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Abstract. A renewable method to mitigate the slippery condition on road sur-
faces is to use Hydronic Heating Pavement (HHP) system. The HHP system 
starts heating the road when the surface temperature is below both of the dew-
point and the water freezing temperatures. Furthermore, in order to improve the 
anti-icing performance of the HHP system, it is necessary to pre-heat the road 
surface. The aims of this study are to evaluate the effects of : (i) pre-heating the 
road surface and (ii) varying the fluid temperature, when the road is pre-heated, 
on the anti-icing performance of the HHP system. The road surface was pre-
heated by adding a temperature threshold (from 0°C to 1.6°C) to the freezing 
and dew-point temperatures. A two- dimensional numerical simulation model 
was developed using finite element method in order to calculate the annual re-
quired energy and remaining hours of the slippery conditions on the road sur-
face. The numerical solver was validated by an analytical solution associated 
with an infinite region bounded internally by a pipe with a constant tempera-
ture. In order to evaluate the anti-icing performance of the HHP system, the 
climate data were selected from Östersund, an area in middle of Sweden with 
cold and long winter period. The results showed that running the HHP system 
by considering the temperature threshold of 0.1°C for both freezing and dew-
point temperatures led to approximately 110 h shorter slippery conditions on the 
road surface, compared to the conditions without pre-heating.   

Keywords: Hydronic heating pavement, Anti-icing, Pre-heating, Fluid tem-
perature, Required energy, Slippery condition 

1 Introduction 

In cold regions, winter road maintenance is a necessary service to enhance the level of 
traffic safety and maintain the accessibility of roads. Traditionally, salting and sand-
ing are main methods to control the friction of winter roads. 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 [1]. Salting and sanding are not environmentally friendly, i.e. they 
damage surrounding vegetation, cause corrosion of road infrastructures and salifica-
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tion of fresh water [2]. Moreover, the consumptions of sand and salt, used for winter 
road maintenance in Scandinavian countries, are over 600,000 ton and 1,700,000 ton, 
respectively [3]. Moreover, in the traditional method, before the need for winter road 
maintenance is reported and authorities start mitigating the slippery conditions, a 
number of ice/snow induced accidents could occur [4]. Considering the negative im-
pacts of salting and sanding on the environment, their high amount of consumption 
and delay in response to the presence of the slippery condition, there is a need for 
alternative solutions. A renewable alternative is to use a Hydronic Heating Pavement 
(HHP) system. The HHP system consists of embedded pipes in the road. A fluid as 
thermal energy carrier circulates through the pipes. In summer, the energy is harvest-
ed from the road surface and saved in seasonal thermal energy storages. In winter, the 
energy is pumped back to the embedded pipes in order to mitigate the slippery condi-
tions. 
Installing hydronic system in roads is not a new technology. In 1948, the earliest sys-
tem, which worked based on geothermal hot water, was installed in Oregon in USA 
and has been on operation for 50 years [2]. Another successful example for the HHP 
system is the SERSO project in Switzerland, installed on a bridge since 1994 [5]. 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 approximate-
ly 1,000 hours in summer to harvest energy and another 1,000 hours in winter to alle-
viate the slippery conditions [6].  
Although there are additional prosperous examples for the HHP system, some ques-
tions are still remaining. For example, how the heating control system associated with 
the HHP system can affect the anti-icing performance of the road. Moreover, the ear-
lier numerical models, used to simulate the HHP system, aimed at either keeping the 
road surface above 0°C [6] or heating the road after that the ice is formed on the sur-
face [7].   
The aims of this study are to evaluate the effects of: (i) pre-heating the road and (ii) 
varying the fluid temperature, when the road is pre-heated, on the anti-icing perfor-
mance of the HHP system. A two dimensional (2-D) numerical model was developed 
based on the Finite Element Method (FEM) in COMSOL Multiphysics 5.2. The nu-
merical simulation was used to calculate the annual required energy and remaining 
hours of the slippery conditions on the road surface.   

2 Theory 

This section presents mass and heat balances of the road surface. The equations are 
derived from [8].  

2.1 Mass balance 

It is assumed that all snowfall is immediately removed from the road surface, rainfall 
is drained well. Also, the sublimation and deposition are neglected. In this study, mass 
balance of the road surface is based on condensation and evaporation as Equation 1: 



3 

 
𝑑𝑚𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒

"

𝑑𝑡
= �̇�𝑐𝑜𝑛

" − �̇�𝑒𝑣𝑝
"  (1) 

𝑚𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒
"  (kg m2⁄ ) is the mass balance of water on the road surface, t (s) is the time, 

�̇�𝑐𝑜𝑛
"  (kg (m2⁄ ∙ s)) is the condensation rate to the surface and �̇�𝑒𝑣𝑝

"  (kg (m2⁄ ∙ s)) is 
the evaporation rate from the surface. 

2.2 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, 𝑞𝑠𝑛𝑜𝑤, related to 
the heat capacity of snow is considered in the heat balance. As can be seen in Fig. 1, 
the heat balance of the road surface consists of seven heat fluxes, including: conduc-
tive heat flow from ground and pipes, 𝑞𝑐𝑜𝑛𝑑, convective heat flow from the ambient 
air, 𝑞𝑐𝑜𝑛𝑣, sensible heat of rain, 𝑞𝑟𝑎𝑖𝑛, sensible heat of snow, 𝑞𝑠𝑛𝑜𝑤, long-wave radia-
tion, 𝑞𝑙𝑤, short-wave radiation, 𝑞𝑠𝑤, as well as the latent heat of evaporation and con-
densation, 𝑞𝑒𝑣𝑝/𝑐𝑜𝑛𝑑. The heat balance is written as: 

 𝑞𝑐𝑜𝑛𝑑 + 𝑞𝑐𝑜𝑛𝑣 + 𝑞𝑟𝑎𝑖𝑛 + 𝑞𝑠𝑛𝑜𝑤 + 𝑞𝑙𝑤 + 𝑞𝑠𝑤 + 𝑞𝑒𝑣𝑝/𝑐𝑜𝑛 = 0 (2) 

 
Fig. 1. Heat balance of the road surface. 

In Fig. 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 1 presents the details related to each heat flux. 𝜆 (W/(m·K)) is the thermal con-
ductivity of the road materials (treated as constant by moisture and temperature varia-
tions), 𝑇 (K) is the temperature, 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 (K) is the ambient air temperature, 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 
(K) is the road surface temperature, 𝑇𝑠𝑘𝑦 (K) is the sky temperature, 𝜀 (-) is the emis-
sivity of the surface, 𝛼 (-) is the solar absorptivity of the surface, 𝜎 (W/(m2 ∙ K4)) is 
the Stefan-Boltzmann constant, I (W/m2) is the solar irradiation, ℎ𝑐 (W/(m2·K)) is the 
convective heat transfer coefficient, ℎ𝑒 (J/kg) is the latent heat of evaporation of wa-
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ter, 𝛽 (m/s) is the moisture transfer coefficient, 𝜌𝑎𝑐𝑝𝑎  (J/(m3·K)) is the volumetric 
heat capacity of the ambient air at atmospheric pressure, 𝑣𝑎𝑚𝑏𝑖𝑒𝑛𝑡 (kg/m3) is the hu-
midity by the volume of the ambient air, 𝑣𝑠 (kg/m3) is the humidity by the volume of 
the saturated air at the surface temperature, �̇�𝑠𝑛𝑜𝑤 (kg/(m2·s)) is the snowfall rate per 
square meter of the surface, �̇�𝑟𝑎𝑖𝑛 (kg/(m2·s)) is the rainfall rate per square meter of 
the surface, 𝑐𝑝−𝑠𝑛𝑜𝑤  (J/(kg · K))  is the heat capacity of ice crystals in snow and 
𝑐𝑝−𝑤𝑎𝑡𝑒𝑟 (J/(kg · K)) is the heat capacity of water. 

Table 1. Different heat fluxes of the road surface. 
Heat transfer process Equation 

Conductive heat 𝑞𝑐𝑜𝑛𝑑 = −𝜆 ∙ ∇𝑇                                      (3) 
Convective heat 𝑞𝑐𝑜𝑛𝑣 = ℎ𝑐 · (𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 − 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒)                          (4) 
Long-wave radiation 𝑞𝑙𝑤 = 𝜀 · 𝜎 · (𝑇𝑠𝑘𝑦

4 − 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒
4 )                                (5) 

Short-wave radiation 𝑞𝑠𝑤 = 𝛼 · 𝐼                                       (6) 

Evaporation/Condensation 
𝑞𝑒𝑣𝑝/𝑐𝑜𝑛 = ℎ𝑒 · 𝛽. (𝑣𝑎𝑚𝑏𝑖𝑒𝑛𝑡 − 𝑣𝑠)  
where (𝛽 = ℎ𝑐

𝜌𝑎𝑐𝑝𝑎
)                                        (7) 

Sensible heat flux of snow 𝑞𝑠𝑛𝑜𝑤 = �̇�𝑠𝑛𝑜𝑤 · 𝑐𝑝−𝑠𝑛𝑜𝑤 ∙ (𝑇𝑎𝑚𝑏𝑖𝑛𝑒𝑡 − 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒)     (8) 
Sensible heat flux of rain 𝑞𝑟𝑎𝑖𝑛 = �̇�𝑟𝑎𝑖𝑛 · 𝑐𝑝−𝑤𝑎𝑡𝑒𝑟 · (𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 − 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒)       (9) 

In Equation 4, ℎ𝑐 is calculated as:  

 ℎ𝑐 = 6 + 4 · 𝑣        (𝑣 ≤ 5 (m s⁄ )) 

 ℎ𝑐 = 7.41 · 𝑣0.78   (𝑣 > 5 (m s)⁄ ) (10) 

where 𝑣 (m/s) is the wind speed. The climate data, used in this study, present the 
wind speed at the height of 10 m. However, the required value for the wind speed 
should be closer to the road surface. Therefore, the measured wind speed at the height 
of 10 m is converted to wind speed at the height of 1 m above the surface. For an 
open and flat area, the wind speed at different heights is obtained as:  

 𝑣𝑧 = 0.68 · 𝑣𝑚 · 𝑧0.17  (11) 

where 𝑣𝑧 (m/s) is the wind speed at the height of z (m) and 𝑣𝑚 (m/s) is the wind 
speed at the height of 10 m. 

3 Validation of the numerical solver by analytical solution 

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 and the numerical simulation. The analytical solution is based on 
Equations 12-17 [9].  

 𝑅𝑝 = 1
2𝜋𝜆𝑝𝑖𝑝𝑒

ln (𝑟𝑜𝑢𝑡
𝑟𝑖𝑛

) (12) 
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𝑇𝑟𝑜𝑎𝑑(𝑡)−𝑇𝑝𝑖𝑝𝑒

𝑇𝑟𝑜𝑎𝑑(0)−𝑇𝑝𝑖𝑝𝑒
= 𝑢 ( 𝑟

𝑟𝑜𝑢𝑡
, 𝜏, 𝛽)         if  

𝑟
𝑟𝑜𝑢𝑡

> 1   (13) 

 𝑢 = 2
𝜋 ∫

𝑌0(𝑠𝑟0)[(𝑠/𝛽)𝐽1(𝑠)+𝐽0(𝑠)]−𝐽0(𝑠𝑟0)[(𝑠/𝛽)𝑌1(𝑠)+𝑌0(𝑠)]

[(𝑠/𝛽)𝐽1(𝑠)+𝐽0(𝑠)]2+[(𝑠/𝛽)𝑌1(𝑠)+𝑌0(𝑠)]2

∞
0 ∙ 𝑒−𝜏𝑠2

𝑠 𝑑𝑠   (14) 

For 𝑟 𝑟0𝑢𝑡⁄ =1, 𝑢 (-) will be written as:  

 𝑢𝑠 = 𝜙(𝜏, 𝛽) = 4
𝛽𝜋2 ∫ 1

[(𝑠/𝛽)𝐽1(𝑠)+𝐽0(𝑠)]2+[(𝑠/𝛽)𝑌1(𝑠)+𝑌0(𝑠)]2

∞
0 ∙ 𝑒−𝜏𝑠2

𝑠 𝑑𝑠  (15) 

The heat flow, q (W/m), from the pipe becomes:  

 𝑞(𝑡) = 2𝜋𝜆 (𝑇𝑓 − 𝑇𝑟𝑜𝑎𝑑(0)) ∙ 𝛽 ∙ 𝜙(𝜏, 𝛽)    (16) 

The integrated heat loss from the pipe, E (J/m), in time becomes: 

 𝐸(𝑡) = 𝜌𝑐𝑟0𝑢𝑡
2 (𝑇𝑓 − 𝑇𝑟𝑜𝑎𝑑(0)) ∙ 2𝜋𝛽 ∙ ∫ 𝜙(𝜏, 𝛽)𝑑𝜏𝜏

0     (17) 

where J and Y are Bessel functions of the first and second kinds, 𝑎 = 𝜆
𝜌𝑐 , 𝜏 = 𝑎𝑡

𝑟𝑜𝑢𝑡2 ,

𝛽 = 1
2𝜋𝜆𝑅𝑝

,  𝑇𝑟𝑜𝑎𝑑(𝑡) (K) is the temperature outside the pipe at the depth D (m) and 

time t (s), 𝑇𝑟𝑜𝑎𝑑(0) (K) is the initial temperature of the road and pipe materials, 𝑇𝑝𝑖𝑝𝑒 
(K) is the fluid temperature, 𝑟𝑜𝑢𝑡 (m) and 𝑟𝑖𝑛 (m) are the outer and inner radii of the 
pipe, λ (W/m·K) is the thermal conductivity, ρc (J/m3·K) is the volumetric heat capac-
ity and 𝑅𝑝 (m·K/W) is the thermal resistance of the pipe.  A scheme of the model 
used for the analytical solution is shown in Fig. 2.  

 
Fig. 2. Scheme of the model used for analytical solution. 

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 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%, 
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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.  

Table 2. Comparison between analytical and numerical simulation  
Relative error= (Numerical result/Analytical result-1)·100. 

 Heat flow, q (W/m) Energy, E (kWh/m) 
Time 
(min) 

Analytical 
solution 

Numerical 
solution 

Relative 
error (%) 

Analytical 
solution 

Numerical 
solution 

Relative 
error (%) 

10 46.063 47.883 3.95 0.0094 0.0099 5.64 
20 40.321 41.400 2.68 0.0165 0.0171 3.58 
30 37.442 38.357 2.44 0.023 0.0235 2.28 
40 35.593 36.333 2.08 0.0291 0.0296 1.77 
50 34.259 34.815 1.62 0.0349 0.0355 1.66 
60 33.231 33.668 1.32 0.0405 0.0411 1.60 

120 29.769 29.871 0.34 0.0718 0.0727 1.32 

4 Numerical simulation of the HHP system 

In this section, the HHP system was numerically simulated. The climate data were 
obtained from Östersund, an area in middle of Sweden. The area has cold and long 
winter periods which is interesting for the simulation of anti-icing performance of the 
HHP system. The climate data included: dry-bulb/air temperature (°C), relative hu-
midity (%), wind speed at the height of 10 m above the road surface (m/s), dew-point 
temperature (°C), incoming long-wave radiation (W/m2), short-wave radiation (W/m2) 
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 [10]. To start the investigation, an arbitrary geometry of the HHP system was 
selected for the simulation. Furthermore, 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 tem-
perature of the ambient air. The data related to the road and pipes, used for the numer-
ical simulation, are presented in Table 3 and Table 4.               

Table 3. Materials properties of the road layers [11]. 

Materials Thickness 
(mm) 

Thermal Conduc-
tivity (W/(m·K)) 

Density 
(kg/m3) 

Specific Heat Capacity 
(J/(kg·K)) 

Wearing layer 40 2.24 2415 848 
Binder layer 60 1.44 2577 822 
Base layer 100 1.51 2582 894 
Subbase layer 80 0.7 1700 900 
Subgrade layer 1000 0.8 1400 900 
Ground 3720 0.6 1300 600 
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Table 4. Information about the simulated HHP system. 
Parameter Value Unit 
Thermal conductivity of pipe materials  0.4 W/(m·K) 
Density of pipe materials 925 kg/m3 
Specific heat capacity of pipe materials 2300 J/(kg·K) 
Outer diameter of the embedded pipes 25 mm 
Pipe thickness 2.3 mm 
Distance between the pipes 100 mm 
Embedded depth (from center of the pipe to the surface) 87.5 mm 
Emissivity of the road surface 0.89 - 
Absorptivity of the road surface 0.78 - 
Fluid Temperature  6 °C 

Condensation occurs on the road surface if the surface temperature, 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒, is lower 
than the dew-point temperature of ambient air, 𝑇𝑑𝑒𝑤 . If 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒  is lower than the 
freezing temperature of water, 𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔, then the moisture on the road will turn to ice. 
Therefore, if 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 < 0℃ , the HHP system is to keep the surface temperature 
above 𝑇𝑑𝑒𝑤 to avoid condensation. Moreover, to prevent ice formation on the road 
surface before the heating starts, the HHP system is turned on earlier than 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 is 
below 𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔 and 𝑇𝑑𝑒𝑤. 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:  

 {
𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 < 𝑇𝑑𝑒𝑤 + ∆𝑇𝑑𝑒𝑤              
𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 < 𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔 + ∆𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔

     where   (∆𝑇𝑑𝑒𝑤 and  ∆𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔) ≥ 0℃ (18) 

here, 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 is the surface temperature in the middle between the pipes (point C in 
Fig. 1). ∆𝑇𝑑𝑒𝑤 and ∆𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔 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 tem-
perature drop of the fluid along the pipe is assumed to be negligible. By calculating 
the heat flow from a single pipe, 𝑞𝑝𝑖𝑝𝑒−ℎ𝑒𝑎𝑡𝑖𝑛𝑔 (W/m), the annual required energy for 
anti-icing the road surface, 𝐸𝑟 (kWh/(m2·year)), is calculated as: 

 𝐸𝑟 = 1
𝑐 · ∫ 𝑞𝑝𝑖𝑝𝑒−ℎ𝑒𝑎𝑡𝑖𝑛𝑔 · 𝑑𝑡1 𝑦𝑒𝑎𝑟

𝑡=0  (19) 

where c (m) is the distance between the pipes. Furthermore, the number of hours of 
the slippery condition on the road surface, 𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦 (h), are calculated when the tem-
perature of the road surface is lower than both 𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔 and 𝑇𝑑𝑒𝑤. 

 𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦 = ∫ 𝑓 ∙ 𝑑𝑡1 𝑦𝑒𝑎𝑟
0    (𝑓 = 1   𝑖𝑓 (

𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 < 𝑇𝑑𝑒𝑤
𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 < 𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔

)   else   𝑓 = 0) (20) 

Moreover, in order to investigate how different values of  ∆𝑇𝑑𝑒𝑤 and ∆𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔 can 
affect the anti-icing performance of the HHP system, the parameter of SR (-) is de-
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fined as the relative difference of remaining hours of slippery condition, 
𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦−𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦_𝑖𝑛𝑖𝑡𝑎𝑙

𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦_𝑖𝑛𝑖𝑡𝑎𝑙
 (−)  to the relative difference of annual required energy, 

𝐸𝑟−𝐸𝑟_𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝐸𝑟_𝑖𝑛𝑖𝑡𝑖𝑎𝑙

 (−), see Equation 21. 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.   

 𝑆𝑅 =

𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦−𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦_𝑖𝑛𝑖𝑡𝑎𝑙
𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦_𝑖𝑛𝑖𝑡𝑎𝑙
𝐸𝑟−𝐸𝑟_𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝐸𝑟_𝑖𝑛𝑖𝑡𝑖𝑎𝑙

 (21) 

5 Results 

Table 5 presents the annual required energy for anti-icing the road surface and the 
mean heat flow from a single pipe for ∆𝑇𝑑𝑒𝑤 = 0℃ and ∆𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔 = 0℃ . As can be 
seen, 75.3 kWh/(m2·year) energy is annually required to mitigate the slippery condi-
tions on the road surface in Östersund. Furthermore, the mean heat flow from a single 
pipe for anti-icing is 587.8 W/m2, when the system is running. Using HHP system 
reduces down the numbers of hours of slippery conditions by 94%, from 2009.1 h to 
127.6 h.  

Table 5. Annual required energy for anti-icing and number of hours of slippery conditions on 
the road surface with and without heating system  (Boundary conditions and geometry of the 
HHP system are presented in Tables 3 and 4). 

Annual required 
energy for anti-icing 
the road surface, 𝐸𝑟  
(kWh/(m2 · year)) 

Mean heat flow from a 
single pipe,  

𝑞𝑝𝑖𝑝𝑒−ℎ𝑒𝑎𝑡𝑖𝑛𝑔 (W/m2) 
when the system is on 

Remaining 
slippery hours 

without heating 
the road (h) 

Remaining hours of 
the slippery condi-

tions using the HHP 
system, 𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦 (h) 

75.3 587.8  2009.1 127.6  

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 threshold 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 Fig. 3.  
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Fig. 3. 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. 

By considering 𝐸𝑟_𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 75.3 kWh/(m2 · year)  and 𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦_𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 127.6 h , the 
relative difference of the remaining hours of slippery condition to the relative differ-
ence of the annual required energy, SR (-), for each specific combination of ∆𝑇𝑑𝑒𝑤 
and ∆𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔  will be as  Fig. 4.  

 
Fig. 4. 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 Fig. 4, the value of SR is more sensitive to variation of ∆𝑇𝑑𝑒𝑤 
compared to that of ∆𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔 . For example, keeping ∆𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔 = 0.1℃ constant 
and varying ∆𝑇𝑑𝑒𝑤  from 0.1℃ to 0.2℃ results in a 45% reduction in the SR, while 
keeping ∆𝑇𝑑𝑒𝑤 = 0.1℃ constant and varying ∆𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔 from 0.1℃ to 0.2℃ results in 
only a 3.5% reduction in the SR. It is worth mentioning that the sensitivity of SR to 
variations of ∆𝑇𝑑𝑒𝑤 and ∆𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔 reduces down by increasing their values from 0℃ 
to 1.6℃ . The minimum value of SR is 0.9 which is related to ∆𝑇𝑑𝑒𝑤 =
1.6℃ and ∆𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔 = 1.6℃. In addition, the maximum value of SR is 14.8 which is 
related to ∆𝑇𝑑𝑒𝑤 = 0.1℃ and ∆𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔 = 0℃.  

a b 
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The recommended fluid temperature for the HHP system is in the range of 25°C to 50 
°C [2]. This range of temperature is acceptable for snow melting but not for anti-icing 
due to high consumption of energy. In this study, seven lower fluid temperatures in-
cluding: 4℃, 6℃, 8℃, 10℃, 12℃, 16℃ and 20℃ were taken into account in order to 
investigate the effects of fluid temperature on the anti-icing performance of the HHP 
system, when the road surface was pre-heated. Moreover, three pre-heating conditions 
which showed the higher impacts on the anti-icing performance of the HHP system 
were selected, including ∆𝑇𝑑𝑒𝑤 = 0.1℃ and ∆𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔 = 0℃, 0.1℃ and 0.2℃ , see 
Fig. 4. The results associated with the varying the fluid temperature, when the road is 
pre-heated, on the annual required energy and the remaining hours of the slippery 
conditions are shown in Fig. 5.  

       
Fig. 5.  The effects of varying the fluid temperature, when the road is pre-heated, on the anti-
icing performance of the HHP system (a) the annual required energy (b) the remaining slippery 
conditions on the road surface. 

As can be seen from Fig. 5, increasing the fluid temperature causes an increase in the 
annual required energy and a decrease in the number of hours of the slippery condi-
tions. In order to evaluate how pre-heating can enhance the performance of the HHP 
system, it is necessary to calculate the annual required energy, 𝐸𝑟_𝑖𝑛𝑖𝑡𝑖𝑎𝑙, and the re-
maining slippery hours, 𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦_𝑖𝑛𝑖𝑡𝑖𝑎𝑙, for each fluid temperature for when there is 
no pre-heating. Fig. 6 (a), shows the results related to the 𝐸𝑟_𝑖𝑛𝑖𝑡𝑖𝑎𝑙 and 𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦_𝑖𝑛𝑖𝑡𝑖𝑎𝑙. 
As can be seen, the 𝐸𝑟_𝑖𝑛𝑖𝑡𝑖𝑎𝑙 values are increasing from 73.4 kWh/(m2·year) to 84.2 
kWh/(m2·year) and the 𝑡𝑠𝑙𝑖𝑝𝑝𝑒𝑟𝑦_𝑖𝑛𝑖𝑡𝑖𝑎𝑙 values are decreasing from 169.6 h to 52.5 h, 
by increasing fluid temperature from 4℃ to 20℃. Considering Equation 21, the SR 
values for the seven fluid temperatures when the road is pre-heated by three different 
conditions will be as Fig. 6 (b).  

 

a b 
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Fig. 6. The effects of fluid temperature on the anti-icing performance of the HHP system (a) the 
annual required energy and the remaining slippery hours without pre-heating, (b) the relative 
difference of remaining slippery hours to the relative difference of annual required energy with 
pre-heating 

As it is shown in Fig. 6 (b), the value of SR does not follow any special trend when 
the fluid temperature is varying. Considering all three pre-heating conditions, increas-
ing the fluid temperature from 4℃ to 10℃ results in a 13% increase in SR. However, 
increasing the temperature from 10℃ to 16℃ results in a 7% decrease in SR. Also, 
changing the fluid temperature from 16℃ to 20℃ leads to a 6% increase in SR. The 
minimum value of SR is 12.8, the maximum value is 16.4 and the mean value is 14.8. 
Comparing Fig. 4 and Fig. 6 (b), the value of SR is not very sensitive to the variations 
of fluid temperatures, compared to the variations of pre-heating conditions.  

6 Conclusion 

When the road surface temperature is lower than both of the dew-point and the water 
freezing temperatures, the HHP system is turned on to mitigate the slippery condi-
tions. Furthermore, in order to achieve the highest anti-icing performance of the HHP 
system, it is of importance to pre-heat the road surface. In this study, the effects of 
pre-heating the road surface on the anti-icing performance of the HHP system were 
investigated. The road surface was pre-heated by adding a temperature threshold 
(from 0 ℃ to 1.6 ℃) to the freezing and dew-point temperatures; i.e. the heating sys-
tem was turned on before the surface temperature was lower than both of the dew-
point and the water freezing temperatures. A 2-D numerical model was developed, 
using the FEM, to calculate the annual required energy and the remaining slippery 
hours of the road surface. The results of the numerical simulation showed that pre-
heating the road surface by adding the temperature threshold to the dew-point temper-
ature led to higher reduction in the remaining slippery hours, compared to adding that 
to the freezing temperature. For example, pre-heating the road by adding 0.1℃ to the 

a b 
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dew-point temperature led to 86 hours shorter slippery conditions, while pre-heating 
the road by adding 0.1℃ to the freezing temperature led to only 4 hours shorter slip-
pery conditions. Furthermore, the effects of varying the fluid temperature were inves-
tigated on the anti-icing performance of the HHP system, when the road was pre-
heated. The results showed that pre-heating the road improved the anti-icing perfor-
mance of the HHP system, regardless of the fluid temperatures. This study was done 
for a 2-D cross section of road and by assuming that the fluid temperature decline 
along the pipe is negligible. Further investigations are needed to find out how pre-
heating can affect the required energy and the remaining slippery hours on the road 
surface if there is a temperature decline through the pipe.  
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