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Abstract 
The world energy consumption is constantly increasing and the research point towards novel energy harvesting technologies. In the field of pavement 
engineering, the exploitable sources are the solar radiation and the vehicle load. At present, these systems are able to convert the sunlight into electricity 
thanks to some solar cells placed under a semi-transparent layer (photovoltaic roads), or they can harvest thermal heat by means of solar thermal systems. 
The thermal gradient of the pavement can be exploited by thermoelectric generators, by heat pipes or by heat-transfer fluids (i.e. water) pumped into a 
medium (asphalt solar collectors, porous layer or air conduits). The traffic load can be exploited by piezoelectric materials, able to convert the vehicle load 
into an electrical charge.  
The aim of this paper is to describe the main pavement energy harvesting technologies, pointing out positives and negatives and providing indications for 
further optimizations. Finally, the systems are compared in terms of initial cost, electrical output, efficiency and technology readiness level. 
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 Introduction 

Energy harvesting is the process by which energy is captured 
exploiting an external source (e.g., solar power, thermal 
energy, wind energy, electromagnetic ambient energy, 
kinetic energy, etc.) [1, 2]. In the field of road engineering, the 
exploitable energy sources are the solar radiation and the 
vehicle load (Figure 1).  
The first group is related to technologies that make use of the 
solar exposure of the road pavement. The sunlight can be 
converted into electricity thanks to solar cells imbedded into 
a semi-transparent layer, or it can be converted in thermal 
heat by means of solar thermal systems. The thermal gradient 
of the pavement can be exploited by thermoelectric 
generators (TEGs), by heat pipes or by a heat-transfer fluid 
pumped into a medium (asphalt solar collectors, porous layer 
or air conduits) [3]. 
The second group is composed by technologies that make use 
of the mechanical energy transferred from vehicles to the 
pavement. The load can be converted into electricity by 
means of piezoelectric material imbedded into the asphalt, or 
by speed bumps, able to transform the motion and pressure 
generated by passing of a vehicle into energy [4].  

 Photovoltaic road 

A photovoltaic road aims at converting the sunlight in 
electricity thanks to the solar cells placed under a semi-

transparent layer. The general design of a photovoltaic road 
consists of three principal layers (Figure 2): the top element is 
a semi-transparent layer made of tempered glass, polymer or 
glass aggregates bounded together using a special resin [5] 
(i.e. epoxy, polyurethane etc.). 

 

Figure 1. Energy harvesting through the road pavement. 

The semi-transparent layer plays a fundamental role because 
it has to support the traffic load, ensure safe driving thanks to 
adequate adherence condition, allow the passage of the 
sunlight to the solar cells and protect the electronic 
component; the second element is the electric layer where 
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the solar cells are located and the last element is the base 
layer which has to transmit the traffic load to the pavement, 
subgrade or base structure [6]. 

 
Figure 2. Exploded view of a photovoltaic road. 

In academia, Northmore and Tighe [7] proposed a sandwich 
structure composed by two laminated 10mm tick panes of 
tempered glass for the transparent layer, 12.7 mm and 
19.1 mm thick panes of Glass fiber Polyester GPO-3 (a 
fiberglass laminate consisting of polyester resin reinforced 
with fiberglass mat base for applications up to 155°C with 
good thermal, mechanical and electrical properties [8]) for 
the electrical and the base layer respectively. In terms of 
mechanical performance, the photovoltaic road was able to 
support a stress of 16.6 MPa, which was the endurance limit 
(also called “fatigue limit”, it is the stress level below which 
failure doesn’t occur) of the fiberglass foil. 
Dezfooli et al. [9] proposed two different prototypes in order 
to evaluate the feasibility of the photovoltaic roads. The first 
prototype is composed of a top layer in polycarbonate for the 
transmission of sunlight, a second layer contains the solar 
cells and finally an aluminum plate used to keep the layers 
together. The second prototype is composed of four parts: an 
asphalt layer to withstand the traffic load, the solar cells 
enclosed between two rubber layers and the top porous layer 
to drain and channel the water and to protect the solar cells. 
Based on the results of the flexural bending test, the first 
prototype was able to support 600 kPa before the failure.  
Ma et al. [10] designed a photovoltaic floor, where the solar 
cells, enclosed by two EVA (Ethylene Vinyl Acetate) /PVB 
(Polyvinyl Butyral) foils, are sandwiched between anti-slip 
front tempered glass and rear support tempered glass. The 
total front size is 500×500 mm and the thickness is about 20 
mm. In each floor tile, 9 mono-crystalline silicon solar cells are 
connected in series, generating an electrical power of 30-40 
Wp (it is the Watt-peak and it represents the maximum power 
supplied by a solar cell in standard conditions) and ensuring 
an efficiency of 15%. The maximum compressive strength for 
the photovoltaic floor was around 15-16 MPa. 
Comparing the three solutions, the tempered glasses of 
Northmore et al. and Ma et al. seem to be adapted to support 
the traffic load, which is around 1 MPa for a heavy truck. The 
disadvantage of these systems is that they are all 
prefabricated structures, whose application in full scale could 
be complex and expensive.  
Photovoltaic roads also attracted industry attention. The 
Table 1 lists the principal companies, which built full scale 
prototypes. 

Comparing the photovoltaic roads developed by industry, the 
solution of Wattway seems to be the easiest to install, 
because the panel can be directly placed on existing 
pavements.  Regarding the electrical output, a correct 
comparison is not feasible because the data provided by the 
companies are not obtained following a standard procedure 
(i.e. irradiance of 1000 Wh/m2 and temperature of 25°C). 
Furthermore, phenomena such as the reduction of the 
efficiency of the pv cells at high temperatures, aging of the top 
layer and presence of dirt or dust are not taking into account 
for the calculation of the electrical power.  

 COP21 prototype  

Researchers of IFSTTAR showed growing interest for 
photovoltaic road and, in occasion of the COP21 (Conference 
of Paris - 2015), they presented a novel prototype of “hybrid 
solar road”. The system was composed by a semi-transparent 
layer of 1 cm thick, a porous asphalt layer of 10 cm thick able 
to harvest heat energy by means of water and a pv cell placed 
between the two layers [15].  
The semi-transparent layer was obtained by mixing together 
recycled glass aggregates with an epoxy transparent binder. 
In general, the semi-transparent layer was treated as an 
asphalt mixture. The binder content was around 5% and it 
was optimized in order to obtain a certain fluidity of the 
mixture and to give a satisfying visual aspect of entire grain 
surface coating without any visible binder leakage. 
Once the mix-design was defined, the optical performance of 
the semi-transparent layer has been tested. In particular, the 
power loss of the solar cell because of the semi-transparent 
layer has been measured. The results showed that the power 
loss of the mixture having 1 cm thick was around 52.9%. 
Furthermore, the reduction of optical performance was 
detected by exposing the sample to the weather changes. The 
power loss moved from 52.9% to 71.7%. 
In terms of mechanical performance, a static load has been 
applied on a sample composed by the semi-transparent layer 
stuck on a concrete slab of 7 cm thick. The charging area had 
a diameter of 44 mm. The charging force was transmitted to 
the sample surface via a hard rubber interface extracted from 
utilized tires. The sample withstood to 9500N, which is 
equivalent to 6.25 MPa of compression stress. Considering 
that the maximum stress of a heavy truck on a road pavement 
is around 1 MPa, the result was satisfactory. 
Unfortunately, the epoxy is affected by aging, which causes 
brittleness and yellowing. Recent research proposes to 
replace the epoxy with thermosetting polyurethane, which is 
more stable to the UV radiations. Furthermore, the mix-
design of the semi-transparent layer is optimized. The results 
demonstrate that high glue content (up 20% in volume) has a 
positive impact on both mechanical and optical performance 
of the semi-transparent layer, while the use of fine particles, 
which interfere with the sunlight wavelength, reduces 
dramatically the transparency of the material [16, 17]. 
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Table 1. List of companies which worked on photovoltaic roads.  

Company Description Electrical 
output  Applications 

Solar 
Roadways 
[11] 

They proposed a hexagonal panel of around 0.4 m2 
composed by an electrical layer (containing the solar 
cells) enclosed between two layers of tempered glass 
hermetically sealed. Furthermore some LED lights are 
imbedded into the pavement to make road lines and 
signage  

44 Wh per 
panel 

 

Wattway 
[12] 

Colas company designed panels containing 15-cm wide 
polycrystalline silicon cells that transform solar energy 
into electricity. The cells are coated in a multilayer 
substrate composed by resins and polymers, 
translucent enough to allow the passage of the 
sunlight, and resistant enough to withstand truck 
traffic 

20 m2 + 1000 
sun-hour/year 
to provide 
energy for an 
average single 
French 
household 

- A parking lot of 50 m
2
 in Vendéspace 

(Roche-sur-Yon) able to produce 6300 
kWh/year 

- 50 m
2 

of panels have been installed at the 
Georgia Visitor Information Center, 
producing 7000 kWh/year 

- 1 km of Wattway road have been installed 
in Normandy, producing 280 MWh/year 

Solaroad 
[13] 

The technology consists of concrete modules of 2.5  - 
3.5 meters with a translucent top layer of tempered 
glass, which is about 1 cm thick. The top layer has to be 
translucent for sunlight and repel dirt as much as 
possible. At the same time, it must be skid resistant and 
strong enough in order to guarantee a safety drive  

3500 
kWh/year per 
module 

- A bike path of 72 meters built in 
Krommenie (Netherland) which produces 
70 kWh/m2 per year 

Qilu 
transportation 
[14] 

The structure is typical of a solar road: semi-
transparent layer + pv cells + base layer  460 Wh/m2 - A road of 1 km (5875 m2) built in Jinan 

(China), able to produce 1 GWh/year  

 Sensecity prototype 

In 2016, a big scale experimental mounting of a solar road was 
installed in the site of the SenseCity experimental platform 
located in Marne-la-Vallée near Paris. The installation was 
representative of real urban conditions involving partial 
shading from adjacent building, trees and masts and can be 
circulated by pedestrian, bicycles and light vehicles. The 
system was constructed on a 195×85 cm2 concrete slab and it 
consisted of three parallel connected PV panels of 60 W each 
covered by 1 cm of semi-transparent layer designed in 
IFSTTAR (Figure 3) [18].  

 
Figure 3. Sensecity prototype [18].  

The electrical power (see Annexes 1 and 2) of the prototype 
and the global irradiance was measured for 2 months from 
6:30 am to 6:30 pm. The Figure 4 is an example of 
measurements obtained on the 1st of May 2016. The upper 
part represents the produced PV electric power in blue, the 
global irradiance measured by the pyranometer (It is a device 
able to measure the global irradiance (direct + diffuse 

sunlight, see Annex 3) Solems RG-100 reference cell in green 
and the global irradiance measured by an SPN1 pyranometer 
installed on a 10-meter mast near the solar road, in magenta. 
The lower part of Figure 4 refers to the efficiency of the 
prototype, given by the ratio between the electric power and 
the irradiance received by the RG100. The measurements 
refer to an area of 1 m2 and they are around 8% between 
10:00 am and 2:00 pm.  
Observing the trend of the efficiency curve, there is a 
decrease between 10 am and 1 pm, which is certainly due to 
the heating of the solar cells. 
Before 8:15 am, both the prototype and the pyranometer 
Solems RG-100 were shaded by the building and the tree on 
the east. After that, the sun started shining on the sensor 
again (as seen through the large jump in the green curve), and 
progressively, the 3 modules of the solar road became 
partially to fully exposed to the sunshine. This progression is 
seen through the 3 main steps in the blue curve between 8:30 
and 10:30 am. Between 11:30 and 12:00 am, the 10 meters 
mast overshadowed the solar road. Symmetrical effects 
occurred at sunset. 
 

95 
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Figure 4. Measurements on the solar road – 1st of May [18]. 

The maximum power obtained during the measurements was 
160 Wh and it was reached between 10:00 am and 2:00 pm 
during a sunny day. 
Figure 5 shows the ratio between electric produced energy 
and the irradiation detected by the pyranometer, around 
noon (10:00 am – 2:00 pm). It is a pseudo conversion 
efficiency because the irradiance received by the solar road is 
affected by many shadowed period while the pyranometer is 
not affected. Anyhow, the figure clearly shows a degradation 
of the solar cells performance. This declining tendency is due 
to the aging of the epoxy and dirt accumulation. 

 

Figure 5. Daily energy produced by the solar road divided by the daily 
irradiance measured by the pyranometer from April 6th to June 30th 
2016 [18]. 

 Solar thermal systems 

Solar thermal systems are able to harvest heat energy from 
the Sun by means of a heat-transfer fluid. Based on the 
medium used to make flow the heat-transfer fluid, two 
systems can be distinguished: asphalt solar collectors and 
porous layer as active solar collectors. If the heat-transfer fluid 

is the air, the system is called air-powered energy harvesting 
pavement. 

 Asphalt solar collectors 

Because of the sunlight exposition, the surface temperature 
of asphalt can increase around 70 °C, accelerating some 
typical failure of the roads as the rutting (permanent 
deformation of pavements) or the oxidation of the asphalt 
(causing changes in viscosity, separation of components, 
embrittlement and loss of cohesion) [19]. In order to reduce 
the pavement temperature and exploit the solar radiation, 
asphalt solar collectors represent a good solution. They 
consist of pipes, directly embedded into the asphalt, able to 
extract heat energy through a fluid (i.e. water). Due to the 
temperature gradient between the fluid and the asphalt, a 
heat transfer process occurs from the pavement to the fluid. 
In other terms, a cold fluid goes into the system and a hot fluid 
comes out. 
The energy obtained from the asphalt solar collectors could 
be used for snow melting systems or for the heating system 
of the adjacent buildings. The solar collectors can also be 
embedded in concrete pavements, but they are less 
performant because the concrete’s solar absorption 
coefficient is lower than asphalt. 
The energy balance of an asphalt solar collector involves the 
following materials and media: i) the asphalt pavement, ii) the 
pipes, iii) the air of the atmosphere and iv) the fluid flowing 
through the pipes network. In terms of heat exchange 
mechanisms, the energy is firstly balanced along the interface 
between pavement and atmosphere. In this case, the heat 
flux is caused by the incident solar radiation, by the 
convection between asphalt and air and by the thermal 
radiation of the asphalt. In return, the heat flux causes a 
change of temperature in the pavement, leading to a 
conduction process from the surface to the interior of the 
road. The conduction continues in the interface asphalt-pipe 
and finally a convection mechanism occurs in the interface 
pipe-fluid.   

 
Figure 6. Energy balance of an asphalt solar collector. 

The first application of asphalt solar collectors dates back to 
1990 with SERSO project [20]. The pipes network was 
installed along a bridge in Swiss, which was part of the 
national highway. The idea was to store the excess of heat 
energy during summer thanks to a heat pump and reuse the 
heat in order to melt the snow or the ice during the winter.  
Compared to other road energy harvesting systems, the 
asphalt solar collectors have reached the highest level of 
improvement, becoming a quite common technology with a 
lot of applications in operational environment. For example, 
ICAX company designed a pipes network that use water as 
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heat-transfer fluid [21]. The heat energy is stored in a heat 
store constructed beneath the insulated foundation of the 
buildings around. OOMS [22], a Dutch company, designed a 
system for the extraction of cold water from a specific 
underground storage medium (in the Netherlands often an 
aquifer). The water is transported through pipes in the upper 
part of the asphalt layers of the pavement and, thanks to the 
heat exchange, the water gets warm. Via a heat exchanger, 
the heat is transported into another underground reservoir 
(the so-called hot store) and held at this location until 
required. In winter, the system operates in the opposite way. 

 Porous layer as solar thermal system  

A multi-layer asphalt pavement for energy harvesting is a 
sandwich structure able to exploit the harvested energy for 
de-freezing the road surface during winter. The first 
prototype proposed by IFSTTAR and CEREMA was a de-
freezing system inspired by the asphalt solar collectors. In this 
system, the tubes were replaced by a draining asphalt 
through which a heat-transfer fluid circulated via gravity. The 
prototype has been evaluated in terms of durability, stain 
behavior, water permeability and thermal effectiveness. 
Furthermore, two types of porous layers have been tested: a 
conventional porous asphalt and an asphalt with 
polyurethane binder having 22.5% and 30% of porosity, 
respectively. The results showed a better mechanical 
performance for the second asphalt [23]. 

 A 2-D hydrothermal model  

In 2016, Asfour et al. [24] developed a 2D thermo-hydraulic 
model to simulate the thermal heat exchanges of a fluid 
circulating in a bonding porous layer. The pavement was 
composed of a porous asphalt enclosed between a wearing 
and a base layer. The authors assumed a stationary hydraulic 
regime, transient thermic solicitations and that the hydraulic 
parameters are independent of temperature. Once the 
model was defined, a sensitivity analysis of the temperature 
at the pavement surface has been conducted. The results 
highlighted that the surface temperature is mostly affected by 
the hydraulic conductivity of the porous asphalt layer, the 
fluid injection temperature and the fluid calorific capacity.  
The hydraulic conductivity has been measured 
experimentally by means of a laboratory mock-up. The mock-
up was composed of a wearing course layer of asphalt 
concrete having 0.06 m thick; a bonding course layer of 0/14 
porous asphalt 0.08 m thick and a base layer of asphalt 
concrete 0.05 m thick.  The hydraulic conductivity was 2.2 
cm/s, for a porosity of 20% and a slant of 1%. 
At the same time, Pascual-Muñoz et al. [25] from the 
Cantabria University worked on a multilayered solar collector 
at lab scale. The prototype had dimensions 40*26*9 cm3 and 
it was composed by three layers: i) a gap-graded asphalt 
mixture having 2 cm thick; ii) a porous asphalt mixture having 
4 cm thick and iii) a dense-graded asphalt mixture having 4 cm 
thick. 
The authors tested two types of porous asphalt concrete with 
23 and 27% of porosity and two different configurations: 
saturated and not-saturated porous layer. 

The first configuration has been rejected because the water 
filtered across the top layer. For this reason all the tests have 
been conducted in not-saturated condition. 
Unlike the prototype of Asfour et al, the water was not put 
back in circulation by a pump, but it was a continuous flow 
coming from a tap. The hydraulic gradient between the inlet 
and the outlet of the system was maintained constant thanks 
to an inlet tank, which was able to release the overflow by a 
hole located at a certain height. 
The solar radiation was simulated by a lamp of 300 W, which 
generated an irradiance of 300, 370 or 440 W/m2. The results 
showed that the hydraulic conductivity across the porous 
layer can be significantly improved by increasing the porosity. 
The authors measured the collected energy and they 
observed that the lower is the hydraulic conductivity (and 
consequently the porosity), the more difficult it is for the fluid 
to collect energy. In terms of efficiency, defined as the ratio 
between the energy transferred to the fluid and the energy 
absorbed by the surface, it was higher than 0.75 when the 
porosity is 27%, instead it dropped to 0.4 when the porosity 
was 23%. In perspective, they concluded that the harvested 
energy could be increased by maximizing the porosity of the 
middle layer or by increasing the slope of the system. 

  FEM model of porous layer as solar thermal 
system  

In 2017, Le Touz et al. [26, 27] developed a multi-physics FEM 
model of multi-layer asphalt pavement for energy harvesting. 
The system is composed by a semi-transparent (or an asphalt 
mixture called “opaque”) waterproof layer; a porous layer 
containing a fluid which flows along the width of the road via 
gravity thanks to the imposed slope; an underlying and a base 
layer both opaque and waterproof. The model combines 
thermal diffusion, hydraulic convection and radiative transfer. 
The structure is subjected to convective exchange with the 
air, radiative exchange with the sky and solar radiation. The 
depth is supposed to be large enough in order to neglect all 
the thermal exchanges except at the surface. 
Regarding the hydraulic convection, the hypothesis are that 
the flow of the fluid is stationary, low and uniform and that 
the porous layer is in saturated condition; while, for the 
radiative transfer, blackbody emissions at ambient 
temperature for main wavelengths of solar radiation can be 
neglected. 
The authors coupled the three models in order to compute 
the temperature field in the structure and derive the 
harvested energy. 
The harvested energy is given by the formula: 

𝐸𝐸 = ∫ 𝜌𝜌𝑓𝑓𝐶𝐶𝑝𝑝,𝑓𝑓𝑢𝑢𝑢𝑢�𝑇𝑇𝑓𝑓,𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑓𝑓,𝑖𝑖𝑖𝑖�
+𝑑𝑑𝑑𝑑𝑡𝑡  (1) 

Where: 
ρf is the density of the fluid (kg/m3); 
Cp is the heat capacity (J/kg*K); 
u = 1*10-4 is the Darcy velocity (m/s); 
S is the section of the flow (m2); 



D. Vizzari et al., RILEM Technical Letters (2021) 6: 93-104 98 

(Tf,out - Tf,in)+ is the temperature fluid raise between input and 
output (K); 
t is the time (s). 
Considering a length of the flow of 4 m, the harvested energy 
per m2 was calculated for different location in France from 
May to October.  
The efficiency of the system is given by the ratio between the 
harvested energy (Eq. 3) and the total solar irradiation. In the 
case of the opaque surface (asphalt mixture), the efficiency 
ranges between 31.1% and 41% based on the location. Using 
the semi-transparent surface, the solar radiation can 
penetrate deeply in the structure and the efficiency increases 
of about 7 % by reference to the incident radiation. 

 Air-Powered Energy-Harvesting Pavement 

The heat fluid in the asphalt solar collectors is essential to 
extract energy from the pavements. However, the presence 
of a crack in the pipes could compromise all the system, 
releasing the fluid and risking the failure of the pavement. The 
idea proposed by Chiarelli and Garcia [28, 29] is to imbed into 
the pavement a series of conduits, using the air as heat fluid. 
The air conduits are connected to an updraft and a downdraft 
chimney and, because of the difference of temperature 
between the environment and the asphalt, a difference of 
pressure exists between the end of the chimney and the 
entrance into the pavement. 
The result is a continuous airflow, which can cool the 
pavement down during the summer or heat it up during the 
winter up to 10% of the initial temperature. 
First results on a lab scale prototype demonstrated the 
feasibility of the system and highlighted that: 
the lowest surface temperature along with the highest air 
speed is obtained installing the pipes in a single row under the 
pavement wearing course; 
the pipes can be replaced with concrete corrugations, but 
they reduce the harvested energy; 
the dimension of the chimney affects the final performance 
of the system. For this reason an optimal design is needed; 
the air flow of the prototype is around 0.58 m/s, not enough 
for electricity production. 

 Heat pipes 

A heat pipe is a system able to transfer thermal energy 
quickly. It is sealed at both ends and it is lined with a wicking 
material [6]. At certain pressure and temperature, the system 
reaches the equilibrium between liquid and vapor state of the 
fluid enclosed in the pipe. 
In particular, the internal liquid (into the wicking material) 
absorbs thermal energy from the pipe surface and it 
evaporates. Pressure forces move the vapor from the hot to 
the cold part of the pipe, where it releases the heat, 
condensing back into liquid. Finally, the capillary action from 
the wicking structure transports the liquid back and the cycle 
starts again [30]. 
The heat pipes have been applied as snow-melting system, 
using CO2 as heat-transfer fluid. Evaporated warm CO2 rises to 

the top of the heat pipe exploiting a geothermal heat sources. 
Once the CO2 reaches the surface, it condenses releasing the 
heat. After that, the CO2 returns to the vaporization zone of 
the heat pipe in liquid state, triggering an automatic cycle. The 
result is a heat pipe system able to melt the snow on the 
pavement without using any external energy [31]. 
In 1984, Nydahl proposed a heat pipe system using ammonia 
for de-icing a bridge in Wyoming. The diameter of the tubes 
was of 16 mm and the used material was the black iron [32]. 
Recently a system was built in Bad Waldsee (Germany) to 
cover the entrance of a fire station along a surface of 165 m2. 
The pipes have a diameter of 16 mm and they are connected 
to the surface through a shaft distribution system. Groups of 
5 pipes converge in 5 boreholes at the depth of 50-75 m in 
order to study the differences of performances based on 
different pipes lengths [31]. In general, shorter is the distance 
of the pipes from the shaft the more efficient is heat system. 
In 2017, Liu et al. [33] proposed a multi-objective optimization 
and a thermal simulation of a snow-melting system. The 
authors studied the influence of pipes embedded spacing, 
embedded depth and wind velocity on the total heating time 
for the melting process (THT) and on the lost energy rate 
absorbed by the environment (LER). Based on the results, the 
THT can be decreased by reducing the embedded spacing, the 
embedded depth and the wind velocity. On the contrary, the 
LER can be decreased by increasing the embedded depth and 
reducing the embedded spacing and the wind velocity. The 
optimum (lowest THT and LE) is given by an embedded 
spacing of 0.1 m, an embedded depth of 0.06 m and absence 
of wind. 

 Thermoelectric generators (TEGs) 

Thermoelectric generators (TEGs) produce electricity thanks 
to the Seebeck effect [34]. They are composed by 
thermoelectric couples consisting of n-type (containing free 
electrons) and p-type (containing free holes). In 
semiconductors, charge carriers have the ability to move 
freely while carrying charge as well as heat. In the presence of 
a temperature gradient, the charge carriers diffuse from the 
hot side to the cold side. The result is a net charge (negative 
for electrons and positive for holes) at the cold side, which 
produces an electrostatic potential (voltage). The voltage 
depends on the difference of temperature between the cold 
and the hot side, according to the Eq. 2: 

𝑉𝑉 = 𝛼𝛼∆𝑇𝑇     (2) 

Where: α (μV/K) is the Seebeck coefficient and ΔT (K) is the 
difference of temperature. For standard thermocouples, α 
ranges between 8 and 60 μV/K [35]. 
TEGs have been applied in road engineering as pavement-
cooling system. For example, Hasebe et al. [36] proposed to 
install a thermoelectric generator coupled with an asphalt 
solar collector. The heat-transfer fluid is the water coming 
from a source (i.e. a river or a lake) near the road. The water, 
circulating along the pipe network, is able to absorb heat from 
the pavement. Because of the heat, the temperature of the 
water increases and it is pumped in the hot side of the TEG. In 
return, the other side of the TEG is cooled down by the river 
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water. Thanks to the temperature gap between the hot and 
the cold side, electrical power is generated. More in detail, for 
a ΔT of 15°C, the generated electrical power is around 0.3W. 
In 2012, Wu and Yu [38] built a prototype able to harvest 
energy thanks to the temperature difference between the 
pavement surface and the subgrade soil. The prototype was 
composed by an aluminium plate and a rod installed in a hole, 
drilled along an asphalt sample. A TEG module was installed 
on the aluminium plate, using a conductive epoxy as 
interface. The other end of the rod was placed on dry sand, in 
order to simulate the subgrade soil. 
The experiment was to simulate the solar energy through a 
filament lamp and measure the electrical power. Once the 
lamp was open, the TEG was able to generate a voltage of 
300 mV. 
The potential of TEGs was assessed by Guo et al. [37]. The 
authors calculated an electrical power of 55GWh per day, 
which could be generated if the entire road network of Florida 
was equipped with TEGs.  

 Piezoelectric pavement 

In piezoelectric crystals, when a mechanical strain is applied 
to the material by an external stress tension, or compression, 
an electric charge occurs on the surfaces (Figure 7). 

 
Figure 7. Piezoelectric effect. 

Typical piezoelectric natural materials are quartz and 
amazonite, while barium titanite, lead titanite and lead 
zirconate titanite are artificial crystals. 
Piezo-electric crystals can be imbedded into the pavement, 
for example along the interface between surface and binder 
course. When the vehicle (or the pedestrian) moves over the 
road, the wheel generates a pressure on the crystals. In 
return, the crystal undergoes a deformation, generating the 
electric charge [39, 40]. 
The energy produced by an external stress is given by the 
Eq. 3 [41]: 

𝑈𝑈𝐸𝐸 = 1
2
𝑉𝑉02

𝜀𝜀𝑟𝑟𝑡𝑡𝜀𝜀0𝐴𝐴
𝑡𝑡

    (3) 

Where: 
UE (J) is the electric energy storage in the piezoelectric device; 
V0 (V) is the electric potential in open circuit; 
A (m2) is the area of the piezoelectric crystal; 
t (m) is the thickness of the piezoelectric crystal; 

εr (dim) is the relative dielectric constant piezoelectric crystal 
(is a parameter that indicates how easily a material can 
become polarized because of an electric field); 
ε0 (F/m) is the dielectric constant in vacuum piezoelectric 
crystal; 
In 2013, Sun et al. [42] designed, based on a FEM analysis, a 
piezoelectric unit having dimensions 280*280*20 mm3. Each 
unit is composed by 64 piezoelectric vibrators and it can 
generate 0.25 W of electrical power at 15Hz of load 
frequency, for a load of 0.7 MPa. The simulation showed that 
the system can harvest 1.785 MW on each lane and per 
kilometer. 
In 2016, Xiong et al. [43] presented a novel piezoelectric 
energy harvester (PEH). The system consists of piezoceramic 
disks sealed in a protective package. Six prototypes were 
fabricated and installed in a real road in order to evaluate the 
feasibility of the system. The average electrical power of each 
PEH is 3.106 mW, considering that only 14.43% of the vehicles 
load was transmitted to the piezoelectric materials. 
At the same time, Moure et al. [44] developed some 
piezoelectric cymbals having 29 mm diameter. The best 
configuration was given by 3 cymbals connected in series in a 
row transverse to the wheel movement. The system was 
integrated directly in the asphalt and, based on the results, 
each unit was able to generate an electrical power up to 16 
µW when a truck wheel passed on the cymbal. Furthermore, 
the authors estimated that 30000 cymbals along a road of 100 
m could generate an electrical power of 65 MWh per year. 
Not only the academia, but also the industry has shown some 
interest in this technology, as highlighted in Table 2. 

 Comparison 

Each road energy harvesting system has positives, negatives 
and specific conditions to exploit the most of their potential 
in terms of energy output. At this scope, a comparison has 
been carried out in Table 3. 
From the comparison, it is possible to draw the following 
observations: 

• A common positive point is the ability of the systems to 
adjust the temperature of the asphalt, increasing the 
expected life of the pavement and reducing some related 
effect, as the Urban Heat Island; 

• A common negative point is the interaction of the systems 
with the pavement performance. For example the 
presence of air voids in the interface between the solar 
collectors and the asphalt could accelerate the cracking; 

• The electrical output of all the systems, except for the 
piezo-electric materials, depends strictly on the solar 
radiation.  

• Optimization criteria depend on several parameters as 
the geometry of the system, the material’s characteristics 
(i.e. the specific heat capacity or the thermal conductivity) 
and the efficiency of the technologies (i.e. the solar cells 
or thermoelectric generators). 
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Table 2. List of companies which worked on piezoelectric pavement. 

Company Description Electrical 
output Applications 

Energy 
Floors 
[45] 

The floor is composed by a series of crystal and ceramic 
piezoelectric blocks. The pavement can supply up to 60 percent of 
the building’s energy needs. 

5 – 20 
W/person - London Club Surya (Rotterdam) 

Genziko 
[40] 

The Genziko system can generate electricity also after the passage 
of the vehicles, exploiting the decaying vibration due the 
instantaneous load of the wheel.  

13 – 51 
MW/km 
(single 
lane) 

 

Innowatech 
[40] 

The piezoelectric materials are imbedded 5 cm below the surface 
of the road and the system works better when the traffic is at least 
600 vehicles/hour with an average speed of 72 km/h 

200 
kWh/km - Road in Israel 

Sensitile 
Systems 
[46] 

The system consists of a piezoelectric layer enclosed between a 
water proof cover and a flexible backing 

25 
kWh/km 

- Princess Grace, Monaco (pilot 
project) 

- 120 meters of road in Medellin 
(energy and data harvester system) 

Pavegen 
[47] 

They developed a pavement block, with piezoelectric element 
imbedded inside. Each people’s step generates a vertical 
displacement up to 5 mm and, consequently, an electric charge 
occurs. 

46 W/m2 

- 20 m2 of pavement in Oxford Street 
(London, 2017); 

- Football pitches in Rio de Janeiro; 
- Heathrow Airport (London) 

 
Table 3. Positives, negatives and optimization criteria for road energy harvesting systems. 

Technology Positives Negatives Optimization criteria 

Photovoltaic 
road 

- Producing electricity thanks to the 
solar cells 

- Not invasive (some system are posed 
on existing roads) 

- Dependent on the sunlight radiation 
- Low friction of the glass surface 
- Aging of top surface 
- At high temperatures, the solar cells 

lose efficiency 

- Maximize the exposure to sunlight 
- Increase the transparency of the 

top surface 
- Increase the efficiency of the solar 

cells 

Asphalt solar 
collectors 

- Providing hot water 
- Snow-melting system 
- Reducing Urban Heat Island (UHI) 
- Increasing expected life of the 

pavement (lowering the temperature 
of the asphalt during the summer 
and raising it during the winter) 

- Interference of the pipes with 
pavement performance 

- Presence of air voids between pipes 
and mixture 

- All pipes need to be interconnected 
and if one is broken, fluid could 
damage the asphalt 

- Increasing the Albedo* of the 
surface 

- Increasing the specific heat 
capacity of materials 

- Reducing the interference of the 
pipes with the asphalt  

Porous layer 
as solar 
thermal 
system 

- Providing hot water 
- Snow-melting system 

- Low strength of the porous layer 
- Low permeability of the asphalt 

mixture  

- Improving the permeability to 
increase the harvested energy 

- Using of semi-transparent layer to 
maximize the heat transfer to the 
porous layer 

Air-Powered 
Energy-
Harvesting 
Pavement 

- Producing electric energy thanks to 
the continuous airflow 

- Absence of fluid into the conduits  
- Reducing the temperature of the 

pavement during summer and 
increase the temperature during 
winter 

- Low efficiency in terms of harvesting 
energy (1%) 

- Aesthetic environmental impact of 
the chimney 

- Optimizing the height and diameter 
of chimney 

- Increasing the total volume of the 
air conducts 

- Increasing the efficiency of the 
turbine 

Heat Pipes - Snow-melting system 
- Adjusting the asphalt temperature 

- Interference of the pipes with 
pavement performance 

- Presence of air voids between pipes 
and mixture 

- Decrease  the embedded spacing 
(s), the embedded depth (d) and 
the wind velocity (v) to reduce the 
time of the melting process 

- Increase the embedded depth and 
the heating power, decrease the 
imbedded spacing and the wind 
velocity to reduce the energy 
absorbed by the environment 

Thermoelectric 
Generators 

- Producing electricity 
- Adjusting the asphalt temperature 

- Low efficiency 
- Poor research concerning the 

applications of the system 
- Interference of the TEGs with the 

pavement performance 

- Increasing the temperature 
gradient between the two sides of 
the TEG 

Piezo-electric 
materials - Producing electricity 

- Provide energy only for low-power 
electronics (i.e. LED lights or 
piezoelectric transducers) 

- Interference of the cymbals with 
pavement performance 

- Imbed piezo-electric materials in 
road sections with high-traffic 
volume 

* It is the fraction of the incident sunlight reflected from a surface. Mathematically, it is given by the ratio between the reflected light and the incident light. 
For instance, the albedo of a black body is 0, while the albedo of fresh deep snow is 0.9 
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The road energy harvesting systems have been compared 
also in terms of cost, electrical output, Technology Readiness 
Level and Life Cycle Assessment (LCA) with respect to 
greenhouse gas (Table 4). The analyzed costs refer only to the 
construction costs, including the costs for materials. Other 
agency costs as preliminary engineering costs, contract 
administration, administrative, maintenance and 
rehabilitation costs [48] are not considered. Regarding the 
energy output, because of the different units used by the 
authors, all values are converted in Wh/m2. 
The efficiency is the ratio between the useful energy output 
and the energy input of the system and it is expressed in the 
range 0 – 1. 
The TRL (Technology Readiness Level) is a standard method 
to estimate the technology maturity of a system. It is based 
on a scale from 1 to 9 and each level is defined as follow: 
TRL 1 – basic principles observed and reported; TRL 2 – 
technology concept and/or application formulated; TRL 3 – 
analytical and experimental critical function and/or 
characteristic proof of concept; TRL 4 – component validation 
in laboratory environment; TRL 5 – component validation in 
relevant environment; TRL 6 system/subsystem model or 
prototype demonstration in a relevant environment; TRL 7 – 
system prototype demonstration in an operational 
environment; TRL 8 – actual system completed and qualified 
through tests and demonstration; TRL 9 – actual system 
proven in operational environment [49]. 
The Life-cycle Assessment (LCA) is a technique able to assess 
the potential environmental impact of a product throughout 
its entire life cycle. In the case of road pavements, LCA 
includes materials extraction and processing, construction, 
operation, preservation, rehabilitation, end of life phases, and 
factors such as traffic delay, lighting demand, and future 
maintenance [50]. For this review, the LCA is limited to the 
global warming potential (GWP), with respect to greenhouse 
gas (GHG). 
Due to the lack of specific LCA studies about pavement energy 
harvesting technologies, the authors move from the GHG of a 
typical road pavement, at which they incorporate the GHG of 
the harvesting technologies (photovoltaic cell, solar thermal 
system, piezoelectric cymbal etc.). This approach provides 
qualitative data for a simplified comparison. 
According to Ma et al. [51], the GHG of a road pavement 
composed of 18 cm of asphalt course, 34 centimeter of 
cement stabilized aggregate base and 20 cm cement 
stabilized gravel subbase is around 109 kg of CO2e/m2 (19 kg 
of CO2e/m2 for the asphalt course + 89.8 kg of CO2e/m2 for 
base and subbase). This value takes into account the emission 
from the raw material production and pavement 
construction.  
The GHG of the pavement energy harvesting technology is 
calculated according to the following assumptions: 
i) Photovoltaic pavement: the GHG of the asphalt course 

is replaced with the GHG of the photovoltaic cells (0.02-

0.049 kg of CO2e/kWh [52, 53] ≈ 29.2 - 71.54 kg of CO2e 
in 20 years and 0.2 kWh/m2 per day of electric output) 
and of a tempered surface glass of 1 cm (61.5 kg of 
CO2e/m2 [54]). 

ii) Asphalt solar collector: the total GHG is given adding the 
GHG of the asphalt solar collector measured by Siebert, 
E. Zacharakis [55] (48.9 kg of CO2e/m2). 

iii) Porous layer as solar thermal system: the total GHG is 
given adding the GHG of a porous asphalt layer (35 kg of 
CO2e per ton [56]). Assuming a thickness of 4 - 8 cm [24, 
25] a density around 1.8 gr/cm3, the GHG is around 2.5 
- 5 kg of CO2e/m2. Replacing the asphalt with the porous 
concrete, the GHG increases up to 688.9 – 1271 kg of 
CO2e/m2 [57]. This latter is due to the carbon dioxide 
emission by the calcination of the limestone and by 
combustion of the fuels used to heat the kiln feed [58]. 

iv) Heat pipes: the heat pipes are placed under the asphalt 
course. According to the set-up of Zorn et al. [31], 
around 25 pipes cover a surface of 165 m2. The GHG of 
a single heat pipe is between 1055 and 6419 kg of CO2e 
per unit [59]. The result is a GHG between 159.8 and 
972.6 kg of CO2e/m2.   

v) Thermoelectric generators: the total GHG is given 
adding the GHG of 19 TEGs modules per m2. The 
number of modules is given by the set-up proposed by 
Guo et Lu [37], while the GHG of a single module is 7.39 
kg of CO2e [60]. The result is a GHG of 66.51 kg of 
CO2e/m2. 

vi) Piezoelectric pavement: the total GHG is given adding 
the piezoelectric cymbals under the asphalt course of 
the pavement. The GHG of the piezoelectric cymbals is 
between 31 and 44 CO2e per kg [61]. According to the 
set-up of Guo et Lu [36], 100 cymbals of 20 gr each 
would generate a GHG between 62 and 88 kg of 
CO2e/m2. 

Comparing data in Table 4, all costs are very high, but this 
is not surprising because the road energy harvesting 
technologies are mostly prototypes. Regarding the cost of 
TEG, it is unrealistic because the author considered only 
the price of the materials used to realize the prototype. In 
terms of efficiency, all the systems are around 0.1, except 
for the porous layer. This value could be increased for 
example improving the transparency of the top layer in 
photovoltaic roads, or improving the efficiency of the 
technologies to generate electricity (solar cells, TEGs and 
piezoelectric materials). 
The highest electrical output is given by the photovoltaic 
roads, while the highest efficiency is given for the porous 
layer. The others systems provide lower values and they 
seem difficult to install in long road sections. For example, 
the piezoelectric pavements require a very high number of 
cymbals per m2 (up 1500, for cymbals with a diameter of 
15 mm [37]) in order to generate an electrical power 
comparable with a photovoltaic road. 
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Table 4. Cost, energy output, efficiency and TRL for different road energy harvesting systems. *in the case of porous concrete; **assuming: 100 
cymbals per m2, 100 vehicle per hour. 

Technology Cost (€/m2) Energy output 
(Wh/m2) 

Efficiency 
(0-1) TRL GHG                      

(kg of CO2e/m2) 
Photovoltaic road 400-1700 [62 ,63]  ≈ 200 [13] 0.11 [3] 7 [3] 180.6 – 222.9 
Asphalt solar collectors 290 [37] NA NA 9 157.8 

Porous layer as solar thermal 
system NA NA 

0.31 – 0.41 [26, 27] 
(+0.07 using a semi-
transparent layer) 

4 111.4 – 113.9 
688.9 – 1271* 

Air-Powered Energy-Harvesting 
Pavement NA NA 0.15 [29] 3 NA 

Heat pipes 1000 – 1600 [64] NA NA 5 [2] 268.7 – 1081 

Thermoelectric Generator 80 (refers to the test 
cost) [66] ≈ 3 [67] 0.01 – 0.08 [65] 5 [66] 175.4 

Piezo-electric Material 1130 [37] ≈ 7.5- 12.5 [37]** 0.10 – 0.15 [40] 4 [2] 170.9 – 196.9 
 

The porous layer as solar thermal system has the lowest 
carbon footprint, thanks to the low value of porous asphalt 
GHG. However, this value could increase adding a heat 
pump for exploiting the harvested heat energy.  

 Conclusions 

In order to harvest energy from pavement, the solar radiation 
can be converted into electricity thanks to solar cells placed 
under a semi-transparent layer (photovoltaic road), or it can 
be harvested by means of a heat-transfer fluid (thermal solar 
systems). The traditional way consists of a pipe network 
imbedded into the asphalt, in which the water flows, 
extracting heat energy from the pavement (asphalt solar 
collectors). Another approach is to replace the pipe network 
with a porous layer, in which the water flows via gravity.  
The photovoltaic road and the porous layer as solar thermal 
system seem to be the most promising for the energy 
harvesting. Anyhow, these technologies require further 
studies because they still present some critical issues. Based 
on the literature review, the following negatives can be listed 
for the photovoltaic road: 
1. The power loss of the solar cells because of the semi-

transparent layer could be very high; 
2. The efficiency of the solar cells is reduced around noon 

time, because the pavement reach the highest 
temperatures; 

3. The use of epoxy as binder in the top layer is not 
recommended because it is strongly affected by aging. 
This phenomenon has an impact on the optical and 
mechanical performance of the semi-transparent layer. 

Regarding the porous layer as solar thermal system, the 
negatives are: 
1. The poor harvested energy because of the low porosity of 

middle layer, which is maximum 20-23% for a porous 
asphalt mixture; 

2. The poor strength of the porous layer; 
Moving from the observations, for the photovoltaic roads the 
challenge is the mix-design of a novel semi-transparent layer 
having low power loss and characterized by high aging 
resistance, while for the porous solar thermal system is to 
maximize the porosity (i.e. using porous concrete), but 
keeping an adequate strength.   

The semi-transparent layer appears to be very important for 
both the photovoltaic efficiency and the thermal transfer in 
deeper layers. Hence, from a research point of view, the main 
challenge concerns the design and the optimization of the 
semi-transparent layer able to support the traffic load, 
guarantee the vehicles friction, allow the passage of the 
sunlight, protect the solar cells and maximize the heat-
transfer to the porous layer.  
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