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Abstract: The reduction in the supply of fossil fuel available, combined with global warming’s
effects on the atmosphere, has led to the discovery of employing sustainable energy for everyday
activities. Road energy harvesting is one example of sustainable energy that can be used, as the
majority of people spend a substantial amount of their daily activities commuting from one location
to another, and numerous types of transportation generate heat that can be converted into energy.
This alternative energy source can be implemented on the road, considering that roads are critical
infrastructure that has a significant effect on a country’s economy. Furthermore, road infrastructure
has been contributing towards the affordability of urbanization and migration, whether locally or
internationally. Currently, researchers are working towards integrating road energy harvesting
around the world by incorporating various types of materials and technology connected via a
sensing system. Many materials have been attempted, including ceramics, polymers, lead-free,
nanomaterials, single crystals, and composites. Other possible sources to generate energy from
roadways, such as solar power, thermal energy, and kinetic energy, have been investigated as well.
However, many studies available only focused on the disclosure of novel materials or the review
of technologies produced for road energy harvesting. There have been limited studies that focused
on a comprehensive review of various materials and technologies and their implications for the
performance of road energy harvesting. Hence, the main objective of this research is to undertake
a thorough and in-depth review in order to identify the best materials and technologies for certain
types of application in road energy harvesting. The paper discusses energy-harvesting technology,
sensing systems, and the potential network based on them. Comprehensive analyses were conducted
to evaluate in-depth comparisons between different materials and technologies used for road energy
harvesting. The novelty of this study is related to the appropriate efficient, durable, and sustainable
materials and technologies for their relevant potential application. The results of this review paper
are original since it is the first of its kind, and, to the best knowledge of the authors’ knowledge, a
similar study is not available in the open literature.

Keywords: energy harvesting; roadways; ceramics; polymers; lead-free; nanomaterials; piezoelectric;
thermoelectric; sustainability

1. Introduction

Transportation is one of the key factors for human activities in everyday life. Due
to the affordability of transportation, various interregional and international migration
activities occur all over the world [1,2]. Given the increasing global population and the
prevalence of migration, the number of modes of transportation is increasing, as is the
amount of energy required to power the vehicles. Friedlingstein et al. [3] stated that in 2023,
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fossil fuel-based energy still remains a dominant global energy source, where it generated
36.8 billion metric tons worth of CO2 emissions. Fortunately, the ocean and land manage to
absorb over half of all CO2 emissions, with just about 44% remaining in the atmosphere
each year [4]. As a result, sustainability has become one of the most prevalent subjects
among scholars worldwide in the fight against climate change. One example of this is the
attempt to shift from conventional fuel transportation to the use of electric cars (EV) that
has occurred in many countries. According to the U.S. Department of Energy [5], it takes
around USD 6 to fully charge a 54 kWh EV car battery to run between 110 to 300 miles.
Furthermore, Marquez-Fernandez et al. [6] anticipated that in the future, Sweden will
require around 30,000 charging outlets for passenger cars and 12,500 for heavy vehicles to
meet EV demand.

Despite the importance of energy usage in transportation, energy efficiency imple-
mentation remains a challenge, with an EV experiencing 15 to 20% energy loss due to
vibration and vehicle motion [7]. This number, however, is still significantly greater than
fossil fuel-powered vehicles, with less than 20% of the fuel energy absorbed by the car
engine being efficiently employed to drive the vehicle [8]. Although the energy loss in
EVs is smaller than that in fossil fuel-based vehicles, a substantial amount of energy is
still wasted every day. As a result, an innovative technique for exploiting vehicle waste
energy has been discovered: a system of sensors implanted beneath the road that can
capture energy and convert it into electricity. The generated electricity can subsequently be
used to light the surrounding area, resulting in a sustainable system. This is the essence of
road energy harvesting: developing a system that may power itself without requiring any
additional energy. Combined with EV vehicles, road energy harvesting is a crucial aspect
of a smart city.

The energy-harvesting system typically consists of three fundamental components:
an energy transducer, an electrical circuit, and a storage device. After electrical energy
is converted from other sources in the environment, an electrical circuit is employed
to increase and regulate the generated voltage. The gathered energy can be stored in a
rechargeable battery or supercapacitor prior to being used for any purpose [9]. The principle
of harvesting energy through a sustainable approach can be seen in Figure 1. Despite the
benefits of road energy harvesting for sustainability, such as generating electricity from
renewable and clean energy that is safe for the environment, several limitations exist. In
this regard, many road energy-harvesting systems are only appropriate for small-scale
applications, such as operating the energy-harvesting system itself or streetlights in the
nearby area. Furthermore, the efficiency of energy storage within the energy-harvesting
systems remains poorly developed [10]. Many different materials have been used over
the years to capture wasted energy from the road in practical applications, including
ceramics, polymers, lead-free, nanomaterials, single crystals, and composites. Furthermore,
numerous technologies have been created to retrieve wasted energy from a variety of
sources, including heat, vibration, friction, magnetic, and wind. All of these materials and
technologies have their unique capabilities and efficacy. However, many studies, such as
the work carried out in references [9,11], only focus on the material or technology to be used
in road harvesting energy applications. Yet in reality, both elements play an important role,
and others fail to address both elements, particularly in road energy harvesting aspects.
This would make it more difficult for practitioners and engineers to select acceptable
materials and technologies for use in the field, taking into account their strengths and
shortcomings as well as their effectiveness.

A review of current literature reveals numerous major topics and trends in the field of
materials and technology. In terms of materials, the examination is divided into four cate-
gories: ceramic materials, lead-free materials, nanomaterials, and technical breakthroughs.
Many studies focus on ceramic materials, stressing their diverse applications and inherent
properties. Notable references include research on the use of ceramics in energy harvesting
and sophisticated sensors [12–15]. These works highlight ceramics’ durability, superior per-
formance, and crucial role in improving the efficiency of numerous technologies. Secondly,
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several studies examine lead-free materials, indicating a growing worry about their envi-
ronmental and health effects. Key references [16–18] highlight the necessity for lead-free
alternatives in electronics and energy systems. This research looks into potential substitutes
and their efficiency in minimizing the negative effects of lead-containing materials. Thirdly,
nanomaterials are a major topic, with several studies looking into their applications and
benefits. In order to avoid confusion, we merge nanomaterials with lead-free materials
as they have similar traits and characteristics. The study conducted by references [19–21]
describes how nanoparticles are used in energy harvesting, sensing technologies, and other
sophisticated material applications. The literature emphasizes nanoparticles’ superior
features, such as greater efficiency and unique functionalities at the nanoscale. Conversely,
technological improvements are thoroughly covered, with papers covering new approaches
and strategies for increasing the efficiency of energy harvesting from various kind of re-
newable energy, such as references [9,22–25]. These references emphasize the application of
breakthrough technologies in a variety of sectors, demonstrating the impact of cutting-edge
advances in material science and engineering.

Thus, the objective of this research is to review multiple kinds of technologies that can
be used for energy harvesting (wind, heat, vibration, friction, and magnet) in highways.
Piezoelectric captures mechanical vibration on roads [26], thermoelectric harnesses heat
from pavements [27], and electrostatic and electromagnetic methods capture energy due
to the relative movement between two surfaces and magnetic induction of two objects,
respectively [28], in addition to wind turbine energy harvesting [29], triboelectric from
repetitive contact of objects [30], and asphalt solar collectors that employ liquid-filled tubes
to obtain power from the heat gradient created between the heated surface of asphalt
and the temperature of liquid-filled tubes within the pavement [9]. In addition, several
materials employed in different technologies have been examined, such as ceramic [12],
lead-free (including nanomaterial) [12], polymer [31], composites [32], and single crys-
tal [33]. Each of these materials and technologies is thoroughly evaluated in terms of
effectiveness, performance, classification, and strengths and weaknesses. The review also
focuses on the practical application of previously developed materials and technologies,
comparisons between discovered materials and technology, and considerations for future
recommendations.
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2. Review on Advanced Materials for Energy Harvesting from Roadways
2.1. Review on Ceramics

Ceramics are non-metallic, inorganic materials that may exist in crystalline, amor-
phous, or mixed forms. They are manufactured to exhibit piezoelectric and ferroelectric
attributes that are required for sensor and actuator applications [35]. According to Qabur
and Alshammari [11], the most popular and cost-effective method to harvest energy from
roads utilizes piezoelectric technology incorporating ceramic-based materials. The typical
ceramic material in road energy harvesting is favorable due to its indispensable part in en-
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ergy applications, has inherent high temperature (200 ◦C) [36], large piezoelectric coefficient
(650–700 pC/N) [37], large coupling factor (up to 0.8) [38], and corrosion resistance [39]. The
typical ceramic materials utilized are lead zirconate titanate (Pb [ZrxTi1-x] O3) or PZT [40],
gallium orthophosphate (GaPO4) [16], and barium titanate (BaTiO3) [12], with PZT being
the most effective of the three. One of the key causes is the magnitude of piezoelectric coeffi-
cient, with GaPO4 having just 2–10 pC/N and BaTiO3 ranging between 200–300 pC/N [41],
indicating that it is inefficient for operation. Aside from the aforementioned materials,
aluminum nitride (AIN) is an alternate option due to its exceptional endurance and thermal
management characteristics, making it suitable for harsh environments. However, it has a
lesser piezoelectric response than PZT and is more costly [17].

Swartz [42] and Li and Lee [18] implied that PZT (Figure 2) is a superior material
compared to other materials, considering that it is highly manufacturable, bulk, fabrication
is relatively easy and low-cost, it is a low-loss material (up to 1 MHz) with a natural
frequency that can be tailored based on the geometry [43], it has a large coupling factor,
and is promising for high-voltage applications (±30 V) [44] due to its high piezoelectric
coefficient and high mechanical coercive field (3–5 kV/mm) [45]. Thus, this material can be
used not only for energy harvesting but also for microelectromechanical systems, capacitors,
and ferroelectric memory [46]. Typically, PZT is used to capture energy during traffic, as the
output may power lighting and signage [47]. However, because this material is particularly
sensitive to the Zr–Ti ratio and PbO stoichiometry, accurate composition control during
PZT powder manufacture is required. Furthermore, it is a brittle material (0.8–1.5 MPa
m1/2) [48], and the properties of PZT, such as the high dielectric constant and loss tangent,
are highly dependent on the microstructure, density, and grain size [13].
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As can be seen from Figure 2, the PZT is subjected to dynamic load, sandwiched
between rigid blocks and beams. The mechanical load is conveyed to the PZT via com-
ponents such as the hex nut, block, beam, and stud prior to generating deformation in
the PZT stack, which produces electrical energy. Typically, PZT is prepared by mixing
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the metal oxides of the materials; however, this leads to inhomogeneity, impurities, and
volatilization of lead oxide due to high temperatures [50]. Thus, as an alternate approach,
techniques for blending the material at the molecular level, such as hydrothermal, oxalates,
and sol-gel processes [51,52], are used as they may promote high compositional homogene-
ity and reduce sintering temperatures. PZT has exceptional pyroelectric and piezoelectric
properties due to its non-centrosymmetric crystalline structure [14]. It is apparent that the
main disadvantage of PZT is the toxicity of lead to the environment; therefore, researchers
have produced an alternative solution to reduce the lead concentration by utilizing various
modifiers and dopants, such as calcium (Ca), bismuth (Bi), and strontium (Sr), which
improved its electromechanical properties [15].

2.2. Review on Polymers

A polymer-based material is a flexible, mostly organic substance that has piezoelectric
or triboelectric features which allow it to create electric charges on its surface when under
pressure or strain, turning mechanical energy into electrical energy [53]. Poly (vinylidene
fluoride) (PVDF) and copolymers poly (vinylidene fluoride-trifluoroethylene) (P(VDF-
TrFE)), poly-L-lactic acid (PLLA), and odd-numbers Nylons are the most popular polymer-
based piezoelectric materials [54]. Aside from those three notable polymers, many polymers
possess piezoelectric behavior, such as polyesters and polypeptides [31,55], as well as
biopolymers such as cellulose and collagen [56,57].

The advantages of utilizing polymers for energy harvesting are they have a large
mechanical flexibility, lower stiffness, high chemical resistance, which prevents fatigue and
increases the lifetime of the device, and are a suitable candidate for self-sustained power
supplies [58]. Furthermore, PVDF-TrFE has a low crystallization temperature which makes
it more compatible with CMOS technology or flexible electrons than ceramic materials [59].
However, polymer-based materials have a lower piezoelectric coefficient compared to
ceramics [18].

Despite the fact that polymer-based materials have smaller piezoelectric character-
istics than ceramic-based materials, numerous alternatives have been investigated in an
attempt to improve their properties. First and foremost, co-polymerization of the polymer
and its co-polymer can improve electromechanical properties. Co-polymerization can
be accomplished by incorporating halogenated molecules such as chlorofluoroethylene
and chlorotrifluoroethylene [60], as explained by Soulestin et al. [61], which has a sig-
nificant impact on the crystalline phase and may result in relaxor-ferroelectric behavior.
Co-polymerization can also be achieved by adding non-halogenated materials such as
polystyrene or poly(2-vinylpyridene) [62]. Secondly, additives can be used for enhancing
the polymer’s piezoelectric properties, such as using particles of PZT, ZnO, and BaTiO3,
which can be considered nano or micro particles, to form a composite with the piezoelectric
polymer [54,63].

Another approach is to use the morphotropic phase boundaries (MPB), which are
visible from examination of the crystal structure, polymer chain conformation, and fer-
roelectric characteristics as a function of the relative proportions of VDF and TrFE in the
co-polymer [64]. Nanostructuring, such as using nanotubes or nanowires, is another alter-
native option. This method can be accomplished by template wetting and electrospinning
techniques; nevertheless, the most crucial aspect is to produce some anisotropy in the
molecular structure, as drawing the material is no longer possible at these dimensions [54].

Based on the above explanation regarding the improvement of polymers, researchers
have tried to implement polymers for practical applications. For instance, Jung et al. [65]
employed a PVDF to create a piezoelectric energy harvester module for highways. The
piezoelectric energy harvester modules were built using parallel-connected energy har-
vester units. According to Figure 3, the outermost layer was made of 3 mm thick anodized
aluminum plates, with the energy harvester’s width and length measuring 15 × 15 cm. This
dimension was chosen to ensure that a significant portion of the surface was uniformly com-
pressed by the tire moving by. The loading from Model Mobile Load Simulator (MMLS3)



Electronics 2024, 13, 4946 6 of 32

resulted in up to 200 mW of instantaneous power output across a 40 kΩ resistor. The power
production scaled linearly with the number of parallel linked harvesters, indicating that a
larger number of harvesters leads to higher energy output.
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2.3. Review on Lead-Free Material

Lead-free materials were developed as substitutes for conventional lead-based ceram-
ics such as PZT in response to environmental and health concerns around lead. Lead-free
materials can be categorized as both organic and inorganic since they contain components
from another type, including ceramics or polymers, which does not consist of lead (Pb).
Organic lead-free materials include PVDF and copolymers, whereas inorganic materials
include tungsten bronze, aurivillius (bismuth layer structured ferroelectrics), and per-
ovskite families (BT (barium titanate), nanomaterials, BNT (bismuth sodium titanate), and
KNN (sodium potassium niobate) [18]. The BT-based ceramics were the first documented
lead-free piezoelectric ceramics, and KNN is regarded as one of the most promising lead-
free materials due to its high Curie points and large piezoelectric constant compared to
standard PZT material [66,67]. Li and Lee [18] further stated that the BT content affects the
performance of the materials.

Machado et al. [68] discovered an alternative lead-free based material that can be
used to replace the typical PZT. They utilized MoO3-doped (K Na Li0.44 0.52 0.04) (Nb Ta
Sb0.86 0.10 0.04) O3, abbreviated as KNL-(NTS)Mo, which includes a mixture of potassium,
sodium, lithium, niobium, tantalum, antimony, and molybdenum oxides. Several consider-
ations for using this material include its environmental friendliness, high electromechanical
properties, and desirable phase transition temperatures, which are advantageous for stable
piezoelectric performance. However, this material has a lesser power output than normal
PZT, with a maximum output of 0.15 mW. Moreover, the material contains both tetrago-
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nal and orthorhombic phases, which could challenge the optimization of its piezoelectric
capabilities.

Kumar et al. [69] enhanced Li and Lee [18] and Saito et al. [67]’s works by assess-
ing two materials. First and foremost, a K0.5Na0.5NbO3 (KNN) was used as the base
material, which was further doped with LiSbO3 and CaTiO3 to enhance its piezoelectric
properties (K0.5 Na0.5 NbO3—LiSbO3—CaTiO3, abbreviated as KNN-LS-CT). Lastly, they
used a complex perovskite structure combining bismuth, sodium, potassium, lithium, and
barium titanates (0.885(Bi0.5Na0.5) TiO3—0.05(Bi0.5K0.5) TiO3—0.015(Bi0.5Li0.5) TiO3—
0.05BaTiO3, abbreviated as BNKLBT). This material has been used in various applications,
including ultrasonic transducers. The comparison for each material can be seen in Table 1.

Table 1. Comparison of KNN-LS-CT and BNKLBT for the application of road energy harvesting [69].

Material Advantages Disadvantages

KNN-LS-CT

a. Enhanced piezoelectric properties due
to LiSbO3 and CaTiO3.

b. High power density, especially with
the 2% concentration of CaTiO3.

c. Good temperature stability.

a. The synthesis is
complicated and costly.

b. Has lower piezoelectric
coefficient than typical
PZT.

BNKLBT
a. High Curie temperature to maintain

its permanent magnetism
characteristics.

b. Good piezoelectric response.

a. The synthesis is tedious
and it is expensive to
produce high-end
materials.

b. Has lower performance
at room temperature.

Stuber et al. [70] modified Machado et al. [68]’s works as well by using potassium
sodium lithium niobate (K0.485Na0.485Li0.03NbO3, abbreviated as KNLN) fibers em-
bedded in a polydimethylsiloxane (PDMS) matrix. PDMS is a flexible polymer with a
low dielectric constant that was selected for its mechanical flexibility and ability to with-
stand enormous cyclic strains without substantial degradation. The advantages of using
KNLN/PDMS materials are that they have a high piezoelectric performance that is com-
parable to the current PZT performance, can withstand many cycle strains without losing
dependability, which is a substantial advantage over brittle ceramic materials, and are
friendly to the environment. However, the dielectrophoretic alignment technique makes
this material difficult to manufacture, and the performance might degrade at high volume
fractions due to fiber alignment.

Conversely, in terms of nanomaterials, zinc oxide (ZnO) is an example of a widely
known material as it can detect poisonous and harmful gases and be used in energy-
harvesting technologies due to its mechanical, electrical, and physicochemical capabilities
and the fact that it is environmentally benign; nevertheless, it has a lower piezoelectric
constant than PZT [69,71]. Furthermore, it should be highlighted that magnetic nanopar-
ticles from various sources [72] can easily transform magnetic energy into reliable drive
for the piezoelectric action [73]. Several researchers have tried to enhance its properties;
for instance, Zhou et al. [19] used piezoelectric technology, specifically PZT-cement-based
materials (a composite material), embedded with nanowires made of ZnO, BaTiO3, and
NaNbO3. Nanowires were employed because of their great mechanical strength and sensi-
tivity to small, random mechanical disturbances, which can be transformed into electrical
signals helpful for both energy harvesting and nanoscale sensing, even on one-dimensional
nanostructures. The synthesis was achieved through a two-step hydrothermal process, as
can be seen in Figure 4, in order to achieve high efficiency 1-D PZT NWs with controllable
composition, variable crystal size, and high yields.
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Following the completion of the synthesis of PZT NWs, a nanocomposite of poly-
dimethylsiloxane (PDMS) was fabricated to serve as a support since it can protect the
NWs from the strain generated during the energy harvesting test, has a high elasticity,
and can withstand over 100% of tensile strain without mechanical failure. Ti foil was
also added to the system to keep the poles oriented in the direction of the electric field
(Figure 5). The study found that PZT NWs have the potential for energy harvesting and
sensing, with a high power density of 2.4 µW/cm3 at a low frequency. This is equivalent
to cantilever-based energy harvesters activated by base vibration. Moreover, utilizing a
two-step hydrothermal procedure, such PZT NWs with variable composition may be man-
ufactured in large quantities, boosting their usefulness in energy harvesting and sensing
applications.
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Purahmad [20] performed a similar investigation on a piezoelectric system that in-
cluded zinc oxide (ZnO) and semiconductor nanowires (NWs). The study found that
ZnO-NWs with lower radii had a bigger surface depletion zone, resulting in higher sur-
face potential and reduction area disruption due to generated piezoelectric charges. Mc-
Carthy [74] investigated a simple technique using carbon nanotubes (CNT), a nanomaterial,
on gadolinium foil since they are affordable and have desirable electrical, mechanical, and
thermal properties. The results demonstrated that the carbon nanotube arrays’ lower interface
resistances resulted in higher shuttle frequency as well as efficient thermal transfer coefficients.
McCarthy et al. [75] extended on their previous work by investigating the performance of en-
ergy harvesting by coating conventional PZT with nanomaterials comprised of ferrofluid, zinc
oxide (ZnO), and epoxy binder. The results revealed that the power output of the nano-coated
PZT device was 88% greater than that of the non-coated one.

Several types of nanomaterials can be employed in a variety of applications. The first
two are bismuth telluride (Bi2Te3) and lead telluride (PbTe), which are commonly used in
thermoelectrics. These materials are beneficial because they can increase overall efficiency;
however, they may decrease the heat conductivity [76]. Dresselhaus et al. [77] discovered
that by organizing thermoelectric materials at the nanoscale, the density of electronic
states may be adjusted to enhance the Seebeck coefficient, hence boosting thermoelectric
performance. While nanoparticles are highly successful on a small scale, extending this
efficiency to larger, more practical purposes such as entire road networks without affecting
the road’s structural integrity requires significant study and development [78].

Finally, nanomaterials like perovskites and quantum dots can be employed in solar
cell technology. Perovskite materials have attracted significant attention due to their
high power conversion efficiencies [21]. Their bandgap can easily be modified through
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modifying their chemical composition, rendering them highly versatile for a variety of
solar applications [79], and they can be generated at low temperatures, making them
ideal for applications [80]. In contrast, quantum dots have size-tunable bandgaps and
can absorb different parts of the solar spectrum. This feature is highly important for
building multi-junction solar cells that can gather a larger range of wavelengths, potentially
outperforming typical single-junction cells [81]. However, durability and high production
costs are the primary concerns; hence, it is critical to ensure that solar cells can withstand
these temperatures without significantly degrading performance [82].

2.4. Review on Single Crystals

A single crystal is a substance whose atomic structure is consistently arranged in
a single crystalline lattice that spans the entire material, ignoring grain boundaries [37].
According to Qabur and Alshammari [11], the example of natural crystals is such as quartz,
amazonite, and tourmaline. Kumar [83] harvested energy using crystallographic unit
cells (lead zirconate titanate crystals) implanted in a piezoelectric device. The crystal is
advantageous because of its small dimension, light weight, and high-voltage applications (it
can generate up to 44 mW of electricity per year from just 1 km of road). However, applying
this material is hazardous to the environment, difficult, and necessitates a thorough strategy
and administration to avoid traffic congestion during construction.

Yang and Zu [33] investigated the replacement of standard PZT-ceramics-based mate-
rials in piezoelectrics with lead magnesium niobate-lead titanate (PMN-PT) and PZN-PT.
Both crystals performed far more effectively than PZT ceramics; however, they have issues
of high implementation costs, fatigue, thermal instability, toxicity, and inhomogeneity.
Bhattacharjee et al. [84] provided another example, utilizing a single crystal substance
known as lithium tantalate (LiTaO3) via a pyroelectric sensing device. This material has
better pyroelectric properties, can withstand huge loads, and is a popular pyroelectric ma-
terial used in regular household motion detectors more than other common materials. The
findings showed that the material has the potential to be employed for energy conversion
from pavements due to its high pyroelectric properties.

A similar study related to pyroelectric sensing system was conducted by Batra [85] con-
ducted a similar study on pyroelectric sensing systems using triglycine selenite (C2H7NO6Se)
and LiTaO3, which are single crystalline minerals. The findings revealed that triglycine
selenite outperformed others in terms of output voltage and energy density. However, in
pyroelectric technology, the electric circuit must be carefully analyzed, as this will influence
the viability of the material based on life, corrosion, cost analysis, and the difficulty of
embedding in pavements.

2.5. Review on Composites

A composite is a material that combines multiple elements, such as ceramics or
polymers, with a secondary phase to create an improved material. These composites
frequently incorporate ceramic particles (such as lead-free or lead-based piezoelectric
materials) with polymers or other flexible matrices to produce materials that are both
piezoelectrically active and mechanically malleable [86]. Cement paste or fiber can be
combined with any type of piezoelectric material as well. Wang et al. [22] stated that
the composite piezoelectric material power-generating pavement technology displays
improved material integrity and a more convenient installation technique. However, its
significant drawbacks include complex material preparation, difficult polarization, poor
energy output, and the absence of a constant energy supply for real-world applications.
Thus, current pavement piezoelectric power generation innovation is primarily based
on transducer-incorporated pavement piezoelectric power generation technology, which
provides a greater and more regulated power output. Many types of composites (cement-
based materials) have been developed throughout the years to harvest energy, as can be
seen in Table 2.
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Table 2. Comparison of various cement-based materials.

Material Observation Reference

Piezoelectricity of hardened
cement paste

The piezoelectric effect is still modest since cement
paste is not a fully crystalline substance. [32]

Carbon fiber

The amount of carbon fiber used influences the
performance of piezoelectric. Carbon fiber

concentration <1% reduces piezoelectric properties.
Conversely, if it is >1%, the charge movement will be
more effective under mechanical strain, improving

the piezoelectric attributes.

[87]

Steel fiber

The compressive stress raises the relative dielectric
constant of cement paste and steel fibers, whereas
integrating steel fibers reduces the piezoelectric

coupling coefficient.

[88]

Cement-based piezoelectric
ceramic composite

This substance is a blend of PZT and cement that
creates a novel composite. It has outstanding

piezoelectric properties; nonetheless, the substance
is hazardous to the environment, and long-term

aging is a concern.

[89,90]

Lead-free barium zirconate
titanate–Portland cement

composites

It possesses a high dielectric constant, low loss
tangent, and outstanding piezoelectric and electro

strictive characteristics.
[91]

Cement is a material that can be mixed with various additives to enhance its properties.
The presence of additives in the mixture can improve the cement’s piezoelectricity, but it
may have an unfavorable effect on some mechanical qualities. To address this issue, Chen
et al. [92] proposed a novel method to change the cement’s piezoelectricity by changing the
material’s atomic/molecular orientation. The plan is to apply the exterior electrical cement
paste throughout the curing process (Figure 6). The study found that polarized cement has
a 2.4-times-higher piezoelectric coefficient than non-polarized cement. However, there are
a few concerns about using polarized cement:
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(c) after treatment [92].

(a) The mechanical strength of the electrically induced polarized cement paste should be
tested before use in building structures.

(b) The durability performance of the electrically induced polarized cement paste is also
an issue that warrants additional exploration.

(c) The balance of energy consumed for electrical treatment and energy harvested by this
cement composite should be examined and evaluated.
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3. Review on Technologies for Harvesting Energy from Roadways

Multiple mechanisms have been explored for gathering energy from roadways. Each
of these technologies operates on its own principles, resulting in specific applications and
effectiveness in converting energy [93]. Energy from road infrastructure can be obtained
from a variety of sources, as can be seen in Figure 7. For instance, energy can be obtained
through solar radiation by the photovoltaic effect. Secondly, energy can be obtained due
to geothermal heat, especially during winter as the snow insulation plays a major role
of maintaining the soil temperature as high as possible [94]. Another source is through
mechanical strain, which is called piezoelectricity. The details for each energy source and
its technologies can be seen in the sub-section below.
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3.1. Piezoelectric

Piezoelectricity is one of the most commonly utilized technologies for energy collect-
ing. Xu et al. [26] implies that piezoelectricity is a phenomenon in which materials respond
to mechanical strain by producing electrical polarization, or vice versa. It uses mechanical
vibration energy and converts it into electrical energy via the piezoelectric effect [22,95].
This technology is favorable due to its versatility and the absence of environmental fac-
tors [47]. Furthermore, according to Wang and Jasim [96], many countries, particularly the
United States of America, expect that truck traffic will continue to increase in the highway
network as a result of economic expansion and the need for freight transportation. This
advancement will make piezoelectricity a viable technique for harvesting energy from the
growing frequency of vibrations in highways.

Priya [97] expands on the advancements in piezoelectric materials and resonator struc-
tures, emphasizing the need for high energy conversion efficiency and wide-bandwidth
operation at low frequencies. This is because it does not need a separate voltage source,
which make it sustainable [22]. Figure 8 depicts the process by which a piezoelectric energy
harvester converts vibration into energy, along with the circuit model. The mechanism of
the energy harvester is based on the movement of the piezoelectric mass. In piezoelectric
transducers, vibrations or movement distort a piezoelectric capacitor, resulting in a volt-
age [98]. To achieve the required voltage and current values, multiple transducer cells must
be connected in series [99]. However, several extrinsic factors influence piezoelectricity
efficiency, notably vehicle weight, speed, and capacity flow [100].

In the piezoelectric effect, there are three principal modes, which are the piezoelectric
charge coefficient, electromechanical coupling coefficient, and piezoelectric voltage fac-
tor [14]. Li et al. [100] give an in-depth examination of energy harvesting from mechanical
vibrations in low-frequency applications employing piezoelectric materials. Every type
of road vehicle driven by an engine produces significant vibrations due to their mass and
interaction with the road surface. These vibrations can be seen in Table 3 along with exam-
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ples from other sources. Vibrations from cars are typically regarded as low-frequency, as
frequencies from 200 Hz downward are considered to be in this part of the spectrum [102].
This low-frequency vibration can be effectively harnessed utilizing piezoelectric materials.
These material have sparked substantial interest due to their ability to power electrical
devices, eliminating the need for battery replacement [103]. However, one of the most
difficult issues in harvesting energy using piezoelectricity is the fluctuation of vibrational
frequencies and amplitudes [104].

Electronics 2024, 13, x FOR PEER REVIEW 12 of 34 
 

 

 
(a) 

 
(b) 

Figure 8. Piezoelectric technology—(a) procedure for piezoelectricity [99]; (b) electrical circuits 
[101]. 

In the piezoelectric effect, there are three principal modes, which are the piezoelectric 
charge coefficient, electromechanical coupling coefficient, and piezoelectric voltage factor 
[14]. Li et al. [100] give an in-depth examination of energy harvesting from mechanical 
vibrations in low-frequency applications employing piezoelectric materials. Every type of 
road vehicle driven by an engine produces significant vibrations due to their mass and 
interaction with the road surface. These vibrations can be seen in Table 3 along with ex-
amples from other sources. Vibrations from cars are typically regarded as low-frequency, 
as frequencies from 200 Hz downward are considered to be in this part of the spectrum 
[102]. This low-frequency vibration can be effectively harnessed utilizing piezoelectric ma-
terials. These material have sparked substantial interest due to their ability to power elec-
trical devices, eliminating the need for battery replacement [103]. However, one of the 
most difficult issues in harvesting energy using piezoelectricity is the fluctuation of vibra-
tional frequencies and amplitudes [104]. 

Table 3. Typical frequency from various sources [100]. 

Source of Vibration Frequency (Hz) 
Human walking 2–3 

Car instrument panel 13 
HVAC vents in building 60 

Kitchen blender 121 
Clothes dryer 121 

Car engine compartment 200 
Refrigerator 240 

This necessitates that those piezoelectric materials and devices be adaptable and ef-
ficient under a variety of situations. Designing piezoelectric devices with flexible geome-
tries and materials, as well as electronic circuits capable of optimizing energy conversion 
and storage, are among the solutions. Furthermore, the development of piezoelectric tech-
nology still continues to date, as various materials have been developed in order to en-
hance the performance of piezoelectric technology. For instance, Crossley et al. [105] focus 

Figure 8. Piezoelectric technology—(a) procedure for piezoelectricity [99]; (b) electrical circuits [101].

Table 3. Typical frequency from various sources [100].

Source of Vibration Frequency (Hz)

Human walking 2–3

Car instrument panel 13

HVAC vents in building 60

Kitchen blender 121

Clothes dryer 121

Car engine compartment 200

Refrigerator 240

This necessitates that those piezoelectric materials and devices be adaptable and effi-
cient under a variety of situations. Designing piezoelectric devices with flexible geometries
and materials, as well as electronic circuits capable of optimizing energy conversion and
storage, are among the solutions. Furthermore, the development of piezoelectric technol-
ogy still continues to date, as various materials have been developed in order to enhance
the performance of piezoelectric technology. For instance, Crossley et al. [105] focus on
polymer-based nano piezoelectric generators, highlighting their potential due to flexibility,
lightweight, and biocompatibility. Kumari and Rakotondrabe [106] discuss the develop-
ment of lead-free piezoelectric materials for energy harvesting, addressing environmental
concerns associated with lead-based materials.
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3.2. Thermoelectric

This energy type can be described as pyroelectricity, while Muralt [107] explained
it as a property of a polar crystal to produce electrical energy when it is subjected to a
change in thermal energy. In order to convert the obtained thermal energy into electricity,
a thermoelectric generator (TEG), also known as a Seebeck generator is typically used.
This device facilitates the conversion of heat flux (temperature differential) directly into
electrical energy through a process known as the Seebeck effect (a type of thermoelectric
effect), where heat is transported from the hot side to the cold side [27,108]. The working
principle of this generator can be seen in Figure 9. In summary, thermoelectric energy-
harvesting devices involve a pair of materials with high electrical conductivity, low thermal
conductivity, a high Seebeck coefficient, and scalable production methods [109].

Electronics 2024, 13, x FOR PEER REVIEW 13 of 34 
 

 

on polymer-based nano piezoelectric generators, highlighting their potential due to flexi-
bility, lightweight, and biocompatibility. Kumari and Rakotondrabe [106] discuss the de-
velopment of lead-free piezoelectric materials for energy harvesting, addressing environ-
mental concerns associated with lead-based materials. 

3.2. Thermoelectric 
This energy type can be described as pyroelectricity, while Muralt [107] explained it 

as a property of a polar crystal to produce electrical energy when it is subjected to a change 
in thermal energy. In order to convert the obtained thermal energy into electricity,  a ther-
moelectric generator (TEG), also known as a Seebeck generator is typically used. This de-
vice facilitates the conversion of heat flux (temperature differential) directly into electrical 
energy through a process known as the Seebeck effect (a type of thermoelectric effect), 
where heat is transported from the hot side to the cold side [27,108]. The working principle 
of this generator can be seen in Figure 9. In summary, thermoelectric energy-harvesting 
devices involve a pair of materials with high electrical conductivity, low thermal conduc-
tivity, a high Seebeck coefficient, and scalable production methods [109]. 

 
(a) 

 
(b) 

Figure 9. Schematic modelling of thermoelectric technology—(a) working principle of the thermoe-
lectric effect [110]; (b) application of thermoelectric technology on roadways [111]. 

The heat harvester’s purpose is to gather heat energy from the pavement and transfer 
it to the hot side of the Seebeck generator. When heated or cooled, pyroelectric materials 
produce an electrical voltage and can be utilized to gather solar, thermal, magnetic, and 
mechanical energy. They require a temporal temperature gradient, just as thermoelectric 
materials do [112]. Most piezoelectric materials, including PMN-PT, PZT, and PVD, have 
pyroelectric characteristics. Pyroelectric materials consist of dipoles with zero total polar-
ization at low temperatures. As the material heats, the dipoles reorganize chaotically, dis-
rupting charge equilibrium and causing a voltage differential between the top and bottom 
ends [113]. Table 4 illustrates the advantages and disadvantages of the utilization of ther-
moelectric for energy harvesting purposes. 

Table 4. Benefits and limitations of thermoelectric converter [23,114]. 

Advantages Disadvantages 
Low cost Low capacitances 

Figure 9. Schematic modelling of thermoelectric technology—(a) working principle of the thermo-
electric effect [110]; (b) application of thermoelectric technology on roadways [111].

The heat harvester’s purpose is to gather heat energy from the pavement and transfer
it to the hot side of the Seebeck generator. When heated or cooled, pyroelectric materials
produce an electrical voltage and can be utilized to gather solar, thermal, magnetic, and
mechanical energy. They require a temporal temperature gradient, just as thermoelectric
materials do [112]. Most piezoelectric materials, including PMN-PT, PZT, and PVD, have
pyroelectric characteristics. Pyroelectric materials consist of dipoles with zero total po-
larization at low temperatures. As the material heats, the dipoles reorganize chaotically,
disrupting charge equilibrium and causing a voltage differential between the top and
bottom ends [113]. Table 4 illustrates the advantages and disadvantages of the utilization
of thermoelectric for energy harvesting purposes.
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Table 4. Benefits and limitations of thermoelectric converter [23,114].

Advantages Disadvantages

Low cost Low capacitances

High voltages AC high voltages

Compatible The substrate used to deposit thermoelectrics
creates a thermal short, lowering efficiency

Maintenance-free operation Tends to overheat, which may reduce the
durability of the system

Aside from typical thermoelectrics, a novel technology known as thermoelectric
cement composites has been developed to improve the properties of conventional thermo-
electrics. These composites use the Seebeck effect to transform temperature differences
into electrical energy by embedding thermoelectric elements within a cementitious matrix,
such as conductive polymers, carbon-based materials (carbon nanotubes, graphene), or
metal oxides [115]. This enhanced thermoelectric version has a wide range of applications
beyond road energy harvesting, including energy harvesting of waste heat, self-powered
sensors, and regulating temperatures in infrastructure [116]. Singh et al. [117] stated that
the thermoelectric cement composite is more durable, reduces surface temperature while
improving indoor thermal comfort, and includes a storage system for heat energy. However,
this enhanced version has lesser efficiency, and the quantity of energy generated is heavily
influenced by the cement’s heterogeneity, brittleness, and porosity [118,119].

3.3. Electrostatic and Electromagnetic

Electrostatic and electromagnetic are types of energy that can be generated due to me-
chanical forces, such as when two objects interact with each other [28,120,121]. Thus, these
two sources of energy rely on mechanical energy created by modes of transportation that
pass through the road, identical to piezoelectricity technology. The distinction resides in the
principle used to convert energy. Electrostatic energy harvesters generate electricity using
mechanical vibrations that separate charged plates, resulting in work against electrostatic
attraction [101]. Amaro and Santos [98] stated that in roadways, electrostatic energy can be
gathered by adjusting the capacitance of a variable capacitor.

Conversely, electromagnetic energy applies two approaches: the first is to enable a
mass to oscillate in a magnetic field coupled to a coil, through which the generated current
travels; the second is to relocate the magnetic source in relation to the coil. In terms of
electrical connection stability, the latter is more reliable and efficient [122]. Other electro-
magnetic harvester implementations use stress on the road surface to activate hydraulic-
electromagnetic and electromechanical devices, which are typically installed behind speed
bumps [123]. Figure 10 depicts an electrostatic system that generates electrical energy by vi-
brating the plate of a previously charged capacitor while Figure 11 shows the configuration
of an electromagnetic system.
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Table 5 depicts a comparison between electromagnetic and electrostatic energy with
respect to piezoelectric energy. It can be seen that electrostatic and piezoelectric energy are
preferable over electromagnetic since they generate a large amount of energy even though the
device is small. However, Elliott et al. [101] stated that electrostatic energy is advantageous
at very low or high acceleration because it loses less energy than piezoelectric. Piezoelectric
energy is preferred when damping force is required and the ideal biasing voltage increases.

Table 5. Comparison of piezoelectric, electromagnetic, and electrostatic technologies [24].

Criteria Piezoelectric Electrostatic Electromagnetic

Advantages
(1) High output

voltages
(2) High capacitances

(1) High output voltages
(2) Possibility of building

low-cost systems
(3) Coupling coefficient is

easy to adjust
(4) Size reduction

increases capacitances

(1) High output currents
(2) Long lifetime
(3) Robustness

Disadvantages

(1) Expensive
(2) Coupling

coefficient linked
to material
properties

(1) Low capacitances
(2) High impact of

parasitic capacitances

(1) Low output voltages
(2) Hard to develop

microelectromechanical
system devices

(3) Expensive
(4) Low efficiency in low

frequencies and small sizes
Application Small scale (<1–10 cm3) Small scale (<1–10 cm3) Large device (>10 cm3)
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3.4. Wind Energy

Typically, turbulence within roadways will be generated due to vehicles’ movement,
which can be considered low-speed wind energy [124]. This turbulence can be transformed
into electricity via wind turbines on the highway. For instance, a common device is the
vertical axis wind turbine (VAWT), since can extract wind energy from all directions, is
cheap, less noisy, suitable for urban environment, can be integrated into a building, and has
small dimensions [29,125]. The rotor configuration, blade size, and setting location all have
significant impacts on VAWT power production [126]. Other than VAWT, which depends
on a magneto generator, there are piezoelectric-based wind turbines and pyroelectric-based
wind turbines [127]. The comparison can be seen in Table 6, while a schematic model is
shown in Figure 12.

Table 6. Comparison of various wind turbines harvester energy.

Category VAWT Piezoelectric-Based
Wind Turbines

Pyroelectric-Based Wind
Turbines

Function Capture wind energy
Capture wind energy
and detect an
upcoming storm [128]

Capture two types of energy
(wind and temperature
differences) [129]

Maximum
power output

36 kW under 15 m/s
wind speed [125]

53 mW under 5.2 m/s
wind speed [130]

6 to 9 V under 1.1 to 1.5 m/s
wind speed [129]

Size 5 × 8 cm [125] 16 × 25 cm [130] N/A
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Han et al. [131] assessed typical turbulences for various types of vehicles using the
computational fluid dynamics (CFD) approach before evaluating the performance of wind
turbines for energy harvesting in highways, as shown in Table 7. The vehicle movement
generates the maximum wind velocity, known as the peak velocity. While boost and weaken
indicate a rise or drop in wind speed, this value also takes into account the surrounding
wind speed. Furthermore, the negative value in the table represents the wind created by
turbulence in the opposite direction of the vehicle’s movement. The results show that the
technology gives an appropriate amount of energy that can be harvested from the highway,
such that the energy can be used to power an LED lighting system. Although it has a
high potential to be employed on roads, the design is complicated, the results are based
on certain types of vehicles, and a lack of safety for animals, such as birds, reduces its
popularity [132].
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Table 7. Wind data comparison for various types of car vehicles [131].

Category SUV Sedan Truck Van

Peak velocity (m/s) 2 1.6 8 2

Boost (m/s) 5.35 4.95 11.35 5.35

Weaken (m/s) −1.35 −1.75 4.65 −1.35

Peak power (W) 54.4 43.1 519.3 54.4

3.5. Triboelectric

Triboelectricity is a highly complicated process caused by repetitive contact and separa-
tion action, including elastic/plastic deformations, heat generation, fracture, and the existence
of surface layers [133]. The existence of an external circuit and load causes electrons to flow as
the charged surfaces repeatedly touch and detach, resulting in a high electrical output [30]. In
simple terms, the electricity is gained through electrostatic induction that comes in the form of
a triboelectric effect. The triboelectric effect comprises three stages: transfer of charge when
the two electrodes make contact, dynamic charge stabilization, and charge retention at the
interface [134]. The charge is held inside the electrodes to a particular depth, known as charge
injection depth, and produces a capacitance [135,136]. The typical energy harvesting modes
based on the triboelectric effect can be seen in Figure 13.
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Figure 13. List of triboelectric harvesting modes [134].

Pan and Zhang [136] explained the types of material that can be used to initiate a triboelec-
tric effect, since the polarity of the material is the key factor. The first type contains positively
charged materials and the second features negatively charged materials. Glass, household
salt, silk, steel, paper, and cotton are all positive examples. Polyethylene terephthalate (PET),
Kapton, polyethylene (PE), gold, silver, and copper are all negative. Table 8 illustrates the
advantages and the disadvantages of employing triboelectric for harvesting energy on road-
ways. Xu et al. [137] offered an alternate solution for increasing the performance of triboelectric
devices, which involves altering the exposed functional groups on organic material surfaces.
Another strategy is to avoid charges flowing across the electric field from mixing with their
induced counterparts, as this would compromise charge accumulation on the surface.

Table 8. Benefits and limitations of triboelectric [25].

Advantages Disadvantages

Simple and easy to construct Low current and power
Low-cost High internal resistance

Small displacement requirement High output voltage to manage in the circuit design
Energy density is proportional to

pressing frequency
Electrical output depends on the environmental

conditions
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3.6. Asphalt Solar Collector

This kind of technology is commonly found in asphalt pavements because the solar
absorption coefficient is larger than that of concrete pavements due to the black color of
asphalt mixtures, despite their smaller thermal conductivity and heat storage capacity [138].
Asphalt solar collectors are pipes embedded in pavements that contain a circulating fluid,
as can be seen in Figure 14. The fundamental concept is that as the pavement receives
radiation from the sun and atmosphere, its temperature rises, and heat is transferred to the
fluid inside the piping system via temperature gradients [9]. There are three heat processes
occurring in an asphalt solar collector, which are convection, radiation, and conduction.
Conduction occurs between the pavement and pipe walls. Convection happens when
temperature variations exist between the ambient air, pavement, pipe walls, and the fluid
running in the pipes. Radiation may exist in the absence of a solid medium, such as
solar radiation transfer to the pavement or heat radiation between the pavement and the
surrounding atmosphere [138,139].
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Figure 14. Solar collector mechanism [9].

The asphalt solar collector mechanism can be seen as a versatile one, considering
that the energy storage can be utilized for several purposes. The reserved energy inside
the piping system can be transferred to thermoelectric generators to generate electric-
ity [140]. Furthermore, the stored energy can be used to melt snow on the pavement, act
as a water heater, and create electricity throughout the winter [141]. Wang et al. [9] and
Hasebe et al. [140] stated that asphalt solar collectors can produce energy of approximately
588.634 kW/lane-mile, with the cost of USD 9.812 million/lane-mile. The efficiency of
asphalt solar collectors, however, depends on the operational and geometrical parameters,
such as pipe spacing and diameter, depth of the pile, and fluid flow rate [141,142]. The
strengths and weakness of this technology can be seen in Table 9.

Table 9. Advantages and challenges of asphalt solar collectors.

Advantages Disadvantages References

Reduces pavement temperature Weather-dependent
[9,143]

High energy output High installation cost

Can be installed at any time (during construction
of new infrastructure or maintenance)

Hot mix asphalt can cause
damage to the pipe system [138,144]

Has a better land management since the system
is embedded underground

The pipe system is vulnerable
to high traffic loads [138,145]

4. Applications in Road Infrastructure

The energy captured from diverse sources utilizing various technologies and materials
was then applied to the surrounding area of the roadway, serving as a sustainable energy
source. The implementation of the obtained energy can be seen below.
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4.1. Road Light

Cao [120] utilized an electromagnetic converter embedded below the pavement to
harvest the energy from the vehicles passing through, as can be seen in Figure 15. The
result showed that at least four fluorescent tube lamps with 28 W can be turned on by the
energy collected from the friction between the car tires with the road. However, the author
mentioned that it can power up to 360 LEDs as long as the car passes through the road
harvester section.
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Figure 15. Application of electromagnetic for road harvesting—(a) schematic model; (b) implementa-
tion of obtained energy; (c) Four 28 W fluorescent tube lamps lighted up by harvesting [120].

Jiang et al. [146] serves as another example, in which the authors established a road
thermoelectric generator system (RTEGS) in an asphalt pavement that harvests energy
based on temperature variations between the road surface and the surrounding air. The
results showed that the output voltage was 0.4 V in the winter and 0.6 to 0.7 V in the
summer, demonstrating that the RTEGS performance varies by season. Furthermore, a total
of 160 kWh of electricity may be generated in 8 h from a 1 km long road with a width of
10 m. The author noted that the energy may be saved and used later for road lighting and
charging the wireless monitoring system. The model for the road harvester can be seen in
Figure 16.
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Gholikhani et al. [147] employed an electromagnetic harvester to be incorporated as
a speed bump in roadways (Figure 17). The energy harvester was created by utilizing a
rack and pinion system which uses vertical movement to rotate shafts inside a generator,
providing electricity. The rack must be connected to the moving mechanical elements
in order to absorb lateral movements. This approach offers several benefits, including
simplicity and durability. The results showed that it can generate 10 Wh per day, and the
efficiency might be increased by integrating an amplifying component, such as a gearbox, to
the speed bump system. The benefit of using speed bumps for energy harvesting is that the
energy collected can be utilized to power the system’s operation, power neighboring areas,
particularly road lights, contribute to speed management in densely populated regions,
and categorize passing vehicles based on their weight and size. However, this technology
is still in development, and the resulting energy output is likely to increase in the future.
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4.2. Microelectromechanical System

Microelectromechanical systems are instruments that use both electrical and mechan-
ical components to sense variables such as pressure, vibration, strain, sound, flow, and
rotation [148]. In conclusion, the energy harvester component can be considered a part of
this technology, meaning that the obtained energy is used to ensure the energy harvester
works independently without any additional power from external sources. An example can
be seen from Boisseau et al. [24], where they used thermoelectric converters to transform the
thermal energy collected into electricity. As shown in Figure 18, a bimetal-based structure
was formed by joining two metal strips with different thermal expansion coefficients. This
bimetal, which can transform thermal gradients into mechanical oscillations, was then
placed over a hot source. The findings showed that three devices can yield 10 µW of usable
output power, enough to power a wireless sensor node that runs intermittently.
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Ennawaoui et al. [149] proposed a smart speed bump (SSB) incorporating piezoelectric
technology with PVDF, a polymer-based material, that was able to slow down vehicles with
minimal damage as well as generate a form of exploitable energy. The passage of vehicles
on the SSB produces mechanical power that is converted into electrical power using a
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piezoelectric polymer and a converter based on an electronic circuit, with the model seen
in Figure 19. The electromechanical structure of the SSB is subjected to mechanical stress
in a bending-type quasi-static mode, considering that the force applied by the vehicle is
perpendicular to the bearing surface, the vehicle’s passing frequency is low in terms of time,
and the PVDF material retains its electromechanical properties as it ages. The scope Gw
INSTEK GDS-2074A monitors the output of energy captured by the piezoelectric material.
Experimental results show a maximum harvested voltage of 2.72 V (4.108 mW/m2) at
strain 0.75, which is enough to supply the microelectromechanical system component of
the SSB.
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4.3. Traffic Monitoring

Papagiannakis et al. [150] developed highway sensing and energy conversion (HiSEC)
technology to capture energy from roadways utilizing piezoelectric material. Figure 20
depicts the prototype, which involved numerical modeling to simulate stress distribution
within the boxes, laboratory testing for durability and power output, and an economic fea-
sibility study. The findings revealed that piezoelectric technology can be utilized to harvest
energy from roadways and power LED traffic lighting or wireless sensors implanted in
the pavement structure without the requirement for external grid power. This is especially
appealing in rural locations where electric grid power is not available at the roadside.
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Gholikhani et al. [122] created an electromagnetic energy harvester with a small-scale
generator, as shown in Figure 21. The prototype consists of the following parts: (1) top
plate; (2) rack; (3) pinion and clutch; (4) support; (5) shaft; (6) electromagnetic generator;
and (7) support and spring for top plate. The prototype was built utilizing a rack and
pinion system because of its simplicity and durability. The prototype was tested by running
numerous load cycles on the Universal Testing Machine to imitate traffic conditions, and
the voltage and power output were measured. The results showed that the output reached
3.21 mWatt for each cycle of load completed; however, improving the prototype should
greatly boost the output since it is the simplest design. The author proposes employing this
technology to run warning signs and lighting in remote regions, which increases safety.
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5. Discussions
5.1. Challenges in Energy Harvesting from Roadways

Previous sections have covered a variety of materials and technologies, each with
its own set of benefits and disadvantages. Table 10 shows a comparison of each material.
Ceramics materials such as PZT, AIN, and BaTiO3 are highly effective in terms of piezoelec-
tric properties and relatively easy to manufacture, yet are toxic to the environment due to
their lead content and brittleness, making them prone to fatigue over time. Their reliability
and cost-effectiveness, however, make them a popular choice for use in energy harvesters,
capacitors, and microelectromechanical systems. While ceramic-based materials are highly
effective in energy harvesting due to their excellent piezoelectric properties, their brittleness
and the environmental impact of lead pose significant challenges. Polymer-based materials,
despite their flexibility and chemical resistance, suffer from lower piezoelectric coefficients,
which limit their effectiveness in practical applications. Lead-free alternatives, although
environmentally friendly, often exhibit inferior performance metrics compared to their
lead-based counterparts, particularly in terms of thermal stability and piezoelectric proper-
ties. Polymers, such as PVDF and P(VDF-TrFE), are less effective in terms of piezoelectric
response than ceramics and have a limited working temperature range; nevertheless, they
provide flexibility, strong chemical resistance, and greater resistant to mechanical stress.
These properties make polymers ideal for applications such as self-powered electronics.
Lead-free materials such as ZnO, KNN, and BT are a more environmentally benign option,
but they are more expensive and difficult to manufacture, with slightly worse thermal
stability than typical PZT. Despite this, they retain substantial piezoelectric capabilities,
making them excellent for energy harvesting and even ultrasonic transducers. Although
not as powerful in piezoelectric performance, nanomaterials such as ZnO nanowires are
valued for their ease of formation, chemical stability, and cost-effectiveness, making them
suitable for a variety of sensing applications like gas detectors. Single crystals, including
PMN-PT and LiTaO3, are high performers in piezoelectricity, often surpassing PZT, but
their higher costs and thermal instability make them more specialized, being commonly
found in applications like household motion detectors. Finally, composites like cement-
based PZT are beneficial for combining phases to enhance piezoelectric properties and
dielectric constants, but they tend to be environmentally hazardous and less durable over
time. These materials are often used in energy harvesting devices and capacitors, where
combining multiple elements can offer improved performance.
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Table 10. Comparison of materials with piezoelectric properties.

Materials Ceramics Polymers Lead Free

Examples PZT, AIN, GaPO4, and BaTiO3 PVDF, P(VDF-TrFE), PLLA, and
odd-numbers Nylons

ZnO, KNN, BT and BNT,
KNL-(NTS)Mo, KNN-LS-CT, BNKLBT,
and KNLN/PDMS

Advantages

1. High piezoelectric,
mechanical, and thermal
characteristics

2. Easy to manufacture
3. Good stability
4. Low cost

1. Good mechanical
properties

2. Higher chemical
resistance

3. Suitable for self-sustained
power electronics

1. High Curie points
2. Environmentally friendly
3. Exhibits piezoelectric properties

akin to PZT in select
compositions

Limitations

1. Toxic lead leaching into
the environment

2. Brittle
Prone to fatigue

1. Piezoelectric coefficients
lower than PZT

2. Working temperature
range is restricted

3. Prone to fracture and
deterioration

Uncommonly used

1. Lower thermal stability and
power output than PZT

2. Majority of the synthesis methods
are complicated and costly

Applications

Energy harvesters,
microelectromechanical
systems, capacitors, and
ferroelectric memory

Energy harvesters Energy harvesters and ultrasonic
transducers

References [11,17,18,39,46] [11,18,54,58] [16,40–44]

Materials Nanomaterials Single Crystals Composites

Examples ZnO and ZnO-NWs PMN-PT, PZN-PT, and LiTaO3

Hardened cement paste, carbon and
steel fiber, cement-based PZT
composite, and lead-free barium
zirconate titanate–Portland cement
composites

Advantages

1. Ease of formation
2. No poling needed
3. Chemically stable and

biologically safe
4. Cost-effective
5. High thermal transfer

coefficients

1. High piezoelectric
capabilities

2. Better performance than
PZT

1. Potential benefits from the
combination of both phases in the
compounds

2. High piezoelectric properties and
dielectric constant

3. Low loss tangent

Limitations Low piezoelectric characteristics

1. Toxic lead
2. Thermal instability
3. Costly
4. Challenging fabrication

and processing
5. Inhomogeneity

1. Complicated processing required
2. Hazardous to environment
3. Short-term use only
4. The efficiency is based on the

concentration of composites

Applications
Energy harvesters and many
sensing application, such as gas
sensors

Household motion detectors
and energy harvesters Energy harvesters and capacitors

References [43,45–47] [9,58–61] [63–68]

Based on the aforementioned summary, it is apparent that ceramic-based materials still
have an edge over the others due to the presence of standard PZT, which is inexpensive, easy
to construct, and produces a considerable amount of energy output. However, considering
that it is detrimental to the environment, it is advisable to replace it with a non-toxic
replacement, such as polymer, nanomaterials, and lead-free materials. Based on those three
options, nanomaterials have the greatest potential since they have been employed in a
variety of applications besides energy harvesting. Although they has weaker piezoelectric
characteristics than PZT, they are nevertheless useful since energy can be captured without



Electronics 2024, 13, 4946 24 of 32

harming the environment and they are also inexpensive. Future research should focus on
the development of ecologically friendly materials, particularly nanomaterials, as energy
harvesters in order to optimize their potential and produce a more sustainable energy
harvesting mechanism.

Conversely, Table 11 displays the comparison for each technology. Wind energy
technologies, such as vertical axis wind turbines (VAWT) and piezoelectric wind turbines,
face hurdles in their complex design, performance variations depending on vehicle types
and conditions, and potential risks to wildlife. Despite these concerns, they stand out
for being affordable, noiseless, compact, and capable of detecting storms, making them
ideal for integration into urban environments or highways where wind energy is readily
available. Thermoelectric technologies, like Seebeck generators, face limitations such as low
capacitances, thermal inefficiencies, and challenges with handling high voltages. However,
they are inexpensive, generate high voltages, and are low maintenance, making them a
good option for converting thermal energy into electricity. Piezoelectric systems, which rely
on mechanical vibrations, are highly sensitive to external factors such as vehicle weight,
speed, and traffic frequency. This sensitivity leads to inconsistent energy outputs, making
it challenging to design systems capable of continuous energy generation. Thermoelectric
systems, which depend on temperature differentials, are similarly limited by geographic
and climatic conditions, rendering them less effective in regions with minimal temperature
variations. Triboelectric systems, while capable of generating high voltages, are hindered
by low current output and high internal resistance, restricting their practical applications.
Piezoelectric technologies, which use materials like PZT and PVDF, face the challenge
of managing fluctuating vibration frequencies and are influenced by factors like vehicle
weight and speed. Yet, their versatility, independence from environmental conditions,
and lack of a need for external voltage sources make them highly reliable for capturing
mechanical vibrations. Electrostatic, electromagnetic, and triboelectric systems, while
struggling with lower capacitances, parasitic effects, and inefficiencies at smaller scales,
offer certain advantages. Electrostatic and triboelectric systems are cost-effective, produce
high output voltages, and are easy to manufacture. Meanwhile, electromagnetic systems
deliver robust performance, high output currents, and long lifetimes, making them useful
for harvesting energy from vibrations and oscillations. Asphalt solar collectors, which use
thermal gradients, are beneficial for reducing pavement temperatures in the summer and
preserving heat for water heaters in the winter. They also have a high output and are highly
versatile in terms of construction. However, it has a high installation cost, and the pipe
system is prone to failure owing to external loading or hot mixed asphalt.

It is clear that asphalt solar collectors provide a significant quantity of energy, yet they
are expensive to install and cannot be used in high traffic areas. Conversely, piezoelec-
tric, thermoelectric, triboelectric, electrostatic, and electromagnetic systems are prevalent
technologies for harvesting energy from mechanical and thermal forces that can be placed
in the pavement and are affordable. Thus, technology can be selected based on demand,
budget, and available space. The author suggests utilizing electrostatic or thermoelectric
technologies since they do not depend on vehicle flow on the road, have a high voltage
output, and are inexpensive to build. If the project has a sufficient budget, the author
recommends combining the aforementioned technologies with asphalt solar collectors.
This combination not only allows for the preservation of a large amount of energy for
the surrounding area but also has the potential to reduce a number of associated issues,
especially during winter periods.

Overall, the practical application of road energy harvesting is likely to increase signifi-
cantly in the near future, as sustainability becomes a common goal for practically every
country in the world in order to mitigate the effects of climate change and capture waste
energy. Future research should focus on the development of all technologies to boost
energy output while lowering manufacturing costs. Furthermore, the author recommends
conducting research on integrating two or more technologies in a single device in order to
capture multiple types of energy at the same time while minimizing its size and cost.
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Table 11. Comparison of different technologies for energy harvesting.

References/
Sources/Technologies Examples Disadvantages Advantages

[94,95,100,102]/Wind/Wind
energy

VAWT, piezoelectric-based
wind turbines,
pyroelectric-based wind
turbines

1. Design is complicated
2. Result is based on type of

vehicles and conditions
3. Lack of safety for animals
4. Unpopular

1. Inexpensive
2. Noiseless
3. Can be integrated into

buildings
4. Has small dimensions
5. Can detect an upcoming

storm

[23,114]/Thermal/
Thermoelectric

Seebeck generator and
several piezoelectric
materials such as PMN-PT,
PZT, and PVD

1. Low capacitances
2. High AC voltages
3. Has a thermal short which

lowers the efficiency

1. Inexpensive
2. High voltages
3. Maintenance-free
4. Compatible

[22,47,100,104]/
Vibration/Piezoelectric PZT and PVDF

1. Fluctuation of vibrational
frequencies and
amplitudes

2. Has several factors
(vehicle weight, speed,
and capacity flow)

1. Versatile
2. Does not have any

environmental factors
3. Does not need a separate

voltage source

[24]/Vibration and
Oscillation/Electrostatic

and Electromagnetic

Capacitance (electrostatic)
and speed bump
(electromagnetic)

Electrostatic:
1. Low capacitances
2. High impact of parasitic

capacitances
Electromagnetic:
1. Low output
2. Costly
3. Low efficiency in small

sizes

Electrostatic:
1. High output voltages
2. Possibility of building

low-cost systems
3. Coupling coefficient easy

to adjust
Electromagnetic:
1. High output currents
2. Long lifetime
3. Robustness

[25]/Repetitive contact and
separation action (polarity of

material)/Triboelectric

Positive charges: glass,
household salt, silk, steel,
paper, and cottonNegative
charges: PET, PE, Kapton,
gold, silver, copper

1. Low current and power
2. High internal resistance
3. High output voltage to

manage in the circuit
design

4. Electrical output depends
on the environmental
conditions

1. Simple and easy to
fabricate

2. Inexpensive
3. Small displacement

requirement
4. Energy density is

proportional to pressing
frequency

[7,110,113–117]/Thermal
transfer/Asphalt collector Not applicable

1. Weather dependent
2. High installation cost
3. Hot mix asphalt can cause

damage to pipe system
4. Pipe system vulnerable to

high traffic loads
5. Depends on the operation

and geometrical
parameters

1. Reduces pavement
temperature

2. High output
3. Can be installed at any

time
4. Has a better land

management

5.2. Strengths of Energy Harvesting from Roadways

Despite these challenges, several strengths highlight the potential of energy-harvesting
technologies in roadway applications. One of the key advantages is the diversity of energy
sources available. Roadways provide multiple opportunities for energy harvesting, from
mechanical vibrations (piezoelectric) and temperature differentials (thermoelectric) to
wind absorption (wind energy). This diversity allows for the integration of multiple
technologies, potentially enhancing the overall energy output. Moreover, the scalability of
these systems makes them adaptable to different applications, from small sensors powered
by piezoelectric materials to large-scale installations.
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Another significant advantage is the contribution to sustainability and energy effi-
ciency. Energy-harvesting systems capture and convert otherwise wasted energy, such
as heat from road surfaces or vibrations from traffic, into usable electricity. This not only
improves overall energy efficiency but also reduces reliance on traditional energy sources.
Furthermore, as green technologies, these systems align with global sustainability goals,
such as reducing carbon emissions.

Innovation in materials is another strength of energy-harvesting technologies. Ad-
vances in materials science, particularly in the development of lead-free alternatives, nano-
materials, and composites, are driving improvements in both the efficiency and durability
of these systems. These materials offer new possibilities for enhancing the performance
of energy-harvesting systems while addressing environmental concerns. Additionally,
the integration of smart systems that incorporate sensing technologies enables real-time
monitoring and optimization of energy generation, further improving the efficiency of
these systems.

5.3. Most Promising Materials and Technologies

Among the materials reviewed, PZT (lead zirconate titanate) remains one of the
most promising due to its high piezoelectric coefficient and mechanical stability, making
it effective for energy harvesting applications. However, the environmental concerns
associated with lead-based materials have led to increased interest in lead-free alternatives
such as barium titanate (BT) and sodium potassium niobate (KNN). These materials, while
not yet as efficient as PZT, show potential due to their reduced environmental impact and
ongoing research aimed at improving their performance.

Nanomaterials, particularly those incorporating ZnO nanowires and carbon nan-
otubes, are also emerging as promising candidates. These materials offer high sensitivity to
mechanical disturbances and can be used in piezoelectric and thermoelectric systems to
enhance energy conversion efficiency. For example, ZnO nanowires embedded in concrete
have shown promise in converting mechanical energy from traffic into electricity, providing
a novel approach to integrating energy harvesting directly into roadway materials.

In terms of technologies, piezoelectric systems continue to be the most widely re-
searched due to their ability to generate electricity from the constant vibrations and stresses
experienced by roadways. Real-world examples include the installation of piezoelectric
sensors under highways in Israel, where the harvested energy is used to power streetlights
and traffic signals. Thermoelectric generators (TEGs), which convert heat from the road
surface into electricity, are particularly promising in regions with high temperature varia-
tions. For instance, TEGs have been tested in asphalt pavements in California, where they
help reduce surface temperatures while generating power for nearby infrastructure.

Overall, the practical application of road energy harvesting is likely to increase signifi-
cantly in the near future, as sustainability becomes a common goal for practically every
country in the world in order to mitigate the effects of climate change and capture waste
energy. Future research should focus on the development of all technologies to boost
energy output while lowering manufacturing costs. Furthermore, efforts to reduce the costs
associated with these systems will be necessary to make them more economically viable for
widespread implementation. By addressing these challenges and leveraging the strengths
of energy-harvesting technologies, we can move towards more sustainable and resilient
infrastructure in the future.

6. Conclusions

Many materials and technologies have been developed to serve as energy harvesters
in roadways. All of these materials and technologies are utilized to power a wide range of
components, including microelectromechanical systems, road lights, traffic monitoring, and
building utilities. Road energy harvesting provides a way of storing energy and using it in the
surrounding area, creating a suitable infrastructure for EVs. As people become more aware of
the importance of the environment and sustainability, it will become essential to transition
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from the use of fuel-powered vehicles to EVs. However, multiple limitations remain, rendering
road energy capturing inadequate. The challenge lies in the efficiency and scale of road energy
harvesting applications, given that some materials may be efficient and sustainable only on a
small scale, whereas others may be lucrative on a large scale yet costly.

In terms of material, ceramics remain the preferred choice for energy harvesting due
to their high output and ease of manufacturing. However, given the lead concentration,
which endangers the environment, an alternative sustainable material is required to re-
place the role of ceramics. According to the substantial research that has been conducted,
nanomaterial-based materials offer potential since they are adaptable enough to be em-
ployed in a variety of applications. The author advises undertaking further research on
nanomaterials to improve their effectiveness and output energy for road energy harvesting.

In contrast, in terms of technology, utilization is based on the predicted amount of
energy to be captured, as well as the availability of project funds and site space. Asphalt
solar collectors generate plenty of electricity, yet they are expensive to install and cannot
be used in high-traffic locations. Conversely. piezoelectric, thermoelectric, triboelectric,
electrostatic, and electromagnetic technologies are common methods for harvesting energy
from mechanical and thermal forces that can be embedded in pavement and are cost-
effective. Assuming the project has a sufficient budget, a combination of thermoelectric or
electrostatic (affordable and simple to build) with asphalt solar collectors is recommended.

Thus, future research should focus on overcoming the shortcomings of various ma-
terials and technologies in order to build an efficient interaction between EVs and the
device. An alternate strategy is to combine different materials and technologies for a single
application to ensure one can compensate for the other’s deficiencies.
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