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We study the cost/efficiency trade-offs for different ZT values and identify
applications in which low-cost organic thermoelectric (TE) materials such as
polymers with embedded nanoparticles or nanowires could have a big impact. In
a TE generator, in addition to the TE material, there needs to be a water- or air-
cooled heat sink in order to create a temperature gradient. The costs of the
material in the TE module and the heat sink need to be co-optimized. We used
our recently developed analytic model which describes the maximum power
output for various conditions. The optimum design allows us to find the mini-
mum material mass used in the TE module and in the heat sink. This yields the
power per material cost (W/$) and the power per unit mass (kg/W). We compared
organic and inorganic TE materials as an interesting example based on this
scalable analytic model. The results suggest that polymers or other low-cost
lower-efficiency TE materials have the greatest potential for lightweight remote
power applications for sensors in conjunction with passive heat sinks.

Key words: Thermoelectric, waste heat recovery, polymer thermoelectric,
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INTRODUCTION

If a small fraction of the waste heat from electrical
and mechanical systems could be inexpensively
converted into electricity, this could lead to com-
mercialization of solid-state waste heat recovery
systems. There has been a great deal of research
into improving the thermoelectric figure of merit,
ZT, and the efficiency of thermoelectric (TE) gen-
erators. Efficiency, however, is not the only factor.
The other key to low-cost power generation is to
design the thermoelement to use the smallest
material mass that matches the heat flow. Recently,
there has been work on the development of low-cost
spin-cast1–3 TE materials such as polymers with
embedded nanoparticles, nanowires, or nano-
tubes.4–6 Using these materials, ZT � 0.1 at room
temperature has been achieved.7,8 One study
reports peak performance of ZT = 0.25.9 A TE

generation system, in addition to the TE material
and heat spreaders, also needs water- or air-cooled
heat sinks to create temperature gradients. The costs
of the material in the TE module and the heat sink
need to be co-optimized with the TE leg and sub-
strates. In this paper, we study the cost/efficiency
trade-offs as a function of ZT. We compare the above
polymer materials with conventional semiconductor
TE materials in terms of the power per unit mass
(W/kg) and power per material cost (W/$).

MODEL AND CONDITIONS

A TE system model including the influences of
heat sinks on power output has been developed in
our previous work.10 The thermal circuit used in the
unit configuration is shown in Fig. 1. The model is
based on a given fixed-temperature heat source Ts

and an ambient temperature Ta. The four heat
currents in the figure represent the electrical circuit
connected to an external load resister. Based on
this model, we derived the energy balance at the
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temperature nodes and then analytically optimized
the length of the thermoelement (leg) for maximum
power output. The maximum output per unit area
(W/m2) is shown as Eq. 1, by the derivations of the
optimum leg length dopt (m) as Eq. 2 and the opti-
mum ratio m between the load resistance RL and
the internal electrical resistance R, i.e., m = RL/R.
We introduced the fractional area ratio of the TE leg
to the substrate, F, called the fill factor. Then, we
investigated the impact of changing the fill factor on
both the power cost ($/W) and the power weight (kg/
W). The hot-side and cold-side heat sinks can be
described by individual heat transfer coefficients Uh

and Uc (W/m2 K) for the cross-sectional area per-
pendicular to the heat flow in the system. To con-
nect these heat sink models to the thermal
resistances w (K/W) in our model (Eq. 1), we need to
define an absolute area A (m2) for each element. The
number of elements placed in a unit area N (1/cm2),
i.e., the element density, is often used in TE module
designs; in this case, simply N = 1 9 10�4/A. Rw is
the sum of the external thermal resistances (K/W)
including spreading thermal resistances in the
module plates.

wmax ¼
Z Ts � Tað Þ2

a2 mþ 1ð Þ2A
P

w
; (1)

dopt ¼ mbFA
X

w; (2)

where

m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ Z
Th þ Tcð Þ

2

r

: (3)

Here, Th and Tc are the hot-side and the cold-side
temperatures of the element, respectively. b is the
thermal conductivity of the element. The maximum
power output has a slight impact from the thermal
contacts’ asymmetry, as quantified by the ratio

between the cold-side and hot-side thermal resis-
tances, i.e., wc/wh. a in Eq. 1 is the symmetry factor,
which is equal to 2 when wc/wh = 1. Due to the
asymmetric nature of the hot-side and cold-side heat
dissipations, the factor a gradually shifts as the wc/wh

ratio changes. The focus of this study is not on the
asymmetry of the contacts (heat sinks) but rather on
the impact of the material properties. We fixed the
value of a = 2 while considering a small change of a
due to asymmetric heat dissipations of the contacts.

Thermoelectric power generators contain many
design parameters, even in simple structures. We
keep some values fixed to compare the impact of
different materials. Table I presents the properties
and cost information used in this study. The tem-
perature conditions considered for this study are
Ts = 600 K, Ta = 300 K, with heat transfer coeffi-
cients of 2000 W/m2 K (for low heat flux) and
20,000 W/m2 K (for high heat flux). Also, symmetric
heat dissipation, wh = wc, is assumed. This is
equivalent to the condition of the same heat transfer
coefficient for both the hot and cold side.

The material properties and unit prices used in
the analysis are listed in Table I. The unit prices are
based on informal suggestions from industrial col-
laborators assuming high-volume production of
currently available materials. Exact, real-world
prices may vary considerably, but these estimates
can be used as theoretical examples. The large ZT
(>3) of BiTe, for example, is an artificially gener-
ated property in our calculation. Such material does
not exist in the marketplace, thus the unit price ($/
kg) is as yet unobtainable. In this analysis, we do
not reflect the potential change of the unit price by
ZT enhancement, but rather scale the performance
to highlight the comparison between different
characteristic materials such as organic and inor-
ganic materials.

The maximum power output is based on the unit
area. To use the heat available in a given area most
effectively, we consider the maximum packing of
elements. At the maximum packing, each individual
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Fig. 1. Thermal circuit model of a generic thermoelectric power
generation system.

Table I. Properties and price information used in
cost calculations

BiTe Alumina substrate

b fi vary,
PF = 3.35 9 10�3 W/m K2,
ZT = 0.1–10,
Density = 8.2 9 10+3 kg/m3,
Price = 500 $/kg

b = 23 W/m K,
Density = 3.7 9 103 kg/m3,

Price = 5 $/kg

Polymer TE Polymer substrate

b = 0.36 W/m K,
PF fi vary,
ZT = 0.01–0.25,
Density = 1 9 10+3 kg/m3,
Price = 10 $/kg

b = 0.26 W/m K,
Density = 1 9 103 kg/m3,

Price = 3 $/kg
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element shares the heat spreading/contraction
boundaries on the substrates of both the hot and
cold side, as shown in Fig. 2.

POLYMER MATERIALS

Many studies on inorganic semiconductor-based
materials have taken the approach of reducing the
thermal conductivity to improve ZT values. Poly-
mer-based materials essentially start with small
thermal conductivity, as low as 0.2 W/m K. This is
an order of magnitude smaller than for inorganic TE
materials. This lower thermal conductivity is bene-
ficial for higher ZT performance. The thermal con-
ductivity increases as the material is modified by
heavy doping. These developments in polymer
materials have obtained higher thermopower S (V/
K). Still, the value remains one or two orders of
magnitude smaller than seen in semiconductors.
Due to this characteristic of polymer-based materi-
als, the ZT factor is not as high as in inorganic
materials at room temperature. Essentially, poly-
mers have lower thermal conductivity and lower
thermopower with a similar range of electrical con-
ductivity, as their ZT values vary from 0.01 to 0.25.

Polymer TE materials take a unique position in
the portfolio of the material development strategy
(Fig. 3). An inorganic semiconductor material is
considered in the shaded region.

ROLE OF THE SUBSTRATE

The power output originates from the heat
allowed to flow through the system. We define the
heat sink performance by the heat transfer coeffi-
cient and then optimize the elements (fill factor, leg
lengths) to maximize the heat flow and the tem-
perature drop across the TE material. This impacts
the power output due to changes in the spreading
thermal resistances from the thickness and thermal
conductivity of the substrate.

Figures 4 and 5 show the impact of the fill factor
on the cost performance (solid curves) and the
optimum design of legs (dashed curves) for different
numbers of legs and heat fluxes, respectively. The
optimum leg length decreases as the fill factor
decreases. By reducing cross-sectional areas and
element lengths, the volume of the element
increases with nearly the square of the reduced
lengths. This results in a significant reduction of the
TE material mass by reducing the fill factor. We
observe this convenient phenomenon for either
scaling the element size by changing the number of
elements N (1/cm2) or reducing the fill factor. In this
model, unfortunately, there is a limit of validity at
near F = 1 for this fixed-angle thermal spreading
approximation. The results, which we expected to
converge at F = 1, differed remarkably. As F is
reduced, the power cost at a certain point no longer
decreases, and in some cases increases slightly. This
is due to the change in the dominant mass. For very
small fill factors, the mass of the substrates domi-
nates, while for larger fill factors the mass of the TE
element dominates. In addition, the minimum sub-
strate thickness increases slightly as the fill factor
decreases, due to changes in the spreading thermal
resistance. Figure 6 shows the minimum substrate

TE element Spreading

Fig. 2. Maximum packing of the thermoelement considering
spreading thermal resistance.
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Fig. 3. Positioning of polymer thermoelectric material in the perfor-
mance portfolio.
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Fig. 4. Power cost ($/W) (solid curves) and optimum leg length
(dashed curves) as functions of fill factor for different element den-
sities N (1/cm2) with fixed heat transfer coefficients
Uh = Uc = 1000 W/m2 K.
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thickness in respect to the fill factor F. The trend of
substrate thickness is opposite to the trend of leg
length. This results in a trade-off in the total cost
and the optimum combination.

ANALYSIS AND DISCUSSION

Results for the power cost of polymer TE
(ZT = 0.01 to 0.25) compared with inorganic semi-
conductors such as BiTe (ZT = 0.1 to 10) are shown
in Figs. 7–9. Figure 7 corresponds to the case of
high heat flux such as in power generation from
heat engines. Figure 8 corresponds to a relatively

lower heat flux, which should match the waste heat
recovery. Figure 9 shows the case for natural con-
vection cooling on the cold side of the TE module. It
can be seen that, for high heat fluxes that need
forced convective cooling for power generation,
conventional inorganic TE materials exhibit a lower
cost for the power output ($/W). In waste heat
recovery applications, this cost performance
depends highly on the fill factor design. For currently
available materials, the threshold of the interex-
change is around F = 20% for the most cost-effective
choice. For lower fill factors, higher performance,
more expensive inorganic semiconductor-based
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Fig. 6. Minimum substrate thickness as a function of the fill factor for
different element densities N (1/cm2).
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Fig. 7. (a) Power cost ($/W) and (b) power weight (kg/W) versus fill factor at high heat flux U = 20,000 W/m2 K. A module of BiTe with alumina
substrate (red) and that of polymer with polymer substrate (blue) are compared (Color figure online).
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Fig. 5. Power cost ($/W) (solid curves) and optimum leg length
(dashed curves) as functions of fill factor for different heat fluxes qh
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the given heat transfer coefficients of 1000 W/m2 K, 2500 W/m2 K,
5000 W/m2 K, 10000 W/m2 K, and 20000 W/m2 K, respectively. The
element density is fixed at N = 100 (1/cm2).
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systems could be cheaper than polymer ones. In
terms of lightweight power generation, organic
semiconductor TEs always show less mass for the
same power output.

Considering natural convection and small tem-
perature differences, the results are different. As
seen in Fig. 9, polymers are always inexpensive and
the weight for power is mostly equivalent to that of
inorganic semiconductors.

CONCLUSIONS

We studied both the cost performance and the
weight performance of TE modules as a function of
material properties for different heat flux condi-
tions. The TE system (the TE module and the heat
sink) were optimized to achieve the highest power
output. We compared the higher performance of

more expensive inorganic semiconductor TE mate-
rials (e.g., BiTe with ZT � 1) with that of polymers
with lower ZT (<0.25). The model shows that the
substrate material plays a significant role when we
use lower fractional area coverage or heat concen-
tration through the thermoelements (legs). Because
polymer TEs have unique characteristics (low cost
and inherently lower thermal conductivity values),
we investigated the impact of improving the ZT of
these polymers compared with inorganic materials.
By analyzing a wide range of heat fluxes, the poly-
mer materials proved beneficial for very low heat
flux in terms of both cost performance ($/W) and
weight performance (kg/W). The results indicate
that inorganic TE materials can be designed with
smaller fill factors for better cost performance in
power generation or waste heat recovery applica-
tions. Also, the results indicate that polymer TE
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Fig. 8. (a) Power cost ($/W) and (b) power weight (kg/W) versus fill factor at moderate heat flux U = 2000 W/m2 K. A module of BiTe with
alumina substrate (red) and that of polymer with polymer substrate (blue) are compared (Color figure online).
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Fig. 9. (a) Power cost ($/W) and (b) power weight (kg/W) versus fill factor for the case of natural convection U = 10 W/m2 K. A module of BiTe
with alumina substrate (red) and that of polymer with polymer substrate (blue) are compared (Color figure online).
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materials could be advantageous for embedded
power supplies in sensor applications.

ACKNOWLEDGEMENTS

This work was partially supported by Center for
Energy Efficient Materials funded by the Office of
Basic Energy Sciences of DOE, and also supported
by DARPA Defense Science Office NMP program.

REFERENCES

1. L. Bakueva, E.H. Sargen, D.R. Resendes, A. Bartole, and I.
Manners, J. Mater. Sci. 12, 21 (2001).

2. M. Scholdt, H. Do, J. Lang, A. Gall, A. Colsmann,
U. Lemmer, J.D. Koenig, M. Winkler, and H. Boettner,
J. Electron. Mater. 39, 1589 (2010).

3. T. Morimura, M. Hasaka, S. Yoshida, and H. Nakashima,
J. Electron. Mater. 38, 1154 (2009).

4. D. Kim, Y. Kim, K. Choi, J.C. Grunlan, and C. Yu, ACS
Nano 4, 513 (2010).

5. A. Shakouri, S. Li, Proceedings of the 18th International
Conference on Thermoelectrics (1999), pp. 402–405.

6. M.V. Kovalenko, B. Spokoyny, J.S. Lee, M. Scheele,
A. Weber, S. Perera, D. Landry, and D.V.J. Talapin, J. Am.
Chem. Soc. 132, 6686 (2010).

7. N. Dubey and M. Leclerc, J. Polym. Sci. B 49, 467 (2011).
8. K.C. See, J.P. Feser, C.E. Chen, A. Majumdar, J.J. Urban,

and R.A. Segalman, Nano Lett. 10, 4664 (2010).
9. O. Bubnova, Z. Ullah Khan, A. Malti, S. Braun,

M. Fahlman, M. Berggren, and X. Crispin, Nat. Mater. 10,
429 (2011).

10. K. Yazawa and A. Shakouri, Environ. Sci. Technol. 45, 7548
(2011).

Yazawa and Shakouri1850


	Scalable Cost/Performance Analysis for Thermoelectric Waste Heat Recovery Systems
	Abstract
	Introduction
	Model and Conditions
	Polymer Materials
	Role of the Substrate
	Analysis and Discussion
	Conclusions
	Acknowledgements
	References


