήߣ݅ǡ݆

Ͷ  ʹ͵ͲͲ
ͳ
భ
൬ ൌ ൜
൰
ߨήߣ݂ ή
ͲǤͲʹ͵ ή Ǥ଼ ή  య   ʹ͵ͲͲ

(4-4)

where ݎ௨௧ ሺሻ is the outer radius of the pipe, ݎ ሺሻ is the inner radius of the pipe,
ߣ ሺȀሺ ή ሻሻ is the thermal conductivity of the pipe, ݎǡ ሺሻ is the radius of the additional
annulus surrounding the pipe, ߣǡ ሺȀሺ ή ሻሻ is the thermal conductivity of the surrounding
materials, ߣ ሺȀሺ ή ሻሻ is the thermal conductivity of fluid, Nu (-) is the Nusselt number, Re
(-) is the Reynolds number and Pr (-) is the Prandtl number.
Furthermore, if ܶ ሺሻ is the temperature of fluid, circulating through the pipe, and
ݍǡ ሺȀଶ ሻ is the heat flow between the fluid and the embedding materials, the value of
ܶି can be calculated as:
(4-5)

ܶି ൌ ܶ െ ݍǡ ή ܴି

The longitudinal fluid temperature distribution and the transversal heat transfer process along
the pipe are calculated using a steady state solution as:
ݒ ή ߨ ή ݎ ଶ ή ߩ ή ܿǡ ή

߲݂ܶ ሺݔሻ ݂ܶ ሺݔሻെܶ݁ݍെ ݁݅ሺݔሻ

ൌͲ
߲ݔ
ܴ݁ݍെ݁݅

(4-6)

where x (m) is the longitudinal length coordinate along the fluid motion, ߩ ሺȀଷ ሻ is the
density of fluid, ݒ ሺȀሻ is the average velocity of fluid through a cross section of pipe and
ܿǡ ሺ Ȁሺ ή ሻሻ is the specific heat capacity of fluid.
The length of pipe between two 2D vertical cross sections with labels of n and n+1 is ܮ . For
௧
and the outlet temperature
this section of pipe, the inlet temperature of the fluid at time t is ܶǡ
௧
is ܶǡାଵ . Considering the steady state longitudinal fluid temperature distribution along the pipe,
the analytical solution to obtain the outlet fluid temperature is calculated as:
௧
௧
௧
௧
ܶǡାଵ
ൌ ܶିǡ
 ሺܶǡ
െ ܶିǡ
ሻ ή ݁ ିሺȀ ሻ

(4-7)

where ݈ ሺሻ is the characteristic length related to the interaction between the convective
heat transfer along the pipe and the transversal heat flow. The value of ݈ can be calculated as:
݈ ൌ ܴି ή ݒ ή ߨ ή ݎ ଶ ή ߩ ή ܿǡ

(4-8)
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௧
In this study, the fluid inlet temperature at section 1, ܶǡଵ
ሺሻ, for each time step is a known
value. By applying Equation 4-7, it will be possible obtain the outlet temperature of fluid at the
section 1 at time step t. The outlet temperature of section 1 can be used as the inlet temperature
of the section 2. Applying this strategy for all sections of pipes; i.e. considering the outlet
temperature of one section as the inlet temperature of the next section, will lead to obtain the
௧
௧
outlet temperature of last section, ܶǡ୬ାଵ
ሺሻ. The value of ܶǡ୬ାଵ
is equal to the outlet
temperature of the whole length of the pipe in the HHP system at time t. The details of
development hybrid 3D numerical simulation model are provided in Section 3 of Paper IV.
Criteria for slippery conditions on the road surface is the same as in Section 3-3 in this thesis.
In order to start harvesting solar energy, five different air temperatures of Ԩ, ͺԨ, ͳͲԨ,
ͳʹԨ and ͳԨ are arbitrary selected. If ܶ௧ ሺԨሻ is one of the mentioned five temperatures,
then the criterion to start harvesting solar energy can be written as:

(4-9)

ܶ  ܶ௧ 

Harvesting solar energy will cause a decrease in the temperature of the road surface. The
temperature decreases on the road surface during harvesting period, ܶௗ௦ ሺԨሻ, can be
calculated as:
(4-10)

ܶௗ௦ ൌ ܶ௨௧ௗ െ ܶ௩ 

where ܶ௨௧ௗ ሺԨሻ is the surface temperature of an unheated road and ܶ௩ ሺԨሻ is the
surface temperature of the HHP system during harvesting period at the control point, see Figure
4-1.
The annual required energy for anti-icing the road surface using the temperature difference
between the inlet and outlet fluids, ܧ ሺȀሺଶ  ሻሻ, is calculated as:
ͳݎܽ݁ݕ

ܧ ൌ

ݐൌͲ

ሺܶݐݑെ ݎെܶ݅݊െݎሻ ݂ݒήߨή ʹ ݎ݁݊݊݅ݎήߩ݂ ήܿǡ݂ ݀ݐ
ܶ௦௨ ൏ ܶௗ௪
൬ ൜
൰ (4-11)
ܿ ݎήݎܮ
ܶ௦௨ ൏ ܶ௭

Moreover, the annual harvested solar energy, ܧ ሺȀሺଶ  ሻሻ, can be calculated as:
ͳݎܽ݁ݕ

ܧ ൌ

ݐൌͲ

ሺܶݐݑെ ݎെܶ݅݊െݎሻ ݂ݒήߨή ʹ ݎ݁݊݊݅ݎήߩ݂ ήܿǡ݂ ݀ݐ
ሺሼܶ  ܶ௧ ሻ
ܿ ݎήݎܮ

(4-12)

where ܿ ሺሻ is the distance between pipes in the HHP system, ܮ ሺሻ is the pipe length of
the HHP system, ݒ ሺȀሻ is the velocity of fluid, ݎ ሺሻ is the inner radius of the
pipe,ߩ ሺȀଷ ሻ is the density of fluid and ܿǡ ሺ Ȁሺ ή ሻሻ is the specific heat capacity of
fluid.
It is important to note that whenever the harvesting or the heating system is turned on, the
fluid starts circulating along the HHP system. However, whenever the harvesting or the heating
system is turned off, the boundary conditions at the inner surface of the pipe walls of all 2D
vertical cross sections are set to be adiabatic.
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4.2. Validation of the hybrid 3D numerical simulation model
The hybrid 3D numerical simulation model is validated using: (i) a laboratory experimental
test, (ii) an analytical solution, (iii) the results of another numerical simulation model related to
a road and (iv) the results of another numerical simulation model related to a bridge.
4.2.1. Validation using the laboratory experimental test
The hybrid 3D numerical simulation model of the HHP system is validated by an laboratory
experimental results, obtained from the literature [38]. The HHP system in the experimental test
consisted of a one-layer concrete pavement and the embedded pipes. The material of pipe was
high-density polyethylene. The dimention of the experimental sample was 1000 mm × 1000 mm
× 300 mm (length × width × thickness). The distance between pipes was 200 mm (center to
center) and the embedded depth of pipes was 50 mm (from surface to center). A schematic view
of the experimental test is shown in Figure 4-2.

a

b

Figure 4-2. The schematic view of hydronic heating pavement (a) a 3D model and (b) a hybrid 3D model used for
numerical simulation

The detail related to thermal properties of the materials and the boundary condition are
provided in Section 2-2 of Paper VI.
From literature [38], the average temperature at the surface between two pipes was given at
the time of 120 min. Hence, in order to validate the hybrid 3D numerical simulation model, the
heating process was solved for 120 min. The average temperature at the surface along the half
distance between pipes at time of 120 min, obtained from the experimental test and the hybrid
3D numerical simulation model, is shown in Figure 4-3. As can be seen, the experimental and
numerical simulation results are matching well, so the maximum relative error is 2.4%. It should
be noted that the relative error is defined as the difference between the results of the numerical
simulation model and experimental test divided to the results of the experimental test.
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Figure 4-3. Comparison of the results related to the laboratory experimental test [38] and the hybrid 3D numerical
simulation model (at the time of 120 min).

4.2.2. Validation using the analytical solution
This section presents the results associated with the fluid temperature variation along the pipe
length, calculated by an analytical solution and the numerical simulation model. The analytical
solution is based on a steady- state study. The HHP system consists of a one-layer road and a
single embedded pipe. The pipe is assumed to be located in the middle of an infinite array of
pipes [55]. The ambient temperature is set to be 0 °C and the surface thermal resistance varies
from Ͳሺଶ  ሻȀ to ͲǤͳሺଶ  ሻȀ. Other boundaries are set to be adiabatic. The schematic
view of the investigated domain is shown in Figure 4-4.

Figure 4-4. Heat extraction with a varying temperature along the pipe (a) analytical solution (b) numerical simulation
model (ܶ௧ ൌ ͲԨ and ܴ௦ ൌ ሺሻͲሺଶ  ሻȀሺሻͲǤͲͷሺଶ  ሻȀሺሻͲǤͳሺଶ  ሻȀ).

It is assumed that the road and pipe materials are homogenous. The analytical solution
accounts for the distance between the pipes, the embedded depth of the pipes, the pipe diameter,
the thermal conductivity of road and pipe materials, the surface thermal resistance, the length
of the pipes, the fluid flow rate and the fluid properties (density and specific heat capacity). The
length of pipe is set to be L (m) (Ͳ   ݔ ܮ, see Figure 4-4). The inlet temperature of fluid is
ܶ (K) and the outlet temperature at  ݔൌ  ܮis ܶ௨௧ (K). The equations related to the analytical
simulation model as well as the thermal properties of the materials are presented in Section 2 of
Paper V.
The results associated with the fluid temperature variation along the pipe length are shown
in Figure 4-5. As can be seen, the results related to the analytical solution and the numerical
simulation are matching well with each other, so the maximum relative error is 2.3% which is
related to the case that ܴ௦ ൌ Ͳሺଶ  ሻȀ. The maximum relative error is defined as the
difference between the results of analytical solutions and numerical model divided to the results
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of the analytical solution. By increasing the surface thermal resistance, the maximum relative
error will decrease; e.g., for ܴ௦ ൌ ͲǤͳሺଶ  ሻȀ the maximum relative error is 2%. It should
be noted that an increase in the number of cross-sections will lead to a decrease in the maximum
relative error. For example, for the numerical model with eight cross-sections the maximum
relative error is 1.4% and for the numerical model with 11 cross-sections the maximum relative
error is 0.06%.

Figure 4-5. Fluid temperature variation along the pipe length considering different surface thermal resistances.

4.2.3. Validation using another numerical simulation model related to a road
In this section, the hybrid 3D numerical simulation model is validated by the results of
another numerical simulation study from the literature [40] which was about heat-collecting
properties of asphalt pavement as solar collector by a three-dimensional unsteady model. The
solar collector consisted of a one-layer asphalt pavement and the embedded pipes. The
dimension of the solar collector was 4 m × 4 m × 0.7 cm (length × width × thickness). The pipes
were located in a serpentine configuration. The total length of pipe was 63.15 m. The distance
between pipes was 0.25 m (center to center) and the embedded depth of pipes was 60 mm (from
surface to center). The fluid was set to be water. The velocity of fluid, circulating along the
pipes, was 0.3 m/s. The surface boundary was exposed to the solar radiation, convection and
longwave radiation. The solar radiation was kept the constant value of 1080 Τଶ . The bottom
and side boundaries of the solar collector were set to be adiabatic. For more details, the reader
is refered to [40]. The schematic view of the solar collector is shown in Figure 4-6.

Figure 4-6. A schematic view of the geometry design for the solar collector used to make the numerical simulation
model in the literature [40].

The thermal properties of the materials are presented in Section 3-2 of Paper IV. The outer
and inner diameters of pipe were assumed to be 20 mm and 15 mm. Furthermore, the value of
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absorptivity and emissivity were set to 0.85 (-). The valiation were done for two cases:
x
x

Case 1: the ambient air temperature was 25 ˚C and the initial temperature was 20 ˚C.
Case 2: the ambient air temperature was 34 ˚C and the initial temperature was 30 ˚C.

The validation was done based on: (i) the temperature of aspahlt pavement at the depth of
2.5 cm and (ii) the outlet temperature of fluid. From the literature [40], the temperature variation
was given for 120 min. Hence, in order to validate the hybrid 3D numerical simulation model,
the harvesting process was run for the same time with the time step of 1 min. The validation
results are shown in Figure 4-7.

b

a

Figure 4-7. Comparing the results obtained from numerical simulation model in the literature [40] and the hybrid 3D
numerical simulation models in this study for two different cases (a) the temperature of asphalt pavement at the depth
of 2.5 cm and (b) the outlet temperature of fluid.

As can be seen from Figure 4-7 (a), the temperature of the asphalt pavement at the depth of
2.5 cm obtained from the literature [40] and the hybrid 3D numerical simulation models in this
study are matching well with together. The absolute temperature difference between the two
models for the case 1 is 0.3 ˚C with the standard deviation of 0.2 ˚C and that for case 2 is 0.2 ˚C
with a standard deviation of 0.2 ˚C. Furthermore, from Figure 4-7 (b), the outlet temperature of
fluid, obtained from the literature [40] and the hybrid 3D numerical simulation models in this
study have good match with together, so the absolute temperature difference between the two
models for the case 1 is 0.3 ˚C with a standard deviation of 0.2 ˚C and that for case 2 is 0.4 ˚C
with a standard deviation of 0.3 ˚C.
4.2.4. Validation using another numerical simulation model related to a bridge
In this section, the hybrid 3D numerical simulation model is validated by the results of
another numerical simulation study from the literature [39]. The numerical simulation model
from the literature [39] investigated the performance of the HHP system for snow melting of a
bridge. The bridge consisted of a one-layer concrete pavement and the embedded pipes. The
pipe material was high-density polyethylene. The dimension of the bridge was 9.1 m × 6.1 m ×
0.152 m (length × width × thickness). The pipework was in a serpentine configuration,
perpendicular to traffic direction on the bridge. The total length of pipe was 198 m. The distance
between pipes was 0.305 m (center to center) and the embedded depth of pipes was 89 mm
(from surface to center). The outer diameter of pipe was 19 mm and the inner diameter of pipe
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was 15 mm. The fluid was 42% propylene glycol-water mixture. The fluid flow rate was 45.6
lit/min. For more details, the reader is refered to [39,56]. The schematic view of the bridge is
shown in Figure 4-8. The thermal properties of materials are provided in Section 3-1 of Paper
VII.

Figure 4-8. A schematic view of the geometry design for the bridge used to make the numerical simulation model in
the literature [39].

For validation, the surface boundary of the bridge was set to the calculated temperatures from
[56]. Furthermore, the bottom boundary of the bridge was set to the convective heat flux and
longwave radiation. The side boundaries of the bridge were assumed to be adiabatic. To validate
the hybrid 3D numerical simulation model, the inlet temperature of fluid was used as the input
data and the outlet temperature of fluid was used as the output data. The duration of the data
was 18340 min with the time interval of 10 min. Hence, the hybrid 3D numerical simulation
model was run for the same time duration with a time step of 10 min. The outlet temperature of
fluid, calculated by the numerical simulation model from the literature [39] and the hybrid 3D
numerical simulation model in this study are presented in Figure 4-9.

a

b

Figure 4-9. Comparing the outlet temperature of fluid obtained from the hybrid 3D numerical simulation models in
this study and the model from the literature [39] (a) the outlet temperature of fluid versus time and (b) the scatter plot
of the outlet temperature of fluid.

Figure 4-9 (a) illustrates the outlet temperature of the fluid, calculated by the numerical
simulation model from the literature [39] and the hybrid 3D numerical simulation model in this
study. As can be seen, the results of two numerical simulation models are matching well, so the
absolute temperature difference between the two models is 0.6 ˚C with the standard deviation
of 0.6 ˚C. Furthermore, Figure 4-9 (b) illustrates the scatter plot of the outlet temperature of
fluid, obtained from the hybrid 3D model in this study and the numerical simulation model from
the literature [39]. As can be seen, the vertical axis, y (°C), is the outlet temperature of the fluid
from the numerical simulation model of the literature [39] and the horizontal axis, x (°C), is the
outlet temperature of fluid from the hybrid 3D numerical model in this study. For the best case,
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y= x with ଶ ൌ ͳ. Due to some uncertainty in the thermal properties of materials in the literature
[39,56], especially the thermal conductivity of the concrete pavement, the relation between x
and y in this study is y= 0.98 x with ଶ ൌ ͲǤͻͻ.
4.3. Results related to the harvesting and anti-icing operations
In the previous experimental studies [24,29], the fluid temperature varied at a range between
25°C and 50°C. This range of temperature was used to snow melting, however, is high for antiicing the road surface. In this study, seven fluid temperatures of 4 °C, 6 °C, 8 °C, 10 °C, 12 °C,
16 °C and 20 °C are taken into account to simulate the anti-icing and harvesting operations. The
results related to the annual harvested solar energy and the annual required energy for anti-icing
the road surface, the average outlet temperatures of the fluid in the HHP system during
harvesting and anti-icing periods, the average temperature reduction on the road surface during
the harvesting period and the remaining number of hours of the slippery conditions on the road
surface during anti-icing period are shown in Figure 4-10.
a

b

c

d

Figure 4-10. The results of (a) the harvested solar energy and the required energy for anti-icing, (b) the average outlet
temperatures during the harvesting and the anti-icing periods, (c) the average temperature reduction on the road
surface during harvesting period and (d) the remaining number of hours of slippery conditions on the road surface.

The harvested solar energy highly depends on the value of ܶ௧ , see Equation 4-9. In order
to harvest maximum possible solar energy from the road surface, it is essential to use a suitable
combination of ܶ and ܶ௧ . The combinations of ͶԨ  ܶ  Ԩ and ܶ௧ ൌ Ԩ, ͺԨ 
ܶ  ͳͲԨ and ܶ௧ ൌ ͺԨ, ܶ ൌ ͳʹԨ and ܶ௧ ൌ ͳͲԨ, ܶ ൌ ͳԨ and ܶ௧ ൌ ͳʹԨ
as well as ܶ ൌ ʹͲԨ and ܶ௧ ൌ ͳԨ lead to the maximum values of ܧ associated with
each inlet fluid temperature. The maximum harvested solar energy during summer is
͵ͷʹǤͳȀሺଶ ή ሻ which is related to ܶ ൌ ͶԨ and ܶ௧ ൌ Ԩ. It is worth mentioning
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that for ͶԨ  ܶ  ͳʹԨ, the harvested solar energy can be higher than the required energy
for anti-icing the road surface. However, for ܶ  ͳԨ, the harvested solar energy is always
lower than the required energy for anti-icing the road surface. Furthermore, Figure 4-10 (b)
illustrates the variation of average outlet temperature of the fluid, ܶ௨௧ , versus ܶ . During both
harvesting and anti-icing periods, an increase in ܶ will results in an increase in ܶ௨௧ . During
harvesting period by increasing ܶ from 4 °C to 20 °C, the average value of ܶ௨௧ related to all
values of ܶ௧ increases from 5.6 °C to 19.9 °C. It should be noted that considering a higher
value of ܶ and a lower value of ܶ௧ can result in heating the road surface during harvesting
period, rather than harvesting solar energy. This results the average value of ܶ௨௧ gets lower
than ܶ when ܶ ൌ ʹͲԨ. Furthermore, during anti-icing period by increasing ܶ from 4 °C
to 20 °C, the value of ܶ௨௧ increases from 1.3 °C to 10.2 °C.
Figure 4-10 (c) illustrates the average temperature reduction on the road surface, ܶௗ௦ ,
at “Control point”, see Figure 4-1. By increasing ܶ from 4 °C to 20 °C, the value of ܶௗ௦
follows a decreasing trend from 6 °C to – 0.3 °C, on an average value for all ܶ௧ . ܶௗ௦ ൏
ͲԨ, which occurs for ܶ ൌ ʹͲԨ and Ԩ  ܶ௧  ͳͲԨ, means that the temperature of the
road surface is increasing during harvesting period, rather than decreasing. Furthermore, Figure
4-10 (d) illustrates the number of hours of the slippery conditions on the road surface, ݐ௦௬ .
As can be seen, by increasing ܶ from 4 °C to 20 °C, the value of ݐ௦௬ reduces down from
284 h to 93 h.
4.4. Long term operation of the HHP system
In this section of the thesis, it is assumed that harvested solar energy during summer is
injected to the Borehole Thermal Energy Storage (BTES) and the required energy for anti-icing
the road surface during winter is extracted from the BTES. From Figure 4-10, for ܶ  ͳʹԨ,
the annual harvested solar energy is higher than the annual required energy for anti-icing the
road surface. However, considering the thermal interference between the heat-carrier fluid in
the BTES and the undisturbed surrounding ground, the injected heat to the BTES can freely
transfer to the surrounding ground [57]. The heat losses from the BTES to the surrounding
ground can influence the operation of the BTES on long-term [58]. Hence, in order to understand
the long-term operation of the BTES, the temperature evolutions at the borehole walls are
examined over a 50-year period using a 3D numerical simulation model.
It should be mentioned that, in this thesis, only a basic concept of using the HHP system and
the BTES are investigated and the details related to the design and performance of the heat
pumps are not studied. The HHP system and the BTES are decoupled from each other and their
performance are investigated separately.
The scheme of the BTES with a single borehole are shown in Figure 4-11. The details related
to the Figure 4-11 including the boundary condition, thermal properties of the ground, the
equivalent temperature at the ground, ܶ ሺԨሻ, the equivalent heat transfer coefficient,
݄ ሺȀሺଶ ή ሻሻ can be found in Section 5 of the Paper IV.
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Figure 4-11. A scheme of the BTES including surrounding grounds and boundary conditions.

To obtain the temperature evolution, the conducted heat flux from the pipes to the road
surface during the harvesting and anti-icing periods, ݍ ሺȀଶ ሻ, is extracted from the hybrid
3D numerical simulation model in Section 4-3 of this thesis. The heat flux of ݍ has hourly
values in line with the climate data and includes: the harvesting and anti-icing periods as well
as the period during which the harvesting/anti-icing is off, ݍ ൌ ͲȀଶ . The hourly heat fluxes
during harvesting and anti-icing periods for different inlet temperatures, corresponding to the
maximum harvested solar energy in Section 4-3, are shown in Figure 4-12.

Figure 4-12. Heat fluxes during the harvesting and anti-icing periods for different inlet temperatures of the fluid.

In this thesis, it is assumed that the harvesting process is done using passive heat exchange.
Hence, the amount of heat injected to the BTES is considered to be equal to the amount of the
heat harvested from the HHP system. However, it is assumed that the anti-icing process is done
using heat pump to ensure the required inlet temperature to the HHP system. The
injected/extracted heat rate for each borehole, ݍ௦ ሺȀሻ, can be obtained using the
harvested/anti-icing heat fluxes as:
ݍ௦ ൌ

݂ ൌ ͳ
ܹ ݎήݎܮ
ή ݍ ൈ ݂ ൬൜
൰
ܰൈܾ݀݁ݎ
݂ ൌ ܪ  െ  

(4-13)

ܪ ൌ

 െͳ


(4-14)
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where ܮ ሺሻ is the length of the HHP system, ܹ ሺሻ is the width of the HHP system,
݀ ሺሻ is the depth of one borehole and N is the number of boreholes. In this study, ܮ ൌ
ͷͲ, ܹ ൌ ͵Ǥͷ and ݀ ൌ ʹͲͲ and N = 20. Furthermore, ୦ is the coefficient of
performance of the heat pump during anti-icing period and ܪ is the heat flux adjustment factor
for anti-icing. In this thesis, for simplicity of the simulation, three constant ୦ s of 3, 4 and 5
are used [59]. For more details, the reader is referred to Section 5 of the Paper IV.
It is assumed that the boreholes are located far from each other and there is no thermal
interaction among them, so the total heat loads of the BTES are equally divided among all
boreholes.
The results of the average temperature evolution at the borehole walls over 50-year period
associated with different inlet temperatures of the fluid in the HHP system and three different
୦ are presented in Table 4-1. The results are: the inlet temperature of the fluid, ܶ ሺԨሻ, the
temperature for turning on the harvesting operation, ܶ௧ ሺԨሻ, the annual average heat rate
injected/extracted to or from a single borehole, ݍ௦ି௬ ሺȀሻ, the annual spatial average
temperature at the borehole walls during 50 years, ܶ௩ ሺԨሻ, the annual amplitude temperature
at the borehole walls, ܶ ሺԨሻ ൌ ሺܶ௫ ሺԨሻ െ ܶ ሺԨሻሻȀʹ, and the annual average
temperature change at the borehole wall from the first year to 50th year, ܶ ሺԨሻ.
Table 4-1. The results related to the temperature evolution at the borehole walls over 50-year period for different inlet
temperatures of the HHP system and three different ୦ s.
COPh=3
COPh=4
COPh=5
ܶ ܶ௧ ݍ
ܶ௩ ܶ ܶ ݍ௦ି௬ ܶ௩ ܶ ܶ ݍ௦ି௬ ܶ௩ ܶ ܶ
௦ି௬
ሺԨሻ ሺԨሻ
ሺԨሻ
ሺԨሻ
ሺԨሻ
ሺȀሻ ሺԨሻ ሺԨሻ
ሺȀሻ ሺԨሻ ሺԨሻ
ሺȀሻ ሺԨሻ ሺԨሻ
4
6
1.5
4.9
2.1
0.5
1.5
4.9
2.1
0.5
1.4
4.9
2.1
0.5
6
6
1.2
4.8
2.0
0.4
1.1
4.8
2.1
0.4
1.1
4.8
2.1
0.4
8
8
0.9
4.7
1.9
0.3
0.8
4.7
2.0
0.3
0.8
4.7
2.0
0.3
10
8
0.6
4.6
1.9
0.2
0.6
4.6
1.9
0.2
0.5
4.6
2.0
0.2
12
10
0.4
4.5
1.8
0.1
0.3
4.5
1.9
0.1
0.3
4.5
1.9
0.1

Moreover, Figure 4-13 illustrates the hourly variation of the spatial average temperature
evolution at the borehole walls over 50-year period associated with ܶ ൌ Ԩ and ܶ௧ ൌ Ԩ
and ୦ ൌ Ͷ.

Figure 4-13. Hourly temperature evolution at the borehole walls over 50-year period for ܶ ൌ Ԩ and ܶ௧ ൌ Ԩ.

As can be seen from Table 4-1, the annual average temperature change at the borehole walls
over time is above ͲԨ. Furthermore, as can be seen from Figure 4-13, the temperature
evaluation over time follows an increasing trend. The temperature increase is significant for the
first two years and then slowly trends towards zero with time. The temperature increase at the
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borehole walls indicates that the annual heat injected into the ground during harvesting period
is higher than the sum of the annual heat extracted from the ground during anti-icing period and
the heat losses from the BTES to the surrounding ground. This means that the BTES with 20
borehole and 200 m depth for ܶ varies between ͶԨ and ͳʹԨ and ୦ between 3 and 5 can
operate reliably over 50 years of operation with a slight improvement comparing to the first
year.

.
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Minimum required energy for anti-icing
This chapter presents: (i) superposition principle for separation of the numerical simulation
model of the HHP system into two sub-models, (ii) elementary temperature response (iii) results
of the minimum required energy for anti-icing the road surface and (iv) full simulation model
of the HHP system using the calculated minimum heat fluxes.
5.1. Superposition principle for the separation of the HHP model
A superposition principle is mathematically based on the linear equation system [52]. The
superposition principle can be used if the heat transfer process on the road surface and the
thermal properties of materials are independent of the temperature level. The superposition
principle is used to separate the numerical simulation model of the HHP system into two
fundamental sub-models, namely: (i) a model with supplying heat to the HHP system and (ii) a
model without any heat supply. The first sub-model is used to obtain an elementary temperature
response and the second sub-model is used to obtain the temperature at the surface of an
unheated road. The separation of the numerical simulation model of the HHP system into two
sub-models is illustrated in Figure 5-1. As can be seen, the surface boundary of the road is
exposed to a constant equivalent heat transfer coefficient, ݄ ሺȀሺଶ ή ሻሻ, and an equivalent
temperature, ܶ ሺሻ. In Figure 5-1 (b), as the first sub-model, the surface, bottom and initial
temperatures of the road are set to be 0°C. In addition, the fluid flow rate is set to be constant.
In Figure 5-1 (c), as the second sub-model, the bottom and initial temperatures are set to have
the same temperatures
as the main numerical simulation model, see Figure
5-1 ((a).
p
g
)

Figure 5-1. Separation of the hydronic heating pavement model into two sub-models using the superposition principle
(a) the boundary condition on the road surface consists of the equivalent temperature and the equivalent heat transfer
coefficient (b) the sub-model with supplying heat perturbation and (c) the sub-model without supplying any heat.

It is important to note that in this study the variation of the temperature on the road surface
is calculated at a point which is located in the middle between two pipes on the surface of the
outlet section. This point is called the control point, see Figure 5-1. The temperature variation
at the control point, ܶ௦௨ ሺݐሻሺሻ, can be obtained by summing the temperature variation at
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௧ௗ
ሺݐሻሺሻ, and that at the control point of the unheated
the control point of the heated road, ܶ௦௨
௨௧ௗ
road, ܶ௦௨ ሺݐሻሺሻ, as:
௧ௗ
௨௧ௗ
ሺݐሻ  ܶ௦௨
ሺݐሻ
ܶ௦௨ ሺݐሻ ൌ ܶ௦௨

(5-1)

௧ௗ
ሺݐሻ is determined based on the value of the supplied heat to the HHP
The value of ܶ௦௨
system, ܳሺݐሻሺሻ. Furthermore, the value of ܳሺݐሻ is determined based on the value of
௨௧ௗ
௧ௗ
ሺݐሻ. It is worth noting that the value of ܳሺݐሻ is independent of the value of ܶ௦௨
ሺݐሻ.
ܶ௦௨
In other words, there is no temperature feedback from the road surface to the control system in
order to change the value of ܳሺݐሻ. Considering any temperature feedback in the control system
will destroy the linear equation assumption and then the principle of superposition.

5.2. Elementary temperature response due to the unit step-change in the heat supply
The elementary temperature response is calculated using the hybrid 3D numerical simulation
model of the HHP system. In order to calculate the elementary temperature response, the
boundary condition of the road surface is exposed to the equivalent temperature and the
equivalent heat transfer coefficient, see Figure 5-1 (b). Furthermore, the heat supply, ܳሺݐሻ, is
set to follow Heaviside’s unit step-change function, ܪሺݐሻ. The Equation of ܪሺݐሻ is as [60]:
ܪሺݐሻ ൌ ቄ

ͳ  ݐ Ͳ
Ͳ  ݐ Ͳ

(5-2)

Figure 5-2 (a) shows the variation of the elementary temperature response, ݑ ሺԨȀሻ,
induced by a unit step-change in the heat supply. The value of ݑ corresponds to the variation
of temperature at the control point, see Figure 5-1. The numerical simulation model is run for
two-weeks (336 hours). For further time after two weeks, it is assumed that the temperature
variation reaches steady-state. To improve the precision of the result, the time step of the
simulation is set to be 1 minute. Figure 5-2 (b) shows the results of ݑ for the first 30 minutes
of the simulation. As can be seen, it takes a few minutes that the supplied heat conducts from
the embedded pipes to reach the road surface. Altogether, the variation of ݑ versus time
consists of three parts: (i) an approximately five minutes initial delay, (ii) a sharp increase for
when ݐ൏ ͷͲ and (iii) a gradual increase until the value of ݑ becomes constant at  ݐൌ ͵͵.

b

a

Figure 5-2. Elementary temperature response induced by a step change in the supplied heat (a) the results associated
with two weeks simulation and (b) the results associate with the first 30 minutes of the simulation.
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The supplied heat to the HHP system, ܳሺݐሻ, is set to follow a step-wise function. As shown
in Figure 5-3, the supplied heat is composed by a sequence of heat pulses. The magnitude of
heat pulses is set to be 1 W. The length of each heat pulse is ݐ ሺሻ. The value of ݐ is set to be
60 minutes in line with the climate data intervals.

Figure 5-3. The continuous heat supply, ܳሺݐሻ, which is composed by a sequence of heat pulses with the length of ݐ .

The temperature response corresponding to a single heat pulse, ் ݑௌ ሺԨȀሻ, can be obtained
by assembling two sequences of the elementary temperature responses, ݑ ሺԨȀሻ. The value
of ் ݑௌ , induced by the heat pulse of ܳ ሺሻ, can be obtained by assembling the elementary
temperature responses at ݐିଵ ൌ ݐ ή ሺ݊ െ ͳሻ and ݐ ൌ ݐ ή ݊ as:
 ݑ൫ ݐെ ݐ ή ሺ݊ െ ͳሻ൯ െ ݑ ൫ ݐെ ݐ ή ݊൯ݐ  Ͳǡ݊  Ͳ
் ݑௌ ሺݐ ሻ ൌ ൜ 
Ͳ   

(5-3)

Figure 5-4 (a) illustrates the assembling of two sequences of  ் ݑassociated with ܳଵଵ ሺሻ,
the heat pulse between 100 h and 101 h. Furthermore, Figure 5-4 (b) illustrates the temperature
response corresponding to the heat pulse of ܳଵଵ . As can be seen, there is a delay in the
temperature response to reach the maximum value. The delay is due to the time takes for the
heat to conduct from the embedded pipes to the road surface. The maximum value of ் ݑௌ is
ͲǤͲͲͳͳԨȀ which occurs 94 minutes after beginning of the heat pulse. The maximum value
is located between ͳ ൈ ݐ and ʹ ൈ ݐ .

b

a

Figure 5-4. The temperature response corresponding to ܳଵଵ , the heat pulse between 100 h and 101 h (a) the heat
pulse and the elementary temperature responses at the time range from 98 h to 110 h and (b) the temperature response
for the time range from 80 h to 240 h.
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5.3. Calculation of the minimum required energy for anti-icing the road surface
In order to calculate the optimal required energy, it is necessary to calculate the required
temperature increase on the road surface for anti-icing the road surface. The required
temperature increases, ܶ ା ሺԨሻ, can be obtained as:
௨௧ௗ
൏ ܶௗ௪ 
ܶ௦௨

ܶௗ௪ െ
 ܶ௧௦ௗ  ቊ ௨௧ௗ
ା
ܶ ൌቐ
ܶ௦௨ ൏ ܶ௭ 
ͲԨ
௨௧ௗ
ܶ௦௨

(5-4)

௨௧ௗ
ሺԨሻ is the unheated surface
where ܶௗ௪ ሺԨሻ is the dew-point temperature and ܶ௦௨
temperature when no heat is injected to the HHP system, see Figure 5-1 (c). Moreover,
ܶ௧௦ௗ ሺԨሻ is a threshold temperature to ensure that the temperature increase on the road
surface will keep the road surface ice-free. It should be noted that ܶ௧௦ௗ  ͲԨ and ܶ ା 
ͲԨ. The minimum value of ܶ ା is obtained if ܶ௧௦ௗ ൌ ͲԨ. Furthermore, the statement of
ܶ ା  ͲԨ is true if the supplied heat to the HHP system is already conducted to the road surface,
otherwise ܶ ା ൌ ͲԨ.
As it is presented in Equation 5-5, the temperature increase on the road surface can be
obtained by multiplying the temperature response, corresponding to each heat pulse, by the
magnitude of the heat pulse. The temperature increase on the road surface is desired to be equal
to or more than ܶ ା .

 ܣൈ ܳ  ܶା
ǥ
Ͳ
ǥ
ݑଵ ሺ ݐሻ
் ۍௌ ଵ Ͳ
ې
Ͳ
ڭ
ڭ
ڰ
 ێ ڭ
ۑ
ڰ
ڭ
Ͳ
 ܣൌ ் ݑ ێௌ ሺݐଵ ሻ  ڭ
ۑ
ڭ
ێ
ۑ
ڭ
ڰ
ڭ
 ڭή௧
 ێή௧
ۑ
ή௧
 ݑሺ ݐሻ
் ݑۏௌ ሺݐଵ ሻ ǥ ்ௌ  ǥ் ݑௌ ሺݐ ሻ ےή௧

(5-5)



ܶା
ܳଵ
 ۍଵ ې
ې ڭ ۍ
ڭ
 ێା ۑ
ۑ ێ
ା
ܳ ൌ ܳ ێ  ܶ ۑൌ ܶ ێ ۑ
ۑ ڭ ێ
 ێାۑ ڭ
ܳۏ ے
ܶۏή௧ ےή௧
ൈ

 ൈଵ

In the above equation, A is a matrix of the temperature responses associated with all
sequences of the heat pulses. The matrix of A is a triangular matrix with ݊ ή ݐ rows and ݊
columns. Considering a constant value for ݐ , the values in  only depends on the geometry and
the properties of the HHP system. ݑ்ௌ ሺݐ ሻ is the momentary value of the temperature response
corresponding to ܳ at  ݐൌ ݅ ή ݐ . Furthermore, ܶା is the required temperature increase at  ݐൌ ݅.
Equation 5-5 can be exactly solved for  ܣൈ ܳ ൌ ܶ ା . However, the results of the solution
include some negative elements in ܳ. It understood that negative elements in ܳ means cooling
the road surface and positive elements means heating the road surface. Since, in this study, the
HHP system is simulated only for heating the road surface, so the values of all elements have to
be equal to or more than 0 W, ܳ  Ͳ.
Furthermore, the annual required energy for anti-icing the road surface, ܧ ሺȀሺଶ 
ሻ, is calculated as:
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ଵ௬

ܧ ൌ ୀଵ

ݍ ή ݀ݍ ݐ ൌ

ܳ݅
ܿήܮ

(5-6)

where ݍ ሺΤଶ ሻ is the heat flux supplied to the HHP system at time i, ܿሺሻ is the distance
between the pipes and ܮሺሻ is the pipe length. In this chapter, ܿ ൌ ͳͲͲ and  ܮൌ ͷͲ.
By considering ݍ௫ (Τଶ ) as the maximum possible heat flux which can be supplied to
the HHP system and ܧ as the objective function of the optimization, the optimal required
energy for anti-icing the road surface will be calculated as:
 ܧ   ൜

 ܣൈ ܳ  ܶ ା  
ͲȀଶ  ܳȀሺܿ ή ܮሻ  ݍ௫

(5-7)

A linear programming optimization was used to solve Equation 5-7. The function was solved
using Gurobi Optimizer 7.5 [35], interfaced MATLAB R2016.b environment. The program was
run in a computer with 64 GB RAM and a processor of Intel (R) Core (TM) i7-6900K CPU @
3.2GHz. It is worth noting that Gurobi Optimizer solved Equation 5-7 in less than five minutes,
while, solving the same problem using MATLAB Optimization toolbox required much longer
time (the solver was still busy after 7 hours without any solution).
The calculated optimal heat flux supplied to the HHP system, ݍ௧ (Τଶ ), can be used
to obtain the surface temperature of the heated road. The analytical solution to obtain the surface
௬௧
temperature, ܶ௦௨ ሺԨሻ, can be written as:
௬௧

ܶ௦௨

௨௧ௗ
ൌ  ܣൈ ܳ௧  ܶ௦௨
 ܳ௧ ൌ ݍ௧ ൈ ܿ ൈ ܮ

(5-8)

By considering ܶ௧௦ௗ ൌ ͲǤͶͻԨ (see Section 8-2 of Paper VI) and setting ݍ௫ ൌ
ʹͲͲ Τଶ , the optimization results associated with the optimal heat fluxes supplied to the
HHP system and the variation of the surface temperature during January will be as Figure 5-5.
As can be seen in Figure 5-5 (a), all the heat fluxes are above 0 Ȁଶ . The maximum heat flux
௬௧
during January is less than 200 Ȁଶ . Furthermore, the variation of ܶ௦௨ and ܶௗ௪ are
௬௧

illustrated in Figure 5-5 (b). As shown, for when ܶ௦௨
equal to or more than the value of ܶௗ௪ .

௬௧

൏ ͲԨ, the value of ܶ௦௨

is

b

a

Figure 5-5. Optimization results associated with anti-icing the road surface during January (a) the optimal heat fluxes
supplied to the HHP system (b) the surface and dew-point temperatures.
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5.4. Full simulation model of the HHP system using the calculated minimum heat
fluxes
Figure 5-6 illustrates the process of importing the calculated optimal heat fluxes from the
model (a), at which the road surface is exposed to the simplified boundary conditions using ܶ
and ݄ , to the model (b), at which the road surface is exposed to the all heat fluxes of Equations
of Table 3-1; i.e. the full simulation model is run.

Figure 5-6. Calculation of optimal heat flux supplied to the HHP system for keeping the road surface ice-free at the
control point (a) considering a simplified simulation model and (b) considering the full simulation model.

Table 5-1 presents the maximum and mean heat fluxes supplied to the HHP system for a year
and different months, the number of hours during which the heating system is turned on, the
required energy for anti-icing, the remaining number of hours of the slippery conditions as well
as the maximum inlet and outlet temperatures for when the heating system in turned on.
Table 5-1. Maximum and mean heat fluxes supplied to the HHP system, required energy for anti-icing, temperature
difference on the road surface between the analytical calculation and the numerical simulation as well as the
maximum inlet/outlet temperatures of fluid (the surface is exposed to the all heat fluxes of equations of Table 3-1; i.e.
a full simulation model is run). (Standard deviation is related to mean equivalent temperature)
௦௨௧
Time Max. heat flux
Mean heat flux
Number of hours
Optimal
Max.
ݐ௦௬
 Max.
when the heating when the heating
during which the
required energy
ሺԨሻ
ܶ
ܶ

௨௧ ሺԨሻ
ሺሻ
system is on (Ȁ system is on (Ȁ heating system is on
ሺȀଶ ሻ
(h)
ଶ )
ଶ )
Year
200
71.59
1489
106.60
3
11.96
10.06
Jan.
200
68.86
454
31.26
2
7.57
5.67
Feb.
200
65.15
298
19.41
0
7.25
5.35
Mar.
173.39
54.40
56
3.05
0
4.11
2.52
Apr.
200
136.03
5
0.68
0
8.63
6.73
May
0
0.00
0
June
0
0.00
0
July
0
0.00
0
Aug.
0
0.00
0
Sept.
0
0.00
0
Oct.
172.88
54.64
30
1.64
1
6.26
4.62
Nov.
200
55.09
226
12.45
0
7.28
5.64
Dec.
200
90.73
420
38.10
0
11.96
10.06
41

As can be seen from Table 5-1, considering ݍ௫ ൌ ʹͲͲȀଶ for calculation of the optimal
heat fluxes supplied to the HHP system results in the maximum inlet temperature of 11.96 °C
and the maximum outlet temperature of 10.06°C. From Table 5-1, the annual mean heat flux for
when the heating system is turned on is 71.59 Ȁଶ . The maximum mean heat flux is 136.03
Ȁଶ which occurs during April for when the heating system is turned on only for 3 hours.
This short period of heating produces ͲǤͺȀሺଶ ή ሻ energy, which is the minimum
value for the required energy. The total number of hours during which the heating system is
turned on is 1489 hours. This time of heating produces 106.6 Ȁሺଶ ή ሻ energy which
leads to remaining only 3 hours of the slippery condition on the road surface. Even for these 3
hours, the mean difference between the surface temperature and the dew-point temperature is
0.05 °C with the standard division of 0.02 °C.
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Coupled HHP system to a Horizontal Ground Heat Exchanger (HGHE)
This chapter presents: (i) the model development of the coupled HHP system to the HGHE,
(ii) the results associated with the harvesting solar energy and anti-icing the road surface (iii)
the heat loss flowing out from the HGHE to surrounding soil and (iv) the effects of the thermal
properties of the ground materials on the efficiency of coupled HHP system to the HGHE for
harvesting solar energy and anti-icing the road surface.
6.1. Model development
A hybrid 3D numerical simulation model is used to examine the feasibility of the coupled
HHP system to the HGHE for harvesting solar energy during summer and anti-icing the road
surface during winter. The details and equations for developing the hybrid 3D numerical
simulation model of the coupled HHP system to the HGHE are presented in Section 3-1 of
Paper VII. A scheme of the coupled HHP system to the HGHE is shown in Figure 6-1.

Figure 6-1. Schematic view of the hydronic heating pavement system coupled to the horizontal ground heat
exchanger.

The mass and heat balances at the surface of the HHP system are based on Equation 3-1 and
Table 3-1. Moreover, the boundary condition at the surface of the HGHE is considered to be
adiabatic, by assuming a well insulation layer at the surface of the HGHE. The total depth of
the HHP system and the HGHE is truncated to five times of the periodic penetration depth,
݀ ሺሻ of the ground soil, see the depth of H in Figure 6-1. The value of ܪሺሻ is calculated as:
ܽൈݐ
 ܪൌ ͷ ൈ ݀ ሺሻ ൌ ͷ ൈ ට
ߨ

(6-1)

where ܽሺଶ Ȁሻ is the thermal diffusivity of the ground soil and ݐ ሺሻ is the time period. In
this study, ݐ ሺሻ is considered to be one year. The boundary condition of the ground at the depth
of H is set to be adiabatic. In this study, ܶି ሺԨሻ is the inlet temperature of fluid in the HHP
system, ܶ௨௧ି ሺԨሻ is the outlet temperature of the fluid in the HHP system, ܶି ሺԨሻ is the
inlet temperature of fluid in the HGHE and ܶ௨௧ି ሺԨሻ is the outlet temperature of the fluid in
the HGHE. It is assumed that ܶି ൌ ܶ௨௧ି and ܶ௨௧ି ൌ ܶି .
A close loop piping network is used for coupling the HHP system to the HGHE. The
materials, thickness and diameter of embedded pipes in the HHP system and the HGHE are
considered to be the same. The pipe material is made of polyethylene (PEX), the thickness of
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the pipe is 2.3 mm and the pipe outer diameter is 25 mm. For more details, the reader is referred
to Section 3-2 of Paper VII.
Criteria for slippery conditions on the road surface is the same as in Section 3-3 in this thesis.
Moreover, harvesting solar energy starts when the air temperature is above 10 ˚C. In order to
guarantee that the temperature of the fluid, circulating in the HGHE, will not cause a temperature
drop in the domain of the HGHE during the harvesting period, it is assumed that the harvesting
solar energy starts only if the inlet temperature of the fluid in the HGHE, ܶି ሺԨሻ, is higher
than the average temperature of inner surface of the pipe walls in the HGHE, ܶ௩ି ሺԨሻ. The
mentioned criteria to start harvesting solar energy can be written as:
ܶ  ͳͲԨ
൜ܶ
̴  ܶ௩̴

(6-2)

Furthermore, the temperature decreases on the road surface during harvesting period as well
as the annual required energy for anti-icing the road surface can be obtained by Equations 4-10
and 4-11, respectively. Moreover, similar to Section 4-1 of this thesis, the annual harvested solar
energy, ܧ ሺȀሺଶ  ሻሻ, can be calculated as:
ͳݎܽ݁ݕ

ܧ ൌ

ݐൌͲ

൫ܶݐݑെ ݎെܶ݅݊െ ݎ൯ ݂ݒήߨή ʹ ݎ݁݊݊݅ݎήߩ݂ ήܿǡ݂ ݀ݐ

ܿݎήݎܮ

ܶ  ͳͲԨ
൬ ൜ ܶ
൰
ି  ܶ௩ି

(6-3)

6.2. Feasibility of the coupled HHP system to the HGHE
Figure 6-2 shows the results of the numerical simulation model of the coupled HHP system
to the HGHE. The results are: (a) the harvested solar energy and the required energy for antiicing the road surface, (b) the average temperature of the domains of the HHP system and the
HGEH, (c) the remaining number of hours of the slippery conditions on the road surface during
heating period, (d) the temperature reduction on the road surface during the harvesting period
as well as (e) the inlet and outlet temperatures of fluid, circulating along the HHP system, during
harvesting and heating periods. It is important to remind that ܶି ൌ ܶ௨௧ି and ܶ௨௧ି ൌ
ܶି .
As can be seen from Figure 6-2 (a), the harvested solar energy follows a decreasing trend
from ͳʹȀሺଶ ή ሻ in the first year to ͺͷȀሺଶ ή ሻ in the 15th year. On the
contrary, the required energy for anti-icing follows an increasing trend from ͲȀሺଶ ή
ሻ to Ȁሺଶ ή ሻ over 15 years. One reason for variation of the harvested and
required energies over time is the temperature change in the domains of HHP and HGHE, see
Figure 6-2 (b). As can be seen, the average temperatures of domains rise over time. For the HHP
system, the average temperature of the domain rises steadily from ͵ǤͶԨ in the first year to
ͶǤͶԨ in the 15th year. For the domain of HGHE, the temperature variation is sharper, so as the
temperature increases from ͵ǤͺԨ in the first year to ͻǤʹԨ in the 15th year. As the temperatures
of domains increase, in particular the temperature of the HGHE domain, the energy difference
between the harvesting and heating periods decreases, see Figure 6-2 (a). For the first year, this
difference is ͷȀሺଶ ή ሻ and for the last year this difference is ͺȀሺଶ ή ሻ.
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Figure 6-2. The results associated with the coupled HHP system to the HGHE (a) the harvested solar energy and the
required energy for anti-icing (b) the average temperature through the domains of the HHP system and the HGEH, (c)
the remaining number of hours of the slippery conditions on the road surface (d) the temperature reduction on the road
surface and (e) the inlet and outlet temperatures during harvesting and heating periods.

As can be seen from Figure 6-2 (c), the remaining number of hours of the slippery conditions
on the road surface decreases from 770 h to 485 h over 15 years. The reduction in the number
of hours of the slippery conditions corresponds to the increase in the required energy for antiicing the road surface, see Figure 6-2 (a). For the last five years, from the 11th year to 15th year,
the average value of remaining number of hours of the slippery conditions is 498 h with the
standard deviation of 11 h. For this period, the average value of the required energy for antiicing is Ǥ͵Ȁሺଶ ή ሻ with the standard deviation of ͲǤ͵Ȁሺଶ ή ሻ.
Figure 6-2 (d) shows the temperature reduction on the road surface at the control point, see
Figure 5-1. As can be seen, the temperature reduction on the road surface follows a decreasing
trend from ʹǤԨ in the first year to ʹǤͳԨ in the 15th year. This reduction occurs due to the
increase in the inlet temperature of fluid over time. As can be seen from Figure 6-2 (e), the inlet
temperature of fluid, circulating along the HHP system, during harvesting period increases from
ͳʹǤԨ to ͳͶǤͻԨ over 15 years. Based on Equation 6-2, the outlet temperature of fluid is always
higher than the inlet temperature during harvesting period. For this period, the inlet temperature
of fluid increases from ͳ͵ǤʹԨ in the first year to ͳͷǤ͵Ԩ in the 15th year. Furthermore, Figure
6-2 (e) shows the inlet and outlet temperatures of the fluid during heating period. The inlet
temperature of fluid during this period varies from െͳǤͷԨ to ͲǤͳʹԨ and the outlet
temperature varies from െʹǤͶԨ to െͳǤͶԨ over 15 years. It should be noted that even if the
fluid temperature is below ͲԨ, it is able to keep the temperature of the road surface above the
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dew-point temperature and consequently prevents ice-formation on the road surface due to
condensation.
6.3. Heat loss from the HGHE to the surrounding ground
This section presents the heat loss, flowing out from the HGHE to the surrounding ground.
If it is assumed that: the same number of pipes embedded in the HHP system and the HGHE,
the width of a lane of road is 3.5 m, the distances between the pipes in the HHP system is 0.1
m, the distance between the pipes in the HGHE is 2 m, then the width of the HGHE will be 70
m. In order to calculate the heat loss, a 2D numerical simulation model is created. To simplify
the 2D numerical simulation model, it is assumed that the width of the surrounding ground is
70 m as well. The boundary conditions at the surface and the bottom of the HGHE, the bottom
of the surrounding ground and the further sides of the surrounding ground which are not
connected to the HGHE are set to be adiabatic. Furthermore, the boundary conditions at the
surface of the surrounding ground are simplified by an equivalent temperature, ܶ ሺԨሻ and an
equivalent heat transfer coefficient ݄ ሺȀሺଶ ή ሻሻ. see Section 4-2 of Paper VII for details
about ܶ ሺԨሻ and ݄ .
The scheme of the HGHE surrounded by the grounds are shown in Figure 6-3. The domain
of C-E-K-I presents the HGHE and the two domains of A-B-C-E and I-K-L-M present the
surrounding grounds.

Figure 6-3. A scheme of the HGHE including surrounding grounds and boundary conditions.

To calculate the heat loss, the average heat flow per one meter of pipes, ݍ ሺȀሻ, is
extracted from the hybrid 3D numerical simulation model of the coupled system. The heat flow
of ݍ has hourly values in line with the climate data and includes: the harvesting and heating
periods as well as the period during which the harvesting/heating is off, ݍ ൌ ͲȀ. The
values of ݍ are used as the input data for the 2D numerical simulation model of Figure 6-3.
The amount of energy loss during a year, ܧ௦௦ ሺΤሺଶ ή ሻሻ, is calculated as:
ܧ௦௦ ൌ

ʹή݃ܮ
ή ଵ௬ ݍ௦௨ ή ݀ݐ
ܹݎή ݎܮ

(6-4)

where ݍ௦௨ ሺΤሻ is the heat loss from the HGHE to the surrounding ground, ܮ ሺሻ is
the length of the HGHE, ܮ ሺሻ is the length of the HHP system and ܹ ሺሻ is the width of the
HHP system. The constant value of 2 is used due to the symmetry in the numerical simulation.
In this section, ܮ ൌ ܮ ൌ ͷͲ and ܹ ൌ ͵Ǥͷ.
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Figure 6-4 (a) shows the results of ܧ௦௦ associated with the domains of C-E-K-I, see Figure
6-3. As can be seen, the variation of ܧ௦௦ versus time does not follow a constant trend, so ܧ௦௦
increases from ͵Ǥͻ Τሺଶ ή ሻ to ͺǤͶ Τሺଶ ή ሻ over the first 10 years and then
decreases to ͺ Τሺଶ ή ሻ in the 15th year. Moreover, Figure 6-4 (a) shows the difference
between the harvested and the required energies, ܧ െ ܧ , versus time. As can be seen, the
harvested solar energy is enough, even after heat loss, to use for anti-icing the road surface.
Considering the heat loss from the domain of C-E-K-I, the harvested and required energies will
reach to a balance in the 15th year, so as ܧ െ ܧ௦௦ ൌ ܧ .

b

a

Figure 6-4. Variation of energy versus time (a) heat loss to the surrounding ground associated with the domain of CE-K-I and (b) the difference between the harvested and the required energies.

6.4. The effects of the thermal properties of ground material
Thermal properties of the ground including thermal conductivity, density and specific heat
capacity have a high contribution on the heat transfer between the pipes and surrounding soil
[23]. In this section, the thermal properties of ground related to the HGHE are replaced with the
thermal properties of clay [49], see Table 6-1.
Table 6-1. Thermal properties of the clay [49].

Material
clay

Density
(Τଷ )
1460

Thermal conductivity
(Τሺ ή ሻ)
1.3

Specific heat capacity
( Τሺ ή ሻ)
880

The results related to the harvested and required energies, the remaining number of hours of
the slippery conditions as well as the inlet and outlet temperature of fluid, circulating along the
HHP system, during harvesting and heating periods are shown in Figure 6-5.
Replacing the thermal properties of the HGHE results in an approximately 30% increase in
the harvested solar energy and an approximately 9% increase in the required energy for antiicing the road surface. An increase in the required energy for anti-icing the road surface will
result in a decrease in the remaining number of hours of the slippery conditions. Replacing the
ground of the HGHE with clay results in approximately 210 h, on average, shorter remaining
number of hours of the slippery conditions during a year. Furthermore, changing the thermal
properties of the HGHE results in, on a 15-years average, a ͳǤԨ reduction in the inlet
temperature during the harvesting period and a ʹǤͷԨ increase in the inlet temperature during
the heating period.
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Figure 6-5. The results associated with the coupled HHP system to the HGHE, the thermal properties of which is
replaced with values in Table 6-1 (a) the harvested solar energy and the required energy for anti-icing (b) the
remaining number of hours of the slippery conditions on the road surface and (c) the inlet and outlet temperatures of
fluid, circulating along the HHP system, during the harvesting and heating periods.
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Summary and conclusion
The project of “safe and ice-free roads using renewable energy”, aims at examining the
possibility of utilizing harvested solar energy during summer for anti-icing the road surface
during winter. In this thesis, five different steps were taken for studying this possibility. The
first step was to determine the accurate thermal properties of three typical asphalt concretes used
for the construction of roads in Sweden. The second step was to develop a 2D numerical
simulation model, which was able to calculate the required energy for anti-icing the road surface
and to obtain the remaining number of hours of the slippery condition on the road surface. The
2D model was a dynamic numerical simulation model, which was able to turn on/off the heating
system based on the slippery condition on the road surface. However, the 2D model was not
able to calculate the fluid temperature decline along the pipes and also not able to investigate
the effects of the fluid flow rate on the efficiency of the HHP system. In order to solve this
problem, a hybrid 3D numerical simulation model was developed. The hybrid 3D numerical
simulation model was developed by serially connecting 2D numerical simulation model. The
2D models were connected to each other through the convective heat transfer along the pipe.
Moreover, the hybrid 3D numerical simulation model was used: (i) to obtain the minimum
required energy for totally preventing ice formation on the road surface and (ii) to investigate
the feasibility of the coupled HHP system to the HGHE.
The obtained results in this study can be summarized as:
a) Thermal property of asphalt concrete:
The thermal conductivity of the asphalt concretes varies from 1 W/m·K to 3 W/m·K,
depending on the aggregates type, bitumen content and air voids. The thermal conductivity of
the asphalt concrete will increase by decreasing the air void content and using aggregates with
higher thermal conductivities.
b) 2D numerical simulation model:
Using the 2D numerical simulation model, it was obtained that the annual required energy
for anti-icing the road surface is 75 Ȁሺଶ  ሻ and the remaining number of hours of the
slippery condition is 128 h. It is important to mention that for running the 2D numerical
simulation model of the HHP system, the fluid temperature was set to be 6 ˚C constant during
which the heating system was turned on. The control point for checking whether the road surface
is slippery or not was located on the road surface between two pipes.
c) Hybrid 3D numerical simulation model:
Using the hybrid 3D numerical simulation model of the HHP system and setting the inlet
temperature of the fluid to 6 ˚C, it was obtained that the annual harvested solar energy
considering to ܶ௧ ൌ Ԩ is ʹͻͲȀሺଶ  ሻ, the annual required energy for anti-icing
the road surface is ͺͶȀሺଶ  ሻ, the remaining number of hours of the slippery
condition is 217 h, the average outlet temperature of the fluid during harvesting period is 6.8 ˚C
and that during anti-icing period is 2.3 ˚C. For running the hybrid 3D model of the HHP system,
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the control point, for checking whether the road surface is slippery or not, was located on the
road surface between two pipes above the outlet section.
Using the 3D numerical simulation model of the BTES with 20 boreholes and 200 m depth
and analyzing the temperature increase/decrease at the borehole walls, it was obtained that the
BTES can operate consistently and reliably on long term if the annual harvested solar energy in
summer is higher than the annual required energy for anti-icing the road surface in winter. For
the inlet fluid temperature lower than or equal to ͳʹԨ, the harvested solar energy was higher
than the required energy for anti-icing the road surface.
d) Minimum required energy for anti-icing the road surface:
The superposition principle is used to separate the numerical simulation model into two
fundamental sub-models: (i) a model with supplying heat to the HHP system and (ii) a model
without any heat supply. A linear programming optimization was applied to obtain the minimum
required energy for anti-icing the road surface. Furthermore, the maximum heat flux supplied
to the HHP system is constrained to be 200 Τଶ . The results showed that the minimum annual
required energy for anti-icing the road surface is 107 Ȁሺଶ  ሻ. Supplying this amount
of energy to the HHP system results in remaining only three hours of slippery conditions on the
road surface.
e) Feasibility of the coupled HHP system to the HGHE:
A hybrid 3D numerical simulation model is used to simulate the coupled HHP system to the
HGHE. The simulation model is run for 15 years to find out the long-term operation of the
coupled system. A 2D numerical simulation model of the HGHE and the surrounding soil was
created to obtain the heat loss flowing out from the storage to the surrounding ground.
The results showed that the harvested solar energy is enough for heating the road surface
even after heat loss. The amount of harvested solar energy during summer is, on average,
ͳͲͲȀሺଶ ή ሻ. Less than 10% of this energy is lost to the surrounding ground. In
addition, the required energy for anti-icing the road surface is ͷȀሺଶ ή ሻ. Applying
this amount of energy for anti-icing the road surface results in remaining of 580 hours of slippery
conditions on the road surface, on an annual average.
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Some suggestions for future work
In this thesis, the maximum obtained thermal conductivity of asphalt concrete was 3
W/(m·K) using the numerical model of the asphalt concrete microstructure. The future study
can investigate the possibility of enhancing the thermal conductivity of asphalt concrete. For
example, it should be examined how using slag aggregates to fabricate asphalt concrete can
influence the thermal conductivity.
In this thesis, the effects of different parameters related to the HHP system were examined
on the anti-icing performance of the HHP system. However, the investigation was done
individually for each parameter. In future work, it is necessary to find out the combined effect
of the parameters on the efficiency of the HHP system, e.g. the influence of enhancing the
thermal conductivity of road layers and reducing the fluid temperature on the efficiency of the
HHP system.
The HHP is a large-scale infrastructural system, for which, its sustainability is important
from different aspects such as environmental impacts, road safety and lifecycle cost. Future
studies should investigate the evaluation of economic and environmental performance of the
HHP system by means of environmental Life Cycle Assessment (LCA) and economic Life
Cycle Cost Analysis (LCCA).
Furthermore, the mechanical performance of the HHP system under the traffic load is of
interest subject to study. Installing the HHP system might cause damage to and even collapse
of the road. For example, the pipes can burst under heavy traffic loads. The fluid, circulating
through the pipes, will leak into the road and can result in damage to the road layers. Also,
temperature difference between two points of the road, induced by the heating system, can cause
thermal cracks.
Finally, the obtained data from the test site of Östersund will be of interest to validate the
numerical simulation model and also to develop the HHP system performance under real
conditions.
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