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This chapter aims to review the fundamental and unique properties of pyroelectric materials
and the different strategies using them for direct energy conversion of waste heat into
electricity. Pyroelectric energy conversion can be divided into linear and cycle-based
methods. Linear pyroelectric energy conversion consists of subjecting a pyroelectric material
to periodic heating and cooling in the absence of an electric field bias. It is easy to implement
both in terms of hardware and electronics. However, the energy and power densities
generated and the associated efficiency are relatively small. Pyroelectric energy conversion
cycles consist of performing a closed cycle in the electric displacementD, electric fieldE,
temperatureT , and stressσ phase diagram. These cycles typically take advantage of the large
change in displacement associated with solid state phase transitions, induced by changes in
temperature and/or compressive stress, to achieve large energy and power densities. This
chapter presents basic concepts and properties of pyroelectric materials. Then, it thoroughly
reviews and critically discusses the practical implementations and performance of linear and
cycle-based pyroelectric energy conversion methods proposed to date. Finally, particular
attention is paid to experimental demonstrations and performance of the Olsen cycle, also
known as the electric Ericsson cycle.

KEY WORDS: pyroelectric materials, direct energy conversion, waste heat harvesting, ferroelec-
tric materials, Olsen cycle, thermomechanical energy

1. INTRODUCTION

Waste heat refers to the thermal energy rejected as a by-product of power, refrigeration,
or heat pump cycles as required by the second law of thermodynamics or resulting from
irreversible processes (e.g., heat losses, friction). It is often released into the atmosphere,
rivers, or oceans in the form of hot exhaust gases or hot water. Figure 1 shows estimates
of the energy produced, used, and rejected in the United States in 2013 in quadrillion
British thermal units (1015 BTU = 1.05 exajoule).1 It indicates that only 39% of the energy
contained in raw energy sources (e.g., petroleum, natural gas, coal, and nuclear) was useful
in residential, commercial, industrial, electricity generation, or transportation applications.
The remaining 61% was rejected mainly in the form of waste heat. A wide variety of
processes produce large amounts of waste heat. For example, the typical thermal efficiency
of an internal combustion engine car is about 30–40%.2,3 In other words, 60–70% of the
energy contained in the fuel is rejected. In fact,∼35% of the energy in gasoline is lost in
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NOMENCLATURE

A sample surface area, m2

b sample thickness, m
cp specific heat, J/kg·K
C capacitance, F
D electric displacement, C/m2

d33 piezoelectric coefficient, C/N
E electric field, V/m
Eb electrical breakdown field, V/m
Ec coercive electric field, V/m
EH low electric field in Olsen cycle,

V/m
EL high electric field in Olsen cycle,

V/m
f frequency, Hz
I electric current, A
Ip generated electric current, A
IL leakage current, A
ND energy density, J/L
pc pyroelectric coefficient, C/m2·K
P polarization density, C/m2

PD power density, W/L
Pr remanent polarization, C/m2

Ps spontaneous polarization, C/m2

Psat saturation polarization, C/m2

Q charge, C
Qin thermal energy input per unit

volume, J/m3

Q̇in total heat transfer rate to the
device, W

R resistance,Ω
s33 elastic compliance, m2/N
t time, s
T temperature,◦C
TB Burns temperature,◦C
TC hot source temperature,◦C

Tcold cold temperature reached by the
PE,◦C

TCurie Curie temperature,◦C
Thot hot temperature reached by the

PE,◦C
TH cold source temperature,◦C
x molar fraction
x3 strain in longitudinal direction,

[=
∫ T

TC
α(T )], dT

V voltage, V
V1 voltage across capacitor, V
V2 voltage across resistor, V
Win mechanical energy input per unit

volume, J/m3

Ẇe electrical power generated by the
device, W

Ẇc power consumed for operating the
device, W

Ẇnet net power from the device
(Ẇnet = Ẇe − Ẇc), W

Greek Symbols
α linear thermal expansion

coefficient, K−1

εo vacuum permittivity
(= 8.854× 10−12 F/m)

εr relative permittivity
εr,H relative permittivity at high field
ηd device efficiency, %
ηm material efficiency, %
ρ density, kg/m3

σ compressive stress, Pa
σH high compressive stress in

thermomechanical cycle, Pa
τij duration of processi-j, s

the form of heat to the cooling system and radiator and another 35% through the tailpipe.3

Similarly,>65% of the energy consumed in the electric generation sector was wasted while
this sector contributes the most to raw energy consumption. If the large amount of this
ubiquitous waste heat can be efficiently and cost-effectively converted into useful forms of
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282 ANNUAL REVIEW OF HEAT TRANSFER

energy, it could contribute to meeting the energy needs of an increasing world popula-
tion aspiring to higher standards of living. These considerations have brought significant
attention to waste heat energy harvesting methods and devices.4–6

Waste heat can be divided into three categories: low-, medium-, and high-grade waste
heat with temperatures in the range of 25–200, 200–600, and 600–1600◦C, respectively.7

High-grade waste heat can be easily converted efficiently to electricity or hot water for
industrial and district heating thanks to cogeneration. By contrast, harvesting medium- and
low-grade waste heat is challenging due to the low temperature and the small associated
Carnot efficiency. However, technologies exist to convert such waste heat into usable en-
ergy, including: (i) Stirling engines,5 (ii) organic Rankine cycle engines,4,8 and (iii) ther-
moelectric generators.6,9 Organic Rankine cycle and Stirling engines can convert waste
heat into mechanical work.4,5 However, an additional step is required to convert mechani-
cal energy into electricity by means of an electric generator. In addition to the relatively low
Carnot efficiency associated with low-grade heat, losses due to friction, heat losses to the
surroundings, and gas leakage (in Stirling engine) further reduce their efficiency.5 Ther-
moelectric devices utilize the Seebeck effect to directly convert a steady-state temperature
difference at the junction of two dissimilar metals or semiconductors into electrical en-
ergy.6 Thermoelectric generators are commercially available but typically have relatively
low efficiency and/or are expensive.6 Alternatively, pyroelectric energy conversion meth-
ods use the pyroelectric effect and time-dependent temperature oscillations to create a flow
of charge to or from the surface of a pyroelectric material as a result of repeated heating
and cooling. Here also, they directly convert low-grade waste heat into electricity.

Pyroelectric materials are dielectric materials with strong temperature-dependent spon-
taneous polarization, defined as the average electric dipole moment per unit volume in ab-
sence of an applied electric field.10–12Figure 2 depicts the pyroelectric effect taking place
in pyroelectric films.12 The spontaneous polarization of a bare slab naturally attracts free
charges such as electrons and ions to its surface, as shown in Fig. 2(a). Now, let us consider
cases when electrodes are attached on both faces of the pyroelectric film and connected to
an ammeter. At steady state (dT /dt = 0), the spontaneous polarization remains constant
and, therefore, no current flows through the ammeter [Fig. 2(b)]. However, as the temper-
ature increases (dT /dt > 0), electric dipole moments lose their orientations, leading to a
decrease in spontaneous polarization [Fig. 2(c)]. Upon cooling (dT /dt < 0), the sponta-
neous polarization increases and the current reverses sign [Fig. 2(d)]. The electric current
Ip generated by pyroelectric materials during such heating and cooling is given by13

Ip = Apc
dT

dt
(1)

wherepc is the pyroelectric coefficient. Note that Eq. (1) is not valid for large temperature
changes due to nonlinear behavior and potential phase transition(s).14 The pyroelectric
effect has been used for a variety of applications, including motion and fire detection,
radiometry, and, infrared imaging.11,15Motion and fire detectors use the pyroelectric effect
to generate a small current (nA or pA) when an object is at a different temperature than its
surrounding. Similarly, pyroelectric materials are used for infrared imaging to differentiate
objects by their temperature to within 0.1◦C.11
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FIG. 2: Schematic of a pyroelectric sample (a) by itself and with electrodes and connected
to an ammeter (b) at constant temperature, (c) while being heated, and (d) while being
cooled (adapted from Lang, 1974).12

Pyroelectric energy conversion can be divided into two categories, namely, (i) linear
pyroelectric conversion and (ii) solid state thermodynamic cycles. The first category of
pyroelectric energy harvesting consists of connecting a pyroelectric material to a resistive
electrical load and subjecting it to cyclic temperature fluctuations. In this case, the pyro-
electric material typically undergoes temperature fluctuations on the order of 10◦C or less.
On the other hand, pyroelectric energy conversion cycles consist of subjecting a pyroelec-
tric material to a sequence of thermoelectromechanical processes defining a pyroelectric
energy conversion cycles. The latter satisfy the same thermodynamic principles and laws
as the traditional thermomechanical cycles used to produce electricity, such as the Rankine
cycle.

This chapter aims to review the fundamental properties of selected pyroelectric mate-
rials and to discuss different strategies to use their unique properties for direct energy con-
version of waste heat into electricity. It also aims to present and critically compare practical
implementations and performance of pyroelectric energy conversion methods and devices
reported in the literature.
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2. MATERIALS CONSIDERATIONS

2.1 Introduction

Dielectric materials are electrical insulators able to withstand an applied electric field with-
out conducting electricity. They are frequently used in capacitors for electronic circuits.
Figure 3 depicts a plane-parallel dielectric film or slab of thicknessb and surface areaA
sandwiched between two electrodes subjected to an electric fieldE perpendicular to the
surface of the slab whose amplitude is given by

E =
V

b
(2)

whereV is the applied voltage applied across the slab. The maximum electric field that the
material can withstand before becoming conductive is called the electric breakdown field
or dielectric strength and denoted byEb.11 The applied electric field causes electric charge
to accumulate at the surface of the material. The amount of chargeQ per unit surface area
A is the so-called electric displacementD. It can be expressed as the sum of (i) the induced
polarization due to the displacement of space charges, ions, and electrons in the material
caused by the electric fieldE and (ii) the polarization due to the spontaneous alignment of
dipoles moments according to

D =
Q

A
= ε0εrE + P (3)

whereεr is the relative dielectric constant,ε0 is the vacuum permittivity (= 8.854× 10−12

F/m), andP is the polarization density. In general, the electric displacementD, electric
field E, and polarizationP are vectors that may not have the same direction. For the sake
of simplicity and unless otherwise noted, this chapter considers these different vectors as
collinear and normal to the dielectric film’s surface.

2.2 Crystalline Dielectric Materials

2.2.1 Classification

There are a total of 32 crystal classes of dielectric materials.11 Twenty of these crys-
tal classes lack a center of symmetry and are called piezoelectrics.16 Among these 20

FIG. 3: Schematic of a dielectric material with electrodes subjected to an electric fieldE.
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piezoelectric crystal classes, ten so-called pyroelectrics demonstrate a unique polar axis
and exhibit spontaneous polarization in absence of stress and electric field. A subset of the
ten pyroelectric crystal classes, referred to as ferroelectrics, have two or more orientational
states that can be switched from one state to another by reversing the electric field.11 Any
two states have identical structure but differ only in their spontaneous polarization. Fig-
ure 4 illustrates the relationships between different crystal classes. Note that while all fer-
roelectrics are pyroelectric and all pyroelectrics are piezoelectric, the converse is not true.

2.2.2 Piezoelectrics

A piezoelectric material has the ability to generate an electric potential in response to an
applied mechanical stress or vice versa.16 The application of a mechanical stress or electric
field to a piezoelectric material causes a displacement of the centers of mass of positive and
negative charges.17 Because of the absence of a center of symmetry in the structure, the
charge displacement is non-symmetrical resulting in an electric dipole moment.17 If this
dipole moment is produced by a mechanical stress, then it will cause a change in charge
at the material surface. Conversely, if an external electric field displaces the charges, then
the dipole moment produces a mechanical strain causing the material to deform.17 Small
changes in the compressive stressσ applied in the direction parallel to the polarization
under constant electric fieldE and temperatureT cause linearly proportional changes in
the electric displacementD according to16,18

dD = d33dσ (4)

wered33 is the piezoelectric coefficient defined as16,18

d33 =
(

∂D

∂σ

)

E,T

= ε0E

(
∂εr

∂σ

)

E,T

+
(

∂P

∂σ

)

E,T

(5)

FIG. 4: Classification of dielectric crystal symmetry classes depicting the relationship be-
tween piezeoelectric, pyroelectric, and ferroelectric crystals (adapted from Lang and Das-
Gupta, 2001).11
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Note that, in general, the piezoelectric coefficient is a tensor that can be treated as a scalar
corresponding to its elementd33 if the electrode surface is normal to the applied stress.
Then, the electric currentIp generated by piezoelectric plane-parallel slab of surface area
A due to changes in compressive stressσ perpendicular to the electrode surface is given
by16,18

Ip = Ad33
dσ

dt
. (6)

Note that this linear relationship may not be valid for large changes in compressive stress
due to nonlinear behavior ind33(σ).19

2.2.3 Pyroelectrics

Pyroelectric materials are characterized by strong temperature-dependent spontaneous po-
larization due to their particular crystallographic structure.11,12 Small changes in temper-
atureT under constant applied normal compressive stressσ and electric fieldE cause
proportional changes in the electric displacementD according to12

dD = pcdT (7)

wherepc is the pyroelectric coefficient defined as12

pc =
(

∂D

∂T

)

E,σ

= ε0E

(
∂εr

∂T

)

E,σ

+
(

∂P

∂T

)

E,σ

(8)

The pyroelectric coefficientpc is a vector that can be treated as a scalar if the electrodes
are normal to the polarization direction. The electric currentIp generated during heating
or cooling of a pyroelectric plane-parallel slab with electrode surface areaA is given by
Eq. (1),13 which is not valid for large temperature changes due to non-linear behavior.14

Finally, note that the converse of the pyroelectric effect is the electrocaloric effect. The
latter refers to the change in temperature caused by a change in applied electric field under
adiabatic conditions.12

2.2.4 Ferroelectrics and Paraelectrics

Ferroelectric materials have a spontaneous polarization that can be switched between crys-
tallographically defined equilibrium states by reversing the applied electric fieldE.11 Their
electric displacementD features a history-dependent response to variation in external elec-
tric field characterized byD versusE hysteresis loops. Paraelectric materials are linear
dielectric materials that do not have spontaneous polarization (i.e.,D = ε0εrE). However,
they can become polarized when subjected to an external electric field.20 It is apparent in
crystal structures where the electric dipole moments are unaligned at zero field but have
the potential to align with an external electric field. Compared to ferroelectric materials,
paraelectric materials have unordered domains and the internal electric field is weak.20

A ferroelectric material may undergo one or more phase transitions between different
ferroelectric or paraelectric phases as a result of changing compressive stressσ, temperature
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T , and/or electric fieldE conditions.21 The number and nature of such solid state phase
transitions are specific to each material and composition. A phase transition of particu-
lar interest is the transition between ferroelectric and paraelectric phases. It occurs at the
so-called Curie temperatureTCurie. At temperatures belowTCurie, the material is ferro-
electric while it is paraelectric aboveTCurie. Note thatTCurie depends also on the applied
electric fieldE and stressσ.

2.3 Ferroelectric Hysteresis Loops

2.3.1 Definitions

Figure 5 shows typical isothermal bipolar hysteresis curves exhibited by ferroelectric ma-
terials in the electric displacementD versus electric fieldE diagram. These so-called D-E
loops travel in a counter-clockwise direction and exhibit 180◦ rotational symmetry about
the origin. Starting with an unpolarized material such thatPs = 0 C/m2 at E = 0 V/m, the
first increase in electric field poles the material into a ferroelectric material. Indeed, as the
electric field increases, ferroelectric domains grow and the material assumes a ferroelectric
phase characterized by a spontaneous polarization and D-E hysteresis loops.22

For a ferroelectric material at temperatureT under compressive stressσ and large
electric fieldE applied in the poling direction, Eq. (3) can be written as11,19

D(E, T,σ) = ε0εr,H(T, σ)E + Psat(T, σ) (9)

Ec~0

Pr~0

Psat

D (C/m2)

Ec E (V/m)

Ferroelectric 
(T < TCurie)

Paraelectric
(T > TCurie)

Pr~Psat

ε0εr,H

ε0εr,H

D = ε0εr,HE+Psat

-Ec

- Pr

ε0εr EH

FIG. 5: Schematic illustration of electric displacementD versus electric fieldE loops for
ferroelectric materials below, around, and well above the Curie temperatureTCurie when
they become paraeletric. The D-E loop illustrates the case of electric-field induced phase
transition.
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wereεr,H(T,σ) is the high-field relative permittivity of the material at temperatureT and
under stressσ. The saturation polarizationPsat(T, σ) corresponds to the electric displace-
ment in the linear fit ofD versusE at large field extrapolated to zero electric field23 and
the slope of this linear fit is the productε0εr,H(T,σ), as illustrated in Fig. 5. Note that the
relative permittivity of a ferroelectric materialεr,H(T, σ) is assumed to be independent
of electric field for large electric fields. This assumption is valid when a single phase is
present in a ferroelectric single crystal.24 Other important features of D-E loops include
the remanent polarizationPr(T,σ), corresponding to the polarization under zero applied
electric field, and the coercive fieldEc(T, σ), corresponding to the electric field required
to reach zero electric displacement. At temperatures slightly above the Curie temperature
TCurie(E ' 0) at low electric field, the material can behave as paraelectric but under-
goes electric field-induced phase transition from para-to-ferroelectric and from ferro-to-
paraelectric as the electric field is increased or decreased, respectively. Finally, the para-
electric phase prevailing at temperatures above the Curie temperatureTCurie(EH) at the
high electric fieldEH is characterized by zero remanent polarizationPr, also illustrated in
Fig. 5.

2.3.2 Effect of Phase Transitions

As a ferroelectric material is heated, the hysteresis curve degenerates into a slimmer D-E
loop and the spontaneous polarizationPs decreases. Beyond the Curie temperatureTCurie,
the spontaneous polarization vanishes and the material is paraelectric, as illustrated in
Fig. 5.17,25 The Curie temperatureTCurie can be determined as the temperature at which
the dielectric constantεr(T,σ) versus temperature reaches a maximum for a given fre-
quency and applied electric field.26 It depends on the magnitude, direction, and frequency
of the applied electric fieldE and on the applied compressive stressσ.19 It typically in-
creases with increasing electric fieldE (Ref. 27) and decreases with increasing compres-
sive stressσ applied in the polarization direction.28

2.3.3 Leakage Current and Electric Poling

Ideally, the resistance of a pyroelectric material is infinite because it is a dielectric ma-
terial. In reality, however, the resistance is finite and typically decreases as the applied
electric field and/or temperature increase. Leakage currentIL refers to the phenomenon
whereby charges that accumulate at the surface of a dielectric film are transported through
its body.29 In this process, energy is dissipated as Joule heating.30 Figure 6 represents a
pyroelectric element as a simplified equivalent electric circuit consisting of (i) a current
generatorIp, whose direction reverses upon heating and cooling, (ii) a capacitorC, and
(iii) a resistorR in parallel supporting the leakage currentIp and decreasing with increas-
ing temperature and electric field. During pyroelectric energy conversion, it is essential to
reduce the leakage current to its minimum or else the generated charge cannot be harvested.

Electric poling is a process performed on ferroelectric materials to achieve larger spon-
taneous polarization and sometimes to induce phase change from paraelectric to ferroelec-
tric. It consists of imposing an electric field to align/order the electric dipole moments of
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C
R

Ip

IL
V

I

FIG. 6: Simplified equivalent circuit of a pyroelectric element during heating and cooling
(adapted from Ikura, 2002).13

individual crystallite in the direction of the applied electric field.31 Performing this opera-
tion at temperature slightly below the Curie temperature increases the electric dipole mo-
bility and enables one to achieve faster and stronger poling. In turn, the material’s electrical
resistivity increases and thus the leakage current decreases.32 Poling has proved particu-
larly important for conditioning ferroelectric polymers, such as P(VDF-TrFE).29,30,33–35

Note, however, that the polarization of nonferroelectric pyroelectric materials is indepen-
dent of the electric field.

2.4 Selected Pyroelectric Materials

A large number of pyroelectric materials exist, including (i)mineralssuch as tourma-
line,12 (ii) single crystalssuch as lead magnesium niobate-lead titanate (PMN-PT) and
lead zirconate niobate-lead titanate (PZN-PT),36–39 (iii) ceramicssuch as the family of
lead zirconium titanate (e.g., PZT and PLZT), barium titanate (BaTiO3), and lithium ti-
tanate (LiTiO3),11 (iv) polymerssuch as polyvylidene fluoride (PVDF) and its co-polymer
P(VDF-TrFE), and (v)biological materialsincluding bovine phalanx, femur bones, and
collagen.12,40 This section presents the main properties of selected pyroelectric materials
that have been used for pyroelectric energy conversion.

2.4.1 Lead Zirconate Titanate (PZT) and Relaxor Ferroelectric PLZT Ceramics

Ceramics based on the lead zirconate titanate system Pb[ZrxTi1−x]O3 (PZT) are the most
commonly used ferroelectric materials, because they are mechanically and chemically ro-
bust.12 These materials feature relatively high Curie temperatures between 200 and 500◦C,
depending on the Zr/Ti ratio orx. In addition, variation of the Zr/Ti ratio and the addition
of possible dopants in PZT may favorably alter its physical properties.12 Figure 7(a) shows
the lattice structure of PZT in cubic (paraelectric) and tetragonal (ferroelectric) phase, and
Fig. 7(b) the phase diagram as a function of compositionx and temperatureT .41 It indi-
cates that PZT has a so-called morphotropic phase boundary (MPB) forx around 0.4–0.6,
referring to the phase transition between rhombohedral and tetragonal phases caused by
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FIG. 7: Lattice structure of PZT in cubic and tetragonal phase and phase diagram of PZT
illustrating the morphotropic phase boundary (MPB) and the effect of the Zr/Ti ratiox on
the Curie temperature (adapted from Shindo and Narita, 2012).41

changes in compositionx.42 The zero-field Curie temperature of PZT increasing from
225◦C (500 K) to∼525◦C (800 K) asx increases from 0 (PbTiO3) to 1 (PbZrO3).41

Relaxor ferroelectrics are different from classical ferroelectric materials in that they
exhibit strong frequency dispersion in dielectric permittivity below the temperature corre-
sponding to the maximum permittivity.43 This dispersion is attributed to the distribution
of time constants associated with reorientation of polar nanodomains. The phase transition
between ergodic relaxor (nanodomain) and ferroelectric (macrodomain) is field-dependent
and occurs at the Curie temperatureTCurie. The material can revert the phase from ferro-
electric to ergodic relaxor by heating it aboveTCurie and/or by depoling below a critical
electric fieldEcr(T ). Relaxor ferroelectric materials have been studied extensively due
to their (i) exceptional electro-optic properties for optical shutters, (ii) outstanding elec-
trostrictive coefficient for actuators, and (iii) large dielectric constant for capacitors.43,44

Thex/65/35 PLZT system [Pb1−xLax (Zr0.65Ti0.35)1−x/4O3] is a commonly used re-
laxor ferroelectric consisting ofx mol.% lanthanum doped into a 65 mol.% lead zirconate
PbZrO3 and 35 mol.% lead titanate PbTiO3 solid solution. The chemical substitution of
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A-site lead Pb2+ with aliovalent lanthanum La3+ in PZT introduces dipolar defects that
break translational lattice symmetry due to the different sizes and ion valences. It also
weakens the coupling between ferroelectric-active oxygen octahedral in the unit cell, thus
preventing spontaneous formation of a long-range ordered state.45 The lanthanum donor
dopant contributes to the strong electromechanical coupling and increases structural and
compositional disorder responsible for inducing relaxor behavior.46–48 Furthermore, the
lanthanum doping counteracts the p-type electrical conductivity of PZT and increases the
electrical resistivity of PLZT materials by at least three orders of magnitude.49 The phase
diagram ofx/65/35 PLZT ceramics with 5≤ x ≤ 9 mol.% feature rhombohedral crys-
tal symmetry and are near the rhombohedral ferroelectric-mixed ferroelectric/cubic phase
boundary.50,51 The phase transition of thex/65/35 PLZT system depends on the applied
electric field, temperature, and frequency.26,52–54This ceramic is paraelectric beyond the
Burns temperatureTB ' 350◦C, defined as the Curie temperature of the La-free com-
position.55 After cooling belowTB, the material transforms from paraelectric to ergodic
relaxor.43 The Curie temperatureTCurie for the 65/35 Pb/Ti ratio andx = 10, 9, 8, 7, 6,
and 5 mol.% was reported to be –25, –10, 65, 150, 240, and 310◦C, respectively.44 An
increase in lanthanum dopant concentration hinders the onset of long-range ferroelectric
order on cooling.43 This contributes to Curie temperature reduction from 310 to –25◦C as
lanthanum doping level increases from 5 to 10 mol.%.43 Additionally, the remanent polar-
izationPr and dielectric constantεr of rhombohedral ferroelectricx/65/35 PLZT are large
compared to other PLZT compositions.51 Finally, inx/65/35 PLZT, the ferroelectric phase
cannot be established spontaneously upon cooling (under zero electric field).53 However,
the ferroelectric phase can be induced and stabilized from the ergodic relaxor phase by
applying an external electric fieldE greater thanEcr(T ).56–59

Figure 8 shows the isothermal bipolar D-E loops of thex/65/35 PLZT system at 0.1 Hz
for temperatures between –110 and 250◦C, depending on the composition, and electric
field E ranging from –3 to +3 MV/m, in absence of compressive stress forx ranging
from 5 to 10 mol.%.60 It illustrates how the material composition can significantly affect
the shape of the D-E loops. In particular, increasingx resulted in a significant decrease
in remanentPr and saturationPsat polarization and a decrease in coercive fieldEc, for
a given temperature. In addition, for a given composition, the D-E loops overlapped and
exhibited square ferroelectric behavior at relatively low temperatures when the remanent
polarization was maximum. However, as the temperature increased, the isothermal D-E
loops degenerated into narrow and linear loops, particular as ferroelectric to paraelectric
phase transition took place.

2.4.2 Single-Crystal PMN-xPT

Single crystals PbMg1/3Nb2/3O3-xPbTiO3 (PMN-xPT) have been widely used in me-
chanical sensors and actuators and their piezoelectric and dielectric properties have been
studied extensively.21,23,27,28,42,61–69PMN-xPT possess large piezoelectric constant near
the morphotropic phase boundary (MPB).42 The latter corresponds tox ranging between
27.5 and 33 mol.%.62 Compositions near the MPB feature very large piezoelectric and py-
roelectric properties interesting for energy conversion.43 The Curie temperature increases
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FIG. 8: Isothermal bipolar D-E loops of thex/65/35 PLZT system at 0.1 Hz for different
temperatures between –110 and 250◦C depending on the composition and in absence of
compressive stress forx equal to (a) 5, (b) 6, (c) 7, (d) 8, (e) 9, and (f) 10 mol.%.
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with increasing PbZrO3 content (i.e.,x).70 For example,TCurie under zero electric field
was reported as 125, 145, and 172◦C for PMN-28PT, PMN-32PT, PMN-34PT, respec-
tively.27,70,71

Figure 9(a) shows the different phases assumed by [001] PMN-28PT single crystal in
the electric field versus temperature (E-T) phase diagram under zero stress.27 It indicates

5

5

FIG. 9: (a) E-T phase diagram of PMN-28PT single crystals under zero stress showing
the domains where rhombohedral (R), monoclinic (MA andMC), tetragonal (T), and cubic
(C) phases prevail. (b) Specific heatcp(T ) as a function of temperatureT illustrating the
different phase transitions of PMN-28PT [(a) adapted from Herklotz et al., 2010 and (b)
adapted from McKinley, 2013].27,74
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that the material can assume four different crystalline phases in the temperature range from
27 to 177◦C and electric field between 0 and 1.5 MV/m.27 These phases include the rhom-
bohedral (R), monoclinic phasesMA andMC , tetragonal (T), and cubic or pseudocubic
phase (C).27 The associated phase boundaries are both temperature and electric field de-
pendent. At room temperature under zero electric field, the material is in the rhombohedral
phase.72 The Curie temperature at zero field was reported to be∼125◦C,27 above which a
pseudocubic state existed.73 Note that the electric breakdownEb of PMN-xPT is around
1.0–1.5 MV/m.

Figure 9(b) plots the specific heatcp(T ) of [001]-poled PMN-28PT as a function of
temperatureT .74 During heating between 15 and 175◦C, the PMN-28PT sample exhib-
ited peaks incp(T ) at the phase transition temperatures of 85 and 148◦C corresponding,
respectively, to the rhombohedral to tetragonal and tetragonal to cubic phase transitions.69

During cooling from 175 to 15◦C, the PMN-28PT sample underwent the reverse phase
transition sequence with the phase transitions occurring at 132 and 69◦C. This illustrates
that phase transitions and the Curie temperature depends on whether the sample is heated
up or cooled down. In other words, the sharp lines between phases in the phase diagram
are used for the sake of clarity but correspond, in reality, to a much more “blurry” phase
transition zone.

Figure 10 plots the isothermal bipolar D-E loops for PMN-28PT measured at 0.1 Hz at
temperatures between 22 and 170◦C, for electric field varying from –0.75 to 0.75 MV/m,
and under different compressive stressσ between 0 and 25.13 MPa. It illustrates how tem-
perature, electric field, and mechanical loading affect the D-E loops and contribute to po-
larization switching and phase transitions.21,28,64,66In particular, increasing temperature
reduced the magnitude of the electric displacementD to eventually force phase transition
to paraelectric phase characterized by small and narrow D-E loops. Similarly, increasing
compressive stress reduced the coercive fieldEc, remanent polarizationPr, and the satura-
tion polarizationPsat.28,66In addition, the change in slope observed in the D-E loops as the
electric field decreased from 0.75 to 0.0 MV/m, under zero stress, corresponds to electric
field-induced phase transitions.75 According to the E-T phase diagram shown in Fig. 9(a),
tetragonal to monoclinicMC phase transition occurs at 80◦C and 0.4 MV/m. Similarly, the
tetragonal to cubic phase transition at temperatures 140, 150, and 160◦C occurred at elec-
tric fields 0.1, 0.18, and 0.25 MV/m, respectively.27 At T = 170◦C, the material remained
in the paraelectric pseudocubic phase for all electric fields considered and compressive
stress had negligible effect on the D-E loops. Finally, note that the isothermal D-E loops
were closed and consecutive D-E loops overlapped for any temperature and compressive
stress considered. This indicates that leakage current was negligibly small.

2.4.3 Polymer PVDF and Co-Polymer P(VDF-TrFE)

Polyvinylidene fluoride (PVDF) and its copolymers polyvinylidene fluoride trifluoroethy-
lene [P(VDF-TrFE)] have received significant attention among ferroelectric polymers as
they have been used in a wide range of applications.11,76 The ferroelectric terpolymer
P(VDF-TrFE-CFE) has recently generated interest for its narrow hysteresis loops and a
faster discharge speed than PVDF and P(VDF-TrFE).76
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FIG. 10: Isothermal bipolar D-E loops of PMN-28PT single crystals at 0.1 Hz for different
temperatures between 22 and 170◦C under compressive stressσ equal to (a) 0 MPa, (b)
6.16 MPa, (c) 10.3 MPa, (d) 18.81 MPa, (e) 23.02 MPa, and (f) 25.13 MPa (adapted from
McKinley, 2013).74
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First, PVDF has at least four crystal phases, including theα, β, γ, andδ-phases whose
molecular structures are illustrated in Fig. 11.77 When cooled from liquid to solid states
in the absence of external stresses, PVDF crystallizes into the nonpolarα-phase. Theβ,
γ, andδ-phases are obtained by simultaneously deforming and poling the polymer.11,31

Although theα-phase is paraelectric and more stable, theβ-phase exhibits the strongest
ferroelectric properties.31 During the electric poling process, theα-phase crystals are con-
verted intoβ-phases by the alignment of dipole moments of individual crystallites in the
direction of the applied electric field.31,78On the other hand, and unlike PVDF, co-polymer
P(VDF-TrFE) spontaneously crystallizes into the ferroelectricβ-phase in the absence of
external stresses.79 Repoling P(VDF-TrFE) and P(VDF-TrFE-CFE) occurs spontaneously
and requires only cooling below their respective Curie temperatureTCurie. By contrast, re-
poling PVDF requires mechanical deformation or electric poling yet again. Thus, P(VDF-
TrFE) and P(VDF-TrFE-CFE) are preferred for pyroelectric energy conversion subjecting
them to numerous heating and cooling cycles.

Co-polymers P(VDF-TrFE) are attractive for their (i) large pyroelectric coefficients,
(ii) larger dielectric strength, (iii) low density, (iii) low cost, and (iv) flexibility.11,80 In
addition, P(VDF-TrFE) features a very large electric breakdown fieldEb on the order of
50–100 MV/m (i.e., 50–100 times larger than that of PZT,81 PLZT, or PMN-xPT, typically
around 1–5 MV/m). The Curie temperature of P(VDF-TrFE) is also relatively low com-
pared to that of ceramics PZT and PLZT, making it attractive for low-temperature waste
heat harvesting. What’s more,TCurie of P(VDF-TrFE) can be adjusted by varying the
VDF/TrFE ratio and the applied electric field. For example,TCurie increases from 63 to
130◦C as the VDF/TrFE ratio increases from 50/50 to 75/25.82 Note also that the Curie
temperature increases with increasing applied electric fields.79 For example, for 60/40
P(VDF-TrFE)TCurie increases from∼70◦C, at zero field, to 120◦C for a electric field
of 52.7 MV/m.83 However, the maximum electric displacement of P(VDF-TrFE) is around

FIG. 11: Molecular structure of the three main polymorphic crystalline phases of PVDF
namely theα, β, and γ-phases (reprinted with permission from Elsevier, Copyright
2010).77
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0.05–0.1 C/m2 (Ref. 34) and relatively low compared to that of PLZT and PMN-xPT at
around 0.3–0.5 C/m2 (see Figs. 8 and 10).

Moreover, P(VDF-TrFE) co-polymers are prone to leakage current particularly at high
electric fields and/or high temperature.33,34,84–86Several approaches can be used to reduce
leakage current, including (i) purifying pyroelectric materials by eliminating defects in the
film, 34,86,87(ii) baking out or vacuum heating the pyroelectric material before attaching the
electrodes in order to evaporate all solvents within the co-polymer as they tend to reduce the
polymer resistivity,33,34and (iii) poling the pyroelectric element prior to its use to increase
its electrical resistance.30,34,35

Finally, Table 1 summarizes the advantages and disadvantages of the materials pre-
viously discussed for pyroelectric energy conversion. Single crystals and ceramics offer
advantages over polymers in that (i) they have large polarization, (ii) they possess sig-
nificantly lower leakage current thanks to their higher electrical resistivity, and (iii) some
of them do not require electrical poling. However, polymer films can sustain significantly
larger electric field. Comparing the isothermal D-E loops for PMN-28PT (Fig. 10),x/65/35
PLZT (Fig. 8), and P(VDF-TrFE) (Refs. 34 and 86) indicates that although co-polymer
P(VDF-TrFE) possess a larger dielectric breakdown than PMN-28PT and PLZT ceramics,
the latter feature significantly larger polarization and electric displacement.

3. PYROELECTRIC ENERGY CONVERSION

3.1 Linear Pyroelectric Energy Conversion

3.1.1 Principle

A pyroelectric element (PE) consists of a plane-parallel slab or thin film of pyroelectric
material with two electrodes deposited on opposite faces used to impose an electric field

TABLE 1: Advantages and disadvantages of different pyroelectric materials for pyro-
electric energy conversion

Material type Advantages Disadvantages
Ceramics Fast phase transition Delicate

Chemically stable Susceptible to aging
Adjustable composition Expensive
High operating temperature

Single crystals Predictable performance Small electric breakdown
Large polarization/displacement Slow phase transition
Versatile electrode configurations Expensive
Excellent electromechanical coupling Delicate
Chemically stable Susceptible to aging

Polymers Large electric breakdown Leakage current
Inexpensive Require electric poling
Operate at low temperatures Small displacement
LargeND per mass
Easy to synthesize
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and to collect charges (Fig. 3). Linear pyroelectric energy conversion consists of subjecting
a pyroelectric element to cyclic temperature fluctuations in the absence of a bias electric
field. The PE typically undergoes temperature fluctuations on the order of 10◦C or less
and behaves in the quasi-linear regime.35,88–91 In other words, the generated currentIp

is linearly proportional to the time rate of change in temperaturedT/dt, as described by
Eq. (1). The PE is connected to a resistive electrical load or to a storage circuit to use
or store the electrical energy generated. In order to maximize energy generation, the PE
should feature a large pyroelectric coefficientpc and large surface areaA.35 It should also
be thermally cycled at high frequency to generate largedT/dt and as much electrical
power as possible. In this case, the pyroelectric element should also have small thermal
inertia. This can be achieved by considering materials with low heat capacity, defined as
the product of specific heatcp, densityρ, and volume of the PE. Conditions for large
surface area and small volume suggest the use of thin films, as illustrated by Hsiao and
Jhang90 with PZT.

3.1.2 Performance

Two figures of merit (FOM) have been proposed to quantify the performance of pyro-
electric materials for linear pyroelectric energy conversion, namelyFE (Ref. 92) andk2

(Ref. 93) defined as

FE =
p2

c

ε0εr
and k2 =

p2
cTH

ρcpε0εr
(10)

wherepc is the pyroelectric coefficient,ε0εr is the permittivity,ρ is the density,cp is the
specific heat of the pyroelectric material, andTH is the temperature of the hot source. The
FOM FE represents how much electrical power a pyroelectric material can harvest from
the hot source whilek2 is a dimensionless electrothermal coupling factor representing
how effectively a pyroelectric material converts thermal energy into electrical energy. An
alternative FOM has been recently proposed as94

F ′E =
p2

c

(ρcp)2ε0εr
. (11)

Note that these FOM are independent of frequency and film thickness. However, these
parameters are known to affect the power generated.35,90,95,96

3.1.3 Demonstration

Table 2 summarizes the various experimental demonstrations of linear pyroelectric energy
conversion reported in the literature, in chronological order.35,91,95,97–102It includes the PE
material and dimensions, the hot and cold sources, the minimum and maximum temper-
atures reached by the PE, the maximum heating/cooling ratesdT/dt, and the peak areal
(µW/cm2) and volumetric (W/L) power densities as well as the energy density (J/L/cycle)
whenever available or applicable. Most studies used commercial PZT,35,95,97–100while a
few investigated PMN-PT (Refs. 95 and 97) and PVDF (Refs. 35, 97, and 101).
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Different circuits exist to harvest the energy generated by linear pyroelectric convert-
ers.35,89The most commonly used electric circuit, to measure and/or to collect the electrical
energy generated, consisted of a full-wave rectifier bridge circuit connected to a capacitor
for storage.90,96,99,101–103This circuit converts the AC current generated by the pyroelectric
element into a DC voltage conditions for storage. In addition, the so-called synchronized
switch harvesting on inductor (SSHI) circuit has been demonstrated experimentally to in-
crease the energy harvested by a factor of 2.5 compared to the full-wave rectifier circuit.89

It consists of an inductor in series with an electronic switch that is always open except
in the vicinity of temperature extremes.89 Finally, less frequently, an operational amplifier
connected in parallel to the PE and a load resistor have been used. Here, the resistance can
be varied for impedance matching.95,100

The maximum power generated per unit surface area of pyroelectric material was re-
ported as 21µW/cm2 using 500µm thick PZT-5H films exposed to solar radiation con-
centrated with a Fresnel lens as the heat source.100 A wind turbine actuated a gear box
system to periodically obstruct the incident solar radiation and create periodic temperature
oscillations in the PE. Leng et al.101 used also the linear pyroelectric effect to produce elec-
trical power from hot water, at up to 80◦C, and cold water, around 0◦C, alternatively flown
over a 110µm thick PVDF film with surface area of 3×3 cm2 with 10 µm Cu electrodes
at a frequency of up to 5–10 Hz. The maximum areal and volumetric (µW/cm3 or W/L)
power densities generated by their system were respectively 14µW/cm2 or 1.08 W/L [er-
roneously reported as 1.08 W/cm3 (Ref. 104)]. This was the largest power density reported
to date for linear pyroelectric energy conversion. Note that, in all cases, the maximum
temperature was maintained below the Curie temperature presumably to avoid depoling of
the pyroelectric film. In addition, most studies did not report the efficiency of the overall
system except for Zhang et al.,99 who reported an efficiency of 6× 10−5%.

Finally, simple thermal and electric circuit models have been developed to predict the
temporal evolutions of voltage across the storage capacitor.99 and temperature oscillations
in the PE.96,98,105–107They have shown very good agreement with experimental measure-
ments.98,99,106

3.1.4 Challenges and Improvements

Overall, linear pyroelectric power generation can be used with any pyroelectric material.
It is relatively easy to implement experimentally in terms of device design, assembly, and
electric circuit. However, it typically does not take advantage of the large change in polar-
ization experienced by ferroelectric materials as a result of phase transition to paraelectric.
This is due to the fact that the pyroelectric materials considered (e.g., PZT, PVDF) lose
their spontaneous polarization when heated above their Curie temperature and do not re-
cover it during subsequent cooling below the Curie temperature without a bias electric
field. As a consequence, linear pyroelectric energy generation suffers from low energy and
power densities, and low efficiency.

Improvements have also been sought in the geometry of pyroelectric elements and
of their electrodes. For example, Hsiao et al.105 isotropically etched quasi-spherical cav-
ities with a square footprint on one face of a 200µm PZT film with meshed electrodes.
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Similarly, Hsiao et al.96 cut 200µm wide and 50–150µm deep rectangular trenches using
a precision dicing saw on one face of a 200µm PZT film. Here, Au electrodes were de-
posited by e-beam evaporation on the top surface of the film and trenches electrically con-
nected to one another with silver paste. Their results suggest that the presence of trenches
enhances the heating and cooling rates of the PE by acting as parallel-plate fins. How-
ever, it remains unclear whether the energy and/or power generated improved as some
active material was removed. Further exploring the structure of the PE surface, Hsiao
and Siao103 demonstrated that replacing planar conformal electrodes on a plane-parallel
film with three-dimensionally structured electrodes could increase the energy and power
densities of linear pyroelectric energy conversion. The increase in energy generation was
attributed to the enhanced heat transfer induced by the electrodes’ patterned surfaces.

3.2 Pyroelectric Energy Conversion Cycles

3.2.1 Introduction

As previously discussed, pyroelectric energy conversion cycles consist of subjecting a py-
roelectric element to a sequence of thermoelectromechanical processes describing a closed
path in the three-dimensional D-E-T or in the four-dimensional D-E-T-σ phase diagram.
Pyroelectric energy conversion cycles may also take advantage of solid state phase tran-
sition(s) induced by changes in temperature, electric field, and/or compressive stress, in-
cluding the ferroelectric-to-paraelectric phase transition, previously discussed. This section
introduces the principles of several pyroelectric energy conversion cycles reported in the
literature.

3.2.2 Clingman Cycle

Pyroelectric energy conversion was explored using the Clingman cycle in the 1960s.108–110

Figure 12 illustrates the Clingman cycle in a D-E diagram. This cycle is implemented as
follows:

1. Initially, the PE is atTcold slightly belowTCurie with both zero applied electric field
E and electric displacementD.

2. Then, the electric field is isothermally increased from zero toE2 corresponding to
D increasing from zero toD2.

3. The PE is heated fromTcold ∼ TCurie to Thot > TCurie at constant electric dis-
placementD2 (open circuit). As a result, the electric field increases fromE2 to E3.

4. Afterward, the PE is isothermally discharged at temperatureThot until bothD and
E equal zero.

5. Finally, the PE is cooled to its original temperatureTcold ∼ TCurie to close the
cycle. This provides a clockwise cycle in the D-E diagram corresponding to positive
electric work performed by the PE.
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∫=

FIG. 12: Pyroelectric energy conversion cycle used by Clingman and Moore108 in the D-E
diagram around the Curie temperature.

Theoretical predictions of the efficiency of the Clingman cycle fell below 1%,108–110

mainly due to the fact that “the energy required to increase the temperature of the lattice
is nearly always much larger” than the energy required to release electric charges.109 The
very low theoretical efficiencies discouraged further research on energy harvesting with
pyroelectric materials until the late 1970s. However, Van der Ziel110 made use of Eq. (1)
to calculate the pyroelectric current, which is only valid for linear behavior and relatively
small changes in temperature.14 In fact, it has been shown that when the temperature varies
by more than several mK, the relationship between current and temperature is no longer lin-
ear.14 Moreover, Hoh111 suggested that the previous theoretical calculations “suffer from
unfortunate choices of material parameters” and that an efficiency of 5.6% can be achieved
using lead titanate PbTiO3 with a temperature span of∆T = 30◦C and an electric field
change of∆E = E3 −E2 = 107 V/m.

Finally, Childress112 theoretically considered a pyroelectric cycle based on Clingman
cycle but such that (i) a voltage was applied during process 3–4, preventing the electric
field from reaching zero so as to avoid depoling, and (ii) the PE was open circuited during
the cooling process 4–1 so thatE decreased while maintaining a constantD during this
process. Here also, the author considered a thermodynamic efficiency of 0.5% for BaTiO3

between 120 and 150◦C, to be too low to have any further interest. In fact, to the best of
our knowledge, the Clingman and Childress cycles have never been demonstrated experi-
mentally.

3.2.3 Olsen Cycle

The Olsen cycle was developed between 1978 and 1985 by Olsen and Bruno,83 Olsen and
Brown,115 Olsen and Evans,116 and Olsen et al.81,113,114,117It consists of two isothermal
and two isoelectric processes performed on a pyroelectric element.113 It is analogous to the
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Ericsson cycle defined in the pressure versus specific volume phase diagram of a working
fluid.113 Note that it has also been termed as the electric Ericsson cycle81 or the Ericssson
cycle.118–120However, we find this terminology confusing and prefer to call the cycle by
its inventor’s name,121–123as also adopted by other groups.79,100,124

Figure 13 shows typical isothermal bipolar hysteresis curves plotting electric displace-
mentD versus electric fieldE exhibited by ferroelectric materials at two different tem-
peraturesTcold andThot > TCurie. It also illustrates the four processes constituting the
Olsen cycle. Process 1–2 consists of charging the pyroelectric element atTcold by increas-
ing the applied electric field fromEL to EH . Process 2–3 discharges the PE by heating it
from Tcold to Thot under constant electric fieldEH . Process 3–4 reduces the electric field
from EH to EL under isothermal conditions atThot. Finally, process 4–1 closes the cy-
cle by cooling the PE fromThot to Tcold under constant electric fieldEL. In other words,
the principle of the Olsen cycle is to charge a capacitor via cooling at small electric field
and to discharge it under heating at large electric field. Note that the pyroelectric element
is subjected to temperature fluctuations on the order of 50–100◦C, resulting in nonlinear
behavior. In addition, these processes are performed under zero mechanical stress.

Here also, the area enclosed by the four processes of the Olsen cycle in the D-E diagram
depicted in Fig. 13 corresponds to the material energy densityND. This indicates thatND

can be maximized by (i) increasing the change in electric displacementD as the material
temperature varies betweenThot andTcold and/or by (ii) increasing the electric field span
(EH − EL). First, in order to maximize the change inD, Thot should be higher than the
Curie temperatureTCurie at EH . In addition,Tcold should be chosen so that the material
exhibits the largest electric displacement in the rangeEL to EH . Second, to maximize the

FIG. 13: Isothermal bipolar D-E loops for a typical pyroelectric material at temperatures
Thot andTcold under zero stressσ = 0 Pa, along with the Olsen cycle. The electrical energy
densityND generated per unit volume of material per cycle is represented by the area
enclosed between 1-2-3-4.
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electric field span (EH − EL), the pyroelectric material should possess a large electric
breakdown fieldEb, whereasEL should be as low as possible yet above the electric field
required for poling atTcold. The electric field required for poling is typically slightly larger
than the coercive electric fieldEc.27 Note, however, that these options are limited by the
number of thermal cycles and by the electric field that the material can sustain. Excessive
and/or repeated temperature swings or temperature gradient and large electric field can lead
to premature cracking and failure of the pyroelectric material and/or its electrodes.125

Finally, the Olsen cycle has been investigated extensively and demonstrated on
PZT,113–115P(VDF-TrFE) with different VDF/TrFE ratios,29,33,126PMN-PT,127,128 PZN-
PT,129 various composition of PLZT,60,125and BaTiO3.120 This cycle will be discussed in
more details in Section 4.

3.2.4 Thermomechanical Cycle

3.2.4.1 Principle

The Olsen cycle takes advantage of the large changes in polarization caused by ferroelec-
tric to paraelectric phase transition. However, it relies on heat transfer to drive this phase
transition. Unfortunately, heating and cooling are inherently slow processes. To address
this limitation, McKinley et al.130 developed a pyroelectric energy conversion cycle work-
ing in the four-dimensional D-E-T-σ phase diagram. It uses uniaxial compressive stress
in addition to thermal and electric field cycling to rapidly force the pyroelectric material
into a specific phase. In other words, they combined piezoelectric and pyroelectric energy
conversions and were able to increase the cycle frequency by several orders of magnitude.

Figure 14 shows this thermomechanical power cycle projected onto the D-E plane
overlaid with the corresponding bipolar D-E loops at cold temperatureTcold under zero
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stress and at hot temperatureThot under compressive stressσH . Process 1–2 consists of an
isothermal increase in electric field fromEL to EH atTcold in the absence of compressive
stress. Process 2–3 simultaneously compresses and heats up the pyroelectric element atσH

and up toThot. Process 3–4 corresponds to an isothermal decrease in electric field from
EH to EL atThot under compressive bias stressσH . Finally, process 4–1 closes the cycle
by simultaneously cooling the pyroelectric element toTcold and removing the mechanical
loading under constant electric fieldEL. Figure 14 also suggests that the thermomechan-
ical cycle extends beyond the bounds of the Olsen cycle confined to the area between the
isothermal D-E loops atTcold andThot both under no stress (i.e.,σ = 0 Pa). Finally, this
cycle has been demonstrated experimentally using single crystal PMN-28PT.130

3.2.4.2 Implementation

Figure 15(a) is a schematic and Fig. 15(b) is a photograph of the thermomechanical system
implementing the above thermomechanical power cycle.130 It consisted of a spring return
air cylinder vertically actuated using compressed air controlled by a solenoid valve to apply
the compressive stressσH . The heat source consisted of a thick aluminum plate maintained
at constant temperatureTH . The cold source was an aluminum heat sink passively main-
tained near room temperatureTC . Note that the cold and hot temperatures reached by the
PE differed fromTC andTH . They also depended strongly on the operating frequency.130

The PE was electrically insulated from the metallic heat source and sink by a thin Kapton
film.

Figure 16 depicts, in the D-E diagram, the actual thermomechanical power cycle per-
formed at 0.025 Hz between cold and hot source temperaturesTC = 22◦C andTH = 187◦C
corresponding to sample temperaturesTcold = 59◦C andThot = 129◦C. The electric field
was cycled betweenEL = 0.2 MV/m andEH = 0.75 MV/m. A compressive stress ofσH

= 18.81 MPa was applied during processes 2–3 and 3–4. Figure 16 also shows the isother-
mal bipolar D-E loops collected independently at temperatures near these values ofThot

andTcold and under compressive stress 0 andσH . The power cycle shown in Fig. 16 was
vertically translated to match the electric displacement of the D-E loop forThot andσH at
EH (state 3), as performed by Olsen and Evans.116 Figure 16 also suggests that the Olsen
cycle performed under similar operating temperatures and electric fields would yield much
smaller energy densities considering the area bounded by the D-E loops at temperatures
Tcold andThot.128

3.2.5 Performance Metrics

The energy densityND generated during the above pyroelectric energy conversion cycles
is defined as the electrical energy produced per unit volume of the material per cycle. It
is represented by the area enclosed by the clockwise cycle in the D-E diagram (i.e.,ND

is positive). It is expressed in J/L/cycle (1 J/L/cycle = 1 mJ/cm3/cycle) and defined as
follows:113

ND =
∮

EdD (12)
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FIG. 15: (a) Schematic and (b) photograph of the thermomechanical subsystem used to
create the periodic temperature oscillations and to apply compressive stress during the ther-
moelectromechanical power cycle depicted in Fig. 14 (adapted from McKinley, 2014).130

The corresponding power densityPD is the amount of energy generated by the pyroelectric
material per unit volume per unit time. It is expressed in W/L and defined as follows:

PD = fND (13)

wheref is the overall cycle frequency defined asf = (
∑

τij)−1, whereτij is the duration
of processi-j. Note thatND is also dependent on the cycle frequency.129,131

Overall, desirable properties in pyroelectric materials to maximize electrical energy
and power densities include (i) large dielectric strength to enable the application of large
electric fields without breakdown, (ii) small leakage current caused by electrical conduction
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FIG. 16: Isothermal bipolar D-E loops of PMN-28PT and experimental thermomechanical
power cycle performed at frequencyf = 0.025 Hz with (i) electric field ranging between
EL = 0.2 MV/m andEH = 0.75 MV/m, (ii) temperatures betweenTcold = 52◦C andThot

= 109◦C, and (iii) compressive stressσH = 18.81 MPa. Here, the energy densityND was
33.6 J/L/cycle.

through the material that reduces the energy density, (iii) short discharge time of the sur-
face charges in order to minimize cycle period, maximize frequency and power density,
and (iv) small thermal inertia to enable rapid isoelectric heating and cooling processes to
maximize power density. Note also that the energy and power densities do not reach their
respective maximum at the same frequency.30 Indeed, low frequency ensures that the PE
has time to reach the cold and hot source temperatures (i.e.,Tcold = TC andThot = TH).
Then, the processes can be considered as a series of quasi-equilibrium states and the en-
ergy density reaches its maximumND,max. Increasing the frequency may be beneficial to
increasing the power density. However, it tends to reduce the temperature swing of the PE,
particularly if the latter has large thermal mass. Typically, the power densityPD increases
with increasing cycle frequency to reach a maximumPD,max a critical frequency beyond
which it decreases.30,126

Moreover, the pyroelectric material efficiency of a power cycle is defined as the ratio of
the electrical energy generated to the thermal and/or mechanical energy consumed during
the cycle. The thermomechanical cycle converts both thermal and mechanical energies into
electrical energy. Then, the material efficiencyηm can be expressed as

ηm =
ND

Qin + Win
(14)

Note that this definition of efficiency is consistent with that used for piezoelectric materials
given byηm = ND/Win (Ref. 132) and for the Olsen cycle given byηm = ND/Qin.118
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The thermal energy densityQin provided per unit volume of pyroelectric material during
the cycle may be expressed as

Qin =
∮

ρcp(T )dT (15)

The specific heatcp(T ) is temperature-dependent and accounts for phase transition, as il-
lustrated in Fig. 9(b). Similarly, the net mechanical workWin provided during the cycle
per unit volume of pyroelectric material can be defined as

Win =
∮

σ(ε)dε (16)

whereε represents the strain in the direction parallel to the polarization. For ferroelectric
materials undergoing phase transition(s), the relationship betweenσ and ε is typically
nonlinear.46,66Thus,Win cannot be expressed in terms of the Young’s modulus. Instead, it
should be estimated from actual stress-strain curves.133

Finally, the material efficiencyηm defined above accounts for the conversion of ther-
momechanical energy into electricity by the material alone. However, it does not represent
the efficiency of a potential device implementing the cycle. The latter may require addi-
tional heat and work input to operate and is also subject to heat losses, friction, and other
irreversible processes. In other words,ηm represents the upper limit of efficiency achiev-
able by a pyroelectric energy converter using the material and cycle under consideration.

4. OLSEN CYCLE

Of all the pyroelectric energy conversion cycles introduced in Section 3.2, the Olsen cycle
has been the most studied due to the fact that it has achieved the largest demonstrated en-
ergy60 and power120 densities per unit volume of material among the different pyroelectric
energy conversion methods.

4.1 Practical Implementation

Typical experimental methods and devices implementing the Olsen cycle consist of an
electrical and a thermal subsystem as described in the following sections.

4.1.1 Electrical Subsystem

The electrical subsystem serves two main purposes (i) to control the electric field applied to
the pyroelectric element and imposeEL or EH at appropriate time during the Olsen cycle
(see Fig. 13), and (ii) to determine, and potentially store, the energy and power generated
by the pyroelectric element by measuring the voltageV and chargesQ displayed by the
pyroelectric element. Figure 17 shows a modified Sawyer-Tower circuit19,134typically used
for measuring D-E loops and the energy generated by the Olsen cycle.29,81,113,116,125–129,135

A resistive voltage divider is placed in parallel with the Sawyer-Tower bridge to control
the electric field imposed on the pyroelectric element. VoltageV1 across the film capacitor
can be measured using an electrometer, featuring a very large internal resistance in order
to minimize discharge of the capacitorC1 in series with the PE. The resistorRL acts as
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VPyroelectric
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C1High voltage
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meter
VL / VH
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FIG. 17: Typical electric circuit used to perform pyroelectric energy conversion cycles
(adapted from Navid and Pilon, 2011, Nguyen et al., 2010, Lee et al., 2013, and Olsen et
al., 1985).29,30,60,81

a voltage divider to scale down the voltage across the resistorR2 in order to not exceed
the maximum voltage input of the data acquisition system (DAQ). The electric field can be
applied by a computer-generated function through the DAQ connected to a high-voltage
power supply. The magnitude of the film electric displacementD is determined from

D =
Q

A
=

C1V1

A
(17)

whereA is the pyroelectric film’s surface area (Fig. 3). The magnitude of the electric field
across the PE can be calculated from Ohm’s law and Kirchhoff’s law and expressed as
follows:

E =
V

b
=

V2(1 + RL/R2)− V1

b
(18)

whereb is the pyroelectric film thickness (Fig. 3). Then, the Olsen cycle can be represented
in the D-E diagram using estimates ofD andE from Eqs. (17) and (18).

4.1.2 Thermal Subsystem

The thermal subsystem depends on the heat source and on the heat transfer mode used
for cooling and heating the pyroelectric element betweenTcold andThot during the Olsen
cycle. Conduction, convection, and radiation are the three possible modes of heat transfer.
In all cases, the thermal subsystem consists of a cold and a hot source maintained at tem-
peraturesTC andTH , respectively. Note that these temperatures may differ from the cold
and hot temperaturesTcold andThot, reached by the pyroelectric element during the cycle.

4.1.2.1 Dipping Experiments

A simple method for implementing the Olsen cycle is to successively dip the PE in hot
and cold baths of dielectric fluid(s) maintained at temperaturesTC andTH while imposing
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the desired electric field.29,79,83,85,125This so-called dipping experiment is very simple to
implement and can be used to assess the maximum amount of energy and power generated
by a pyroelectric material under somehow idealized conditions. Indeed, this method avoids
dealing with challenges associated with heat transfer limitations, heat losses, and assembly
encountered in actual devices. This method has been used extensively for the screening
of promising pyroelectric materials, including nonporous or porous P(VDF-TrFE),29,79,83

PMN-xPT,127,128PZN-PT,129 and PLZT.60,125

4.1.2.2 Heat Conduction

Heat conduction can be used to heat up and cool down the pyroelectric element in the
Olsen cycle through a stamping procedure illustrated in Fig. 18.136 It consists of alternately
pressing a pyroelectric element in thermal contact with cold and hot blocks respectively
kept at temperatureTC andTH while imposing an electric field across the pyroelectric
element as prescribed by the Olsen cycle. Lee et al.136 used 50µm thick co-polymer 60/40
P(VDF-TrFE) films as the pyroelectric material supported by a wooden stamp. Metallic

FIG. 18: (a) Photographs of the thermal subsystem used to create periodic temperature os-
cillations by the stamping procedure as well as of the PE-stamp assembly and (b) schematic
of the associated implementation of the Olsen cycle (adapted from Lee et al., 2010).136
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blocks either heated with a cartridge heater or cooled by natural convection thanks to a
finned heat sink were used as the hot and cold sources, respectively. They were coated
with a thermally conductive but electrically insulating epoxy film so that the pyroelectric
element was in thermal contact but not in electrical contact with the hot and cold sources.
The authors reported a maximum energy density of 155 J/L/cycle at 0.066 Hz for temper-
aturesTC andTH of 25 and 110◦C electric fields between 20 and 35 MV/m.

Moreover, Cha and Ju126 demonstrated the Olsen cycle up to 0.8 Hz on 56/44 P(VDF-
TrFE) by taking advantage of liquid-based switchable thermal interfaces to provide heating
and cooling. This liquid interface presents the advantage of reducing contact resistance be-
tween the PE and the cold and hot sources. The authors reported a maximum energy density
of 250 J/L/cycle at 0.25 Hz and power density of 110 W/L around 1 Hz for temperatures
TC andTH of 40 and 100◦C electric fields between 20 and 35 MV/m.

4.1.2.3 Forced Convection

Compared to heat conduction, convective heat transfer is arguably a faster way to heat
up and cool down the pyroelectric element. In the context of the Olsen cycle, it can be
implemented by alternatively flowing hot and cold dielectric working fluid over one face
of a pyroelectric element, as performed by Ikura13 on P(VDF-TrFE) films. However, the
power output and efficiency of such a pyroelectric converter can be significantly improved
by using (i) heat regeneration113 and (ii) multistaging.117

Heat regenerationconsists of oscillating a working fluid over one or both faces of the
PE located between the hot and cold sources. The fluid flow should be laminar in order to
preserve the temperature gradient between the hot and the cold sources. Heat regeneration
can significantly reduce heat losses from the system by cycling the heat back and forth
between the pyroelectric element and the working fluid. It has been established theoret-
ically that pyroelectric conversion cycles based on heat regeneration using an oscillating
working fluid and the Olsen cycle can reach Carnot efficiency between a hot and a cold
thermal reservoir.33 However, in practice, limitations in reaching Carnot efficiency include
(i) leakage current, (ii) heat losses to the surrounding, and (iii) sensible (thermal) energy
required to heat the material. Heat regeneration has been successfully implemented exper-
imentally.30,113

Multistagingrefers to the placement of different pyroelectric materials with increasing
Curie temperature from the cold to the hot sources along the oscillating temperature gra-
dient. A large fraction of the power is generated during phase transition, and in particular
ferroelectric to paraelectric atTCurie.86,128Thus, the pyroelectric material at a given loca-
tion should be chosen such that itsTCurie falls within the range of the local temperature
oscillations, resulting in more efficient power generation. Multistaging has been demon-
strated by Olsen et al.117

4.1.2.4 Radiation

Heat conduction and convective heat transfer under laminar flow are inherently slow and
limit the operating frequency of the Olsen cycle and therefore the power density. By con-
trast, radiative heat transfer takes place at the speed of light. Thus, a pyroelectric material
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can reach its phase transition temperature rapidly during the Olsen cycle when heated by
radiation. In fact, radiation has been used as a heat source to heat up pyroelectric ele-
ments.91,95,102Planck’s blackbody radiation theory imposes a limit on the maximum radia-
tive transfer between two surfaces at given temperatures. It applies in the far field when the
gap sized separating radiating surfaces is much larger than the peak radiation wavelength
(d À λmax).137 According to Wien’s displacement law (λmaxT = 2898µm·K), the peak
radiation wavelengthλmax is around 10µm for the temperature range between∼300 and
400 K. In the far field, temporal temperature oscillation in the PE can be achieved by ex-
posing it to a thermal radiation source (e.g., heat lamp or sunlight) periodically obstructed
by a chopper91,95,102as performed in motion sensors and infrared detectors.12

For gap sizes much smaller or comparable to the peak wavelength (d ¿ λmax), ther-
mal radiation can be increased by several orders of magnitude by varying the subwave-
length distance between the PE and the cold and hot sources.138 The thermal radiation
enhancement in the near field is attributed to evanescent waves tunneling through the
small gap.137,139 These nonpropagating waves only transport energy when an object is
brought in close proximity to an emitter. In the case of dielectric materials, surface waves
called surface phonon polaritons are excited by infrared radiation due to coupling between
the electromagnetic field and optical phonons.138 Thus, temporal temperature oscillations
can be achieved by periodically bringing the PE in close proximity with the cold and
hot sources.140,141Fang et al.140 performed numerical simulations of a pyroelectric con-
verter harvesting nanoscale thermal radiation using 60/40 P(VDF-TrFE) and PMN-10PT.
The converter consisted of a composite pyroelectric plate oscillating between hot and cold
plates separated by a nanosized gap.140 Each of these plates consisted of an aluminum plate
coated with a 1µm thick SiO2 absorbing layer. Similarly, the PE plate consisted of a ferro-
electric composite thin film coated with SiO2. This was meant to further enhance radiative
heat fluxes as silicon dioxide SiO2 is a dielectric material exhibiting large absorption index
at wavelengths of∼10µm. Note that, in these simulations, the device was assumed to oper-
ate under vacuum to minimize friction on the oscillating PE plate and to reduce heat losses
to the surrounding. The concept of multistaging can also be applied with this mode of heat
transfer by superimposing pyroelectric films with different compositions and Curie temper-
ature and separated by electrodes. The simulations showed that for a multilayer composite
PMN-10PT thin film, an efficiency of 1.35% and a power output of 6.5 mW/cm2 was pre-
dicted for cold and hot plates at 10 and 110◦C.140 The simulated operating frequency was
1.2 Hz, more than 10 times greater than that of actual devices employing laminar convec-
tive heat transfer.29,30,140A similar concept has been explored for converting spacecraft
waste heat into electricity.142 In practice, however, maintaining a nanoscale gap (∼100 nm
or less) between the PE and the hot or cold plates remains challenging.

4.2 Performance Comparisons

Numerous studies have investigated the Olsen cycle performed on ferroelectric polymers
P(VDF-TrFE),29,30,33,79,136single crystals PMN-PT and PZN-PT,127–129and PLZT ceram-
ics.106,113–115,117,125,143The following sections compare the performance of these materials
in terms of energy and power densities.
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4.2.1 Maximum Energy Density

Table 3 compares the maximum energy densityND,max generated experimentally by per-
forming the Olsen cycle on various materials for different temperaturesTC andTH , and op-
erating electric fieldsEL andEH . These measurements were performed at low frequency
under quasi-equilibrium conditions implyingTC = Tcold andTH = Thot. The latter re-
fer to operations when the electric displacement reached a steady state during isoelectric
field heating (process 2–3) and cooling (process 4–1) before the electric field was varied to
perform processes 3–4 and 1–2, respectively. Most of the results reported in Table 3 were
obtained using dipping experiments.

Single crystals PMN-xPT and PZN-xPT produced energy density on the order of 100–
200 J/L/cycle.118,127,129,144This is significantly less than that produced by PLZT ceramics
and by some P(VDF-TrFE). However, single crystals are useful model materials to un-
derstand the material behavior and phase transitions occuring during the Olsen cycle.128

Note that a maximum energy density of 900 J/L/cycle was reported by Olsen et al.83 for
60/40 P(VDF-TrFE) films with temperaturesTC andTH of 25◦C and 120◦C and electric

TABLE 3: Comparison of the maximum energy densityND,max achieved experimentally
by different materials subjected to the Olsen cycle at low frequency along with temperature
and electric field ranges

TC TH EL EH ND,max

Material ( ◦C) (◦C) (MV/m) (MV/m) (J/L/cycle) Refs.
PZST 157 177 0.4 3.2 131 117
PZST 145 178 1.2 3.2 130 113
PZST 146 159 0.0 2.9 100 81
PZST 110 170 0.0 2.8 0.4 115

73/27 P(VDF-TrFE) 23 67 23.0 53.0 30 33
60/40 P(VDF-TrFE) 25 120 20.0 60.0 900 83
60/40 P(VDF-TrFE) 58 77 4.1 47.2 52 13
60/40 P(VDF-TrFE) 50 100 6.23 27.6 165 79
60/40 P(VDF-TrFE) 67 81 20.3 37.9 130 30
60/40 P(VDF-TrFE) 25 110 20.0 50.0 521 29

61.3/29.7/9 P(VDF-TrFE-CFE) 0 25 0.0 25.0 50 166
PZN-4.5PT 100 160 0.0 2.0 217 144
PZN-5.5PT 100 190 0.0 1.2 150 129
PMN-10PT 30 80 0.0 3.5 186 118
PMN-28PT 90 170 0.2 0.75 86 130
PMN-32PT 180 170 0.0 0.9 100 127

5/65/35 PLZT 40 250 0.4 7.5 799 60
6/65/35 PLZT 40 210 0.4 8.5 949 60
7/65/35 PLZT 30 200 0.2 7.0 1013 60
8/65/35 PLZT 25 160 0.2 7.5 888 125
9/65/35 PLZT 3 150 0.4 7.5 653 60

9.5/65/35 PLZT 3 140 0.2 6.0 637 135
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field cycled betweenEL = 20 andEH = 60 MV/m. However, it is unclear whether these
experimental results were averaged over multiple cycles and if they were repeatable. In
fact, Navid et al.29 produced 521 J/L/cycle averaged over five cycles for the same material,
temperature range, and operating electric fields.

To the best of our knowledge, the maximum energy densityND,max was reported at
1013 J/L/cycle for 7/65/35 PLZT.60 Figure 19 presents the corresponding Olsen cycles in
the D-E diagram with PE temperature oscillating betweenTC = Tcold = 30◦C andTH =
Thot = 200◦C and electric field betweenEL = 0.2 MV/m andEH = 7.0 MV/m.60 Note also
that the D-E paths of the Olsen cycles were not perfectly closed since points 4 and 4′ did
not coincide. The offset between points 4′ and 4 can be explained by the leakage current ob-
served across the PLZT ceramic at high temperatures and/or large electric fields.29,33,85,86

In addition, the Olsen cycles did not follow a smooth path betweenEL andEH during
isothermal processes 1–2 and 3–4. This was likely due to microcracks propagating along
the grain boundaries of the sample while the Olsen cycle was performed.145 These frac-
tures introduced spatial variations in the local electric field near the crack front, resulting
in sample inhomogeneity.146 Finally, this was performed at frequency of 0.0256 Hz cor-
responding to power density of 25.9 W/L. Despite the low frequency, the power density
was much larger than the largest power density of 1.08 W/L (Ref. 101) reported for linear
pyroelectric energy conversion (see Table 2).

4.2.2 Maximum Power Density

Table 4 summarizes the maximum power densityPD,max achieved experimentally to date
and reported in the literature along with the associated operating parametersTC , TH , EL,
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cycles experimentally obtained using dipping experiments with 7/65/35 PLZT at 0.0256 Hz
for EL = 0.2 MV/m,EH = 7.0 MV/m,TC = 30◦C, andTH = 200◦C (adapted from Lee et
al., 2013).60
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TABLE 4: Summary of maximum power densityPD,max experimentally obtained using
the Olsen cycle or reported for different materials, temperature ranges, operating electric
fields, and frequencies

TC TH EL EH f PD,max

Material ( ◦C) (◦C) (MV/m) (MV/m) (Hz) (W/L) Refs.
BaTiO3 20 130 0.183 0.2 1000 3000 120
PZST 156.8 177.4 0.4 2.8 0.26 33.9 117

73/27 P(VDF-TrFE) 23.0 67.0 23.0 53.0 0.079 2.38 33
60/40 P(VDF-TrFE) 25.0 120.0 20.0 50.0 0.125 112.5 83
60/40 P(VDF-TrFE) 58.3 76.5 4.0 48.0 0.256 13.3 13
60/40 P(VDF-TrFE) 67.3 81.4 20.2 37.9 0.12 10.7 30
60/40 P(VDF-TrFE) 25.0 120.0 20.0 50.0 0.13 58.0 29
56/44 P(VDF-TrFE) 40 100 5 50 0.6 110 126

PZN-4.5PT 100.0 160.0 0.0 1.0 0.10 24.4 144
PZN-5.5PT 100.0 190.0 0.0 1.5 0.10 11.7 129
PMN-32PT 80.0 170.0 0.2 0.9 0.049 4.92 127

5/65/35 PLZT 40.0 250.0 0.4 9.0 0.066 41.8 60
6/65/35 PLZT 40.0 210.0 0.0 8.5 0.060 47.9 60
7/65/35 PLZT 30.0 200.0 0.0 8.5 0.084 47.5 60
8/65/35 PLZT 25.0 160.0 0.2 9.0 0.063 39.5 60
9/65/35 PLZT 3.0 150.0 0.2 7.0 0.071 35.9 60

9.5/65/35 PLZT 3.0 140.0 0.2 6.0 0.125 55.3 135

EH , andf . Note that many of these data were obtained at low frequency with the goal
of maximizing the energy density (Table 3) but not necessarily the power density. They
are nonetheless presented in Table 4 as a reference. Olsen et al.83 performed dipping ex-
periments on 60/40 P(VDF-TrFE) films and reported a power density of 112.5 W/L cor-
responding to the case of energy density of 900 J/L/cycle previously discussed. Ikura13

reported a power density of 13.3 W/L for 60/40 P(VDF-TrFE) subjected to dipping exper-
iments at 0.256 Hz withTcold = 58◦C andThot = 76◦C while the electric field was cycled
between 4 and 48 MV/m. Khodayari et al.144 performed the Olsen (or Ericsson) cycle on
[110]-poled single crystal PZN-4.5PT and generated 24.4 W/L at 0.1 Hz for temperature
cycling between 100 and 160◦C and electric field between 0 and 1.0 MV/m. Meanwhile,
Navid et al.29 reported a power density generated by the Olsen cycle, under quasiequi-
librium conditions, of 58, 36, and 18 W/L for commercial, purified, and porous 60/40
P(VDF-TrFE) films, respectively. The 60/40 P(VDF-TrFE) films were dipped into cold
and hot silicone oil baths at 25◦C and 100–120◦C, respectively. The low electric field was
EL = 20 MV/m and the high electric fieldEH varied between 30 and 60 MV/m.

Lee et al.125 performed dipping experiments on relaxor ferroelectricx/65/35 PLZT
with x varying between 5 and 9 mol.%. A maximum energy density of 1013 J/L/cycle
was generated at 0.084 Hz, corresponding to a power density of 47.5 W/L, for operating
temperatures between 25 and 160◦C and electric field cycled between 0.2 and 7.5 MV/m.
Chin et al.135 performed a similar procedure on 9.5/65/35 PLZT ceramics and achieved a
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maximum power density of 55 W/L at 0.125 Hz. The Olsen cycle was performed between
3 and 140◦C and electric field from 0.2 to 6.0 MV/m.

Bhatia et al.120 successfully demonstrated a microfabricated device performing the
Olsen cycle on a 150 nm thick BaTiO3 film with SrRuO3 electrodes at frequencies up
to 1 kHz. The pyroelectric film was heated by heat conduction from a resistive heater con-
sisting of a gold strip deposited on top of the pyroelectric element and subjected to a high-
frequency sinusoidal voltage. The Olsen cycle was performed below the Curie temperature
TCurie of BaTiO3 estimated to be∼400◦C. Bhatia et al.120 investigated the effect of the
phase difference and amplitude of time rate of change of temperature and electric field on
the generated power density. They achieved a maximum power density of 3000 W/L; the
largest reported to date. However, the energy density was only 3–4 J/L/cycle. This points
to the need of optimizing the pyroelectric material choice and dimensions as well as the
operating frequency to achieve the desired range of energy and power densities.

Finally, comparing Tables 2–4 establishes that the Olsen pyroelectric energy conver-
sion cycle produces both the largest electrical energy60 and power120 per unit volume of
material among the different pyroelectric energy conversion methods. In fact,ND,max ex-
ceeded 1000 J/L/cycle for Olsen cycle on 7/65/35 PLZT60 compared to 30 J/L/cycle for
linear pyroelectric energy conversion with PZT.99 Similarly,PD,max was∼3000 W/L with
BaTiO3 thin films120 compared to 1.08 W/L for linear pyroelectric energy conversion with
PVDF.101

4.2.3 Comparison with Thermomechanical Cycle

Table 5 compares the operating conditions, the energy inputsQin andWin, the energy den-
sity ND, and the material efficiencyηm obtained experimentally with the Olsen cycle and
the thermomechanical cycle both performed on PMN-28PT. The material efficiencyηm of
the cycles was estimated using Eq. (14). The thermal energyQin was estimated according

TABLE 5: List of operating conditions, energy inputsQin andWin, generated energy
densityND, and material efficiencyηm for the thermomechanical (TM) and the Olsen
cycles. In all cases, the low electric field wasEL = 0.2 MV/m

Cycle f EH TH Thot Tcold σH Win Qin ND ηm

type (Hz) (MV/m) (◦C) (◦C) (◦C) (MPa) (J/L) (J/L) (J/L) (%)
Olsen 0.021 0.75 170 170 90 0 0 540 86 15.9
TM 0.025 0.75 157 108.5 51.9 18.81 30 1202 24 2.0
TM 0.025 0.75 107 73.9 40.2 18.81 30 292 15 4.7
TM 0.125 0.75 160 103.1 90.4 25.13 41 301 32 9.4
TM 0.125 0.75 130 85.1 74.4 25.13 41 469 31 6.1
TM 0.5 0.75 160 100.9 99.9 25.13 41 21 27 43.5
TM 0.5 0.75 130 83.2 82.2 25.13 41 62 26 25.2
TM 1 0.75 160 104.4 104.3 25.13 41 2 26 60.5
TM 1 0.75 130 85.4 85.3 25.13 41 9 25 50.0
TM 1 0.95 130 85.4 85.3 33.56 55 9 41 64.1
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to Eq. (15) using the measured specific heatcp presented in Fig. 9(b). The mechanical en-
ergy inputWin was computed from Eq. (16) using the area enclosed by the stress-strain
curves at 85◦C measured at 0.2 and 0.95 MV/m for [001] PMN-28PT single crystals.147

First, Table 5 reports a material efficiencyηm of 15.9% for PMN-28PT subjected to the
Olsen cycle at low frequency betweenTC = 22◦C andTH = 170◦C andEH = 0.75 MV/m.
This represents 48% of the Carnot efficiency. Moreover, the thermomechanical cycle at
low frequency featured low material efficiency due to the large heat input. For this cycle, it
was beneficial to operate at high frequency under small temperature swings and heat input
to improve the cycle efficiency. For a given temperature swing, the efficiency was highly
dependent on the operating temperatures. For example, the two cycles performed at 0.5 Hz
resulted in similar energy densityND andWin with a temperature swing ofThot−Tcold =
1◦C. However, their efficiencies differed by nearly a factor of 2. One cycle was performed
between 82.3 and 83.2◦C, wherecp(T ) exhibited a phase transition peak and a large ther-
mal hysteresis (9b) while the other was performed between 99.9 and 100.9◦C, where no
phase transition occurred. This emphasizes the importance of matching the material to the
operating temperatures such that the heat input is minimized and the generated energy
density is maximized in order to maximize the material efficiencyηm. Note, however, that
the operating conditions for maximum efficiency do not necessarily coincide with those
corresponding to maximum energy or power densities. The largest material efficiency was
64% for the thermomechanical cycle performed at 1 Hz with temperature∼85◦C near the
Curie temperature. In this case, the heat input wasQin = 9 kJ/m3 and the mechanical work
performed wasWin = 55 kJ/m3.

4.2.4 Physical Modeling

Kandilian et al.127 developed a physical model predicting the amount of energy gen-
erated by ferroelectric materials undergoing the Olsen cycle. The model accounted for
temperature-dependent properties of the material and assumed a linear relationship be-
tween electric displacement and electric field at high fields given by Eq. (9). The energy
densityND was expressed as follows:127

ND(Tcold, Thot, EL, EH) = (EH − EL)
{

ε0

2
[εr,H(Tcold)− εr,H(Thot)] (EH + EL)

+ Psat(Tcold)− Psat(Thot) +
d33x3

s33

}
(19)

whereεr,H(Tcold) andεr,H(Thot) refer to the relative permittivity of the pyroelectric ma-
terial at low frequency under high electric field at the cold and hot temperaturesTcold and
Thot reached by the PE, respectively (Fig. 13). The saturation polarizations atTcold and
Thot are denoted byPsat(Tcold) andPsat(Thot), respectively. The last term on the right-
hand side of Eq. (19) represents the contribution of the secondary pyroelectric coefficient
to the generated energy density due to dimensional changes in the crystal structure caused
by temperature changes.148 The piezoelectric coefficient isd33, s33 is the elastic compli-
ance, andx3 =

∫ T

TC
α3(T )dT , whereα3(T ) is the linear thermal expansion coefficient.128
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Note that this model was based on the assumption that the dielectric contribution to the
primary pyroelectric coefficient was negligible compared with the dipole contribution, see
Eq. (8) in Ref. 127.

This model was first validated against experimental data collected on PMN-32PT sin-
gle crystal.127 using εr,H(T ) and Psat(T ) reported in Ref. 23. Figure 20(a) shows the
Olsen cycle performed on PMN-32PT at low frequency along with the isothermal bipolar
D-E loops atTC = 80◦C andTH = 140◦C. It is evident that the Olsen cycle exceeded the
bounds of the isothermal D-E loops at the silicone oil bath temperaturesTC andTH . This
was attributed to the secondary pyroelectric effect occurring during the heating process
3–4 featuring a rhombohedral to tetragonal phase transition and accounted for by the last
term of Eq. (19).127 In fact, Fig. 20(b) illustrates the relatively good agreement obtained
between experimental results and model predictions for different values of electric field
EH .127 This model has also been validated against the energy density experimentally mea-
sured with PZN-5.5PT,129 PMN-28PT,128 8/65/35 PLZT ceramics,125 as well as P(VDF-
TrFE)126 for a wide range of electric fields and temperatures. In these cases, however, the
contribution from the secondary pyroelectric effect was ignored because the Olsen cycle
fell within the bounds of the isothermal D-E loops atTC andTH .

Finally, note that a large number of recent studies have theoretically predicted the en-
ergy and power densities from the Olsen cycle for a wide range of materials by computing
the area between isothermal bipolar D-E loops measured or reported in the literature at
various temperatures.124,149–156In other words, these authors did not implement the Olsen
cycle experimentally. This approach is questionable on multiple counts. First, conceptually,
Figs. 16 and 20(a) show that, in practice, the Olsen cycle does not always precisely follow
the isothermal bipolar D-E loops even when they are measured at the same frequency as
the cycle. Second, reported experimental isothermal D-E loops were limited to a few tem-
peratures and frequencies. Thus, computingND andPD for arbitrary values ofTC , TH ,
EL, H , andf does not guarantee that the pyroelectric element will reach temperatures for

FIG. 20: (a) Experimentally measured D-E loops and Olsen cycle performed on PMN-
32PT single crystals and (b) energy density generated versus high electric fieldEH for TC

= 80◦C, TH = 140◦C, andEL = 0.2 MV/m (adapted from Kandilian et al., 2011).127
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which D-E loops are available. Third, the D-E loops depend on frequency particularly at
frequencies above 1 Hz.157 Thus, predictions varying the frequency should ensure that the
appropriate D-E loops are available. In addition, from a practical point of view, experimen-
tal implementation is limited by (i) the magnitude of repeated temperature and electric field
changes that can be imposed on the PE without causing cracking and electric breakdown,
(ii) leakage current that is not accounted for by models or by computing the area between
D-E loops, and (iii) thermal inertia of the pyroelectric element that limits the operating
frequency. In fact, the duration of the heating and cooling processes typically dominate the
duration of the cycle.129,135 Therefore, while estimatedND andPD from the D-E loops
may constitute a quick way to screen for promising materials, one must be realistic in the
choices of operating conditions for repeated cycling. Until these results are confirmed ex-
perimentally, we recommend that the reported estimates of energy and power densities be
taken with caution.

4.3 Olsen Pyroelectric Converters

4.3.1 Device Efficiency

Previous discussion of performance has focused on materials irrespective of the practical
implementation of the cycle into an actual device. In order to assess the performance of the
pyroelectric converter based on the Olsen cycle, the thermodynamic energy efficiency of
the deviceηd over a cycle is defined as follows:158

ηd =
Ẇnet

Q̇in

(20)

whereQ̇in is the total heat transfer rate provided to the converter during one cycle and
Pnet is the net power produced by the device. The latter is equal to total electrical power
generated during the cyclėWe, minus any powerẆc consumed to perform the cycle in
the specific device considered (i.e.,Ẇnet = Ẇe − Ẇc). As an example, consider a regen-
erative pyroelectric energy converter using oscillatory convective heat transfer to heat up
and cool down the PE.117 Such device uses of a piston to achieve oscillatory flow of the
working fluid thus, requiring power to pump the fluid and to overcome frictions and other
irreversible processes.

4.3.2 Prototypical Devices

To the best of our knowledge, only seven prototypical pyroelectric converters based on
the Olsen cycle using regeneration have been built to date. Table 6 summarizes the ma-
terial, working fluid, frequency, cold and hot source temperatures, low and high electric
fields, and performance of these pyroelectric converters. First, several prototypical py-
roelectric energy converters implementing the Olsen cycle were designed and built by
Olsen and co-workers in the 1980s.113–115,117They assembled the first regenerative devices
using 250µm thick lead zirconate stanate tinanate (PZST) as the pyroelectric materials
and silicone oil as the working fluids. A piston was used to vertically oscillate the working
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fluid back and forth between a cold and a hot source.117 Ceramic stacks and nylon spacers
were used to form microchannels and to ensure laminar flow of the working fluid over the
pyroelectric elements.33,81,113,114,117Olsen and co-workers experimentally demonstrated 1
and 40 mW devices with efficiency∼0.4%.113,114Later, Olsen et al.117 demonstrated the
only multistage device built to date, using PZT doped with Ti4+ and Sn4+ resulting in PEs
with various Curie temperatures for a maximum power output of 33 W/L at 0.26 Hz and
a maximum device efficiencyηd of 1.05% at 0.14 Hz. The system operated betweenTC =
145◦C andTH = 185◦C.

Moreover, because of the high cost of PZST, Olsen et al.33 built a device using in-
expensive 30 to 70µm thick 73/27 P(VDF-TrFE) films sandwiched between electrodes
and rolled in a spiral stack placed into a cylindrical chamber containing silicone oil. The
maximum energy density of this device was 30 J/L/cycle at 0.079 Hz, while operating at
temperatures between 20 and 90◦C and electric fields between 23 and 53 MV/m.

Ikura13 built a pyroelectric converter using a single P(VDF-TrFE) film over which
hot and cold water streams were alternatively flown with a period of 3.9 s. The water
temperature ranged fromTC = 58◦C toTH = 77◦C resulting in an energy density between
15 and 52 J/L/cycle. Later, using the same setup, Kouchachvili and Ikura86 achieved an
energy density of 279 J/L per cycle by purifying a 60/40 P(VDF-TrFE) film to reduce
leakage current.13,86,87Note that the frequency, temperature range, and electrode material
were not disclosed in their study.86

More recently, Nguyen et al.30 assembled and operated a pyroelectric converter similar
to that of Olsen et al.117 using 60/40 P(VDF-TrFE). Here, however, the PE was part of the
microchannel walls and both of its faces were exposed to the working fluid, as illustrated
in Fig. 21. The experimental design was informed by numerical simulations.159,160 The
maximum energy density obtained was 130 J/L/cycle at 0.061 Hz between 66.4 and 83◦C
while the maximum power density was 10.7 W/L at 0.12 Hz between 67.3 and 81.4◦C.30

In both cases, the electric field was cycled between 20.2 and 37.9 MV/m.

4.3.3 Simulations

Numerical simulations of pyroelectric converter based on oscillatory convective heat trans-
fer were first performed by Olsen et al.,161 who solved the one-dimensional energy equa-
tion assuming laminar, fully developed, and oscillating fluid flow within a channel driven
by a piston with variable frequency and stroke length. They assumed a parabolic fluid
velocity profile across channel and adiabatic channel walls. The heat transfer rate and tem-
perature variations of the wall were determined for different stroke length and frequencies.
The numerical predictions of the heat transfer rate agreed well with the experimental re-
sults for small stroke lengths but became increasingly inaccurate for larger stroke lengths.
This can be attributed to the fact that the velocity profile of the working fluid was not fully
developed along the microchannels as the fluid enters the microchannels from cold and hot
reservoirs. In addition, axial heat conduction takes place along the stacks between the hot
and cold sources but was ignored in the simulation.

Vanderpool et al.159 and Navid et al.159,160 completed two-dimensional transient nu-
merical simulations to predict local time-dependent pressure, velocity, and temperature in
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FIG. 21: Schematic of (a) the overall pyroelectric converter, (b) a microchannel formed by
mica plates, the pyroelectric element and teflon strips, and (c) pyroelectric stack assembled
by Nguyen et al. (adapted from Nguyen and Pilon, 2011, Vanderpool et al., 2008, and Navid
et al., 2010).30,159,160

prototypical pyroelectric converter similar to that assembled by Olsen et al.117 The objec-
tive was to identify key design and operating parameters to increase the power output and
efficiency of the device. First, they established that mass, momentum, and energy equations
must be solved simultaneously in order to compute the pumping power and accurately pre-
dict the temperature oscillations of the PEs. They also found that reducing the length of the
device, the viscosity of the working fluid, and/orρcp of the pyroelectric material improved
the energy efficiency and power density of the device by increasing the optimum operating
frequency.160 Results show that a maximum efficiency of 5.2% at 0.5 Hz could be achieved
between 145 and 185◦C using PZST and commercial 1.5 cst silicone oil as the working
fluid with power density of 38.4 W/L. These results were confirmed by Moreno et al.,162

who also validated the numerical simulation tools using experimental data collected on a
pyroelectric prototype.30

4.4 Challenges and Improvements

Leakage current has often been incriminated for reducing the performance of pyroelectric
materials used as power generators.13,33,79,86The presence of leakage current can be identi-
fied experimentally by plotting the cycle in the D-E diagram. Figure 22(a) shows a typical
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FIG. 22: Pyroelectric conversion cycle for a pyroelectric element (a) in absence and (b) in
presence of a leakage current.

Olsen cycle for a pyroelectric element with no leakage current [i.e.,R = ∞ (see Fig. 13)]
and Fig. 22(b) shows one with leakage current, (i.e., finiteR). Note that, in Fig. 22(a), the
cycle starts and ends at the same point and follow the same path as preceding cycles. On
the other hand, in Fig. 22(b) the charge across the PE increases over time and thus the elec-
tric displacementD drifts due to leakage current. This decreases the size of the enclosed
area and the generated energy per cycle. Therefore, in order to efficiently convert thermal
energy into electrical energy, the leakage current must be reduced. This can be achieved
by reducing the operating temperatureThot and the high electric fieldEH . Although this
results in lower energy and power densities, it could also increases the net output due to an
even larger reduction in the leakage current.13 One can also decrease the time during which
the pyroelectric element is subjected to high temperatures and voltages (process 3–4).13,30

Material preparation also plays an important role in reducing leakage current by increas-
ing electrical resistivity. For PVDF-TrFE, and polymeric ferroelectric materials in general,
one can bake or vacuum heat the pyroelectric material in order to evaporate all solvents
within the material as it contributes to reducing the resistance.33 Pre-poling the material
for a certain amount of time can also reduce the leakage current by increasing the film resis-
tance.34,79Finally, Maintaining a nonzero electric field can be used to keep the pyroelectric
element properly poled during the cooling process 1–2 in the Olsen cycle.29,30,33,34,83,86

Sample durability is also a major concern in implementing the Olsen cycle in a device.
Indeed, the Olsen cycle performed on a given material requires the cold and hot source
temperatures and the electric field spanEH − EL to be significant in order to generate
energy. However, thermoelectrical cycling over large temperature and electric field ranges
may result in excessive thermomechanical stress and premature breakdown of the mate-
rial. It can be improved by increasing the electrical breakdown strength of the material.
For example, samples can be (i) prestressed, such as in thin layer unimorph ferroelectric



324 ANNUAL REVIEW OF HEAT TRANSFER

driver and sensor actuators to increase sample durability,163 or (ii) fabricated into single or
multilayer thin film capacitors with thickness on the order of nanometers to increase the
applied electric field without sample failure.50

Moreover, the Sawyer-Tower circuit typically used with the Olsen cycle (Fig. 17) does
not harvest the generated energy. This is due to the fact that the power supply used to
apply the electric fieldsEL andEH required for the cycle is not electrically isolated from
the storage capacitorC1. Advances in electric circuit are necessary for simultaneously
applying the desired bias field and harvesting, i.e., rectifying and storing, the generated
power.88,89,126

Finally, improvements in the pyroeletric element and electrode geometry discussed in
Section 3.1.4 for linear pyroelectric energy conversion could be used in devices imple-
menting pyroelectric energy conversion cycles.30,113 Recent studies have also focused on
improving pyroelectric energy conversion cycles.119,147,164First, Zhang et al.119 conceived
a cycle similar to the Olsen cycle by replacing the heating/cooling processes with applica-
tion of a compressive stress at constant temperature throughout the cycle. They termed this
cycle the piezoelectric Ericsson cycle. They demonstrated the cycle on soft PZT samples
at 0.1 Hz with electric fieldEH up to 0.3 MV/m and compressive stress up to 50 MPa,
presumably at room temperature. Around the same time, McKinley et al.147 developed and
experimentally demonstrated a thermally-biased mechanical energy conversion cycle on
PMN-28PT at 1 Hz and at a biased temperatureTb ∼ 80◦C slightly below Curie temper-
ature to take advantage of power generation across the ferroelectric to paraelectric phase
transition. Their cycle operated around 1 Hz and featured material efficiencyηm of up to
87%. More recently, Patel et al.150 estimated the energy density from the same cycle using
D-E loops measured under different compressive stresses for PZT150 and PMN-32PT.165 In
addition, Kim et al.164 conceived an improvement to the Olsen cycle consisting of adding
a process between processes 1–2 and 2–3 during which the pyroelectric material is tem-
porarily electrically isolated prior to and during heating. Ideally, the electric displacement
remains constant while the electric field increases during this process. Then, reconnecting
the material to the circuit causes the electric displacement and electric field to become the
same as they would be at state 3 of the Olsen cycle. This cycle was demonstrated exper-
imentally using PZT ceramics by adding a switch and a diode to a Sawyer-Tower circuit
(Fig. 17).164 Kim et al.164 were able to generate 160 mW/L corresponding to a 30% in-
crease in the power density generated by the Olsen cycle for identical operating conditions.

5. CONCLUSION

Pyroelectric energy conversion has been the subject of intense studies in recent years. Sig-
nificant progress has been made in a wide range of areas, including: (i) the synthesis, char-
acterization, and identification of promising pyrolectric materials, (ii) improvements in our
understanding of the physical phenomena and of different strategies to increase the electri-
cal output and efficiency, and (iii) the design, manufacturing, and assembly of pyroelectric
devices. Further interdisciplinary research efforts are needed to make pyroelectric energy
conversion a viable technology able to compete with other waste heat energy conversion
technologies, such as thermoelectrics and organic Rankine cycles. In particular, material
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and device optimizations have yet to be undertaken, and electric circuits specifically de-
signed to condition and store the pyroelectric energy generated are also needed. Finally, it
would be useful to assess this technology through the prism of life cycle assessment given
the low-grade waste heat it aims to convert and the relatively modest efficiency.
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