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ABSTRACT
In this study, we evaluate the energy to bring to a solar
hybrid road system to prevent it from icing at the surface. To estimate the thermal performances, a multiphysics finite element model is introduced to compute the temperature field from environmental conditions. From this model, the adjoint state method is
used to solve an optimization problem taking into account a penalization of frozen periods and the energy
brought to the system. Results obtained for different
climatic conditions in France are presented, analyzed
and discussed.

NOMENCLATURE
hconv
hrad
T
Teq
Tf
Tf,in
Tref
Tsurf
Tth
hfs

convective heat transfer coefficient
radiative heat transfer coefficient
temperature of the solid phase
equivalent temperature
temperature of the fluid phase
input fluid temperature
reference temperature
surface temperature
temperature threshold
heat transfer coefficient between solid
and fluid phases

INTRODUCTION
Energy transition implies the search for new energy
sources and energy management. In this context,
numerous studies have been led on recovering part
of solar radiation. On the other way, car traffic increase entails road network expansion (i.e. its surface). These road structures are submitted to environmental conditions (i.e. thermal variations). Thus,
during summer, high temperature and solar radiation
conditions provoke an increasing of temperature in
the structure that can entail rutting and contribute to
the rise of the heat island effect [8, 14].
However, energy harvesting through adapted pavement structures, can be realized with dedicated heat

transfer systems. These solutions can be based on
photovoltaic collectors inserted in the road structure
and/or heat fluid flowing in buried pipes [5].
On the other hand, winter conditions can provoke
black ice occur at the surface of the roads, which is
a problem for safety, for environmental preservation
when salting [7], and for economy because of traffic flow disruption. Solutions for preventing surface
from icing are actually mainly based on electrical or
geothermal heating techniques [4].
We propose here to control the temperature of the
road structures with a modified system acting as a
thermal exchanger, able to bring energy during winter and to recover energy during summer. Traditional
approaches aiming at building such embedded energetic system rely on tubes buried below the surface
layer of the pavement [8]. In this study, we present
a solar hybrid road in which a heat fluid flows inside
a porous layer inserted below the surface layer. A
first study of such porous solution was presented in
[1] but only for established permanent regime. In the
present study, in addition to this porous layer, a semitransparent surface layer is added to the structure
surface to favour solar radiation penetration (toward
greenhouse effect) and calculation are conducted in
dynamic regime.
This concept of hybrid solar road is detailed in the
first part of this study. Then, finite element method
to compute the temperature field in the structure is
presented. This method allows to introduce a control law relying on adjoint state method to prevent
the surface from icing. Needs of energy to achieve
this objective are finally presented and discussed for
some locations.

HYBRID SOLAR ROAD CONCEPT
Hybrid solar road is a multilayer system for which the
two layers closest to the surface are modified compared to traditional road structures. A schematic view
of hybrid solar road and interactions with environment are shown in figures 1 and 2.
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MULTI-PHYSIC NUMERICAL MODEL

Figure 1: Schematic view of solar hybrid road

We present in this part our numerical model combining thermal diffusion, hydraulic convection and radiative heat transfer with the finite element method.
Applying this method allows in particular to keep the
same spatial mesh for these three problems without
interpolation.

Thermal diffusion
The structure is subject to thermal diffusion. Interactions with the environment come from convection
with the air, radiation with the sky and solar radiation. The depth of the structure is supposed to be
large enough so that thermal exchanges at boundaries
can be neglected except at the surface S (see figure 2)
where Robin boundary conditions are considered.

Figure 2: Solar hybrid road structure and interactions
with the environment
Layer 1 is a semi-transparent medium: solar radiation can penetrate deeply in the structure and even
more impact porous layer 2 in which a fluid flows
through the width of the road, thanks to the effect of
the imposed slope. Other layers 3 and 4 are similar to
traditional roads and are also opaque and waterproof.
Thermal properties of considered materials are reported in table 1.
Table 1
Thermal properties of sublayers for numerical
simulations [1, 10, 17]
k
ρ
Cp

layer 1
0.85
2700
840

layer 2
1.03
2360
780

layer 3
1.40
2620
860

layer 4
1.10
2300
1000

fluid
0.60
1000
4180

In a first approach, optical properties are taken as
given by [16] and estimated with an experimental
mock-up [13]. These properties are reported in table
2. Optical properties are a function of wavelength.
The semi-transparent layer is designed to be transparent to solar radiation wavelengths and opaque for
ambient radiation wavelengths.
Table 2
Optical properties of the semi-transparent layer as a
function of wavelength λ (in µm)


∂T


ρCp
= ∇ · [k∇T ] + q


∂t

 Φs + hc (Tair − T )


+hr (Tsky − T )
on S
k∇T · ~n =


 0
elsewhere
(1)

Hydraulic convection
Porous layer is supposed to be saturated in fluid.
Flow is governed by Darcy law. Two temperature
fields are used: T for the solid phase which is the
continuation of the temperature field for non-porous
layers and Tf for the fluid phase.
Navier-stokes equations can be integrated over a representative elementary volume to get a coupled system between T and Tf , with the hypothesis of stationary flow as long as weak and uniform porous velocity
[2, 15] :
∂T
∂t
= (1 − ϕ)∇ · [k∇T ] + hf s (Tf − T )
∂Tf
ϕρf Cp,f
+ ρf Cp,f u · ∇Tf
∂t
= ϕ∇ · [kf ∇Tf ] + hf s (T − Tf )
(1 − ϕ)ρCp

(2)

(3)

With hf s an exchange coefficient between fluid and
solid phase. This coefficient can be obtained from
pore characteristics [15].
Equation (3) is hyperbolic because of the advection
term. Solving this system with the Galerkin method

can also entail spurious oscillation on the numerical solution. To avoid this problem, we use the
Petrov-Galerkin formulation. Interpolation functions
are modified to add numerical diffusion [11].

The energy that is absorbed in the semi-transparent
medium or at interfaces with opaque layers can be
computed from the intensity field [9].

Numerical coupling
Radiative heat transfer
transparent surface layer

in

the

semi-

Radiative transfer occurring in the semi-transparent
layer are governed by the radiative transfer equation
(4). Solving this equation allows to get the intensity
(directional radiative flux) in the semi-transparent
layer.
σs
ω∇Iν = −(κ + σs )Iν + κBν (T ) +
4π

Z
ΦIν dω

A scheme of the numerical coupling for each time
step is shown in figure 4. First, knowing the current
temperature field and environmental conditions, radiative transfer equation is solved to get the intensity
field, which allows to compute heat sources. These
sources are injected in thermal diffusion equation,
which is solved with hydraulic convection equation
and a Crank-Nicolson scheme. The temperature field
at the next time step is thus obtained.

4π

(4)
With Bν (T ) the blackbody emission for frequency ν
at temperature T .
The transition term is neglected here. In fact, dimensions of the domain are such that radiative equilibrium is reached quite instantaneously.

Figure 4: Temporal scheme

COMMAND LAW FOR THE INPUT TEMPERATURE OF THE FLUID

Figure 3: Input boundaries for radiative transfer
The intensity on the input boundary Γ− shown in figure 3 comes from internal reflection gin and external
contribution gout . Intensity in Γ− is written:
Iν (s, ω) = gin (s, ω, Iν ) + gout (s, ω)

(5)

To solve the radiative transfer equation and to get the
intensity field, two discretizations are required: in direction and space. For directional discretization, the
method of discrete ordinates is applied. For each direction of the angular mesh, RTE equation (4) is written for this direction and integral terms become sums
on angular mesh. A semi-discrete system is also obtained. In this study, we use an icosahedron as a directional mesh, which allows to get a regular mesh
and also not to favor some directions. This icosahedron can be refined recursively to improve mesh
refinement [12].
Variation of radiative energy ω · ∇Iν can be assimilated to an advection term. A stabilization technique is also required to apply the finite element
method. As for equation (3), We use the PetrovGalerkin method on each semi-discrete equation. A
linear discretized system is also obtained.

We present in this paragraph the approach developed
to control the surface temperature of the structure under adverse weather conditions during winter.
The aim is to find the input fluid temperature Tf,in
such as the surface temperature Tsurf is higher than
a given set-point Tth and the energy needed to heat
the fluid is minimal. The set-point needs to be such
that there is no risk of icing.
We introduce a functional J composed of two terms:
a residual term to take into account the difference between the threshold and the surface temperature when
the first is higher than the second and a Tikhonov
term, which allows to take into account the energy
needed to heat the input fluid from a reference temperature Tf,ref to Tf,in at the same time:
Z Z
Z

1
((Tmin −T )+ )2 dSdt+
(Tf,in −Tf,ref )2 dt
J=
2 S t
2 t
(6)
Where (·)+ is the positive part. We note M =
L2 (S, [0, ta ]) the measure space with ta the time horizon, k · kM .
With these notations, the functional J becomes:
1

J = k(Tmin − T )+ k2M + kTf,in − Tf,ref k2U
2
2

(7)

We use the conjugate gradient method to minimize J,
which requires to calculate the gradient of the functional. The unknown Tf,in is explicit in the Tikhonov
term. For the residual term, the unknown appears in

T via the model. We use the adjoint state method to
compute the gradient of the residual term.
From the direct model presented above, the effects of
infinitesimal variations δTf,in of the input fluid temperature on the surface temperature field can be computed with the linear tangent model. Given that the
direct model is linear in Tf,in , both direct and linear
tangent model are equivalent. The adjoint problem
(8) can be deduced.

∂δT ∗


− (1 − φ)∇ · (k∇δT ∗ )
−(1
−
φ)ρc

p
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f
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f
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(8)
Where δS is the Heaviside function for the surface.
Adjoint and direct problem have the same structure.
The same method, presented before, can be applied
to solve both problems.
The gradient of the functional is expressed as:






















J 0 (δTf,in )δ T̃f,in

R ta R
∗ n
= − t=0
Γf,in δ T̃f,in kf ∇δTf · ~
+ (ρCp )f δTf∗ ~u · ~n dSdt
R ta
δ T̃f,in (Tf,in − Tf,ref )dt
+ t=0

Frozen point can be computed from water vapor pressure in the air pw [3].
Tf =

cg ln (pw /ag )
bg − ln (pw /ag )

(10)

With ag = 6.1115, bg = 22.452 and cg = 272.55 K.
Finally, two surface temperature set-points are considered: first one is constant, such as Tth = 4◦ C.
The second is linked to the frozen point: Tth =
min (4◦ C, Tf + 4).
Weather data are extracted from RT 2012 and Energy Plus [6] and are supposed to match with weather
predictions. Input fluid temperature is computed as
follows from these data: for each day (time t0 ), the
initial thermal state of the system is supposed to be
known and weather data prediction for the next 4 days
are supposed to be available. Direct model is applied,
with a constant input fluid temperature (Tf,in = 13◦ C)
to compute the surface temperature. The optimization problem is solved to obtain the optimal input
fluid temperature. The new thermal state prediction
is also computed at pre-defined time step. The procedure is repeated with weather predictions updates.
We applied this procedure to a full year weather data
set for different locations.
Examples of weather conditions on one month for
Nancy and Rennes are shown in figures 5 and 6.

(9)

Solution of direct and adjoint problems allow also to
compute the gradient of the functional and to perform
the conjugate gradient method.

Figure 5: Environmental conditions in Nancy

APPLICATION TO ICE PENVENTING
Considerations
threshold

on

surface

temperature

In a first approach, the surface temperature set-point
is considered as constant and positive. To ensure a
safety margin, we can impose Tth = +4◦ C.
However, black ice occurs if water vapor solidifies
while air temperature decreases to the frozen point
Tf . For a dry air, the frozen point can be much lower
than 0◦ C and there is also no risk of black ice beyond
Tf , particularly for negative temperature.

Figure 6: Environmental conditions in Rennes
Applying the direct model allows to get the minimal
surface temperature at each time step. The surface
temperature set-points (Static and Dynamic) are also
shown in figures 7 and 8.

Figure 7: Evolution of minimal temperature at the
surface in Nancy

temperature tangents the threshold. Because the constant threshold is higher than the dynamic threshold,
based on frozen point, the input fluid temperature is
higher in the first case, entailing higher energy consumption to heat the fluid. The maximum input fluid
temperature is, as shown in figure 9, about 65◦ C in
the first case against about 30◦ C in the second case.
Less effects (potential energetic gains) are observed
for Rennes location due to wet winter climate. In addition to energy saving, this decrease of input fluid
temperature allows to prevent material degradations
in the porous layer of the road due to a too high inlet
temperature.

Estimation of energy consumption:

Figure 8: Evolution of minimal temperature at the
surface in Nancy
The computed input fluid temperatures for both surface temperature set-points are shown in figures 9 and
10.

In this section, we evaluate energy required to prevent
the surface from icing. The energy per unit surface E
to heat the input fluid is computed by integrating the
difference between the reference Tf,ref and the computed input temperature Tf,in :
Z
1
E=
ṁρcp (Tf,in − Tf,ref )dt
(11)
S t
Where S is the surface to prevent from icing.
Such evaluation procedure is applied to four locations subjected to various climates: Aix-en-Provence,
Madrid, Nancy and Rennes. Aix-en-Provence is submitted to a mediterranean climate, with warm winter. Madrid and Nancy are submitted respectively to
degraded mediterranean and oceanic climates with
a continental influence which implies cold and dry
winters. Rennes is under an oceanic climate with
warm and wet winters.
Results obtained for Aix-en-Provence, Madrid,
Nancy and Rennes, are presented hereafter (Table 3).

Figure 9: Input fluid temperature in Nancy

Table 3: Energy balance for
Aix-en-Provence, Madrid, Nancy and Rennes
location
Aix-en-Provence
Madrid
Nancy
Rennes

Figure 10: Input fluid temperature in Rennes
For both surface temperature set-points, the surface
temperature is higher than the threshold. During adverse environmental conditions, the minimal surface

E(Tmin,1 )
78.15
70.43
198.55
56.12

E(Tmin,2 )
28.19
8.13
54.99
43.50

δ [%]
63.9
88.5
72.3
22.5

In this table, E(Tth,1 ) and E(Tth,2 ) refers to the energy per unit surface necessary to heat the fluid for
respectively the thresholds Tmin,1 = 4◦ C and Tmin,2 =
min (4◦ C, Tf + 4). δ refers to the difference between
E(Tth,1 ) and E(Tth,2 ).
Humidity can be important for surface temperature
set-point and energy consumption for some climatic

conditions. For the oceanic climate in Rennes, frozen
point is often close to the air temperature around 0◦ C,
what entails a few difference between E(Tmin,1 ) and
E(Tmin,2 ). On the contrary, for a dryer but colder climate during the winter (Nancy and Madrid), the difference between both estimations is largely higher.
The same trend can be found for Aix-en-Provence.

CONCLUSION
In this study, we have presented the hybrid solar road
concept and its multi-physics modelization which
couples thermal diffusion, hydraulic convection and
radiative transfer. A numerical coupling based on the
finite element method has been proposed and applied
to compute the evolution of the temperature field in
the structure under known environmental conditions.
A command law has been presented to control the
surface of the structure in temperature. The input
fluid temperature is optimized with the adjoint state
method by using the direct and adjoint models to prevent the surface from icing by keeping the temperature of the surface higher than a given threshold. The
influence of the threshold was studied. Analysis of
the results shows that under dry climates, the use of
a dynamic threshold, based on the frozen point and
also humidity, can highly reduce the need on heating.
In prospect, other systems for the energy management of road structures will be led, particularly for
electric solution or fluid flowing in tubes buried under the surface.
KEYWORDS
solar hybrid road, energy efficiency, computational methods, multi-physics heat transfer, finite
element model, adjoint state method
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