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(57) ABSTRACT

Systems, methods, and devices of the various embodiments
provide pyroelectric sandwich thermal energy harvesters. In
the various embodiment pyroelectric sandwich thermal
energy harvesters, generated electrical energy may be stored
in a super-capacitor/battery as soon as it is generated. The
various embodiment pyroelectric sandwich thermal energy
harvesters may harvest electrical energy from any environ-
ment where temperature variations occur. The various
embodiment pyroelectric sandwich thermal energy harvest-
ers may be power sources for space equipment and vehicles
in space and/or on earth, as well as the for wireless sensor
networks, such as health monitoring systems of oil pipes,
aircraft, bridges, and buildings.
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PYROELECTRIC SANDWICH THERMAL
ENERGY HARVESTERS

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

This patent application claims the benefit of priority to
U.S. provisional patent application No. 62/061,878 entitled
"Pyroelectric Sandwich Thermal Energy Harvesters" filed
Oct. 9, 2014, the entire contents of which are hereby
incorporated by reference in their entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

The invention described herein was made in part by
employees of the United States Government and may be
manufactured and used by and for the Government of the
United States for governmental purposes without the pay-
ment of any royalties thereon or therefore.

BACKGROUND OF THE INVENTION

1. Field of the Invention
The present invention relates pyroelectric power genera-

tion systems, and more particularly to pyroelectric systems
to harvest thermal energy from waste heat.

2. Description of the Related Art
Solar, thermal, and mechanical energy (including vibra-

tion, motion, and wind) are three major renewable energy
sources in the environment that are not fully utilized. For
example, some studies estimate that fifty percent of the
energy generated annually from all sources is lost as waste
heat. Specifically, the current energy efficiency of automo-
bile engines is only about 33% for mechanical drives. The
remaining 66% of energy is wasted as thermal recuperation
including engine heat up, engine coolant/oil heat exchange,
and exhaust gas, in which only 34% of total energy is used
for driving a vehicle. Efforts to increase engine efficiencies
include new combustion engine designs and fuel modifica-
tion, but high waste of heat energy remains an issue, and a
potential source of renewable energy.

Silicon based solar cells that dominate this field typically
harvest 15-20% of available solar energy, with the balance
going to waste thermal energy. While several efforts to
increase efficiency utilizing heterojunction photovotalics,
like silicon germanium or dye-sensitized solar cells have
been published, the efficiency or stability is still very low,
although some higher efficiencies are beginning to be real-
ized for solar cells in laboratory tests. Similarly, a majority
of piezoelectric and electromagnetic vibration/motion har-
vesting technologies harvest less than 10% of mechanical
energy inputs under ideal laboratory conditions.

Thermal energy harvesting research is largely focused on
then noelectri cs, for which the large P-N junction tempera-
ture gradient required for effective use of thermoelectrics
necessitates complex device designs and yields very low
efficiencies. Examples of some approaches that have been
developed recently include attempts to utilize waste heat
from exhaust gas generated by engines using thermoelectric
devices. The thermoelectric elements (p-type and n-type) are
connected to harvest thermal energy from exhaust gas flow
to generate electrical energy. Fuel economy of these system
increased by only 3-5%, due to the low efficiency (5%) of
the thermoelectric element. Additionally, in many thermo-
electric systems, a cooling system is embedded to create a
temperature difference (AT) between hot side (exhaust gas

2
flow) and cold side (coolant flow). This results in a com-
plicated system and weight penalty. In addition, to generate
significant amount of electricity, engines have to be running,
and get hot enough to reach the specific temperature differ-

5 ence required for a thermoelectric device to function.
Pyroelectricity is the ability of certain materials to gen-

erate surface charge and build a temporary voltage when
they are heated or cooled. As opposed to thermoelectric
materials which require a temperature gradient between two

10 portions of the thermoelectric material to generate a charge,
pyroelectric materials generate a charge and build a tempo-
rary voltage when the pyroelectric material itself increases
or decreases in temperature. Thus, no need to maintain a
temperature gradient between portions of a pyroelectric

15 material is required to generate a charge and build a tem-
porary voltage. A pyroelectric material can be repeatedly
heated and cooled (analogous to a heat engine) to generate
usable electrical power. It is calculated that a pyroelectric
material in an Ericsson cycle could reach from 50% to

20 84-92% of Carnot efficiency. These efficiency values are for
the pyroelectric material itself, and ignores losses from
heating and cooling the substrate, other heat-transfer losses,
and all other losses elsewhere in the system.
In the last half century, several pyroelectric energy har-

25 vesters have been invented to convert waste thermal energy
into electrical energy. Compared with thermoelectric energy
harvesters, where large P-N junction temperature gradients
required for effective use of thermoelectrics necessitate
complex device designs and yield very low efficiencies, a

30 pyroelectric energy harvester can be designed more simply
and with higher efficiency. Pyroelectrics have advantages
over thermoelectrics since thermal gradients on the order of
those required for thermoelectrics are not needed for voltage
generation. However, previous pyroelectric energy harvest-

35 ers have not been commercialized.
Massive thermal cycle energies exist on the surface of the

earth. For instance, 1) an average of 10° C. difference exists
between daytime and nighttime on Earth's surface, 2) more
than 50° C. difference is realized when an isolated object is

40 exposed to direct sunlight, and 3) more than 100° C. thermal
variation is generated by engine exhaust manifolds during a
standard drive cycle. Further, large amounts of waste heat
are generated from refrigeration and heat pumps. This can
account for over 50% of terrestrial energy consumption.

45 Massive thermal cycle energies exist in space environ-
ments, as well, and, compared to on the earth, a larger
magnitude of thermal cycles is available in space environ-
ments (e.g., temperature ranges from —59° C. to 93° C.
(AT-152K) per daily cycle at low Earth orbit, and from —90°

50 to 150° C. (AT-240K) on the Lunar surface).
A practical approach to harvest the massive thermal cycle

energy as a renewable power source is needed as part of the
renewable energy technologies that need to be developed.

55 BRIEF SUMMARY OF THE INVENTION

The systems, methods, and devices of the various embodi-
ments provide pyroelectric sandwich thermal energy har-
vesters. In the various embodiments of pyroelectric sand-

60 wich thermal energy harvesters, generated electrical energy
may be stored in a super-capacitor/battery as soon as it is
generated. The various embodiments of pyroelectric sand-
wich thermal energy harvesters may harvest electrical
energy from any environment where temperature variations

65 occur. The various embodiments of pyroelectric sandwich
thermal energy harvesters may be power sources for space
equipment and vehicles in space and/or on earth, as well as
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the for wireless sensor networks, such as health monitoring
systems of oil pipes, aircraft, bridges, and buildings.

These and other features, advantages, and objects of the
present invention will be further understood and appreciated
by those skilled in the art by reference to the following
specification, claims, and appended drawings.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The accompanying drawings, which are incorporated
herein and constitute part of this specification, illustrate
exemplary embodiments of the invention, and together with
the general description given above and the detailed descrip-
tion given below, serve to explain the features of the
invention.

FIG. 1 is a component block diagram illustrating an
embodiment pyroelectric power generation system.

FIG. 2A is a component block diagram of an embodiment
pyroelectric sandwich thermal energy harvester.

FIG. 2B is a component block diagram of another
embodiment pyroelectric sandwich thermal energy har-
vester.

FIG. 3 illustrates an embodiment pyroelectric power
generator including multiple pyroelectric sandwich thermal
energy harvesters connected together.

FIG. 4 shows pictures of the fabrication process of an
embodiment pyroelectric energy harvester.

FIG. 5 shows pictures of an actual device set-up for
energy storage according to an embodiment.

DETAILED DESCRIPTION OF THE
INVENTION

For purposes of description herein, it is to be understood
that the specific devices and processes illustrated in the
attached drawings, and described in the following specifi-
cation, are simply exemplary embodiments of the inventive
concepts defined in the appended claims. Hence, specific
dimensions and other physical characteristics relating to the
embodiments disclosed herein are not to be considered as
limiting, unless the claims expressly state otherwise.
The word "exemplary" is used herein to mean "serving as

an example, instance, or illustration." Any implementation
described herein as "exemplary" is not necessarily to be
construed as preferred or advantageous over other imple-
mentations.
The various embodiments will be described in detail with

reference to the accompanying drawings. Wherever pos-
sible, the same reference numbers will be used throughout
the drawings to refer to the same or like parts. References
made to particular examples and implementations are for
illustrative purposes, and are not intended to limit the scope
of the invention or the claims.

There are limited reports of energy harvesting devices
using pyroelectric materials to generate electrical energy
from heat, such as those described in U.S. Pat. Nos. 6,528,
898, 5,644,184, and 4,647,836. While these patents discuss
pyroelectric materials, the following are disadvantages of
these patents: 1) U.S. Pat. No. 4,647,836 discloses a pyro-
electric energy harvesting device, but the device consists of
moving rotors or disks to change temperature by blocking
the heat source. The concept is bulky, complex, and has
many possible sources of mechanical failure; 2) U.S. Pat.
No. 5,644,184 explores the importance of using a metal
electrode as the thermal conductor, but does not utilize
thermal irradiation modulation such that high energy con-

4
version efficiency was not realized. U.S. Pat. No. 6,528,898
discloses multi-stacked pyroelectric capacitors in series but
does not does not utilize the quantum well effect for enhanc-
ing energy harvesting because of non-optimal physical

5 dimensions. Rather, in U.S. Pat. No. 6,528,898, hot and cold
water lines are used for temperature variation, such that the
system is very bulky and complex.

Various embodiments provide pyroelectric sandwich ther-
mal energy harvesters. In the various embodiment pyroelec-

io tric sandwich thermal energy harvesters, generated electrical
energy may be stored in a super-capacitor/battery as soon as
it is generated. The various embodiment pyroelectric sand-
wich thermal energy harvesters may harvest electrical
energy from any environment where temperature variations

15 occur. The various embodiment pyroelectric sandwich ther-
mal energy harvesters may be power sources for space
equipment and vehicles in space and/or on earth, as well as
the for wireless sensor networks, such as health monitoring
systems of oil pipes, aircraft, bridges, and buildings.

20 The various embodiments include pyroelectric power
generator systems for harvesting waste heat, such as waste
heat from vehicle engines. The various embodiments pro-
vide improvements in devices used to harvest thermal
energy from waste heat. The various embodiments leverage

25 pyroelectric materials which generate electricity in response
to temperature oscillations. In the various embodiments,
pyroelectric elements generate electricity through tempera-
ture dependent spontaneous polarization. In the various
embodiments, pyroelectric power generators may harvest

30 the heat from waste fluids, including exhaust gas streams
from car/jet engines, cooling air streams for electronics,
steam fluids (vapor/liquid mixtures) for turbines of power
plants, circulating coolants for various mechanics and tem-
perature varying atmospheric air now or tidal flow. For

35 example, various embodiment pyroelectric power genera-
tors may harvest the heat of combustion and mechanical
driving systems for vehicles even while the vehicles are
parked and the engines are not running. In the various
embodiments, the generated electrical power can be used to

40 power electrical systems or hybrid motor driving systems to
enhance fuel economy in vehicles.

Possible advantages of pyroelectric generators according
to the various embodiments for generating electricity, com-
pared to conventional heat engines in conjunction with

45 electrical generators, include potentially lower operating
temperatures, less bulky equipment, and fewer moving
parts.
The various embodiment pyroelectric devices take advan-

tage of a material's pyroelectric properties to enable energy
5o harvesting. Pyroelectric materials do not require a specific

change in temperature (AT) and can generate electric power
from ambient temperature fluctuations, making the various
embodiments a more practical approach to harvest energy
from environmental waste heat. While pyroelectric energy

55 harvesters may have broad applications, for the purpose of
benchmarking against existing systems, the performance of
the pyroelectric harvesters according to the various embodi-
ments are compared to thermoelectric energy harvesters
developed for automobiles. Unlike thermoelectric based

60 power generators, the various embodiment pyroelectric
power harvesters do not require a bulky cooling system. In
addition, pyroelectric power generators according to the
various embodiments may harvest heat from combustion
and mechanical driving systems even when the engines are

65 not operating while the vehicle is parked.
Pyroelectric power generators of the various embodi-

ments may be made with any pyroelectric material which
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can survive in the temperature range of the exhaust gas flow
selected for use as the thermal energy source. For example,
lithium tantalate (referred to as LiTaO3 or LTO) may be used
in an embodiment. As other examples, zinc oxide, lithium
niobate, lead zirconium titanate (PZT), and/or combinations 5

of one or more of lithium tantalate, zinc oxide, and lithium
niobate may be used as the pyroelectric material. Addition-
ally, the pyroelectric material may be any type material
including, but not limited to, polycrystalline ceramics, single
crystal materials, electroactive polymers, and/or nanocom- io
posites. The pyroelectric properties of LTO were character-
ized using an oven. 1 cm by 1 cm LTO plates with thick-
nesses ranging from 0.25 mm to 2 mm. The LTO plates were
placed in an oven and temperature was controlled from
about 26° C. to 33° C. at a heating/cooling rate of about 2° 15
C./min. The generated voltages tracked the changes in
temperature. The 2 mm thick sample exhibited a larger
voltage change of about —185V to +166V while the 0.25 mm
thick sample showed a voltage change of about —130V to
+88V. In contrast to the 2 mm thick sample where voltage 20
generated lagged slightly behind the temperature change, the
voltage response from the 0.25 mm thick sample was in
phase with the temperature fluctuation. The better response
from the thinner sample likely originated from faster heat
conductance through the entire volume as compared to the 25
thicker sample.
The energy harvesting devices of the various embodi-

ments may harvest waste heat from combustion systems and
increase the fuel economy of vehicles, as an example of
retrofitted energy harvester applications. The generated elec- 30
trical power may be used as an electrical source for electrical
systems or hybrid motor driving systems. Potential applica-
tions of the various embodiments include, but are not limited
to 1) high efficiency power generator for harvesting waste
heat from vehicles; 2) thermal energy control of vehicles; 35
and/or 3) enhanced efficiency of conventional solar cells by
providing an integrated mechanism to harvest available heat
not utilized by the solar cell. Additionally, the various
embodiment energy harvesting devices may provide a
renewable power source for space facilities, aircraft, and 40
infrastructure and may be suitable for use in other applica-
tions on the surface of vehicles (engine, exhaust lines, frame,
etc.) and infrastructure and substrate/support structures of
solar panels to harvest the heat energy.
As the various embodiment pyroelectric sandwich ther- 45

mal energy harvesters may easily harvest thermal energy
with either a small temperature variation or a large thermal
cycle, there may be broad applications for the various
embodiments. Examples of applications include, but are not
limited to: 1) surfaces of space facilities (If the surface of a 50
space facility is made or covered with the pyroelectric
sandwich thermal energy harvester, huge thermal cycle
energy in space can be harvested. Simultaneously, the sand-
wich can serve as structure or a protection layer); 2) surfaces
of wing and fuselage of an aircraft to serve as the energy 55
harvester to harvest the huge thermal energy during landing
and departure process; 3) side walls of satellites to harvest
the thermal cycle energy of satellite walls during rotation
processes; 4) a car hood or inlet manifold to harvest the
thermal variation at the top of the engine when the car turns 60
on and off, accelerates and brakes, and/or alternates between
sun and shade conditions (e.g., day and night parking); 5)
thermal cycles from exhaust lines from engines of vehicles
during operation; 6) at exhaust line for cars and aircraft to
harvest the thermal energy due to temperature variation; 7) 65
on surface of structures such as buildings, bridges, etc., to
harvest thermal energy from temperatures variations of the

6
natural environment (day and night thermal cycle, sun and
shade, rain/sunshine, etc.); 8) on surface of oil pipes to
harvest thermal energy of the temperature variation of the
natural environment (day and night thermal cycle, sunshine
and shadow, rain/shine, etc.) as renewable power sources for
structural monitoring systems; and/or 9) the substrate for
solar cells to harvest waste thermal energy from the solar
cell and the thermal energy of the temperature variation of
the natural environment (day and night thermal cycle, sun
and shade, rain/shine, etc.).
The various embodiments may provide a high efficiency

pyroelectric power generator. Embodiment high efficiency
pyroelectric power generators may harvest waste from the
ambient environment. Embodiment high efficiency pyro-
electric power generators may harvest waste heat from
exhaust gas streams from car engines. Embodiment high
efficiency pyroelectric power generators may be designed to
harvest waste heat from combustion and mechanical systems
of vehicles. Various embodiment methods of utilizing
exhaust gas temperature may include inserting the pyroelec-
tric harvester in an exhaust pipe or a tubular chamber. The
various embodiments may provide minimal modification of
combustion/mechanical system by attaching the embodi-
ment high efficiency pyroelectric power generators at the
end of the exhaust pipe. Various embodiments methods may
include harvesting thermal energy during driving or while
parked. The various embodiments may use thermally stable
insulating materials for durable operation. Embodiment high
efficiency pyroelectric power generators may harvest waste
heat from exhaust gas stream from jet engines. Embodiment
high efficiency pyroelectric power generators may harvest
waste heat from cooling air stream for electronics. Embodi-
ment high efficiency pyroelectric power generators may
harvest waste heat from steam fluids (vapor and/or liquid
mixture) for turbines of power plants. Embodiment high
efficiency pyroelectric power generators may harvest waste
heat from circulating coolants from various machinery.
Embodiment high efficiency pyroelectric power generators
may harvest waste heat from atmospheric air flow. Embodi-
ment high efficiency pyroelectric power generators may
harvest waste heat from submarine water flow or tidal flow.
The various embodiments may include storage of the gen-
erated electricity in a capacitor through a rectifying circuit.
Various embodiment pyroelectric energy harvesters may be
fabricated with high Curie temperature materials such as
lithium tantalate, zinc oxide, lithium niobate, and etc. The
various embodiments may provide enhanced efficiency with
increased surface area of pyroelectric elements. Embodi-
ment high efficiency pyroelectric power generators may
harvest waste heat from concentrated solar power systems.
Embodiment high efficiency pyroelectric power generators
may harvest waste heat through integration into photovoltaic
solar cells and/or concentrated solar power systems. In an
embodiment, a high efficiency hybrid solar cell may be
formed by a pyroelectric harvesting device integrated at the
bottom of a solar cell.
The various embodiment pyroelectric sandwich thermal

energy harvesters may have one or more of the following
characteristics: 1) the embodiment pyroelectric sandwich
thermal energy harvester may enable converting thermal
energy into electrical energy with relatively high efficiency;
2) the embodiment pyroelectric sandwich thermal energy
harvester structure may increase energy storage efficiency
significantly; 3) the size of the embodiment pyroelectric
sandwich thermal energy harvester structure may be easily
scalable to accommodate its integration into the environ-
ment where there are temperature variations; 4) the embodi-
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ment pyroelectric sandwich thermal energy harvester struc-
ture may be more durable for applications in various thermal
systems; 5) the embodiment pyroelectric sandwich thermal
energy harvester may be used broadly in portable electronic
devices for military and civilian applications; 6) the embodi-
ment pyroelectric sandwich thermal energy harvester may
be used for aircraft, automobiles, and other transportation
equipment to harvest thermal energy from environmental
temperature variations and waste thermal energy; 7) the
embodiment pyroelectric sandwich thermal energy harvester
structure may be integrated into surfaces of the wing and
fuselage of an aircraft to serve as the energy harvester to
harvest potentially significant thermal energy during landing
and departure; 8) the embodiment pyroelectric sandwich
thermal energy harvester structure can be attached to a car
hood, inlet manifold, or the engine muffler to harvest the
thermal variation from the engine when the car is turned on
and off, accelerates and brakes, moves from sunny to shady
conditions (e.g., day and night parking, etc.), and/or the
thermal fluctuation during engine cycles; 9) the embodiment
pyroelectric sandwich thermal energy harvester structure
may be attached to the surface of structures such as build-
ings, bridges, etc. to harvest thermal energy from tempera-
ture variations in the natural environment (day and night
thermal cycle, sunny/shady conditions, rain/shine, etc.); 10)
the embodiment pyroelectric sandwich thermal energy har-
vester structure can be attached to the surface of oil pipes to
harvest thermal energy from natural temperature variations
e.g. day/night, sunny/shady, rain/shine, etc. as renewable
power sources for structure monitoring systems; and 11) the
embodiment pyroelectric sandwich thermal energy harvester
structure can be the substrate for solar cells to harvest waste
thermal energy from the solar cell and the thermal energy
from natural temperature variations (e.g., day/night, sunny/
shady, rain/shine, etc.).

FIG. 1 is a component block diagram illustrating an
embodiment pyroelectric power generation system 100.
Pyroelectric power generation system 100 may be config-
ured to harvest energy from an automobile combustion
system. For example, the pyroelectric power generator 106
may be coupled to the exhaust pipe 104 of the engine 102 of
the automobile. The hot exhaust gas may flow through the
exhaust pipe 104 front the engine 102. The pyroelectric
power generator 106 may be coupled at any point along the
exhaust pipe 104, such as inserted in the exhaust pipe 104,
attached at the end of the exhaust pipe 104, etc. To take
advantage of higher temperatures from the gas stream, the
pyroelectric power generator 106 may be inserted in close
proximity to the engine 102. The benefit of attaching the
pyroelectric power generator 106 at the end of the exhaust
pipe may be that it is a retrofit of new technology that does
not require gross modification of the combustion/mechani-
cal system. When the engine is operating 102 or while the
vehicle is being driven, the hot exhaust gas stream flows
through the pyroelectric power generator 106 and the pyro-
electric elements 108a, 108b, 108c, may generate electricity
through temperature dependent spontaneous polarization.
The pyroelectric elements 108a, 108b, 108c may be seen in
the expanded cut-away view of the pyroelectric power
generator 106 shown in FIG. 1. In various embodiments the
pyroelectric elements 108a, 108b, and/or 108c, may be
pyroelectric sandwich thermal energy harvesters according
to the various embodiments discussed herein. While three
pyroelectric elements 108a, 108b, 108c are illustrated in
FIG. 1, less or more pyroelectric elements may be included
in the pyroelectric power generator 106. For higher effi-
ciency, the surface area in contact with hot exhaust gas may

8
be increased, for example by arranging additional pyroelec-
tric elements in various patterns to create additional chan-
nels between, around, and/or over the pyroelectric elements.
Additionally, while a single pyroelectric power generator

5 106 is illustrated in FIG. 1, more than one pyroelectric
power generator 106 may be included in the pyroelectric
power generation system 100. The generated electricity
from the pyroelectric elements 108a, 108b, 108c may be
stored in a capacitor through a rectifying circuit. Of note in

io the design is that the device does not require peripheral
systems to induce thermal oscillations. The pyroelectric
power generation system 100 (e.g., a pyroelectric harvester
system) is thus significantly smaller and more compact than
previously disclosed devices.

15 FIG. 2A is a component block diagram of an embodiment
pyroelectric sandwich thermal energy harvester 200. The
pyroelectric sandwich thermal energy harvester 200 may
include a pyroelectric thin layer/plate 204 sandwiched with
two thin electrode layers 202 on two opposite sides of the

20 pyroelectric thin layer/plate 204. The pyroelectric layer/
plate 204 may be poled to align the dipole moment perpen-
dicular to the layer/plate 204 as illustrated by the arrows
shown in FIG. 2A overlaid on the layer/plate 204 represent-
ing the dipole moment direction. The pyroelectric layer/

25 plate 204 may be any kind of pyroelectric material, includ-
ing, but not limited to polycrystalline ceramics, single
crystal materials, electroactive polymers, and/or nanocom-
posites. The electrode layers 202 may be any kind of
conductive material which can be attached to the surface of

30 the selected pyroelectric material for the pyroelectric layer/
plate 204 with good adhesion. The pyroelectric sandwich
thermal energy harvester 200 may be connected to an energy
harvesting and storage circuit, such as an energy harvesting
and storage circuit including a rectifier 206 and a storage

35 device 208, such as a super-capacitor or battery. The energy
harvesting and storage circuit may enable storage of the
electrical charge as it is generated by the pyroelectric
sandwich thermal energy harvester 200. More advanced
energy harvesting and storage circuits than that illustrated in

4o FIG. 2A may be connected to the pyroelectric sandwich
thermal energy harvester 200 to increase energy storage
efficiency.
FIG. 2B illustrates another embodiment pyroelectric

sandwich thermal energy harvester 210, similar to pyroelec-
45 tric sandwich thermal energy harvester 200 illustrated in

FIG. 2A. A difference between the pyroelectric sandwich
thermal energy harvester 200 and the pyroelectric sandwich
thermal energy harvester 210, is that pyroelectric sandwich
thermal energy harvester 210 may include two protective

50 layers 212 on the outer layers of the electrode layers 202.
Thus, the pyroelectric thin layer/plate 204 may be sand-
wiched between the two thin electrode layers 202 and the
pyroelectric thin layer/plate 204 and two thin electrode
layers 202 may be sandwiched between the two protective

55 layers 212. The protective layers 212 may be any thermally
conductive material, which can transfer thermal energy
efficiently, as well as protect the pyroelectric material 204
for the harvester during use. The thermal expansion coeffi-
cient of the protective layers 212 may be equal to or larger

60 than the thermal expansion coefficient of the pyroelectric
material 204 to avoid energy cancellation of the piezoelec-
tric charge of the pyroelectric material 204 from the
mechanical stress energy due to thermal expansion mis-
match between the pyroelectric material 204 and the pro-

65 tective layers 212. Where the application is dependent on
relatively small temperature variations (such as AT<100' C.)
a thermal expansion coefficient for the protective layers 212
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larger than the thermal expansion coefficient of the pyro-
electric material 204 may be selected, so that additional
piezoelectric charges generated due to the mechanical stress
energy resulting from the thermal expansion mismatch may
enhance the harvested energy. For applications where there
are large thermal cycles (AT>100° C.), the thermal expan-
sion coefficients of the protective layers 212 and the pyro-
electric material 204 may be as close as possible to avoid
device damage from the larger thermal expansion mismatch.

In operation of the pyroelectric sandwich thermal energy
harvesters 200 and/or 210, when the pyroelectric element
204 is subjected to temperature changes, the surface charge
density generated by the pyroelectric element 204 is pro-
portional to the change in temperature. The electrical charge
produced from the pyroelectric platelayer 204 is described
as:

oQ=(Q—Qo)pA(T To)pAOT

where T is the final temperature, and To is the initial
temperature, Q is the final accumulated electrical charge at
temperature T, Qo is the initial accumulated electrical charge
at the initial temperature To, p is the pyroelectric coefficient,
and A is the area of the pyroelectric plate/layer 204, respec-
tively. Qo depends on the initial condition. For example, if To
remains constant for an extended period of time, Qo could be
very small because the generated pyroelectric charges easily
dissipate due to dielectric leakage and other effects.

Since pyroelectric materials are a type of dielectric mate-
rial, the pyroelectric material structure itself is a capacitor.
The capacitance of pyroelectric sandwich thermal energy
harvesters 200 and/or 210 is:

A
CP = £,£o 

t

where, co is the vacuum permittivity, c,, is the relative
permittivity (also called dielectric constant), which is a
temperature dependent value for most materials, and t is the
thickness of the pyroelectric layer/plate 204, respectively. If
the pyroelectric sandwich thermal energy harvesters 200
and/or 210 are not connected with the rectifier 206 and the
storage device 208, the voltage crossing from one outer
pyroelectric surface of the pyroelectric layer/plate 204 to the
other outer pyroelectric surface of the pyroelectric layer/
plate 204 is:

V= Q
CP

or

AQ ptAT
AV= — =

CP £,£o

The generated electric energy stored in the pyroelectric
sandwich thermal energy harvesters 200 and/or 210 is:

Ps
dV = dT(t).

£o£,

The generated energy from To to T is

AE= V 
2 
—
 V02 
—C= Q2 

— 
Q02= 

(pAAT + 2Qo)pATt

2 P 2CP 2£0£,

10
-continued

When Qo = 0,

DE _ 
p2AT2At

5 2£0£'

When the pyroelectric sandwich thermal energy harvest-
ers 200 and/or 210 are connected with the rectifier 206 and
the storage device 208 some of the generated electric charge

10 will be immediately transported into the storage device 208.
In the charge transportation processing, only the electronics
with absolute energy larger than a threshold energy eV,
(i.e., eV>—eV, or eV<--eV,) can pass through the rectifier
206 and be stored in the storage device 208, such as a

15 super-capacitor. Not all the generated electrical charges in
the pyroelectric sandwich thermal energy harvesters 200
and/or 210 can be transported into the storage device 208,
such as a super-capacitor. Here, the threshold voltage V, is:

V,,2 V,,,+ VCS

where, V,,v is the forward voltage of the diode in the
rectifier 206, and Vcsis the level of the voltage in the storage
device 208, such as a super-capacitor/battery. The energy
carried by the same electronics is different from the pyro-

25 electric sandwich thermal energy harvesters 200 and/or 210
to the storage device 208, such as a super-capacitor/battery.
The electrical energy carried by electronics in the pyroelec-
tric sandwich thermal energy harvesters 200 and/or 210 is
eVP and eVcs for the storage device 208. In the charge

30 transportation process, the electrical energy will be only
partially transferred into the storage device 208, such as a
super-capacitor. The energy lost becomes heat and other
types of energy during the charging process.

FIG. 3 illustrates an embodiment pyroelectric power
35 generator 300 including multiple pyroelectric sandwich ther-

mal energy harvesters 304 connected together and disposed
in a substrate 302, for example embedded on the substrate
302. The multiple pyroelectric sandwich thermal energy
harvesters 304 connected together may be connected to an

40 energy harvesting and storage circuit, such as the energy
harvesting and storage circuit including the rectifier 206 and
the storage device 208. The multiple pyroelectric sandwich
thermal energy harvesters 304 may be connected together in
parallel and/or series. For a specific harvesting system, the

45 connection configuration may be selected based on the rate
of temperature change and the size of the multiple pyro-
electric sandwich thermal energy harvesters 304. The goal in
selecting the connection structure may be to maximize the
current flow through the rectifier 206 for energy storage, and

50 minimize the voltage difference between the V, and Vcs•
The configuration of multiple pyroelectric sandwich thermal
energy harvesters 304 connected together and disposed in a
substrate 302 may increase energy storage efficiency and
reduce the cost of the pyroelectric power generator 300.

55 Embodiment pyroelectric sandwich thermal energy har-
vesters were fabricated and tested as part of an experimental
validation process. A pyroelectric element was integrated
with 5 pieces of 18 mmx18 mmxl mm lead zirconium
titanate (PZT) (APC international 850 PZT) pyroelectric

60 thin plate with silver paint electrodes. The 5 pieces of
pyroelectric PZT plate were set in one line in parallel and
sandwiched with two pieces of 90 mmx18 mmx0.025 mm
brass shims which served as additional electrodes and elec-
trical connection layers. Then, the structure was further

65 sandwiched on the outside with two 0.05 mm brass plates for
the protection layer. Hysol RE2039/HD3501 epoxy was
used as the adhesive to bind the sandwich structure, thereby
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forming a single pyroelectric sandwich thermal energy har-
vester. The environment, temperature, and generated voltage
from the single pyroelectric sandwich thermal energy har-
vester versus time was monitored. The amplitude of the
generated voltage ranged from -185V to +155 V when the
environmental temperature changed from 25.3° C. to 34.9°
C. The rate of the generated voltage for single pyroelectric
sandwich thermal energy harvester was 35.4 V/° C. (V/K).
The dimension of the single pyroelectric sandwich thermal
energy harvester was 90 mmx18 mmxl mm. The capaci-
tance of the single pyroelectric sandwich thermal energy
harvester was 13.5 nF. 0.15 7/m2 energy can be generated for
a 1 mm thick pyroelectric PZT element with variation of 5°
C.

Four of the pyroelectric sandwich thermal energy harvest-
ers fabricated from the PZT, brass, and epoxy as described
above were connected in parallel to a 1000 µF super-
capacitor. The four pyroelectric sandwich thermal energy
harvester pyroelectric power generator measured 90 mmx72
mmxl mm. The voltage level of the charged 1000 µF
super-capacitor ranged from 0.0 V to 0.074 V when it was
charged by the harvester for the environmental temperature
fluctuating from 25.3° C. to 34.9° C. in 4.25 cycles. The
stored electrical charge was 75 µC and the energy was 2.55
µJ. This indicates that the harvester can harvest energy with
a small temperature variation. The stored energy was only
'/i000 of the generated energy. This is because the generated
voltage was much higher than the level of voltage in the
super-capacitor. When VP»V_, the energy of an electron in
the pyroelectric structure was eVP. It was reduced to eV_
after it was transferred into the super-capacitor. The energy
of eVP eV_ for one electron was converted to other types
of energy during the charge transportation processing.
Therefore, the various embodiments may be applied to
increase energy storage efficiency in practical applications.
Since the generated voltage rate was 35.4 V/° C. (V/K), a
majority of the generated electrical charges can pass through
the rectifier.

If the pyroelectric element is enlarged to 1 mxl mxl mm,
the voltage level of the super-capacitor, the stored electrical
charge can theoretically increase by about 155 times so the
stored electrical energy will increase about 24025 (155 2)

times. The level of the voltage in the charged super-capacitor
will be from 0 to 11.6 V for the small temperature variation
from 25.3° C. to 34.9° C. in 4.25 cycles. The stored electrical
charge will be 11,619 µC and the energy will be 60,560 µJ.
A large range of thermal cycles is available in space

environments, e.g. temperature ranges from -59° C. to 93°
C. (AT-152K) per thermal cycle on Low Earth Orbit, and
from -90° C. to 150° C. (AT=240K) on the Lunar surface.
There is also a large temperature differential between ground
and cruise altitudes for airplanes. In order to verify the
performance of the sandwich pyroelectric harvesters for
those applications, experiments were conducted where the
environmental temperature was varied from -150° C. to
+150° C. The voltage level of the charged 1000 µF super-
capacitor was raised from 0.0 V to 0.43 V when it was
charged by the harvester as the environmental temperature
changed from room temperature down to -150° C. and then
increased to +150° C. The stored electrical charge was 430
µC and the energy was 92.6 µJ. If the pyroelectric elements
were enlarged to 1 mxl mxl mm, the voltage of the
super-capacitor will be charged from 0 to 41.5 V, when the
environmental temperature changes from -150° C. to +150°
C. The charging rate will be 0.138 V/° C. m2) for charging

12
a 1000 µF super-capacitor with a 1 mm thick pyroelectric
harvester. The stored electrical charge will be 66,600 µC,
and the energy will be 2.2 J.
FIG. 4 shows pictures of the fabrication process of an

5 embodiment pyroelectric energy harvester 406 used for
experimental research. Lithium tantalate (LTO) was chosen
for this embodiment. The LTO plate (0.5 mm thick) was
sliced into rectangular pieces, deposited with silver metal as
electrodes, and attached with wires to form the pyroelectric

io energy harvester 406. 12 pieces of LTO 402 were attached
to wires, insulated, and assembled into pairs of pieces 404.
These pairs 404 were assembled in the shape of six blades
in a circular column to form the pyroelectric energy har-
vester 406. The assembled pyroelectric energy harvester 406

15 was installed inside a muffler for attachment to the end of an
exhaust pipe of a test vehicle 408. Because the generated
voltages are in the form of positive or negative pulses, the
generated electrical energy needs to be rectified for storage
in a capacitor or a battery. FIG. 5 shows an actual device

20 set-up for energy storage according to an embodiment in
which the pyroelectric energy harvester 406 is connected to
the rectifier 500 connected to the capacitor 502. The pyro-
electric energy harvester 406 was installed at the end of an
exhaust pipe of the truck (a Ford Ranger XL truck) and the

25 generated electrical voltage was measured while driving at
NASA Langley Research Center at the average speed of
about 18 mph for about 5 minutes. The maximum voltage
recorded was about 6182.OV, which is equivalent to an
electrical energy of about 24.8 mJ. The calculated energy

3o densities were about 3.1 7/cm3 and 383.4 J/kg at the maxi-
mum. The average electrical power was 6.7 mW. The power
densities were 827 mW/cm3 and 110 W/kg.
To measure stored energy, a 2200 µF capacitor 502 and a

rectifier 500 were connected as shown in FIG. 5. While
35 driving on the road for about 11 minutes and at a relatively

low speed (limit about 25 mph), the temperature of the gas
exhaust stream reached over 180° C. with a variation of over
40° C. The stored voltage level in a capacitor 502 was about
0.9V. After parking and turning off the engine, the pyroelec-

40 tric energy harvester 406 continued to store the energy by
harvesting the heat from the combustion/mechanical sys-
tems of the automobile. The performance of the pyroelectric
energy harvester 406 was also tested by revving the engine.
The temperatures of the exhaust gas and in the area close to

45 the pyroelectric energy harvester 406 increased by up to
359.6° C., and exhibited large variations when the accelera-
tion pedal was repeatedly pushed and released. The stored
voltage and electrical energy were about LOV and 1.1 mJ
after a 5 minute test.

50 To determine the effect of typical driving speeds on the
performance of the pyroelectric energy harvester, the har-
vester was tested on a vehicle (a Mini Cooper) driven on the
racetrack of Langley speedway (Hampton, Va.; 0.398 miles
in length, 6° of banking in the corners, 4° of banking in the

55 corners). Vehicle speed was controlled from zero to about 57
mph, and the temperature of the gas exhaust stream reached
over 450° C. with a variation of over 130° C. The maximum
stored voltage rate in a capacitor 502 at high gas temperature
over 180° C. was about 0.3 V/min, as calculated from the

60 slope of stored voltage line. This value was about four times
higher than that obtained from a vehicle driven at about half
the speed.
The preceding description of the disclosed embodiments

is provided to enable any person skilled in the art to make
65 or use the present invention. Various modifications to these

embodiments will be readily apparent to those skilled in the
art, and the generic principles defined herein may be applied
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to other embodiments without departing from the spirit or
scope of the invention. Thus, the present invention is not
intended to be limited to the embodiments shown herein but
is to be accorded the widest scope consistent with the
following claims and the principles and novel features
disclosed herein.

All cited patents, patent applications, and other references
are incorporated herein by reference in their entirety. How-
ever, if a term in the present application contradicts or
conflicts with a term in the incorporated reference, the term
from the present application takes precedence over the
conflicting term from the incorporated reference.

All ranges disclosed herein are inclusive of the endpoints,
and the endpoints are independently combinable with each
other. Each range disclosed herein constitutes a disclosure of
any point or sub-range lying within the disclosed range.
The use of the terms "a" and "an" and "the" and similar

referents in the context of describing the invention (espe-
cially in the context of the following claims) are to be
construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by con-
text. "Or" means "and/or." As used herein, the term "and/or"
includes any and all combinations of one or more of the
associated listed items. As also used herein, the term "com-
binations thereof' includes combinations having at least one
of the associated listed items, wherein the combination can
further include additional, like non-listed items. Further, the
terms "first," "second," and the like herein do not denote any
order, quantity, or importance, but rather are used to distin-
guish one element from another. The modifier "about" used
in connection with a quantity is inclusive of the stated value
and has the meaning dictated by the context (e.g., it includes
the degree of error associated with measurement of the
particular quantity).

Reference throughout the specification to "another
embodiment", "an embodiment", "exemplary embodi-
ments", and so forth, means that a particular element (e.g.,
feature, structure, and/or characteristic) described in con-
nection with the embodiment is included in at least one
embodiment described herein, and can or cannot be present
in other embodiments. In addition, it is to be understood that
the described elements can be combined in any suitable
manner in the various embodiments and are not limited to
the specific combination in which they are discussed.
What is claimed is:
1. A pyroelectric sandwich thermal energy harvester,

comprising:
first and second protective layers constructed of a ther-

mally conductive material;
first and second electrode layers positioned adjacent to the

first and second protective layers, respectively, such
that the first and second electrode layers are sand-
wiched between the first and second protective layers;
and

a pyroelectric layer sandwiched between the first and
second electrode layers, the pyroelectric layer being
poled to align a dipole moment perpendicular to the
pyroelectric layer, wherein a thermal expansion coef-
ficient of the first and second protective layers is larger
than a thermal expansion coefficient of the pyroelectric
layer.

2. The energy harvester of claim 1, wherein the pyroelec-
tric layer includes one or more of lithium tantalate, zinc
oxide, lithium niobate, and lead zirconium titanate.

3. The energy harvester of claim 1, wherein the pyroelec-
tric layer is one of a polycrystalline ceramic, a single crystal
material, an electroactive polymers, and a nanocomposite.

14
4. A pyroelectric power generator, comprising:
a substrate; and
at least one pyroelectric sandwich thermal energy har-

vester imbedded in the substrate, the pyroelectric sand-
s wich thermal energy harvester comprising:

first and second protective layers constructed of a
thermally conductive material;

first and second electrode layers positioned adjacent to
the first and second protective layers, respectively

10 such that the first and second electrode layers are
sandwiched between the first and second protective
layers; and

a pyroelectric layer sandwiched between the two elec-
15 trode layers, the pyroelectric layer being poled to

align a dipole moment perpendicular to the pyro-
electric layer, wherein a thermal expansion coeffi-
cient of the first and second protective layers is larger
than a thermal expansion coefficient of the pyroelec-

20 tric layer.
5. The pyroelectric power generator of claim 4, further

comprising an energy harvesting and storage circuit con-
nected to the at least one pyroelectric sandwich thermal
energy harvester.

25 6. The pyroelectric power generator of claim 5, wherein
the energy harvesting and storage circuit comprises at least
one rectifier and at least one storage device.

7. The pyroelectric power generator of claim 6, wherein
the at least one storage device includes a capacitor or a

30 battery.
8. The pyroelectric power generator of claim 4, wherein

the pyroelectric sandwich thermal energy harvester com-
prises two or more of the pyroelectric sandwich thermal

35 energy harvesters connected together.
9. The pyroelectric power generator of claim 8, wherein

the two or more pyroelectric sandwich thermal energy
harvesters are connected in parallel.
10. The pyroelectric power generator of claim 8, wherein

40 the two or more pyroelectric sandwich thermal energy
harvesters are connected in series.

11. A method, comprising:
providing a pyroelectric power generator, comprising:

at least one pyroelectric sandwich thermal energy har-
45 vester, the pyroelectric sandwich thermal energy

harvester comprising:
first and second protective layers constructed of a

thermally conductive material;
first and second electrode layers adjacent to the first

50 and second protective layers, respectively such
that the first and second electrode layers are sand-
wiched between the first and second protective
layers; and

55 
a pyroelectric layer sandwiched between the first and

second electrode layers, the pyroelectric layer
being poled to align a dipole moment perpendicu-
lar to the pyroelectric layer, wherein a thermal
expansion coefficient of the first and second pro-

60 tective layers is larger than a thermal expansion
coefficient of the pyroelectric layer; and

an energy harvesting and storage circuit connected to
the at least one pyroelectric sandwich thermal energy
harvester; and

65 coupling the pyroelectric power generator to a portion of
a structure such that the pyroelectric power generator
generates electric charge energy.
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12. The method of claim 11, wherein the structure is one
or more of a space facility, an aircraft, a satellite, a vehicle,
a building, a bridge, a pipe, a portable electronic device, and
a solar cell.

13. The method of claim 11, wherein the structure is a s
vehicle and the portion of the structure is an exhaust line.
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