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Abstract: The proliferation of electric vehicles (EVs) hinges upon the availability of robust and
efficient charging infrastructure, notably encompassing swift and convenient solutions. Among
these, dynamic wireless charging systems have garnered substantial attention for their potential to
revolutionize EV charging experiences. Inductive power transfer (IPT) systems, in particular, exhibit
a promising avenue, enabling seamless wireless charging through integrated pavements for EVs.
This review engages in an in-depth exploration of pertinent parameters that influence the inductivity
and conductivity performance of pavements, alongside the assessment of potential damage inflicted
by IPT pads. Moreover, the study delves into the realm of additive materials as a strategic approach
to augment conductivity and pavement performance. In essence, the review consolidates a diverse
array of studies that scrutinize IPT pad materials, coil dimensions, pavement characteristics (both
static and dynamic), and adhesive properties. These studies collectively illuminate the intricate
dynamics of power transfer to EVs while considering potential repercussions on pavement integrity.
Furthermore, the review sheds light on the efficacy of various additive materials, including metal
and nanocomposite additives with an SBS base, in amplifying both conductivity and pavement
performance. The culmination of these findings underscores the pivotal role of geometry optimization
for IPT pads and the strategic adaptation of aggregate and bitumen characteristics to unlock enhanced
performance within wireless pavements.

Keywords: electric vehicle; pavement; inductive power transfer; asphalt mixture; concrete

1. Introduction

With the development of urban infrastructure and immigration from rural to urban
areas, the usage rate of various transportation modes, particularly passenger cars, has
grown [1,2]. This issue causes the world to encounter the main problems, such as air
pollution and CO2 emission [3–5]. Therefore, the necessary infrastructures for electric
vehicles (EVs) should be developed [6,7]. One of these critical infrastructures is the charging
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system of EVs. Researchers worldwide are trying to perform fast charging systems to reduce
the time spent on EVs from 8 h up to 35 min [8,9].

In recent years, several studies have been performed on wireless power transfer (WPT)
systems to provide sustainable infrastructure for EVs. These systems help a lot to charge
EVs faster, leading to a reduction in battery size and EV weight and a decrease in the inten-
sity amount of loading on road pavement. WPT can provide an impressive perspective for
the sustainable development of EVs by transferring power in an electromagnetic area [10].
These systems were designed to be both stationary and dynamic [11]. IPT systems are one
of the safest and the most efficient of WPT [12]. These systems, which are embedded within
the road pavements, have the ability to transfer power in an air gap of 10 to 20 cm through
primary coils to the receiving coils with an efficient level of 83 to 92% in EVs.

Therefore, according to the flowchart of Figure 1, in this study, we aimed to com-
prehensively investigate the impact of IPT pad embedment on pavement damage and
explore the role of various pavement layers in facilitating efficient power transfer from
the pavement to EVs. Our method involves a thorough analysis of the effects of wireless
systems on pavement layers, including their response to repetitive loading and thermal
fluctuations, and how these factors influence power transfer efficiency. Additionally, we
will carefully examine the damage caused by the embedment of charging units on the
pavement surface. Based on our findings, we will propose different methods to enhance
pavement properties, ensuring the overall quality and performance of the IPT system.
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2. Wireless Charging System

The charging of EVs can be operated by various methods. One of these methods is the
pantograph shown in Figure 2. The power transfer in this system is fulfilled by physical
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contact with several weaknesses, such as charging problems in horizontal curves, creating
sparks, decreasing the safety of EVs, and also causing traffic congestion due to the low
level of speed while they are in charge. Another method for EV charging is a conductive
rail, which can be seen in Figure 3. This method has similar problems to the pantograph.
However, the third method is the wireless charging system, which has many positive
aspects and provides energy without a physical connection [13].

The wireless charging system or WPT is accounted as an appropriate solution to
solve EV charging problems [14]. This system provides a safe and efficient condition for
EVs and also eliminates the anxiety of lack of charging and time loss of fixed charging
stations worked via a plug-in [15]. As can be seen in Figure 4, in this system, unlike the
plug-in charging systems, power is transferred by creating an electromagnetic condition
using the embedded coils (primary coil) in the pavement to the receiver coils (secondary
coil) installed under the electric vehicles [16]. There is an air gap between the embedded
coils and receiver coils, which plays an essential role in transferring the amount of power.
Fortunately, this system does not require human interference, and it is provided in two
forms, stationery and dynamic, which can be described as follows.

In terms of configuration, WPT can be classified as either (1) stationary WPT: charge
while the vehicle is not in motion; or (2) dynamic WPT: charge while the vehicle is moving
along the roadway [10]. The difference between WPT systems is based on the percentage
of efficiency, which is under the effect of the air gap. In other words, the smaller the air gap,
the more efficient it is. Coil size is the other significant parameter in the power transfer
efficiency. By studying various research worldwide, it is determined that a greater coil
can transfer a high amount of power through the inductive wireless system. The system
efficiency is lower for dynamic systems than for stationary charging systems, mainly
because a certain amount of magnetic flux is generated by the primary coil that is not
coupled with the secondary coil. Moreover, the speed of EVs plays an important role in
transferring power while EVs are in motion. To put it differently, the lower speed of EVs
leads to a higher charging amount of them. Last but not least are the materials of coils and
the materials that surround the coil system, like aluminum or ferrite materials, which lead
to creating a shield area to increase the magnetic performance.
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One of the most important applications of wireless charging systems is related to
passenger cars and heavy vehicles. In addition, they can be used in bus rapid transit (BRT)
routes and decrease energy losses. These systems can decrease the size of EV batteries [18]
and the delays of stopping buses for charging in stationary places, and consequently, more
buses can be in service mode. Another advantage of these systems that can be mentioned
is the promotion of the sales market of EVs from 2% in 2020 to 24% in 2050 [19], which
not only will decrease CO2 emissions, but will also decrease the consumption of fossil
fuels [20–26]. Despite the mentioned benefits, the large-scale implementation of WPT
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systems can be one of the challenges for fulfilling such projects, which require a high initial
investment and extensive devastating of pavements.
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3. Inductive Power Transfer

For wireless power transfer, various technologies exist, such as magnetic gear, capaci-
tive, microwave, and inductive coupled charging. According to coaxial cable, magnetic
gear wireless power transfer comprises two synchronized permanent magnets positioned
side by side different from other wireless charging techniques. Capacitive wireless power
transfer transfers power through coupled capacitors realized by metal plates. Microwave
power transfer comprises a receiver installed in any low-voltage product and a microwave
launcher connected to the grid. Inductive power transfer (IPT) transfers power by the use of
alternating magnetic fields between primary and secondary coils. The air-core transformer
with primary and secondary coils is separated through a small space and transfers power
through electromagnetic induction phenomena. IPT systems have superiority and are
applicable for e-roads over other mentioned systems for several reasons such as high power
transfer (approximately 250 KW), high charging efficiency (71–96%), and the smallest air
gap space (7.5–50 cm) [17].

IPT is a technique for coupling electrical power across an air gap without any physical
contact, which was introduced over a hundred years ago. Lack of physical contact allows
IPT systems to realize advantages over conductive counterparts, including resistance to
environmental impacts and comfort. Over the years, various IPT systems have been pre-
sented to apply these advantages for multiple applications, such as powering bio-medical
devices, powering automatic guided vehicles, and battery charging. By the utilization of
IPT systems, EVs can be charged when stationary within a car park, garage, or at traffic
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signals, or dynamically while in motion. Robust IPT pads must be developed for installa-
tion within roadway pavements for both stationary and dynamic IPT EV charging systems
to be economically viable, remaining operational for 20–30 years. Figure 5 illustrates an
overview of usual IPT systems schematically. IPT systems can be divided into various
modular components [27–30]:

– The power is directly derived through the power source, typically from the AC mains
grid, to supply either a regulated DC supply to the inverter or a modulated AC
frequency derived from the mains frequency.

– The inverter transforms this DC or extremely low frequency (LF) AC input into a
greater frequency voltage and current (commonly chosen to be in the LF range of
30–300 kHz) appropriate to drive the output compensation network and magnet-
ics that enhance the power transfer ability of IPT systems. According to standard
requirements, a nominal 85 kHz is selected for EV charging systems.

– The primary and secondary pads optimize the coupled magnetic fields generated
from both pads. The power is transferred through resonant IPT between the two pads.
The primary pad is normally placed on or below the ground, and the secondary one is
placed underneath and attached to EVs.

– A secondary controller conditions and regulates the power to the load.
– The load for an EV normally is a battery or an electric motor [30].
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Vehicle speed is a fundamental parameter that can directly impact the charging process
in the wireless pavement system. As the speed of the EVs increases, the duration of contact
between the vehicle and the IPT pads changes, affecting the power transfer rate. It is
essential to investigate the relationship between vehicle speed and charging efficiency to
determine the optimal speed range that ensures both effective charging and safe driving
conditions [10].

4. Coil Design

As mentioned in the previous section, the coil is one of the important and inseparable
components of the IPT pad, which has a role in transferring power between the energy
source and receiver. Coils should have a larger dimension than the air gap (100 to 300 mm)
distance between vehicles and pavement surface to operate more efficiently. Moreover, a
magnetic region should be provided with various materials such as ferrite and aluminum
for transferring power efficiently and conducting them to the upper layers [31]. Figure 6
shows an embedded IPT pad within the pavement with four sections: coil, ferrite layer,
aluminum plate, and a case in which all details are installed [30].
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Several studies have been conducted to promote the level of coil power transfer and
decrease the power loss between the pavement and EVs. In most of them, the main structure
of coils and usage materials was maintained, and the difference between them is in terms
of geometrical aspects. Figure 7 demonstrates different types of coils. For instance, most
of the time, circular coils are used in the stationary IPT system, or DD coils can be used
for compensating the energy loss, especially for pavements that encounter moisture. The
DD-DDQ pad combination can achieve higher coupling and a charging zone more than five
times larger in terms of coverage area than that of an equivalent circular pad system [32].
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5. Effect of IPT Pad on Power Transfer Performance

By investigating the different studies, it was determined that various factors such as
the depth of the IPT pad, materials of coils, the number of receiver coils, and factors like
these have an impact on the power transfer performance of the wireless pavement. The
depth of the IPT pad can be considered the thickness of the pavement as well. To put it
differently, if the pavements are thicker and the IPTs are embedded in a deeper pavement
layer [33], the inductivity performance and dielectric loss will be decreased and increased,
respectively. In this case, the upper layer of the IPT pad is concrete, the energy loss was
estimated at 3.93 w [17]. However, in the asphalt samples, this energy loss was about 0.01 w.
Using materials like rubber for coil coating [17] or increasing materials like copper and
ferrite for making IPT pads [34] in the amounts of 12 and 30%, respectively, can cover the
weakness of power transfer of the upper layer.



Sustainability 2023, 15, 14893 7 of 20

If all of the above are considered, other requirements such as vehicle speed, number of
receiving coils, and synchronization of the primary and secondary coils should be provided,
and also if the vehicles’ speeds on the wireless pavement exceed 80 km/h, the IPT efficiency
will be decreased intensively. Therefore, a speed of 40 to 60 km/h can be considered an
acceptable speed for efficient performance [35]. Furthermore, the simultaneity of the IPT
pad and receiver coil, and the lack of deviation from each other, can decrease the energy
loss [17].

Some studies have suggested two coil receivers under electric vehicles in order to
solve this problem. Figure 8 shows a sample of two coil receivers. As can be seen, the
connection between the primary and secondary coil was never lost, and this issue leads to
an increase in the efficiency performance of the IPT pad between 96 and 100% [36].
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The wireless pavement system (WPS) based on inductive power transfer (IPT) for
electric vehicles (EVs) is undoubtedly a critical infrastructure development in the realm of
sustainable transportation. While the current research has focused on various aspects of
the system’s design and performance, it is essential to acknowledge the potential impact of
environmental factors on its stable functioning. In particular, the effects of rain, snow, and
sandy soil on the WPS warrant further exploration to ensure its robustness and reliability
under diverse weather and terrain conditions.

Rain and snow are common environmental challenges that wireless charging systems
may encounter, especially in regions with frequent precipitation. The presence of water
on the road surface can affect the efficiency of power transfer and may lead to decreased
performance of the wireless pavement system. Investigating the behavior of IPT under
wet conditions, analyzing the impact on charging efficiency, and developing appropriate
mitigation strategies are crucial steps toward ensuring the system’s consistent operation,
regardless of weather conditions.

Sandy soil poses another potential challenge for the wireless pavement system. In
regions with sandy or loose soil, the structural stability and adhesion of the IPT pads could
be compromised. It is essential to study the interaction between the IPT pads and sandy soil,
evaluating the risk of displacement or damage during operation. Addressing these concerns
will lead to improved design considerations, material selection, and installation techniques,
enhancing the long-term sustainability and functionality of the wireless pavement system.

6. Effect of IPT Pad on Pavement Performance

As mentioned in previous sections, IPT pads should be embedded within the pavement
layers, and they should not be exposed to traffic loading. Therefore, the pavements play
an important role in preventing the IPT system against thermal fluctuation, freeze–thaw
cycles [37], and repetitive traffic loading [17]. Different studies have been performed on the
effect of charging units (CUs) on pavement damage, and the different conditions of their
performance have been evaluated.

Although pavement layers protect the IPT system, the presence of these systems
causes a lot of damage to pavement layers. The significant point is that more than twice the
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amount of damage will be caused than to a conventional pavement layer. Various factors,
including the geometry of the IPT pad, embedment depth, and their distance from each
other, have an impact on the damage. Figure 9 shows the different types of damage created
on the pavement surfaces affected by the embedment of CUs.
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As shown in Figure 9, these charging units can increase the cracks in the pavement
surface and cause all kinds of damage such as debonding, slippage, and reflective cracks.
These cracks and damage are aggravated at the edge of the CU and the contact surface of
the pavement and the CU. Due to the fact that CUs usually are constructed from concrete,
lower longitudinal strain and deformation occur exactly on the center and above the IPT
surface, and the pavement faces better resistance than the CU shoulder section. In addition,
debonding and slippage cracks are among the most common forms of damage in wireless
pavements due to horizontal stresses caused by braking and vehicle acceleration. Reflective
cracks occur as a result of CUs being closer to each other. To solve this problem, an
increase in pavement thickness is suggested [17]. According to the previous section, the
distance between IPT pads can be increased from each other, using two coil receivers under
EVs instead.

Fatigue and rutting are among the other types of damage to wireless pavements.
One of the causes of fatigue is the aluminum plate under the IPT pad, which despite
the advantages such as reducing energy loss, has a negative effect on fatigue resistance.
To compensate for this weakness and strengthen the electromagnetic performance of
wireless pavements, it is better to use a layer of asphalt mixture containing magnetic
additives. Despite the various forms of damage to the pavement due to the presence of IPT
pads, rutting is one of the failures that appeared with lower intensity than conventional
asphalt [8].

During the charging time of EVs on the wireless pavement, the temperature degree
of the pavement reaches 87 ◦C, which can cause softening and thermal stresses, which
contributes to other forms of damage. Therefore, bitumen should be used with a higher
softening point and viscosity and lower penetration grade. Moreover, if the temperature
can be controlled through different additive and bitumen modifications [38], it may be
a positive point for the self-healing properties of asphalt mixtures. Otherwise, damage
due to fatigue and rutting might develop [17]. The significant point is that the weight of
EVs can be reduced by increasing the conductivity of asphalt mixtures and improving
the coils’ performance. With this measurement, the intensity of loading and damage will
be decreased.

The geometry of the IPT system is one of the factors that has an impact on the dam-
age performance of the wireless pavement. The connection areas between the CU and
the asphalt experience the weakest performance against damage and the highest stress.
Therefore, by rounding the shoulder of the CU with a radius of 3 to 12 cm, the intensity
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of the stresses on the pavement and damage can be reduced. Moreover, increasing the
thickness of the pavement layer above the IPT pad can also reduce the severity of the
damage [39]. However, increasing the thickness or the depth of the IPT pad can reduce the
power transfer performance [40].

Dielectric properties of materials are one of the factors affecting the energy loss of
wireless pavements. In other words, the presence of materials with high dielectric properties
reduces power transfer in pavements. Table 1 shows the dielectric characteristic (rε) of
different materials.

Table 1. Dielectric characteristics of different materials [41].

Materials rε

Air 1
Water 81
Snow 6–12

Ice 4
Sand 2–6, 10–30 (wet)
Clay 2–6 (dry), 5–40 (wet)

Limestone 7 (dry), 8 (wet)
Granite 5 (dry), 7 (wet)
Asphalt 2–4 (day), 6–12 (wet)
Concrete 4–10 (day), 10–20 (wet)

As can be seen in Table 1, asphalt pavements have a lower dielectric index than concrete
pavements. In other words, by implementing the asphalt pavement, more power can be
transferred from the IPT pad to EVs. Among the present materials in Table 1, water has
the worst dielectric performance, and in the case of moisture penetration to the pavement
texture, the power transfer via the IPT pad encounters several problems [35]. Despite
the lower index of asphalt mixtures than concrete, when these pavements are exposed to
moisture, they experience a more noticeable decline than concrete pavement [17]. Therefore,
it is better to improve the performance of asphalt pavements against moisture damage by
using an ant strip additive.

7. Modification of Wireless Pavement Properties to Increase Performance
and Conductivity

It is true that things like the deviation between the primary and secondary pads and
the lateral movement of vehicles while driving reduce the performance of the IPT system,
and by deforming the coils, part of this energy loss can be reduced, but by modifying the
properties of asphalt and concrete mixtures, the efficiency of these systems can be improved
by creating an electromagnetic conduction zone in the pavement. Various studies have been
performed to improve the induction and performance properties of asphalt and concrete
mixtures, which have tried to improve the performance of pavements against various
failures by modifying the properties of bitumen, concrete, and aggregates in mixtures [42]
while increasing the electrical conductivity [43]. Table 2 shows some of the additives used.

As can be seen from Table 2, these materials have mainly metallic properties and their
use causes rheological changes in the properties of bitumen or changes in the characteristics
of used aggregates. These changes increase the bitumen cohesion and the adhesion of
bitumen (concrete) and aggregates and greatly reduce separation. In addition, due to the
conductivity of these materials, they can also act as an electromagnetic field in pavements
with IPT pads. But in addition to all these advantages, one should also pay attention to
the rusting properties of these materials during freeze–thaw cycles and try to use metal
additives in small or nano sizes so that they do not corrode, especially in high freeze–thaw
cycles, as shown in Figure 10.
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Table 2. Additives used to modify inductive pavements.

Material Optimal (%) Test Device Improvement (%) Modification with Reference

Steel wool fiber 6 ITS
Electrical resistivity 15.13 Bitumen [45]

Electric arc furnace 8 ITS, ITSM 69 Aggregate [46]

Steel slag/steel
fiber 6

Cantabro
Semi-circle bending

fracture
Thermal constants

57 Aggregate
Bitumen [47]

Electric arc furnace 3 ITS 50 Aggregate [48]

Steel wool fiber N/A Electromagnetic Induction
heating 66 Bitumen [49]

Metallic waste 4
Electrical resistivity

X-ray
Thermo physical

4 Bitumen [50]

Metallic fiber 1.5 ITS, ITSM × Bitumen [44]

Waste steel
shavings 10 Induction heating

Electrical resistivity 4 Aggregate [51]

Ferrite powder 0.5 ITS
Electrical resistivity 17 Limestone filler [52]

Steel wool fiber 4 Crack-healing
X-ray 4 Bitumen [53]

Steel fiber 10 Ice-melting 4 N/A [54]

Steel fibers and
steel wool 10 ITS

Electrical resistivity 19 Bitumen [55]

Steel fibers 6 Induction heating
Thermo physical 4 Bitumen [56]

Waste steel
shavings 8 Heating power 4 Bitumen [57]

Steel wool fiber 2 Cantabro
fatigue test 4 Aggregate [58]
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Table 2. Cont.

Material Optimal (%) Test Device Improvement (%) Modification with Reference

Electric arc furnace
Steel slag

and copper
N/A

Rutting
Creep

ITS
47 Aggregate [59]

Steel fiber 6 Semi-circular bending
Induction heating 4 Bitumen [60]

Steel wool fiber 1.5 ITS 25 Bitumen [61]

Micron-scale steel
fiber with

carbon fiber
0.2 ITS

Dynamic modulus 29 Bitumen [62]

Steel fiber N/A
Wheel tracking

ITS
Pull out

4 Bitumen [63]

Steel slag N/A
ITS

ITSM
Electrical resistivity

34 Aggregate [64]

4: The additive materials improve the characteristics of the asphalt mixture, ×: The additive materials have a
negative effect.

According to other similar studies, the addition of ferrite materials to concrete mixtures
improves specimens by 50% against energy loss [65], and replacing ferrite materials with
some aggregates can be suggested as a suitable solution to increase efficiency and conduc-
tivity [66]. Other studies have examined the effect of metal materials on the performance of
pavements and have concluded that the addition of stainless steel wool and stainless steel
fibers can reduce energy losses by up to 50% and improve the performance of pavements [8].
Also, if 1 to 20% of the weight of concrete is replaced with iron and magnetite powders, the
pavement efficiency can be improved by up to 86% [67]. In addition, the type of aggregate
is one of the influential parameters. Because limestone aggregates have more magnetic
properties than basalt aggregates, and if the mixture is more compact, then more power
can be transferred [32].

Although many researchers have suggested the construction of charging units in boxes
with concrete materials [68], others believe that the creation of an asphalt pavement layer
on concrete boxes causes a discontinuity between the materials [69–71]. Therefore, it is
suggested that in concrete pavements, IPT pads be placed in the concrete layer, and in
asphalt pavements, IPT pads be placed in the asphalt mixture to increase the cohesion and
adhesion between different materials. In addition, Chen et al. proposed a method whereby
if reinforced pavements such as ultra-thin white-topping pavements as represented in
Figure 11 are used for the top layer of IPT pads, the weakness of pavements in energy
transfer can be reduced by up to 75%, and in places that are close to the rebars, up to 85%
improvement of pavement performance can be observed [72]. In another study, to improve
the discontinuity between the IPT pad and its top layer, various materials such as Portland
cement, polypropylene (PP), acrylonitrile butadiene styrene (ABS), XPS: polystyrene foam,
stretch film, and ferrite were proposed to cover the coils [73]. The results of studies showed
that cementitious materials have the highest electrical losses and have negative effects on
coils. Among the materials, ABS and PP resins performed best in energy transfer.

In another study, investigators proposed a multilayer asphalt pavement system based
on Figure 12, which is mostly comprised of three subsystems from top to bottom [65]: the
upper part is constructed with electrically conductive layers with waste steel shavings,
the middle part is an asphalt mixture layer with the pre-embedded induction coil, and
the lower part is constructed with magnetically absorbing layers with waste ferrites for
replacing the conventional waterproof adhesive layer. Based on Figure 13, the role of the
lower part was maintaining the electromagnetic power and transferring it to the upper one.
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The upper layer was made with four various contents of waste steel shavings (2 to
8% by the weight of aggregates) and applied as an inductive agent in asphalts. Moreover,
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styrene butadiene styrene (SBS) and limestone powder were applied for the modification
of bitumen properties to enhance the stability of the multilayer asphalt pavement structure.
The result showed that the asphalt magnetically absorbing layers could meet the require-
ments of conventional waterproof adhesive layers. It was also concluded that 6% was the
optimum amount of waste steel shavings. Also, the electrically conductive asphalt layer
operated as the magnetic field receiving layer to achieve self-healing and deicing, and snow
melting [39]. Based on previous research, nanocomposite bitumens could be applied to
enhance the resistance of asphalt mixtures to moisture. These materials contain various
types of nano-metal or nano-polymer composites that can simultaneously improve the
performance and electrical conductivity of the mixtures.

Most studies investigated the modification of pavement with various additives as a
suitable solution to improve the inductive and performance properties. However, in an
innovative study, researchers suggested that a partial part of the asphalt in which the IPT
pad was embedded be modified with magnetic additive (as shown in Figure 14), and other
parts should remain as unmodified asphalt. This design principle creates a pathway that
can better connect magnetic fields and guide magnetic flux between receiver coils and
transmitter. The enhancement of wireless power transfer was also indicated for charging
EVs from the partially magnetized pavement layer over the conventional pavement layer.
If the embedment depth transmitter coil is 0.1 m, the wireless charging performance could
be increased by 1.5% from 70% to 71.5%. However, once the thickness of the partially
magnetized layer is increased to 0.4 m, the improvement rate is remarkably enhanced from
26.6 to 39.9% (by 13.3%) [8].
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8. Simulation and Comparative Analysis of IPT Pad Performance

This section presents an exploration of simulation results concerning the performance
of IPT pads within wireless pavement systems. Building upon empirical investigations
and comparisons of experimental outcomes, this extension delves into simulation-based
insights to comprehensively understand the IPT pad behavior.

Advanced electromagnetic simulation tools were employed to comprehensively assess
the IPT pad performance. These simulations modeled the intricate electromagnetic interactions
within the pavement structure and IPT pad configuration. Variables encompassed geometric
parameters, material properties, and operational conditions for nuanced examination.

Various researchers have studied a collective perspective on IPT pad performance
within wireless pavement systems. Sun et al. proposed a framework for magnetically
coupled resonant wireless power transmission systems integrated within pavements. Their
work highlighted the significance of resonance phenomena and optimized geometries
in influencing power transfer efficiency [74]. Amirpour et al. conducted a coupled
electromagnetic–thermal analysis of inductive power transfer pads within pavements.
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Their research emphasized the interplay between electromagnetic efficiency and thermal
effects, contributing to a comprehensive understanding of pad behavior [30]. Aghcheghloo
et al. explored the influence of an emulator inductive power transfer pad on asphalt pave-
ment temperature. Their investigation shed light on the role of emulators in simulating
real-world scenarios and the resulting thermal implications [75]. Li et al. proposed a
wireless power transfer-tuning model using pavement materials as transmission media.
Their innovative approach investigated the potential of pavement materials to enhance
power transfer efficiency [76]. Guo and Wang introduced a novel design of a partially
magnetized pavement for wireless power transfer. Their work showcased the potential for
improved efficiency and cost savings [8].

Integration of simulation-based insights alongside experimental results enriches the
understanding of IPT pad performance. These outcomes provide a comprehensive perspec-
tive on IPT pad behavior within wireless pavement systems. By amalgamating simulation
and experimental insights, contribution to wireless pavement system optimization and
refinement is advanced. Figure 15 presents a comparative analysis of electrical conductivity
across various simulation studies. The discernible outcome underscores the substantial
influence of reinforcing the pavement materials above the Inductive Power Transfer (IPT)
pad in augmenting the electrical conductivity of wireless road systems. Investigations
conducted with the specific aim of enhancing this aspect [8,76] have demonstrated supe-
rior electrical conductivity when contrasted with research that primarily addresses the
geometric characteristics of IPT pads [30,74].
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Figure 15. Comparison of simulation results in various studies [8,30,36,74].

9. Effect of Environmental Conditions on the Performance of IPT Pad

The impact of environmental conditions, such as rain and snow, on the performance
of IPT systems within the context of wireless pavement charging for EVs, is a crucial aspect
warranting thorough investigation. Rain and snow, being common weather conditions
encountered in various geographic regions, can potentially influence the charging efficiency
and stability of IPT pads integrated into road pavements.

Rainfall on road surfaces introduces moisture, which may affect the dielectric proper-
ties of the pavement material and impact the electromagnetic coupling between the IPT
pads and the EV’s receiving coils [77]. This alteration in electromagnetic characteristics
can lead to reduced power transfer efficiency due to increased losses and impedance mis-
matches. The presence of water on the road surface may also impact the alignment and
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contact between the charging unit and the EV, affecting the overall system’s performance.
Addressing these challenges entails a comprehensive understanding of the interactions be-
tween water, pavement material, and electromagnetic fields, allowing for the development
of strategies to mitigate efficiency loss during rainy conditions [17,78].

Similarly, snow accumulation on road pavements can pose challenges to the proper
functioning of IPT systems. Snow buildup can alter the geometry of the road surface and
potentially obstruct the alignment between the charging unit and the EV [17]. Additionally,
snow’s insulating properties can lead to further impedance mismatch and reduced power
transfer efficiency [70]. Analyzing the behavior of IPT pads under snow-covered conditions
and developing mechanisms for snow removal or adaptation will be instrumental in
ensuring the sustained functionality of the wireless pavement charging system in snowy
environments [33,76].

Understanding the influence of these environmental conditions on IPT pad perfor-
mance is essential to developing a robust and reliable wireless pavement system that
remains operational under various weather scenarios. By delving into these effects, we can
tailor system designs, materials, and operational strategies to ensure optimal performance,
thereby enhancing the overall viability and effectiveness of IPT-based wireless charging
solutions for electric vehicles.

10. Discussion

The comprehensive analysis of simulation results provides valuable insights into the
design, integration, and optimization of IPT pads in pavements for wireless charging of
electric vehicles. Each finding holds significant implications for the development of sustain-
able and effective charging infrastructure. We have discussed the results in detail and their
potential impact on the future of wireless power transfer systems and pavement design.

The geometry of the charging unit emerged as a critical factor influencing tension and
damage in the pavement. Creating fillet-shaped shoulders with a radius of 3 to 12 cm was
found to be an effective strategy to reduce tension and mitigate any potential damage. This
highlights the importance of optimizing IPT pad design to ensure minimal adverse effects
on pavement integrity and longevity. Further research in this area could explore alternative
geometrical configurations to identify the most pavement-friendly charging unit design.

The close application of primary pads within the pavement resulted in the expansion
of cracks on the pavement surface. To address this issue, we propose increasing the number
of receiving coils under electric vehicles, which significantly enhances charging efficiency
by 96 to 100%. This finding underscores the need for precise coil placement and distribution
to ensure reliable power transfer while minimizing pavement damage. Future studies could
focus on dynamic coil reconfiguration strategies to further improve charging efficiency and
reduce potential pavement impacts [79].

Furthermore, the presence of an aluminum plate under IPT pads was found to cause
fatigue damage in pavements. To improve pavement induction capability and reduce
fatigue damage, we recommend substituting aluminum plates with modified asphalt
mixtures containing metal and magnetic additives. This finding highlights the potential
of advanced materials to enhance pavement performance under the influence of charging
infrastructure. Further research could explore the durability and performance of these
modified asphalt mixtures under various loading and environmental conditions.

To address reflective crack formation, we suggest increasing the thickness of the upper
layer of IPT pads and modifying aggregate and bitumen with suitable additives. This
approach reduces the intensity of reflective cracks and improves the long-term performance
of pavements. The importance of pavement composition and construction in preventing
reflective cracking is evident, and further investigations could explore innovative materials
and construction techniques to mitigate this type of pavement damage [80,81].

Proper integration and alignment of charging infrastructure with the underlying
pavement structure is essential to prevent longitudinal strains and pavement deformation.
Embedding IPT pads within a case similar to the upper layer is recommended. In concrete
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pavements, IPT pads should be embedded within the concrete layer, while in asphalt
pavements, IPT pads should be embedded within the asphalt layers. This finding high-
lights the significance of optimal charging unit integration to maintain pavement integrity
and durability. Future research could explore dynamic behavior under the presence of
embedded charging units to optimize pavement design and performance.

Lastly, the study’s suggestion to modify asphalt mixtures with metal additives or
nanocomposites based on SBS bitumen opens possibilities for enhancing the self-healing
ability and inductivity of pavements. These modifications improve pavement performance
against various types of damage such as fatigue, rutting, and moisture susceptibility.
Further investigations could delve into the precise mechanisms and long-term behavior of
these modified asphalt mixtures to optimize their composition and performance [82–84].
Also, various statistical analyses, machine learning, and optimization methods can be
applied for further investigation [85–98].

This comprehensive discussion of simulation results offers valuable insights into the
design, integration, and optimization of IPT pads in pavements for wireless charging of
electric vehicles. The findings underscore the importance of thoughtful charging unit
design, precise coil placement, and pavement materials to achieve efficient power transfer
while minimizing pavement damage. The implications of this research have significant
relevance for the development of sustainable and effective wireless charging infrastructure,
promoting the growth of electric vehicles in the future.

11. Conclusions

Our study focused on investigating the impact of inductive power transfer (IPT)
pads on pavement inductivity, conductivity, and durability. Through the exploration of
various wireless power transfer systems, IPT pads emerged as a safe and efficient charging
solution due to their geometry-sensitive power transfer efficiency. Our investigation
revealed several key insights into the effects of IPT pads on pavements. Optimizing the
geometry of charging units, particularly by implementing filleted shoulders, mitigated
tension and damage in pavements. We also found that embedding more receiving coils
under electric vehicles improved charging efficiency and reduced pavement cracks, while
modified asphalt mixtures with additives enhanced induction capability and reduced
fatigue damage. Furthermore, we underscored the significance of modifying asphalt
mixtures with metal additives and nanocomposites based on SBS bitumen to improve
pavement performance against various forms of damage. The integration of IPT pads
with pavements offers a sustainable charging infrastructure for electric vehicles. However,
challenges and considerations remain for its widespread adoption:

1. Scalability and Infrastructure: The scalability of the system to accommodate a growing
number of EVs is crucial. A robust and scalable WPS infrastructure is necessary for
simultaneous and efficient charging in urban and rural areas.

2. Standardization and Interoperability: Establishing industry-wide guidelines and protocols
is essential to ensure compatibility between different EVs and WPS implementations.

3. Environmental Impact: A comprehensive life cycle assessment is needed to evaluate
and minimize the ecological footprint of IPT technology.

4. Integration with Smart Grids: Integrating IPT with smart grids can optimize energy
management, contribute to grid stability, and support renewable energy integration.

5. Cost-effectiveness: Research efforts should focus on developing cost-efficient materi-
als, processes, and installation techniques to make the technology economically viable.

6. Public Awareness: Collaborative efforts involving stakeholders and the public are
essential to promote the adoption of IPT technology.

In summary, our study sheds light on the potential of IPT pads to revolutionize EV
charging infrastructure. While challenges exist, addressing them will pave the way for a
sustainable and efficient transportation future.

Looking ahead, the integration of IPT into pavements heralds a revolutionary shift in
EV charging and urban infrastructure. Autonomous fleets, dynamic charging, grid synergy,
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and urban planning integration present a horizon of possibilities. By fostering innovation,
collaboration, and sustainable practices, IPT-equipped pavements hold the promise of
shaping a greener, smarter, and more efficient transportation landscape.

Author Contributions: B., V.N.M.G., M.M. and M.S.M. conceptualized the problem, provided the
methodology and analysis, and prepared the original draft; B., A.A., K.Y. and M.S. reviewed and
edited the manuscript and provided valuable insights into the overall system. All authors have read
and agreed to the published version of the manuscript.

Funding: This work is supported by the Natural Science Foundation of Hunan Province (Project No.
2021JJ60024, 2022JJ60025); Scientific research project of Hunan Provincial Department of Education
(Project No. 21C1012).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhang, S.; Zhou, Z.; Luo, R.; Zhao, R.; Xiao, Y.; Xu, Y. A low-carbon, fixed-tour scheduling problem with time windows in a

time-dependent traffic environment. Int. J. Prod. Res. 2023, 61, 6177–6196. [CrossRef]
2. Zhang, X.; Wen, S.; Yan, L.; Feng, J.; Xia, Y. A hybrid-convolution spatial–temporal recurrent network for traffic flow prediction.

Comput. J. 2022, bxac171. [CrossRef]
3. Min, H.; Fang, Y.; Wu, X.; Lei, X.; Chen, S.; Teixeira, R.; Zhu, B.; Zhao, X.; Xu, Z. A fault diagnosis framework for autonomous

vehicles with sensor self-diagnosis. Expert Syst. Appl. 2023, 224, 120002. [CrossRef]
4. Zhang, X.; Fang, S.; Shen, Y.; Yuan, X.; Lu, Z. Hierarchical Velocity Optimization for Connected Automated Vehicles With Cellular

Vehicle-to-Everything Communication at Continuous Signalized Intersections. IEEE Trans. Intell. Transp. Syst. 2023; Early Access.
[CrossRef]

5. Cao, B.; Zhang, W.; Wang, X.; Zhao, J.; Gu, Y.; Zhang, Y. A memetic algorithm based on two_Arch2 for multi-depot heterogeneous-
vehicle capacitated arc routing problem. Swarm Evol. Comput. 2021, 63, 100864. [CrossRef]

6. Wangsupphaphol, A.; Chaitusaney, S.; Salem, M. A Techno-Economic Assessment of a Second-Life Battery and Photovoltaics
Hybrid Power Source for Sustainable Electric Vehicle Home Charging. Sustainability 2023, 15, 5866. [CrossRef]

7. Alinejad, M.; Rezaei, O.; Habibifar, R.; Azimian, M. A Charge/Discharge Plan for Electric Vehicles in an Intelligent Parking Lot
Considering Destructive Random Decisions, and V2G and V2V Energy Transfer Modes. Sustainability 2022, 14, 12816. [CrossRef]

8. Guo, L.; Wang, H. A novel design of partially magnetized pavement for wireless power transfer to electric vehicles with improved
efficiency and cost saving. Energy Convers. Manag. 2022, 252, 115080. [CrossRef]

9. Abbasi, M.H.; Zhang, J.; Xu, B.; Krovi, V.N. Reinforcement Learning Based Fast Charging of Electric Vehicle Battery Packs; SAE Technical
Paper; SAE International: Warrendale, PA, USA, 2023; ISSN 0148-7191.

10. Bi, Z.; Kan, T.; Mi, C.C.; Zhang, Y.; Zhao, Z.; Keoleian, G.A. A review of wireless power transfer for electric vehicles: Prospects to
enhance sustainable mobility. Appl. Energy 2016, 179, 413–425. [CrossRef]

11. Bi, Z.; Keoleian, G.A.; Lin, Z.; Moore, M.R.; Chen, K.; Song, L.; Zhao, Z. Life cycle assessment and tempo-spatial optimization of
deploying dynamic wireless charging technology for electric cars. Transp. Res. Part C Emerg. Technol. 2019, 100, 53–67. [CrossRef]

12. Marghani, A.; Wilson, D.; Larkin, T. Performance of Inductive Power Transfer-Based Pavements of Electrified Roads. In
Proceedings of the 2019 IEEE PELS Workshop on Emerging Technologies: Wireless Power Transfer (WoW), London, UK,
18–21 June 2019.

13. Balieu, R.; Chen, F.; Kringos, N. Life cycle sustainability assessment of electrified road systems. Road Mater. Pavement Des. 2019,
20 (Suppl. S1), S19–S33. [CrossRef]

14. Liu, G. Data collection in mi-assisted wireless powered underground sensor networks: Directions, recent advances, and challenges.
IEEE Commun. Mag. 2021, 59, 132–138. [CrossRef]

15. Feng, H.; Tavakoli, R.; Onar, O.C.; Pantic, Z. Advances in high-power wireless charging systems: Overview and design
considerations. IEEE Trans. Transp. Electrif. 2020, 6, 886–919. [CrossRef]

16. Chen, Z.; Yin, Y.; Song, Z. A cost-competitiveness analysis of charging infrastructure for electric bus operations. Transp. Res. Part
C Emerg. Technol. 2018, 93, 351–366. [CrossRef]

17. Soares, L.; Wang, H. A study on renewed perspectives of electrified road for wireless power transfer of electric vehicles. Renew.
Sustain. Energy Rev. 2022, 158, 112110. [CrossRef]

18. Jeong, S.; Jang, Y.J.; Kum, D.; Lee, M.S. Charging automation for electric vehicles: Is a smaller battery good for the wireless
charging electric vehicles? IEEE Trans. Autom. Sci. Eng. 2018, 16, 486–497. [CrossRef]

https://doi.org/10.1080/00207543.2022.2153940
https://doi.org/10.1093/comjnl/bxac171
https://doi.org/10.1016/j.eswa.2023.120002
https://doi.org/10.1109/TITS.2023.3274580
https://doi.org/10.1016/j.swevo.2021.100864
https://doi.org/10.3390/su15075866
https://doi.org/10.3390/su141912816
https://doi.org/10.1016/j.enconman.2021.115080
https://doi.org/10.1016/j.apenergy.2016.07.003
https://doi.org/10.1016/j.trc.2019.01.002
https://doi.org/10.1080/14680629.2019.1588771
https://doi.org/10.1109/MCOM.001.2000921
https://doi.org/10.1109/TTE.2020.3012543
https://doi.org/10.1016/j.trc.2018.06.006
https://doi.org/10.1016/j.rser.2022.112110
https://doi.org/10.1109/TASE.2018.2827954


Sustainability 2023, 15, 14893 18 of 20

19. Lin, Z.; Li, J.-M.; Dong, J. Dynamic Wireless Power Transfer: Potential Impact on Plug-In Electric Vehicle Adoption; SAE Technical Paper;
SAE International: Warrendale, PA, USA, 2014. [CrossRef]

20. Pazouki, S.; Olamaei, J. The effect of heterogeneous electric vehicles with different battery capacities in parking lots on peak load
of electric power distribution networks. Int. J. Ambient Energy 2019, 40, 734–738. [CrossRef]

21. Haghifam, M.-R.; Pazouki, S.; Pazouki, S. Renewables and plug in electric vehicles modeling on electricity and gas infrastructures
scheduling in presence of responsive demand. In Proceedings of the 2013 3rd International Conference on Electric Power and
Energy Conversion Systems, Istanbul, Turkey, 2–4 October 2013.

22. Das, H.S.; Nurunnabi, M.; Salem, M.; Li, S.; Rahman, M.M. Utilization of Electric Vehicle Grid Integration System for Power Grid
Ancillary Services. Energies 2022, 15, 8623. [CrossRef]

23. Habibifar, R.; Aris Lekvan, A.; Ehsan, M. A risk-constrained decision support tool for EV aggregators participating in energy and
frequency regulation markets. Electr. Power Syst. Res. 2020, 185, 106367. [CrossRef]

24. Huang, N.; He, Q.; Qi, J.; Hu, Q.; Wang, R.; Cai, G.; Yang, D. Multinodes interval electric vehicle day-ahead charging load
forecasting based on joint adversarial generation. Int. J. Electr. Power Energy Syst. 2022, 143, 108404. [CrossRef]

25. Abbasi, M.H.; Zhang, J.; Krovi, V. A Lyapunov Optimization Approach to the Quality of Service for Electric Vehicle Fast
Charging Stations. In Proceedings of the 2022 IEEE Vehicle Power and Propulsion Conference (VPPC), Merced, CA, USA,
1–4 November 2022.

26. Pazouki, S.; Haghifam, M.-R.; Pazouki, S. Short term economical scheduling in an energy hub by renewable and demand response.
In Proceedings of the 2013 3rd International Conference on Electric Power and Energy Conversion Systems, Istanbul, Turkey,
2–4 October 2013.

27. Farhadi, P.; Sedaghat, M.; Sharifi, S.; Taheri, B. Power point tracking in photovoltaic systems by sliding mode control. In
Proceedings of the 2017 10th International Symposium on Advanced Topics in Electrical Engineering (ATEE), Bucharest, Romania,
23–25 March 2017.

28. Taheri, B.; Jabari, F.; Foroud, A.A. A green cogeneration microgrid composed of water-source heat pumps, a gravity energy
storage, and a bio-fueled gas turbine: Design and techno-economic optimization. Sustain. Cities Soc. 2023, 95, 104594. [CrossRef]

29. Taheri, B.; Aghajani, G.; Sedaghat, M. Economic dispatch in a power system considering environmental pollution using a
multi-objective particle swarm optimization algorithm based on the Pareto criterion and fuzzy logic. Int. J. Energy Environ. Eng.
2017, 8, 99–107. [CrossRef]

30. Amirpour, M.; Kim, S.; Battley, M.P.; Kelly, P.; Bickerton, S.; Covic, G. Coupled electromagnetic-thermal analysis of roadway
inductive power transfer pads within a model pavement. Appl. Therm. Eng. 2021, 189, 116710. [CrossRef]

31. Covic, G.A.; Boys, J.T. Inductive power transfer. Proc. IEEE 2013, 101, 1276–1289. [CrossRef]
32. Nagendra, G.R.; Covic, G.A.; Boys, J.T. Sizing of inductive power pads for dynamic charging of EVs on IPT highways. IEEE Trans.

Transp. Electrif. 2017, 3, 405–417. [CrossRef]
33. Chen, F.; Taylor, N.; Balieu, R.; Kringos, N. Dynamic application of the Inductive Power Transfer (IPT) systems in an electrified

road: Dielectric power loss due to pavement materials. Constr. Build. Mater. 2017, 147, 9–16. [CrossRef]
34. Varghese, B.J.; Kamineni, A.; Roberts, N.; Halling, M.; Thrimawithana, D.J.; Zane, R.A. Design considerations for 50 kW dynamic

wireless charging with concrete-embedded coils. In Proceedings of the 2020 IEEE PELS Workshop on Emerging Technologies:
Wireless Power Transfer (WoW), Seoul, Republic of Korea, 15–19 November 2020.

35. Li, F.; Sun, X.; Zhou, S.; Chen, Y.; Hao, Z.; Yang, Z. Infrastructure material magnetization impact assessment of wireless power
transfer pavement based on resonant inductive coupling. IEEE Trans. Intell. Transp. Syst. 2021, 23, 22400–22408. [CrossRef]

36. Mohamed, N.; Aymen, F.; Issam, Z.; Bajaj, M.; Ghoneim, S.S.; Ahmed, M. The impact of coil position and number on wireless
system performance for electric vehicle recharging. Sensors 2021, 21, 4343. [CrossRef]

37. Throngnumchai, K.; Hanamura, A.; Naruse, Y.; Takeda, K. Design and evaluation of a wireless power transfer system with road
embedded transmitter coils for dynamic charging of electric vehicles. World Electr. Veh. J. 2013, 6, 848–857. [CrossRef]

38. Wang, Z.; Wang, Q.; Jia, C.; Bai, J. Thermal evolution of chemical structure and mechanism of oil sands bitumen. Energy 2022,
244, 123190. [CrossRef]

39. Liu, K.; Fu, C.; Dai, D.; Jin, C.; Li, W.; Li, S.; Xu, X. Induction heating performance of asphalt pavements incorporating electrically
conductive and magnetically absorbing layers. Constr. Build. Mater. 2019, 229, 116805. [CrossRef]

40. Chen, F.; Balieu, R.; Córdoba, E.; Kringos, N. Towards an understanding of the structural performance of future electrified roads:
A finite element simulation study. Int. J. Pavement Eng. 2019, 20, 204–215. [CrossRef]

41. Chen, F.; Kringos, N. Towards new infrastructure materials for on-the-road charging. In Proceedings of the 2014 IEEE International
Electric Vehicle Conference (IEVC), Florence, Italy, 17–19 December 2014.

42. Mahmud, M.H.; Elmahmoud, W.; Barzegaran, M.; Brake, N. Efficient wireless power charging of electric vehicle by modifying the
magnetic characteristics of the transmitting medium. IEEE Trans. Magn. 2017, 53, 1–5. [CrossRef]

43. Liu, K.; Dai, D.; Pan, S.; Wang, F.; Hou, C.; Xu, P. Numerical investigation and thermal predictions of asphalt pavement containing
inductive materials under alternating magnetic field. Int. J. Therm. Sci. 2020, 153, 106353. [CrossRef]

44. González, A.; Norambuena-Contreras, J.; Poulikakos, L.; Varela, M.J.; Valderrama, J.; Flisch, A.; Arraigada, M. Evaluation of
asphalt mixtures containing metallic fibers from recycled tires to promote crack-healing. Materials 2020, 13, 5731. [CrossRef]

45. Hosseinian, S.M.; Najafi Moghaddam Gilani, V.; Mehraban Joobani, P.; Arabani, M. Investigation of moisture sensitivity and
conductivity properties of inductive asphalt mixtures containing steel wool fiber. Adv. Civ. Eng. 2020, 2020, 8890814. [CrossRef]

https://doi.org/10.4271/2014-01-1965
https://doi.org/10.1080/01430750.2017.1423382
https://doi.org/10.3390/en15228623
https://doi.org/10.1016/j.epsr.2020.106367
https://doi.org/10.1016/j.ijepes.2022.108404
https://doi.org/10.1016/j.scs.2023.104594
https://doi.org/10.1007/s40095-017-0233-9
https://doi.org/10.1016/j.applthermaleng.2021.116710
https://doi.org/10.1109/JPROC.2013.2244536
https://doi.org/10.1109/TTE.2017.2666554
https://doi.org/10.1016/j.conbuildmat.2017.04.149
https://doi.org/10.1109/TITS.2021.3099490
https://doi.org/10.3390/s21134343
https://doi.org/10.3390/wevj6040848
https://doi.org/10.1016/j.energy.2022.123190
https://doi.org/10.1016/j.conbuildmat.2019.116805
https://doi.org/10.1080/10298436.2017.1279487
https://doi.org/10.1109/TMAG.2017.2654164
https://doi.org/10.1016/j.ijthermalsci.2020.106353
https://doi.org/10.3390/ma13245731
https://doi.org/10.1155/2020/8890814


Sustainability 2023, 15, 14893 19 of 20

46. Lizárraga, J.M.; Gallego, J. Self-healing analysis of half-warm asphalt mixes containing electric arc furnace (EAF) slag and
reclaimed asphalt pavement (RAP) using a novel thermomechanical healing treatment. Materials 2020, 13, 2502. [CrossRef]

47. Liu, Q.; Li, B.; Schlangen, E.; Sun, Y.; Wu, S. Research on the mechanical, thermal, induction heating and healing properties of
steel slag/steel fibers composite asphalt mixture. Appl. Sci. 2017, 7, 1088. [CrossRef]

48. Gulisano, F.; Crucho, J.; Gallego, J.; Picado-Santos, L. Microwave healing performance of asphalt mixture containing electric arc
furnace (EAF) slag and graphene nanoplatelets (GNPs). Appl. Sci. 2020, 10, 1428. [CrossRef]

49. Xu, C.; Wang, K.; Li, K.; Zong, Y. Deicing property of asphalt mixture containing steel wool fiber by electromagnetic induction
heating. Coatings 2021, 11, 1276. [CrossRef]

50. Norambuena-Contreras, J.; González, A.; Concha, J.; Gonzalez-Torre, I.; Schlangen, E. Effect of metallic waste addition on the
electrical, thermophysical and microwave crack-healing properties of asphalt mixtures. Constr. Build. Mater. 2018, 187, 1039–1050.
[CrossRef]

51. Liu, K.; Dai, D.; Fu, C.; Li, W.; Li, S. Induction heating of asphalt mixtures with waste steel shavings. Constr. Build. Mater. 2020,
234, 117368. [CrossRef]

52. Peinado, F.; Medel, E.; Silvestre, R.; Garcia, A. Open-grade wearing course of asphalt mixture containing ferrite for use as
ferromagnetic pavement. Compos. Part B Eng. 2014, 57, 262–268. [CrossRef]

53. González, A.; Norambuena-Contreras, J.; Storey, L.; Schlangen, E. Self-healing properties of recycled asphalt mixtures containing
metal waste: An approach through microwave radiation heating. J. Environ. Manag. 2018, 214, 242–251. [CrossRef]

54. Fang, H.; Sun, Y.; Liu, Q.; Li, B.; Wu, S.; Tang, J. Ice melting properties of steel fiber modified asphalt mixtures with induction
heating. IOP Conf. Ser. Mater. Sci. Eng. 2017, 182, 012042. [CrossRef]

55. Liu, Q.; Schlangen, E.; García, Á.; van de Ven, M. Induction heating of electrically conductive porous asphalt concrete. Constr.
Build. Mater. 2010, 24, 1207–1213. [CrossRef]

56. Liu, Q.; Yu, W.; Wu, S.; Schlangen, E.; Pan, P. A comparative study of the induction healing behaviors of hot and warm mix
asphalt. Constr. Build. Mater. 2017, 144, 663–670. [CrossRef]

57. Liu, K.; Fu, C.; Xu, P.; Li, S.; Huang, M. An eco-friendliness inductive asphalt mixture comprising waste steel shavings and waste
ferrites. J. Clean. Prod. 2021, 283, 124639. [CrossRef]

58. Lastra-González, P.; Indacoechea-Vega, I.; Calzada-Pérez, M.A.; Vega-Zamanillo, Á.; Castro-Fresno, D. Assessment of induction
heating in the performance of porous asphalt mixtures. Road Mater. Pavement Des. 2020, 21, 2302–2320. [CrossRef]

59. Oluwasola, E.A.; Hainin, M.R.; Aziz, M.M.A. Comparative evaluation of dense-graded and gap-graded asphalt mix incorporating
electric arc furnace steel slag and copper mine tailings. J. Clean. Prod. 2016, 122, 315–325. [CrossRef]

60. Li, H.; Yu, J.; Wu, S.; Liu, Q.; Wu, Y.; Xu, H.; Li, Y. Effect of moisture conditioning on mechanical and healing properties of
inductive asphalt concrete. Constr. Build. Mater. 2020, 241, 118139. [CrossRef]

61. Karimi, M.M.; Darabi, M.K.; Jahanbakhsh, H.; Jahangiri, B.; Rushing, J.F. Effect of steel wool fibers on mechanical and induction
heating response of conductive asphalt concrete. Int. J. Pavement Eng. 2020, 21, 1755–1768. [CrossRef]

62. Huang, B.; Chen, X.; Shu, X. Effects of electrically conductive additives on laboratory-measured properties of asphalt mixtures.
J. Mater. Civ. Eng. 2009, 21, 612–617. [CrossRef]

63. Wang, H.; Yang, J.; Liao, H.; Chen, X. Electrical and mechanical properties of asphalt concrete containing conductive fibers and
fillers. Constr. Build. Mater. 2016, 122, 184–190. [CrossRef]

64. Ahmedzade, P.; Sengoz, B. Evaluation of steel slag coarse aggregate in hot mix asphalt concrete. J. Hazard. Mater. 2009,
165, 300–305. [CrossRef] [PubMed]

65. Liu, K.; Fu, C.; Wang, H.; Wang, F.; Xu, P.; Kan, C. Exploring the energy-saving potential of electromagnetic induction pavement
via magnetic concentrating technique. Energy 2020, 211, 118650. [CrossRef]

66. Marinescu, A.; Tudorache, T.; Vintila, A.; Dumbrava, I. A comparative assessment of magnetic concrete versus ferrite for a high
power inductive coupler. In Proceedings of the 2021 9th International Conference on Modern Power Systems (MPS), Cluj-Napoca,
Romania, 16–17 June 2021.

67. Edwards, K.A.; Al-Abed, S.H.; Hosseini, S.; Brake, N.A. Properties of a magnetic concrete core transformer for application in
wireless power transfer systems. Constr. Build. Mater. 2019, 227, 117041. [CrossRef]

68. Mohamed, N.; Aymen, F.; Alqarni, M.; Turky, R.A.; Alamri, B.; Ali, Z.M.; Aleem, S.H.A. A new wireless charging system for
electric vehicles using two receiver coils. Ain Shams Eng. J. 2022, 13, 101569. [CrossRef]

69. Chabot, A.; Deep, P. 2D Multilayer solution for an electrified road with a built-in charging box. Road Mater. Pavement Des. 2019,
20, S590–S603. [CrossRef]

70. Chen, F. Inductive power transfer technology for road transport electrification. In Eco-Efficient Pavement Construction Materials;
Elsevier: Amsterdam, The Netherlands, 2020; pp. 383–399.

71. Chen, F.; Coronado, C.F.; Balieu, R.; Kringos, N. Structural performance of electrified roads: A computational analysis. J. Clean.
Prod. 2018, 195, 1338–1349. [CrossRef]

72. Beeldensa, A.; Hauspiec, P.; Perikd, H. Inductive charging through concrete roads: A Belgian case study and application. In
Proceedings of the 1st European Road Infrastructure Congress, Leeds, UK, 18–20 October 2016; 2016.

73. Hanawa, K.; Imura, T.; Abe, N. Basic Evaluation of Electrical Characteristics of Ferrite-less and Capacitor-less Coils by Road
Embedment Experiment for Dynamic Wireless Power Transfer. In Proceedings of the 2021 IEEE PELS Workshop on Emerging
Technologies: Wireless Power Transfer (WoW), San Diego, CA, USA, 1–4 June 2021.

https://doi.org/10.3390/ma13112502
https://doi.org/10.3390/app7101088
https://doi.org/10.3390/app10041428
https://doi.org/10.3390/coatings11111276
https://doi.org/10.1016/j.conbuildmat.2018.08.053
https://doi.org/10.1016/j.conbuildmat.2019.117368
https://doi.org/10.1016/j.compositesb.2013.10.008
https://doi.org/10.1016/j.jenvman.2018.03.001
https://doi.org/10.1088/1757-899X/182/1/012042
https://doi.org/10.1016/j.conbuildmat.2009.12.019
https://doi.org/10.1016/j.conbuildmat.2017.03.195
https://doi.org/10.1016/j.jclepro.2020.124639
https://doi.org/10.1080/14680629.2019.1606729
https://doi.org/10.1016/j.jclepro.2016.02.051
https://doi.org/10.1016/j.conbuildmat.2020.118139
https://doi.org/10.1080/10298436.2019.1567918
https://doi.org/10.1061/(ASCE)0899-1561(2009)21:10(612)
https://doi.org/10.1016/j.conbuildmat.2016.06.063
https://doi.org/10.1016/j.jhazmat.2008.09.105
https://www.ncbi.nlm.nih.gov/pubmed/19022573
https://doi.org/10.1016/j.energy.2020.118650
https://doi.org/10.1016/j.conbuildmat.2019.117041
https://doi.org/10.1016/j.asej.2021.08.012
https://doi.org/10.1080/14680629.2019.1621445
https://doi.org/10.1016/j.jclepro.2018.05.273


Sustainability 2023, 15, 14893 20 of 20

74. Sun, G.; Yang, Y.; Zhang, J.; Cao, Y.; Tan, X.; Pei, J. Modeling and optimization of pavement scale-model for magnetically coupled
resonant in wireless power transmission systems. Constr. Build. Mater. 2022, 319, 126066. [CrossRef]

75. Aghcheghloo, P.D.; Larkin, T.; Wilson, D.; Holleran, G.; Amirpour, M.; Kim, S.; Bickerton, S.; Covic, G. The effect of an emulator
inductive power transfer pad on the temperature of an asphalt pavement. Constr. Build. Mater. 2023, 392, 131783. [CrossRef]

76. Li, F.; Li, Y.; Zhou, S.; Chen, Y.; Sun, X.; Deng, Y. Wireless power transfer tuning model of electric vehicles with pavement
materials as transmission media for energy conservation. Appl. Energy 2022, 323, 119631. [CrossRef]

77. Feng, Z.; Shimizu, O.; Sumiya, H.; Nagai, S.; Fujimoto, H.; Sato, M. Influence of Contamination Between Receiver Coil and
Embedded Transmitter Coil for Dynamic Wireless Power Transfer System. In Proceedings of the 2021 IEEE PELS Workshop on
Emerging Technologies: Wireless Power Transfer (WoW), San Diego, CA, USA, 1–4 June 2021.

78. Gil, A.; Taiber, J. A literature review in dynamic wireless power transfer for electric vehicles: Technology and infrastructure
integration challenges. In Sustainable Automotive Technologies 2013: Proceedings of the 5th International Conference ICSAT; Springer:
Berlin/Heidelberg, Germany, 2013.

79. Yuan, C.; Liu, D.-D.; Zhu, Y.-J.; Zeng, T.; Jiang, B.-X.; Tang, C.-X.; Zhou, Y.; He, J.-L.; Li, Q. Effect of charge transport on electrical
degradation in polypropylene/organic molecular semiconductor composites for HVDC cable insulation. Appl. Phys. Lett. 2023,
122, 112904. [CrossRef]

80. Wang, H.; Zhang, X.; Wang, M. Rapid texture depth detection method considering pavement deformation calibration. Measurement
2023, 217, 113024. [CrossRef]

81. Luo, Z.; Wang, H.; Li, S. Prediction of international roughness index based on stacking fusion model. Sustainability 2022, 14, 6949.
[CrossRef]

82. Khordehbinan, M.; Kaymanesh, M.R. Chemical analysis and middle-low temperature functional of waste polybutadiene rubber
polymer modified bitumen. Pet. Sci. Technol. 2020, 38, 8–17. [CrossRef]

83. Rezaei, S.; Damadi, S.M.; Edrisi, A.; Fakhri, M.; Khordehbinan, M.W. Fatigue analysis of bitumen modified with composite of
nano-SiO2 and styrene butadiene styrene polymer. Frat. Ed Integrità Strutt. 2020, 14, 202–209. [CrossRef]

84. Shayesteh, A.; Ghasemisalehabadi, E.; Khordehbinan, M.W.; Rostami, T. Finite element method in statistical analysis of flexible
pavement. J. Mar. Sci. Technol. 2017, 25, 15.

85. Wang, H.; Zhang, X.; Jiang, S. A laboratory and field universal estimation method for tire–pavement interaction noise (TPIN)
based on 3D image technology. Sustainability 2022, 14, 12066. [CrossRef]

86. Lin, Z.; Wang, H.; Li, S. Pavement anomaly detection based on transformer and self-supervised learning. Autom. Constr. 2022,
143, 104544. [CrossRef]

87. Zhu, H.; Xue, M.; Wang, Y.; Yuan, G.; Li, X. Fast visual tracking with siamese oriented region proposal network. IEEE Signal
Process. Lett. 2022, 29, 1437–1441. [CrossRef]

88. Zou, W.; Sun, Y.; Zhou, Y.; Lu, Q.; Nie, Y.; Sun, T.; Peng, L. Limited sensing and deep data mining: A new exploration of
developing city-wide parking guidance systems. IEEE Intell. Transp. Syst. Mag. 2020, 14, 198–215. [CrossRef]

89. Liu, H.; Yue, Y.; Liu, C.; Spencer Jr, B.; Cui, J. Automatic recognition and localization of underground pipelines in GPR B-scans
using a deep learning model. Tunn. Undergr. Space Technol. 2023, 134, 104861. [CrossRef]

90. Xiao, Z.; Shu, J.; Jiang, H.; Min, G.; Chen, H.; Han, Z. Perception task offloading with collaborative computation for autonomous
driving. IEEE J. Sel. Areas Commun. 2022, 41, 457–473. [CrossRef]

91. Yao, Z.; Yoon, H.-S. Hybrid electric vehicle powertrain control based on reinforcement learning. SAE Int. J. Electrified Veh. 2021,
11, 165–176. [CrossRef]

92. Liu, M.; Gu, Q.; Yang, B.; Yin, Z.; Liu, S.; Yin, L.; Zheng, W. Kinematics model optimization algorithm for six degrees of freedom
parallel platform. Appl. Sci. 2023, 13, 3082. [CrossRef]

93. Luo, P.; Wang, B.; Wang, H.; Ma, F.; Ma, H.; Wang, L. An ultrasmall bolt defect detection method for transmission line inspection.
IEEE Trans. Instrum. Meas. 2023, 72, 1–12. [CrossRef]

94. Zhang, Z.; Li, W.; Yang, J. Analysis of stochastic process to model safety risk in construction industry. J. Civ. Eng. Manag. 2021,
27, 87–99. [CrossRef]

95. Qu, Z.; Liu, X.; Zheng, M. Temporal-spatial quantum graph convolutional neural network based on Schrödinger approach for
traffic congestion prediction. IEEE Trans. Intell. Transp. Syst. 2023, 24, 8677–8686. [CrossRef]

96. Lv, Z.; Wu, J.; Li, Y.; Song, H. Cross-layer optimization for industrial Internet of Things in real scene digital twins. IEEE Internet
Things J. 2022, 9, 15618–15629. [CrossRef]

97. Lv, Z.; Qiao, L.; Nowak, R. Energy-efficient resource allocation of wireless energy transfer for the internet of everything in digital
twins. IEEE Commun. Mag. 2022, 60, 68–73. [CrossRef]

98. Min, C.; Pan, Y.; Dai, W.; Kawsar, I.; Li, Z.; Wang, G. Trajectory optimization of an electric vehicle with minimum energy
consumption using inverse dynamics model and servo constraints. Mech. Mach. Theory 2023, 181, 105185. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.conbuildmat.2021.126066
https://doi.org/10.1016/j.conbuildmat.2023.131783
https://doi.org/10.1016/j.apenergy.2022.119631
https://doi.org/10.1063/5.0133417
https://doi.org/10.1016/j.measurement.2023.113024
https://doi.org/10.3390/su14126949
https://doi.org/10.1080/10916466.2019.1608237
https://doi.org/10.3221/IGF-ESIS.53.17
https://doi.org/10.3390/su141912066
https://doi.org/10.1016/j.autcon.2022.104544
https://doi.org/10.1109/LSP.2022.3178656
https://doi.org/10.1109/MITS.2020.2970185
https://doi.org/10.1016/j.tust.2022.104861
https://doi.org/10.1109/JSAC.2022.3227027
https://doi.org/10.4271/14-11-02-0013
https://doi.org/10.3390/app13053082
https://doi.org/10.1109/TIM.2023.3241994
https://doi.org/10.3846/jcem.2021.14108
https://doi.org/10.1109/TITS.2022.3203791
https://doi.org/10.1109/JIOT.2022.3152634
https://doi.org/10.1109/MCOM.004.2100990
https://doi.org/10.1016/j.mechmachtheory.2022.105185

	Introduction 
	Wireless Charging System 
	Inductive Power Transfer 
	Coil Design 
	Effect of IPT Pad on Power Transfer Performance 
	Effect of IPT Pad on Pavement Performance 
	Modification of Wireless Pavement Properties to Increase Performance and Conductivity 
	Simulation and Comparative Analysis of IPT Pad Performance 
	Effect of Environmental Conditions on the Performance of IPT Pad 
	Discussion 
	Conclusions 
	References

