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H I G H L I G H T S

• Imminent combination of roadway
technologies creates opportunities and
challenges.

• Sectional roads and mosaic integration
create exciting combinational possibi-
lities.

• Nissan LEAF completing its A12
highway trip with 30.3% on-road
contactless coverage.
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A B S T R A C T

Development of electric mobility and sustainable energy result in new technologies such as contactless electric
vehicle charging and roadway energy harvesting methods, but also self-healing asphalt roads. By combining
these technologies a new concept of Future Sustainable Roads for Electric Mobility is created and presented in
the paper. This paper bridges the gap created by these unilateral technology developments using a multi-dis-
ciplinary approach including placing cautions when necessary and suggesting viable alternatives for optimal
utilization of these energy transfer and conversion techniques. Through theoretical analysis, simulations, and
tests on lab-scale experimental prototypes, the impact of our proposal is showcased. Thermal and loss models are
developed for self-healing asphalt. Also, integration study of solar roads and contactless charging is performed.
Applying the insight gained from the results, it is discussed how some challenges also pave a way towards
interesting opportunities, for instance, infrastructure sharing for material use optimization and efficient mosaic
integration. Finally, an economic viability case study is presented for a future Dutch highway with such newly
emerging components.

1. Introduction

Electric mobility will reduce the CO2 footprint, pollution level and
help combat anthropogenic climate change [1]. A sustainable balance is
thus struck between limited resources and socio-environmental

demands. EVs can be further categorised as Hybrid Electric Vehicle
(HEV), Plug-in Hybrid Electric Vehicle (PHEV), Range Extender Electric
Vehicle (REX) and Battery Electric Vehicle (BEV) [2]. However, only
BEVs are ZEVs (zero emission vehicles) at the point of use considering
the dependence of fossil fuels in the other forms of EVs [2]. The low
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Nomenclature

[ ]dT
dt heating rate, −K s 1

ρ[ ] volumetric density, −kg m 3

C[ ]p specific heat capacity, −−J kg K 11

q[ ] volume related power density, −W m 3.
W[ ] wind velocity, −m s 1

k[ ]a c/ thermal conductivity asphalt/concrete, − −W m K1 1

hc convective heat transfer coefficient, − −W m K2 1

R[ ]a c/ thermal resistance of asphalt/concrete, −K W 1

Q[ ]in heat input, W

A[ ] area, m2

L L M[ , , ]1 2 self and mutual inductances, H
S[ ]out max, uncompensated power transfer, V A
V[ ]out oc, open circuited voltage, V
I[ ]out sc, short circuited current, A
P P[ , ]in max out max, , input/output power, W
ω[ ] angular frequency, radian/s
R R R[ , , ]1 2 M resistance of primary, secondary and due to combined

field, Ω
N N[ , ]primary pickup number of turns primary, pickup, –
k[ ] magnetic coupling coefficient, –

Alternating
voltage source

Eddy currents Steel fibres

Self-Healing Asphalt

Self-Healing Asphalt

Aggregates

Bitumen

Wind Turbines

Solar road

Inductive Heating for Self-Healing Asphalt
Green Energy Technologies

Inductive Power Transfer to EVs Autonomous Electric Vehicles

Future Energy Highway

Fig. 1. Future energy highway integrating inductive coils for both inductive power transfer and induction heating, with green energy technologies for (autonomous) electric mobility.
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carbon impact of EVs will be possible only if electricity is generated
from sustainable sources.

Among EU countries, the Netherlands is one of the front-runners in
terms of sales of EVs in 2014 [3]. It is expected that by 2020, the
Netherlands will add 200,000 EVs to its roads [4]. Such a monumental
transition would add pressure to infrastructure that needs to upgrade,
enabling a seamless flow of EVs. Range anxiety, optimization of size
and health of battery storage and utilization of sustainable energy
sources in mobility are important challenges for large-scale EV de-
ployment. Emerging technologies that tackle these challenges with a
focus on roadway infrastructure - inductive charging, inductive healing
asphalt and, highway-based renewable energy sources are depicted in
Fig. 1. These technologies are integrated together in a combined sus-
tainable roadway setting. Each of these technologies that are tradi-
tionally studied individually, all expecting to impact EV technology in
the highway is introduced in the following paragraphs.

1.1. Wireless inductive charging of electric vehicles

IPT uses alternating magnetic fields as a mode of power transfer
from one conductive circuit to another. A small band of frequency
around 85 kHz (81.39–90 kHz) is being allocated for light EV IPT
wireless charging for four power classes (3.7, 7.7, 11, 22 kW) [5,6]. The
alternating field thus produced, links with the on-vehicle pick-up pad,
thereby enabling wireless power transfer. However, the charge-pads are
typically placed 10–15 cm apart which creates a large air-gap and hence
a large reluctance path. Therefore, to achieve high power transfer at
adequate efficiency, capacitive compensation is necessary with well-
designed magnetics to curtail power reduction during misalignment
[7–9].

Charge pads consisting of coils wound in several shapes, e.g., cir-
cular, rectangular, square, etc. are presently applied to IPT systems
[10,11]. Coil shapes have an impact on the range of power transfer and
misalignment behavior [12]. Among the various geometries, circular
has the best coupling at the best-aligned point but it tends to decay
faster with misalignment [13]. However, rectangular coils tend to ex-
tend the range better despite having a lower coupling at the best-
aligned point [13]. Recent research has focused upon multi-coil pads as
a solution to the extension of power transfer to larger lateral/long-
itudinal distances. Some examples of multi-coil charge-pads include
Double D (DD), Double D Quadrature (DDQ) and bipolar [14,15].

There are three developments in wireless power for EV charging.
They are stationary charging, semi-dynamic charging and on-road/dy-
namic charging. In case of stationary/static charging, parking lots can
be upgraded to charging EVs comfortably without handling any HV
charging cable with charge-pads. Semi-dynamic charging can be useful
to deliver energy back to the battery during an opportune stop moment
during a trip or during slow-moving instances e.g.: stop lights, taxi-
ranks, etc. [16]. Dynamic charging can enhance battery life by charging
with small packets of energy while nullifying range anxiety in long trips
due to limited battery size. Dynamic charging as researched in [17],
concludes that for an EV with a battery of 24 kW h, 500 km range can be
achieved by IPT system of 25 kW with 40% road coverage. In a related
study in California, the combination of dynamic and static charging is
shown as cost-effective compared to gasoline vehicles fuelled at "$"2.50
and "$"4 per gallon [18]. In addition, it is shown that the on-road
wireless charging can be used to power the EVs at stop lights in a semi-
dynamic fashion in [19]. Also, several companies and research labs like
Qualcomm Halo, Bombardier, Oak Ridge National Laboratory (ORNL),
On-Line Electric Vehicles (OLEV) of Korea, etc. are building market-
ready charge-pads for electric vehicles charging using IPT [9,20].

1.2. Inductive Self-Healing Asphalt (IHA)

Roads made with porous asphalt concrete has advantages over
dense graded asphalt concrete with respect to noise reduction and

water drainage. However, the porous structure does not benefit from
the durability of asphalt and will cause premature raveling of the road
[21]. Asphalt concrete is a self-healing material [22]. Micro cracks are
formed in the material when it is exposed to a sufficiently large stress or
strain. The self-healing process will start after the load that generated
the damage has been removed. The diffusion of molecules from one face
of crack to another and by rearrangement of the molecules within, the
bulk of the material will be repaired and regain its strength [23].

The practical problem to heal roads is that the self-healing process
at ambient temperature is too slow in between periods of no stress. The
healing rate of the asphalt concrete will increase at higher temperatures
[24]. Heated asphalt can achieve significant amounts of healing after a
resting period of 3–6 h, depending on the asphalt mixture used and the
damage that is present before the heating [25]. Therefore, a heating
system in the road enables the asphalt to use its self-healing properties
in a time period where the traffic circulation can be interrupted shortly.

The heating can be done using different methods, but induction
heating is preferred over other methods because it does not con-
taminate the asphalt, can provide a good distribution of the heating
power inside the asphalt and it is possible to properly control the
amount of heat generated [25,26]. For the asphalt to be heated by
means of induction, it first needs to be conductive. Thus, eddy currents
are induced in the asphalt by mixing additives in the asphalt, like
graphite or steel wool. Asphalt which is treated with such additives is
referred to as inductive healing asphalt (IHA). The most effective form
of IHA researched in [27] consists of an equal distribution of 3.2,6.4, and
9.5 mm of grade 00 steel wool. This porous asphalt concrete when he-
ated to 85 °C and rested for a period of 3–6 h could recover 70–85% of
their original strength [27].

1.3. In-situ renewable energy generation and Solar Roads (SR)

Solar energy based charging of PHEVs to reduce their carbon foot-
print, is introduced in [28]. Renewable energy based highways have
been proposed in [29] with energy generated from the renewable
micro-grid supplied to a roadway and signal lighting system, excess
energy being stored in batteries. As an extension to charging EVs, solar
energy and wind energy are considered for utilization in the highways
of Netherlands in [30]. Also, such microgrids have been optimized for
supply and demand optimization using cyber physical networks in
smart buildings in [31]. Such a local utilization of renewable energy,
results in lower transmission and distribution loss, savings due to re-
duced costs of renewable energy sources and range enhancement of EVs
on wireless charging [32].

Solar roads is a Dutch innovation that consists of prefabricated
concrete modules with solar cells laid on the ground with a layer of
tempered glass that is translucent to light [33,34]. Crystalline silicon
solar cells then convert the energy contained in photons to electricity.
The maximum module efficiency attained by this technology is 9.69%.
In this paper, solar roads are selected as the PV technology for im-
plementation because of its easy installation and load-bearing cap-
abilities on the road with less maintenance [33].

Wind energy technologies for this study include a conventional
wind turbine of 2MW and a micro-turbine based disruptive technology
– 4 kW Bladeless vortex. Bladeless vortex is a Spanish start-up that
produces oscillating cylindrical wind harvesters without blades that
harness the vorticity of wind. The structure is made of fibre glass and
carbon fibre [35] and uses the shear force of the wind that when falling
onto the structure creates eddies [36]. This reciprocation is converted
into electrical energy by cutting a magnetic field produced by magnets
in the base.

1.4. Research objectives

In the literature survey as presented before, energy conversion
(harvesting and transfer) techniques for highways including inductive

P. Venugopal et al. Applied Energy 212 (2018) 1226–1239

1228



power transfer, solar roads, and self-healing asphalt are all studied in
isolation. Thus, evidence of each technology being researched and
improved individually is rampant. However, a collision of these
roadway technologies that is both imminent and important presents a
lacuna in the research community due to the absence of published
work. Thus, bridging this gap by studying integration inter-
dependencies is an important outcome of this paper. This testifies to the
novelty of the work by providing evidence based implementation
pathways for a combined energy conversion roadway. A recent paper
studying a hybrid solar road and soil-regenerator to improve energy
efficiency (between 48.42% and 66.58%) of harvesting by concurrently
producing electrical and thermal energy is presented in [37].

In this light and as evidenced by the work in [37,38], it is of utmost
importance to study various technologies in a hybrid, multi-disciplinary
format. This way, it is possible to affirm the consequences of integra-
tion, raise important challenges and even invent ways to make them
compatible and improve performance. Thus, the main goals of this
paper is established by the following research objectives:

• Determining the required power density by proposing an appro-
priate thermal model using finite element and analytical techniques
to ensure adequate performance of inductively heated asphalt.

• Identifying the interdependencies and system parameters in the
combination of independently developed inductive healing and in-
ductive power transfer technologies. This study is performed by
proposing a new circuit model, extracting parameters using finite
element modelling and measuring the frequency dependent losses in
the asphalt sample. Finally, the performance consequence of this
integration is highlighted.

• Estimating the performance in integrating wireless EV charging with
energy harvesting PV technology. This is performed by measuring
and modelling the mutual inductance variation using finite element
studies.

• The viable alternatives from the individual technology integration
as studied previously is used to design an energy conversion tech-
nology based highway. A case study based on the A12 motorway in
the Netherlands is used as a real-life use case for this implementa-
tion. Such a highway is integrated with on-road dynamic wireless
charging and attaining energy neutrality using energy resources like
solar road, wind turbine and vortex.

2. Combining self-healing roads with IPT

Induction coils used in both self-healing roads and IPT systems is a
shared infrastructure and can be utilized for both inductive power
transfer and induction healing. Firstly, it is important to compute the
power density required for healing a given area of self-healing asphalt.
Also, the combination of these two distinct technologies bring with it
various challenges and advantages. These are studied using FEM ana-
lysis as well as using lab-scale experiments.

2.1. Thermal modelling of self-healing roads

If a homogeneous asphalt sample is required to be heated from 10 °C
to 80 °C in 10min then the desired heating rate is = −0.133 K sdT

dt
1. The

density of the asphalt is approximately = −ρ 1950 kg m 3 and the specific
heat capacity is = − −C 920 J kg Kp

1 1. Therefore the required power
density is

= = × × = −q ρC dT
dt

1950 920 0.133 233 kW m .p
3

(1)

This is a large power requirement but with limited utilization (once
in 4–5 years). Thus, during healing, IPT system can transfer full/partial
healing with the rest from external induction coils (currently only ex-
ternal heating is used).

A FEM analysis is performed to compare the estimated rise in

temperature with the case when there are conduction and convection
losses. The set-up used is shown in Figs. 2 and 3. In the Netherlands, the
asphalt layer thickness varies from a minimum thickness of 50mm, this
is different from the US where the choice of 20mm is preferred [39].
The larger thickness is attributed to water storage capacity require-
ments specific to Netherlands [39]. The simulation is performed on a
solid slab of asphalt that has a size of 1m× 1m× 0.05m. The slab is
surrounded by a concrete hemisphere with a radius of 2m. The choice
of the hemisphere is due to ease of application of boundary conditions -
conduction physics to the base concrete and convection above. The
material parameters that are used are listed in Table 1. The initial
temperature of the setup is 10 °C for all objects. On the spherical
boundary of the hemisphere, a constant temperature boundary condi-
tion of 10 °C is applied. On the entire flat surface a convective heat flux
is specified. The convective heat transfer coefficient hc is approximated
with the formula

= + ×h W7.4 6.39 ,c
0.75 (2)

where W is the wind velocity at 2m above the ground. For a wind
velocity of 7m s−1 the thermal convection coefficient is

= − −h 34.9 W m Kc
2 1. The heat source is defined to be homogeneously

distributed through the asphalt with a value of 233 kWm−3.
The simulation is performed to calculate the temperature transient

in the asphalt for the first 30min of the heating. The temperature is
evaluated at three points that are horizontally in the center of the as-
phalt. The vertical positions are the bottom, where the contact with the
concrete is made, in the center and at the top, where the contact with
the air is. The temperature transient of the three points is shown in the
plot of Fig. 4. It can be seen that the center of the asphalt is heated to
80 °C in 620m, which is very close to the expected 600m. The top
section is heated a bit slower, and takes 940m to reach the desired
temperature. This difference is due to the heat that is lost through the
outgoing heat flux of the convection. The bottom part is heated the
slowest, because of the conductive losses to the concrete surrounding
the asphalt. It takes 1425m for the bottom part to be heated to a
temperature of 80 °C. In a real system the heat source will however not
be distributed homogeneously through the whole material. The power
dissipated in the asphalt will be higher at the locations that are closer to
the coils, because the flux densities will be higher in those regions. If
the coils are located underneath the asphalt, this would mean that the
heat source near the bottom is higher, which will make the temperature
distribution through the asphalt more constant. Inductive healing of the
asphalt is expected to be necessary once every 4–5 years. This makes it
possible to carefully plan the moment at which the induction heating is
applied. In the summer, when the initial temperature is higher and the
wind velocity is minimal a better temperature distribution can be
achieved.

However, repeated heating of IHA can lead to leakage of bitumen
and raveling of the top layer. To estimate this, consider a piece of road
of 1m× 1m. The thickness xa of the IHA layer is 0.05m and under-
neath the top layer, there is a layer of concrete with a thickness xc of
0.5 m. A heat source Qin uniformly distributed in the IHA layer is

Fig. 2. Cross section of the setup.
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considered. The steady state thermal behavior can be described using a
thermal circuit as shown in Fig. 5. The thermal resistances of the as-
phalt and the concrete can be calculated using the respective thickness,
the thermal conductivity = =− − −k k1.8 W m , 0.9 W m Ka c

1 1 1 and the
area A as

=

=

R

R

a
x

Ak

c
x

Ak

a
a

c
c (3)

The thermal resistance from asphalt to concrete is approximated to be
one half of the total resistance of the asphalt, because the heat source is
distributed uniformly. The bottom of the concrete is assumed to have a
constant temperature equal to the ambient temperature. There is also a
thermal resistance Ram from the top of asphalt to ambient, related to the
convection coefficient hc and area A as

=R
Ah

1
am

c (4)

The expression for the temperature difference between the asphalt
and the ambient based on the thermal circuit is

=
+ +

+ +
( )( )

T
R R R R

R R R
Q .asphalt

a c a am

a c am
in

1
2

1
2

(5)

This temperature difference is independent on the area A that is used.
Therefore it is a useful characteristic for a highway where the thickness
of the layers are defined. To set an upper limit for permissible heating of
IHA, temperature difference between the ambient and the asphalt is set
to be 5 °C then power density qin in the IHA layer is

=

=

=

+ +

+ +

−

−

( )( )Q T

q

[W]

[W m ]

2.38 kW m

in max
R R R

R R R R
a max

in max
Q

Ax

, ,

,
3

3

a c am

a c a am

in max

a

1
2

1
2

,

(6)

2.2. Loss model of combined inductive system

In case of an IPT system, to transfer a large amount of power effi-
ciently, capacitive compensation is carried out in both the primary and
secondary. This technique nullifies reactive power and enhances power
delivered to a load. Many combinations of capacitors in series and
parallel yield several IPT compensation topologies. Due to a lack of
standard coil definitions for EV IPT studies thus far, researchers build
coils of various shapes and sizes that suite their requirements. Hence, to
obtain specific results in all experimentation, the authors have con-
sidered coupling coefficient (dimensionless parameter) as the base
metric. A combined IPT and IHA system will have additional losses
inside the asphalt due to the alternating magnetic field, which is re-
presented in the equivalent circuit as a series resistance as shown in
Fig. 6.

Herein, the resistances R ω( )1,field and R ω( )2,field represent the fre-
quency dependent induced losses inside the asphalt due to the fields
created by the primary and secondary coils respectively, while re-
sistance RM represents the losses that are due to the combined field of
the primary and secondary coils.

The coil voltages represented as vector V is related to coil currents I
by (7),

= ⎡
⎣⎢

⎤
⎦⎥

+ ⎡
⎣

⎤
⎦

R ω R ω
R ω R ω

jω
L M
M LV I I

( ) ( )
( ) ( )

1 M

M 2

1

2 (7)

where L1 and L2 are self inductances of the primary and secondary coils,
with M as mutual inductance respectively and the corresponding re-
sistances R1 and R2, related to the dc coil resistances R R( , )1,coil 2,coil and
given by (8),

Fig. 3. Overview of the setup.

Table 1
Material parameters used for the thermal simulation.

Material Density Specific heat capacity Thermal conductivity

Asphalt −1950 kg m 3 − −920 J kg K1 1 −1.8 W m 1

Concrete −2300 kg m 3 − −880 J kg K1 1 −0.9 W m 1

Time [s]
0 200 400 600 800 1000 1200 1400 1600 1800

Te
m

pe
ra

tu
re

 [°
C

]

0

20

40

60

80

100

120

140

160
Temperature of the poreus asphalt layer with a 233 kW/m3 source

Bottom
Center
Top

Fig. 4. Plot of the temperatures of the asphalt.

Fig. 5. Thermal circuit describing the steady-state temperatures of a highway that is
considered to be a combination of a top layer of IHA and bottom layer of concrete.

P. Venugopal et al. Applied Energy 212 (2018) 1226–1239

1230



= +
= +

R ω R R ω
R ω R R ω

( ) ( )
( ) ( )coil

1 1,coil 1,field

2 2, 2,field (8)

2.2.1. System performance
In order to compare the IPT system performance with and without

IHA, the maximum possible efficiency ηmax and the coupling factor k are
used. The uncompensated power transfer (without capacitors) is used in
this paper to decouple the power transfer from different types of
compensation that can be used. Furthermore, the addition of compen-
sation only scales the uncompensated power by the loaded quality
factor of the secondary further justifying the use of uncompensated
power as a system parameter. The ηmax is derived from the maximum
output apparent power Sout,max using the same logical evolution in [20]
with the assumption that primary and secondary leakages are com-
pensated by the capacitances and is given by (9),

= ∗S V Iout,max out,oc out,sc (9)

where Vout,oc is the open circuit output voltage and Iout,sc is the short
circuit output current. Now, the expression for Sout,max is derived and
given by (10)

= +

=

=

+

+

V R jωM I

I I

S I

( )
R jωM

R

R ω M
R

out,oc M 1

out,sc
( )

1

out,max 1
2

M
2

M
2 2 2

2 (10)

The maximum output power is related to this uncompensated apparent
power as, =P Sout,max out,max. Also, the input power that drives this output
is given by (11).

= +P R I Pin,min 1 1
2

out,max (11)

From (10) and (11), maximum efficiency can be derived as (12),

=
+

+ +
η

R ω M
R R R ω M

.max
M

M

2 2 2

1 2
2 2 2 (12)

2.3. Numerical analysis

FEM analysis of a combined IPT and IHA system is performed in a 2-
d environment with axial-symmetry in Comsol Multiphysics 5.1 over a
range of frequencies from 1 kHz to 1MHz. The geometry that is used
has a circular primary coil of 26 turns with a wire radius of 1.1mm, an
inner radius of 37 mm and an outer radius of 105mm. The secondary is

Fig. 6. Equivalent circuit of an IPT system including associated IHA losses. Series capacitors are shown as an illustration of reactive power compensation.

Primary 

PickupAsphalt

Pickup

Primary 

Asphalt

Fig. 7. Developed 2-d axis-symmetrical model and a 3-d overview model of the combined IPT and IHA system.
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a circular coil of 16 turns with a wire radius of 1.1mm, an inner radius
of 12mm and an outer radius of 53mm. These dimensions are chosen
to make a scaled-down laboratory experimental setup that can be used
with the sample of IHA made available. The vertical offset between the
primary and the asphalt layer is 5 mm, and the offset between the as-
phalt and the secondary is 20mm. The radius of the asphalt layer is
250mm and the layer is 50mm thick. The numerical model developed
is shown in Fig. 7.

2.3.1. Parameter extraction
The parameters for the equivalent circuit of Fig. 6 are extracted

from the results of FEM analysis. For each coil, the parameters are
extracted using the emf vector (for both coils) �, currents vector I and
power P from the simulations. The induced emf in the coils is given by

� = ⎡
⎣

⎤
⎦

jω
L M
M L I1

2 (13)

First, the self-inductance of the primary coil L1 is calculated by exciting
the coil while the secondary is simulated as an open circuit. The emf
becomes

�

�

⎡
⎣⎢

⎤
⎦⎥

= ⎡
⎣

⎤
⎦

⎡
⎣

⎤
⎦

jω
L M
M L

I
0

,1

2

1

2

1

(14)

from this, L1 can be calculated as

�=L
jωI

.1
1

1 (15)

In the same way, the inductance of the secondary coil can be calculated.
Now, to obtain the mutual inductance, the secondary coil is simulated
as a short circuit while the primary is excited. Using the previously
calculated self inductance L1 and the current through secondary I2, an
expression for the mutual inductance =M k L L( )1 2 can be derived as

�

�

= +

= −

jωL jωM

M

I I

.jωL
jω

I
I

1 1 1 2
1 1 1

2 (16)

2.3.2. Numerical analysis results
From the numerical analysis, the circuit parameters are extracted

and the performance of the system is analyzed with maximum power
transfer and the magnetic coupling factor. The combined IPT and IHA

system is compared with an air core system in Fig. 8. The frequency of
interest - 85 kHz which is earmarked in the upcoming standard SAE
J2954 for roadway IPT EV systems. At 85 kHz, the maximum efficiency
of the combined system drops to 93%. It can also be seen that the
coupling factor is lower than that of air-cored coils and start decreasing
rapidly from 100 kHz. The coupling regime for the experimental IPT
system is =k 0.113 and IHA sample volume is × −8.84 10 m3 3. The
coupling is now reduced to =k 0.107IHA .

Further analysis is carried out with variable asphalt layer thickness.
The chosen thickness’s of the layer is 10 mm, 50mm and 100mm. The
coupling variations when these combinations are compared with air-
cored IPT systems with regular asphalt and that of IHA is presented in
Fig. 9. In the range of 1–10 kHz, the coupling remains unchanged for
both standard asphalt and self-healing asphalt. In this range, the cou-
pling with 1 cm of inductive healing asphalt is decreased to 69% of the
conventional asphalt. As observed, there is a reduction in coupling with
increasing thickness of IHA due to eddy currents induced in the IHA.
This effect also increases with increasing frequency and asphalt
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thickness in IHA. Thus, there is considerable loss of power in the self-
healing asphalt during energy transfer to EVs.

2.4. Experimental verification

The numerical results developed previously are verified with an
experimental setup as shown in Fig. 10. The circuit parameters are
measured with the Agilent 4294A Precision Impedance Analyzer. The
geometry is the same as the system analyzed in the numerical evalua-
tion, except that sample of asphalt is a square with sides of 200mm.
Therefore the numerical analysis is performed again with an asphalt
layer radius of 113mm, such that the volume of the cylindrical slab
from the numerical evaluation is conserved as that of the experimental
square block.

2.4.1. Parameter extraction
The circuit parameters are measured for a frequency range of 1 kHz

to 1MHz. For the mutual parameters, the primary and secondary coil
are connected in series with a constructive flux addition (flux aiding).
The measured impedance is then

= + + + + +Z R R R jω L L M( 2 ) ( 2 ).c M1 2 1 2 (17)

The measured impedance in destructive flux superposition is

= + − + + −Z R R R jω L L M( 2 ) ( 2 ).d M1 2 1 2 (18)

The mutual parameters can now be calculated as

= − = +Z Z Z R jωM
4

.m
c d

M (19)

2.4.2. Experimental results
The measured circuit parameters are presented together with the

numerical results in Fig. 11. The inductance values obtained from FEM
simulations agree with the experimental results as shown in Fig. 11(a).
The small difference observed is due to interconnection wires leading to
the impedance analyzer and minor differences between the real and the
simulated coils. The resistance values are presented in Fig. 11(b). In the
experimental system, the coil losses are higher and are variable with
frequency. The frequency dependence is because of skin effect and
proximity effect in the coils and due to stray fields (conductive parts
below the table of the setup). The field losses due to the asphalt sample
are calculated by subtracting the air core system resistances from the
resistances measured with the asphalt sample in between. For the low-
frequency values, the expected losses are less than the accuracy (limited
resolution of the impedance analyzer), thus they do not match exactly
with the simulations. From 20 kHz, the losses are accurately measured
with the result that field losses are consistent with simulations. There is
a minor offset noticeable, and this is due to the square geometry of
experimental asphalt and cylindrical geometry of simulation.

Fig. 10. Overview of the setup of the measurement of
combined IHA-IPT with a rectangular block of asphalt.
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2.4.3. Discussion
From the numerical analysis that is performed, it is clear there will

be a reduction in efficiency and power transferred when IPT is com-
bined with IHA. The reduction in efficiency and power transferred at
85 kHz can be a problem when the system operates at high power. This
can lead to unintended asphalt heating. A further challenge is that the
additional leakage in the system (due to IHA) can lead to variable
tuning requirements for reactive power compensation. Finally, move-
ment of cars will impact the energy transmission to the battery of EV
from a fixed charge-pad in the ground. In addition, misalignment of the
pick-up will impact the power transfer efficiency. These secondary ef-
fects have not been considered in this study.

One direction for a coexistence of the two technologies is based on
the concept of sectional roads. Here, wheels of vehicles that are loading
zones would result in enhanced raveling and damage of roads where
they pass. On an average, the center of the roadway is subject to less
stress. The zones along the sides where wheels move could be made of
self-healing asphalt. On the other hand, the center of the road where
energy transfer through IPT systems is necessary, standard asphalt can
be paved. This way both healing and energy transfer are optimally
utilized while sharing infrastructure. The same charge-pads could be
used for both the operation by switching magnetic fields between the
two zones. Further research is being carried out in this area also con-
sidering the material selection of IHA for asphalt roads wherein the
healing process doesn’t impact IPT while it serves IHA when required.
Importantly, accurate modelling of the system is carried out.

3. Integration of solar roads with IPT charging

The integrated system consists of an IPT system with solar road sand
witched in between. In order to obtain empirical understanding of the
magnetic coupling between IPT coils sandwiching a solar road element
in between, a lab scale prototype is tested.

Fig. 12 shows the experimental setup of the IPT coils with 17 cm air
gap, Case (a) without solar cell in between, Case (b) with SR in be-
tween. Measurements for mutual inductance are conducted on IPT
coils, first without, then with the solar cell following the methodology
presented in Section 2.4.1. The frequency dependent mutual inductance
is calculated from the measured values using (19) and converted to
coupling. Fig. 13 shows the measured coupling between the IPT coils
for different operating frequencies for each case.

It is observed the coupling starts decreasing linearly after 10 kHz on
a logarithmic frequency scale. Considering that the desired operating
frequency of the IPT system would be around 85 kHz, this decrease in
the coupling of ≈50% leads to a reduction in efficiency as well as the
cost of charging infrastructure for the same power level. For frequencies
higher than 10 kHz, the decrease in mutual inductance is hypothesized
due to the eddy currents in the conductive parts of the solar road ele-
ment. Specifically, in the frequency range of 85 kHz, the coupling of the
coils fall from =k 0.022 to =k 0.0135.

To prove the validity of these inferences, numerical FEM analysis is
carried out using COMSOL and the model developed is shown in
Fig. 14. Both the coils are of 50 turns each with an air gap of 17 cm and
radius of 0.5m. The primary coil is energized with 1 A current for
frequencies 1 Hz, 100 Hz, 1 kHz, 10 kHz and 100 kHz. In the simula-
tions, a thicker 10mm aluminium back surface is considered for the
solar cell for adequate computational capability and removing the in-
fluence of skin effect, which comes into effect at frequencies lower than
10 kHz. This frequency range is much lower than the operational re-
gime of the IPT system.

Each solar cell is of 156×156mm2. A side view of the model is
shown in Fig. 14(b). The eddy currents will be generated mainly in the
metallic back contact of the solar cell. 10mm thick aluminium layer is
defined while the semiconductor layers are neglected in the analysis
(due to several order lower conductivity). The surface plot of induced
eddy currents in the solar road when primary IPT coil is excited with

1 A current at 50 Hz is shown as an example in Fig. 15.
The red1 arrows depict the coil current direction while the black

arrows show the direction of opposing induced currents. Apart from
eddy current, a frequency dependant decrease in the mutual inductance
is observed. The mutual inductance between the IPT coils is calculated
using (20).

⎜ ⎟⎜ ⎟= ⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

M
N
N

V
jωI

primary

pickup

pickup

primary (20)

In the model, the primary and pick up turns are 50, while the induced
voltage in the pickup coil (Vpickup) is simulated for different frequencies.
The mutual inductance for different operating frequencies of IPT system
with and without solar cell in between is shown in Fig. 16.

It can be observed that at the operating frequency increases, the

Sandwiched
Solar Cell

Case A

Case B

Pickup Coil

Primary Coil

Primary Coil

Pickup Coil

Fig. 12. Experimental setup for solar road element in combination with IPT charging
coils.
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mutual inductance decreases. The thickness of aluminium back contact
is taken as 10mm in this simulation. In actual practice, the solar road
itself, and hence its back contact is a fraction of this thickness.
Therefore, mutual inductance would start reducing only after 10 kHz
due to skin effect, which plays a positive role in our application, as
observed in experimental results of Fig. 13. Nevertheless, skin effect is
not effective in limiting the eddy currents for IPT operating frequencies
of 85–100 kHz. Therefore, the power transfer capability significantly
reduces with lower mutual coupling. Further, the efficiency of IPT op-
eration drops due to heating losses in the solar cell back contact due to

these eddy currents.

3.1. Discussion

Based on the understanding derived from the theoretical and ex-
perimental study in this section, the following conclusions are drawn:

• It is recommended that the solar road is installed in the emergency
lane of the highway. Not only will this avoid proximity with the on-
road IPT charging, but also reduce dynamic shading of the solar cell

(a) Top View

(b) Side View

Solar Cell back
aluminium plate

Secondary IPT
Coil in EV

Primary IPT
Coil in Road

Fig. 14. COMSOL model for validating the inferences
of the experimental results.

Fig. 15. Eddy currents induced in the solar road at
50 Hz.
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by passing vehicles. Also, emergency lanes usually have low occu-
pancy and now, energy utilization is made feasible.

• If dynamic IPT charging is not required for complete highways
coverage [40], a Mosaic on-road space sharing design instead of
sandwiched structure can be used.

• From a solar cell design point of view, an ultra-thin or meshed in-
stead of a sheet of metallic back contact could reduce the eddy
current. Smaller unit cells could also be advantageous. However,
these possibilities and their consequences on the solar road perfor-
mance are beyond the scope of this paper.

4. Case-study of a future highway

For the design of future highway with IPT, green energy, solar road
and self-healing properties, the A12 motorway in Netherlands is used as
a test case, shown in Fig. 17. A12 highway is 165 km and connects the
city of Hague and Arnhem in Netherlands. For the design, a Nissan Leaf
EV with 24 kW h battery pack is used as a reference and is assumed that
the battery has an 85% efficiency. Such an EV represents a worst-case
scenario for driving range due to its limited battery capacity as com-
pared to EV with a much larger battery pack like the Tesla Model S with
85 kWh.

4.1. Design of IPT system for A12

Of the total 165 km, it is assumed that the EV drives 10 km each at
the beginning and end of the highway in the urban areas at 60 km/h
and the remaining 145 km at the speed limit of 120 km/h. The dy-
namics of the EV driving are simulated based on the model in [41]. The
power demanded by the EV for driving is dependent on the speed of the
EV. This can be linearly estimated as 5.6 kW when driving at a speed of
60 km/h and goes up to 24.1 kW for 120 km/h speed. Based on this, it
has been estimated that the required energy for the Leaf to cover
165 km is 31 kW h [38]. This value is higher than the 24 kW h capacity
of the Leaf even if it is assumed that the EV begins at 100% SOC and
ends the journey at 0% SOC, which never occurs practically.

In order to ensure that the EV is able to comfortably complete the
journey without having to stop, the IPT system is used to charge it en-
route. The motive of the IPT system is that if an EV begins the journey
with 80% SOC, it must complete the trip along A12 with at least a SOC
of 20%. This corresponds to using ×24 kW h

− × =(80% 20%) 85% 12.2 kW h of the EV battery at 85% round-trip ef-
ficiency. The remaining (31–12.2)= 18.8 kW h has to be supplied by
the IPT. To achieve this, a 50 kW IPT system with 85% efficiency is
used. This value is based on actual measurements reported in [42] and
using a conservative estimate of the expectations from dynamic

charging [43]. To meet the energy demand, the IPT system has to be
installed over a length of 50 km [38]. This IPT is assumed to be installed
in the busiest parts of the highway indicated as A and B in Fig. 17.

The SOC of the battery along the highway as the EV drives from
Hague to Arnhem is shown in Fig. 18. Without an IPT system, the SOC
reduces from 80% and EV runs out of energy by the time it has crossed
96 km. With the IPT system, the EV is able to fulfill the full length of
165 km with a SOC of 20–25% remaining. If the EV travels at an
average speed lower than 120 km/h which happens most of the time in
practice, then it finishes the journey with a higher SOC as shown in
Fig. 18 for speeds of 110 km/h and 100 km/h. This demonstrates the
effectiveness of using IPT for on-road charging of EVs.

Economic analysis of dynamic IPT system for on-road charging was
performed in [40]. The designed system had 200 kW rated power at a
specific cost of 1.2M€/km/lane. Considering 0.1M€/km of constant
road construction costs, the specific cost of a scaled-down system of
50 kW would be 0.375M€/km/lane, resulting in a system cost of
37.5 M€for 50 km two-lane coverage.

4.2. Powering the IPT system using renewables

In 2030, 2.3 million electric vehicles are expected in the
Netherlands which comprises about 40% of all cars. For calculations on
the power demand, it is assumed that 10% of all EV will charge while
driving using the IPT system. This assumption is based on balancing the
pressures between the maturity of IPT technology and the cost of up-
grading infrastructure. The combined power demand of the EV per hour
for a round trip on A12 is shown in Fig. 19. The peak demand reaches
18MW in the evening while the lowest demand is less than 1MW in the
early mornings.

To have a truly sustainable IPT system, this energy required by the
EV must be powered from renewable sources. This can be achieved by
the use of solar roads, wind turbines and vortex turbines along the A12
highway. Since there is variability in the renewable generation on a
diurnal and seasonal basis, the motive here would be to supply the
energy required by the IPT system on an yearly basis in an energy
neutral manner. This means the grid is used as an energy buffer to
manage the variability in generation.

The total length of these lanes on the A12 is 114 km. The surface of
this lane on both sides of the road which can generate solar energy is

× ×2 114 km 3.5 m=0.798 km2. The efficiency of the solar road is
9.69% [34]. The practical effects of dynamic shading – dust/dirt,
shadow from buildings, etc. will reduce the efficiency and energy
harvested, these effects are not considered in this study. The energy that
can be generated per day using the solar road for different months of
the year has been estimated and shown in Fig. 20. It can be seen that the
energy generation varies from 350MWh in summer to 50MWh in
winter. The 114 km solar road can provide for 95% of the energy re-
quirements of the IPT over the year with a surface of 0.789 km2.

According to the estimates of the current solar road installation, it
cost 3M€for 175m2 area including power electronics, panels, road costs
and installation. Assuming a 40% reduction in cost as the technology
matures, the solar road would cost 9576M€for the 114 km stretch, as
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Fig. 17. A12 highway between Den Haag and Arnhem with IPT system installed over two
section – Part A for 20 km and Part B for 30 km.
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shown in Table 2. For harnessing wind power, two types of wind tur-
bines are considered. First is a 2MW conventional wind turbines with a
minimum speed of 4m/s. Second, a 4 kW Vortex mini wind turbines
operating at a rated speed of 12m/s and minimum speed of 2m/s. The

wind generation trend is opposite to solar road showing higher gen-
eration in winter and lesser in summer as shown in Fig. 20.

The cost of the wind turbine are estimated in Table 3 based on [44]
and cost of the vortex is estimated by the manufacturer to be 50% lower
than conventional wind turbines. This lower cost is mainly owing to the
lack of rotating turbine and simpler support system.

Based on the operating characteristics of the two turbines and me-
teorological data from the KNMI, 14860 vortex or 107 wind turbines
would be required to produce enough energy to 100% match with the
energy requirements of the IPT as shown in Fig. 20 and Table 2.

The vortex is the cheapest renewable source costing 59.44M€for
installation. The operating and maintenance costs of the vortex and
turbine have not been considered in the analysis where the vortex is
expected to have 50% and 80% lower costs for each respectively.
However, it is important to mention that vortex is an early stage in-
novation and the cost and performance used in the analysis are subject
to change.

Table 2 also estimates the number and cost of the wind generators
required when the solar road coverage is reduced by half to 57 km. In
[45], it is obtained that a 40–60% combination of solar and wind is
most ideal in achieving power neutral generation in Netherlands where
the higher generation of solar in summer and in the day is balanced by
the higher generation of wind in the night and in winter. It can be seen
in Fig. 20, that the combination of wind and solar gives a generation
that closely follows the IPT demand for different months of the year.

5. Conclusion

In this paper, functional integration of different elements of future
highways has been analyzed, along with a system level study of a real-
highway implementation in the Netherlands.

Sharing of infrastructure for both IPT and IHA is important for fu-
ture highways. A thermal model with power densities for healing and
maximum permissible limit to prevent raveling is proposed. A loss
model that integrates eddy current losses by utilizing frequency-de-
pendent resistances are included in this paper. The challenge in this
integration is that up to a frequency of 100 kHz, the magnetic efficiency
and power transfer of IPT systems drops to 90% in the coupling regime
of =k 0.113 for 5 cm IHA. Thus, direct integration can be lossy. Further
work is being carried out in the use of a frequency decoupled material
optimization, thereby sharing the IPT and IHA magnetics (power elec-
tronics and coils) and using an earmarked frequency for power transfer
and another for healing. Sectional roadways with magnetic field for
energy transfer along the center and inductive healing asphalt along
load centers at the edges is one such possibility. The idea for such a
combination, with no interference between the two technologies, is the
result of learning from the integration challenges as attempted in this
paper.

Solar roads and IPT system, placed closeby would result in lower
transmission losses due to in situ energy generation and utilization. A
sandwich approach couldn’t work due to eddy currents induced in the
backplates of the solar roads. The coupling declined to =k 0.0135, a
reduction of 38.6% at operation close to 85 kHz. It is therefore con-
sidered to use emergency lanes of roads for solar roads operation. In the

Fig. 18. The SOC of the battery along the A12 highway for different driving speeds. The
average speed for urban driving remained the same for all three situations. A driving
speed of 100 km/h is more energy efficient.

Fig. 19. Seasonal dependence of power demand of IPT powered EVs per hour for a round
trip on A12.

Fig. 20. Average energy generated per day by renewables to power the IPT system on
A12. Both emergency lanes are replaced with a solar road and wind turbines and vortex
are used to extract power from the wind.

Table 2
Energy mix for powering the IPT using renewables.

Case Vortex WT SR Energy Neut.
4 kW 2MW % %

SR 0 0 100 95.5
Vortex 14860 0 0 100
WT 0 107 0 100

SR+Vortex 7775 0 50 100
SR+WT 0 56 50 100

Power Neutral 0 64 42 100

Table 3
Estimation of cost of the 2MW wind turbine and 4 kW vortex.

2MW WT 4 kW vortex
€/kW €/kW

Grid connection (11%) 220 220
Foundation (16%) 320 140
Turbine (64%) 1280 560
Planning (9%) 180 80

Costs 2000 1000
Total cost 4000 k€ 6.66 k€
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proposed energy conversion highway model, it is shown that a Nissan
LEAF can complete its trip with 80–25% SOC along highway A12 with
on-road IPT system enabled. The total IPT coverage (assumed IPT ef-
ficiency= 85%) in this highway is 30.3%. This corresponds to a dis-
tance of 50 km in a highway of total length 165 km. In the Netherlands,
due to the complementary distribution of wind-solar profiles (peaks in
winter and summer respectively), the choice of solar and wind tech-
nologies must match with the overall availability of renewable energy.
The cost comparison of a 2MW conventional wind turbine and 4 kW
vortex results in a total cost of 4000 k€/kW and 6.66 k€/kW respec-
tively. While vortex is cost-effective, it is still an experimental tech-
nology and hence an optimal mix of different technologies would be the
best techno-economic scenario.

The experimental lab-scale prototypes developed for each tech-
nology shows the potential application in optimal roadway infra-
structure and energy utilization. Increasing interest in the individual
development of such solutions that current trends indicate is, therefore,
not unexpected. However, this study emphasizes that increasing in-
tegration of such components would inevitably lead to challenges and
some feasible alternatives. These possibilities are showcased using both
theoretical computations and experiments. In conclusion, a multi-
disciplinary approach would not only help mitigate these issues, but
could possibly offer some exciting opportunities in maximizing the
benefits such combined integration could bring for emerging technol-
ogies toward sustainable roadways.
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