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ABSTRACT: Thermo-active roads are a relatively new type of energy geostructures, which involves two sets of horizontally placed 

pipes at different depths to exchange heat between the pavement surface and the ground. Thereby, thermal energy can be stored into 

the ground beneath the road in summer and can be extracted and used to heat up the road surface in winter. This research developed a 

detailed three-dimensional (3D) finite-element (FE) model in COMSOL Multiphysics to explore the thermal performance of a thermo-

active road. The 3D FE model developed was extensively validated against a field test data and then the system was optimised with 

key design parameters to raise energy harvesting and extracting efficiency of the geothermal system. Results indicate that the energy 

storage and release efficiencies can be increased by factors of 3.01 and 1.60, respectively, when an insulation layer is applied, and by 

factors of 3.51 and 1.46, respectively, when no insulation layer is used. 
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1 INTRODUCTION 

Roads are vital infrastructure, facilitating economic growth and 

enabling connectivity within communities. However, freeze-

thaw cycles present significant challenges to road 

infrastructure, undermining the structural integrity of 

pavements. These cycles accelerate the deterioration of road 

surfaces, leading to widespread cracking, potholes, and a 

reduced lifespan of pavements (Si et al.2014). This degradation 

not only increases the cost of road maintenance and vehicle 

repairs but also contributes to higher greenhouse gas (GHG) 

emissions, exacerbating environmental concerns (Ogwang 

2019). Therefore, the development of innovative solutions to 

mitigate these impacts is essential to ensure the longevity and 

efficiency of transportation networks. 

One promising approach to addressing these issues is to 

use thermo-active roads (Gu et al. 2022), which regulate 

pavement surface temperatures to reduce damage caused by 

freeze-thaw cycles and other seasonal fluctuations. Thermo-

active roads are designed to control pavement temperatures 

through the incorporation of energy systems such as ground 

source heat pumps (GSHP) or self-heating loops, potentially 

reducing the impact of rutting in the summer and cracking in 

the winter. While several studies have explored the use of such 

systems for purposes like snow melting (Zhao et al.2020) and 

surface de-icing (Bowers et al. 2014), there is a gap in 

understanding the broader application of these technologies for 

temperature regulation throughout the year. 

This research develops a validated numerical model for a 

thermo-active road aiming at investigating the system heat 

harvesting and pavement temperature regulation. The detailed 

3D FE numerical model is applied to simulate the thermal 

performance of the thermo-active road in a field test in 

Toddington, UK (Carder et al. 2007), incorporating the 

governing equations of boundaries and interfaces. The 

temperature change at different layers has been plotted to 

analyse the performance of the system. The energy storage and 

release in different seasons are calculated with the varying fluid 

temperature. After the validation, key parameters are 

considered as variables to optimise the thermal performance of 

the system (Hou et al. 2022; Pu et al. 2018). This study focuses 

on revealing the feasibility to store thermal energy into the 

ground beneath the thermo-active road in summer for heating 

up the road surface in winter. On this basis, this study also 

shows that this system can regulate road temperature, thereby 

reducing surface damage and extending its lifespan. 

2 METHODOLOGY 

2.1 Governing Equations for Multiphysics Processes 

The modelling of the thermo-active road was implemented in 

the FE package, COMSOL Multiphysics (COMSOL 6.2, 2024). 

The governing equations for fluid flow and heat transfer are 

numerically coupled to capture the heat transfer between the 

circulating fluid in the pipes and surrounding ground. 

Fourier’s Law governs the principle of heat transfer 

between soil and pavement layers, which can be written as: 

𝜌𝐶𝑝
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where u  is the fluid velocity; 𝜌 , 𝑘  and 𝐶𝑝  are the density, 

thermal conductivity and specific heat capacity respectively; 𝑇 

represents the temperature, while 𝑄 represents the heat source; 

𝑄𝑡𝑒𝑑 is thermoelastic damping. 

The momentum and continuity equations for flow in a pipe 

are given by Barnard et al. (1966): 
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where 𝑢 is the fluid velocity while 𝑝 is the fluid pressure, and 

𝜌 is the density of the fluid; 𝑓𝐷, A, and 𝑑ℎ represent the Darcy 

friction factor, the cross-section area and mean hydraulic 

diameter of the pipe respectively, and 𝐹 is a volume force term. 

As for the governing equation for heat transfer within the 

fluid, it can be written as: 
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where 𝑄𝑤𝑎𝑙𝑙  represents the heat exchange through the pipe 

wall. 

The heat transfer in soil, pavement layers and pipe flow, is 

coupled through the temperature field, for the latter using 𝑄𝑤𝑎𝑙𝑙 

to link the fluid temperature inside the pipes to the soil 

temperature at the external pipe wall. 

2.2 Model Development 

The configuration comprises two sets of pipe arrays that work 

as ground heat exchangers (GHEs). Both collector and storage 

pipe arrays are comprised of 10 pipes with a length of 30 m 

along the direction of the road and 5 m in width both. In this 

study, the pipe arrays are referred to as either collector pipes or 

storage pipes according to their depth. The 3D illustration of the 

system is shown in Figure 1. Collector pipes are those installed 
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at 0.12 m depth directly below the road surface while storage 

pipes are those installed at a depth of 0.86 m. The fluid used as 

a heat carrier is water. The circulating fluid flows from collector 

pipes to storage pipes, while the fluid outflowing from storage 

pipes will be pumped back to the inlets of collector pipes. The 

pipes themselves are made of cross-linked polyethylene with a 

diameter of 0.025 m and a spacing of 0.25 m between adjacent 

longitudinal runs. A 0.2 m thick polystyrene insulation layer is 

placed on top of the storage pipes to minimise heat losses to the 

soil surface. As the heat pump brings a larger cost in both 

installation and operation processes, this research considers the 

use of an ordinary water pump instead of a heat pump if the 

energy harvesting efficiency is sufficient. The material 

properties of different layers are shown in Table 1, and the 

parameters of pipes are shown in Table 2. 

 
Figure 1. 3D sketch of the system. 

Table 1. Material parameters used for numerical analysis. 

Material Type 
Density 
(kg/m³) 

Specific Heat 
(J/kg·K) 

Thermal 

Conductivity 

(W/m·K) 

Asphalt 2400 850 0.85 

Concrete 2100 840 1.4 

Polystyrene 30 1130 0.034 

Sand 2240 840 0.33 

Soil 1960 1127 1.21 

Table 2. Pipe system data used for numerical analysis. 

Parameters Values 

Pipe diameter (m) 0.025 

Thickness of pipe wall (m) 0.0023 

Length of pipes (straight section) (m) 60 

Number of pipes per heat exchanger 10 

Pipe thermal conductivity (W/m·K) 0.4 

Flow rate* (L/s) 1.4 

*Total flow rate was 1.4 L/s between the collector and storage pipe arrays, i.e. 0.14L/s 

through each of the ten flow and return pipes. 

The initial temperature of both the ground and the far-field 

boundaries are equal to the measured undisturbed ground 

temperature T for different depths z, that is, Tground(z), which can 

be seen in Figure 2. The initial fluid temperature is set as 11 ˚C. 

The boundary condition of far-field side and bottom boundaries 

are set as thermal insulation which renders a zero net flux at the 

interface. While fully insulated far-field boundary conditions 

are commonly employed, they may slightly underestimate long-

term heat dissipation to the surrounding soil, potentially leading 

to a modest overestimation of storage performance. However, 

for a one-year operation period, this influence is expected to be 

minimal. To minimise the effects of solar radiation, shading and 

wind speed, this research directly using the pavement surface 

temperature measured during field test as a boundary condition 

applied to the pavement surface. 

The fluid flow within the pipes is assumed to be fully 

developed which means it does not change along the direction 

of flow. The inlet and outlet fluid temperature of storage pipes 

can be measured in the model. The energy transferred into or 

out of the surrounded soil can be determined through a function 

of the inlet and outlet fluid temperature (Selamat et al. 2016): 

𝑄(𝑡) = 𝐶𝑝,𝑤𝑚̇(𝑇𝑖𝑛(𝑡) − 𝑇𝑜𝑢𝑡(𝑡))                                           (5) 

where 𝑄 is the energy transferred between fluid and soil, 𝑚̇ is 

the mass flow rate (kg/s), 𝐶𝑝,𝑤 is the specific heat capacity of 

the fluid (J/(kg·K)). 

 
Figure 2. Initial ground temperature distribution along depth. 

2.3 Thermal Performance Assessment 

To simulate and evaluate the thermal performance of the 

system, the whole operation process is divided into three 

periods, energy storage period, seasonal transition period, and 

energy release period. 

The energy storage period takes 42 days. The pump turns 

on to circulate the fluid to carry the heat absorbed at the surface 

into the storage region. In the first 20 days, the fluid in the heat 

exchangers is pumped when the temperature difference 

between the temperature sensor located at the middle of the 

collector pipes and that located at the middle of the storage 

pipes is larger than 4 ˚C, representing the situation where 

available heat/coolth can be transferred to/from the storage 

pipes. Once active, the pumps are turned off when the 

temperature difference drops below 3.5 ˚C. As the process of 

energy storage develops, the temperature in collector level and 

storage level is converging each other, resulting in the 

permanent deactivation of the pump. To raise the efficiency of 

the system, after 20 days, the pump is turned on when the 

temperature difference is larger than 1.5 ˚C, and once active, it 

is turned off when the temperature difference drops below 1 ˚C. 

The seasonal transition period takes 42 days, and in this 

period the operation of the system is paused. The soil in the 

storage region is prevented from being heated normally due to 

the presence of the insulation layer. The energy release period 

takes 97 days. The pumps are activated when the temperature 

of the pavement surface falls below 5 ˚C and turned off when 

the pavement surface temperature increases above 5 ˚C. 

3 NUMERICAL MODEL VALIDATION 

The red region in Figure 3 illustrates the pavement surface 

temperature during the energy storage process in summer, with 

a maximum temperature of 39.96 °C and a minimum of 8.59 

°C. The seasonal transition period is represented by the yellow 

region. During the energy release period, depicted in blue, 

temperatures range from a maximum of 13.71 °C to a minimum 

of -3.00 °C. 
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3.1 Energy Storage Period 

The temperature variations at depths of -0.01 m, -0.12 m, and -

0.86 m throughout the entire period is presented in Figure 4. 

The black line representing surface temperature shows the 

greatest fluctuations, while the ground temperature at the 

collector pipe level exhibits less variation. The ground 

temperature at the storage pipe level remains relatively stable 

due to the insulation layer separating the collector and storage 

pipes. The overall upward trend indicates thermal energy 

storage in the soil. 

 
Figure 3. Road surface temperature from 23 August, 2005 to 20 

February, 2006. 

 
Figure 4. Ground temperature at different depths. 

 
Figure 5. Accumulative energy storage during energy storage period. 

In terms of the validation results, the simulation predicts a total 

energy storage of 0.80 MWh, while the reported experimental 

value is 0.86 MWh, resulting in a relative error of 6.98% 

(Figure 5). 

The temperature variation for different depths both in 

numerical and experimental results is shown in Figure 6. For 

deeper soil temperatures (1.88-12.88 m) from the modelling 

results align very well, with a maximum error of 1.32%. The 

discrepancies for shallower soil temperatures (0.88-1.38 m) are 

relatively larger, with a maximum error of 6.80%. Overall, the 

model aligns well with in-situ experimental data, facilitating 

analysis of the contour temperature profile near the road surface 

at the end of the energy storage period. 

 
Figure 6. Comparisons of temperature variation for each depth 

between modelling results and experimental data. 

3.2 Seasonal Transition Period 

During this period, the water in the pipes is not circulating and 

both the soil near the surface and the pipes is cooling gradually. 

There is no heat collection or usage occurred beneath the 

insulation layer, except the heat dissipation. 

3.3 Energy Release Period 

The ground temperature at the collector pipe level changes 

much less than the surface temperature. The minimum 

temperature at collector level is 1.13 °C at the 45th hour, 

indicating that the system has the potential to regulate the 

pavement temperature above freezing point, thereby protecting 

the road from cracking by reducing freeze-thaw cycles. The 

downward trend of storage level temperature indicates that 

thermal energy is being released to warm the upper soil. 

 
Figure 7. Ground temperature at different depths. 
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The total simulated energy release is 2.82 MWh, while the 

experimental value is 2.86 MWh, resulting in a relative error of 

1.40% (Figure 8). 

 
Figure 8. Accumulative energy release during energy release period. 

The energy storage efficiency is 19.05 kWh/d, while the energy 

release efficiency is 29.07 kWh/d. This suggests that some 

optimisation is needed to improve energy storage efficiency. 

4 SYSTEM OPTIMISATION 

The optimisation was conducted using a parametric sweep 

approach, in which soil thermal conductivity, pipe depth and 

flow rate were systematically varied within predefined feasible 

ranges to identify the parameter combinations that maximise 

the storage and release efficiencies. The optimised parameter 

values are listed in Table 3. A sensitivity analysis was 

conducted to evaluate the selected parameters. Storage/release 

efficiencies were most sensitive to the embedded depth of the 

storage pipes, with a 1.54 m increase resulting in 1.75/1.44 

times higher values. Increasing soil thermal conductivity 

improved the energy release by 16%. Both parameters remain 

within ranges reported in the literature, providing guidance for 

system design and optimisation. With the inclusion of an 

insulation layer, the accumulative energy storage reaches 2.41 

MWh, compared to 2.14 MWh without insulation layer (Figure 

9a), corresponding to 12.62% higher storage efficiency. The 

energy storage efficiency improves by factors of 3.01 and 3.51, 

respectively. In terms of the energy release period, the 

accumulative energy release is 4.52 MWh with insulation layer, 

compared to 3.68 MWh without insulation layer (Figure 9b), a 

22.83% improvement, indicating that the insulation layer 

effectively mitigates energy leakage. The energy release 

efficiency is enhanced by factors of 1.60 and 1.46, respectively. 

 
Figure 9. (a) Optimised accumulative energy storage with/without 
insulation layer. (b) Optimised accumulative energy release 

with/without insulation layer. 

Table 3. Value selections of key parameters in design optimisation. 

Parameters Values 

Soil thermal conductivity 2.0 W⁄(m∙K) 

Depth of collector pipes 0.08 m 

Depth of storage pipes 2.4 m 

Flow rate 2.2 L/s 

It is shown that the parametric optimisation has a larger impact 

on energy storage period than on energy release period. The 

energy storage efficiency of the system with insulation layer is 

57.38 kWh/d, while the energy release efficiency is 46.60 

kWh/d. Therefore, the system can achieve self-sufficiency after 

optimisation. 

5 CONCLUSIONS 

This research has investigated the thermal performance of a 

thermo-active road during a full cycle of energy harvesting and 

releasing. The key findings are summarised below: 

1. A developed FE modelling methodology has been 

validated with a maximum relative error of 6.98% for 

energy storage value and 1.40% for energy release value.  

2. The thermo-active roads have the potential to reduce the 

number of freeze-thaw cycles and protect the road from 

cracking in winter as well. 

3. After parametric optimisation, the energy storage 

efficiency increases to 57.38 kWh/d, while the energy 

release efficiency reaches 46.60 kWh/d, thereby achieving 

self-sufficiency. 

4. With the optimisation of all parameters, the energy storage 

and release efficiency of the system can be enhanced by 

factors of 3.01 and 1.60 respectively with insulation layer, 

while by factors of 3.51 and 1.46 respectively without 

insulation layer. 
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