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(57) Abstract: The present invention is directed to a thermoelectric device that includes a plurality of thermoelectric couples posi-
tioned between a top plate and a bottom plate, wherein each thermoelectric couple comprises n-type and p-type element assemblies
electrically connected in series and thermally connected in parallel. When the device is used for electrical power generation, the effi-
ciency is increased by using semiconductor materials with a high Seebeck coefficient, increasing the distance between the n-type and
p-type element assemblies, increasing the length of the electrical conductors/thermal distance between the top and bottom plates,
and/or using an insulation plate spaced from the top plate. When the device is used for heating/cooling, the coetficients of perform -
ance are increased by using semiconductor materials with a high Seebeck coefficient and/or optimizing the length of the electrical
conductors/thermal distance between the top and bottom plates.
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THERMOELECTRIC DEVICE

Cross-Reference to Related Applications

This application is based on and claims priority to U.S. Non-Provisional
Application Serial No. 14/533,321 filed on November 5, 2014, which is incorporated herein
by reference in its entirety.

Background of the Invention

Thermoelectric devices are available in a variety of materials and
configurations. Referring to FIG. 1, a conventional thermoelectric device is shown generally
as reference numeral 10. Thermoelectric device 10 includes a plurality of thermoelectric
couples 12a and 12b (only two of which are shown in FIG. 1). As shown, each
thermoelectric couple comprises an n-type semiconductor element 14 and a p-type
semiconductor element 16. The n-type and p-type semiconductor elements 14, 16 are
electrically connected in series via connection plates 18a, 18b, 18c, 18d and 18e, as shown in
FIG. 1. In addition, the n-type and p-type semiconductor elements 14, 16 are thermally
connected in parallel between a top plate 20 and a bottom plate 22. Within each
thermoelectric couple, the n-type and p-type semiconductor elements 14, 16 are spaced a
short distance apart (represented by distance d in FIG. 1) in order to minimize the overall size
of the device. For example, a typical distance between n-type and p-type semiconductor
elements 14, 16 is in the range of 0.5 mm to 2.0 mm.

In general, thermoelectric devices are used in two different modes of
operation: an electrical power generation mode and a heating/cooling mode. In this regard,
thermoelectric device 10 includes contact points 24 and 26 that provide connections to either
a load (for the electrical power generation mode) or a power source (for the heating/cooling
mode), wherein the load or power source are shown generally as reference numeral 40. In the
electrical power generation mode, heat (e.g., heat from the sun) is applied to top plate 20
whereby electrical power is delivered to the load connected to contact points 24 and 26. In
the heating/cooling mode, the power source is connected to contact points 24 and 26 whereby
the temperature of each of top and bottom plates 20, 22 changes to provide the desired
heating or cooling effect.

While conventional thermoelectric devices offer advantages that are not
provided by other technologies, they are still relatively inefficient. In the electrical power

generation mode, the efficiency of a thermoelectric device increases with a greater
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temperature difference between top plate 20 and bottom plate 22. 'This is accomplished by
selecting the materials of each of the n-type and p-type semiconductor elements 14, 16 to
have a low thermal conductivity (e.g., a thermal conductivity of 0.026 W/cm°K or lower).
However, materials with a low thermal conductivity generally have a low Seebeck coefficient
(e.g., a Seebeck coefficient of 140 uV/°K to 250 uV/°K for the p-type semiconductor element
and a Seebeck coefficient of -75 pV/°K to -200 uV/°K for the n-type semiconductor
element). For example, BiyTes is commonly used for the p-type semiconductor element 16,
which has a thermal conductivity of about 0.020 W/cm°K and a Seebeck coefficient of about
240 uV/°K. Also, BiyTe; + 0.1% I is commonly used for the n-type semiconductor element
14, which has a thermal conductivity of about 0.0256 W/cm°K and a Seebeck coefficient of
about -184 pV/°K. In addition, materials with a low thermal conductivity generally have a
low electrical conductivity, which does not provide optimum efficiency. While efforts have
been made to develop materials with a low thermal conductivity and higher Seebeck
coefficients and electrical conductivity, there are still limits on the efficiency that can be
achieved with the use of these materials. In particular, the efficiency of a conventional
thermoelectric device is typically less than about 15%. 'There are similar limits on the
coefficient of performance for cooling or refrigeration (COPR) and the coefficient of
performance for heating (COPH) that may be achieved with the use of such materials when a
conventional thermoelectric device is operated in the heating/cooling mode.

Another measure of the performance of a thermoelectric device when
operating in the electrical power generation mode is ZT, where Z is the figure of merit of the
device and T is the mean temperature of the device. The ZT value of a conventional
thermoelectric device is typically less than about 1.5 and most typically about 1, although a
recent publication claims to have attained a ZT value of about 2.2 at 600°K. See High-
performance bulk thermoelectrics with all-scale hierarchial architectures, Nature 489, 414-
418 (September 20, 2012). Even if such claims are accurate, a ZT value of 2.2 is still well
below desired levels.

U.S. Patent No. 5,006,178 to Bijvoets discloses an alternative thermoelectric
device that includes a plurality of thermoelectric elements electrically connected in series and
thermally connected in parallel. Each thermoelectric element is provided with two element
halves of opposite conductivity types. Each element half has two semiconducting end pieces

and an electrically conducting intermediate piece. Bijvoets teaches that the semiconducting
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end pieces are made of typical semiconductor materials, such as BiTe. Again, there are limits
on the efficiency, ZT value, COPH and COPR that can be achieved with these materials.
Brief Summary of the Invention

The present invention is directed to a high efficiency thermoelectric device
that may be used for electrical power generation or for heating/cooling applications. The
thermoelectric device includes a plurality of thermoelectric couples positioned between a top
plate and a bottom plate. Fach thermoelectric couple comprises an n-type element assembly
and a p-type element assembly that are electrically connected in series and thermally
connected in parallel. The n-type element assembly comprises a first n-type semiconductor
element connected to a second n-type semiconductor element via a first electrical conductor,
wherein the first and second n-type semiconductor elements are electrically and thermally
connected in series. The p-type element assembly comprises a first p-type semiconductor
element connected to a second p-type semiconductor element via a second electrical
conductor, wherein the first and second p-type semiconductor elements are electrically and
thermally connected in series. Preferably, the top and bottom plates are formed of a material
having a high thermal conductivity and a low electrical conductivity.

When the thermoelectric device is used for electrical power generation, the
efficiency (and ZT value) can be increased by one or more of the following: using
semiconductor materials for the n-type and/or p-type semiconductor elements with higher
Seebeck coefficients; increasing the distance between the n-type and p-type element
assemblies; increasing the length of the electrical conductors and thermal distance between
the top and bottom plates; using top and bottom plates that are black in color and have very
low electrical conductivity and high thermal conductivity; and/or providing an insulation
plate above the top plate to reduce the amount of heat that is lost to the ambient air.

When the thermoelectric device is used for heating/cooling applications, the
COPH and/or COPR can be increased by one or more of the following: using semiconductor
materials for the n-type and/or p-type semiconductor elements with higher Seebeck
coefficients; and/or optimizing the length of the electrical conductors and thermal distance
between the top and bottom plates. The top plate is coupled to a first heat sink and the
bottom plate is coupled to a second heat sink. Preferably, the second heat sink is moveable
between an open position and a closed position, wherein the second heat sink is in the closed
position when the device is configured for use as a heating device and is in the open position

when the device is configured for use as a cooling device.
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A thermoelectric device in accordance with the present invention is able to
provide significantly higher efficiency, ZT value, COPH and COPR than those attainable
with conventional thermoelectric devices.

Brief Description of the Drawings

Various exemplary embodiments of the present invention are described in
detail below with reference to the attached drawing figures, wherein:

Fig. 1 is a diagram of a conventional thermoelectric device of the prior art;

Fig. 2 is a diagram of a thermoelectric device used for electrical power
generation in accordance with a first exemplary embodiment of the present invention;

Fig. 3 is a diagram of two thermoelectric devices that have been cross-
connected to increase the length of the electrical conductors connecting the various
semiconductor elements;

Fig. 4 is a diagram of a thermoelectric device used for heating/cooling
applications in accordance with a second exemplary embodiment of the present invention;

Fig. 5 is a diagram of the thermoelectric device of Fig. 4 when configured for
a cooling application; and

Fig. 6 is a diagram of the thermoelectric device of Fig. 4 when configured for
a heating application.

Detailed Description of Exemplary Embodiments

The present invention is directed to a high efficiency thermoelectric device
that may be used for electrical power generation or for heating/cooling applications. While
the invention will be described in detail below with reference to various exemplary
embodiments of the invention, it should be understood that the invention is not limited to the
specific configuration or materials of these embodiments. In addition, although the
exemplary embodiments are described as embodying several different inventive features, one
skilled in the art will appreciate that any one of these features could be implemented without
the others in accordance with the invention.

L. Electrical Power Generation

Referring to FIG. 2, a first exemplary embodiment of a thermoelectric device
used for electrical power generation in accordance with the present invention is shown
generally as reference numeral 110. Thermoelectric device 110 includes a plurality of
thermoelectric couples 112a, 112b positioned between a top plate 120 and a bottom plate 122.
While two thermoelectric couples 112a, 112b are depicted in FIG. 2, it should be understood
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that thermoelectric device 110 may include any number of thermoelectric couples. In one
aspect, the thermoelectric couples are arranged in a grid pattern, such as a square grid pattern
in which thermoelectric device 110 has the same number of element assemblies along its
length and width. Of course, other patterns of element assemblies are also within the scope
of the present invention. In another aspect, multiple thermoelectric devices or modules are
connected in series and/or in parallel as desired for a particular application or to achieve a
desired result.

In the exemplary embodiment, all of the thermoelectric couples are
substantially identical, e.g., the configuration of thermoelectric couple 112a is substantially
the same as the configuration of thermoelectric couple 112b. FEach thermoelectric couple
includes an n-type element assembly 114 and a p-type element assembly 116. The
thermoelectric couples are electrically connected in series via connection plates 118a, 118b,
118c, 118d and 118e, as shown, such that the device electrically alternates between an n-type
element assembly 114 and a p-type element assembly 116. As can be seen, the
thermoelectric couples are thermally connected in parallel between top plate 120 and bottom
plate 122.

Each n-type element assembly 114 comprises two n-type semiconductor
elements 114a, 114b with connection plates 114d, 114e, respectively, connected in series by
an electrical conductor 114c. N-type semiconductor elements 114a, 114b are thermally
connected in series between top plate 120 and bottom plate 122. Similarly, each p-type
element assembly 116 comprises two p-type semiconductor elements 116a, 116b with
connection plates 116d, 116e, respectively, connected in series by an electrical conductor
116c. P-type semiconductor elements 116a, 116b are thermally connected in series between
top plate 120 and bottom plate 122.

N-type semiconductor elements 114a, 114b are formed of a semiconductor
material that has been doped with certain compounds such that the semiconductor material
has an excess of negative electron charge carriers. One skilled in the art will understand that
the specific material properties (e.g., Seebeck coefficient, thermal conductivity, and electrical
resistivity) of n-type semiconductor elements 114a, 114b will vary depending on the
semiconductor material used in the device. As described in detail below, the efficiency of
thermoelectric device 110 may be increased by selecting a semiconductor material for n-type
semiconductor elements 114a, 114b that has a large negative value for the Seebeck

coefficient at the temperature at which the device will be operated and a relatively small
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value for the electrical resistivity. In a preferred embodiment, n-type semiconductor elements
114a, 114b are formed of a material in which the negative value for the Seebeck coefficient is
greater than about -250 uV/°K, e.g., -250, -300, -350, -400, -450, -500, -550, -600, -650, -
700, -750, -800, -850, -900, -950, -1000, -1050, -1100, -1150, -1200, -1250, -1300 or greater
uV/°K. Also, in a preferred embodiment, n-type semiconductor elements 114a, 114b are
formed of a material in which the electrical resistivity is less than about 1.0x10™ ohms-cm,
more preferably less than about 1.0x10™ ohms-cm, and most preferably less than about
1.0x107 ohms-cm. While a lower electrical resistivity is generally preferred, the value of the
electrical resistivity must be considered relative to the value of the Seebeck coefficient. For
example, a material with a higher electrical resistivity and higher Seebeck coefficient may be
preferred over another material with a lower electrical resistivity and lower Seebeck
coefficient. Suitable materials for n-type semiconductor elements 114a, 114b include, but are
not limited to, BipS3; (sintered), PbgeGessSess, and Pb;sGes;Sess.  Unlike conventional
thermoelectric devices, the thermal conductivity of the semiconductor material is not critical
to the efficiency of thermoelectric device 110. Thus, n-type semiconductor elements 114a,
114b may be formed of a material in which the thermal conductivity is greater than about
0.10 W/em °K, e.g., 0.10, 0.12, 0.14, 0.16, 0.18, 0.20, 0.22, 0.24 or greater W/cm °K.

P-type semiconductor elements 116a, 116b are formed of a semiconductor
material that has been doped with certain compounds such that the semiconductor material
has an excess of charge carriers (holes). One skilled in the art will understand that the
specific material properties (e.g., Seebeck coefficient, thermal conductivity, and electrical
resistivity) of p-type semiconductor elements 116a, 116b will vary depending on the
semiconductor material used in the device. As described in detail below, the efficiency of
thermoelectric device 110 may be increased by selecting a semiconductor material for p-type
semiconductor elements 116a, 116b that has a large positive value for the Seebeck coefficient
at the temperature at which the device will be operated and a small value for each of the
thermal conductivity and electrical resistivity. In a preferred embodiment, p-type
semiconductor elements 116a, 116b are formed of a material in which the positive value for
the Seebeck coefficient is greater than about 250 uV/°K, e.g., 250, 300, 350, 400, 450, 500,
550, 600, 650, 700, 750, 800, 850, 900, 950, 1000, 1050, 1100, 1150, 1200, 1250, 1300 or
greater uV/°K. Also, in a preferred embodiment, p-type semiconductor elements 116a, 116b
are formed of a material in which the electrical resistivity is less than about 1.0x10™

ohms:cm, more preferably less than about 1.0x10™ ohms-cm, and most preferably less than
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about 1.0x107 ohms-cm. While a lower electrical resistivity is generally preferred, the value
of the electrical resistivity must be considered relative to the value of the Seebeck coefficient.
For example, a material with a higher electrical resistivity and higher Seebeck coefficient
may be preferred over another material with a lower electrical resistivity and lower Seebeck
coefficient. Suitable materials for p-type semiconductor elements 116a, 116b include, but are
not limited to, BiTe;, Pbp;GesgSess, and PbgsGesgSess.  Again, unlike conventional
thermoelectric devices, the thermal conductivity of the semiconductor material is not critical
to the efficiency of thermoelectric device 110. Thus, p-type semiconductor elements 116a,
116b may be formed of a material in which the thermal conductivity is greater than about
0.10 W/em °K, e.g., 0.10, 0.12, 0.14, 0.16, 0.18, 0.20, 0.22, 0.24 or greater W/cm °K.

As described in detail below, the dimensions of n-type semiconductor
elements 114a, 114b and p-type semiconductor elements 116a, 116b can be altered to
maximize the efficiency of thermoelectric device 110. In the exemplary embodiment, the
dimensions of n-type semiconductor elements 114a, 114b are substantially identical to the
dimensions of p-type semiconductor elements 116a, 116b. In an alternative embodiment, the
dimensions of n-type semiconductor elements 114a, 114b are different than the dimensions of
p-type semiconductor elements 116a, 116b. In a preferred embodiment, the thickness of n-
type semiconductor elements 114a, 114b and p-type semiconductor elements 116a, 116b is
about 2.0 mm or less, e.g., 2.0, 1.9, 1.8, 1.7, 1.6, 1.5, 1.4, 1.3, 1.2, 1.1, 1.0. 0.9, 0.8 or less
mm.

The distance between each n-type element assembly 114 and corresponding p-
type element assembly 116 is shown in FIG. 2 as d1. The distance between adjacent
thermoelectric couples (e.g., the distance between thermoelectric couple 112a and
thermoelectric couple 112b) is shown in FIG. 2 as d2. In the exemplary embodiment, the
value of d1 is substantially the same as the value of d2. Unlike conventional thermoelectric
devices, there is no limit on the values of d1 and d2 (i.e., the value of d1 and d2 in FIG. 2 can
be greater than the value of d in FIG. 1). Preferably, the value of d1 and d2 is chosen so as to
provide the greatest efficiency in relation to the desired power output for thermoelectric
device 110. In a preferred embodiment, the value of d1 and d2 is between about 0.05 cm and
about 3.0 cm.

N-type semiconductor elements 114a, 114b and p-type semiconductor
elements 116a, 116b are electrically connected in series via electrical conductors 114c, 116¢

and connections 114d, 114e, 116d, 116e, respectively, and connection plates 118a, 118b,
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118¢, 118d and 118e. In one embodiment, electrical conductors 114c, 116¢, connections
114d, 114e, 116d, 116e, and connection plates 118a, 118b, 118c, 118d and 118e are made
from the same material. In another embodiment, electrical conductors 114c, 116c,
connections 114d, 114e, 116d, 116e, and connection plates 118a, 118b, 118c, 118d and 118e
are made from different materials. Examples of suitable materials for electrical conductors
114c, 116¢, connections 114d, 114e, 116d, 116e, and connection plates 118a, 118b, 118c,
118d and 118e include, but are not limited to, nickel, aluminum, copper, silver, zinc, and
solder.

Electrical conductors 114¢, 116¢ and connections 114d, 114e and 116d, 116e
are preferably made of a material having a low thermal conductivity and a high electrical
conductivity. The material is preferably chosen so as to maximize the ratio of electrical
conductivity to thermal conductivity. In a preferred embodiment, the ratio of electrical
conductivity to thermal conductivity is in a range of about 1.3x10° S°K/W to about 1.6x10°
S°K/W and greater. Preferably, electrical conductor 114c and connections 114d, 114e are
made from an electrically conductive material with a negative Seebeck coefficient (e.g.,
nickel) and electrical conductor 116¢ and connections 116d, 116e are made from an
electrically conductive material with a positive Seebeck coefficient (e.g., copper). Solder
could also be used for connections 114d, 114e and 116d, 116e so as to reduce the cost of
manufacturing.

Connection plates 118a, 118b, 118c, 118d and 118e are preferably made of a
material having a high thermal conductivity and a high electrical conductivity (e.g., silver,
copper or aluminum). Of course, one skilled in the art will understand that the materials may
be chosen in view of cost considerations, e.g., while silver has a high thermal conductivity, it
may be sufficient to use copper or aluminum in view of their lower costs.

The length and diameter of electrical conductors 114c, 116¢ affect the
efficiency of thermoelectric device 110 and the amount of current that can safely travel
through device 110. It is desired to maximize the length of electrical conductors 114c, 116¢
(and increase the thermal distance between top plate 120 and bottom plate 122) and minimize
the diameter of electrical conductors 114c¢, 116¢ so as to lower the amount of heat transferred
between top plate 120 and bottom plate 122. This results in a larger temperature difference
between top plate 120 and bottom plate 122 to thereby increase the efficiency of

thermoelectric device 110.
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In a preferred embodiment, electrical conductors 114c, 116c have a length in a
range from about 2 cm to about 8 cm, although could be as long as 3m or more in certain
applications. Also, in a preferred embodiment, electrical conductors 114c, 116¢ have a
diameter in a range from about 0.51054 mm (24 AWG) to about 3.66522 mm (7 AWG). In
the exemplary embodiment, electrical conductors 114c, 116¢ are substantially identical so as
to have substantially the same length and diameter. In an alternative embodiment, electrical
conductor 114c has a different length and/or diameter compared to those of electrical
conductor 116c. One skilled in the art will understand that if the dimensions of n-type
semiconductor elements 114a, 114b and p-type semiconductor elements 116a, 116b are
different, then electrical conductors 114c, 116¢c may have different lengths such that the
overall thermal distance between top plate 120 and bottom plate 122 for each element
assembly 114, 116 is substantially the same.

In the exemplary embodiment, top plate 120 and bottom plate 122 are made
from a material having a high thermal conductivity and a low electrical conductivity. One
suitable material for top and bottom plates 120, 122 is Ceramacast™ 675N (ceramic doped
with aluminum nitride) available from Aremco Products Inc., which can be used at higher
temperatures up to 2200 °F. Another suitable material is CoolPoly® D5108 (polyphenylene
sulfide (PPS)) available from Cool Polymers, Inc. It is also possible to mix a filler, such as
boron nitride, aluminum oxide, or aluminum nitride, with either of these materials. Of
course, other materials may also be used in accordance with the present invention.

In some embodiments, thermoelectric device 110 also includes an insulating
plate 128 spaced a distance above top plate 120. Insulating plate 128 allows heat to pass
from a heat source to top plate 120, and also provides an insulation layer so as to prevent the
dissipation and loss of heat from top plate 120 into the surrounding ambient air. Preferably,
insulating plate 128 is transparent so to pass as much heat as possible from the heat source to
top plate 120. Suitable materials for insulating plate 128 include glass or acrylic. Of course,
other materials may also be used in accordance with the present invention.

In the exemplary embodiment, an insulation area 130 is provided between
insulation plate 128 and top plate 120, as shown in FIG. 2. In an alternative embodiment, the
insulation area may extend between insulation plate 128 and bottom plate 122. The
insulation area 130 is preferably a vacuum or partial vacuum. Alternatively, insulation area
130 may comprise a gas (such as air or argon) that is maintained at atmospheric pressure,

below atmospheric pressure, or above atmospheric pressure. In this embodiment,
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thermoelectric device 110 includes side membranes (not shown) or other means of enclosing
insulation area 130 between insulation plate 128 and top plate 120 (or bottom plate 122),
preferably with a rubber seal. One skilled in the art will understand that insulation area 130
reduces the dissipation of heat from thermoelectric device 110 into the ambient air.

In the exemplary embodiment, thermoelectric device 110 is configured for
power generation. As such, in FIG. 2, thermoelectric device 110 is coupled to a load 140 via
connection points 124, 126 so as to provide electrical power to load 140. Load 140 may
comprise any type of load that is operable to receive, use and/or store power generated by
thermoelectric device 110.

In operation, a heat source (not shown) provides heat to one of the plates of
thermoelectric device 110. In the exemplary embodiment, the heat is applied to top plate
120. The heat source may be any suitable source of heat and may be provided directly or
indirectly, through convection or conduction, or any other heat transfer method known in the
art. Examples of suitable heat sources include, but are not limited to, the sun, open flames,
furnaces, engines, motors, appliances (e.g., refrigerator or water heater), living organisms,
cooling towers, boilers, and chemical reactions.

When the heat source provides heat to top plate 120 (optionally through
insulation plate 128), the temperature of top plate 120 increases resulting in a temperature
difference (A7) between top plate 120 and bottom plate 122. This temperature difference
excites the atoms in the semiconductor elements so that the atoms begin to move, which
causes an electrical current to flow in thermoelectric device 110. This current is delivered to
load 140 through connection points 124, 126.

A thermoelectric device is not perfectly efficient and energy is lost to the
ambient air and to heat generated within the device. In general terms, the efficiency of a
thermoelectric device is measured by the ratio of the energy provided to a load to the heat
energy absorbed by the top plate. A thermoelectric device with higher efficiency will
generate more power for the load. The efficiency of a thermoelectric device may be
expressed by the following equation (wherein it is assumed that the plate receiving the heat

input is the top plate):

g AT
2Th _£+i
2 7

)

where
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m_ efficiency of thermoelectric device;

AT = temperature difference between top plate and bottom plate in degrees

Kelvin (°K);

T temperature of top plate in degrees Kelvin (°K); and

5 Z = figure of merit for thermoelectric device in 1/°K.
The figure of merit for a thermoelectric device is determined by the materials
used to construct each of the thermoelectric couples of the device, as set forth in the
following equation:

S 2

eqd

[ =—
R, K, @)

10 where

Z = figure of merit for thermoelectric device in 1/°K;

Ser equivalent Seebeck coefficient for single thermoelectric couple in

uV/°K;
R, - equivalent electrical resistance for single thermoelectric couple in ohims;
15 and
Koo equivalent thermal conductance for single thermoelectric couple in
W/°K.

The equivalent electrical resistance and equivalent thermal conductance are
dependent on the electrical resistance and thermal conductance, respectfully, for the n-type
20  and p-type semiconductor elements in a single thermoelectric couple. The equivalent
electrical resistance represents how difficult it is for current to flow through the
thermoelectric device. The equivalent thermal conductance represents how easily heat flows
through the thermoelectric device. It will be seen that the equivalent electrical resistance and
equivalent thermal conductance are calculated differently depending on the configuration of

25  the thermoelectric device.
The electrical resistance for a p-type semiconductor element is dependent on
the electrical resistivity of the material used to construct the element and the dimensions of

the element, as shown by the following equation:
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where

R . . . .
? = electrical resistance for p-type semiconductor element in ohms;

Pr = electrical resistivity of material used for p-type semiconductor element in

5 ohms-cm;
"y _ height of p-type semiconductor element in cm; and

A . . .
P = cross-sectional surface area of p-type semiconductor element in cm’.
Similarly, the electrical resistance for an n-type semiconductor element is
dependent on the electrical resistivity of the material used to construct the element and the

10 dimensions of the element, as shown by the following equation:

h
SA, @)

where

R . . . .
n = electrical resistance for n-type semiconductor element in ohms;

Pn = electrical resistivity of material used for n-type semiconductor element in

15 ohms-cm;
h, _ height of n-type semiconductor element in cm; and

SA, _ cross-sectional surface area of n-type semiconductor element in cm’.
The thermal conductance for a p-type semiconductor element is dependent on
the thermal conductivity of the material used to construct the element and the dimensions of

20  the element, as shown by the following equation:

SA
Kp =kp.{ hpj
’ ®)

where

K,_ thermal conductance for p-type semiconductor element in W/°K;

ko thermal conductivity of material used for p-type semiconductor element

25 in W/em-°K;
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SA . . . 2
P = cross-sectional surface area of p-type semiconductor element in cm™;

and

"y _ height of p-type semiconductor element in cm.
Similarly, the thermal conductance for an n-type semiconductor element is
dependent on the thermal conductivity of the material used to construct the element and the

dimensions of the element, as shown by the following equation:

RN
" (6)

where

K, _ thermal conductance for n-type semiconductor element in W/°K;

k. thermal conductivity of material used for n-type semiconductor element

in W/cm-°K;

SA : . . 2
n= cross-sectional surface area of n-type semiconductor element in cm”;

and

h, _ height of n-type semiconductor element in cm.

As can be seen from equation (1) above, the efficiency of a thermoelectric
device can be increased by increasing the temperature difference between the top plate and
the bottom plate and/or increasing the figure of merit for the thermoelectric device. As can
be seen from equation (2) above, the figure of merit for the thermoelectric device can be
increased (to thereby increase the efficiency) by increasing the equivalent Seebeck coefficient
for a single thermoelectric couple, decreasing the equivalent electrical resistance for a single
thermoelectric couple, and/or decreasing the equivalent thermal conductance for a single
thermoelectric couple.

From these equations, it will be seen that the efficiency of a thermoelectric
device in accordance with the present invention can be increased in one or more different
ways, including: using semiconductor materials with higher Seebeck coefficients that are not
suitable for use with a conventional thermoelectric device; increasing the distance between
element assemblies in the thermoelectric device; increasing the length of the electrical
conductors connecting the semiconductor elements and increasing the thermal distance
between the top and bottom plates; and/or using an insulation plate above the top plate. Fach

of these methods of increasing the efficiency of the thermoelectric device will be discussed in
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greater detail below. Preferably, the efficiency of the thermoelectric device is greater than
about 20%, e.g., 20%, 22%, 24%, 26%, 28%, 30%, 32%, 34%, 36%, 38%, 40% or even
greater. It is believed that the maximum efficiency that can be obtained with current
materials is in the range of 50% to 70%. Further, the ZT value of the thermoelectric device is
preferably greater than 5, e.g., 5, 10, 15, 20, 25, 30, 35, 40, 45, 50 or even greater. Of course,
one skilled in the art will understand that the ZT values that can be achieved with the present
invention depend, in part, on the temperature difference between top plate 120 and bottom
plate 122.

A. Change in Semiconductor Materials

In one aspect of the invention, the configuration of thermoelectric device 110
shown in FIG. 2 enables the use of semiconductor materials with higher Seebeck coefficients
that are not suitable for use with conventional thermoelectric device 10 shown in FIG. 1.
These semiconductor materials increase the efficiency (and ZT value) of thermoelectric
device 110 by increasing the figure of merit. To illustrate this aspect of the invention, an
example is provided below that compares the efficiency of conventional thermoelectric
device 10 to the efficiency of thermoelectric device 110.

Thermoelectric Device 10 (Prior Art)

As discussed above, thermoelectric device 10 is comprised of n-type
semiconductor elements 14 and p-type semiconductor elements 16. For purposes of this
example, we will assume that n-type semiconductor elements 14 are made of BiyTes + 0.1% 1
and p-type semiconductor elements 16 are made of BiyTe;. We will also assume that
semiconductor elements 14, 16 each have a length of 1 cm, a width of 1 cm, and a height of

0.05 cm. Table 1 is provided below to show the various properties for these semiconductor
materials, namely, the Seebeck coefficient (S ), the thermal conductivity (k ), and the

electrical resistivity (p ) for each semiconductor material. These values will be used below

to perform various calculations relating to the efficiency of thermoelectric device 10.

n-type semiconductor element p-type semiconductor element
(Bi,Te; +0.1% 1) (BiyTes)
Seebeck coefficient (5 ) -184x10-6 V/°K 240x10-6 V/°K
thermal conductivity (k) 0.0256 W/(cm-°K) 0.02 W/(cm-°K)
electrical resistivity (©) 0.63x10-3 ohms-cm 0.52x10-3 ohms-cm
Table 1

To calculate the efficiency of thermoelectric device 10 using equation (1)

above, we must first calculate the figure of merit for thermoelectric device 10 using equation
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(2) above. This requires calculation of the equivalent Seebeck coefficient (S‘”I ), the

equivalent electrical resistance (R‘”I ), and the equivalent thermal conductance (K‘”I ) for a
single thermoelectric couple of thermoelectric device 10.

The equivalent Seebeck coefficient for a single thermoelectric couple of
thermoelectric device 10 is the difference between the Seebeck coefficient for the p-type
semiconductor material and the Seebeck coefficient for the n-type semiconductor material, as
shown by the following equation:

Su=5,~5

where

Sea = equivalent Seebeck coefficient for single thermoelectric couple in

uV/°K;

Sy Seebeck coefficient for p-type semiconductor material in uV/°K; and

5. - Seebeck coefficient for n-type semiconductor material in uV/°K.

Thus, the equivalent Seebeck coefficient for a single thermoelectric couple of

thermoelectric device 10 is calculated from equation (7) using the values for the Seebeck
coefficient for the p-type semiconductor element (SP) and the Seebeck coefficient for the n-

type semiconductor element (S") shown in Table 1, as follows:
S, =8, ~5, =240x10° —(~184x10) = 424 /ﬂ%K

Next, because n-type semiconductor element 14 and p-type semiconductor
element 16 and are electrically connected in series, the equivalent electrical resistance for a
single thermoelectric couple of thermoelectric device 10 is the sum of the electrical resistance
for p-type semiconductor element 16 and the electrical resistance for n-type semiconductor
element 14, as shown by the following equation:

R, =R +R

eq P n (8)
where
R . . . . . .
«¢ = equivalent electrical resistance for single thermoelectric couple in ohms;

R . . . .
? = electrical resistance for p-type semiconductor element in ohms; and

R,_ electrical resistance for n-type semiconductor element in ochms.
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The electrical resistance for p-type semiconductor element 16 (RP) is

calculated using equation (3) above (using the value for p-type electrical resistivity (’0 7)
shown in Table 1 above and the dimensions of p-type semiconductor element 16 set forth

above), as follows:

h
oo, [ 52e10° (222

5 P
The electrical resistance for n-type semiconductor element 14 (R") is
calculated using equation (4) above (using the value for n-type electrical resistivity (,0 ")
shown in Table 1 above and the dimensions of n-type semiconductor element 16 set forth
above), as follows:
h .
R =p, -| ——|=0.63x107" 005 =3.15x107°Q
10 SA, 1

. . . R . .
Thus, the equivalent electrical resistance ( “¢) for a single thermoelectric

couple of thermoelectric device 10 is calculated using equation (8) above, as follows:
R,=R,+R =2.6x107+3.15x107 =5.75x107Q

Next, because p-type semiconductor element 16 and n-type semiconductor

15 element 14 are thermally connected in parallel, the equivalent thermal conductance for a

single thermoelectric couple of thermoelectric device 10 is the sum of the thermal

conductance for p-type semiconductor element 16 and the thermal conductance for n-type
semiconductor element 14, as shown by the following equation:

K,=K,+K, q,

20 where

K . . . .
¢ = the equivalent thermal conductance for a single thermoelectric couple in

W/°K;

? = the thermal conductance for the p-type semiconductor element in W/°K;
and

K

25 " = the thermal conductance for the n-type semiconductor element in W/°K.
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The thermal conductance for p-type semiconductor element 16 (KP) is

calculated using equation (5) above (using the value for p-type thermal conductivity (kp )
shown in Table 1 above and the dimensions of p-type semiconductor element 16 set forth

above), as follows:

SA 1
K =k | 222 |=0.02-| — |=0.40 VV
P [h J (0.05) K

5 P
The thermal conductance for n-type semiconductor element 14 (K") is
calculated using equation (6) above (using the value for n-type thermal conductivity (k")
shown in Table 1 above and the dimensions of n-type semiconductor element 14 set forth
above), as follows:
A
K =k | 22 =o.26-(Lj=o.512 VVK
10 h, 0.05

Thus, the equivalent thermal conductance (K‘”I ) for a single thermoelectric

couple of thermoelectric device 10 is calculated using equation (9) above, as follows:
K, =K, +K,=04+0512=0912 V%K
As a result, the figure of merit for thermoelectric device 10 is calculated using
15  equation (2) above, as follows:

S 2 —62
=t oD 3430107 )
R,-K, (575x107)-(0.912)

For purposes of comparison, we will calculate the efficiency of thermoelectric
device 10 at six different temperatures for top plate 20 (i.e., the "hot" plate): 373°K, 473°K,
573°K, 673°K, 773°K and 873°K. For each of these temperatures, we will assume a

20  temperature of 273°K on bottom plate 22 (i.e., the "cold" plate).

— o
Assuming a temperature of 373°K on top plate 20 (Th =373°%K

—_ (o]
temperature of 273°K on bottom plate 22 (TC =273°K

) and a

), the temperature difference between
the plates is calculated as follows:
AT =T, -T =373-273=100°K
25 The efficiency of thermoelectric device 10 can be calculated using equation

(1) above, as follows:
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pe——= 1(1)80 —=00537=5.37%
p LA W v/} M S S
27 2 34310

Thus, thermoelectric device 10 has an efficiency of 5.37% in the example
where the device uses the semiconductor materials shown in Table 1 above and there is a
temperature difference of 100°K between top plate 20 and bottom plate 22. In other words,

5 thermoelectric device 10 is only utilizing 5.37% of the energy absorbed by top plate 20.

— o
Assuming a temperature of 473°K on top plate 20 (Th =473°K

temperature of 273°K on bottom plate 22 (Tc =273°K

)and a

), the temperature difference between
the plates is calculated as follows:
AT =T,-T =473-273=200°K
10 The efficiency of thermoelectric device 10 can be calculated using equation

(1) above, as follows:

pe— = 2(2)80 ——=0.0994=09.94%
2Th—7+2 2-(473)-—+

2 343x10°
Thus, thermoelectric device 10 has an efficiency of 9.94% in the example
where the device uses the semiconductor materials shown in Table 1 above and there is a
15  temperature difference of 200°K between top plate 20 and bottom plate 22. In other words,
thermoelectric device 10 is only utilizing 9.94% of the energy absorbed by top plate 20.

—_ (o]
Now, assuming a temperature of 573°K on top plate 20 (Th =573°K

—_ (o]
temperature of 273°K on bottom plate 22 (TC =273°K

)and a

), the temperature difference between
the plates is calculated as follows:

- AT =T, -T =573-273=300°K

The efficiency of thermoelectric device 10 can be calculated using equation
(1) above, as follows:

AT 300

77: =
2Th—£+i 2-(573)—300+ 4 -
2 7 2 3.43%x10

=0.139=13.9%

Thus, thermoelectric device 10 has an efficiency of 13.9% in the example
25  where the device uses the semiconductor materials shown in Table 1 above and there is a
temperature difference of 300°K between top plate 20 and bottom plate 22. In other words,

thermoelectric device 10 is only utilizing 13.9% of the energy absorbed by top plate 20.
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Using the methodology and equations of the examples set forth above, the
efficiency of thermoelectric device 10 is calculated as 17.3% in an example where the
temperature of top plate 20 is 673°K and the temperature of bottom plate 22 is 273°K. Also,
the efficiency of thermoelectric device 10 is calculated as 20.3% in an example where the
temperature of top plate 20 is 773°K and the temperature of bottom plate 22 is 273°K. In
addition, the efficiency of thermoelectric device 10 is calculated as 23.0% in an example
where the temperature of top plate 20 is 873°K and the temperature of bottom plate 22 is
273°K. Of course, one skilled in the art will understand that the efficiency of thermoelectric
device 10 may be calculated for any combination of values for the temperatures of top and
bottom plates 20, 22.

Thermoelectric Device 110 (Example 1)

As discussed above, thermoelectric device 110 is comprised of n-type
semiconductor elements 114a, 114b connected by electrical conductor 114c and p-type
semiconductor elements 116a, 116b connected by electrical conductor 116¢. For purposes of
this example, we will assume that n-type semiconductor elements 114a, 114b are made of
Bi,S; (sintered), p-type semiconductor elements 116a, 116b are made of BiyTe; (i.e. the same
material as p-type semiconductor elements 16 of thermoelectric device 10), and electrical
conductors 114c, 116c are made of 23 AWG copper wire. We will also assume that
semiconductor elements 114a, 114b, 116a, 116b each have a length of 1 cm, a width of 1 cm,
and a height of 0.05 cm (i.e., the same dimensions as semiconductor elements 14, 16 of
thermoelectric device 10), and that electrical conductors 114c, 116c each have a length of

2.54 cm. Table 2 is provided below to show the various properties for these semiconductor
materials and electrical conductors, namely, the Seebeck coefficient (S ), the thermal

conductivity (k ), and the electrical resistivity (p ) for each material. These values will be
used below to perform various calculations relating to the efficiency of thermoelectric device

110.

n-type p-type semiconductor | electrical conductor
semiconductor element (Cu)
element (Bi,Tes)
(B1,S; (sintered))
Seebeck coefficient (S ) -1300x10-6 V/°K 240x10-6 V/°K n/a
thermal conductivity (k) 0.206 W/(cm-°K) 0.02 W/(cm-°K) 4.01 W/(cm-°K)
electrical resistivity (,0 ) 1.0x10-3 ohms-cm | 0.52x10-3 ohms-cm 16.78x10-7 ohms-cm

Table 2
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To calculate the efficiency of thermoelectric device 110 using equation (1)

above, we must first calculate the figure of merit for thermoelectric device 110 using
equation (2) above. This requires calculation of the equivalent Seebeck coefficient (S‘”I ), the

equivalent electrical resistance (R‘”I ), and the equivalent thermal conductance (K‘”I ) for a
single thermoelectric couple of thermoelectric device 110.

Like thermoelectric device 10, the equivalent Seebeck coefficient for a single
couple of thermoelectric device 110 is the difference between the Seebeck coefficient for the
p-type semiconductor material and the Seebeck coefficient for the n-type semiconductor
material, as shown by equation (7) above. Thus, the equivalent Seebeck coefficient for a

single thermoelectric couple of thermoelectric device 110 is calculated from equation (7)
using the values for the Seebeck coefficient for the p-type semiconductor element (SP) and

the Seebeck coefficient for the n-type semiconductor element (S") shown in Table 2, as

follows:
6 -6 6
S, =8, =8, =240x10 = (-1300x10°) =1540 x10°°V/{

Next, because n-type semiconductor elements 114a, 114b, p-type
semiconductor elements 116a, 116b, and electrical conductors 114c, 116¢ are electrically
connected in series, the equivalent electrical resistance for a single thermoelectric couple of
thermoelectric device 110 is the sum of the electrical resistances for each of n-type
semiconductor elements 114a, 114b, p-type semiconductor elements 116a, 116b, and
electrical conductors 114¢, 116¢, as shown by the following equation:

e

R, =2R +2R +2R
q n P c (10)
where
R, - equivalent electrical resistance for single thermoelectric couple in ohms;
R . . . .
? = electrical resistance for each p-type semiconductor element in ohms;

R,_ electrical resistance for each n-type semiconductor element in ohms; and

R . . . )
¢= eglectrical resistance for each electrical conductor in ohms.

The electrical resistance for each of p-type semiconductor elements 116a,

116b (RP ) is calculated using equation (3) above (using the value for p-type electrical
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resistivity (’0 ? ) shown in Table 2 above and the dimensions of each of p-type semiconductor

elements 116a, 116b set forth above), as follows:

h
R,=p, | < [=052x107 (@J =2.60x10°Q
SA 1

p

The electrical resistance for each of n-type semiconductor elements 114a,
114b (R") is calculated using equation (4) above (using the value for n-type electrical

resistivity (p ) shown in Table 2 above and the dimensions of each of n-type semiconductor

elements 1144, 114b set forth above), as follows:

R, =p, [52 J =1.00x10° -(O'TOS) =5.00x107°Q

The electrical resistance for each of electrical conductors 114c, 116¢ is
dependent on the electrical resistivity of the material used to construct each conductor and the

dimensions of each conductor, as shown by the following equation:

h
Rc=pc-[ , j
SA, an

where

R . . . .
¢= eglectrical resistance for each electrical conductor in ohms;

Pe = electrical resistivity of material used for each electrical conductor in

ohms-cm;

h, =length of each electrical conductor in cm; and

SA

. . . 2
¢ = cross-sectional surface area of each electrical conductor in cm”.

The electrical resistance for each of electrical conductors 114c, 116¢ is

calculated using equation (11) above (using the value for electrical resistivity (’0 ¢) shown in
Table 2 above and the dimensions of each of electrical conductors 114c¢, 116¢ set forth above,

wherein the surface area of 23 AWG copper wire is known to be 2.60x107 cm?), as follows:

R =p. [S}; j:16.78><107 -(%j =1.64x107°Q
.OUX

[

. . . R . .
Thus, the equivalent electrical resistance ( “¢) for a single thermoelectric

couple of thermoelectric device 110 is calculated using equation (10) above, as follows:
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R, =2R +2R +2R,
=2-(5.00x107)+2-(2.60x107)+2-(1.64x107) =3.43x107°Q
Next, because p-type element assembly 116 and n-type element assembly 114
are thermally connected in parallel, the equivalent thermal conductance for a single
thermoelectric couple of thermoelectric device 110 is the sum of the equivalent thermal
5 conductance for p-type element assembly 116 and the equivalent thermal conductance for n-
type element assembly 114, as shown by the following equation:

Ky=Kp+ Ky (1)

where

K . . . .
“ = equivalent thermal conductance for single thermoelectric couple in

10 W/°K;

req = equivalent thermal conductance for p-type element assembly in W/°K;

and

Koea equivalent thermal conductance for n-type element assembly in W/°K.
Because p-type semiconductor elements 116a, 116b and electrical conductor
15 116c¢ are thermally connected in series, the equivalent thermal conductance for p-type
element assembly 116 can be calculated from the equation below:
? ¢ (13)

where
req = equivalent thermal conductance for p-type element assembly in W/°K;

20 K, thermal conductance for each p-type semiconductor element in W/°K;

and

K, = thermal conductance for electrical conductor in W/°K.

The thermal conductance for each of p-type semiconductor elements 116a,
116b (KP) is calculated using equation (5) above (using the value for p-type thermal

25  conductivity (kp) shown in Table 2 above and the dimensions of each of p-type

semiconductor elements 116a, 116b set forth above), as follows:
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SA 1
K =k |22 |=002| — =0.40W%
vy {h j (0.05) K

p

The thermal conductance for an electrical conductor is dependent on the
thermal conductivity of the material used to construct the conductor and the dimensions of

the conductor, as shown by the following equation:

S
5 h (14)

where

K, = thermal conductance for electrical conductor in W/°K;

k

¢= thermal conductivity of material used for electrical conductor in
W/cm-°K;

SA

. . . 2
10 ¢ = cross-sectional surface area of electrical conductor in cm”; and

h. _ length of electrical conductor in cm.

The thermal conductance for electrical conductor 116¢ (KC) is calculated

using equation (14) above (using the value for thermal conductivity (kC) shown in Table 2
above and the dimensions of electrical conductor 116¢ set forth above, wherein the surface

15 areaof 23 AWG copper wire is known to be 2.60x10° cm?), as follows:

-3
K =k - 54, =4.01- 2.60x10~ =4.11x107? V%
h 2.54 K

C

Thus, the equivalent thermal conductance for p-type element assembly 116 (

KP‘”I) is calculated using equation (13) above, as follows:

K K : -3
K = pc — (040) 411X10 - :402X1073 ‘/‘%
UK, 42K, (0.40)+2-(4.11x107) K

20 Similarly, because n-type semiconductor elements 114a, 114b and electrical
conductor 114c¢ are thermally connected in series, the equivalent thermal conductance for n-
type element assembly 114 can be calculated from the equation below:

— Kan
“ K +2K, (15)

where
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Koea equivalent thermal conductance for n-type element assembly in W/°K;

K, _ thermal conductance for each n-type semiconductor element in W/°K;

and

K, = thermal conductance for electrical conductor in W/°K.

5 The thermal conductance for each of n-type semiconductor elements 114a,
114b (K") is calculated using equation (6) above (using the value for n-type thermal

conductivity (k") shown in Table 2 above and the dimensions of each of n-type

semiconductor elements 114a, 114b set forth above), as follows:

K =i |54 0.206-(L) =4.12 V%
h 0.05 K

n

10 The thermal conductance for electrical conductor 114c¢ (KC) is calculated

using equation (14) above (using the value for thermal conductivity (kC) shown in Table 2
above and the dimensions of electrical conductor 114c¢ set forth above, wherein the surface
area of 23 AWG copper wire is known to be 2.60x10~ cm?), as follows:

-3
K =k - 54, =4.01- 2.60x10~ =4.11x107? V%
h 2.54 K

C

15 Thus, the equivalent thermal conductance for n-type element assembly 114 (

K"eq) is calculated using equation (13) above, as follows:

-3
. KK, _  (412)-4.11x10 _410x107 VV
T K, 42K, (4.12)+2-(4.11x107) K

The equivalent thermal conductance for a single thermoelectric couple of

thermoelectric device 110 (Keq) is then calculated using equation (12) above, as follows:

_ _ -3 3 _ -3
N K, =K, +K, =402x107+4.10x107 =8.12x10 V%K

As a result, the figure of merit for thermoelectric device 110 is calculated
using equation (2) above, as follows:

S 2 —6\2
z=—la . (UOXI0 ) =85.2x10° 1§
R, K, (343x107)-(8.12x10°7) K

For purposes of comparison, we will calculate the efficiency of thermoelectric

25  device 110 at three different temperatures for top plate 120 (i.e., the "hot" plate): 373°K,
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473°K, and 573°K. For each of these temperatures, we will assume a temperature of 273°K
on bottom plate 122 (i.e., the "cold" plate). It should be noted that these same temperatures
were used in the calculations for thermoelectric device 10 above.

Assuming a temperature of 373°K on top plate 120 (Th =313°K

temperature of 273°K on bottom plate 122 (Tc =273°K

) and a

), the temperature difference between
the plates is calculated as follows:
AT =T, -T =373-273=100°K
The efficiency of thermoelectric device 110 can be calculated using equation
(1) above, as follows:
AT 100
T=""AT 4 00 4

o, -t = 2-(373)—F————
2 Z 2 85.2x10

=0.135=13.5%

Thus, thermoelectric device 110 has an efficiency of 13.5% in the example
where the device uses the semiconductor materials shown in Table 2 above and there is a
temperature difference of 100°K between top plate 120 and bottom plate 122. In other
words, thermoelectric device 110 is utilizing 13.5% of the energy absorbed by top plate 120.

Assuming a temperature of 473°K on top plate 120 (Th =473°K

temperature of 273°K on bottom plate 122 (Tc =273°K

) and a

), the temperature difference between
the plates is calculated as follows:

AT =T,-T =473-273=200°K

The efficiency of thermoelectric device 110 can be calculated using equation
(1) above, as follows:

AT 200

77: =
2Th—£+i 2-(473)—200+ 4 -
2 Z 2 85.2x10

=0.224=22.4%

Thus, thermoelectric device 110 has an efficiency of 22.4% in the example
where the device uses the semiconductor materials shown in Table 2 above and there is a
temperature difference of 200°K between top plate 120 and bottom plate 122. In other

words, thermoelectric device 110 is utilizing 22.4% of the energy absorbed by top plate 120.
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Now, assuming a temperature of 573°K on top plate 120 (Th =513°K

temperature of 273°K on bottom plate 122 (Tc =273°K

)and a

), the temperature difference between
the plates is calculated as follows:

AT =T, -T =573-273=300°K

The efficiency of thermoelectric device 110 can be calculated using equation

(1) above, as follows:

AT 300

77: =
2Th—A—T+i 2-(573)—300+ 4 -
2 7 2 85.2x10

Thus, thermoelectric device 110 has an efficiency of 28.8% in the example

=0.288 =28.8%

where the device uses the semiconductor materials shown in Table 2 above and there is a
temperature difference of 300°K between top plate 120 and bottom plate 122. In other
words, thermoelectric device 110 is utilizing 28.8% of the energy absorbed by top plate 120.

Using the methodology and equations of the examples set forth above, the
efficiency of thermoelectric device 110 is calculated as 33.5% in an example where the
temperature of top plate 120 is 673°K and the temperature of bottom plate 122 is 273°K.
Also, the efficiency of thermoelectric device 110 is calculated as 37.2% in an example where
the temperature of top plate 120 is 773°K and the temperature of bottom plate 122 is 273°K.
In addition, the efficiency of thermoelectric device 110 is calculated as 40.2% in an example
where the temperature of top plate 120 is 873°K and the temperature of bottom plate 122 is
273°K. Of course, one skilled in the art will understand that the efficiency of thermoelectric
device 110 may be calculated for any combination of values for the temperatures of top and
bottom plates 120, 122.

Table 3 is provided below to show a side-by-side comparison of the figure of
merit and efficiencies calculated above for conventional thermoelectric device 10 and the

exemplary embodiment of thermoelectric device 110.

Thermoelectric Device 10 Thermoelectric Device 110
Figure of Merit (7) 3.43x10-3 85.2x10-3
Efficiency at AT'=100°K | 3:37% 13.5%
Efficiency at AT =200°K 9.94% 22.4%
Efficiency at AT =300°K 13.9% 28.8%
Efficiency at AT =400°K 17.3% 33.5%
Efficiency at AT =500°K 20.3% 37.2%
Efficiency at AT =600°K 23.0% 40.2%
Table 3
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As can be seen from Table 3, thermoelectric device 110 has a figure of merit
that is almost 25 times greater than that of conventional thermoelectric device 10. This
dramatic increase in the figure of merit is primarily a result of the use of a semiconductor
material for n-type semiconductor elements 114a, 114b (Bi,S;(sintered)) having a Seebeck
coefficient with a negative value that is much larger than that of the semiconductor material
used for n-type semiconductor element 14 (BiyTes + 0.1% I). It should also be noted that, in
this example, even though n-type semiconductor elements 114a, 114b have a significantly
larger thermal conductance than that of semiconductor element 14 due to the change of
semiconductor material, the equivalent thermal conductance for n-type element assembly 114
is significantly smaller than the thermal conductance of semiconductor element 14 because of
the small diameter of electrical conductor 114c.

As can also be seen from Table 3, the efficiency of thermoelectric device 110
is greater than that of conventional thermoelectric device 10. At a temperature difference of
100°K, the efficiency of thermoelectric device 110 (13.5%) is 2.51 times greater than the
efficiency of thermoelectric device 10 (5.37%). At a temperature difference of 200°K, the
efficiency of thermoelectric device 110 (22.4%) is 2.25 times greater than the efficiency of
thermoelectric device 10 (9.94%). At a temperature difference of 300°K, the efficiency of
thermoelectric device 110 (28.8%) is 2.07 times greater than the efficiency of thermoelectric
device 10 (13.9%). At a temperature difference of 400°K, the efficiency of thermoelectric
device 110 (33.5%) is 1.94 times greater than the efficiency of thermoelectric device 10
(17.3%). At a temperature difference of 500°K, the efficiency of thermoelectric device 110
(37.2%) is 1.83 times greater than the efficiency of thermoelectric device 10 (20.3%). At a
temperature difference of 600°K, the efficiency of thermoelectric device 110 (40.2%) is 1.75
times greater than the efficiency of thermoelectric device 10 (23.0%). Thus, using a
semiconductor material for n-type semiconductor elements 114a, 114b that is not suitable for
use in n-type semiconductor element 14 results in efficiencies for thermoelectric device 110
that are 175% to 250% of the efficiencies for conventional thermoelectric device 10.

Of course, it should be understood that the comparison of the efficiency of
conventional thermoelectric device 10 to the efficiency of thermoelectric device 110 for a
given temperature difference, as set forth in Table 3, does not fully demonstrate the increased
efficiencies of thermoelectric device 110. Specifically, under the same operating conditions,
the temperature difference between top and bottom plates 120, 122 of thermoelectric device

110 will be greater than the temperature difference between top and bottom plates 20, 22 of
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conventional thermoelectric device 10 (i.e., the temperature difference will not be the same as
shown in Table 3). As such, the increased efficiencies of thermoelectric device 110 are even
greater than those shown in Table 3.

The use of a semiconductor material for n-type semiconductor elements 114a,
114b having a Seebeck coefficient with a larger negative value also provides a higher ZT
value. For example, the peak ZT value of Bi,Tes (i.e., the material for the p-type
semiconductor elements used in the above examples) occurs at 400°K. Using 400°K as the
mean temperature of the thermoelectric device, the ZT value of conventional thermoelectric
device 10 is calculated as 1.372 (3.43><10'3 1/°Kx 400°K) and the ZT value of thermoelectric
device 110 is 34 (85.2><10'3 1/°K x 400°K). Thus, a thermoelectric device in accordance with
the present invention is able to attain Z7T values that are significantly higher than those
attainable with conventional thermoelectric devices. To illustrate this point, Table 4 is
provided below to show a side-by-side comparison of the ZT values for conventional

thermoelectric device 10 and the exemplary embodiment of thermoelectric device 110,

wherein T is the average temperature in degrees Kelvin (i. e., T = TC;—T”L) and ZT =Z x T.
Average Temperature T Thermoelectric Thermoelectric Device
Device 10 110
7T at AT =100°k | 323°K 1.11 2752
7T at AT =200°K | 373°K 1.28 3178
ZTat AT=300°k | 423°K 1.45 36.04
ZTat AT=400°K | 473°K 1.62 403
ZTat AT =500°K | 923°K 1.79 44,56
ZTat AT =00°K | 373K 1.97 43.82

Table 4

The significant increases in the figure of merit, efficiencies and ZT values of
thermoelectric device 110 described above are achieved only by changing the material used
for n-type semiconductor elements 114a, 114b. One skilled in the art will appreciate that
these increases can be even greater by using a semiconductor material for p-type
semiconductor elements 116a, 116b having a Seebeck coefficient with a larger positive value,
provided the electrical resistivity of the material is not too high (as discussed above). Thus,
the thermoelectric device of the present invention may include any combination of n-type and
p-type semiconductor materials that result in an increase in the figure of merit and resultant
efficiencies of the thermoelectric device in accordance with the teachings of the present

invention.
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Another way of demonstrating the increased efficiencies of thermoelectric

device 110 in relation to those of conventional thermoelectric device 10 is to compare the

change in temperature between the top and bottom plates (A7) that is needed to generate a
fixed amount of power with a fixed amount of current through a single thermoelectric couple.
The change in temperate between the top and bottom plates can be calculated from the

following equation:

“ (16)
where
AT = temperature difference between top and bottom plates in °K;
P=power generated in single thermoelectric couple in W;

I= current through single thermoelectric couple in amps;

2= equivalent electrical resistance of single thermoelectric couple in ohms;

and

Sea = equivalent Seebeck coefficient of single thermoelectric couple in V/°K.

For purposes of comparison, we will assume the following: (1) conventional
thermoelectric device 10 is constructed with the same materials and dimensions for n-type
semiconductor elements 14 and p-type semiconductor elements 16 as those described above
(see Table 1) and, as such, the values for the equivalent Seebeck coefficient and equivalent
electrical resistance are the same as those calculated above; (2) thermoelectric device 110 is
constructed with the same materials and dimensions for n-type semiconductor elements 114a,
114b, p-type semiconductor elements 116a, 116b and electrical conductors 114c, 116¢ as
those described in example 1 above (see Table 2) and, as such, the values for the equivalent
Seebeck coefficient and equivalent electrical resistance are the same as those calculated in
example 1 above; (3) the amount of power to be generated in a single thermoelectric couple
of each device is 0.5 W; and (4) each device is designed to carry 10 amps of current.

The change in temperate between top and bottom plates 20, 22 of conventional
thermoelectric device 10 can be calculated using equation (16), as follows:
_P-I'R, _05-(10°)(5.75x107)

= =116.57°K
S (0.424x107)(10)

AT
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Thus, there must be a temperature difference of 116.57°K between top and
bottom plates 20, 22 to obtain (.5 watts of power per thermoelectric couple.

In comparison, the change in temperate between top and bottom plates 120,
122 of thermoelectric device 110 can be calculated using equation (16), as follows:
_P-I'R__05- (10*)(0.00343)

AT
S.1 (0.00154)(10)

=10.19°K

Thus, there must be a temperature difference of 10.19°K between top and
bottom plates 120, 122 to obtain 0.5 watts of power per thermoelectric couple. From this
comparison, one skilled in the art will appreciate that the power generated in thermoelectric
device 110 will be far greater than the power generated in conventional thermoelectric device

10 10 for the same temperature difference between the top and bottom plates.

As discussed above, the semiconductor materials used in thermoelectric device
110 cannot be used in conventional thermoelectric device 10 because of the high thermal
conductivity of the material used for n-type semiconductor elements 114a, 114b (the same
rationale would also apply if a material having a Seebeck coefficient with a larger positive

15  value were used for p-type semiconductor elements 116a, 116b). Another reason that the
semiconductor materials used in the thermoelectric device of present invention cannot be
used in conventional thermoelectric device 10 is because the use of such materials would
generate currents that are too high for the device. The current through a thermoelectric

device is represented by the following equation:

S AT
[="4
20 2R, ar
where

I= current through single thermoelectric couple in amps;

Seq = equivalent Seebeck coefficient of single thermoelectric couple in V/°K;

AT = temperature difference between top and bottom plates in °K; and

25 R equivalent electrical resistance of single thermoelectric couple in ohms.
For purposes of comparison, we will assume that conventional thermoelectric
device 10 is made of the same semiconductor materials used in the above example for
thermoelectric device 110. Table 5 below compares the current generated by conventional

thermoelectric device 10 with the current generated by thermoelectric device 110 at three
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different temperatures for top plates 20, 120, i.e., 373°K, 473°K, and 573°K, wherein it is

assumed that the temperature of bottom plates 22, 122 is 273°K.

Thermoelectric Device 10 Thermoelectric Device 110
Current (I) at AT=100°K | 1013 A 24 A
Current () at AT =200°K | 2026 A 449 A
Current (I) at AT'=300°k | 3039 A 673 A
Table 5

As can be seen from Table 5, thermoelectric device 10 would theoretically
generate a current that is far greater than the current generated by thermoelectric device 110.
Such high current levels are not realistic or physically possible and, in fact, would cause
failure of the device. In practice, the current levels of thermoelectric device 10 would never
reach unacceptable levels because the temperature difference between top and bottom plates
20, 22 (AT) would never get high enough to reach such high current levels due to the thermal
conductivity of the chosen semiconductor materials. The current levels shown in Table 5 for
thermoelectric device 110 are too high, but can be lowered to acceptable levels by adjusting
the size of the semiconductor elements, adjusting the distance between element assemblies
and/or adjusting the length of the electrical conductors connecting the semiconductor
elements (as described herein). It is also possible to change the gauge of the electrical
conductors so as to enable higher current levels, but this approach is not preferred insofar as a
larger diameter gauge will reduce the efficiency of thermoelectric device 110.

B. Change in Spacing Between Element Assemblies

In another aspect of the invention, thermoelectric device 110 as shown in FIG.
2 is configured such that the distance d1 between n-type element assembly 114 and p-type
element assembly 116 is increased relative to the typical distance d between n-type
semiconductor element 14 and p-type semiconductor element 16 of conventional
thermoelectric device 10 shown in FIG. 1. As discussed below, increasing the distance d1
between element assemblies 114, 116 improves the efficiency of thermoelectric device 110
and, in addition, reduces the cost of manufacturing because fewer element assemblies are
required for the device. Of course, it should be understood that the use of fewer element
assemblies also reduces the overall power generated per area. As such, if too few element
assemblies are used, there would not be enough power to justify the cost of the materials.
Thus, there is a balance between the number of element assemblies that are used, the
efficiency, the cost of the materials, and the overall power output.

Thermoelectric Device 110 (Example 2)
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To show the effect of increasing the distance d1 between element assemblies
114, 116 on the efficiency of thermoelectric device 110, an example is provided below in
which we calculate the temperature difference between top plate 120 and bottom plate 122
for various numbers of thermoelectric couples in a fixed area (which will be referred to as a
thermoelectric module). The change in temperature between top plate 120 and bottom plate
122 can be calculated from the following equation:

38
4R, (18)

AT =

where

AT = temperature difference between top and bottom plates in °K;

T._ temperature of bottom plate in °K;

Sm: Seebeck coefficient for module in V/°K (S,, = So; n, where S.~=

equivalent Seebeck coefficient for a single thermoelectric couple in V/°K and n= number of

thermoelectric couples);

Rm: electrical resistance for module in ohms (R, - S, n, where S.=
equivalent electrical resistance for a single thermoelectric couple in ohms and n= number of

thermoelectric couples);

Km: thermal conductance for module in W/°K (K,, - K,; n, where K,=
equivalent thermal conductance for a single thermoelectric couple in W/°K and n= number of

thermoelectric couples); and

D= average power from heat source (e.g., the sun) in W.

For purposes of this example, we will assume the following: (1) the
thermoelectric module is constructed with the same materials and dimensions for n-type
semiconductor elements 114a, 114b, p-type semiconductor elements 116a, 116b, and
electrical conductors 114c, 116¢ as those described in example 1 above and, as such, the
values for the equivalent Seebeck coefficient, equivalent electrical resistance, and equivalent
thermal conductance for a single thermoelectric couple are the same as those calculated in
example 1 above; (2) the distance d2 between thermoelectric couples is the same as the
distance d1 between element assembles 114, 116 (i.e., d1 = d2); (3) the thermoelectric

module has a length of approximately 30.5 cm and a width of approximately 30.5 cm, i.e., an
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area A, of approximately 1 ft*; (4) the average power input (Qi") is 100 watts (i.e., the

average energy from the sun (100 W/ftz) X Am); and (5) the temperature on bottom plate 122
is 300°K.

The number of thermoelectric couples (n) that can be placed in an area A, of
approximately 1 ft® is dependent on the distance d1 between element assemblies 114, 116
(which, as mentioned above, is the same as the distance d2 between thermoelectric couples in
this example). We will assume that the thermoelectric couples are arranged in a square grid
pattern for purposes of this example such that the thermoelectric module has the same
number of element assemblies along its length and width. Of course, one skilled in the art
will understand that other module shapes and patterns of element assemblies 114, 116 are
within the scope of the present invention.

In this example, if a thermoelectric module has 392 thermoelectric couples
(i.e., 28 element assemblies by 28 element assemblies) within the 1 ft? area of the module,
there would be approximately 0.09 cm between adjacent element assemblies (which is in the
range of the typical distance between semiconductor elements 14, 16 of conventional
thermoelectric device 10). If a thermoelectric module has 98 thermoelectric couples (i.e., 14
element assemblies by 14 element assemblies) within the 1 ft> area of the module, there
would be approximately 1.19 cm between adjacent element assemblies. If a thermoelectric
module has 18 thermoelectric couples (i.e., 6 element assemblies by 6 element assemblies)
within the 1 ft* area of the module, there would be approximately 4.08 cm between adjacent
element assemblies. If a thermoelectric module has 8 thermoelectric couples (i.e., 4 element
assemblies by 4 element assemblies) within the 1 ft> area of the module, there would be
approximately 6.63 cm between adjacent element assemblies. If a thermoelectric module has
2 thermoelectric couples (i.e., 2 element assemblies by 2 element assemblies) within the 1 ft*
area of the module, there would be approximately 14.25 cm between adjacent element
assemblies.

For each number of thermoelectric couples in the 1 ft* area of the
thermoelectric module (i.e., 392 thermoelectric couples, 98 thermoelectric couples, 18

thermoelectric couples, 8 thermoelectric couples, and 2 thermoelectric couples), we can use

equation (18) above to calculate the temperature difference (A7) between top plate 120 and

bottom plate 122 of the thermoelectric module, as shown in Table 6 below.
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Number of thermoelectric Approximate distance between Temperature Difference
couples (n) per 1 ft2 area element assemblies (d1=d2) (AT)
392 0.09 cm AT =) 3°K
98 1.19cm AT —9 oK
18 4.08 cm AT =450°K
8 6.63 cm AT —92 3°K
14.25 cm AT 273 9°K

Table 6

Using the AT values shown in Table 6, we can use equation (1) above to
calculate the efficiency of the thermoelectric module for each number of thermoelectric

couples in the device, as shown in Table 7 below (wherein the temperature on top plate 120 (

Th) is calculated by adding the temperature of bottom plate 122 (300°K) to the calculated

temperature difference shown in Table 6).

Number of thermoelectric couples | 392 98 18 8 2

(n) per 1 ft2 area

Approximate distance between 0.09cm | 1.19cm | 4.08cm | 6.63 cm 14.25 cm

element assemblies (d1/d2)

Efficiency 0.35% 1.37% 6.30% 11.75% 25.89%
Table 7

Thus, by increasing the distance between element assemblies 114, 116, the
efficiency of the thermoelectric module will significantly increase.

Of course, it should be understood that the efficiency values shown in Table 7
were calculated based on use of a 23 AWG copper wire for each of electrical conductors
114c, 116c without regard to whether a 23 AWG copper wire can physically carry the current
that would be generated by the thermoelectric module. Table 8 below shows the current

generated by the thermoelectric module in each example.

Number of thermoelectric 392 98 18 8 2
couples (n) per 1 ft2 area

Approximate distance 0.09cm |1.19cm | 4.08 cm 6.63cm | 1425 cm

between element assemblies
(d1/d2)

Efficiency (23 AWG copper
wire)

0.35% 1.37% 6.30% 11.75% | 25.89%

Current (I) with 23 AWG
copper wire

0.51A 2.03A 10.09A 20.72A 61.47A

Table 8§
While the current for the example with 392 thermoelectric couples is within

acceptable levels for 23 AWG copper wire, the current for the other examples is too high.
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The current for these examples can be lowered to acceptable levels by adjusting the size of
the semiconductor elements and/or adjusting the length of the electrical conductors
connecting the semiconductor elements. It is also possible to change the gauge of the
electrical conductors so as to enable higher current levels, but this approach is not preferred
insofar as a larger diameter gauge will reduce the efficiency of the thermoelectric module.

As the distance between element assemblies 114, 116 increases (which
increases the efficiency of the thermoelectric module), the overall voltage and power
produced by the thermoelectric module decreases because there are fewer thermoelectric
couples contributing to the power generation. Thus, in certain applications, it may be
desirable to use multiple modules connected in series or in parallel in order to achieve a
desired amount of total power output, or, to use any combination of modules in series and
parallel. One skilled in the art will understand that when a module is connected in series with
another module, the voltage increases while the current remains the same. When a module is
connected in parallel with another module, the current increases while the voltage remains the
same. Because power is equal to voltage times current, the power increases by the same
amount no matter how the modules are connected. Thus, the use of modules connected in
series and/or in parallel provides a way to set the voltage and current at desired levels.

Another advantage to increasing the distance between element assemblies 114,
116 is that thermoelectric device 110 is less costly to manufacture. For example, as discussed
above, there would be 392 thermoelectric couples within a 1 ft* area of the device when the
distance between element assemblies 114, 116 is 0.09 cm. The materials for n-type
semiconductor elements 114a, 114b and p-type semiconductor elements 116a, 116b are
costly and, thus, each additional thermoelectric couple results in additional cost. As such, a
thermoelectric module made with 2, 8, 18, or even 98 thermoelectric couples is significantly
less expensive to manufacture than a thermoelectric module made with 392 thermoelectric
couples. Of course, the use of fewer thermoelectric couples also reduces the overall power
generated per area. As such, if too few thermoelectric couples are used, there would not be
enough power to justify the cost of the materials. Thus, there is a balance between the
number of thermoelectric couples that are used, the efficiency, the cost of the materials, and

the overall power output.
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C. Change in Length of Electrical Conductors/Thermal Distance
Between Plates

In another aspect of the invention, thermoelectric device 110 as shown in FIG.
2 is configured such that the length of electrical conductors 114c, 116c is increased so as to
increase the thermal distance between top plate 120 and bottom plate 122. As discussed
below, increasing the length of electrical conductors 114c, 116¢ and the thermal distance
between top plate 120 and bottom plate 122 improves the efficiency of thermoelectric device
110.

Thermoelectric Device 110 (Example 3)

To show the effect of increasing the length of electrical conductors 114c¢, 116¢
and the thermal distance between top plate 120 and bottom plate 122 on the efficiency of
thermoelectric device 110, an example is provided below in which the efficiency is calculated
for various conductor lengths in a thermoelectric device or module. For purposes of this
example, we will assume the following: (1) the thermoelectric module is constructed with
the same materials for n-type semiconductor elements 114a, 114b, p-type semiconductor
elements 116a, 116b, and electrical conductors 114c, 116c as those described in example 1
above; (2) n-type semiconductor elements 114a, 114b and p-type semiconductor elements
116a, 116b have the same dimensions as those described in example 1 above; (3) the distance
d1 between element assembles 114, 116 and the distance d2 between thermoelectric couples

are each 2 cm (i.e., d1 = d2 = 2cm); (4) the average energy from the sun (£3) is 100 W/,

which can be used to calculate O (i.e., O = E, x Am); and (5) the temperature on bottom
plate 122 is 300°K.

The equivalent electrical resistance, equivalent thermal conductance,
temperature difference, figure of merit, and efficiency are calculated for various lengths of
electrical conductors 114c¢, 116¢ using equations (10), (12), (17), (1) and (10), respectively,

as shown in Table 9.

Length of Equivalent Equivalent Thermal | AT Figure of | Efficiency
Conductor Electrical K Merit (Z)

h . R Conductance (© ¢¢)
(") Resistance (© “7)
2.54 cm 3.4x10-3Q 8.12x10-3 W/°K 16.7°K 85.2x10-3 | 2.5%
9 cm 11.8x10-3Q 2.31x10-3 W/°K 53.02°K | 87.2x10-3 | 7.3%
30.5 cm 39.5x10-3Q 0.68x10-3 W/°K 148.7°K | 87.9x10-3 | 17.1%
152.4 cm 197.0x10-3Q 0.14x10-3 W/°K 474.2°K | 88.1x10-3 | 35.0%

Table 9
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As can be seen from Table 9, increasing the length of electrical conductors
114c, 116c¢ increases the equivalent electrical resistance (Req) but lowers the equivalent

thermal conductance (K‘”I) sufficiently such that the product of the equivalent electrical
resistance and equivalent thermal conductance is reduced. This results in an overall increase
to the figure of merit (£), which in turn results in a higher efficiency for thermoelectric device
110. Additionally, because of the increased thermal distance between top plate 120 and
bottom plate 122 due to the length of electrical conductors 114c, 116c, the amount of heat
that is transferred from top plate 120 to bottom plate 122 is reduced to thereby cause a larger
temperature difference between top plate 120 and bottom plate 122 (AT). 'This larger
temperature difference results in a higher efficiency for the thermoelectric module. Thus, in
the example above, the higher efficiency is a result of the increase in the length of electrical
conductors 114c, 116c.

Referring to FIG. 3, an example is provided in which the length of electrical
conductors 114c, 116c¢ is increased and the thermal distance between top plate 120 and
bottom plate 122 is increased without increasing the space required for the thermoelectric
module. FIG. 3 shows a first thermoelectric device 110a and a second thermoelectric device
110b, each of which is identical to thermoelectric device 110 shown in FIG. 2. Although not
shown in FIG. 3, thermoelectric devices 110a, 110b each include connection points that
enable connection to a load. Thermoelectric devices 110a, 110b could each be connected to a
different load, or thermoelectric devices 110a, 110b could be connected to the same load. As
can be seen, the thermal distance between top plate 120a and bottom plate 122a and between
top plate 120b and bottom plate 122b is greater than the physical distance between the plates.

As shown in FIG. 3, the top semiconductor elements of thermoelectric device
110a are connected to the bottom semiconductor elements of thermoelectric device 110b via
electrical conductors 114c (for the n-type elements) and 116¢ (for the p-type elements), and
the top semiconductor elements of thermoelectric device 110b are connected to the bottom
semiconductor elements of thermoelectric device 110a via electrical conductors 114¢ (for the
n-type elements) and 116¢ (for the p-type elements). In this example, electrical conductors
114c, 116c for both thermoelectric devices 110a, 110b have the same gauge and are made of
the same material, but could also have different gauges and/or be made of different materials
in accordance with the present invention. One skilled in the art will appreciate that the exact

increase in the length of electrical conductors 114¢, 116¢ and thermal distance between top
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plates 120a, 120b and bottom plates 122a, 122b will be dependent on the dimensions of
thermoelectric devices 110a, 110b and the distance between thermoelectric device 110a and
thermoelectric device 110b.

D. Insulation

In another aspect of the invention, thermoelectric device 110 as shown in FIG.
2 is able to achieve higher efficiencies due to the use of insulation plate 128 and insulation
area 130, as described below.

Thermoelectric Device 110 (Example 4)

As heat is applied to top plate 120, the heat can be absorbed by the ambient air
or travel to bottom plate 122. Insulation plate 128 defines an insulation area 130 that
prevents at least a portion of the heat applied to top plate 120 from being absorbed into the
ambient air. Although the amount of heat retained within insulation area 130 cannot be
calculated using the temperature or efficiency equations set forth above, it can be appreciated
that insulation plate 128 and insulation area 130 enable top plate 120 to achieve higher
temperatures than would be possible without them, which results in higher efficiencies for
thermoelectric device 110.

The amount of heat retained within insulation area 130 is dependent on the
material of insulation plate 128 and the size and characteristics of insulation area 130.
Insulation plate 128 may be made of glass, acrylic or any other material that allows heat to
pass through insulation plate 128 to top plate 120 but that prevents heat from being dissipated
into the ambient air. In one example, insulation plate 128 is made of glass and insulation area
130 is a vacuum or partial vacuum that extends from insulation plate 128 to top plate 120.
Alternatively, insulation area 130 could extend from insulation plate 128 to bottom plate 122,
e.g., an entire solar panel could be retained within a vacuum. In this case, the solar panel
should be raised so that is positioned off of the roof or other structure supporting the solar
panel so that air can flow under and cool the bottom of the solar panel. To create a vacuum
in insulation area 130, side membranes or other walls (not shown) may be used to enclose
insulation area 130 between insulation plate 128 and top plate 120 (or bottom plate 122).
Insulation area 130 may alternatively comprise a gas (e.g., air or argon) that is maintained at
a pressure greater than, equal to, or less than the surrounding atmospheric pressure. Of
course, if insulation area 130 extends between insulation plate 128 and bottom plate 122, the

insulation material must be capable of surrounding element assemblies 114, 116.
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While the use of insulation plate 128 and insulation area 130 will increase the
efficiency of thermoelectric device 110 in many types of applications, there are certain
applications in which their use would actually inhibit the transfer of heat from the heat source
to tope plate 120. For example, applications with a constant direct heat source (e.g., a boiler
or engine) would not benefit from their use. Thus, the use of insulation plate 128 and
insulation area 130 are optional and may not be included in certain embodiments of the
present invention.

E. Summary

As described above, the present invention includes various aspects that enable
thermoelectric device 110 to generate electrical power more efficiently than a conventional
thermoelectric device. The efficiency can be increased in a number of different ways. In one
aspect of the invention, one or both of element assemblies 114, 116 are made using
semiconductor materials with higher Seebeck coefficients that are not suitable for use with a
conventional thermoelectric device. In another aspect of the invention, the distance between
element assemblies 114, 116 is increased relative to that in a conventional thermoelectric
device. In another aspect of the invention, the length of electrical conductors 114c, 116¢ and
thermal distance between top plate 120 and bottom plate 122 is increased to improve
efficiency. In yet another aspect, an insulation plate 128 is provided above top plate 120 to
reduce the amount of heat that is lost to the ambient air. To further increase the electrical
power generated and delivered to a load, multiple thermoelectric devices 110 can be
connected to a single load, preferably by using the connection method shown in FIG. 3.
Thus, one skilled in the art will understand that one, two, three or all four aspects of the
invention described above may be used to increase the efficiency of a thermoelectric device
in accordance with the present invention. Of course, thermoelectric device 110, which
includes a combination of all aspects of the invention described above, is preferred and is

significantly more efficient than a conventional thermoelectric device.
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II. HEATING/COOLING APPLICATIONS

Referring to FIG. 4, a second exemplary embodiment of a thermoelectric
device used for heating and cooling applications in accordance with the present invention is
shown generally as reference numeral 210. Thermoelectric device 210 is identical to
thermoelectric device 110 shown in FIG. 2 (wherein the same reference numbers are used to
denote the same elements) with the exception that (1) thermoelectric device 210 does not
include insulation plate 128 and (2) the connection points 124, 126 of thermoelectric device
210 are connected to a power source 150 rather than a load.

By connecting thermoelectric device 210 to power source 150, thermoelectric
device 210 functions as a heating device or cooling device. As power source 150 provides
electrical power to thermoelectric device 210, one of top and bottom plates 120, 122
increases in temperature while the other plate decreases in temperature. In this embodiment,
the term "hot plate" refers to the plate of thermoelectric device 210 that increases in
temperature when a power source is applied to the device and the term "cold plate" refers to
the plate of thermoelectric device 210 that decreases in temperature when a power source is
applied to the device.

Which of top plate 120 and bottom plate 122 is the hot plate vs. the cold plate
is dependent on the direction of the current from power source 150. For example, FIG. 4
identifies the polarity of power source 150 such that the current flows to the left. In this
example, top plate 120 will decrease in temperature and function as the cold plate while
bottom plate 122 will increase in temperature and function as the hot plate. If the polarity of
power source 150 is reversed such that the current flows to the right, then top plate 120 will
increase in temperature and function as the hot plate while bottom plate 122 will decrease in
temperature and function as the cold plate. The amount and rate that the plates heat or cool is
dependent on the configuration and materials of thermoelectric device 210, the amount of
electrical power provided by power source 150, and the amount of heat removed from the hot
plate by deliberate heat dissipation or losses in the device.

Power source 150 may be any type of power source that generates direct
current (DC) to provide electrical power to thermoelectric device 210. The polarity of power
source 150 may be reversible such that the same power source can be used to provide current
in both directions to thermoelectric device 210. Alternatively, a switch could be provided to

switch the direction of the current to thermoelectric device 210. Power source 150 may
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provide a constant amount of current in a continuous manner, or the current may be dynamic
so as to change depending on the state of thermoelectric device 210 and the device desired to
be heated or cooled.

Referring to FIGS. 5 and 6, an example is provided in which thermoelectric
device 210 is used for cooling (FIG. 5) or heating (FIG. 6). In this example, thermoelectric
device 210 includes a top heat sink 152 coupled to top plate 120 and a bottom heat sink 154
coupled to bottom plate 122. Top heat sink 152 includes fins 153 that provide a greater
surface area so as to more quickly dissipate the heat from top plate 120 into the surrounding
air. Bottom heat sink 154 includes a plurality of openings 155 that allow air to pass through
heat sink 154 to more quickly dissipate the heat from bottom plate 122 into the surrounding
air. PIG. 5 shows bottom heat sink 154 in an open position such that air can flow through
openings 155. FIG. 6 shows bottom heat sink 154 in a closed position such that air cannot
flow through openings 155. Preferably, bottom heat sink 154 can automatically switch
between open and closed positions based upon the direction of current provided to
thermoelectric device 210. Alternatively, bottom heat sink 154 may be operated manually.
One skilled in the art will recognize that air can be prevented from flowing through openings
155 in many ways, including, but not limited to, membranes, doors, windows, hatches, etc.
In this example, bottom heat sink 154 includes electrically operated doors to prevent air from
flowing through openings 155. The electrically operated doors automatically move to the
open position when current flows to the left (as shown in FIG. 5) and automatically move to
the closed position when current flows to the right (as shown in FIG. 6).

In an exemplary application, thermoelectric device 210 as shown in FIGS. 5
and 6 is used to heat or cool the air in a building. In this case, thermoelectric device 210 is
placed in an exterior wall of the building (not shown) such that bottom heat sink 154 is on the
outside of the wall and top heat sink 152 is on the inside of the wall. Bottom plate 122 is
preferably flush with the outside of the wall, but may extend inside or outside of the wall.
Top plate 120 is preferably flush with the inside of the wall, but may extend inside or outside
of the wall. Top heat sink 152 is placed in a heating/cooling air duct (not shown) such that
air blown across fins 153 of top heat sink 152 will be heated or cooled depending upon the
temperature of top plate 120.

For thermoelectric device 210 to be configured for cooling, power source 150
provides electrical power as shown in FIG. 5 with the current flowing to the left. This causes

top plate 120 to decrease in temperature, which in turn causes top heat sink 152 to decrease in
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temperature. A fan or other air movement device (not shown) can then move the air through
the air duct across top heat sink 152 so as to cool the air. The cooled air is then delivered via
the air duct to the building.

In operation, as the temperature of top plate 120 and top heat sink 152
decrease so as to cool the air in the building, the temperature of bottom plate 122 and bottom
heat sink 154 increase so as to generate heat. Because bottom heat sink 154 is on the outside
of the wall, the heat is dissipated to the outside air. To avoid damage to the wall and other
negative impacts of bottom plate 122 becoming too hot, bottom heat sink 154 is in an open
position such that air can travel through openings 155 to more quickly dissipate the heat from
bottom plate 122 into the outside air. Additionally, a fan (not shown) can be used to increase
the air flow through openings 155 to more quickly dissipate the heat from bottom plate 122 to
the outside air.

For thermoelectric device 210 to be configured for heating, power source 150
provides electrical power as shown in FIG. 6 with the current flowing to the right. This
causes top plate 120 to increase in temperature, which in turn causes top heat sink 152 to
increase in temperature. A fan or other air movement device (not shown) can then move the
air through the air duct across top heat sink 152 so as to heat the air. The heated air is then
delivered via the air duct to the building.

In operation, as the temperature of top plate 120 and top heat sink 152 increase
so as to heat the air in the building, the temperature of bottom plate 122 and bottom heat sink
154 decrease. In this case, there is not the same potential for damage and negative impacts
from bottom plate 122 becoming too cold as there is when bottom plate 122 becomes too hot.
Thus, when configured as a heating device, bottom heat sink 154 is in a closed position such
that air cannot pass through openings 155.

When the desired temperature inside the building is achieved, power source
150 stops providing electrical power to thermoelectric device 210. Because top plate 120 is
on the inside of the wall (at the inside temperature) and bottom plate 122 is on the outside of
the wall (at the outside temperature), there is a temperature difference between the two plates.
Optionally, connection points 124, 126 could then be switched to a load whereby
thermoelectric device 210 generates electrical power as a result of the temperature difference
between the plates so as to deliver power to the load.

When configured as a heating device or cooling device, thermoelectric device

210 is not perfectly efficient and energy is lost to the ambient air and to heat generated within
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the device. The efficiency of thermoelectric device 210 when configured as a heating device
is expressed in terms of the coefficient of performance for heating (COPH). On the other
hand, the efficiency of thermoelectric device 210 when configured as a cooling device is
expressed in terms of the coefficient of performance for cooling or refrigeration (COPR). In
general terms, the COPH and COPR are measured by the ratio of the heating or cooling
provided to the electrical energy consumed. A thermoelectric device with a higher
coefficient of performance will consume less energy for the same amount of heating or
cooling, or, will provide more heating or cooling for the same amount of energy. It is
believed that a COPH in the range of 5 to 20 and a COPR in the range of 4 to 10 can be
achieved in accordance with the present invention.

The COPR represents the ratio of the amount of cooling provided to the cold
plate (i.e., top plate 120 in FIG. 5 or bottom plate 122 in FIG. 6) to the amount of electrical

energy consumed by thermoelectric device 210, as expressed by the following equation:

COPR = O

where

COPR= coefficient of performance for cooling or refrigeration;

Q. = heat removed from cold plate in watts;

I = current provided by power source in amps;

S = Seebeck coefficient for thermoelectric module in uV/°K;

AT = temperature difference between hot plate and cold plate in °K; and

R, - electrical resistance of thermoelectric module in ochms.
The COPH represents the ratio of the amount of heating provided to the hot
plate (i.e., top plate 120 in FIG. 6 or bottom plate 122 in FIG. 5) to the amount of electrical

energy consumed by thermoelectric device 210, as expressed by the following equation:

COPH = 0,
1-(S,-AT+1-R,)

where

COPH= coefficient of performance for heating;

Q- heat supplied to hot plate in watts;

I = current provided by power source in amps;
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S Seebeck coefficient for thermoelectric module in uV/°K;

AT = temperature difference between hot plate and cold plate in °K; and

R, - electrical resistance of thermoelectric module in ohms.

The Seebeck coefficient for thermoelectric device 210 (also referred to as a
thermoelectric module) is the equivalent Seebeck coefficient for a single thermoelectric
couple multiplied by the number of thermoelectric couples in the module, as shown by the

following equation:

S, =n-8, @1)
where
S

n = Seebeck coefficient for thermoelectric module in uV/°K;

= number of thermoelectric couples in thermoelectric module; and

Ser = equivalent Seebeck coefficient for single thermoelectric couple in
uV/°K.

Similarly, the electrical resistance for the thermoelectric module is the
equivalent electrical resistance for a single thermoelectric couple multiplied by the number of
thermoelectric couples in the module, as shown by the following equation:

R,=n-R, 22)

where

R, = electrical resistance for thermoelectric module in ohms;

= number of thermoelectric couples in thermoelectric module; and

R, - equivalent electrical resistance for single thermoelectric couple in ohms.
The amount of heat supplied to the hot plate (i.e., top plate 120 in FIG. 6,
bottom plate 122 in FIG. 5) is calculated by the following equation:

= T =172, .
Q,=S, 1T~ IR, +K, AT (5

where

Q- amount of heat supplied to hot plate in watts;

S = Seebeck coefficient for thermoelectric module in uV/°K;

I = current provided by power supply in amps;

Tz temperature of hot plate in °K;
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R, = electrical resistance of thermoelectric module in ohms;

K, = thermal conductance of thermoelectric module in W/°K; and

AT = temperature difference between hot plate and cold plate in °K.
The amount of heat removed from the cold plate (i.e., top plate 120 in FIG. 5,
5 bottom plate 120 in FIG. 6) is calculated by the following equation

= T —=1.72. — .
Q =8, T 1-3I R -K AT o

where

Q. _

S Seebeck coefficient for thermoelectric module in uV/°K;

amount of heat absorbed by cold plate in watts;

10 I = current provided by power supply in amps;
T._ temperature of cold plate in °K;

m= electrical resistance of thermoelectric module in ohms;

K, = thermal conductance of thermoelectric module in W/°K; and

AT = temperature difference between hot plate and cold plate in °K.
15 The thermal conductance for the thermoelectric module is the equivalent
thermal conductance for a single thermoelectric couple multiplied by the number of

thermoelectric couples in the module, as shown by the following equation:

K,=n-K, 25)
where
20 K, = thermal conductance for thermoelectric module in ohms;

= number of thermoelectric couples in thermoelectric module; and

“¢= equivalent thermal conductance for single thermoelectric couple in

ohms.
From these equations, it will be seen that the COPR and COPH of a
25  thermoelectric module in accordance with the present invention can be increased in one or
more different ways, including: wusing semiconductor materials with higher Seebeck
coefficients that are not suitable for use with a conventional thermoelectric device; and
decreasing the length of electrical conductors 114c, 116¢ and decreasing the thermal distance

between top plate 120 and bottom plate 122.
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A. Change in Semiconductor Materials

In one aspect of the invention, the configuration of thermoelectric device 210
shown in FIGS. 4-6 enables the use of semiconductor materials with higher Seebeck
coefficients that are not suitable for use with conventional thermoelectric device 10 shown in
FIG. 1. These semiconductor materials increase the COPR and COPH of thermoelectric
device 210. To illustrate this aspect of the invention, an example is provided below that
compares the COPR and COPH of conventional thermoelectric device 10 to the COPR and
COPH of thermoelectric device 210.

Thermoelectric Device 10 (Prior Art)

As discussed above, thermoelectric device 10 is comprised of n-type
semiconductor elements 14 and p-type semiconductor elements 16. For purposes of this
example, we will assume the following: (1) n-type semiconductor elements 14 are made of
Bi,Te; + 0.1% I and p-type semiconductor elements 16 are made of BiyTes, which have the
properties shown in Table 1 above; (2) semiconductor elements 14, 16 each have a length of
1 cm, a width of 1 cm, and a height of 9 cm; (3) thermoelectric device 10 is placed in an

exterior wall; (4) a power supply provides 10 amps of current to thermoelectric device 10; (5)

the temperature of the cold plate (TC) is 273°K and the temperature of the hot plate (Th) is
303°K; and (6) thermoelectric device 10 includes ten thermoelectric couples (n = 10).
The Seebeck coefficient for thermoelectric device 10 is calculated using

equation (21) above, as follows:
S, =n(5,=8,) =10 (240x10° = (~184x10°)) = 424010 V2

The electrical resistance of thermoelectric device 10 is calculated using

equation (22) above, as follows:

h h
R =n-(R+R)=n-(p,-| —= |+p, | ==
. =1 (R, +R)=n-(p, [SAJ P, [SAJ)

=10-(0.52x107 (9—?0j +0.63x107 (#j) =103.5x107 Q

The thermal conductance of thermoelectric device 10 is calculated using

equation (25) above, as follows:
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SA SA
K, =n(K +K, ))=n-(k, -| — N "
=1 (K, +K,)=n-(k, [h j+kp [h j)

p

=10-(0.26- S YN L ):50.7x10’3"%
9.00 9.00 K

Now, the amount of heat supplied to the hot plate of thermoelectric device 10

n

is calculated using equation (23) above, as follows:
Q,=S,-1-T,-+- 1R +K,-AT
= (4240x10°%)-(10)-(303) = 1- (10)* - (103.5x107*) + (50.7 x107*) - (30) =9.19W

The COPH for thermoelectric device 10 is then calculating using equation (20)
above, as follows:

0, 9.19

COPH = = s 3
I-(S,-AT+1-R ) 10-[(4240x107")-(30)+10-(103.5x10 )]

=0.791

Similarly, the amount of heat removed from the cold plate of thermoelectric
device 10 is calculated using equation (24) above, as follows:

Q.=8, T -1-+1""R —-K, -AT

=4240%x10°°-(273)-(10) —=1-(10)* - (103.5% 10 ) = (50.7 x 107*) - (30) = 4.88W

The COPR for thermoelectric device 10 is then calculated using equation (19)

above, as follows:

0 488 =0.420

COPR = = s N
I-(S,-AT+I1-R)) 10-[(4240x107)-(30)+10-(103.5x107)]

Thus, thermoelectric device 10 has a COPH of 0.791 and a COPR of 0.420 in
the example where the device uses the semiconductor materials shown in Table 1 above
(based on the other assumptions set forth above).

Thermoelectric Device 210

As discussed above, thermoelectric device 210 is comprised of n-type
semiconductor elements 114a, 114b connected by electrical conductor 114c and p-type
semiconductor elements 116a, 116b connected by electrical conductor 116¢. For purposes of
this example, we will assume the following: (1) n-type semiconductor elements 114a, 114b
are made of Bi,S; (sintered), p-type semiconductor elements 116a, 116b are made of BiyTes

(i.e., the same material as p-type semiconductor elements 16 of thermoelectric device 10),
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and electrical conductors 114c, 116¢ are made of 18 AWG copper wire, which have the
properties shown in Table 2 above; (2) semiconductor elements 14a, 14b, 16a, 16b each have
a length of 1 cm, a width of 1 cm, and a height of 0.5 cm; (3) electrical conductors 114c¢, 116¢
each have a cross-sectional surface area of 0.00823 cm? (i.e., the surface area for 18 AWG
copper wire) and a length of 8.9 cm; (4) thermoelectric device 210 is placed in an exterior

wall; (5) a power supply provides 10 amps of current to thermoelectric device 210; (6) the

temperature of the cold plate (TC) is 273°K and the temperature of the hot plate (Th) is
303°K; and (7) thermoelectric device 210 includes ten thermoelectric couples (n = 10).

S

It should be noted that the values for the Seebeck coefficients (SP, ),

electrical resistances (RP ,R" ), and thermal conductances (KP , K") for the n-type and p-type
semiconductor elements 114a, 114b, 116a, and 116b of thermoelectric device 210 are the
same as those calculated in example 1 above for thermoelectric device 110 (because the
semiconductor elements are made of the same material and have the same surface area). It
should also be noted that the height of each of element assemblies 114, 116 (i.e., 9cm = 0.05
cm height of each of the two semiconductor elements + 8.9 cm length of the electrical
conductor) is the same as the height of each of semiconductor elements 14, 16 of
thermoelectric device 10.

The Seebeck coefficient for thermoelectric device 210 is calculated using

equation (21) above, as follows:

S, =n-(8,-5,)=10-(240x10"° - (~1300x10™)) = 15400x10"° V°1<

The electrical resistance of thermoelectric device 210 is calculated using

equation (22) above, as follows:

R, :n.(z-Rn+2-Rp+2-Rc):”'(2'Rn+2'RP+2'pC'[5}2 J)

[

8.90
0.00823

=10-(2-5.00x107° +2-2.60x107 +16.78x10~ [ j) =37.8x107 Q

The thermal conductance of thermoelectric device 210 is calculated using

equation (25) above, as follows:
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K K K K
+K Y=n- ne 4 L
e peq) (Kn+2Kc Kp+2KC

K i |5 Kk A
h ’ h

K =n(K )

=n-( - + - )
K +2-k -{SACJ K +2-k -{SACJ
2k P2k S
4.12-4.01-(0‘00823j 0.40-4.01-(0‘00823j
=10-( 0.00823 0869()823 ) :73‘4X1073u%1<
4.12+2-4.01-( : j 0.40+2-4.01-( : j

Now, the amount of heat supplied to the hot plate of thermoelectric device 210
is calculated using equation (23) above, as follows:
Q,=S,1-T,—-+ IR +K, -AT

5 = (15400x107°) - (10) - (303) —<-(10)* - (37.8 X 107) +(73.4x107°) - (30) = 47W

The COPH for thermoelectric device 210 is then calculating using equation

(20) above, as follows:

Q, = 47 =5.59
[-(S -AT+I-R)) 10-[(15400x10°%)-(30)+10-(37.8x107°)]

COPH =

10
Similarly, the amount of heat removed from the cold plate of thermoelectric
device 210 is calculated using equation (24) above, as follows:
Q.=S,T.-1-+1""R —K, -AT
=15400x107°-(273)-(10) =% (10)* - (37.8x107°) = (73.4 x107°) - (30) = 38W
The COPR for thermoelectric device 210 is then calculated using equation

15 (19) above, as follows:

Q. 38 52

COPR = = _ =4,
1-(S,-AT+1-R,) " 10-[(15400x10)-(30)+10-(37.8x107)]

Thus, thermoelectric device 210 has a COPH of 5.59 and a COPR of 4.52 in
the example where the device uses the semiconductor materials shown in Table 1 above

20  (based on the other assumptions set forth above).
In view of the above, it can be seen that the COPH of thermoelectric device

210 (COPH=5.59) is 7.06 times greater than the COPH of thermoelectric device 10
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(COPH=0.792). This means that thermoelectric device 210 is 7.06 times as efficient in
heating the hot plate to the assumed temperature with the power source delivering 10A of
current. Similarly, it can be seen that the COPR of thermoelectric device 210 (COPR= 4.52)
is 10.74 times greater than the COPR of thermoelectric device 10 (COPR=0.421). This
means that thermoelectric device 210 is 10.74 times as efficient in cooling the cold plate to
the assumed temperature with the power source delivering 10A of current. Thus, using a
semiconductor material for n-type semiconductor elements 14a, 14b that is not suitable for
use in n-type semiconductor element 14 results in a COPH and COPR for thermoelectric
device 210 that cannot be obtained for conventional thermoelectric device 10.

The significant increases in the COPH and COPR of thermoelectric device
210 described above are achieved only by changing the material used for n-type
semiconductor elements 114a, 114b. One skilled in the art will appreciate that these
increases can be even greater by using a semiconductor material for p-type semiconductor
elements 116a, 116b having a Seebeck coefficient with a larger positive value, provided the
electrical resistivity of the material is not too high (as discussed above). Thus, the
thermoelectric device of the present invention may include any combination of n-type and p-
type semiconductor materials that result in an increase in the COPH and COPR of the
thermoelectric device in accordance with the teachings of the present invention.

B. Optimize Length of Electrical Conductors/Thermal Distance
Between Plates

In another aspect of the invention, thermoelectric device 210 as shown in
FIGS. 4-6 is configured such that the length of electrical conductors 114¢, 116c and the
thermal distance between top plate 120 and bottom plate 122 (also referred to as the "air
gap") is chosen to obtain the highest COPH and/or COPR. One skilled in the art will
appreciate that certain factors have an impact on the COPH and COPR. For example,
increasing the air gap causes an increase in the electrical resistance of the thermoelectric
module, which in turn causes a reduction in the COPH and COPR. An another example,
decreasing the air gap causes an increase in the thermal conductance of the thermoelectric
module, which in turn causes a reduction in the COPH and COPR. One skilled in the art will
understand that the equations set forth above may be used to determine the ideal air gap value

for a particular application.
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C. Summary

As described above, the present invention includes various aspects that enable
thermoelectric device 210 to heat and cool the air more efficiently than a conventional
thermoelectric device. The COPR and COPH of thermoelectric device 210 can be increased
in a number of different ways. In one aspect of the invention, one or both of element
assemblies 114, 116 are made using semiconductor materials with higher Seebeck
coefficients that are not suitable for use with a conventional thermoelectric device. In
another aspect of the invention, the length of electrical conductors114c, 116¢ and the thermal
distance between top plate 120 and bottom plate 122 are optimized in order to increase the
COPR and/or COPH. Thus, one skilled in the art will understand that one or both of these
aspects of the invention described above may be used to increase the COPR and COPH of a
thermoelectric device in accordance with the present invention. Of course, thermoelectric
device 210, which includes both aspects of the invention described above, is preferred.

While the present invention has been described and illustrated hereinabove
with reference to several exemplary embodiments, it should be understood that various
modifications could be made to these embodiments without departing from the scope of the
invention. Therefore, the present invention is not to be limited to the specific configuration
and materials of the exemplary embodiments, except insofar as such limitations are included

in the following claims.
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CLAIMS
We claim:
1. A thermoelectric device, comprising:

an n-type element assembly comprising a first n-type semiconductor element
connected to a second n-type semiconductor element via a first electrical conductor, wherein
the first and second n-type semiconductor elements are each formed of a material having a
Seebeck coefficient with a negative value greater than about -250 uV/°K;

a p-type element assembly comprising a first p-type semiconductor element connected
to a second p-type semiconductor element via a second electrical conductor, wherein the first
and second p-type semiconductor elements are each formed of a material having a Seebeck
coefficient with a positive value greater than about 250 uV/°K; and

wherein the n-type and p-type element assemblies are electrically connected in series

and thermally connected in parallel.

2. The thermoelectric device of claim 1, wherein the material of each of the n-type
semiconductor elements has a Seebeck coefficient with a negative value greater than about -

800 uV/°K.

3. The thermoelectric device of claim 1, wherein the material of each of the p-type
semiconductor elements has a Seebeck coefficient with a positive value greater than about

800 uV/°K.

4. The thermoelectric device of claim 1, wherein the n-type and p-type semiconductor
elements are each formed of a material having a thermal conductivity greater than about 0.1

W/cm- °K.

5. The thermoelectric device of claim 1, wherein the electrical conductors each have a
ratio of electrical conductivity to thermal conductivity in a range of 1.3x105 S°K/W to about

1.6x105 S°K/W.

6. The thermoelectric device of claim 1, wherein the n-type and p-type element

assemblies form a thermoelectric couple.

7. The thermoelectric device of claim 6, further comprising a plurality of additional
thermoelectric couples and wherein the thermoelectric couples are electrically connected in

series and thermally connected in parallel.
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8. The thermoelectric device of claim 7, wherein the thermoelectric couples are

connected together so as to maximize a length of each of the electrical conductors.

9. The thermoelectric device of claim 7, wherein at least one of the n-type
semiconductor elements of one of the thermoelectric couples is connected to at least one of
the n-type semiconductor elements of another one of the thermoelectric couples, and wherein
at least one of the p-type semiconductor elements of one of the thermoelectric couples is
connected to at least one of the p-type semiconductor elements of another one of the

thermoelectric couples.

10. The thermoelectric device of claim 7, wherein the device has a ZT value greater than
about 5.

11. The thermoelectric device of claim 7, wherein the device has an efficiency greater
than about 20%.

12. A thermoelectric device, comprising:

a top plate spaced from a bottom plate;

an insulating plate spaced from the top plate;

a plurality of thermoelectric couples positioned between the top and bottom plates,
wherein the thermoelectric couples are electrically connected in series and thermally
connected in parallel, wherein each of the thermoelectric couples comprises:

an n-type element assembly comprising a first n-type semiconductor element
connected to a second n-type semiconductor element via a first electrical conductor;

a p-type element assembly comprising a first p-type semiconductor element
connected to a second p-type semiconductor element via a second electrical
conductor; and

wherein the n-type and p-type element assemblies are electrically connected in

series and thermally connected in parallel.

13. The thermoelectric device of claim 12, wherein air is located in a region between the

insulating plate and the top plate.

14. The thermoelectric device of claim 12, wherein a region between the insulating plate
and the top plate is maintained at a gaseous pressure less than atmospheric pressure so as to

create a vacuum.
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15. The thermoelectric device of claim 12, wherein air is located in a region between the
insulating plate and the bottom plate.
16. The thermoelectric device of claim 12, wherein a region between the insulating plate

and the bottom plate is maintained at a gaseous pressure less than atmospheric pressure so as

to create a vacuum.

17. The thermoelectric device of claim 12, wherein the insulating plate is formed of glass
or acrylic.
18. The thermoelectric device of claim 12, wherein the top and bottom plates are each

formed of polyphenylene sulfide (PPS) doped with boron nitride.

19. The thermoelectric device of claim 12, wherein the top and bottom plates are each

formed of ceramic doped with aluminum nitride.

20. The thermoelectric device of claim 12, wherein the n-type semiconductor elements
are each formed of a material having a Seebeck coefficient with a negative value greater than
about -250 uV/°K, and wherein the p-type semiconductor elements are each formed of a

material having a Seebeck coefficient with a positive value greater than about 250 uV/“K.

21. The thermoelectric device of claim 12, wherein the n-type and p-type semiconductor
elements are each formed of a material having a thermal conductivity greater than about 0.1

W/cm- °K.

22. The thermoelectric device of claim 12, wherein the electrical conductors each have a
ratio of electrical conductivity to thermal conductivity in a range of 1.3x105 S°K/W to about

1.6x105 S°K/W.

23. The thermoelectric device of claim 12, wherein the thermoelectric couples are

connected together so as to maximize a length of each of the electrical conductors.

24. The thermoelectric device of claim 12, wherein at least one of the n-type
semiconductor elements of one of the thermoelectric couples is connected to at least one of
the n-type semiconductor elements of another one of the thermoelectric couples, and wherein
at least one of the p-type semiconductor elements of one of the thermoelectric couples is
connected to at least one of the p-type semiconductor elements of another one of the

thermoelectric couples.
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25. The thermoelectric device of claim 12, wherein the device has a ZT value greater than

about 5.

26. The thermoelectric device of claim 12, wherein the device has an efficiency greater

than about 20%.

27. A thermoelectric device, comprising:

a top plate spaced from a bottom plate;

a plurality of thermoelectric couples positioned between the top and bottom plates,
wherein the thermoelectric couples are electrically connected in series and thermally
connected in parallel, wherein each of the thermoelectric couples comprises:

an n-type element assembly comprising a first n-type semiconductor element
connected to a second n-type semiconductor element via a first electrical conductor;

a p-type element assembly comprising a first p-type semiconductor element
connected to a second p-type semiconductor element via a second electrical
conductor;

wherein the n-type and p-type element assemblies are electrically connected in
series and thermally connected in parallel, and wherein the n-type and p-type element

assemblies are spaced apart by a distance in a range of about 0.05 cm to about 3.0 cm.

28. The thermoelectric device of claim 27, wherein the thermoelectric couples are spaced

apart by a distance in a range of about 0.05 cm to about 3.0 cm.

29. The thermoelectric device of claim 27, wherein the top and bottom plates are each

formed of polyphenylene sulfide (PPS) doped with boron nitride.

30. The thermoelectric device of claim 27, wherein the top and bottom plates are each

formed of ceramic doped with aluminum nitride.

31. The thermoelectric device of claim 27, wherein the n-type semiconductor elements
are each formed of a material having a Seebeck coefficient with a negative value greater than
about -250 uV/°K, and wherein the p-type semiconductor elements are each formed of a

material having a Seebeck coefficient with a positive value greater than about 250 uV/“K.

32. The thermoelectric device of claim 27, wherein the n-type and p-type semiconductor
elements are each formed of a material having a thermal conductivity greater than about 0.1

W/cm- °K.
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33. The thermoelectric device of claim 27, wherein the electrical conductors each have a
ratio of electrical conductivity to thermal conductivity in a range of 1.3x105 S°K/W to about

1.6x105 S°K/W.

34. The thermoelectric device of claim 27, wherein the thermoelectric couples are

connected together so as to maximize a length of each of the electrical conductors.

35. The thermoelectric device of claim 27, wherein at least one of the n-type
semiconductor elements of one of the thermoelectric couples is connected to at least one of
the n-type semiconductor elements of another one of the thermoelectric couples, and wherein
at least one of the p-type semiconductor elements of one of the thermoelectric couples is
connected to at least one of the p-type semiconductor elements of another one of the

thermoelectric couples.

36. The thermoelectric device of claim 27, wherein the device has a ZT value greater than

about 5.

37. The thermoelectric device of claim 27, wherein the device has an efficiency greater

than about 20%.

38. A thermoelectric device connectable to a power source and configurable for use as
either a heating device or a cooling device, said device comprising:

a first plate spaced from a second plate;

a plurality of thermoelectric couples positioned between the first and second plates,
wherein the thermoelectric couples are electrically connected in series and thermally
connected in parallel, wherein each of the thermoelectric couples comprises:

an n-type element assembly comprising a first n-type semiconductor element
connected to a second n-type semiconductor element via a first electrical conductor;

a p-type element assembly comprising a first p-type semiconductor element
connected to a second p-type semiconductor element via a second -electrical
conductor; and

wherein the n-type and p-type element assemblies are electrically connected in
series and thermally connected in parallel; and
a first heat sink coupled to the first plate and a second heat sink coupled to the second

plate, wherein the second heat sink is moveable between an open position and a closed

position, wherein the second heat sink is in the closed position when the device is configured
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for use as a heating device, and wherein the second heat sink is in the open position when the
device is configured for use as a cooling device.

39. The thermoelectric device of claim 38, wherein the first heat sink is configured for
placement adjacent an inside wall of a structure and wherein the second heat sink is

configured for placement adjacent an outside wall of the structure.

40. The thermoelectric device of claim 39, wherein at least a portion of the first heat sink

is configured for placement inside an air duct of the structure.

41. The thermoelectric device of claim 38, wherein the power source has a first electrical
polarity when the device is configured for use as a heating device, and wherein the power
source has a second electrical polarity when the device is configured for use as a cooling

device.

42. The thermoelectric device of claim 38, wherein the device has a coefficient of
performance for heating (COPH) in a range of about 5 to about 20 when the device is

configured for use as a heating device.

43. The thermoelectric device of claim 38, wherein the device has a coefficient of
performance for refrigeration (COPR) in a range of about 4 to about 10 when the device is

configured for use as a cooling device.

44, The thermoelectric device of claim 38, wherein the first and second plates are each

formed of polyphenylene sulfide (PPS) doped with boron nitride.

45. The thermoelectric device of claim 38, wherein the first and second plates are each

formed of ceramic doped with aluminum nitride.

46. The thermoelectric device of claim 38, wherein the n-type semiconductor elements
are each formed of a material having a Seebeck coefficient with a negative value greater than
about -250 uV/°K, and wherein the p-type semiconductor elements are each formed of a

material having a Seebeck coefficient with a positive value greater than about 250 uV/“K.

47. The thermoelectric device of claim 38, wherein the n-type and p-type semiconductor
elements are each formed of a material having a thermal conductivity greater than about 0.1

W/cm- °K.



WO 2016/073220 PCT/US2015/057035

-58-

48. The thermoelectric device of claim 38, wherein the electrical conductors each have a
ratio of electrical conductivity to thermal conductivity in a range of 1.3x105 S°K/W to about

1.6x105 S°K/W.
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The inventions listed as Groups 1 through IV do not relate to a single general inventive concept under PCT Rule 13.1 because, under
PCT Rule 13.2, they lack the same or corresponding special technical features for the following reasons:

Special Technical Features: )

Group | includes the special technical feature of first and second n-type semiconductor elements each formed of a material having a
Seebeck coefficient with a negative value greater than about -250 microvolts/K and first and second p-type semiconductor elements
each formed of a material having a Seebeck coefficient with a positive value greater than about 250 microvolts/K.

Group |l includes the special technical feature of an insulating plate spaced from a top plate, a plurality of thermoelectric couples
positioned between the top and bottom plates. :

Group Il includes the special technical feature of n-type and p-type element assemblies spaced apart by a distance in a range of about
0.05 cm to about 3.0 cm. :

Group IV includes the special technical feature of being configurable for use as either a heating device or a cooling device and including
a first heat sink coupled to a first plate and a second heat sink coupled to a second plate, wherein the second heat sink is moveable
between an open position and a closed position, wherein the second heat sink is in the closed position when the device is configured for
use as a heating device, and wherein the second heat sink is in the open position when the device is configured for use as a cooling
device.

Common Technical Features:

The only technical features shared by Groups I-1V that would otherwise unify the groups, are a thermoelectric device, comprising:

a top plate spaced from a bottom plate; a plurality of thermoelectric couples positioned between the top and bottom plates, wherein the
thermoelectric couples are electrically connected in series and thermally connected in parallel, wherein each of the thermoelectric
couples comprises: an n-type element assembly comprising a first n-type semiconductor element connected to a second n-type
semiconductor element via a first electrical conductor; a p-type element assembly comprising a first p-type semiconductor element
connected to a second p-type semiconductor element via a second electrical conductor; and wherein the n-type and p-type element
assemblies are electrically connected in series and thermally connected in parallel.

However, these shared technical features do not represent a contribution over prior art, because the shared technical features are
disclosed by US 5,006,178 A to Bijvoetz (hereinafter 'Bijvoetz') 09 April 1991 (09.04.1991). :

Bijvoetz discloses a thermoelectric device (abstract), comprising:

a top plate (3) spaced from a bottom plate (2) (FIGURE, col 2, In 52-59);

a plurality of thermoelectric couples (4) positioned between the top and bottom plates, wherein the thermoelectric couples are electrically
connected in series and thermally connected in paralle! (FIGURE, col 2, In 52-59, "..thermoelectric elements 4 are electrically connected
in series...thermoelectric elements 4 are thermally connected in parallel.."), wherein each of the thermoelectric couples comprises:

an n-type element assembly (7) comprising a first n-type semiconductor element (upper 10) connected to a second n-type
semiconductor element (lower 10) via a first electrical conductor (9) (FIGURE, col 2, In 66 - col 3, In 3, "..intermediate piece 9 of a
material which has a good electric conductivity...two semiconducting end pieces 10 of the N conductivity type."),

a p-type element assembly (6) comprising a first p-type semiconductor element (upper 8) connected to a second p-type semiconductor
element (lower 8) via a second electrical conductor (9) (FIGURE, col 2, In 60-66, "..two semiconducting end pieces 8 of the P
conductivity type and an intermediate piece 9...of a material having a good electric conductivity.."), and

wherein the n-type and p-type element assemblies are electrically connected in series and thermally connected in parallel (FIGURE,
abstract, co! 2, In 52-59, "..thermoelectric elements 4 are electrically connected in series...thermoelectric elements 4 are thermally
connected in parallel..").

As the shared technical features were known in the art at the time of the invention, they cannot be considered special technical features
that would otherwise unify the groups. * .

Therefore, Groups -1V lack unity under PCT Rule 13.
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