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Abstract

Solid-state power generation has not seen broad application
because energy conversion efficiency has been too low to
justify the expense of such systems, or because competing
technologies  offer  better  efficiencies. Alternate
thermodynamic cycles compatible with thermoelectric
systems offer the promise of substantially higher efficiency,
while the configurations of such systems exhibit high power
densities as an attendant benefit. These cycles offer significant
improvements in the efficiency of power extraction from hot
fluid streams, such as in conditions associated with
automotive exhaust, catalytic combustors, and co-cycle power
generators. In this paper, several cycles are analyzed to
determine their suitability for particular classes of application
and their relative efficiencies.

Terminology

M = mass flow rate of convective medium (kg /s)

Cp = specific heat of convective medium (J/kgK )

T, = fixed cold side temperature (K)

Ty = fixed hot side temperature (K)

T, (x)= cold side temperature at position x (K)

T,y (x) = hot side temperature at position x (K)

T;; = bulk temperature of convective medium (K )

P, = electrical power output ()

p(x) = electrical power output at position x (W/cm)
O,c = total cold side thermal flux ()

dic (x) = cold side thermal flux at position x (W/ cm)
Oy = total hot side thermal flux ()

¢y (x) = hot side thermal flux at position x (W/cm)
Ting Tivie - T = intermediate temperatures (K )

f = dimensionless thermal mass ratio

n = fixed dimensionless material efficiency parameter
a = Seebeck coefficient (V' /K)

A = thermal conductivity (W /cmK)

p = electrical resistivity (Q-cm)

Subscripts

j = property associated with configuration j
C = property at cold side of system

G = external property

H = property at hot side of system

M = intermediate property

Introduction

Recent advancements in thermoelectric (TE) materials [1, 2]
and systems [3-5] have renewed interest in the potential use of
TEs for power generation. The inherent qualities of TE
systems: few if any moving parts, quiet operation and

prospects of both environmental friendliness and waste power
recovery, have further increased the interest.

Texts that describe solid-state TE power generation
were either written contemplating spacecraft usage, concerned
with terrestrial applications for which reliability rather than
efficiency has been the primary goal or used formulaic models
that do not necessarily optimize system performances for
today’s applications. [6] The need exists to look
comprehensively at TE power generation with special
emphasis on factors that influence efficiency, including
appropriate hot and cold side boundary conditions, use of
recently developed thermodynamic cycles and newer TE
materials. The source of thermal power (heat) and the
available means of eliminating waste heat from the cold side
are shown to strongly influence efficiency. Maintaining high
efficiency in fluidic systems is the primary subject of this
paper. Other factors, such as system complexity, durability
and cost, have a large effect on efficiency, and are discussed
briefly here, but not in sufficient detail to be fully applicable.

The analysis that follows is separated into four
general categories in accordance with the nature of the hot and
cold side boundary conditions. The most commonly used
boundary conditions assume that both the hot and cold sides
are isotropic at temperatures 7 and T¢, respectively. These
conditions, designated as Configuration 1, are used in most
texts, but are rarely achievable in practical power generation
applications. Subsequent configurations replace one or both
of the isotropic boundaries with convective media as sources
and sinks for thermal power. These boundary conditions are
more common in today’s applications. Property changes
related to the thermoelectric figure of merit, Z, vary as
discussed at appropriate points in this paper. All other
material properties, such as heat capacity and thermal
conductivity, are postulated as independent of temperature
and time. Figure 1A gives a schematic of a typical TE couple
operating as a power generator. Thermal power enters the hot
side of a TE couple at temperature 7. The opposite end of
the TE couple is maintained at a colder temperature 7. The
temperature difference Ty - T¢ induces a conductive thermal
flux, Q,y, from the hot to the cold side. The thermoelectric
properties of the couple, the heat flux and AT determine the
amount of electrical power P; produced and waste heat flux
Q¢ that exits the cold side. Conservation of energy, in steady-
state operation, requires that;

QIH_QIC =h (D

where P; is the electric power produced. Maximum

efficiency, P; is given by;
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To simplify the analysis without distorting the
relative performance of the configurations studied, the
following simplifying assumptions are made. The first term
on the right hand side is the Carnot efficiency, and the second
term is a material factor associated with a thermoelectric
generator. This factor will appear frequently in the
computations that follow and is designated by #;
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It is a measure of TE material properties and the TE geometry
of Figure 1A. It is assumed to vary only with the ZT} of the
TE material. Its variation with Tz is ignored, as the error
induced by doing so is very small for the parameter range in
this paper.

Equation (2) will be used, with a range of boundary
conditions, to compute the efficiency of TE elements in
various generator configurations. Basic cases are classified as
to whether the hot side is an infinite heat source at Ty or a
working fluid initially at temperature 7. Similarly, the cold
side is either an infinite heat sink at 7 or a working fluid
initially at temperature 7. The four general conditions are
summarized in Table 1. In the analysis that follows, the four
boundary conditions identified in Table 1 are further broken
into a total of twelve configurations. Results for each are
presented, and where appropriate, approximate formulas for
estimating performance are given.

Boundary Systems Configuration
Condition Numbers

Hot Side [sotope; solar; reactor heat 1,3,6
Infinite Heat [source; intermediate stage of a
Source TE element cascade; hot side

of a low power system.
Hot Side Hot working fluid such as 2,4,5,7,8,9,
'Working combustion products; hot 10, 11, 12
Fluid exhaust gases; steam; heat

exchanger; process flow fluids
Cold Side Stage of TE element cascade; |1,2,7, 11
[nfinite Heat |large thermal reservoir such as
Sink ocean water; space craft;

aircraft skin; cold side of low

ower system
Cold Side Forced air or liquid cooling 3,4,5,6,8,9,
'Working system; radiator; passive 10, 12
Fluid cooling; heat exchanger;
rocess systems
Table 2

Typical systems that have the boundary conditions
denoted in Table 1 are presented in Table 2. Generally, low
power systems such as those used in instrumentation, or signal
generation have constant temperature (effectively infinite heat
sources and sinks). Waste heat, exhaust and combustion

Hot Side Cold Side Con-
Conditions figur-
ation
Num-
bers
Infinite Heat| Infinite Heat | % r, |l
Source Sink
Ar, | TE
.-i Te
Working | Infinite Heat | 1, 2,7, 11
Fluid Sink AT{
TE
7 T
Infinite Heat| Working & . PB.6
Source Fluid ’
TE
=
TC
Working Working T, 4, 5, 8,
Fluid Fluid ATHI 9,10, 12
s
TC
Table 1

powered generators have working fluids as heat sources, in
which the initial fluid peak temperature, 7, is equal to, or
higher than the maximum operating temperature of the TE.

Under certain important conditions, for example,
when the temperature difference between the hot and cold
side is very large, it is known to be advantageous to segment
materials in TE generator couples [6], and in doing so,
incorporate the material that exhibits the highest possible ZT'
for each particular temperature range.
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Figure 1A

Configuration 1

This system consists of a hot side heat source that delivers
thermal power Q;y at a uniform temperature 7. Similarly,
the cold side is in contact with a heat sink Q;¢ at uniform
temperature 7¢. The solid-state energy converter is defined in
terms of uniform material property Z. The system operates
under steady state conditions and constant TE properties.
Electrical power produced by the hot side thermal flux Q,y,



across the temperature difference 7y — T is defined as P;.
For this configuration, the optimum efficiency can be written
as the Carnot efficiency, (Ty — T¢) / Ty, times the material
term 7, defined in Equation (5);

i{—TH TCJn ©)
O Ty

This is a well-known result. [6] Figure 1B presents a
graph of the calculated efficiency using Equation (6) for the
hot to cold side temperature ratio ranging from 0 to 1.
Computations for various values of ZT, are given. The lowest,
ZTy = 1 is representative of today’s best commercial material

and ZTy = 2.5 is the highest reported value in current
literature. [1]
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Configuration 2

Configuration 2 is shown in Figure 2A. In this geometry, the
hot side thermal flux O, is contained in a convective medium
with temperature independent properties;

oy =(Ty T )Cp M @)

where Cp M = thermal inertia.
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Figure 2A
The heat content associated with increasing a given
amount of the medium to temperature T from T¢ is O,y The
energy converter operates between 75, and 7¢. The portion of
0,y passing through the TE system, Oy, is;

QzE :(TH_TZM)CPM )
The balance is not utilized in the conversion process
and exits as waste heat flux Q,y. All of the thermal power

O, enters the hot side of the TE converter at uniform
temperature 75y,

Temperature 75, is that temperature which optimizes
system efficiency. 75, is calculated by noting that;

B O (bu-Tc),

9

Q2H Q2H TZM ( )
_ (TH _TZM) (TZM _Tc)

A 10

By the assumptions made, the product Z75,, is a constant and
not a function of 7T, Similarly, it is assumed that the term

JZT i +1 from Equation (2) is constant. This is not an

approximation to the extent that the TE material can be
tailored to have the specified value for ZTy regardless of what
T, H is.

Equation (10) is maximized with respect to 7, , if;

T :\/THTC (11)

Figure 2B presents results for Configuration 2 for 7y
/ T¢ ranging from 1.0 to 2.0 for four values of ZT}.
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Configuration 3

Configuration 3 is shown in Figure 3A. It is similar to
Configuration 2, except that the hot side is at uniform
temperature 7y and the cold side is cooled by a fluid with

flow rate M such that the medium’s heat capacity equals

Os.

If the flow rate, and thus the heat capacity, of the
cold side is not constrained, efficiency monotonically
increases to that of Configuration 1, since at very high waste
side flow rates, T3, — T, and the efficiency of Equation (6)
is approached. To differentiate Configuration 3 from
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Configuration 1, a representative limit can be placed on the
cold side thermal capacity Q;c. An obvious choice is to equate
O;c to the amount of thermal power required to heat the cold
side coolant from 7 to Ty;

Osc =(Ty T )Cp M (12)
This optimum efficiency will occur as Q3 — 0 and T3y, — T¢
as noted above. However, if the coolant flow is restricted to
that flow rate given by Equation (12), electric power output
P3), does have a maximum.

Since;
Ty —T-
P=0y (u}? (13)
Ty
and; )
Oz =(Ty —T¢ ) Cp M+ P, (14)
Using Equations (14) in (13);
c | Ty —T,
%=(1%+(T3M—TC)CPM)(%}7 (15)
H
o (T, —T- Ty — T,
=, Tt =TT o) o

(A=) Ty +nTsy
The maximum power is found by maximizing P;
with respect to T3, The result for T3, is;

T, T,
Typr ==L =1+ [(=m)+n-< (17)
n Ty
The efficiency at maximum power output is;
P, P, T, -T.
3MAX _ SMAY g, T~ 3m (18)
O Poux +Osc Ty

Using the value for T3 from Equation (17), (18) can be
evaluated. The maximum power output is given in Figure 3B.

Configuration 4
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Configuration 4 is pictured in Figure 4A. It is similar to
Configurations 2 and 3 in that the heat flux resides in
convective medium, and a second convective medium has
been added. Here, the condition imposed is that the cold and
hot side media have the same thermal capacities. For the hot
and cold sides of the TE, each at uniform temperatures 7Ty
and Ty,c, the following equations apply;

Q4MH = (TH _T4MH)CPM

Q4Mc :(T4MC _TC)CPM

(19)
(20)
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Ot = Qanc + 5 (21)
Ouyy =(Ty —T)Cp M (22)
The efficiency is;
Ps  Qamn (Tamr —Tamc) 23
Ouy - Q4 7 Tamu
Using Equations (19) and (22) in (23);
P, _(Tawn —Tanc) [TH _T4MHJ (24)
Q4H Lo Ty - TC

The optimum efficiency can be found by writing
Tyc in terms of T4, and using Equations (19) to (22);

(1=m)(Tyy ~Tupsc )+ T
(1 + W)DMC —nTy
The optimum efficiency can be found numerically

from Equations (24) and (25). A useful approximate solution
is found by noting that, for low efficiencies;

Ty =Tanic (25)

Oupr = Oac (26)
So that;

Ty =Taprn = Tapre —Tc (27)
Or;

Lo =Ty +Te =Thye (28)
Using this in Equation (24);

2
F ~2;7( T ~Ti) (29)

Osp Ty -T¢

Where;
Ty +T,
T = (30)

Numerical results for and the approximations from
Equation (29) are presented in Figure 4B.
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Configuration 5

Configuration 5 is very similar to Configuration 4 with the
exception the cold side medium that has been heated to 7’5y
by the TE, is heated further to 7 and used as the hot side
medium, as shown in Figure 5A.

_TH ; .
Qs ; e Ty
TE ——Ps
*ToneT : ! T
: N
--------- ;------------------ l«T.—
Figure SA
In this case, the power input Qs becomes;
QSH:(TH_TSMC)CPM (€29)
And the efficiency is;
P, T, T, Ty —Ts
5 :( H  tsmn j( s —Ismc }7 (32)
Osu Ty =Tspc Tsyu

In addition to Equation (31), the energy balance
equations are;

Osc =(Tsye ~Tc)Co M (33)
And;

Osyy —Osc = B (34)

Solving Equations (31) to (34) for Tsy in terms of
Tsyc yields;
(1=n)(Ty ~Tspic )+ T

(14 1) Tspe =Ty

Equation (35) is used in Equation (32) to find
numerically the optimum value of the efficiency. Results are
presented in Figure 5B.
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Configuration 6

Configuration 6 is a generator of the type shown in Figure 6A.
It is characterized by a constant hot side temperature 7 for
which a cold side convective medium provides heat. The TE
power generator consists of a continuous array of TE elements
thermally isolated from each other in the x direction. gsc (%),
the thermal flux into the cold side is thus;
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Figure 6A
dT, - (x)
Goc(X)=Cp M% (36)

Where Tyc (x) is the cold side medium temperature at x .
Choose Tsc (x) to be linear. Then;

X x
Tic)=TcO)+(Ty~Te) = =T +(Ty -Tc)—  (37)
X X0
And;
. dT. Cp M (T}, —T,
Gsc(x)=Cp M 6C(X): g (H C)
dx Xy

The corresponding flux from the heat source at
temperature 7y is;
9o11(X) = g (%) + ps (x) (39)

where gy (x) is the hot side thermal flux at x and py (x) is the
power produced at x;

Pe(X) =qgy (x);y{

(3%)

40
T, (40)

The maximum efficiency is the integral of the
optimal power production at each location x p4 (x) divided by
the integral of the power in gg;

B 1" pew)d

=2 41

Oorr 1," qopr (x)dx

Using Equation (39) for sy (x);
Pﬁ _ -[0 ! PéC (x)dx (42)

n ¢, M (Ty ~Tp)+1,% By (x)dx

Substitution of Equations (37) to (39) into Equation
(40) yields;

X
1--2
W(TH_TC)XO X
P=q j °_gx 43)
oo Ty OI_W(TH‘TC)
TH
ln(l_n(THT—Tc)J
H
=g | 1+ (44)
o W(TH_TC)
TH

And the maximum efficiency from Equation (44) is;



I— 77(TH _TC)
5 Ty
= (45)
Osn h{]_’?(TH_Tc)]
Ty

This result can be approximated by expanding the
logarithmic term. A convenient approximation is;

p QQ(TH-TCJ(H«TH—TC)J

O 2\ Ty 6T}
Results of Equations (45) and (46) are given in Figure 6B.

(46)
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Configuration 7

Configuration 7 is shown in Figure 7A. It is similar to
Configuration 6, except the hot side utilizes a convective
medium and the cold side is a constant temperature heat sink.
The TE generator at x operates between 77y (x) and T¢ and
each is thermally isolated from other TE generators in the x
direction. Computations follow those of the previous case.
Imposing the condition that 77 (x) is linear yields;

x
Y}H(x):TH_(TH_TC)x_ (47)
0
So that g5 (x) becomes;
- dT,, (x (T, -T,
q7H(x)=cpML()—cpM% (48)
0
and;
Ly (x) - Tc
xX)= = 49
p7(x) ”q7H[ Ty (%) 49)
| |
o | !
! 1
K T, (x) |
] ]
| |
| |
] ]
] ]
] ]
] ]
] ]
| |
| |
;1:?’ S ;;I’e_Tc*
] ]
0 —x—> X,
Figure 7A

The maximum efficiency is;

on” G710 (X (EH(X)_TCJ dx

B, I ()
- . (50)
O [, @74 ()
Integration yields;
P T, T,
L=yl | -—C—mm-1L (51)
Orn Ty-Tc Tc
Results are given in Figure 7B.
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Configuration 8

Configuration 8 is shown in Figure 8A. Again, in this
geometry, thermal isolation in the x direction is employed.
The hot side medium convects thermal power gg; (x) to the
TEs at a constant rate so that T (x) is linear;

»®--

|
0 —x—> 0

Figure 8A
Ty (x) =Ty ~(Ty ~ Ty )é (52)
since;
o () = Cp M L (53
gy (x) =~ 222 “Tou) (54)

Xo

In this Configuration, the conditions are imposed that
the hot and cold side media exit temperatures are the same,
and that both media have the same heat capacity and flow
rates. The cold side medium convects waste thermal power
qsc (x) from the cold side. Its initial temperature is Tc;
M dTyc(x)

dx

The power produced at location x is;

gsc(x) =Ty (55)



Ty (x) =T (x
Pa(x) = gy (x)n(MJ (56)
Ty (x)
The temperature profile Tsc (x) is found from;
9sp (%) = ggc (x) + pg(x) (57)

Substituting values from Equations (52), and (54) to (56) into
(57). The result is a first order differential equation with the
solution;

7
X x | T X
Tie(x) =Ty —~(Ty —Y;M)x——TC[[I—x—j—“x—J (58)
0 0)*8M 0

Since, by definition;

Tsc(0)=Tgy (59)
Where Ty, satisfies the relationship;
n
Ty —Tc Typ
Note that the efficiency;
P8 _ QSH _QSC (61)
Qs Ky
Becomes;
P8 :TH+TC_2T8M (62)
0% Ty -T¢
The maximum efficiency is found by first

numerically solving for Tg, in Equation (60), and using the
result in Equation (62) to compute efficiency. Results are
given in Figure 8B.

The maximum efficiency of Configuration 8 is best
approximated by al altogether different methodology than that
used to compute the exact solution. For relatively low
efficiency systems, Ty (x) is essentially linear. If it is assumed
that Ty, is approximated by;

Ty +T,
Tovs z% (63)
And Ty (x) is linearized;
Ty +T, T, —T,
Tye(x)~=H22C | 2 C |2 (64)
2 2 Xy

Equations (52), (54) and (64) can be used in
Equation (56) to approximate Pg (x). This can then be
integrated to find an approximation for the maximum
efficiency. The result is;

P, 2T,
8 1y H (65)
Oy 2 \Toy +1¢
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This approximation is within 3% of the exact results
for the range of parameters in Figure 8B.

Configuration 9

Figure 9A
Configuration 9 shown in Figure 9A is very similar to 8
except the waste cold side heat flux exiting at temperature 7Ty,
is further heated to T and therefore, the total input power Qgy
becomes;

Oy =Cp M(Ty —Topy) (66)

The temperature profile Tyc (x) is the same as that of
Equation (58) Configuration 8 and the power is the same as
Equation (56). Thus, the maximum efficiency has the same
numerator as Equation (62) and the denominator is replaced
by Equation (66);

P 1% po(x)dx

Qo Cp M (T —Tyyy)

The maximum efficiency is computed numerically as

was done with Configuration 8. Results are presented in

Figure 9B. Similarly, the approximation, using a linearized
Toc (x) yields;

R 21,

Qon

(67)

n 68
Ty + T, (68)

and shows the factor of two improvement over Configuration
8 as expected.
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Configuration 10

Configuration 10, shown in Figure 10A, is a variant on
Configurations 8 and 9, again with thermally isolated TE
elements where the hot side medium is at initial temperature
T that is hotter than Ty. Heated exhaust convective medium



from the cold side can be further heated by and combined
with, the hot side medium to produce a larger amount of hot
side media. If both media have the same thermal capacity, the
hot side heat excess content Oy is;

Qo = Cp Miog (TG _TH) (69)
And the amount of heat Qg required to bring the cold side
waste to Ty is;

Oior =Cp MlOC (TH _TIOM)

Where M 106 and M 1oc are the hot and cold source flow rates,
respectively.

(70)
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Define;
i
ﬂ: ” 10C (71)
Mioc

Then, equating Equations (69) and (70) and using Equation
(71) to eliminate M 10C ;
L= M (72)
Ty =Tiom
In this Configuration, let the hot side medium flow
rate M 1077 be the combined flow rate from the hot side source

M o6 and the cold side exhaust M 1o , then;

Mon =(ﬂ+1)M106 (73)

Moc = ﬂMlOG (74)
Using the process to solve for 7Ty, as was done in
Equation (60);

Lot
. TH(I_XL)"'EOM)% !
EOG(X):ATH_(ATH_EOM)_ . ° (75
Xo Ty
Where;
A:(l—ﬂ)(l‘f'ﬂ) (76)
(1=n)B-n
And evaluating Equation (75) at x = 0 yields;
S+l

wrad
EEREAL -
ATiOM _TC TiOM

Again following the process for Configuration 8, Equation
(77) can be solved numerically for 7, and the maximum
efficiency can be computed. The results are given in Figure
10B as a function of g for T/ Tc = 2.
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Configurations 11 and 12 each utilize the energy conversion
capabilities of TEs in two complementary thermodynamic
cycles, and as such, are examples of a family of co-generation
cycles that employ thermoelectrics. The governing equations
have been presented in a previous paper [4] that laid out the
general principles for TE-based co-generation systems.

In the Configurations that follow, the first generator
utilizes convective flow to directly provide electric power and
provide a source of convective medium at temperature 7.
Here it is sufficient to note that the convective medium
absorbs thermal power from the first generator as it produces
electrical power, Prg;. The second generator converts a
portion of the convective medium’s thermal power to electric
power, Prz, by employing one of the configurations
discussed above.

Configuration 11

Configuration 11 is shown in Figure 11A. Convective
medium enters the first generator at temperature 7¢ and exits
at temperature 7y. The heated medium transfers thermal
power to a second cycle as it cools back to T¢c. The second
cycle is Configuration 7. The cold side is held at constant
temperature 7¢. The optimum efficiency, computed
numerically, is plotted in Figure 11B. In comparison to
Configuration 7, the efficiency of the co-cycle generator for

Q11H

Figure 11A



the parameter range in this study is 60% to 70% higher.

18.0% -

ZT=1
16.0% A
1a0% )| — — —2zT=15 _
512_0%7 _—— e . 7T=2 — .;- -
c 1 oo .o . - " — - —
5 100% 2125 [ e T o=
%8.0%— A
@ 6.0% Pt b
P -
4.0% | L=
o | 33
20% 1
0.0% ‘ ‘ ‘ .
1 1.2 14 16 1.8

temperature ratio

Figure 11B

Summary and Conclusions
The prospect of more efficient thermoelectric materials has
led to renewed interest in solid-state waste power recovery.
However, the mathematical models for computing efficiency
given in most texts do not directly apply to important
applications, including power recovery from automotive
exhaust waste incineration and other uses where the thermal
power is contained in a convective medium and from which a
large fraction of the thermal power is to be extracted. In such
cases, thermodynamic cycles that employ thermal isolation
and convective enhancement are beneficial, especially where
co-cycle generation is possible.

Table 3 presents a compilation of the results of the
12 configurations discussed above. Efficiencies are given at
Ty / Te = 1.5 for values of ZTy ranging from that of today’s
best commercial materials to values possible over the next

Configuration 12

Configuration 12 is shown in Figure 12A. The first cycle is
again a convective cycle that utilizes the heated cold side
medium that exits a generator in the form of Configuration 9.
Prior to entering the convective generator, the cold side
medium is heated from its exit temperature T),; to T, by the
waste heat from the cold side of the convective generator.
The medium is then heated to 7 by the convective generator.
The medium completes its circuit by providing thermal power
to the isolated element TE generator of Configuration 9.

Figure 12A
Figure 12B presents the optimum efficiencies
computed numerically for Configuration 12. The results show
an improvement of 25% to 35% over Configuration 9.
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several years.

ConfigurationlZT=1, ZT=1, ZT=2, ZT=2,
Ty=450K T=600K T,=450K T,=600K
1 5.840% 8.856% 9.175% 15.841%
2 1.770% 3.039% 2.781% 4.791%
3 2.963% 4.531% 4.698% 7.243%
4 0.812% 1.268% 1.288% 2.033%
5 1.122% 1.816% 1.772% 2.889%
6 2.949% 4.497% 4.661% 7.156%
7 3.312% 5.435% 5.204% 8.569%
8 1.801% 2.773% 2.855% 4.443%
9 3.199% 5.116% 5.030% 8.083%
10 2.876% 4.023% 4.523% 6.363%
1 5.798% 8.881% 9.046% 13.841%
12 4.301% 6.755% 6.662% 10.493%
Table 3

Under conditions where the thermal flux undergoing
power conversion is a small fraction of the available thermal
power, or where the source is from isotope decay, solar
power, or the like, and the waste side heat sink is of large
capacity, standard equations apply and relatively high
efficiencies can be achieved. The standard geometry and of
Configuration 1 apply to these conditions. Configurations 2,
3, 4 and 5 apply where convective media are employed as the
heat source and the cold side heat removal system. In these
Configurations, the entire hot and cold sides of the TE
converter are at uniform temperatures. The resultant system
efficiencies are very low, ranging from about 12% to 33% of
the standard model. These reduced -efficiencies have
discouraged applications of TE converters in automotive [7-9]
and other important usages.

Configurations 6, 7 8, 9 and 10 incorporate thermal
isolation of TE elements to enhance efficiency for systems
with convective media as sources of thermal power and heat
removal. Efficiencies range from 28% to 60% of the standard
system. These Configurations are easily manufactured and
represent effective means of improving performance beyond
that achievable with the uniform temperature hot and cold
side geometries, and convective media for heating and
cooling.

Configurations 11 and 12 represent co-generation
systems, with the heat source being a convective medium.



Both employ convective TE cycles to enhance efficiency, and
represent the highest degree of manufacturing complexity. In
applications with heat sources that do not allow Configuration
1 to be utilized, these offer efficiencies of 57% to 98% of
Configuration 1, for the range of conditions of this paper.

Other co-generator systems that combine solid-state
electrical power production with cycles with mechanical
outputs such as gasoline engines, turbine and other heat
engines, are not within the scope of this paper, can have
combined efficiencies above those presented here [4] but are
not completely solid-state and lose the benefits associated
with purely solid-state systems.

Configurations 10, 11 and 12 are representative of
electrical generators that can use a combustion process, such
as a catalytic burner, as a heat source. For example, air and
possibly gaseous or liquid fuel can be the cold side convective
media, and after combustion, provide the source of heat on the
hot side. Such systems could be used as compact, simple
generators. With further efficiency improvements, such TE
generators using thermal isolation and convective co-
generation could lead to the broader acceptance of solid
power generators in both military and commercial
applications.
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