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’ INTRODUCTION

As the world strives to meet a huge demand for electricity, sustain-
able energy technologies are attracting significant attention.Currently,
however, renewable energy sources (solar, wind, and geothermal)
supply only 2.7% of electricity consumed in theUnited States,1 owing
primarily to their relatively high cost.2 The overnight cost of these
sustainable technologies still approaches $1/Watt.3 However, an
untapped source of low-cost sustainable energy is heat. Close to
60% of energy produced in the U.S. is wasted in the form of heat.

With such a huge potential, it is not surprising that there is also
significant interest in finding cost-effective technologies for gen-
erating electricity from waste heat. Nonetheless, when it comes to
real-world application of thermoelectric (TE) for direct thermal to
electricity conversion, a general discussion of the cost/efficiency
trade-off is lacking. Recently, a paper entitledAn Inconvenient Truth
about Thermoelectrics made the claim that “Despite recent ad-
vances, thermoelectric energy conversion will never be as efficient
as steam engines. That means thermoelectrics will remain limited
to applications served poorly or not at all by existing technology”.4

We propose that an analysis of the potential of thermoelectrics that
focuses only on efficiency values is not complete. In fact, an
analysis that considers optimizing the entire TE power generation
system could lead to the exact opposite conclusion.

Although it is true that thermoelectrics are not likely to replace
conventional Rankine cycle steam engines or Stirling engines in
the near future, they could play a big role in our society by enabling
direct conversion of heat into electricity, especially for waste heat
recovery. This is because energy cost is more important than the
efficiency of energy conversion alone. For example, many groups
are working on polymer solar cells even though their efficiency is
much smaller than that of the multijunction crystalline cells.

In this report we present a general framework to analyze
thermoelectric power generation (TEG) systems in a broad range
of applications. We identify the key component costs and discuss
the cost�efficiency trade-off. We will demonstrate that thermo-
electrics offer the potential to be competitive with other sustain-
able energy technologies—even with the current efficiency values
—if the modules are optimized and some of the system costs and
parasitic losses can be reduced.

The thermoelectric energy conversion device consists of n-type
and p-type semiconducting materials, called thermoelements
(legs), connected together in series and placed in parallel along
the heat flow direction. At the junctions of n- and p-type materials,
electronic potential is created in proportion to the temperature
difference, so that electrons are forced to flow through the legs
while the device is in a closed circuit and power is extracted at the
load resister. This effect is measured by the Seebeck coefficient (S)
[V/K]. Smaller thermal conductivity (β) [W/mK] induces the
larger temperature difference, which helps the larger output.
Larger electrical conductivity (σ) [1/Ωm] helps the electrons
flow easier. Thus, the well-known dimensionless figure-of-merit of
TE material ZT is defined by

ZT ¼ σS2

β

 !
T ð1Þ

where T is the absolute mean temperature of the TE element.
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ABSTRACT: The energy conversion efficiency of today’s thermoelectric generators
is significantly lower than that of conventional mechanical engines. Almost all of the
existing research is focused on materials to improve the conversion efficiency. Here
we propose a general framework to study the cost-efficiency trade-off for thermo-
electric power generation. A key factor is the optimization of thermoelectric modules
together with their heat source and heat sinks. Full electrical and thermal co-
optimization yield a simple analytical expression for optimum design. Based on this
model, power output per unit mass can be maximized. We show that the fractional
area coverage of thermoelectric elements in a module could play a significant role in
reducing the cost of power generation systems.
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Thermoelectrics, due to their moderate energy conversion ef-
ficiency and relatively high cost, have mainly been used in radio-
isotope thermal generators for deep space satellites5 and remote
power generation for unmanned systems.6 Additional applica-
tions such as vehicle exhaust waste heat recovery7�9 and auto-
nomous sensors on the body10 are actively being studied. Or, for
medical applications, a thermoelectric device is integrated into
an implanted pacemaker.11 In rare cases electronics waste heat
application has been demonstrated.12 Because there is no general
model commonly accepted for the whole TEG system, most of
the above work required a significant amount of engineering
parametric analysis. However, it is hard to separate require-
ments for a specific application and the general thermoelectric
system design guidelines. In particular an analysis of the per-
formance�cost trade-off, which is a cornerstone for any
energy technology, is missing in the thermoelectric field.

’CO-OPTIMIZATION OF TE POWER GENERATION
SYSTEM

In this study, an analytic model for optimizing a TEG system is
developed and utilized for parametric analysis. A key factor is the
optimization of the TE module design, together with its heat
source and heat sink. In addition, this study considers the
spreading thermal resistance in the TE module’s substrates to
find the impact of a small fraction of thermo elements per unit
area. This significantly influences the amount of power generated
per unit mass of the material. In previous studies, most of the
attention was focused on the thermoelement. However, heat flow
is a significant factor affecting the power output. So, the full
optimization of the thermal system and electrical circuit is carried
out. A similar approach is found in the work of Fukutani et al.
optimizing thermoelectric refrigerators for integrated circuit
cooling applications.13 In the case of power generation, there
are a few important studies Mayer et al. pointed out, that there is
an optimum thickness of the TE element at which it is thermally
matched to the cold side heat sink. This work ignores Peltier and
Joule effects in the heat transfer, as well as the hot side heat sink
thermal resistance.14 Stevens modeled a thermoelectric system
with two external thermal resistances. The maximum power
output was achieved when internal thermal resistance matched
the sum of external thermal resistances. The model is limited to
small temperature gradients and electrical impedancematching is
not considered.15 Snyder discussed thermal resistance matching
in a thermal circuit and obtained a maximum power formula as a
function of conversion efficiency.16 Also, Snyder considered the
matching of the electrical load and the maximum efficiency
condition.17 What Synder’s work does not explicitly cover, but
is discussed in this study, is the impact of co-optimizing electric
and thermal impedance matching.

This study develops a generic thermal equivalent circuit model
that takes into account external finite thermal resistances with
hot and cold reservoirs as shown in Figure 1. In addition, we
introduce the fill factor, F, which is the fractional area coverage
of a thermoelement per unit substrate area. This introduces
three-dimensional spreading or constriction thermal resistances,
which are also taken into account. Under temperature gradients,
electric potential generated in the thermoelement induces elec-
tric current flow when an external electrical load is connected to
the electrodes. This load should be optimized in order to extract
the maximum power output or the highest energy conversion

efficiency. In this study, any kind of power is considered per unit
area of the system.

The power output per unit area is given by eq 2

w ¼ ðI2mRÞ=A ¼ mZ

ð1 þ mÞ2
βF
d
ðTh � TcÞ2 ð2Þ

where I is the current, A is the substrate area, R is the internal
resistance, m is the load resistance ratio (Rload = mR), Th is the
hot side leg temperature, and Tc is the cold side leg temperature.
The details of the derivation are given in the Supporting
Information. By developing the heat balance equations at both
the hot and the cold side of a leg, w is transformed as in eq 3.

w ¼ mZ

ð1 þ mÞ2
dβF

ðd þ βFA∑ΨkÞ2ðTs � TaÞ2 ð3Þ

where ΣΨ is the sum of the external thermal resistances
including heat sinks and spreading thermal resistances in thermo-
electric module plates, Ts is the heat source temperature,Ta is the
ambient temperature, and k is a dimensionless factor as found in
eq 4.

k ¼ 1 þ Z

2ð1 þ mÞ2ðð2m þ 1ÞTh þ TcÞ
 !

Ψh

∑Ψ

þ 1 þ Z

2ð1 þ mÞ2ðTh þ ð2m þ 1ÞTcÞ
 !

Ψc

∑Ψ

ð4Þ
To obtain the maximum w, co-optimizing the factors m and d

by taking the derivative of w to be zero, the optimum leg length
dopt is found as

dopt ¼ kβFA∑ψ ð5Þ
k is found here as the ratio of the internal leg thermal resistance
to the sum of the external thermal resistances, only at the
optimum w. However, k must include the electrical component
m, due to the characteristic of thermoelectric. Also, eq 4 shows
that this ratio depends on the ratio of asymmetric external
thermal resistances (Ψc/Ψh).

By following the above formula, the optimum condition is
satisfied by both electrical and thermal impedance matching.

Figure 1. Thermoelectric power generation system.
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This optimum condition is found at a single point within the
multiparameter optimization. The electrical impedance match is
found to be exactly the same as the conventional expression

m ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ ZT

p ð6Þ
Here, T is the mean temperature between two junctions of the
leg, and T = (Tc + Th)/2.

Only at the special case Ψc = Ψh (symmetric thermal
resistance), k equals m by following eq 4. For this case, the
maximum power output becomes much simpler as

wmax ¼ Z

4ð1 þ mÞ2
1

A∑Ψ
ðTs � TaÞ2 ð7Þ

The external thermal resistance includes the spreading/constric-
tion thermal resistance in the TE substrate due to the fractional area
coverage.

’FILL FACTOR IMPACT ON MATERIAL USE FOR TE
MODULE

From here, we will use several specific conditions to demon-
strate the cost and performance of the optimal design. In this
section, we focus on an optimized TE module in a system. We
consider the TE leg material and the material of the hot side and
cold side substrates as well. We define ds as the common
thickness of both substrates. Figure 2 shows the power per unit
mass as a function of the fractional leg coverage, which is the fill
factor, F, for variations of substrate thickness. The power output
per unit area divided by the TE module mass per unit area yields
the power per mass. This mass includes both the TE element
(density of FTE) and the substrates (density of Fs), and is
described as d 3 F 3 FTE + 2ds 3 Fs. Because small elements induce
larger spreading thermal resistance in the substrate, the thermal
conductivity, βs, of the substrate needs to be considered. Such
thermal spreading regions should touch together and share
boundaries in optimal packing design and this is included in
the calculations. The spreading region is indicated by an analytic
model.18 Uh is the hot side heat transfer coefficient, and Uc is the

cold side heat transfer coefficient. The power per unit mass could
reach thousands of Watts/kg at low fill factors in the range of
0.3�3% compared to tens of Watts/kg for today’s modules. The
power output per unit area remains nearly independent of the fill
factor as it reduces from 100% to around 1%. At less than 1%, the
heat transport is significantly limited by the spreading resistances.
For fill factors as small as 1�10%, the substrate mass is dominant
so that the power per mass curves are flattened. This result
indicates the advantage of using a small fill factor (1�10%) leg,
and that one can essentially reduce the leg material by approxi-
mately 1/10 000�1/100 with very little performance degrada-
tion. Assuming typical materials for present-day module fill
factors (e.g., 50%) for optimum design, the module costs may
be reduced by 1/40 with a fill factor of 3%. Due to the spreading
limitation for small fill factors, high thermal-conductive materials
are desirable such as AlN, SiC. or BeO for the substrate. The
result suggests that the development of a new substrate material
for lower density and higher thermal conductivity could yield a
lightweight and reduced-material TEG module. Of course para-
sitic effects such as thermal expansion coefficient mismatch
should also be optimized. Several companies are commercializing
thermoelectric modules with leg thicknesses in 20�100 μm range.
Many of the current applications are in high power localized
cooling. This paper shows the potential of using thin film power
generation modules if low fractional area coverage is used.

’TRADE-OFF BETWEEN SYSTEM MATERIAL COST
AND PERFORMANCE

Using an effective thermal network, the co-optimization of the
TEGmodule and the heat sink can be performed for various heat
sources. The pumping power required by convection cooling is
defined as the product of the flow rate and the pressure loss from
the flow resistance of the internal channel walls. This overall fluid
dynamic power, taking into account the efficiency of the pumps,
should be subtracted from the generated power in order to
calculate the net power output. The maximized net power output
per unit area as a function of hot side heat flux is plotted in Figure 3.
As the reservoir temperaturesTs andTa arefixed, thermal resistances

Figure 2. Example of power density per TE module mass for various
substrate thicknesses at the optimum.We assume the following: Ts = 600
[K], Ta = 300 [K], ZT = 1, β = 1.5 [W/mK], βs = 140 [W/mK], Uh, and
Uc = 500 [W/m2K], the density of TEmaterial is 9.78� 103 [kg/m3] and
the density of AlN substrate is 3.26 � 103 [kg/m3].

Figure 3. Power output per unit area and pump power consumption at
the optimum design: Ts = 600 K, Ta = 300 K, ZT = 1 with β = 1.5W/mK
and ZT = 4 with β = 0.75W/mK, Fan efficiency of 30%, pump efficiency
of 60%, and the efficiency of solar photovoltaic is assumed in the range of
10�20%.
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of the system vary. The TE element is designed to match the
optimum for three different fill factors. Here we assume a straight
rectangular channel heat sink either for air or water cooling, and the
Nusselt number is determined by the channel cross-section aspect-
dependent model. The heat sink material is considered thermally
conductive so that the fin efficiency is assumed as negligibly large. As
heat flux increases, heat sink fin spacing needs to be decreased in
order to extend the convective surface. Simultaneously, the flow rate
must increase to be able to pumpmore heat. Tighter fins and higher
coolant fluid velocity both require more pumping power so that the
pumping curve increases steeply as a function of the heat flux. At
some point, the electric power supplied to the pump overtakes the
TE power output and net power output goes to zero. This happens,
for instance, at around 105 W/m2 heat flux for air cooling, for this
particular example. One can design water cooling channels for
higher heat flux. Even water cooling with sophisticated micro-
channel technology reaches a limit beyond which the pumping
power requirement is too high. This depends on the fractional area
coverage of the thermo elements. Themaximum input heat flux can
be over 1 MW/m2, which is rarely achieved. As a comparison, the
efficiency of most commercialized photovoltaics is in the range of
10�20% and the solar power available without concentration is in
the range of 700�1000 W/m2. Recently, during the review of the
current paper, an interesting study highlighting the concept of
“thermal concentration” for solar thermoelectric power generator
has been published.19 This is the same as the fractional area
coverage; however, the authors do not discuss the mass require-
ment for the heat sink, the overall system optimization, and the
cost�efficiency trade-off.

The material cost of the system per unit area is shown in
Figure 4. It can be seen that water cooling could cost less than air
cooling at some of the lower heat fluxes (104W/m2 range), so the
ultimate choice between air and water cooling should be decided
based on the specific application. In our analysis, we only
considered the cost of the key materials in a thermoelectric
power generation system (TE material, substrate, and heat sink).
The TE module manufacturing cost per unit area could be easily

added to Figure 4. In practice, one also has to consider the actual
cost of the fan, water pump, the associated piping, etc. However,
the analysis presented in the paper provides a baseline to co-
optimize the whole system and analyze the cost�efficiency trade-
off for waste heat recovery applications. Manufacturing costs can
be lowered as the production scales up, the number of modules
increases, and faster and cheaper techniques are developed. One
will be ultimately limited by the cost of the raw materials in the
system. Also in comparison, Figure 4 shows poly-Si photovoltaic
cost, which is around $400/m2.

Based on Figures 3 and 4, if we use liquid cooling with inlet
temperatureTa and 1� 105W/m2 (= 10W/cm2) as the input heat
flux, then the net output electrical power will be 5.7� 103W/m2 for
ZTaverage = 1 (an overall efficiency of 5.7%) and 1.27� 104 W/m2

for ZTaverage = 4 (an overall efficiency of 12.7%). The optimum leg
length for this input heat flux is 32.7 μm for F = 0.01, 321 μm for
F = 0.1, and 3.11mm for F = 1. As expected, a smaller leg length can
be used by reducingfill factor andmatching thermal impedancewith
the heat source and the heat sink. The cross section area of the leg is
not linear to the leg length but has a strong relationship. Based on
Figure 4, the material cost for the heat sink will be $400/m2, for the
two substrates the cost will be $130/m2, and the leg will cost
$1.34/m2 if F = 0.01, $132/m2 if F = 0.1, and costs will exceed
$12,400/m2 if F = 1. This means that the overall “material” cost
for the TE module and heat sink will range from $0.095/W to
$2.27/Wdepending on the fractional area coverage (whenZT = 1).
The assumed cost of TE material at ∼$500/kg is based on the
state-of-the-art BiTe or PbTe compounds.

Figure 5a and b shows the contour plot of the initial material
cost per power output [$/W] to build a system for different fill
factors of F = 100% and F = 10%. Darker regions show relatively
higher prices for power and brighter regions show the lower
prices for power. The numbers on the curves in Figure 5 show the
value of power cost per Watt [$/W]. This shows how the
development of material performance (ZT value) and material
manufacturing process (material unit cost) can potentially im-
pact commercialization. With a fill factor as small as 10%, the
TEG provides a range of cost to power as low as a few cents per
Watt. However, at smaller fill factors, the slope becomes more
sensitive to ZT factor. This indicates a need to push material
development even harder.

Knowing the optimum leg length and the electrical conductivity
of the TE material (e.g., 1000 /Ωcm) allows one to calculate the
minimum contact resistance needed. Let us assume we want the
parasitic Joule heating from this contact resistance to only reduce the
overall performance by, for example, less than 5%. The minimum
contact resistance needed for F = 1 is 3� 10�5 [Ωcm], for F = 0.1
this is 3� 10�6 [Ωcm], and for F = 0.01 this is 3� 10�7 [Ωcm]
while heat flux is 5� 104 W/m2 as an example. This highlights the
importance of working on low contact resistivity in order to
minimize the overall system cost. Another parasitic effect is the
radiation from hot to cold plates for low fractional coverage areas.
Estimations show that this can be negligible if we use low emissivity
coating (e.g., 0.02 for gold coating). Air conduction inside the
module is another source of heat leakage. If the thermal con-
ductivity of the TE material is 1.5 W/mK at an average element
temperature of 450 K, the thermal conductivity of the empty
regions should be less than 0.001 W/mK for this parasitic heat
path to be less than 5�6% of the total heat flow, when fill factor
F = 0.01. When F = 0.05, this requires an air pressure of
4 Torr and an air conductivity is 0.006 W/mK, which are
calculated based on Potkay et al.21 Considering the additional

Figure 4. Cost of materials for a thermoelectric system per unit area of
the heat source: Ts = 600 K, Ta = 300 K, ZT = 1 with β = 1.5 W/mK and
ZT = 4 with β = 0.75 W/mK, fan efficiency of 30%, pump efficiency of
60%, TE at $500/kg, AlN substrate for thermal spreading at $100/kg,
aluminum heat sinks at $8/kg, copper microchannel at $20/kg, and
poly-Si PV material at $41/m2. PV material data was converted from
Chopra et al.20.
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costs associated with vacuum packaging, one may decide to use
larger fractional coverage, for example around F = 0.05.

Finally, co-optimization of the heat sink and the TEmodule on
some example cases demonstrated that a significant reduction in
material cost could be achieved with the use of TE elements with
low fractional coverage. This benefit suggests the technological
challenges for the next development steps in high thermal-
conductive substrate materials and the reduction of thermal
and electrical contact resistances. Similar approaches to reduce
the semiconductor material cost have been taken with concen-
trated photovoltaic systems and standard solar cells, but by
applying these ideas to the thermoelectric field it can help
minimize costs for power generation.
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