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ABSTRACT 9

Transportation is undergoing a radical transformation toward a novel way of thinking about
road pavement: a sustainable, multifunctional infrastructure able to satisfy mobility needs, 11
ensuring high safety standards, low carbon impact, automated detection through smart sen- 12
sors, and resilience against natural and anthropogenic hazards. 13
In this scenario, the road could also play a role for energy harvesting, thanks to the exploitation 14
of solar radiation. The latter can be directly converted into electricity by solar cells placed 15
under a semitransparent layer, or it can be harvested through a calorific flowing fluid. The 16
aim of this paper is to introduce the concept of “hybrid road,” which is able to exploit both 17
approaches. The innovative pavement is a multilayered structure composed by a semitrans- 18
parent top layer made of glass aggregates bonded together thanks to a semitransparent resin, 19
an electrical layer containing the solar cells, a porous asphalt layer for the circulation of the 20
calorific fluid, and finally, a base waterproof layer. 21
The hybrid road can generate electricity, contrast the heat-island effect, exploit the harvested 22
energy to run a heat pump for heating purposes, or facilitate road deicing during winter. 23
The present paper details experimental data obtained through energetic tests performed with 24
a laboratory-size prototype of the hybrid road. The results show that the prototype is able to 25
harvest around 55.2 W through the heat-transfer fluid. Furthermore, the heat exchange be- 26

tween water and asphalt has a cooling effect on the entire prototype.
Keywords 28
thermal behavior, energy harvesting, electric output, solar road, hybrid road, porous asphalt 29
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VIZZARI ET AL. ON THERMAL BEHAVIOR OF SOLAR HYBRID ROAD

Introduction 30

The road of the next generation is a sustainable, multifunctional infrastructure able to satisfy mobility needs, 31
ensuring high safety standards, low carbon impact, automated detection through smart sensors, and resilience 32
against natural and anthropogenic hazards. Furthermore, the road could contribute to the energy needs and play 33
the role of novel energy harvesting technology. 34
Energy harvesting' is the process by which energy is captured and stored, exploiting an external source 35
(e.g., solar power, thermal energy, wind energy, electromagnetic ambient energy, kinetic energy, etc.). 36
The road infrastructure has good potential as an energy harvesting system because it is exposed daily to solar 37
radiation, and it does not require the use of additional land. The solar radiation can be directly converted into 38
electric power thanks to the photovoltaic effect. This solution, named photovoltaic road, consists of solar cells 39
placed under a semitransparent layer. This latter has to support the traffic load, guarantee the vehicle friction, and
allow the passage of the sunlight to the lower layer.> Full-scale applications of solar roads can be found in 41
Tourouvre au Perche (France)® and in Jinan (China),* where 1 km of road can generate 1,000 MWh and 42
280 MWHh per year, respectively. 43
Another example of energy harvesting is the asphalt solar collectors; they consist of pipes embedded into the 44
asphalt, able to extract heat energy through a fluid (i.e., water). Because of the temperature gradient between the 45
fluid and the asphalt, a heat-transfer process occurs from pavement to fluid. The asphalt solar collectors allow for 46
the reduction of the temperature of the pavement, mitigating the heat asphalt and slowing down the rutting. The 47
extracted energy is usually used as a snow-melting system’ or in heating for buildings.® Recently, some researchers 48
investigated the possibility of replacing the asphalt solar collectors with a porous medium. Pascual-Mufioz et al.” 49
proposed a multilayered pavement in which the heat-exchanger fluid passed through a porous asphalt mixture.
They observed that the lower the hydraulic conductivity is, the lower the collected energy is. Asfour et al.® de- 51
veloped a two-dimensional thermo-hydraulic model to simulate the heat exchanges between the fluid and the 52
pavement. The conclusion was that the temperature at the surface strictly depends on the hydraulic conductivity, 53
the injection temperature of the fluid, and its calorific capacity. 54
Le Touz et al.” developed a multi-physics finite element method model of a multilayered asphalt pavement.
The model combined thermal diffusion, hydraulic convection, and radiative transfer. The authors evaluated the 56
harvested energy of the porous medium for different locations in France. The efficiency of the porous layer ranged
between 31.1 % and 41 %, and it can increase by 7 % by using a semitransparent surface instead of the typical 58
coarse aggregate. Cs
Xiang et al.'® combined solar road and soil heat storage technology. During the day, the sunlight is converted = 60
into electricity by the solar cells. The electricity is used to drive a pump, and the remaining part is stocked in an 61
accumulator. At the same time, the pipes placed below the solar road absorb the heat through a heat-transfer fluid. 62
The soil absorbs the heat and it cools the fluid, which is pumped back into the pipes. Furthermore, the authors 63
developed a mathematical model to investigate the influence of flow rate, soil thermal properties, collector area, 64
and borehole depth on electrical and thermal behavior of the system. 65
As a complement, we can also mention the thermoelectric effect as an alternative to solar cells to produce 66
electricity.'>'? 67
In academia, Hasebe, Kamikawa, and Meiarashi'® coupled a thermoelectric generator (TEG) with an asphalt 68
solar collector. The idea is to put in contact the hot side of the TEG with the warm water of the asphalt solar 69
collector and the cold side with the water coming from a low-temperature source (i.e., river). Alternatively, the 70
heat of the asphalt pavement can be conducted to the hot side of the TEG through an aluminum plate embedded 71
into the road. In this case, the difference of temperature is given by the aluminum and a cold source such a heat 72
sink. The latter is filled with water, and it is installed in the subsoil."*
The novelty of this paper is the merging of a photovoltaic road with a porous asphalt layer to maximize the 74
exploited/collected energy. The porous asphalt has a double task: stocking the excess of heat through the water 75

and alleviating the increase in temperature of the solar cell and of the asphalt. The advantages are for the 76
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mechanical performance of the asphalt, which sharply declines at high temperature (loss of stiffness modulus and
rutting resistance) and for the efficiency of the solar cell.

In the following paragraphs, we introduce the concept of “hybrid road.” We list the materials used for the
construction of a prototype, and we present the results obtained with an experimental setup for the evaluation of
energy harvesting and the electrical output in lab conditions.

The Concept of Hybrid Road

The hybrid road is a multilayered pavement able to harvest energy from solar radiation. From the top to the
bottom (fig. 1), the pavement is composed by the following four components: a semitransparent top layer made
of glass aggregates bonded together through a semitransparent resin; an electrical layer containing the solar cells; a
porous asphalt layer sandwiched between two waterproofing bituminous membranes, typically used to prevent
concrete bridge deterioration; and a high-modulus asphalt mixture, characterized by longer durability, superior
rutting resistance, and satisfactory fatigue resistance.

The hybrid road is able to generate electricity thanks to the solar cells and harvest heat energy at the same
time through the water circulated in the porous layer. Furthermore, the semitransparent layer favors a kind of
“greenhouse effect,” in which the solar radiation penetrates into the porous medium, maximizing the harvested
energy.

The Test Method

The prototype of the hybrid road evaluated in the present paper has dimensions of 70 cm X 20 cm X 14 cm
(fig. 2).

The semitransparent surface has a 1-cm thickness made up by glass aggregates bonded together through an
epoxy glue. The volume fractions are 57 % of 4/6 mm glass aggregates, 38 % of 2/4 mm, and 5 % of glue.

The glue is a two-component epoxy called Araldite 2020, which is usually used for glass bonding. The glue
properties are as follows: viscosity, 150 mPa.s; pot life, 45 min; fixture time, 960 min; shear strength, 16 MPa;
elongation at break, 4 %; Young modulus, 2,800 MPa; and working temperature range, —40-60°C.

For the glue preparation, the two components are weighted according to the ratio of 100:35, and they are
manually mixed together for two min and poured into the glass aggregates. The preparation continues by mixing
the glue and glass aggregates for some minutes until they are homogeneous.

The manufacture procedure of the semitransparent layer consists of the following steps: (1) Weigh each class
of aggregates according to the volume fractions; (2) mix the glass aggregates and the glue for 3 min using a lab
spoon; (3) lay down the mixture, respecting the thickness of 1 cm; (4) apply a low manual compaction to obtain a
uniform surface; and (5) store the semitransparent layer for at least 24 h at the temperature of 20°C.

|
FIG. 1 Three-dimensional (3D) sketch of the hybrid road.

Semitransparent layer

Solar cells

Bituminous membrane
Porous asphalt mixture
Bituminous membrane

High - modulus asphalt mixture
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FIG. 2 Dimensions of the prototype.
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Under static load, the semitransparent layer can withstand 6.25 MPa with no damage for the solar cell."”

The solar cell is monocrystalline silicon with dimensions of 11 cm X 11 cm X 0.3 cm. Based on the lab mea-
surement performed at 1,000 W/m?>, the peak power is 1.1 W, the open circuit voltage is 3.68 V, and the short
circuit current is 0.43 A.

The power loss of the solar cell is 52.9 % and 76.6 % for 1-cm and 2-cm thicknesses of semitransparent layer,
respectively. The measurements refer to the early stage when there are not aging phenomena.

The porous asphalt has a thickness of 7.5 cm, bituminous content of 4.5 %, and porosity of 22.5 %. The latter
is calculated based on the vacuum sealing method (ASTM D7063/D7063M-11, Standard Test Method for Effective
Porosity and Effective Air Voids of Compact Bituminous Paving Mixture Samples [Superseded]).'® The specimen is
submerged underwater and weighed in both sealed and unsealed conditions.

To guarantee the waterproofing of the porous asphalt, the medium is sandwiched between two bituminous
membranes having a thickness of 0.25 cm.

The base is a high-modulus asphalt mixture having 4.5 cm of thickness. The grading curves of both mixtures
are detailed in figure 3.

The Experimental Setup

The objective of the experiment is to study the thermal behavior of the prototype, evaluate the harvested energy,
and calculate the electric power generated from the solar cell. At this scope, a dedicated test bench (fig. 48-4D)
has been constructed. The equipment is composed of the following: (1) a halogen lamp of 1,500 W able to sim-
ulate the solar radiation; (2) a waterproof test bench to place the prototype; (3) two water collectors, correspond-
ing to the inlet and the outlet of the prototype; (4) an insulated tank to collect the water; (5) a system of tubes that
connects the water collectors to the tank; (6) a heat exchanger for the regulation of the water temperature in the
tank; (7) a pump for the reinjection of the water from the tank to the inlet of the prototype; (8) a pyranometer to
measure the solar radiation generated from the lamp; (9) a dedicated instrumentation to measure the intensity-
voltage curve of the solar cell; (10) eight temperature sensors (fig. 4A) (three placed in the interface semitrans-
parent layer/solar cell, three in the interface bituminous membrane/porous asphalt, and two sensors placed in the
inlet and the outlet of the prototype); and (11) a multichannel data logger to record the temperature of the sensors

during experiments.
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FIG. 3 Grading curves of the porous and high-modulus asphalt.
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Thermal Behavior and Harvested Energy

The hybrid road is able to harvest energy thanks to the gradient of temperature between the heat-transfer fluid
and the porous medium. In terms of heat exchange mechanisms, the energy is firstly balanced along the interface
between surface and atmosphere. In this case, the heat flux is caused by the incident radiation of the sunlight, the
convection between prototype surface and air, and the thermal radiation of the surface. In return, the heat flux
causes a change of temperature in the prototype (thermal diffusion), leading at the end to a convection mecha-
nism in the interface porous medium-fluid.

The harvested energy from the heat-transfer fluid is given by formula (1):
E =prp,fQ - T (1)

where:

ps=the density of the fluid, kg/m® (~ 1,000 Kg/m® for the water),

C,, s= the specific heat capacity of the fluid, J/Kg- K (= 4,180 J/Kg- K for the water),

Q = the volumetric water flow through the porous medium, m>/s, and

AT = the difference of temperature between the inlet and the outlet of the prototype, K.

To measure Q and AT, the prototype is placed in the waterproof test bench with a slope of 1 %, and it is
exposed to the radiation of a lamp. The test bench is equipped with two collectors, corresponding to the inlet and
the outlet of the prototype. The water (having a temperature of 20°C) passes from the first tank to the porous
asphalt, in which the convection mechanism takes place. The result is an increase of the water temperature along
the path until the outlet of the second collector. At the outlet, the water has a temperature of 20 + AT, and it goes
in the tank. The latter is equipped with a heat exchanger and is able to maintain the temperature of the water at
20°C. At this point, the pump reinjects the water from the aquarium to the inlet of the porous medium, and the
cycle starts again.

The cycle is in equilibrium when the hydraulic load AH is constant during time (fig. 4A). In more detail, the
water flow is regulated so that the height of the water H1 in the first collector corresponds to the height of the
porous asphalt.

In this condition, the water flow is 0.0172 V/s.

The test is based on two different approaches: (1) simulating a quasi-permanent regime with a constant
radiation illumination of 1,000 W/m?> during 6 h and (2) simulating a periodic regime of day-night cycles with
the lamp through a sinusoidal law.
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FIG. 4 Hybridroad drawings: (A) disposition of the thermocouples; (B) schema of the bench test; (C) picture of the bench
test; and (D) 3D sketch of the bench test.

(B)
Lamp
Pyrauo:}]eter
Prototype
Inlet Outlet
Aquarium

T 1
Heat exchanger

Hybrid road

Water tank

The power of the lamp is adjusted according to the pyranometer measurement. For example, when the lamp isat 163
the maximum power, the pyranometer detects 16 mV, which corresponds to 1,733 W/m? (1 W/m* ~ 9.27 uV). Taking 164
in consideration the setup configuration, in which the pyranometer is placed on the corner of the prototype, the 165

equivalent radiation in the center of the prototype is given, in first rough approximation, by the inverse square law'”: 166

&
L=1I d—; @
2
where: 167
I, = the radiation intercepted by the pyranometer, W/m?, 168
I, = the radiation in the center of the surface prototype, W/m?, 169
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d, = the distance lamp-pyranometer, m, and

d, = the distance lamp-center of the surface prototype, m.

Assuming I1 = 1,733 W/ m?, d; = 1.02 m, and d, = 1.09 m, the radiation in the center of the surface prototype
is around 1,518 W/m>.

Following the same approach, 1,000 W/m? corresponds to 45 % of the maximum power delivered from the
lamp. More details about the pyranometer calibration are in the work of Le Touz, Toullier, and Dumoulin,'®
where the authors derived the distribution of solar radiation on the surface of a solar road by performing a bicubic
interpolation on nine measurement points.

PSEUDO PERMANENT REGIME: CONSTANT RADIATION
The following section analyzes the results of the test at constant radiation (1,000 W/m? for 6 h). Figure 5 refers to
the case with water flow, and it shows the variation of temperature detected from the thermocouples.

The differences of temperatures between the thermocouples are because of their different positions in the
prototype. For example, thermocouple 5 detects the highest temperature (around 55°C) because it is placed in the
interface semitransparent layer/solar cell along the vertical between the lamp and the surface. Thermocouple 1
detects the lowest temperature (around 38°C after 6 h) because it is placed close to the inlet of the prototype. In
that zone, the porous medium is better water-saturated than the side of the outlet. Consequently, there is a better
heat exchange between water and asphalt.

It is worth noting how thermocouple 8 registers higher values of temperature than the 7. It means that the
convection mechanism takes place, leading to a difference of temperature between the inlet and the outlet of the
prototype.

At 3 h and 36 min, all the thermocouples detect a little peak of temperature, probably because of the in-
terference of the sunlight coming from the window located near the bench test. At 4 h and 12 min, the prototype
reaches the temperature equilibrium, and all the curves settle on constant values.

Figure 6 refers to the test without water flow. As expected, the thermocouples register higher temperatures
in comparison to the test with water flow. In other terms, the heat exchange between water and asphalt has a
cooling effect on the entire prototype. After 6 h, the prototype does not reach the equilibrium, and the trends of
the curves suggest that the temperature could increase.

Table 1 shows the change of temperature because of the absence of water. The temperature can increase by
up to 51.6 %.

Figure 7 shows the harvested energy of the prototype. Because the water flow is always constant, the curve
follows the trend of the AT curve.

FIG. 5 Temperature variation of the thermocouples with water flow through the porous asphalt.

Temperature [°C]

0:00 0:36 1:12 1:48 2:24 3:00 3:36 4:12 4:48 5:24 6:00
Time [hours:min]

Journal of Testing and Evaluation

171
172
173
174
175
176
177

178
179
180
181
182
184
185
186
187
188
189
191
192
193
194
195
196
197
198
199
200



VIZZARI ET AL. ON THERMAL BEHAVIOR OF SOLAR HYBRID ROAD

FIG. 6 Temperature variation of the thermocouples without water flow.

Temperature [°C]

0:00 0:36 1:12 1:48 2:24 3:00 3:36 4:12 4:48 5:24 6:00
Time [hours:min]

TABLE 1

Thermocouples temperatures after 6 hours test AQ20
1 2 3 4 5 B AQ21

T, °C (with water flow) 38.0 42.1 44.3 46.8 54.9 51.4

T, °C (without water flow) 57.6 62.2 57.5 62.1 66.2 62.7

% increase 51.6 47.7 29.9 32.8 20.5 21.9

FIG. 7 Harvested energy of the prototype through the water.
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The average value of harvested energy power at 6 h is 55.2 W. The solar radiation intercepted from the 201
surface of the prototype is around 120 W; consequently, the efficiency is around 46 %. This result is consistent 202
with the literature. For instance, the multilayered asphalt pavement as an active solar collector of Pascual-Mufioz 203
et al.” has an efficiency between 35 % and 45 % (in the case of a porous layer with 23 % of air voids and solar 204
irradiation between 300 W/m?” and 440 W/m?). The comparison could be extended to the asphalt solar collectors. 205
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FIG. 8 Temperature variation of the thermocouples for the day-night cycles.
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In this case, the efficiency depends on the geometry of the collector, the thickness of the asphalt above the col- 206
lector, the heat-transfer properties of the materials, the inlet fluid temperature, and the water flow."” According to 207
Shaopeng, Mingyu, and Jizhe,” the efficiency is around 33 %, while Masoumi, Tajalli-Ardekani, and Golneshan®" 208
obtained up to 45 % based on neural network modeling. 209

PERIODIC REGIME: DAY-NIGHT CYCLES 210

The objective of the day-night cycles is to simulate in lab condition the variation of the solar radiation. Each cycle 211

is 24 h (12 h light + 12 h night), and the peak of the signal is at 90 % of the maximum power delivered from the

lamp, which corresponds to a radiation of around 1,500 W/m? (fig. 8). 213
As for the test at constant radiation, the temperature of the thermocouple is strictly dependent on its position 214

in the prototype. The highest temperature is detected by thermocouple 5 (around 65°C), and the peak of each 215

curve corresponds to the peak of the lamp signal. 216
To avoid plastic deformation in the prototype, the test has been performed only with water flow. 217
FIG. 9 Harvested energy and AT of the prototype for the day-night cycles.
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In terms of harvested energy, the average thermal power is 26.4 W per cycle of 24 h (fig. 9). For a comparison
with the test at constant radiation, it is possible to analyze the harvested energy falling in an interval time of 6 h,
centered at the pick of the sinusoidal signal of the lamp. In this case, the thermal power is 54.5 W per cycle, very
close to the value of 55.2 W, which was obtained at a constant radiation of 1,000 W/m”. This means that the test at

constant radiation is reliable for the evaluation of the harvested energy. Moreover, it is less time-consuming.

Electric Output of the Solar Cell

As it is well known, there is an inverse correlation between the efficiency of a solar cell and its temperature. If the
water flow can relieve the temperature of the prototype, can the solar cell benefit from this effect? To answer the
question, the electric output of the solar cell has been monitored for 6 h at 1,000 W/m? with and without water flow.

The electric output of the solar cell is given by its maximum power point (MPP). The MPP is obtained from
the intensity-voltage curve. It represents the maximum of the product between intensity and voltage, and it is the
bias potential at which the solar cell outputs the maximum power.>* The intensity-voltage curve is measured by an
in-house measurement system, which is able to simultaneously detect the intensity and the voltage by automati-
cally changing the electrical resistances. Every 5 minutes, a dedicated software builds the curves and generates a
file with the raw data. Figure 10 shows all the intensity-voltage curves traced during 6 h in absence of water flow.
Over time, the curve tends to shrink because of the reduction of efficiency of the solar cell because of the in-
creasing temperature.

At first, the MPP is calculated for the solar cell (MPP;,j,, 1), and the same measurement is repeated once
the solar cell is merged in the semitransparent layer (MPPp,q;01pc)- The latter interacts with the solar radiations
intercepted from the solar cell, causing a sharp reduction in the MPP.

The power loss of the solar cell is given by the following expression:

(esolar_cell - 8pr0t0type)

PL= 3
Esolar _cell
where:
—MPP 100 %
E=
Al " @

Esolar_cenn = the efficiency of the solar cell, %,
Eprototype = the efficiency of the solar cell covered by the prototype, %,

FIG. 10 Intensity-voltage curves of the solar cell during 6 h at 1,000 W/m? without water flow.
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A = the surface of the solar cell, m* (= 0.0121 m?), and 242

I=the flux density of the solar radiation generated by the lamp, W/m?> (~ 1,000 W/m?). 243

The PL is calculated at =0 h and ¢ = 6 h, for which the solar cell is at the minimum and maximum temper-
atures, respectively. 245

Taking into account the average measurements of thermocouples 2 and 5 and the MPPatt=0handt=6h, 246
the reference values are listed in Table 2. 247

The difference of temperature at t=0 h between the test with and without water flow is because of the 248
presence of water at 20°C in the porous medium and the absence of cooling system in the laboratory. 249

It is worth noting that the MPP values refer only to the solar cell surface. Hypothetically, the whole prototype 250
surface (0.14 m?) could be covered with solar cells. In the case of water flow, the MPP would be 2.18 W, which if 251
added to the average thermal power of 55.2 W (see the section titled “PSEUDO PERMANENT REGIME: 252
CONSTANT RADIATION”) would give a total power of 57.38 W. 253

In terms of efficiency and power loss, the results are summarized in Table 3. 254

The reduction of efficiency at t=0 h is related to the difference of temperature, similarly at t=6 h.
Considering the variation of power loss between t=0 h and t=6 h, the water flow has a slight relief effect 256
on the temperature of the prototype, which translates into a APL of 2.2 %. 257

The measurements of power loss are consistent with the state-of-art. Hu et al.®> proposed a semitransparent
layer made of glass aggregates and unsaturated polyester resin, having a power loss between 76 % and 83 %. A 259
novel way to improve the transparency of the semitransparent layer is to use the surface dressing treatment.”* It 260
consists of a thin film of transparent glue covered with a single layer of glass aggregates. Thanks to the low 261

thickness and high glue content, the resulting power loss is around 13-15 %. 262
An agreement is observed for the calculated experimental performances with the ones obtained by using the 263
formula of Evans,” in which the variation of efficiency is related to the temperature of the solar cell: 264

Ec = €T, [1 - ﬁref(Tc - Tref)] )

1

ﬂref = TO _ Tref (6)
In more detail: 265
e. = the efficiency of the solar cell, % (i.e., £rot01ype(t = 6 h)), 266
errer= the efficiency at the temperature of reference, % (i.e., €prorotype (t=0 h)), 267
Pres=the temperature coefficient of the solar cell, 1/°C, 268
T, =the temperature of the solar cell, °C (i.e., T}, ., of Table 2), 269

TABLE 2

Reference values of temperature and MPP

Water Flow No Water Flow

t=0h t=6h t=0 t=6h

Tyin = 19.7°C Tynax = 54.9°C Tyuin = 29.6°C Tonax = 64.2°C
MPP(_ 1y=0317 W MPP(_ g 1y=0293 W MPP(_ o 1y=031 W MPP(_g y=0.274 W
TABLE 3

Efficiency and power loss of the solar cell

Ewolar—cell  Eprotorgpe ((=0h)  PL(t=0h)  Eporonpe (t=6h)  PL(t=6h) APL=PL(t=0h) — PL(t=6 h) JNOPL!

Water flow 9.15 2.62 71.4 % 2.42 73.6 % 22 %
No water flow 9.15 2.56 72 % 2.27 752 % 32 %
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TABLE 4
Efficiency and power loss based on the formula of Evans
E(t=0 h) Trefit=0 ny °C Tc=6ny °C B, 1/°C E(t=6 h) PL(—¢ 1)
Water flow 2.62 % 19.7 496 0.003995 2.30 % 74.8 %
No water flow 2.56 % 296 64.2 0.00416 2.19 % 76.1 %
T,ef=the reference temperature for the solar cell, °C, (i.e., T}, of Table 2), and 270

T, = the temperature at which the efficiency of the solar cell drops to 0, °C (for monocrystalline ~ 270°C). 271
The model slightly overestimates the power loss of the solar cell after 6 h (Table 4). The reason could be the 272
position of the thermocouples, which are not directly in contact with the solar cells and could overestimate the 273
values Tc and T, Furthermore, the value of T, has not been measured but simply derived from the literature. 274

Moving from these assumptions, the model could fit the experimental power loss if Tc and T, refer to thermo- 275

couple 5 and if Tj is around 340°C. 276
Conclusions 277
The hybrid road is a multilayered pavement able to harvest energy from solar radiation. 278

The innovation is merging a photovoltaic road with a porous asphalt to maximize the exploited/collected 279
energy. The idea is to add novel functionalities to the road and moderate the negative effects of extreme events 280
thanks to the temperature control through the water in the porous layer. 281

The objective of this paper is to understand the variations of the temperature in the prototype, calculate 282
the harvested energy thanks to the water pumped through the porous asphalt, and evaluate the power loss of 283
the solar cell. 284

The results show that the heat exchange between water and asphalt has a cooling effect on the entire proto- 285

type. In more detail: 286

 The cooling effect is bigger for the thermocouples placed close to the inlet. In that zone, the water saturation 287
is better than the zone beside the outlet. By the same logic, the thermocouples placed lower into the proto- 288

type matrix record lower temperatures. 289
o In absence of water flow, the temperature can increase by up to 51.6 %, increasing the risk of rutting in the 290
asphalt. 291

+ In terms of energy harvesting, the hybrid road has an efficiency of 46 %. The efficiency can be improved in
two ways: increasing the difference of temperature between the inlet and the outlet (AT) or improving the 293
water flow. 294

o The AT can be enhanced by improving the thermal effusivity of the porous medium. The thermal effusivity 295
represents the ability of a material to exchange thermal energy with its surroundings. The water flow can be 296
increased by improving the permeability of the porous medium, which is strictly dependent on the porosity 297
and the tortuosity. 298

o Regarding the electric output, there is a direct correlation between the increase of power loss of the solar cell 299
and the increase of temperature. In absence of water flow, the PL is around 72 % at ¢ = 0 h. As the temper- 300
ature of the prototype increases, after 6 h the power loss reaches 75.2 %. If the same test is performed with 301
water flow, the power loss drops to 73.6 %. In other terms, the solar cell works better thanks to the cooling 302
effect of the water. Despite this relief effect, the PL stands at high values because of the poor transparency of 303

the semitransparent layer. 304
o The low electric power could be useful to make turn the water in the porous medium, and the moderate FNO¥X]
efficiency of the system could be compensated by the surface extension all along the road network. 306

Moving from these considerations, further research will focus on the optimization of the prototype. In the 307
second generation of hybrid road, the thickness of the semitransparent layer could be reduced by using the surface 308
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dressing technique, the epoxy replaced by transparent polyurethane, and the porous asphalt by porous concrete

with higher porosity.
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