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Abstract 

We present in this paper the concept of solar hybrid road and the numerical model studied and develop to 

compute its thermal state at any time step. The aim of these new structures is to collect part of the solar radiation 

during the summer period, to prevent from icing at the surface during the winter period. As it is reversible, it will 

help also to prevent from a too high structure temperature (in particular closed to the surface) in summer season. 

Two types of modifications, compared to traditional structures are presented. The first one concerns the insertion 

of a porous layer allowing a heat fluid to exchange thermal energy. The second one concerns the use of a semi-

transparent material at pavement surface allowing the solar radiation to penetrate deeper in the structure. The 

numerical model of this multi-physics problem develop with the finite element method is presented and 

discussed. A validation on two test cases is proposed. First results on energy harvesting evaluation for few 

locations (i.e. climatic conditions) in France are presented and discussed. Finally, conclusion and perspectives 

are proposed. 
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Nomenclature 𝐶𝐶𝑝𝑝 volumic thermal capacity 𝑘𝑘 thermal conductivity 𝑢𝑢�⃗  fluid velocity 𝑇𝑇 temperature 𝐼𝐼𝜈𝜈 monochromatic intensity  𝜖𝜖𝜈𝜈 monochromatic emissivity 

ST  semi transparent 

Op  opaque 𝜅𝜅 monochromatic absorption coefficient 𝜑𝜑 porosity 𝜌𝜌 density 𝜌𝜌𝜈𝜈 monochromatic reflection coefficient 𝜎𝜎 Stefan constant 𝜎𝜎𝜈𝜈 monochromatic scattering coefficient 

1. Introduction 

Car traffic on roads represents at the same time economic, safety and ecologic stakes, which are particularly 

important during extreme environmental conditions, as heat waves or cold spells. In particular, winter conditions 

can entail black ice occurrence and/or snow accumulation on roads, increasing the risk of car crash and reducing 

the economic activities. The solution of pouring salt on roads submitted to such environmental conditions allows 

to maintain traffic, but have the drawback to be expensive. In fact, in North America, about 14 million tons of 

salt are used annually (Transportation Research Board (1991)). In France, this quantity reaches 1 million tons 

(Parienté (2011)). Because of the cost of salt, which is about 100 € per ton, from Schepman (2010), using salt for 

deicing has a non-negligible economic impact for the society, in addition to the ecological impact on the fauna 

and the flora, according to Sanzo and Hecnar (2006), due to flow of brine to rivers and ground water. This 

ecological impact can be evaluated to 450 M€ in Germany according to Huckestein and Verron (1996). Salt 

increases also corrosion on bridges, what entails a decrease in the lifetime of the structure (Stewart (1998)). 

In order to avoid these disagreements, there is also an interest to investigate alternative solutions to deice roads. 

One of these solutions is to heat the surface of the road (The Hybrid Solar Road (2015)). Different methods exist 

to heat the pavement: some electrical resistance can be buried in the pavement. Oil- or gas based road heating 

system can also be brought into play (Eugster (2007)). However, heating roads need a large amount of energy. 

This high consumption can represent, for 20 square meters of pavement, the annual consumption in energy for 

hot water of a family (Chen et al. (2011)). 

Due to amount of energy required for de-icing and cost consideration, alternative solutions have been studied 

and developed, in particular ones based on geothermal approaches. Such solution allows to use the energy stored 

in the ground during the summer when freezing conditions occur. It has moreover the advantage of needing less 

maintenance (Chen (2011)). For the main part of these systems, the heat fluid flows in tubes buried below the 

pavement. We propose here a solution with a fluid flowing in a porous layer below the surface layer. To increase 

the ability of this hybrid road to store energy, a semi-transparent layer is used in order that the solar radiation can 

penetrate deeply inside the structure. 

In this paper, we present a numerical model developed and studied to calculate evolution of the temperature field 

in the structure under known environmental conditions. It is used to establish annual energy recovery 

performances of these hybrid roads for various climatic conditions. In our numerical model three physical 

phenomena have been integrated: thermal diffusion in the whole structure, hydraulic convection in the porous 

layer and radiative heat transfer in the semi-transparent layer. Numerical resolution of this multi-physic problem 

is performed with the finite element method. We first introduce the concept of hybrid solar road, then the 

numerical model developed for each physic, then we detail the numerical coupling and present a comparison 

with measured data obtained on a laboratory mock-up. Finally, we present and discuss first results obtained on 

energetic performances. 

2. Hybrid solar road concept 

We focus here on the study of a multilayer system for which the two layers closest to the surface of the road are 

modified, compared to traditional road structures 

              
Figure 1: Schematic view of a modified structure from a 3D CAD              Figure 2: Sectional schematic view of modified road structure 
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Figure 2 represents a sectional view of the studied pavement. Layer 1 is opaque or semi-transparent and 

waterproof. Layer 2 is porous: a fluid flows inside along the width of the road, with the effect of the imposed 

slope. Layer 3 and 4 are opaque and waterproof. 

This fluid flow allows to collect a part of solar radiation during summer period. On the contrary, under winter 

conditions, it allows to heat the surface of the pavement and also to prevent from icing (Asfour (2016)). 

The structure is also submitted to three coupled thermal phenomenon: heat diffusion and radiative transfer in the 

semi-transparent layer, heat diffusion and hydraulic convection in the porous layer and heat diffusion anywhere 

else. Numerical model of these three physical phenomena and their coupling are detailed in the next section. 

For numerical computation, the studied structure has a length equal to 4 m, a height equal to 1.5 m. To reduce 

computation time, the structure is considered in 2 dimensions when conducting numerical simulations over a 

year. Thermal properties considered for the pavement layers are reported in table 1. 

Table 1. Thermal properties of the layers of the structure and fluid, from Asfour et al. (2016), Incropera 
and DeWitt (1990) and Taine et al. (2014) 

 Layer 1 Layer 2 Layer 3 Layer 4 Fluid 𝑘𝑘 [W.m-1.K-1] 0.85 1.03 1.40 1.10 0.60 𝜌𝜌 [kg.m-3] 2700 2360 2620 2300 1000 𝐶𝐶𝑝𝑝 [J.kg-1.K-1] 840 780 860 1000 4180 

 

Optical properties for the semi-transparent material vary with considered wavelength. For calculus, we use 

absorption coefficient given by Ping and Lallemand (1989) along each spectral band. These values are reported 

in table 2. Semi-transparent pavement is a diffusive medium; we take a scattering coefficient equal to 10 m-1. 

Table 2. Optical properties of the semi-transparent media 𝜆𝜆 [µm] 𝜆𝜆 < 0.5  0.5 ≤ 𝜆𝜆 < 2.7  2.7 ≤ 𝜆𝜆 < 4.5  4.5 ≤ 𝜆𝜆 < 50  𝜆𝜆 ≥ 50  𝜅𝜅𝜆𝜆 [m-1] 0 10 1000 5000 +∞  𝜎𝜎𝜆𝜆 [m-1] 10 10 10 10 10 

3. Multi-physic numerical model studied and developed 

Our model combined three Physics using Finite Element Modelling approach and is presented hereafter.  

3.1. Thermal diffusion 

Thermal diffusion occurs in the whole structure. We consider here that the surface of the structure is submitted to 

convective exchanges with the ambient air, radiative exchanges with the atmosphere and solar radiation. 

Moreover, we suppose that there is no precipitation and no water nor snow at the surface. Other boundaries are 

supposed to be adiabatic. In particular, the depth of the considered domain is supposed to be large enough so that 

thermal exchange at its opposite boundary can be neglected. Heat diffusion equation to solve is reported in 

system (1) 
 

� 𝜌𝜌𝐶𝐶𝑝𝑝 𝜕𝜕𝑇𝑇𝜕𝜕𝜕𝜕 = ∇ ⋅ [𝑘𝑘∇𝑇𝑇] + 𝑞𝑞 on Ω𝑘𝑘∇𝑇𝑇 ⋅ 𝑛𝑛�⃗ = Φ𝑠𝑠 + ℎ(𝑇𝑇𝑎𝑎 − 𝑇𝑇) + 𝜀𝜀𝜎𝜎(𝑇𝑇𝑐𝑐4 − 𝑇𝑇4) on the surface𝑘𝑘∇𝑇𝑇 ⋅ 𝑛𝑛�⃗ = 0 on the other boundaries

 (1) 

 

Modelization of thermal diffusion with the finite element method is well-documented, for instance in Gartling 

and Reddy (2010) or Taine et al. (2014). 

3.2. Hydraulic convection 

The porous layer, with a porosity written 𝜑𝜑, is supposed to be fully saturated in fluid. Fluid flow can be 

described by the Darcy law: the fluid velocity 𝑢𝑢�⃗  is written as equation (2): 
 𝑢𝑢�⃗ =

−𝐾𝐾𝜌𝜌𝐾𝐾𝜇𝜇 ∇ � 𝑝𝑝𝜌𝜌𝐾𝐾 + 𝑧𝑧� (2) 
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Where 𝐾𝐾 is the permeability (in m2), 𝐾𝐾 is the acceleration of gravity and 𝜇𝜇 the dynamic viscosity (in Pa.s). 

Two temperature fields are studied: a temperature field for the solid phase, noted 𝑇𝑇, defined in the whole domain Ω, and a temperature field for the fluid phase 𝑇𝑇𝑓𝑓, only defined on the porous domain Ω𝑓𝑓. 

Heat equation is formulated at a microscopic scale, then the use of a representative elementary volume allows to 

get a coupled system of equation involving mean values, on each representative elementary volume, involving 

both temperature fields. The system of equations is written, from Bejan et al. (2004), or Nield and Bejan (2013): 
 

(1 − 𝜑𝜑)𝜌𝜌𝐶𝐶𝑝𝑝 𝜕𝜕𝑇𝑇𝜕𝜕𝜕𝜕 = (1 − 𝜑𝜑)∇ ⋅ [𝑘𝑘∇𝑇𝑇] + ℎ𝑓𝑓𝑠𝑠𝑎𝑎𝑓𝑓𝑠𝑠�𝑇𝑇𝑓𝑓 − 𝑇𝑇� (3) 𝜑𝜑𝜌𝜌𝑓𝑓𝐶𝐶𝑝𝑝𝑓𝑓 𝜕𝜕𝑇𝑇𝑓𝑓𝜕𝜕𝜕𝜕 + 𝜌𝜌𝑓𝑓𝐶𝐶𝑝𝑝𝑓𝑓𝑢𝑢�⃗ ⋅ ∇𝑇𝑇𝑓𝑓 = 𝜑𝜑∇ ⋅ �𝑘𝑘𝑓𝑓∇𝑇𝑇𝑓𝑓� + ℎ𝑓𝑓𝑠𝑠𝑎𝑎𝑓𝑓𝑠𝑠�𝑇𝑇 − 𝑇𝑇𝑓𝑓� (4) 

 

Where the index 𝑓𝑓 refers to the fluid phase, no index refers to the solid phase and ℎ𝑓𝑓𝑠𝑠is an exchange coefficient 

given by (5), from Nield and Bejan (2013): 
 

1ℎ𝑓𝑓𝑠𝑠 =
𝑑𝑑𝑝𝑝𝑁𝑁𝑢𝑢𝑓𝑓𝑠𝑠𝑘𝑘𝑓𝑓 +

𝑑𝑑𝑝𝑝𝛽𝛽𝑘𝑘 (5) 𝑎𝑎𝑓𝑓𝑠𝑠 is the specific surface (surface by volume unit), given by 𝑎𝑎𝑓𝑓𝑠𝑠 =
6(1−𝜑𝜑)𝑑𝑑𝑝𝑝 , 𝑑𝑑𝑝𝑝 is the aggregate size, 𝑁𝑁𝑢𝑢𝑓𝑓𝑠𝑠 the 

Nüsselt number and 𝛽𝛽 a constant. 

For the solid phase, boundary conditions are those described in (1). Moreover, for internal boundaries, the 

temperature field is supposed to be known. Two external boundaries are considered: with the fluid input and 

with the fluid output. The solid phase is supposed to be submitted to a Neumann boundary condition at the input, 

denoted by Γ𝑓𝑓0: 𝑘𝑘∇𝑇𝑇 ⋅ 𝑛𝑛�⃗ = ℎ𝑓𝑓�𝑇𝑇𝑓𝑓0 − 𝑇𝑇�, with 𝑇𝑇𝑓𝑓0 the input fluid temperature. At the output, we suppose an 

adiabatic boundary condition, as also used by Asfour et al. (2016). 

By written (𝜙𝜙𝑖𝑖) a basis of 𝐿𝐿2�Ω𝑓𝑓�, temperature fields can be written 𝑇𝑇 = ∑ 𝜙𝜙𝑖𝑖𝑇𝑇𝑖𝑖𝑖𝑖  and 𝑇𝑇𝑓𝑓 = ∑ 𝜙𝜙𝑖𝑖𝑇𝑇𝑓𝑓,𝑖𝑖𝑖𝑖 . Because of 

the advection term 𝜌𝜌𝑓𝑓𝐶𝐶𝑝𝑝𝑓𝑓𝑢𝑢�⃗ ⋅ ∇𝑇𝑇, the equation (4) is hyperbolic, so solving numerically this equation with finite 

element method can entail spurious oscillations on the numeric solution (Johnson (1987). Meinköhn (2009)). A 

Petrov-Galerkin formulation, which was detailed by Brooks and Hughes (1982) and Johnson (1987) allows to 

prevent from these non-physical oscillations by adding an upwind term 𝑢𝑢�⃗ ⋅ ∇𝜙𝜙𝑖𝑖 to the test function 𝜙𝜙𝑖𝑖. The 

choice of the damping parameter 𝛿𝛿 is mainly due to the mesh size. Discussion about this parameter is proposed 

in Brooks and Hughes (1982), Codina (1998), Donea and Huerta (2003), and Shakib et al. (1991). 

For any 𝜙𝜙𝑗𝑗, the Petrov-Galerkin formulation give us the equations (6) and (7): 
 ��(1 − 𝜑𝜑)�� 𝜌𝜌𝐶𝐶𝑝𝑝𝜙𝜙𝑖𝑖𝜙𝜙𝑗𝑗dΩΩ𝑓𝑓 �𝜕𝜕𝑇𝑇𝑖𝑖𝜕𝜕𝜕𝜕  + (1 − 𝜑𝜑)�� ∇𝜙𝜙𝑖𝑖𝑘𝑘∇𝜙𝜙𝑗𝑗dΩΩ𝑓𝑓 + � ℎ𝑓𝑓𝜙𝜙𝑖𝑖𝜙𝜙𝑗𝑗dΓΓ𝑓𝑓0 �𝑇𝑇𝑖𝑖�𝑖𝑖

= �� ℎ𝑓𝑓𝜙𝜙𝑗𝑗𝑇𝑇𝑓𝑓0dΓΓ𝑓𝑓0 � + ���� ℎ𝑓𝑓𝑠𝑠𝑎𝑎𝑓𝑓𝑠𝑠𝜙𝜙𝑖𝑖𝜙𝜙𝑗𝑗dΓΓ𝑓𝑓 � �𝑇𝑇𝑓𝑓,𝑖𝑖 − 𝑇𝑇𝑖𝑖��𝑖𝑖 ,∀𝑗𝑗 (6) 

��𝜑𝜑�� 𝜌𝜌𝑓𝑓𝐶𝐶𝑝𝑝𝑓𝑓𝜙𝜙𝑖𝑖�𝜙𝜙𝑗𝑗 + 𝛿𝛿𝑢𝑢�⃗ ⋅ ∇𝜙𝜙𝑗𝑗�dΩΩ𝑓𝑓 �𝜕𝜕𝑇𝑇𝑓𝑓,𝑖𝑖𝜕𝜕𝜕𝜕𝑖𝑖
+ �𝜑𝜑� ∇𝜙𝜙𝑖𝑖𝑘𝑘∇𝜙𝜙𝑗𝑗dΩ + � �𝜙𝜙𝑗𝑗 + 𝛿𝛿𝑢𝑢�⃗ ⋅ ∇𝜙𝜙𝑗𝑗�𝜌𝜌𝑓𝑓𝐶𝐶𝑝𝑝𝑓𝑓𝑢𝑢�⃗ ⋅ ∇𝜙𝜙𝑖𝑖dΩΩfΩ𝑓𝑓 �𝑇𝑇𝑓𝑓,𝑖𝑖�
= ���� ℎ𝑓𝑓𝑠𝑠𝑎𝑎𝑓𝑓𝑠𝑠𝜙𝜙𝑖𝑖�𝜙𝜙𝑗𝑗 + 𝛿𝛿𝑢𝑢�⃗ ⋅ ∇𝜙𝜙𝑗𝑗�dΩΩ𝑓𝑓 � �𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑓𝑓,𝑖𝑖��𝑖𝑖 ,∀𝑗𝑗 

(7) 

3.3. Radiative transfer in the semi-transparent layer 

We present in this part the modeling of thermal diffusion and radiative transfer coupling effects for the semi-

transparent layer. This one is transparent for solar radiation, and opaque for high wavelength radiation. The aim 

of this section is to compute the intensity of radiation in the semi-transparent layer in order to get the thermal 

source. Radiative transfer in the layer can be quantified by computing the radiative intensity 𝐼𝐼𝜈𝜈, which is 

governed by the radiative transfer equation introduced by Chandrasekhar (1960): 
 𝜗𝜗 ⋅ ∇𝐼𝐼𝜈𝜈(𝑥𝑥,𝜗𝜗) = −(𝜅𝜅𝜈𝜈 + 𝜎𝜎𝜈𝜈)𝐼𝐼𝜈𝜈(𝑥𝑥,𝜗𝜗) + 𝜅𝜅𝜈𝜈𝐵𝐵𝜈𝜈�𝑇𝑇(𝑥𝑥)� +

𝜎𝜎𝜈𝜈
4𝜋𝜋� 𝑝𝑝𝜈𝜈��̃�𝜗,𝜗𝜗�𝐼𝐼𝜈𝜈�𝑥𝑥, �̃�𝜗�d�̃�𝜗4𝜋𝜋  (8) 
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Where 𝑥𝑥 denotes the position (𝑥𝑥 ∈ Ω), 𝜗𝜗 refers to the direction (𝜗𝜗 ∈ 𝑆𝑆2, the unit sphere). The transitional term is 

neglected, the evolution of phenomenon being slow (Howell and Siegel (2010)). 

Radiative transfer equation is defined both in position along 𝑥𝑥 and in direction along 𝜗𝜗. The domain, here Ω ×𝑆𝑆2, is also in five dimensions. The boundaries need to be divided into two parts: input boundary Γ− and output 

boundary Γ+, which are defined as: 
 Γ+ = {(𝑥𝑥,𝜗𝜗) ∈ 𝜕𝜕Ω × 𝑆𝑆2 such as 𝑛𝑛�⃗ ⋅ 𝜗𝜗 ≥ 0} (9) Γ− = {(𝑥𝑥,𝜗𝜗) ∈ 𝜕𝜕Ω × 𝑆𝑆2 such as 𝑛𝑛�⃗ ⋅ 𝜗𝜗 < 0} (10) 
 

These boundaries are shown, for a given direction 𝜗𝜗, in Figure 3. 
 

 
Figure 3: Sub-boundaries for the studied domain 

 

Boundary conditions are required only in the input boundaries, due to the structure of the radiative transfer 

equation. Radiative intensity at the input boundaries comes from external sources such as solar radiation and 

internal contributions due to reflections: 
 𝐼𝐼𝜈𝜈(𝑥𝑥,𝜗𝜗) = 𝐾𝐾𝑜𝑜𝑜𝑜𝑜𝑜(𝑥𝑥,𝜗𝜗) + 𝐾𝐾𝑖𝑖𝑖𝑖(𝑥𝑥,𝜗𝜗, 𝐼𝐼𝜈𝜈), for (𝑥𝑥,𝜗𝜗) ∈ Γ− (11) 
 

Some methods in literature allows to solve the radiative transfer equation, as finite volume, Monte Carlo, 

spherical harmonics (Howell and Siegel (2010), Modest (2003)). We propose here to focus on the finite element 

method presented by Kanschat (2009) and Richling (2001) for radiative transfer applied in astrophysics. The 

finite element method is here transposed and adapted for the case of a semi-transparent solid media with small 

dimensions. 

Two discretization are required for directional and spatial dependences. Directional discretization is performed 

with the discrete ordinate method. For a directional mesh, based on the unit sphere, with 𝑁𝑁𝑆𝑆 nodes 𝜗𝜗𝑖𝑖 located at 

the center of elements of weight 𝑤𝑤𝑖𝑖 , integral terms on directions can be approximated, for any variable 𝑢𝑢 

continuous along the unit sphere, by the expression in equation (12): 
 � 𝑢𝑢(𝜗𝜗)4𝜋𝜋 𝑑𝑑𝜗𝜗 = �𝑤𝑤𝑖𝑖𝑢𝑢(𝜗𝜗𝑖𝑖)𝑁𝑁𝑆𝑆

𝑖𝑖=1  (12) 

 

This discretization is equivalent to a discontinuous Galerkin method with constant interpolation functions on the 

elements. In order to get a mesh with the most uniform allocation of direction nodes, we propose to use a mesh 

based on a regular polyhedron with triangular faces, as the icosahedron suggested by Richling et al. (2001). Each 

direction of the mesh linked the center of the unit polyhedral to the centroid of a face. Weights being equal to the 

projected area of the face on the unit sphere, all weights are equal to 
4𝜋𝜋𝑁𝑁𝑆𝑆. The number of directions can be 

increased recursively by divided each triangular face into four similar triangles, this number of directions being 

also multiplied by four at each iteration.  

Applying the discrete ordinate method to the equations (11) and (12) allows to obtain the system (13) and the 

boundary conditions (14). (13) and (14) are systems of 𝑁𝑁𝑆𝑆 equations, defined only on space: 
 𝜗𝜗𝑘𝑘 ⋅ ∇𝐼𝐼𝜈𝜈(𝑥𝑥,𝜗𝜗𝑘𝑘) = −(𝜅𝜅𝜈𝜈 + 𝜎𝜎𝜈𝜈)𝐼𝐼𝜈𝜈(𝑥𝑥,𝜗𝜗𝑘𝑘) + 𝜅𝜅𝜈𝜈𝐵𝐵𝜈𝜈�𝑇𝑇(𝑥𝑥)� +

𝜎𝜎𝜈𝜈
4𝜋𝜋�𝑤𝑤𝑖𝑖𝑝𝑝𝜈𝜈(𝜗𝜗𝑙𝑙 ,𝜗𝜗𝑘𝑘)𝐼𝐼𝜈𝜈(𝑥𝑥,𝜗𝜗𝑙𝑙)𝑁𝑁𝑆𝑆

𝑙𝑙=1  ,  ∀(𝑥𝑥, 𝑘𝑘) ∈ Ω × [|1,𝑁𝑁𝑆𝑆|] 

(13) 

 𝐼𝐼𝜈𝜈(𝑥𝑥,𝜗𝜗𝑘𝑘) = 𝐾𝐾𝑜𝑜𝑜𝑜𝑜𝑜(𝑥𝑥,𝜗𝜗𝑘𝑘) + 𝐾𝐾𝑖𝑖𝑖𝑖(𝑥𝑥,𝜗𝜗𝑘𝑘 , 𝐼𝐼𝜈𝜈) ,∀(𝑥𝑥,𝜗𝜗𝑘𝑘) ∈ Γ− (14) 

 

To apply the finite element method on this coupled system of equations, we introduce the following notations: 

• 𝑊𝑊Ω = {𝑢𝑢 ∈ 𝐿𝐿2(Ω) such as ∀𝜗𝜗 ∈ 𝑆𝑆2,𝜗𝜗 ⋅ ∇𝑢𝑢 ∈ 𝐿𝐿2(Ω × 𝑆𝑆2)} 

• 𝜕𝜕Ω𝑘𝑘− = {𝑥𝑥 ∈ 𝜕𝜕Ω such as 𝑛𝑛�⃗ (𝑥𝑥) ⋅ 𝜗𝜗𝑘𝑘 < 0} 
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• 𝑊𝑊0,𝑘𝑘 = {𝑢𝑢 ∈ 𝐿𝐿2(𝜕𝜕Ω𝑘𝑘−)} 

We define inner products 〈⋅,⋅〉Ω on Ω and 〈⋅,⋅〉𝑘𝑘− on 𝜕𝜕Ω𝑘𝑘− such as: 〈𝑢𝑢, 𝑣𝑣〉Ω = �𝑢𝑢(𝑥𝑥)𝑣𝑣(𝑥𝑥)𝑑𝑑ΩΩ  ,𝑢𝑢, 𝑣𝑣 ∈ 𝑊𝑊Ω (15) 〈𝑢𝑢, 𝑣𝑣〉𝑘𝑘− = � 𝑢𝑢(𝑥𝑥)𝑣𝑣(𝑥𝑥)𝑑𝑑𝑆𝑆𝜕𝜕Ω𝑘𝑘−  ,𝑢𝑢, 𝑣𝑣 ∈ 𝑊𝑊0,𝑘𝑘 (16) 

The systems of equations (13) and (14) can also be rewritten under weak form with these notations, under a basis 

(𝜑𝜑𝑖𝑖) of 𝐿𝐿2(Ω): 〈𝒜𝒜𝜈𝜈𝐼𝐼𝜈𝜈(⋅,𝜗𝜗𝑘𝑘),𝜑𝜑𝑖𝑖〉Ω = 〈𝑓𝑓𝑘𝑘,𝜑𝜑𝑖𝑖〉Ω (17) 〈ℬ𝜈𝜈𝐼𝐼𝜈𝜈(⋅,𝜗𝜗𝑘𝑘),𝜑𝜑𝑖𝑖〉𝑘𝑘− = 0 (18) 

With 𝒜𝒜𝜈𝜈 and ℬ𝜈𝜈 two linear operators. 

As for the hydraulic convection equation (4), radiative transfer equations discretized in directions (13) are 

hyperbolic if there is scattering in the media. To avoid spurious oscillations, a regularization needs to be applied. 

We overcome this problem with a Petrov-Galerkin formulation. Moreover, we inject boundary conditions (18) as 

weak constraints in the system (17). The systems (17) and (18) are then rewritten as: 
 〈𝒜𝒜𝜈𝜈𝐼𝐼𝜈𝜈(⋅,𝜗𝜗𝑘𝑘),𝜑𝜑𝑖𝑖 + 𝛿𝛿𝜗𝜗𝑘𝑘 ⋅ ∇𝜑𝜑𝑖𝑖〉Ω + 〈ℬ𝜈𝜈𝐼𝐼𝜈𝜈(⋅,𝜗𝜗𝑘𝑘),𝜑𝜑𝑖𝑖〉𝑘𝑘− = 〈𝑓𝑓𝑘𝑘,𝜑𝜑𝑖𝑖〉Ω ,∀𝑘𝑘 ∈ [|1,𝑁𝑁𝑆𝑆|] (19) 
 

For a spatial mesh with 𝑁𝑁Ω nodes, we get a linear system with 𝑁𝑁Ω × 𝑁𝑁𝑆𝑆 unknowns for each frequency interval. 

Absorption of radiation and heat production in the semi-transparent media occur by two ways. In the material 

itself, absorption of radiation entail a volumic heat source denoted here by 𝑆𝑆𝑣𝑣𝑜𝑜𝑙𝑙 , and at boundaries between semi-

transparent and opaque media, there is also absorption of radiation which can be written under the form of a heat 

flux 𝑆𝑆𝑓𝑓𝑙𝑙𝑜𝑜𝑓𝑓 . Both two components can be written as equations (20) and (21) as suggest by from Modest (2003). 
 𝑆𝑆𝑣𝑣𝑜𝑜𝑙𝑙 = −∇ ⋅ �� � 𝐼𝐼𝜈𝜈(𝑥𝑥,𝜗𝜗)𝜗𝜗𝑑𝑑𝜗𝜗𝑑𝑑𝜗𝜗4𝜋𝜋

+∞
𝜈𝜈=0 � (20) 𝑆𝑆𝑓𝑓𝑙𝑙𝑜𝑜𝑓𝑓 = � �(1 − 𝜌𝜌𝜈𝜈)� 𝐼𝐼𝜈𝜈�𝑥𝑥, �̃�𝜗�𝜗𝜗⋅𝑖𝑖�⃗ >0 �̃�𝜗 ⋅ 𝑛𝑛�⃗ 𝑑𝑑𝜗𝜗 − 𝜖𝜖𝜈𝜈𝜋𝜋𝐵𝐵𝜈𝜈�𝑇𝑇(𝑥𝑥)�� 𝑑𝑑𝜗𝜗+∞

𝜈𝜈=0  (21) 

3.4. Solving the coupled problems : Thermal diffusion, Hydraulic convection and Radiative transfer 

Temperature field in the structure is computed dynamically from environmental data (sky temperature, air 

temperature and solar radiation). At each temporal iteration, radiative transfer equation is first solved (system 

(19) discretized in space), allowing to get the intensity field, then source terms are computed with (20) and (21). 

The heat sources terms are then injected in the heat diffusion equation (1), which is coupled with the hydraulic 

convection equations (6) and (7). A Crank-Nicholson scheme is used for the temporal resolution. 

4. Validation of the numerical model 

Two test cases are presented hereafter. 

4.1. Solar road with opaque surface in established steady state 

We focus in this section on the case of an opaque surface layer, for an established steady state. The aim is here to 

get an estimation of the minimal input temperature of the fluid allowing to maintain the surface temperature 

higher than 0°C. Two methods are used: the numerical model presented in previous sections and an analytical 

formulation. This formulation is first described. The studied road structure is presented in figure 5 (left). 

  

Figure 5: Studied structure for established steady state (left image) - Minimal fluid temperature to prevent surface from icing as a function of 

                                  air temperature (right graph) 
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We consider in this paragraph a one dimension problem: temperature in layers depends only from the distance to 

the injection point. Three layers are supposed to constitute the road structure: the porous layer is located between 

two impermeable layers. 

We suppose moreover that temperature in the middle of layers is equal to the mean temperature between the 

extremities of the layer and that there is a local thermal equilibrium. Under these assumptions, it can be shown 

that the temperature of the fluid can be written as an explicit function of the distance 𝑠𝑠 to the injection point: 

𝑇𝑇𝑓𝑓(𝑠𝑠) = 𝑇𝑇𝑓𝑓(0)𝑒𝑒−𝑠𝑠𝜅𝜅 + 𝑇𝑇∞ �1 − 𝑒𝑒−𝑠𝑠𝜅𝜅� (22) 

With : 

• 𝑇𝑇∞ =
ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎+𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑇𝑇𝑠𝑠𝑘𝑘𝑠𝑠+Φℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐+ℎ𝑎𝑎𝑎𝑎𝑟𝑟 , 

• 𝜅𝜅 =
𝜌𝜌𝑓𝑓𝑐𝑐𝑓𝑓ℎ𝑟𝑟𝑎𝑎𝑜𝑜�𝑟𝑟𝑝𝑝𝑠𝑠+ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐+ℎ𝑎𝑎𝑎𝑎𝑟𝑟�𝑟𝑟𝑝𝑝𝑠𝑠(ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐+ℎ𝑎𝑎𝑎𝑎𝑟𝑟)

, 

• 𝑟𝑟𝑝𝑝𝑠𝑠 =
2𝑘𝑘𝑠𝑠𝑘𝑘𝑝𝑝ℎ𝑠𝑠𝑘𝑘𝑝𝑝+ℎ𝑝𝑝𝑘𝑘𝑠𝑠. 

• Φ refers to the solar radiation, 

• 𝑇𝑇𝑎𝑎𝑖𝑖𝑟𝑟  to the air temperature, 

• 𝑇𝑇𝑠𝑠𝑘𝑘𝑠𝑠  to the sky temperature, 

• ℎ𝑠𝑠 to the thickness of the surface layer, 

• ℎ𝑝𝑝 to the thickness of the porous layer, 

• 𝑘𝑘𝑠𝑠 to the thermal conductivity of the surface layer, 

• 𝑘𝑘𝑝𝑝 to the thermal conductivity of the porous layer,  

• 𝑢𝑢 to the Darcy velocity of the fluid, 

• ℎ𝑐𝑐𝑜𝑜𝑖𝑖𝑣𝑣  to the convective exchange coefficient 

• ℎ𝑟𝑟𝑎𝑎𝑑𝑑 to the radiative exchange coefficient. 

 

The temperature of the surface layer 𝑇𝑇𝑠𝑠 can then be written as: 𝑇𝑇𝑠𝑠(𝑠𝑠) =
𝑟𝑟𝑑𝑑𝑟𝑟𝑠𝑠𝑇𝑇𝑓𝑓(𝑠𝑠) + ℎ𝑐𝑐𝑜𝑜𝑖𝑖𝑣𝑣𝑇𝑇𝑎𝑎𝑖𝑖𝑟𝑟 + ℎ𝑟𝑟𝑎𝑎𝑑𝑑𝑇𝑇𝑠𝑠𝑘𝑘𝑠𝑠 + Φ𝑟𝑟𝑝𝑝𝑠𝑠 + ℎ𝑐𝑐𝑜𝑜𝑖𝑖𝑣𝑣 + ℎ𝑟𝑟𝑎𝑎𝑑𝑑  (23) 

 

By denoting 𝐿𝐿 the width of the road, the input temperature of the fluid allowing to maintain a surface 

temperature higher than 0°C can be calculated: 𝑇𝑇𝑓𝑓,𝑚𝑚𝑖𝑖𝑖𝑖(0) = −𝑒𝑒𝐿𝐿𝜅𝜅 � 1𝑟𝑟𝑝𝑝𝑠𝑠 �ℎ𝑐𝑐𝑜𝑜𝑖𝑖𝑣𝑣𝑇𝑇𝑎𝑎𝑖𝑖𝑟𝑟 + ℎ𝑟𝑟𝑎𝑎𝑑𝑑𝑇𝑇𝑠𝑠𝑘𝑘𝑠𝑠 + Φ� + 𝑇𝑇∞ �1 − 𝑒𝑒−𝐿𝐿𝜅𝜅�� (24) 

In a first approach, we consider here that solar road structure is studied under constant environmental conditions, 

what can be performed with a climatic chamber. We suppose although that the sky temperature is equal to the air 

temperature and that there is no solar radiation. Under these assumptions, equation (24) can be rewritten: 𝑇𝑇𝑓𝑓,𝑚𝑚𝑖𝑖𝑖𝑖(0) = −𝑒𝑒𝐿𝐿𝜅𝜅 �ℎ𝑐𝑐𝑜𝑜𝑖𝑖𝑣𝑣 + ℎ𝑟𝑟𝑎𝑎𝑑𝑑𝑟𝑟𝑝𝑝𝑠𝑠 + 1 − 𝑒𝑒−𝐿𝐿𝜅𝜅�𝑇𝑇𝑎𝑎𝑖𝑖𝑟𝑟  (25) 

A Darcy velocity value equal to 2.18 × 10−4m.s-1, corresponding to a slope of 1% and a permeability of 2.18 ×

10−2m.s-1 (Asfour (2016)), is chosen. We consider the structure presented in figure 5 and the thermal parameters 

of table 1. Two wind speed are studied: 𝑉𝑉𝑤𝑤 = 0 m.s-1 and 𝑉𝑉𝑤𝑤 = 3.1 m.s-1, with a convective exchange coefficient 

given by ℎ𝑐𝑐𝑜𝑜𝑖𝑖𝑣𝑣 = 5.6 + 4𝑉𝑉𝑤𝑤, also used by (Asfour (2016)). Results for input fluid temperature both with (25) 

and numerical simulation are given in table 3. 

Table 3. Minimal temperature (in °C) for input fluid allowing to maintain a positive temperature along the 
surface 

Wind speed Method 𝑇𝑇𝑎𝑎𝑖𝑖𝑟𝑟 = −10°C 𝑇𝑇𝑎𝑎𝑖𝑖𝑟𝑟 = −8°C 𝑇𝑇𝑎𝑎𝑖𝑖𝑟𝑟 = −6°C 𝑇𝑇𝑎𝑎𝑖𝑖𝑟𝑟 = −4°C 𝑇𝑇𝑎𝑎𝑖𝑖𝑟𝑟 = −2°C 

0 analytic 12.3 9.9 7.5 5.0 2.5 

0 our model 13.5 10.8 8.2 5.5 2.7 

3.1 analytic 29.2 23.4 17.6 11.8 5.9 

3.1 our model 32.1 25.7 19.3 12.9 6.4 

The comparison between analytic and numerical formulation is shown in figure 5 (right). The input temperature 

with the analytic formulation is close to the computed solution, with a difference of about 10%. It can be noticed 

that the analytical formulation always under evaluates the input temperature compared to the computed 
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temperature. Such difference may be explain by the thermal diffusion in the second dimension that is not 

considered. There is no temperature variation in surface layer along the depth, so the surface temperature 

corresponds more to the temperature at the middle of the surface layer rather than the temperature at its the 

surface, which is lower. 

4.2. Solar road with semi-transparent surface: comparison with data acquired on a laboratory mock-up 

In order to study the validity of our approach for the semi-transparent surface layer, a mock-up has been built 

(figure 6). A 1500 W halogen lamp at 3000 K allows to simulate the solar heat flux and the input fluid 

temperature is measured with a thermocouple. A FLIR A65 infrared camera allows to measure the surface 

temperature of the structure. A meteorological station and a pyranometer measure the relative humidity, ambient 

temperature and the solar radiation flux density.  

    
Figure 6: Experimental set-up 

 

An example of thermal image obtained with the infrared camera is presented in figure 7. 

  
Figure 7: Example of infrared image captured by the infrared camera (left image) - Comparison of measured temperature with the numerical 

simulation (middle image with zoom on right) 
 

The halogen lamp is switched on during some hours, allowing to get a permanent established regime. 

Knowledge of environmental conditions enables us to apply the numerical model presented in section 2. A 

comparison between numerical and experimental data can then be led. The difference of surface temperature 

between the numerical model and measurements from the infrared camera is presented in figure 7 (right). On a 

central area, the difference of temperature between experiments and numerical simulations is about 1 °C. The 

numerical model drives to results close to the measures. Photovoltaic panels being present in the mock-up can 

explain a part of the observed temperature difference.  

5. Energy harvesting performance evaluation: preliminary results and analysis 

In this section, we determine the energetic performance of solar hybrid roads for energy harvesting over a year 

and for few climatic conditions in France. Annual weather data are used for eight locations in France, 

corresponding to the main climatic conditions.  

The schematic sectional view of the structure was shown in figure 2. The fluid is injected in the porous layer at a 

constant temperature, equal to 15°C in the presented numerical simulations. Environmental conditions entail 

temporal variations of the temperature field in the structure and also for the temperature of the fluid at the output 

of the structure. The velocity of the fluid flow is supposed to be maintained constant, equal to 1 × 10−4m.s-1. 

Thermal and optical properties are supposed to be independent from temperature and from mechanical evolution 

of the structure over time. 

We consider here only the ability of the structure to recover energy, that is to say that we consider only the 

moments when the output temperature of the fluid is higher than the input temperature. This variation of 

temperature between the input and the output is supposed to allow energy recovering when positive. 

Simulations are performed on more than one year of data, so that initial conditions are erased. Since output 

temperature during winter period is most of the time lower than the input temperature, only summer period is 

considered for energy recovering, from May to October. 
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Energy recovering capacity is defined as: 𝐸𝐸 = �𝜌𝜌𝑓𝑓𝐶𝐶𝑝𝑝,𝑓𝑓ℎ𝑃𝑃𝑜𝑜𝑢𝑢(𝑇𝑇𝑠𝑠𝑜𝑜𝑟𝑟𝑜𝑜𝑖𝑖𝑠𝑠 − 𝑇𝑇𝑠𝑠𝑖𝑖𝑜𝑜𝑟𝑟𝑠𝑠𝑠𝑠)+𝑑𝑑𝜕𝜕 𝑜𝑜  (22) 

With (⋅)+ referring to the positive part and ℎ𝑃𝑃𝑜𝑜 to the thickness of the porous layer. 

The eight locations studied are submitted to various solar radiation conditions during this period, with cumulated 

solar contributions between 4047 kWh.m-2 in Nancy and 5524 kWh.m-2 in Carpentras, as shown in figure 8 

(left).  

  
Figure 8: Cumulated solar radiation (May-October period) on left - Evolution of the part of final energy recovery along the width of the 

structure for opaque and semi-transparent pavements (right) 

 

Efficiency of this modified structure can be evaluated by calculating the ratio between the energy harvested by 

the system and the cumulated solar radiation during the studied period. Results obtained are shown in table 3. 

This table also shows that the structure with a semi-transparent pavement allows to collect more energy than the 

one with the opaque pavement. For opaque surface wearing course, the gain is between 21 and 29% of the 

recoverable energy. Efficiency values presented in table 3 show that the gain of efficiency by using a semi-

transparent pavement surface layer is between 6.5 and 7% of the incoming solar radiation for all these locations. 

Table 3. Results for 4m width opaque and semi-transparent pavement 

Location Solar cumulated 
input (Op 
pavement)[kWh/m2] 

Recoverable 
energy (Op 
pavement) 
[kWh/m2] 

Efficiency 
(Op 
pavement ) 
[%] 

Recoverable 
energy (ST 
pavement) 
[kWh/m2] 

Efficiency 
(ST 
pavement) 
[%] 

Energy gain 
[kWh/m2] 

Agen 4615 1440 31,2 1744 37,7 +304 (+21%) 

Carpentras 5524 1812 32,8 2188 39,6 +376 (+21%) 

La 
Rochelle 4973 1288 25,9 1657 33,2 +369 (+29%) 

Macon 4164 1299 31,2 1581 37,8 +282 (+22%) 

Nancy 4047 1117 27,6 1394 34,4 +277 (+25%) 

Nice 5437 1805 33,2 2201 40,4 +396 (+22%) 

Rennes 4336 1084 25,0 1386 31,9 +302 (+28%) 

Trappes 4312 1190 27,6 1470 34,1 +280 (+24%) 

 

These data of recoverable energy also depend highly from the width of the road. In fact, the efficiency of this 

heat exchanger decrease as the length of the flow increases. This deterioration of the performances of the 

structure with its width is shown in figure 8 (right). This figure represents the ratio of evolution of the energy 

recovery term 𝐸𝐸 computed from equation (22) for some lengths from the input area on the energy recovery at the 

output of the structure, after 4 meters. This figure points out the fact that half of the contribution for energy 

recovering occurs less than 1.4 meter after the injection of the heat fluid. On the same way, 90% of the 

contribution occurs after about 3 meters, at 75% of the width of the structure. For dimensioning the structure, it 

is also important to take into account this decrease in performances, the same length yielding more energy if 

located near the injection area. There are however no significant differences between both pavements. 

6. Conclusion 

In this study, we have presented the concept of solar hybrid road. In order to get an estimation of energetic 

performance of such structures, multi-physics numerical model has been studied and developed, implying 

thermal diffusion, hydraulic convection and radiative transfer. Each physic has been described and finite element 

method has been applied on each of them, with variations of the Galerkin formulation for hydraulic convection 
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and radiative transfer equations. A numerical coupling has been then explained in order to realize numerical 

simulation relying on environmental data. 

Our numerical model has been compared with data coming from two test cases: first, a comparison with an 

analytical expression in steady state has been performed with an opaque surface layer. Finally, numerical data 

from the model are compared with data acquired on a mock-up with a semi-transparent surface layer submitted 

to a radiative heat flux. These two test cases show that the numerical model is coherent with particular test case 

allowing analytical solution or experimental results obtained in laboratory conditions. 

First results obtained for energy harvesting performances have been presented and discussed.  

 

Future works will refine energy harvesting performance evaluation and also address heating efficiency (during 

winter season).  
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