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Preface

For many years after their discovery in the early part of the nineteenth century the
thermoelectric effects were not much more than a scientific curiosity. They
eventually found application in the measurement of temperature and in the detection
of thermal radiation. However, thermoelectricity is now regarded as a serious means
for the conversion of heat into electricity and for heat pumping and refrigeration.
The present-day thriving thermoelectric industry has come about through the
dedicated research of materials scientists from all disciplines with a major contri-
bution coming from solid state physicists. Considerable advances have been made
since the introduction of semiconductor thermoelements in the middle of the
twentieth century but much more needs to be done and it is hoped that this book
will encourage a new generation of experimental and theoretical physicists to use
their talents in the study of thermoelectricity.

Julian Goldsmid
Kingston Beach, Tasmania, Australia

March 2017
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Chapter 1

The Seebeck and Peltier effects

1.1 Definition of the thermoelectric coefficients
In this book we shall review the physical aspects of an energy conversion process
that does not require any mechanical movement. The thermoelectric phenomena in
those solids that conduct electricity are a measure of the energy transported by the
charge carriers. These effects are thermodynamically reversible but they are
invariably accompanied by irreversible effects associated with electrical resistance
and thermal conduction. One of our aims is to show how the reversible processes can
be maximised and the irreversible processes minimised.

The effect that bears his name was discovered in 1821 by Thomas Seebeck. It is
manifest as an electromotive force (EMF) or voltage, V, which appears when the
junction between two dissimilar conductors (A and B) is heated. Strictly speaking,
the effect depends on the temperature difference, ΔΤ, between the two junctions
that are needed to complete the electrical circuit. The Seebeck coefficient is
defined as

=
Δ

a
V
T

. (1.1)AB

Although the effect occurs only when there is a junction between two materials, the
Seebeck effect is a characteristic of the bulk rather than surface properties.

The Seebeck effect is often used in the measurement of temperature. A
thermocouple for this purpose typically consists of two metals or metallic alloys.
For example, copper and constantan, with a differential Seebeck coefficient of about
40 μV K−1, are commonly employed. Since a thermocouple measures the temper-
ature difference between two junctions, the second junction must be placed in an
enclosure at some known temperature, such as a bath of melting ice at 0 °C.
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A closely related effect was discovered in 1834 by Jean Peltier. Peltier heating or
cooling occurs when an electric current, I, flows through the junction between two
conductors. The Peltier coefficient, πAB, is defined as

π = q
I

, (1.2)AB

where q is the rate of heating or cooling.
It is rather more difficult to demonstrate the Peltier effect than the Seebeck effect.

If the thermocouple branches are metallic, the reversible Peltier effect is usually
overshadowed by irreversible Joule heating. Thus, unless the electric current is very
small, the best that can be done is to show that the overall heating is less for the
current flow in one direction rather than the other. Of course, with the semi-
conductor thermoelements that are now available, it is easy to show that water can
be frozen with the current in one direction and boiled with the current in the opposite
direction.

1.2 The Kelvin relations
It is not surprising that the Seebeck and Peltier coefficients are inter-dependent.
Kelvin established two laws that relate αAB and πAB to one another and to a third
quantity, the Thomson coefficient, τ. The Thomson coefficient is the rate of heating
per unit length when unit current passes along a conductor for unit temperature
gradient. It may be expressed, therefore, as

τ = q x
I T x
d /d
d /d

. (1.3)

Unlike the Peltier and Seebeck effects, the Thomson effect exists for a single
conductor and is present for both branches of a thermocouple.

The relationships between the thermoelectric coefficients can be determined by
the principles of irreversible thermodynamics. These relationships, which are known
as Kelvin’s laws, are

π = a T , (1.4)AB AB

and

τ τ α− = T
T

d
d

. (1.5)A B
AB

It would clearly be helpful if we could assign Seebeck and Peltier coefficients to each
branch of a thermocouple so that αAB and πAB would be equal to (αA − αB) and
(πA − πB) respectively. We note that the thermoelectric coefficients are equal to zero
for all pairs of superconductors, so it is reasonable to suppose that the absolute
values of α and π are zero for any superconductor. This being so, we can obtain
the absolute values of α and π for any normal conductor by joining it to a
superconductor. Of course, this procedure is effective only below the critical
temperature of the superconductor. However, the absolute Seebeck coefficient of
the normal conductor can be extrapolated to higher temperatures [1, 2] using the
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second Kelvin relation, equation (1.5). This has actually been done for the metal
lead, which can be used as a reference material in establishing the absolute Seebeck
coefficients of other conductors.

The first of Kelvin’s laws, equation (1.4), is useful in that it tells us that one does
not need to specify both the Seebeck and Peltier coefficients. The Peltier coefficient
is, in fact, rather difficult to determine, whereas the Seebeck coefficient is one of the
easiest of physical properties to measure. Thus, it is common practice to develop the
theory of thermoelectric energy conversion in terms of the Seebeck coefficient. If and
when the Peltier coefficient is needed, it is replaced by αT.

1.3 Electrical resistance and thermal conductance
The Seebeck and Peltier effects are reversible and a thermoelectric energy convertor
would have the characteristics of an ideal heat engine were it not for the presence of
the irreversible effects of electrical resistance and heat conduction. If one attempts to
reduce the Joule heating in a thermocouple by increasing the cross-section area and
reducing the length one merely increases the heat conduction losses. In developing
the theory of thermoelectric generation and refrigeration one needs to include terms
that involve the electrical and thermal conductivities of the thermocouple materials.

The electrical conductivity, σ, is defined by the relation

σ = IL
VA

, (1.6)

where I is the electric current, V is the applied voltage, L is the length and A is the
cross-section area. As we shall see later, it is important to specify that the voltage is
that for isothermal conditions.

The other quantity of interest, the thermal conductivity, λ, is defined by

λ =
Δ
qL

A T
, (1.7)

where q is the heat that is transported for a temperature differenceΔT over a length L.
It is obvious that the Seebeck and Peltier coefficients should be as high as possible

and that the electrical conductivity should be large and the thermal conductivity
small. However, as we shall see later, these requirements cannot all be met in a given
material. Usually an increase in the thermoelectric coefficients is accompanied by a
decrease in the electrical conductivity. In the next chapter we shall show the relative
importance of the different properties and we shall introduce a quantity known as
the figure of merit, z. We shall show how the performance of thermoelectric
refrigerators and generators is related to z.

References
[1] Borelius G, Keesom W H, Johansson C H and Linde J O 1932 Proc. Ned. Akad. Wet. 35 10
[2] Christian J W, Jan J P, Pearson W B and Templeton I M 1958 Can. J. Phys. 36 627
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Chapter 2

The thermoelectric figure of merit

2.1 Coefficient of performance of thermoelectric heat pumps and
refrigerators

The possibility of using the Peltier effect as a means of refrigeration was recognised
in the nineteenth century. A refrigerator is a device for transporting heat from a
source at a temperature T1 to a sink at a higher temperature T2. The ratio of the
cooling power to the rate of working, i.e. the electrical power input, is known as the
coefficient of performance, ϕ. The value of ϕ generally falls as (T2 − T1) increases
and there is a maximum temperature difference, ΔTmax, that can be achieved with
any particular heat engine. It is desirable that both ϕ and ΔTmax should be large. It
was shown by Altenkirch in 1911 [1] that these quantities can be related to the
Seebeck coefficient and to the ratio of the electrical to thermal conductivity in each
of the branches of a thermocouple that is used as a refrigerator. Altenkirch’s theory
is still useful though, at the time that it was presented, no thermoelectric materials
were available that allowed worthwhile values of ΔTmax to be reached.

We discuss the performance of a thermoelectric refrigerator using the simple
model shown in figure 2.1. The diagram shows a single thermocouple situated
between a source of heat and a heat sink. The couple will generally consist of a
positive and a negative branch though occasionally one of the branches may be
a metal with a Seebeck coefficient that is close to zero. For example, a super-
conducting branch [2, 3] will not contribute to the thermoelectric effects but neither
will it impair the performance of the other, active, branch. The branches are usually
linked by metallic conductors.

When an electric current I flows through the couple there will be a Peltier cooling
effect IπAB, which will be of the order of a tenth of a watt per amp. Most practical
refrigerators will require several watts of cooling and this is achieved by connecting
many thermocouples thermally in parallel and electrically in series so as to avoid the
use of excessively large currents. However, the theory for a single couple is equally
valid for a multi-couple arrangement.
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We shall suppose that the thermocouple makes perfect thermal contact with the
source and sink and we shall ignore heat transport other than through the two
branches. It will be necessary to take account of the relative ratios of length, L, to
cross-section area, A, for the two arms. It will be supposed that the temperature
dependence of the Seebeck coefficient and of the electrical and thermal conductiv-
ities can be ignored. This is a reasonable approximation for thermoelectric
refrigerators since the temperature difference (T2 − T1) is generally much less than
the absolute temperature.

The Peltier cooling effect will be opposed by thermal conduction and by Joule
heating, half of which will be delivered to the heat source and half to the sink. Thus,
the overall rate of cooling is given by

α α= − − − −q T I I R K T T( ) /2 ( ), (2.1)1 p n 1
2

2 1

where R is the electrical resistance of the two branches in series and K is the thermal
conductance of the branches in parallel. R and K are given by

ο ο
= +R

L

A
L
A

, (2.2)
p

p p

n

n n

and

λ λ= +K
A

L
A

L
. (2.3)

p p

p

n n

n

The rate of expenditure of electrical energy, w, can be expressed as

α α= − − +w T T I I R( )( ) . (2.4)p n 2 1
2

Thence the coefficient of performance, ϕ, is given by

ϕ
α α

α α
= =

− − − −
− − +

q

w

T I I R K T T

T T I I R

( ) /2 ( )

( )( )
. (2.5)1 p n 1

2
2 1

p n 2 1
2

Figure 2.1. Basic thermoelectric refrigerator.
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