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a b s t r a c t

A novel and unique design of thermoelectric generators, in which a heat source is combined with
thermoelectric elements, is proposed. By placing heat-generating radioactive isotopes inside the thermo-
electric elements, the heat transfer limitation between the generator and the heat source can be elimi-
nated, ensuring simplicity. The inner electrode is sandwiched between identical thermoelectric
elements, which naturally allows the inner core to act as the hot side. Analysis shows that conversion effi-
ciency and power density increase as the heat density inside the thermoelectric elements increases and
as the thermoelectric performance of the material improves. The theoretical maximum efficiency is
shown to be 50%. However, realistic performance under practical constraint is much worse. In realistic
cases, the efficiency would be about 3% at best. The power density of the proposed design exhibits a much
more reasonable value as high as 3000 W/m2. Although the efficiency is low, the simplicity of the
proposed design combined with its reasonable power density may result in some, albeit limited, potential
applications. Further investigation must be performed in order to realize such potential.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Thermoelectric generators, which utilize thermoelectric materi-
als to convert heat to electricity, provide an alternative option to
conventional heat engines in the field of power generation, most
notably in compact waste heat recovery systems or in generic
power supplies at remote, isolated locations. Typically, the maxi-
mum efficiency of thermoelectric energy conversion is presented
in terms of the temperature of each heat reservoir and the thermo-
electric figure of merit ZT ¼ S2T=ðqkÞ, where S is the Seebeck coef-
ficient, q is the electric resistivity, k is the thermal conductivity,
and T is the temperature, leading to the following traditional
expression for the maximum thermoelectric conversion efficiency
ðg0Þ [1]:

g0 ¼
Th � Tc

Th

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZT þ 1
p

� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZT þ 1
p

þ Tc=Th
; ð1Þ

where ZT is typically evaluated at the mean temperature ðTmÞ of the
hot-side temperature Th and the cold-side temperature Tc . From the
equation, it is clear that the increase of ZT leads to the increase of

the energy conversion efficiency, and significant efforts have been
exerted on creating materials with high ZT values. Nanowires [2],
thin films [3], and materials with grain boundaries [4] have also
been investigated, showing various degrees of success in improving
ZT.

However, conventional thermoelectric generators do not per-
form as well as promised. Many factors are contributing to the per-
formance gap between the theoretical estimate of thermoelectric
materials and the actual performance of conventional thermoelec-
tric generators. One of the most significant contributors is the lim-
ited heat transfer between the hot- and/or cold-side thermal
reservoirs and the generator itself [5]. Large temperature differ-
ence typically occurs between the heat source (or sink) and the
generator due to a poor heat transfer coefficient. The actual
temperature difference across thermoelectric elements made of
thermoelectric materials becomes small as a result. With a small
actual temperature difference, the performance of thermoelectric
materials, which is relatively poor already, suffers even more in
real-world applications.

In this article, we study the feasibility of a self-heating thermo-
electric generator, in which thermoelectric materials create their
own heat. Since the thermoelectric elements heat themselves, there
is no need for engineering a good thermal interface between the
hot-side thermal reservoir and the generator, which eliminates
the difficulty of achieving good heat transfer, at least on one side.
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Self-heating thermoelectric materials are not being utilized yet, but
there does exist certain prospect for such development. One poten-
tial way to develop such materials is to incorporate radioactive iso-
topes in traditional thermoelectric materials. For example, a known
thermoelectric oxide ðSrTiO3Þ [6,7] can be altered into a self-heating
thermoelectric oxide by replacing regular atoms (Sr) with radioac-
tive isotopes (90Sr). Another method is to fill radioactive isotopes
into a skutterudite, which is one of the most promising thermoelec-
tric materials [8]. Radioactive isotopes were previously used as a
heat source in the context of thermoelectric generation in space
missions [9,10] and in isolated monitoring sites [11]. In particular,
the use of 90Sr in the form of SrTiO3 as a heat source was already re-
ported [12], but combining radioactive isotopes with thermoelectric
elements is a possibility that has been hardly explored before.

The paper is organized as follows. In Section 2, first, we describe
the proposed design of a thermoelectric generator using self-heat-
ing thermoelectric materials. Then, we continue to discuss our
method of analysis for evaluating the performance of the genera-
tor. In Section 3, the method described in Section 2 is applied while
changing the design parameters within realistic ranges in order to
evaluate the performance indices of the proposed design. In Sec-
tion 4, conclusions are drawn by summarizing and discussing the
results.

2. Analysis of the proposed design

Our proposed design is presented in Fig. 1. Unlike conventional
thermoelectric modules, there is no external heat source other
than the self-heating thermoelectric elements inside the generator.
Hence, there is no distinction between the hot side and the cold
side specified by external thermal reservoirs. Only with appropri-
ate thermal boundary conditions imposed, can a proper tempera-
ture difference across a thermoelectric element be developed.
The use of a sandwich-like shape, where the inner electrode is lo-
cated between two identical thermoelectric elements, is used to
achieve such boundary conditions in a straightforward fashion.
The inner boundary becomes naturally adiabatic, which renders
the inner core as the hot side.

For simplicity, we only consider one single unipolar element in
our analysis. Since the entire generator is constructed by alternat-
ing concatenation of two different types of unipolar elements, the
performance of the entire generator can be analyzed by summing
the power output of all elements. The governing equation describ-
ing the temperature distribution (T) in one single unipolar element
is given as follows:

d
dx

k
dT
dx

� �
þ qj2 þ _q ¼ 0: ð2Þ

x is the variable for the outward longitudinal coordinate. k and
q are the thermal conductivity and the electrical resistivity of the
thermoelectric element, respectively. j is the current density, and
_q is the amount of heat generated per unit volume, which is uni-
form and constant between x ¼ 0 and L. Because the purpose of
the analysis is a preliminary evaluation of feasibility, only minimal
functional features are included in Eq. (2). For instance, the Thom-
son effect is excluded, although it may affect actual performance
[13]. Another effect neglected here is that of interfacial Ohmic
heating, which is an important mechanism causing losses in tradi-
tional thermoelectric modules, where the leg length of each ther-
moelectric element is relatively small, like several millimeters. In
the present design, however, the leg length must be much larger,
since each leg must act as its own heat source as well. As shown
in Section 3, the leg length of each thermoelectric element may
reach more than 5 cm. Using the value of resistivity in Table 1,
the value of the electrical resistance of one leg per unit area is esti-
mated to be 15� 10�3 X cm2. It was reported that the interfacial
resistance of a typical thermoelectric module is on the order of
10�6 X cm2 [14]. Thus, it is clear that the interfacial Ohmic heating
may be neglected without too much loss of generality.

The corresponding boundary conditions are given by:

jST � k
dT
dx
¼ 0 at x ¼ 0; ð3Þ

and

T ¼ Tc at x ¼ L: ð4Þ

Here, S is the Seebeck coefficient of the thermoelectric element,
L is the coordinate of the outer boundary, and Tc is the temperature
of the cold-side end. The first term on the LHS of Eq. (3) represents
the Peltier heat. From Eqs. (2)–(4), dimensionless equations are
constructed by defining h ¼ T=T� and n ¼ x=L. T� is a characteristic
temperature, which is given here as T� ¼ _qL2=k. The set of corre-
sponding dimensionless equations are:

d2h

dn2 þ mþ 1 ¼ 0; ð5Þ

lh� dh
dn
¼ 0 at n ¼ 0; ð6Þ

and

h ¼ hc at n ¼ 1; ð7Þ

where hc ¼ Tc=T�; l ¼ jSL=k, and m ¼ qj2
= _q. The solution to Eqs. (5)–

(7) is given as follows:

hðnÞ ¼ ð1þ lnÞð1þ mþ 2hcÞ � ð1þ lÞð1þ mÞn2

2ð1þ lÞ : ð8Þ
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Fig. 1. Schematic illustration of the proposed design of a sandwich-type generator with self-heating thermoelectric elements.
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