ISSN: 2576-1463

Innovative Energy & Research

Qabur and Alshammari, Innov Ener Res 2018, 7:1
DOI: 10.4172/2576-1463.1000191

ASystematic Review of Energy Harvesting from Roadways by using Piezoelectric

Materials Technology

Ali Qabur™ and Khaled Alshammari?

'Department of Civil Engineering, University of Waterloo, Canada
2Department of Electrical Engineering, University of Waterloo, Canada

Abstract

in practical applications.

Piezoelectric energy harvesting technology is attracting more attention in recent years due to the trend of
finding new and green sources of energy. This project presents a state of the art review in the area of using
piezoelectric materials to harvest energy from roadways. The aim of this project is to investigate the process of
harvesting energy from roadways starting from the used piezoelectric materials, harvesters and the conditions
of the roadways. Many papers were evaluated and analyzed to study the current progress in the area including
of the efficiency and feasibility of extant work. The results were obtained from various sources under different
circumstances and compared, in order to determine the most efficient outcome in terms of cost and implementation

Keywords: Piezoelectric energy harvesting; Piezoelectric materials;
Roadways

Introduction

Since the world has been facing a lot of issues in terms of using
conventional energy to generate electricity, many countries have found
it essential to seek alternative, environmentally friendly, low-cost
energy resources to produce energy. There are many natural resources
which can be used to produce the energy such as heat, sunlight, wind,
vibration, and stress or movement [1-4]. These resources can be
collected and converted into electrical energy. In order to do convert
these resources into electrical energy, energy harvesting processes must
be used [5].

Based on the work of [6-10], the word- “piezo” comes from Greek
which means the act of pressing, and- “piezoelectric”, as the term
indicates, means materials that have the piezoelectric effect. This
section presents a journey through the history of piezoelectricity and
its development over the years. The first indication that pressure may
generate electricity was introduced by Coulomb in 1815. After five
years, according to Hauy and Becquerel, friction or contact electricity
is the main cause of the charges that are produced from compression.
Moreover, stretching rubber result charges that may have the same
outcome as the use of crystalline minerals. In 1880, the piezoelectric
phenomenon was found by Pierre and Jacques. Piezoelectric was first
applied in a major application by Langevin and his co-workers in 1917.
Their application was a piezoelectric transducer to locate submarines
and determine their depth during World War I. this application used
quartz sandwiched between two metal plates which later started the
development of the sonar. Between 1920 and 1940, there were many
applications that used single crystals. In addition, fluids and solids
had nondestructive tests, quartz resonators and transient pressure
measuring methods. During that period, many examples of natural
crystals were discovered such as Rochelle salt, tourmaline, sodium
potassium tartrate and quartz. Between 1940 and 1965, because of
World War II, the piezo-ceramics had to be developed in terms of
the sensitivity and the resulting power. Oscillators and filters were
examples of using piezoelectric in electronics. Moreover, the demand
for enhanced piezoelectric materials caused a rapid growth in synthetic
materials which led to new and improved piezoelectric properties.
Furthermore, certain properties were needed which started the process
of doping with metallic impurities to achieve these qualities, for

instance, ease of poling, piezoelectric coupling coeflicient, dielectric
constant and stiffness. Another example is the Lead-Zirconate-Titanate
Pb (Zr,TiO,) alloy which was introduced due to the advances in the
Barium Titanate (BaTiO,); also, a full understanding of the perovskite
crystal structure with electromechanical activity. Circuit elements, small
microphones, signal filter elements, ceramic audio tone transducers,
ignition systems, relays, and enhanced sonar systems are some of the
areas that had many improvements or boost or breakthrough due to
the advances in piezoelectric materials. Japan had a vast commercial
success in terms of the piezoelectric materials and devices in the period
between 1965 and 1980. During these years, removing the restraints of
rigid nature of ceramics resulted in the improvement of polyvinylidene
fluoride (PVDEF). From 1980 until the present, the majority of the
work has been concentrated on low power applications, increasing the
reliability and solid state motion.

Working Principle

Piezoelectric materials are crystals that have the ability to produce
electricity in case of compression or vibration and the basic principle
of piezoelectricity is shown in Figure 1. An external force, pressure or
a strain applied on crystalline materials which result in an electrical
voltage.

A typical non-centrosymmetric crystal structure such as a
perovskite (lead zirconate titanate) is shown in Figure 2. When the
unit cell is above the Curie temperature (T ) or Cubie point, which is
the temperature that changes some materials in terms of reforming or
losing their permanent magnetic properties. It has a symmetric cubic
state as shown in Figure 2 [11]. On the other hand, when the unit cell
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Figure 1: Working principle.
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Figure 2: Perovskite structure of PZT.

is below the Cubie temperature, it is transformed into an asymmetric
tetragonal structure as shown in Figure 2 [12]. Each unit cell in this
crystal has a net non-zero charge. Therefore, the unit cell is turning into
an electric dipole. The numbers of electric dipoles inside piezoelectric
materials have a significant effect on the structure of these materials.
Electric dipoles are induced in two ways: specific molecular groups
with various electrical features or by materials such as Barium titanate
(BaTiO,) and PZTs (lead zirconate titanate) which have ion lattice sites
with asymmetric charge surroundings. A dipole is a vector (P) which
means it has a value and a certain direction depending on the electrical
charges. These dipoles shape areas that are called Weiss domains
because they usually go in the same direction if they are side by side.
The Weiss domains are in every direction; however, these domains can
be adjusted to have the same direction by polling, which is the process
of applying an external electric field on the material. When an electric
filed is applied on these domains, the boundaries of the domains shift,
which increase the strength of domains that have the same direction as
the electric field. As the electric field increases, the polling will last until
all the domains have the same direction of the electric field according
to [13]. Figure 3 shows the different states of the Weiss domains based
on the level of the applied electric field.

In conclusion, the voltage is induced in piezoelectric materials due
to the fact that the crystalline structure is disturbed when a pressure or
stress is applied which results in a new direction for the polarization of
the electric dipoles. Based on the way that dipoles were induced, either
molecular groups or ions, the new polarization has two main reasons:
re-orientation of the molecular groups or reform of the ions inside the
crystalline structure. As a result, generating more electricity requires
more mechanical pressure and more change in the polarization.

Types of Effects

The closed hydronic circuit of the solar PV/T hybrid collector was
firstly injected with the Nanofluid, and a static pressure of 0.4 bar and
flow rate of 3.25 L/min was maintained. Figure 4 shows a photographic
view of Nanofluid insertion process. The experimental tests took place
in March 2017, solar irradiation, wind speed, inlet, outlet, and ambient
temperatures were all recorded on hourly basis starting from 9:00 AM
till 15:00 PM. The experiments have been repeatedly conducted so to
obtain nearly matching or fixed surrounding atmospheric conditions
and hence the comparison analysis becomes as realistic and accurate
as possible. Selected two days data representing each different heat

carrier fluid scenario were used for the analysis. The following Figure 5
compares solar irradiation, wind speed, and ambient temperatures for
the two days of interest climatic conditions.

Methods

The piezoelectric effect considers crystalline materials in terms
of a linear electromechanical interaction between the mechanical
and electrical state. This effect is a reversible process which results in
two types of effect: the direct piezoelectric effect which is an applied
mechanical force causing an internal generation of electrical charge
as shown in Figure 4. And, the reverse piezoelectric effect which is an
applied electrical field causing an internal generation of mechanical
strain as shown in Figure 5. Lead zirconate titanate crystals are a good
example of these effects. When the static structure of these crystals
is deformed by 0.1% of their original dimension, they will produce
enough piezoelectricity. On the other hand, when an external electric
field is applied on the same crystals, their static dimension will change
by 0.1% [14]. According to the work done by Kim SG, Priya S & Kanno
[13], the two types of effect are determined and influenced by many
coefficients and parameters as follows:

D=dxT+¢&" xE (1)
S=s"xT+dxE 2)

Where D is the electric flux density, T is the mechanical stress, €*
is Permittivity (for T = constant) and E is the electric field in the first
equation. Where, in the second equation, E is the mechanical strain, the
compliance or elasticity coefficient (for E = constant) is E and d is the
piezoelectric charge coefficient.

Piezoelectric materials have three main types: natural piezoelectric
substrates, piezoelectric ceramics and Polymer-film piezoelectric. The
first are natural crystals that are found at the surface or deep within the
earth such as quartz (SiO,). Quartz is considered the most common
natural piezoelectric material because it has a strong piezoelectricity
due to its crystalline structure, meaning that when pressure is applied
on a quartz crystal an electrical polarization can be observed along the
pressure direction. Another example is tourmaline, which is usually

() (L] (4]
N D
[
N :
NEN

Figure 3: Different states of the Weiss domains under the effect of an electric
field a) before, (b) during (c) after poling process.
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Figure 4: Direct piezoelectric effect.
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black but may vary from violet to green and pink. In addition, amazonite
and sodium potassium tartrate, also known as Rochelle salt. The second
type is the piezoelectric ceramics; for example, Lead Zirconate Titanate
(Pb[ZrxTil-x]O,) also known as PZT which is the most economical
and used piezoelectric element. Moreover, gallium orthophosphate
(GaPO,) has the same characteristics as quartz due to the similarity in
their crystalline structure. On the other hand, the piezoelectric effect
of gallium orthophosphate has double the piezoelectric effect of the
quartz. This difference results in more use of gallium orthophosphate
in mechanical applications. In addition, Barium Titanate (BaTiO,)
which is an electrical ceramics used for microphones and transducers,
is usually replaced by lead zirconate titanate (PZT) for piezoelectricity;
also, Berlinite (AIPO,), Zinc oxide (ZnO), Aluminum Nitride (AiN)
and Lead Titanate. The third category is the Polymer-film piezoelectric,
such as Polyvinylidene Fluoride (PVDF). This type is not commonly
used in practical applications [15].

Based on the work done by [16], many design parameters that
determine the efficiency of any material have been tested in different
publications: Thickness, more energy is produced when a thin material
is used. Structure, bimorph structure has twice the output of a
unimorph structure. Loading mode, increase in mass or force produces
more energy. Geometry, tapered form generates more energy than any
other shape. Electrical connection has two cases: parallel when current
source is used, and series with a voltage source. Material type as PZT,
PVFD, Quick-Pack, and PVFD which indicates that the material with
high quality factor (Q-factor) produces more energy Fixation, external
force results in more energy than fixed at two ends due to the deflection
that caused by a fixation at one end. Load impedance must be the same
as the piezoelectric impedance at the operating frequency. Resonance
frequency needs to be equal to the fundamental vibration frequency.

Energy Harvesting

The basic and general definition of energy harvesting is the
process of scavenging energy from any physical phenomenon in the
surrounding environment and converting it into usable electric power.
Energy harvesting has high potential for the low voltage and low power
applications such as transportation, medical equipment, consumer
devices and industrial controls. In addition, the applications that need a
backup battery such as using a battery in a remote location. The energy
harvesting process has multiple stages in order to produce high and
efficient amount of electricity as shown schematically in Figure 6 [17].

Before the first stage, energy can be obtained from different
sources such as thermal, solar and wind but the main focus of this
project is the mechanical energy caused by stress, strain and vibration.
The first stage includes different types of materials, devices and
sensors that have the ability to convert the input energy to electrical
voltage. Examples of these energy generators are piezoelectric (PZT)
crystals, fiber composites, solar photo voltaic cells and thermoelectric
generators (TEGs). These generators produce an alternating current
(AC) to the next stage which is the detector. The detector uses an AC
to direct current (DC) converter in order to start the storage process.
Furthermore, the acceptable level of voltage and the current in the
detector, vary between 0V to 500V and 200nA to 400mA, respectively.
Moreover, the amount of power generated in this step is measured in
micro watt (uW). As the energy transferred form the energy generators
to the detectors, the resulting electrical signals have to be collected and
stored by an energy storage device such as a capacitor. The mechanism
of the storage process starts with defining upper and lower limits of the
voltage £ Vlow DC (V) and = V high DC (V). These limits are based
on the minimum V| and the maximum V, voltage that are required by

the load. When the output voltage level reaches V, the switch, which
is a diode, is turned on and the power is injected to the load. However,
when the voltage level decreases and reaches V|, the switch is turned off
and the process cycle starts again until the V , is achieved.

Scales of energy harvesting

As explained previously, energy harvesting there are two types of
energy harvesting which vary in terms of scale and the output. The
first type is macro energy harvesting, which is used to feed the electric
grid in a large scale. This type includes energy harvesting coming from
the sun and the wind. The second type is the micro energy harvesting,
which has a very low output compared to macro harvesting, and is
used primarily in portable and remotely located devices. This type of
harvesting is the main concern in this project as is shown in the next
section.

Piezoelectric micro-electromechanical system

Figure 7 shows the energy flow in a piezoelectric energy harvester
in a block scheme. The first phase represents the conversion of the
energy produced by the available source into cyclic oscillation using
a mechanical assembly. In this phase, some mechanical energy is
lost for several reasons such as unmatched mechanical impedance,
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Figure 5: Reverse piezoelectric effect.
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Figure 7: Piezoelectric micro-electromechanical system (MEMS).
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damping factor, which is the ratio of the source impedance to the
load impedance, and backward reflection. Damping factor is the
ratio of the source impedance to the load impedance. The second
phase is responsible of converting the cyclic oscillations into electrical
energy by the piezoelectric effect. This phase has some losses, such as
electromechanical losses of the piezoelectric material, and these losses
are based on three factors. In the first phase, the electromechanical
coupling factor (k) which measures the efficiency of the conversion
process between the mechanical to electrical energy. In the second
phase, d represents the product of piezoelectric stress coeficient and
g is the piezoelectric voltage coefficient. In the third phase, the output
electrical energy has to be converted through a dc/dc converter which
results in electrical loss due to unmatched electrical impedance.
Unmatched impedance either mechanical or electrical has a major
impact on the efficiency of the process and is related to the maximum
power transfer theorem which states that the impedance of the source
has to be equal to the load impedance in order to achieve the maximum
output power [18]. The proof of this theory is shown below, and is
obtained from a Thevenin’s equivalent circuit is shown in Figure 8 that
has a voltage source (V ), source impedance (R,,)), load impedance
(R)) and load current (I,).

v,

TH

"R, +R,

L
P =I; xR,
V 2
= [i} xR,
RTH + RL
Where P, is the power absorbed by the load.

(R,, +R,) —2R, x(R,, +RL)}
(Ryy + R

dP(R, )
dR

L

:VZTH{

= (R, +R,)-2R, =0

=R, =Ry
2
V.
_ TH
PMAX - R R XRL |RL:RTH
m T
_V,TH
4IaT[I
Reference Active material | Active area, mm? | Active volume mm?

[19] PZTd,, 0.96 0.48
[20] PZTd,, 92.5 0.26
[21] PZTd,, 120 0.02
[22] PZT 9.45 1.89
[23] AIN,d,, 3.573 (est.) 2.8
[24] AIN,d,, 1.573 (est.) -
[25] AIN - 1.63
[26] AIN - 15
[27] PZT - 20.9
[28] PZT - 18.6
[29] PZTd,, 1.8 1.05
[30] PZTd,, 2.65 0.78
[31] PZTd,, 49 27
[32] KNN,d,, 56.1 0.168

P, =1§(Rm +RL)

=2I)R,
Where P is the power injected by the source
Therefore,
tput
Efficiency = M x100%
input
IR
= L2 L %100%
L™ML
=50%

This percentage means that half of the generated power is delivered
to the load side.

Comparison of recent small-scale piezoelectric energy
harvesters

Table 1 [19-32] shows the differences in the performance of various
energy harvesters between many sources. These differences are based on
multiple parameters such the material used, area, volume, acceleration,
resonant frequency, harvested power and power density.

Energy Harvesting from Roads by Using Piezoelectric
Materials

In this paper, energy harvesting via vibration and stress or
movement, has been studied by using piezoelectric materials from
roadways. Highways bearing many vehicles, lead to mechanical
vibration since the piezoelectric materials have the ability to convert
the mechanical vibration and stress or movement to electrical energy;
this energy can be produced by embedded piezoelectric material
underneath asphalt layer. Many studies have been done for energy
harvesting from roads by using piezoelectric materials. However, the
most successful study has been done by Innowattech in Israel [33]. In
2009, the Ayalon, Coastal, and Trans-Israel Highway were embedded
with piezoelectric devices 5 cm below road level. This test was proposed
by an Israeli company named Innowattech. The project was set to test
a one km stretch of both a single and four lane road, integrated with
piezoelectricity as shown in Figure 9 [34]. The results meet the required
amount of energy in which 200 KWh for a single lane and one MWh
on four lanes were generated at that time. Also, they had developed
the Innowattech Piezo Electric Generator (IPEG) which is based on a

Power density, uW/

Acceleration, g Frequency, H? Power, uW mmd
2 870 1.4 7.78
0.5 126 5.3 20.5
4 1300 22 1100
0.2 76 13.9 7.35
0.275 214 0.63 0.23
0.126 214 0.55 -
1 857 0.18 0.11
0.2 599 69 4.6
1 329 7.35 0.35
1 235 14 0.75
0.39 528 1.1 1.05
1 608 2.16 2.77
1.5 154 205 7.59
1 1036 1.1 6.54

Table 1: Comparison of recent small-scale piezoelectric energy harvesters.
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piezoelectric transducer in order to generate the energy when traffic
passes on the pavement [5].

Embedding the commercial piezoelectric devices underneath
pavement in order to harvest strain energy and produce it into electrical
energy [35-37]. Currently, Genziko, which is a company based in the
United States, ODOT, the Oregon Department of Transportation,
Berkeley and Virginia Tech institutions, and Innowattech, which is a
company based in the Israel, have been working in the same area; Table
2 [38] shows the comparison between four cases.

A study done in United Kingdom electricity grid compared street
light electricity using power asphalt and conventional energy, as shown
in Table 3 [39], to determine the economical aspects inherent in the
two different types of energy delivered 9 (Figure 10).

Factors affecting piezoelectric road efficiency

The vehicles weight, speed, and capacity flow have played a vital
role to affect the efficiency piezoelectric road.

For example, in terms of vehicle weight the higher the force exerted
the more deformation of crystals, and thus, the higher amount of energy
produced. The same principle applies to vehicles; a truck will generate
more energy than a light duty vehicle or a motorcycle. In addition,
when considering vehicle speed, power output is always greater with
higher speed, and higher speed has a higher impact on frequency,
resulting in a higher decay (the state or process of decomposition) [40].

A

Rru

____ Ve Ry /g/

I+

Figure 8: Equivalent Thevenin circuit.

Figure 9: Innowattech devices.

Parameter Genziko ODOT | Innowattech B_e rlfe!ey and
Virginia Tech
Power per km (single 13 MW- 51 486 KW 100 kW-200 0.0018 kW -0.5
lane) MW kW kW
Vehicles per hour ' 554 5550 600 600 600
(single lane)
kW per km per } : 0.000003 -
vehicle per hour 216-226 0.81 0.16-03 0.00083

Table 2: Comparison between four cases.

Source: DRV KEMA,

Figure 10: Piezoelectric road cross-section.

Conventional Energy

Street lamp L Street lamp
Cost (GBP)/KWh Kilowatt (KW) Time in hours /day number
0.15/KWh 0.5KW 12 h/day 10

Cost / day of 10 lamps =0.15KWh x 0.5KW x12h/day x 10 lamps = 9 GBP/day
Power asphalt
KWh generated Cost (GBP)/KWh
400 KWh 0.15/KWh
Cost = 400 KWh x 0.15/KWh = 60 GBP
As per calculations, 10 street lights can operate for 6 days using clean energy
and free of cost

Table 3: Comparison between street light electricity using power asphalt and
conventional energy in UK.

Nevertheless, because of the absence of a full analysis in a
(laboratory) (controlled) environment, the output power was not
completely covered. The influence of the traffic loading and the
pavement conditions were not studied. In addition, the majority of
the research in this area does not provide a practical implementation
in industrial or real applications. This project presents a solution to
the previous issue in terms of using a laboratory assessment of the
resulting energy from the pavement as well as the cost-effectiveness
and the feasibility advantages over the conventional power sources. The
output of this project may result in more efficient ways of harvesting
energy from roadways and enhance existing equipment by more fully
understanding pavement conditions [41].

Conclusion
The main contributions of this project are summarized as follows:

+ The type of the piezoelectric material has a major impact on
the efficiency of the devices used because of the diversity of the
qualities of these materials.

¢ Lead Zirconate Titanate (PZT) is considered as the most
efficient material due to its unique features according to many
references and real or practical applications.

* Various factors such as geometry, thickness and structure
affect the output of the piezoelectric process.

* Energy harvesters have the ability to be enhanced or improved
by minimizing the mechanical and electrical losses of the
harvesting stages in order to achieve the highest efficiency
possible.

» The implementation of piezoelectric materials on roadways
needs further research and a more comprehensive analysis
of different data that are obtained from real life or practical
applications.
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* Future work in this area has to cover and focus more on
the pavement conditions and traffic loading as well as the
previously mentioned parameters to achieve the optimum
outcome of the harvester.
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