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Abstract

A thermodynamic description of the Peltier heat at the aluminum and the oxygen
electrode in the system NaF±AlF3±Al2O3 is given. The thermoelectric power in melts
with molar ratios nNaF=nAlF3

from 3.0 to 1.0, saturated with alumina are measured.
Seebeck coef®cients for molten ¯uoride electrolytes saturated with alumina,
electrolytes that are relevant for aluminum electrowinning electrolysis cells, are
reported. The results allow determinations of Peltier heats of aluminum, oxygen and
carbon electrodes in NaF±AlF3 electrolytes saturated with alumina. For molar ratios of
nNaF=nAlF3

between 2.6 and 1.2, there is a Peltier heating of the aluminum cathode.
This heating is in the same order of magnitude as the electrolyte Joule heat, when the
current density is 0.7 A cmÿ2. For molar ratio nNaF=nAlF3

equal to 1.0 the Peltier effect
at the aluminum electrode approaches zero. From theoretical considerations we expect
a drop also for molar ratio 3.0. For the anode we report a Peltier cooling that is larger
than the heat produced by the anodic overvoltage, in melts with NaF/AlF3 molar ratio
between 2.6 and 1.2 saturated with alumina.

1. Introduction

It is important to control the energy ¯ow and temperature variations in electrochemical
reactors. Irreversible heat effects related to the electric current ¯ow may lead to local
cooling or heating. Freezing of the electrolyte has been observed in molten salt
electrolysis cells, followed by an increase in the cell voltage [1]. Overheating may lead
to a breakdown of the cell, or electrolyte boiling. The operating temperature in such
cells depends not only on the ohmic resistance, but also on the magnitude of the
irreversible heat effect at the electrodes, or in other words, the Peltier heat of the
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electrodes [2]. Peltier discovered already in 1834, that heating or cooling can occur
when electric current passes a junction of two conductors. The symmetric effect is an
electric current caused by a temperature gradient (the Seebeck effect). Irreversible
thermodynamics can be used to link these effects and describe interacting transport
processes in a systematic way [2, 3, 4].

The electrowinning of aluminum takes place in a base melt of NaF±AlF3±Al2O3. The
temperature of the cell is typically 960 �C, and the gradients across the walls are large.
They must be controlled to keep a frozen crust of electrolyte, in order to prevent
contact between the corrosive melt and the carbon side walls. A lot of effort has
been invested to describe the details of the process [1, 5], but several phenomena
are still puzzling. It is known, for instance that the composition of the melt close to
the aluminium cathode, has a higher liquidus temperature than the bulk phase of
the electrolyte. On the other electrode, a consumable carbon electrode, spikes
(protrusions) are sometimes formed and may complicate cell operation.

The purpose of this paper is to describe how irreversible heat changes can be found
from thermocells, for electrodes and electrolytes relevant to the electrolysis of
aluminum. The theory and experimental results will be used to make hypotheses about
the electrode processes in the industrial aluminum electrolysis cell. The transported
entropy, S�i , is de®ned from the Peltier heat. Knowledge of transported entropies is
therefore necessary for a priori calculations of local heat effects in electrochemical
systems. Few transported entropies are reported in the literature, and the transported
entropies are poorly understood. It is also an aim of this work to add to the knowledge
of transported entropies.

2. Theory

Thermocells are non-isothermal electrochemical cells, where the electrodes are at
different temperatures. Three thermocells will be investigated:

A: �T�Al�l�jNaF�l; xNaF�;AlF3�l; xAlF3
�jAl�l��T ��T�

B: �T�Al�l�jNaF�l; xNaF�;AlF3�l; xAlF3
�Al2O3�sat; xAl2O3

�jAl�l��T ��T�
C: �T�Pt-O2�g�jNaF�l; xNaF�;AlF3�l; xAlF3

�Al2O3�sat; xAl2O3
�jPt-O2�g��T ��T�

where xi is the mole fraction of i. Thermocell A is used to help derive the thermocell
potential for cells B and C. The purpose of thermocells B and C is to derive the Peltier
heat of the reversible aluminum electrode and the reversible oxygen electrode,
respectively, in the presence of aluminum oxide in the molten electrolyte. The Peltier
heat of the oxygen reversible electrode is the same as the Peltier heat of the carbon
consuming electrode, but is easier to measure. The electrodes are reversible to the
same oxy-anion in the melt. The electrolytes in thermocells A, B and C consist of two
independent thermodynamic components, AlF3 and NaF. Thermodynamic components
are the chemical species that can be varied freely; the components AlF3 and NaF need
not exist in the melt. Alternative choices of components are AlF3 and Na3AlF6 or
NaAlF4 and NaF.
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2.1 Thermocell A

The left hand-side electrode reaction of cell A, may be written as:

1

3
Al � 1

3
Al3� � eÿ �1�

The aluminum ions will react with ¯uoride ions in the melt and form anionic
complexes such as AlFÿ4 or AlF3ÿ

6 . The complex AlF2ÿ
5 has also been suggested [6].

The dissipation function, T�, de®nes the sum of force-¯ux products in the cell.
According to Fùrland et al. [2] we have:

T� � ÿJqr ln T ÿ JNaFr�NaF;T ÿ JAlF3
r�AlF3;T ÿ JAlr�Al;T ÿ jr'obs �2�

where � is the entropy production per unit volume and unit time. There are ®ve
independent forces, ÿr ln T ;ÿr�NaF;T ;ÿr�AlF3;T ;ÿr�Al;T and ÿr'obs. Here, T is
the absolute temperature and r�i;T is the chemical potential gradient of component i
at constant temperature, with the unit J molÿ1 mÿ1. (The gradient in chemical potential
of Al, ÿr�Al;T , is zero). For simplicity, we assume that all transports occur in one
direction only, the x-direction, and then r means d=dx. The unit of the gradient in
electric potential of the cell r'obs is J molÿ1 mÿ1 and is equal to the gradient in the
observed cell potential, rE, with the unit V mÿ1 multiplied by Faraday's constant, F.
The conjugate ¯uxes to the forces are Jq (heat ¯ux), JNaF; JAlF3

; JAl (mass ¯uxes) and j
(¯ux of electric current, i=F). The unit of the heat ¯ux is J mÿ2 sÿ1, for the mass ¯uxes
mol mÿ2 sÿ1, and the ¯ux j has here units mol mÿ2 sÿ1, for reasons of symmetry in the
¯ux equations.

One of the mass ¯uxes, JNaF or JAlF3
, can be eliminated from the dissipation function

by using one of the components or one of the ions as the frame of reference for the
transports. Rajabu et al. [7] and Ratkje et al. [8] explained the different frames of
references of transference numbers and transference coef®cients. When a quasi lattice
of ¯uoride ions is chosen as the frame of reference, the transference number for
¯uoride ions, tFÿ , and the ¯ux of ¯uoride ions, JFÿ , is equal to zero. The demand for
electroneutrality in all volume elements makes the ¯uxes interdependent:

JNa� � 3JAl3� � JNaF � 3JAlF3
� 0 �3�

The chemical potentials are interrelated by Gibbs±Duhem's equation. By combining
equation (3) and Gibbs±Duhem's equation with the dissipation function, equation (2),
we eliminate the mass ¯ux of AlF3, JAlF3

, and the gradient in chemical potential of
AlF3, ÿr�AlF3;T , and obtain:

T� � ÿJqr ln T ÿ JNaF 1� xNaF

3xAlF3

� �
r�NaF;T ÿ jr'obs �4�

The dissipation function contains now only three independent forces ÿr ln T ;
ÿ�1� xNaF=3xAlF3

�r�NaF;T and ÿr'obs with their conjugate ¯uxes Jq; JNaF and j.
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Each ¯ux, Ji, is a linear, homogeneous function of all forces, Ji �
Pk

j�1 LijXj, where
i; j � 1; ::; k [9], [10]. This gives:

Jq � ÿL11r ln T ÿ L12r�NaF;T 1� xNaF

3xAlF3

� �
ÿ L13r'obs �5�

JNaF � ÿL21r ln T ÿ L22r�NaF;T 1� xNaF

3xAlF3

� �
ÿ L23r'obs �6�

j � ÿL31r ln T ÿ L32r�NaF;T 1� xNaF

3xAlF3

� �
ÿ L33r'obs �7�

The phenomenological coef®cients Lij are independent of the forces. The direct
coef®cients, L11; L22 and L33, relate conjugate ¯uxes and forces. The cross coef®cients,
L12; L13; L21;L23; L31 and L32, describe the interaction between different ¯uxes.
According to Onsager [9, 10], Lij � Lji (i; j � 1; . . . ; k and j 6� i). This type of relations
is usually called Onsager Reciprocal Relations, ORR.

A two component system has only one independent transference coef®cient. Equation
(6) combined with equation (7) gives the transference coef®cient for NaF as:

JNaF

j

� �
�T�0;��NaF�0

� L23

L33

� t
L;Fÿ
NaF �8�

Superscript L,Fÿ means that a lattice of ¯uoride ions is chosen as frame of reference.
The relation between transference coef®cients and transference numbers can be
obtained from a local mass balance at the electrode±electrolyte interface. The mass
balance is written most conveniently by ions (atoms), in this case Al3�, Na�, and Fÿ
and is shown in Table 1.

The transference number, tAl3� , is the fraction of the electric current density, j, carried
by the sum of all aluminum containing species. Aluminum in contact with NaF±AlF3

melts may give electronic conduction [11]. Studies indicate that sodium dissolves in
the electrolyte as free Na, while dissolved Al is predominantly present as the
monovalent species AlFÿ2 , [12]. Any electronic conductivity is most likely associated
with sodium trapped electrons (analogous to F-centres in solid crystals) and electrons

Table 1. Local mass changes in thermocell (A). A quasi stationary lattice of ¯uoride ions is
chosen as the frame of references for the changes at the electrode-electrolyte interface when one
Faraday of positive charges is transferred from left to right.

Left-hand side electrode (T) Right-hand side electrode �T ��T�
Al3�: 1=3�1ÿ tel ÿ tAl3�� ÿ1=3�1ÿ tel ÿ tAl3��
Fÿ: tFÿ � 0 ÿtFÿ � 0
Na�: ÿtNa� tNa�

NaF: ÿtNa� tNa�

AlF3: 1=3�1ÿ tel ÿ tAl3�� ÿ1=3�1ÿ tel ÿ tAl3��
Al: ÿ1=3�1ÿ tel� 1=3�1ÿ tel�
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in the conduction band [13]. This part of the current is represented by the transport
number of electrons, telÿ . Only 1=3�1ÿ tel� moles of aluminum are then transported
from left to right, when one Faraday of positive electric charge is passing through the
cell. According to Table 1, the transference coef®cients are then equal to:

tL;Fÿ
NaF � tNa� �9�

t
L;Fÿ
AlF3
� ÿ 1

3
�1ÿ tel ÿ tAl3�� � ÿ

1

3
tNa� �10�

The Peltier heat, �, is the ¯ux of heat, Jq, caused by the electric current, j, in the cell
and is de®ned for an isothermal cell with uniform composition as [4]:

Jq

j

� �
�T�0;��1���i���n�0

� L13

L33

� � �11�

The Peltier heat is positive when the left-hand side electrode±electrolyte interface
receives heat from the surrounding bulk phases. The Peltier heat is obtained from
an entropy balance for reversible changes at the electrode±electrolyte interface, see
Table 2. The change in entropy, dSi, in a cell with transfer of heat, mass and electric
charge can be expressed as the sum of the irreversible, time-dependent entropy
change, dS�t�, and the charge dependent term, dS�Q�. For small current densities, the
charge dependent part is zero. This conforms to the validity of Onsager's reciprocal
relations. The condition dS�Q�j!0 � 0 gives the reversible entropy balance [14]. The
following expression for the Peltier effect is obtained from Table 2, keeping in mind
that the sum of the transport number of Na�, Al3� and electrons are equal to one:

�

T
� ÿS�Al ÿ telS

�
el ÿ

1

3
�1ÿ tel��SAl ÿ S�Al3��

� tNa� S�Na� ÿ
1

3
S�Al3� ÿ SNaF � 1

3
SAlF3

� �
�12�

Table 2. Reversible entropy balance at the left-hand side electrode-electrolyte interface. The
entropy received and consumed is given for the transfer of one Faraday of positive electric
charge passing from the left to the right electrode.

ENTROPY RECEIVED

�=T the interface receives entropy from the heat reservoir
S�Al entropy transported through the electrode to the interface
1=3�1ÿ tel�SAl the disappearance of 1=3�1ÿ tel� mole Al liberates entropy
tNa � SNaF the disappearance of tNa� mole NaF liberates entropy
telS
�
el entropy transported through the electrolyte to the interface

ENTROPY CONSUMED

1=3�1ÿ tel ÿ tAl3��SAlF3
the formation of 1=3�1ÿ tel ÿ tAl3�� mole AlF3 consumes entropy

tNa � S�Na� entropy transported through the electrolyte away from the interface
1=3tAl3�S�

Al3� entropy transported through the electrolyte away from the interface
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The ®rst term on the right-hand side is coming from the electrode while the rest is the
contribution from the electrolyte. S�i denotes the transported entropy of ion i and Si is
the partial molar entropy of the component i. The total entropy transferred is
independent of the chosen frame of reference for transport. The contribution to the
Peltier heat from the electrode, the entropy transported through the metal, S�Al, is
small [15, 16]. The entropy transported through the electrolyte, S�Na� and S�Al3� may
contribute substantially to the Peltier heat [17], together with the partial molar
entropies, Si, that originate from the chemical reaction. Thermocells have therefore
normally much larger Peltier heats than thermocouples.

The electric potential gradient in terms of the Peltier heat and the transference
coef®cients instead of phenomenological coef®cients are obtained by combining
equation (8) and (11) into equation (7):

r'obs � ÿ�r ln T ÿ tNaFr�NaF;T 1� xNaF

3xAlF3

� �
ÿ 1

L33

j �13�

An initial state can be de®ned at time equal to `̀ zero'', when there is a temperature
gradient between the two electrodes, but no concentration gradients. As a result of the
Onsager reciprocal relations, the Peltier effect is related to the Seebeck coef®cient, "0,
[2]. The Seebeck coef®cient is the electromotive force divided by the temperature
difference, for small �T . For a cell with identical electrodes and uniform composition,
the Peltier effect and the Seebeck coef®cient are related as follows:

F"0 � r'obs

rT

� �
j!0;t�0

� lim�T!0
�'obs

�T

� �
j!0;t�0

� ÿ �
T

�14�

The thermoelectric power is de®ned as the ratio �'=�T and the Peltier effect is
equal to the negative of the thermoelectric power. This means that the Peltier effect,
�=T , can be obtained as the slope of the curve, by plotting the observed cell potential
multiplied by Faraday's constant versus �T .

Transport of charge and heat lead to transport of mass, and after some time, gradients
in chemical potential will arise in the absence of stirring. The heat of transfer, Q�i , was
introduced by Eastman [18, 19] and Wagner [20, 21] to describe the heat transferred
by a component i at zero temperature difference in the absence of an electric current,
[2]. The ratio between the heat ¯ux, Jq and the mass ¯ux, JNaF, gives the observable
heat of transfer, Q�. The heat of transfer depends on the frame of reference in the
same manner as the transport numbers. In the present context, the heat of transfer, Q�,
can be associated with interdiffusion of NaF and AlF3, the Dufour effect, which is the
reciprocal of the Soret effect. With pure interdiffusion, 3JAlF3

� ÿJNaF, equation (3),
in combination with equations (5), (6) and (7) the relation between the heats of
transfers, Q�NaF and Q�AlF3

is given by:

Jq

JNaF

� �
�T�0; j�0

� Q�NaF ÿ
1

3
Q�AlF3

� �
� Q� �15�
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In the ¯uoride ion lattice frame of reference, there is only one measurable heat of
transfer, Q�.
When there is no mixing by convection, a stationary state can be reached for zero
electric current. The thermal force then balances the chemical force. The result is a
temperature gradient and a concentration gradient between the electrodes. At
stationary state the mass ¯uxes, Ji, are zero. This state is often called Soret equi-
librium, [22]. In this situation the system exchanges only heat with the surroundings,
and the state variables of the system do no longer depend on time. Variables as
pressure and temperature can, however, depend on the position [4]. The entropy
change at the interface electrode±electrolyte are then the same as those caused by the
transport of one faraday of positive charge through the thermocell, or by the transport
of 1=3�1ÿ tel� mole of Al3� and tel mole of electrons in thermocell A. Keeping in
mind that tNa� � tel � tAl3� � 1, the heat of transfer can be expressed as:

Q�
T
� S�Na� ÿ

1

3
S�Al3� ÿ SNaF � 1

3
SAlF3

� �
�16�

The numerical value of Q� can be negative or positive. All terms in equation (16) are
independent of the forces, so the equation is valid whether we have stationary state or
not. Combination of equations (12), (14) and (16) gives the following expression for
the thermoelectric power in the initial state:

F"0 � ÿ �
T
� 1

3
�1ÿ tel��SAl ÿ S�Al3�� � S�Al ÿ tNaF

Q�
T
� telS

�
el �17�

The ionic transport number is approximately equal to 1 at molar ratios nNaF=nAlF3
� 2

and temperatures below 967 �C, [23]. If �'obs is the difference in electrical potential
in thermocell A when tel 6� 0 and �' is the difference in electrical potential when
tel � 0 the change in thermoelectric power between the two cases can be expressed by:

F"0 � �'obs

�T
� �1ÿ tel��'

�T
� telS

�
Al � telS

�
el �18�

If tel is different from zero, the ®rst term in equation (18) will reduce the thermo-
electric power. If tel is known, this reduction can be calculated. Since the transported
entropies are positive by de®nition, the two last terms will increase the thermoelectric
power. The transported entropy through the electrode is of order of magnitude of
1 J molÿ1 Kÿ1, and can usually be neglected, [15, 16].

The thermoelectric power, or the Seebeck coef®cient multiplied by Faraday's constant
at stationary state conditions, F"1, is de®ned in a similar way as the thermoelectric
power at initial state conditions, F"0, equation (13) and equation (14):

F"1 � r'obs

rT

� �
j!0;t!1

� lim�T!0
�'obs

�T

� �
j!0;t!1

� ÿ �
T
ÿ tNaF 1� xNaF

3xAlF3

� �r�NaF;T

rT
�19�
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At stationary state conditions, the term containing r�NaF is different from zero, but
the term can be eliminated from equation (19) by solving the mass ¯ux equations (6)
with respect to r�NaF;T�1� xNaF=3xAlF3

� for JNaF � 0. This gives:

F"1 � ÿ �
T
� S�Al �

1

3
�1ÿ tel��SAl ÿ S�Al3�� � telS

�
el �20�

The sum of transported entropies in the melt can be obtained by measuring the
thermoelectric power at stationary state conditions. We shall neglect S�Al according to
the discussion above. With a molar ratio nNaF=nAlF3

< 2:0, the electronic conductivity
approaches zero at temperatures below 970 �C, [23], and tel may also be neglected.
The total transported entropy will be equal to the transported entropy of Al3�, S�Al3� ,
the ion to which the aluminium electrodes in thermocell A are reversible.

The observable heat of transfer, Q�, can then be obtained from a combination of the
measurements at initial state and at stationary state conditions, equations (17) and (20):

tNaF
Q�
T
� F�"1 ÿ "0� �21�

The heat of transfer is independent of the electrodes, and can also be found by
thermal diffusion experiments.

2.2 Thermocell B

When the melt is saturated with alumina, the activity of alumina, aAl2O3
is by de®nition

equal to unity and the gradient in chemical potential of alumina, r�Al2O3;T , is zero.
Hence, the mass ¯ux of alumina, JAl2O3

, times r�Al2O3;T will not contribute to the
dissipation function. The relation between the chemical potential gradients of NaF and
AlF3 is again given by the same Gibbs-Duhems equation, keeping in mind that the
chemical potential gradient of Al2O3 is zero. The Peltier heat, �=T , of thermocell B is
obtained from an entropy balance for reversible changes at the electrode±electrolyte
interface, in the same way as for thermocell A, see Tables 1 and 2.

�

T
� ÿS�Al ÿ

1

3
�1ÿ tel��SAl ÿ S�Al3�� ÿ telS

�
el

� tNa� S�Na� ÿ SNaF ÿ 1

3
S�Al3� �

1

3
SAlF3

� �
ÿ 1

6
tO2ÿ�3S�O2ÿ � 2S�Al3� ÿ SAl2O3

� �22�

The expression is also valid for electrolytes that are not saturated with alumina. Using
the same arguments that were leading up to equation (15), it is found that the heat of
transfer is related to the transported entropies and the partial molar entropies as follows:

S�Na� ÿ SNaF ÿ 1

3
S�Al3� �

1

3
SAlF3

� Q�NaF

T
ÿ Q�AlF3

3T
�23�
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and

3S�O2ÿ � 2S�Al3� ÿ SAl2O3
� Q�Al2O3

T
� 0 �24�

The mass ¯ux of JAl2O3
will not contribute to the Peltier effect as long as the melt is

saturated with alumina. Equation (24) is then equal to zero. There is still only one
independent mass ¯ux, JNaF, in the system and only one measurable heat of transfer,
Q� � Q�NaF ÿ 1=3Q�AlF3

. The expression for the Peltier effect for the system AlF3±
NaF±Al2O3, when the melt is saturated with alumina, is thus also given by equation
(20).

Oxygen in alumina will react with molten NaF and AlF3 to form large aluminum-
oxygen-¯uoride anions [1]. It is doubtful that these large anions contribute signi®cantly
to the electric current transport in the electrolyte. The transference number for oxygen
ions, tO2ÿ , can be neglected, if this is so. The transference number, tO2ÿ , means the sum
of the fraction of the electric current density, j, carried by all oxygen containing species.
Formation of Al±O±F complexes reduces the other Al±F-containing species. This may
cause a reduction of the transference number of the aluminum ions, tAl3� . The addition
of alumina will also change the electrical conductivity, k, of the melt, which is the
direct coef®cient, L33 multiplied by F2, equation (7).

When the NaF±AlF3±Al2O3 melt is saturated with both alumina and aluminum
¯uoride, the chemical potentials of Al2O3, AlF3 and NaF, r�Al2O3;T ;r�AlF3;T and
r�NaF;T , all are equal to zero. Application of the phase rule to a system with two
solid phases and one liquid phase in global equilibrium, gives only one degree of
freedom, the temperature. There are no compositional degrees of freedom. For these
conditions the expression for the Peltier effect becomes relatively simple:

�

T
� ÿS�Al ÿ

1

3
�1ÿ tel��SAl ÿ S�Al3�� ÿ telS

�
el �25�

At molar ratio nNaF=nAlF3
equal to three, and at temperatures above the liquidus

temperature, the system is a liquid solution of cryolite, Na3AlF6, and alumina, Al2O3,
in equilibrium with a solid phase of Al2O3. Then the phase rule also gives one degree
of freedom, that can be accounted for by the temperature, and the Peltier heat can
again be expressed by equation (25).

2.3 Thermocell C

The electrode reaction for thermocell C at the left-hand side electrode is:

1

2
O2ÿ � 1

4
O2�g� � eÿ �26�

The oxygen ions react with ¯uoride ions and aluminium ions in the melt and form
anionic complexes. In an alumina-saturated electrolyte, the dominating Al±O±F

Thermoelectric powers of cells with NaF±AlF3±Al2O3 melts 133

J. Non-Equilib. Thermodyn. � 2001 �Vol. 26 �No. 2



complex anion is probably Na2Al2O2F4 [24]. In the absence of aluminium there is no
electronic conduction in the melt. This means that the sum of ionic transference
numbers is one. From a mass balance at the electrodes the following relations are
obtained:

tNaF � tNa� �27�

tAlF3
� ÿ 1

3
�1ÿ tAl3� ÿ tO2ÿ� � ÿ 1

3
tNa� �28�

tAl2O3
� 1

6
�1ÿ tO2ÿ� �29�

The following expression for the Peltier effect, for thermocell C, is obtained from an
entropy balance for reversible changes at the electrode±electrolyte interface:

�

T
� ÿS�Pt �

1

4
SO2
ÿ 1

2
S�O2ÿ � tNa� S�Na� ÿ SNaF ÿ 1

3
S�Al3� �

1

3
SAlF3

� �
� 1

6
�1ÿ tO2ÿ��3S�O2ÿ � 2S�Al3� ÿ SAl2O3

� �30�

When the melt is saturated with alumina, the heat of transfer of alumina will not
contribute to the Peltier effect, and the last term in equation (30) is zero. Equations
(23), (24) and (30), combined with the de®nition of the thermoelectric power, equation
(14), give the thermoelectric power for thermocell C, at initial state conditions as:

F"0 � ÿ �
T
� ÿ 1

4
SO2
� S�Pt �

1

2
S�O2ÿ ÿ tNa�

Q�
T

�31�

Equation (31) is valid only for cryolite melts saturated with alumina, while equation
(30) is valid for any concentration of alumina. If the electrolyte is saturated with both
alumina and aluminum ¯uoride, the expression for the Peltier effect takes the simple
form:

�

T
� ÿS�Pt �

1

4
SO2
ÿ 1

2
S�O2ÿ �32�

The same expression is obtained for the Peltier effect for alumina saturated melts
with molar ratio nNaF=nAlF3

equal to three.

Thermoelectric powers are usually determined by plotting the electric potential
difference, �', versus �T . Entropies and transported entropies are generally
functions of temperature. When both the molar heat capacity, Cp;i, and the Thomson
coef®cient, �i, are small, �' will appear as a linear function of �T . For large values
of �T , the variation with T can give second-order corrections, that must be considered
[14, 24]. The variation in the transported entropy, S�i , with temperature is given by the
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Thomson coef®cient, �i, in the same way as the temperature variation in the entropy,
Si, is given by the molar heat capacity for the component i, Cp;i, [3], i.e.

@S�i
@ ln T

� �
p

� �i �33�

where p denotes constant pressure.

2.4 The single electrode Peltier heats and the entropy of reaction

The isothermal formation cell D relates Thermocells B and C:

D: Pt-O2�g�jNaF�l; xNaF�;AlF3�l; xAlF3
�;Al2O3�sat; xAl2O3

�jAl�l�
that has the cell reaction:

1

6
Al2O3�s� � 1

3
Al�l� � 1

4
O2�g� �34�

When the transport number for electrons, tel, is zero and the contribution from
�S�Pt±S�Al� is negligible, equations (22) and (30) give the temperature derivative of the
electric potential of cell D, [2]:

�'obs

�T

� �
cell�b�
ÿ �'obs

�T

� �
cell�c�

� ÿ �

T

� �
cell�b�
� �

T

� �
cell�c�

� 1

3
SAl � 1

4
SO2
ÿ 1

6
SAl2O3

� �Scell�d� �35�

where �S refers to 1F. The change in entropy, �Scell�D� is positive and can be
obtained from JANAF [26]. The relation in equation (35) makes a consistency check
possible on measurements with thermocells B and C, since all terms in this equation
can be obtained independently [27].

3. Experimental

The experimental thermocell B consisted of a graphite crucible which (Svensk
Spesialgra®tt AB, grade 780GL) contained the melt and the aluminum electrodes. A
graphite holder supported the upper aluminum electrode, see Figure 1. The identical
electrodes were placed 7 cm apart in vertical direction, in order to establish a
temperature difference between them. The difference was regulated by separately
heating the bottom electrode. Contact between graphite and aluminum, was avoided
by placing the aluminum electrode in small alumina crucibles (Haldenwanger
Technische Keramik, Germany). Rods of TiB2/BN ± composite material (BN Products
ltd, England) were used as electrical contact to the liquid aluminum electrodes.
Alumina tubes were used to insulate the TiB2/BN-rods from the graphite lid and the
electrolyte. Maximum length of the rods was 160 mm for an outer diameter of 6 mm
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and an inner diameter of 4 mm. A molybdenum wire, é5 mm, was therefore used to
make contact between the TiB2/BN-rod and the multimeter.

The thermocouples were placed inside the TiB2/BN-rods, see Figure 1. The stability
of the aluminum electrodes, cell potential with time, was tested in a cell like the one
in Figure 1, but with both electrodes at the same height. Typically, the potential
difference between the electrodes differed by 2.5�0.8 mV during a measurement that
lasted 13 hours.

The experimental thermocell C was placed inside an alumina crucible, see Figure 2.
The height of the crucible was 200 mm and the inner diameter was 38 mm. Two 4-
bores alumina rods contained the thermocouples and the platinum electrodes. A
platinum plate was placed at the end of the platinum wire in order to increase the
surface area of the electrode. The thermocouples were placed at the platinum plates.
Oxygen gas was supplied through the 4-bores alumina tubes. The gas supply was
controlled by two ¯ow meters, model 1355, Brookes Instrument. Details concerning
similar oxygen electrodes have been reported by Sterten et al. [28].

Melts with different molar ratio nNaF=nAlF3
were prepared by adding aluminum

¯uoride, AlF3, puri®ed by sublimation, to grounded handpicked natural Greenland
cryolite (Kryolitselskabet éresund A/S). The cryolite was treated according to the
ISO standard 1619 [29]. Alumina was used after calcination at 1600 �C for four
hours. The alumina solubility in the ternary system Na3AlF6±AlF3±Al2O3 was taken
from Skybakmoen et al. [30] and Solheim et al. [31]. The phase diagram is described
by Sterten et al. [32].

Fig. 1. Sketch of the experimental cell, used for the experiments with a pair of aluminum
electrodes, Thermocell B.
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Experiments were done in alumina saturated melts with molar ratio, nNaF=nAlF3
, equal

to 3.0, 2.6, 2.4, 2.2, 1.8, 1.2 and 1.0 in thermocell C and at molar ratio, nNaF=nAlF3
,

equal to 1.8 in thermocell B.

4. Results

4.1 Seebeck coef®cients and Peltier heats

The Seebeck coef®cients were determined from the slope of the cell potential, E,
versus �T , equation (14). We have adopted the sign convention that the cell potential,
E, of a non-isothermal cell is positive when the terminal connected to the hotter
electrode is positive with respect to that connected to the colder electrode, Agar [22].
The experimental results of cell potential versus �T for thermocell B and C for
nNaF=nAlF3

� 1:8 are given in Figures 3 and 4, respectively.

Table 3 gives the Seebeck coef®cients at temperature T, and their corresponding Peltier
heats. The uncertainties are reported on 2� levels. Data are given for molar ratio
nNaF=nAlF3

equal to 3.0, 2.6, 2.4, 2.2, 1.8, 1.2 and 1.0 for cells B and C. The
temperature derivative, d'=dT � �S, for the isothermal cell D is calculated from data
in JANAF [26] and was equal to 55 J molÿ1 Kÿ1 for all temperatures given in Table 3.

The Seebeck coef®cients at molar ratio nNaF=nAlF3
equal to 1.0, 1.2 and 1.8 were

reproduced at least once, Table 3. A statistical test with indicator variables was used
to ®nd whether the slope of the regression lines were equal, [33]. More details on the
statistics are given by Flem [34].

Fig. 2. Sketch of the experimental cell, used for the experiments with a pair of oxygen
electrodes, Thermocell C.
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The measurements were also controlled for consistency using the entropy change of
the formation cell D, equation (35). The thermoelectric power at molar ratio,
nNaF=nAlF3

, equal to 1.8 was measured with two identical aluminum electrodes,
thermocell B, and with two identical oxygen electrodes, thermocell C. The entropy

Fig. 3. Plot of cell potential, E, versus �T for thermocell B. The temperature, T, on the left-
hand side electrode was kept constant at 1242.5� 0.5 K. The straight line is the calculated
(principle of least squares) regression curve. The molar ratio NaF/AlF3 of the alumina
saturated melt was equal to 1.8.

Fig. 4. Plot of cell potential, E, versus �T for thermocell C. The temperature, T, on the left-
hand side electrode was kept constant at 1221� 2 K. The straight line is the calculated
(principle of least squares) regression curve. The molar ratio NaF/AlF3 of the alumina
saturated melt was equal to 1.8.
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change of reaction of cell D is equal to 54.97� 0.02 J molÿ1 Kÿ1 at 1235 K and
54.95� 0.02 J molÿ1 Kÿ1 at 1244 K, JANAF [26]. The Peltier effect in Table 3 gives
with equation (35):

�S � 174ÿ 119 � 55� 5 J molÿ1 Kÿ1 �36�
This shows that the entropy of the cell reaction ��S� calculated from JANAF [26]
and the value obtained from these measurements, equation (37), are practical equal.

The design of thermocell C, Figure 2, made it possible to apply large temperature
differences between the electrodes, 50±60 �C. With large temperature differences,
second order heat effects increase, equation (33). Also here a statistical test with
indicator variables was used to test whether the regression lines had a common second
order term, [33]. The test concluded that the experimental data did not allow inclusion
of second order effects in the model, see Flem [34].

4.2 Transported entropies in ¯uoride melts

When nNaF=nAlF3
� 1 and the melt is saturated with aluminum ¯uoride, equations

(25) and (32) are valid. At this concentration the electronic conduction of the melt is

Table 3. Seebeck coef®cients and Peltier effects in lines where the electrode is marked with an �
is calculated. The temperature derivative of the isothermal cell D, �S, is equal to 55 J molÿ1 Kÿ1

at all temperatures given in the table.

Electrode nNaF=nAlF3
No. T=K "0=mV Kÿ1 �=T=J molÿ1 Kÿ1

Pt-O2(g) 3.0 1291�2 ÿ1.85�0.09 178�11�Al(l) 3.0 1291�2 ÿ1.27�0.09 123�11
Pt-O2(g) 2.6 1293�2 ÿ2.03�0.06 196�8�Al(l) 2.6 1293�2 ÿ1.46�0.06 141�8
Pt-O2(g) 2.4 1284�2 ÿ2.11�0.05 204�6�Al(l) 2.4 1284�2 ÿ1.54�0.05 149�6
Pt-O2(g) 2.2 1279�2 ÿ1.96�0.05 189�6�Al(l) 2.2 1279�2 ÿ1.39�0.05 134�6
Pt-O2(g) 1.8 A 1221�2 ÿ1.72�0.03 166�3

B 1234�1 ÿ1.78�0.04 172�4
C 1257�1 ÿ1.83�0.04 177�4
Avg. 1244�1 ÿ1.80�0.03 174�3

Al(l) 1.8 A 1242.5�0.5 ÿ1.28�0.03 124�3
B 1228.6�0.3 ÿ1.18�0.06 114�6
Avg. 1235�1 ÿ1.23�0.04 119�4

Pt-O2(g) 1.2 A 1086.5�0.2 ÿ1.64�0.03 158�3
B 1086.8�0.2 ÿ1.61�0.07 155�7
Avg. 1086.6�0.2 ÿ1.63�0.03 157�3�Al(l) 1.2 1086.6 ÿ1.06�0.03 102�3

Pt-O2(g) 1.0 A 1027.8�0.9 ÿ0.61�0.01 59�1
B 1035�2 ÿ0.55�0.01 53�1
C 1008.2�0.4 ÿ0.58�0.01 56�1
D 1042�1 ÿ0.62�0.01 60�1
Avg. 1031�1 ÿ0.583�0.008 56.3�0.8�Al(l) 1.0 1031 ÿ0.01�0.008 1.0�0.8
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negligible, [13, 23]. Consequently, we can ®nd the transported entropies of Al3� and
O2ÿ for this particular composition, from the experimental results in Table 3. The
results gave 77� 2 J molÿ1 Kÿ1 and 10� 2 J molÿ1 Kÿ1, respectively.

When the molar ratio nNaF=nAlF3
is lower than two, the transport number of Na�, tNa� ,

is approximately equal to one [32], [8]. The transported entropy of sodium, S�Na� , can
then be estimated from equation (30):

S�Na� �
�

T
� S�Pt ÿ

1

4
SO2
� SNaF ÿ 1

3
SAlF3

� 1

6
SAl2O3

�37�

The transported entropy of Pt, S�Pt, was neglected, [15, 16]. Since the cryolite melt is
saturated with alumina, the activity of Al2O3 is equal to unity. The activity of NaF
and AlF3 at different molar ratio of nNaF=nAlF3

is given by Sterten et al. [32]. Data
from JANAF [26] give the molar entropies of O2, NaF, AlF3 and Al2O3 at different
temperatures. By combining the Peltier effect for the oxygen electrode in Table 3 and
the data given in Table 4 with equation (37), the transported entropy of sodium is
estimated to 238� 4 J molÿ1 Kÿ1 and 244� 4 J molÿ1 Kÿ1 at molar ratios 1.8 and 1.2,
respectively. The reaction:

1

6
Al2O3�s� � 1

4
C�s� � 1

3
Al�l� � 1

4
CO2�g� �38�

is the primary reaction in the Hall-Heroult cell. The temperature derivative of the
electromotive force gives 55.77� 0.06 J molÿ1 Kÿ1 when the melt is saturated with
alumina, JANAF [26]. This value differs from the temperature derivative of cell D by
only 0.23 J molÿ1 Kÿ1 at the same temperature. A shift from consumable anodes to
inert oxygen anodes will then only change the Peltier effect or the heat consumption
per degree at the anode with 0.23 J molÿ1 Kÿ1. The Peltier heat at the carbon anode is
thus equal to the Peltier heat at the oxygen electrode within the experimental error.

When the melt is saturated with both alumina and aluminum ¯uoride, the Peltier heat
at the carbon electrode can be expressed as:

�

T

� �
carbon

electrode

� ÿS�C ÿ
1

4
SC ÿ 1

2
S�O2ÿ � 1

4
SCO2

�39�

Table 4. The molar entropy and the activity of Al2O3, NaF, AlF3 and O2 at molar ratio
nNaF=nAlF3

equal to 1.8 and 1.2, data of JANAF [26] and Sterten et al. [32].

nNaF=nAlF3
� 1:8 T � 971 �C nNaF=nAlF3

� 1:2 T � 814 �C

Molar entropy/J molÿ1 Kÿ1 activity Molar entropy/J molÿ1 Kÿ1 activity

SAl2O3
� 207:82 aAl2O3

� 1 SAl2O3
� 190:63 aAl2O3

� 1
SAlF3

� 201:7 aAlF3
� 0:0063 SAlF3

� 187:9 aAlF3
� 0:23

SNaF � 154:26 aNaF � 0:094 SNaF � 144:61 aNaF � 0:0087
SO2

� 251:27 aO2
� 1 SO2

� 246:49 aO2
� 1
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Using the average Peltier heat in Table 3 at molar ratio nNaF=nAlF3
equal to 1 and data

for the molar entropy of carbon and carbon dioxide from JANAF [26], the transported
entropy of oxygen ions at the carbon electrode was calculated to 10� 2 J molÿ1 Kÿ1.
This is the same result as calculated from the oxygen electrode.

5. Discussion

Irreversible thermodynamics is an extension of classical thermodynamics that gives a
systematic description of transport processes. It is particularly useful when several
interacting transport processes occur simultaneously. Irreversible thermodynamics is
based on the assumption of local equilibrium, i.e. that thermodynamic relations are
valid locally. Hafskjold and Ratkje [35] found, using molecular dynamics simulations,
that the assumption of local equilibrium holds in systems with severe temperature and
concentration gradients. This indicates that the basis of the theory is sound. The ®rst
attempts to describe surfaces by irreversible thermodynamics was done by Ratkje and
Bedeaux [36] and Bedeaux and Ratkje [37]. Hansen et al. [38] derived the theoretical
expression for the dissipated energy for the electrode surfaces in the aluminium
reduction cell. The main dif®culty in using non-equilibrium thermodynamics for
surfaces, lies in the estimating or measuring surface properties. The problem has been
circumvented here, by using average coef®cients for the total cells.

5.1 Seebeck coef®cients and Peltier heats

We report here the Seebeck coef®cient ÿ1.23� 0.04 mV Kÿ1 at 1235 K, for an
aluminium electrode in a melt with molar ratio nNaF=nAlF3

� 1:8 (see Table 3). For
the same conditions, the corresponding value for the oxygen electrode was
ÿ1.80� 0.03 mV Kÿ1. These results are consistent with one another. The accuracy
of the results is good, considering the dif®cult circumstances for their measurement.
Results for other compositions (molar ratios 3.0, 2.6, 2.4, 2.2, 1.2 and 1.0), were
found with the oxygen electrode only (see Table 3). Very little, if any, dependency on
the concentration was found except for the lowest ratio. This is commented below.
The results indicate that reliable values of Peltier heats of the aluminium and oxygen
electrode, and also the carbon anode, can be obtained for all melt compositions
studied. The results are given in Table 3, and will be discussed below with reference
to their technical importance. We shall here continue the discussion of the Seebeck
coef®cients.

The large drop in the Seebeck coef®cient, from molar ratio nNaF=nAlF3
equal to 1.2 to

1.0, is due to loss of one degree of freedom in composition. For NaF/AlF3 molar ratio
1.2 there is still a degree of freedom in the melt composition, so the heat of transfer
will contribute to the Peltier heat, equation (31). When the melt composition is
changed to NaF/AlF3 molar ratio 1.0 and the temperature is less than 1123 K,
equilibria are shifted according to the phase diagram [32]. The only degree of freedom
is then the temperature. Without the compositional degrees of freedom, the heat of
transfer does not contribute to equation (32), and we can expect a drop in the Peltier
effect. A smaller Seebeck coef®cient is therefore also expected for molar ratio
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nNaF=nAlF3
equal to 3.0. The value observed for this composition is smaller than the

one at molar ratio nNaF=nAlF3
equal to 2.6, but the 95% con®dential intervals are

overlapping. The natural Greenland cryolite (Kryolitselskabet éresund A/S) that is
used to make the melt is very pure. According to the supplier the deviation from the
stoichiometric composition is left of the Na3AlF6 peak in the phase diagram, but this
deviation may be negligible. Deviation from the stoichiometric composition may
explain why the Seebeck coef®cient did not drop as expected at molar ratio nNaF=nAlF3

equal to 3.0.

The Peltier effect at the aluminum cathode is approximately zero, 1.0� 0.8 J molÿ1

Kÿ1, when the nNaF=nAlF3
molar ratio was equal to 1.0. The sole heat consumption,

due to the cell reaction, equation (34), is then located at the oxygen or carbon
electrode. The Seebeck coef®cient for the aluminum cathode is equivalently small. At
molar ratio nNaF=nAlF3

equal to 1.0, there are two solid phases in equilibrium with one
liquid phase. The liquid phase has a different composition than the total mixture. The
composition of the liquid melt is found at the phase boundary line. If the molar ratio of
the total salt mixture is equal to 1.0 and the temperature is 1031 K, then the melt has a
molar ratio of nNaF=nAlF3

equal to 1.08. By decreasing the temperature by 25 K the
molar ratio NaF/AlF3 is changed to 1.12. The composition of the melt in this region in
the phase diagram depends only on the temperature. The experiments at molar ratio
nNaF=nAlF3

equal to 1.0 were therefore carried out with temperature gradients less than
15 K, and the electrodes were not moved during the experiment. Four experiments
were done at molar ratio nNaF=nAlF3

equal to 1.0 at slightly different temperatures,
Table 3. No systematic variation with temperature was found in the Seebeck
coef®cient. We conclude that the Seebeck coef®cient is not strongly dependent on the
concentration of the melt in this region.

From the thermodynamic data in Table 4, we estimated the change in the Seebeck
coef®cient with temperature and composition. Changes in the partial molar entropies,
SNaF; SAlF3

; SAl2O3
and SO2

alone, give a reduction in the Seebeck coef®cient of
0.24� 0.04 mV Kÿ1, for a change in the molar ratio nNaF=nAlF3

from 1.8 to 1.2. This
value is larger than the difference of the Seebeck coef®cients for these compositions,
0.17� 0.04 mV Kÿ1. The concentration dependency of the transported entropies was
not found. A systematic temperature variation is likely [15], which also Table 3 gives
an indication of, but because of the analytical uncertainty the data do not allow us to
derive any temperature variation of the Seebeck coef®cients. A variation with the
alumina contents can also not be established.

Mozhaev and Polyakov [39] reported a Seebeck coef®cient of ÿ100mV Kÿ1 with a
relative error of 13% at 1273 K, for an electrolyte consisting of cryolite and alumina,
nNaF=nAlF3

� 2:7, using aluminum electrodes. The reproducibility of the measure-
ment was not given, and only a small temperature difference between the electrodes
was used, 6 K. Such a small value is only found by us at 1031 K when nNaF=nAlF3

�
1:0. At this composition, the melt is saturated with AlF3 as well as with alumina. The
low value, obtained at this composition, was explained by lack of participation of the
heats of transfers, Q�NaF;Q

�
AlF3

and Q�Al2O3
, to the Seebeck coef®cient, see equation

(27) and (32). No theoretical justi®cation was offered for the results obtained by
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Mozhaev and Polyakov [39]. These authors reported also, that no variation in cell
potential with alumina concentration was found. From equation (24) and (31) this
seems unlikely. The activity of NaF and AlF3 depends on the amount of alumina
present in the melt, [32]. In melts with molar ratio nNaF=nAlF3

higher than 2.0, the
transport number of sodium is less than one [7, 32]. Therefore, there might be a
contribution from the heat of transfer of Al2O3 to the Seebeck coef®cient in melts that
are not saturated with alumina. The heat of transfer can be both negative or positive,
depending on the relative magnitude of the transported entropy of Al3� and O2ÿ and
the entropy of Al2O3, equation (24). It is impossible to predict whether a contribution
from Q�Al2O3

will increase or decrease the Seebeck coef®cient.

édegaÊrd et al. [40] measured the temperature close to the anode surface in industrial-
scale cells. From measurements and thermodynamic calculations they concluded that
the anodic overvoltages are balanced by an electrochemically induced cooling which
results from the large positive �S of the anode reaction. The heat production due to
anodic overvoltage is about 0.64 J sÿ1 cmÿ2 at a current density equal to 0.7 A cmÿ2,
[23, 41]. From the results of the present work and the results of édegaÊrd et al. [40], it
can be concluded that there is a heat consumption at the carbon electrode in cells with
melts that are not saturated with alumina.

5.2. Transported entropies

The transported entropy of sodium ions, S�Na� , was calculated to 238� 4 J molÿ1 Kÿ1

at 1244 K and 244� 4 J molÿ1 Kÿ1 at 1087 K, when nNaF=nAlF3
� 1:8 and 1.2, respec-

tively. Ratkje [42] gave a ®rst estimate of the transported entropy of 89� 5 J molÿ1 Kÿ1

at 1273 K. Her calculations were based on the Seebeck coef®cient measured by
Mozhaev and Polyakov [39]. As pointed out above, these measurements do not seem
to be reliable. The present results therefore allow for a correction of the estimate of
Ratkje [42].

The transported entropy of sodium ions in solid cryolite with 16±22 mole % AlF3 was
determined by Ratkje and Sharivker [43]. They found S�Na� � 140� 5 J molÿ1 Kÿ1 at
653 K. The variation in the transported entropy with temperature is given by the
Thomson coef®cient, equation (33), and the transported entropy increases with
temperature. It is likely that the transported entropy of sodium ions in molten cryolite
with AlF3 is higher than in the solid state. The results by Ratkje and Sharivker [43],
therefore support the result in this work. The value obtained for the transported
entropy of sodium is high, but transported entropies of the same order of magnitude
have been reported in simpler systems. Thermoelectric power measurements
at stationary state have given the transported entropy of the ion reversible to the
electrode in multi-component mixtures. For instance, in the thermocell
�T�AgjAgCljAg�T ��T� the transported entropy of silver ions, S�Ag� , was
220 J molÿ1 Kÿ1 at 423 K, [45].

For nNaF=nAlF3
� 1:0 the transported entropies of Al3� and O2ÿ were 77�

2 J molÿ1 Kÿ1 and 10� 2 J molÿ1 Kÿ1 at 1031 K, respectively. The transported
entropy of O2ÿ was the same at the oxygen electrode and the carbon electrode.
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This may be accidental. It does not necessarily mean that the transported entropy is
independent of the electrode material.

The nature of the transported entropy of electrons through the electrolyte, S�el, is not
known. If S�el is similar to S�Al, the transported entropy of electrons through the
aluminum electrode, the term can be neglected. If S�el is similar to S�Na� , the last term in
equation (19) contributes signi®cantly to �'obs=�T . Amezawa et al. [44] found the
transported entropy of protons, S�H� , in 5 mol%-Sr-doped LaPO4. Their value is
comparable with transported entropies of ions in molten salts, 113� 1 J molÿ1 Kÿ1 at
873 K. Since the transported entropy of protons may have the same magnitude as
transported entropies of ions, it is not unreasonable that a localised electron has a
similar transported entropy. The reduction in the thermoelectric power by the ®rst term
in equation (19) might therefore be compensated by an increase in the last term. More
experiments are needed to clarify this point.

There is still no theoretical explanation for the magnitude of the transported entropies.
It has been found for silver salt mixtures, that the transported entropy depends on the
composition and the properties of the electrolyte [14, 45, 46, 47, 48]. Some authors
report that they can see a systematic variation with the size of the ions and with the
mobility of the ion in question, [49, 50]. A short review is given by Grimstvedt et al.
[14]. Much work remains to be done in this ®eld.

5.3 Technical consequences

There are several heat sinks and sources in the Hall-HeÂroult cell. The cell voltages in
different plants varies during normal operation between 3.8 and 4.6 V. The reversible
potential for the main cell reaction, demands about 1.2 V at 960 �C. In addition, the
applied voltage must overcome the anodic and cathodic overvoltages. The anodic
overvoltage is mainly an activation overvoltage, [41, 51], and is one of the main heat
sources in the aluminum reduction cell. The Joule heat in the electrolyte is higher in a
melt saturated with alumina than in a melt with 2.5% alumina. At current densities
higher than 0.7 A cmÿ2, the heat evolution due to the ohmic voltage drop in the
electrolyte is the largest heat source and its importance increases with increasing
current densities.

The cathode in the aluminum electrolysis cell is liquid aluminum. The reversible heat
production at the aluminum cathode, in an isothermal cell with an electric current
density ic is then, where subscript `̀ c'' means cathode:

dq

dt

� �
c

� �c
ic

F
� ÿ"0icT �40�

The reversible heat production at the anode is accordingly (subscript `̀ a'' means anode):

dq

dt

� �
a

� ÿ�a
ia

F
� "0iaT �41�
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A positive value means that heat is produced by the electrode reaction, and a negative
value means that heat is consumed. The reversible heat production at the cathode, for
an alumina-saturated melt with molar ratio, nNaF=nAlF3

� 1:8, is positive. For a
cathodic current density, ic, of 0.7 A cmÿ2 the heat effect at the cathode is equal to
1.07� 0.04 J sÿ1 cmÿ2, see equation (40). At the anode the cooling effect is
1.57� 0.03 J sÿ1 cmÿ2 for the same current density.

The reversible heat consumption at the anode is the main heat sink in the cell. More
than half of this heat consumption can be compensated by the anodic overvoltage.
The remaining heat, necessary to maintain the temperature at the anode surface, must
be delivered from the heat production in the bath due to the ohmic drop and the heat
production at the aluminum cathode. The excess heat produced in the cell will either
be conducted to the surroundings or used for dissolution of alumina.

It must be remembered that the Seebeck coef®cients measured in the present work are
for melts that do not have the technical composition. The picture above will probably
change for a melt not saturated with alumina. As pointed out above, it is not possible
to predict the reversible heat production at the electrodes in melts not saturated with
alumina. The ions being discharged at the anode are complex oxygen-containing ions.
Both the reversible potential versus an aluminum electrode and the overvoltage are
expected to increase with decreasing alumina content in the melt, [1, 5].

Typical baths used in the aluminum industry have a molar ratio nNaF=nAlF3
in the range

2.2 to 2.6 and a temperature in the range from 1233 to 1273 K. Sodium ions, Na�, are
the major charge carriers, while Al is deposited at the cathode. Therefore, there will be
an accumulation of NaF and a depletion of AlF3 at the cathode, giving rise to a higher
NaF/AlF3 molar ratio, at the cathode, [52]. If the bath has a molar ratio nNaF=nAlF3

of
2.2, the molar ratio nNaF=nAlF3

at the cathode may be as high as 2.7. If there is 2.5 wt%
alumina in the bath, the liquidus temperatures will be about 1238 K and 1268 K at
molar ratio nNaF=nAlF3

2.2 and 2.7, respectively, [30]. Conventionally, the bath
temperature is 10 to 15 K above the liquidus temperature to provide suf®cient heat to
dissolve alumina additions, [53]. The bath at the cathode will then have a liquidus
temperature higher or very close to the bath temperature. The large heat production
due to the Peltier effect at the cathode may explain why there is not any extensive
crystallisation of cryolite at the aluminum surface. This also implies that the highest
temperature in the Hall±HeÂroult cell is closer to the cathode surface than to the anode
surface. Hansen et al. [38] have shown that it is possible to have a temperature at the
cathode surface higher than both surrounding bulk temperatures. In the heat balance
model of the aluminum industry, it is assumed that the highest temperature in the cell
is in the bath. If the temperature is signi®cantly higher at the cathode-bath interface,
this model may have to be changed.

édegaÊrd et al. [40] measured the temperature close to the anode surface in industrial-
scale cells. From their measurements and thermodynamic calculations they found that
the anodic overvoltages are balanced by an electrochemically induced cooling, which
results from the large positive �S of the anode reaction. It is very dif®cult to measure
local heat effects in industrial cells, especially if it is not possible to measure the
temperature exactly where the heat effect occurs, in this context on the anode surface.
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The temperature measurements of édegaÊrd et al. [40] were performed inside the
carbon anode about two centimetres above the horizontal anode surface. Two
centimetres in this context are nearly half the distance between the anode and the
cathode. Heat evolution due to the anodic overvoltage, the bubble and electrolyte
resistance together with the mixing of the electrolyte, due to the CO2 evolution, will
smoothen out the temperature differences. The measurements of édegaÊrd et al. [40]
tell that there is a cooling of the anode, but the exact magnitude of the effect cannot
be concluded. From the present data and the measurements of édegaÊrd et al. [40], it
seems reasonable to conclude that Peltier heats, in cells with compositions of
technical relevance, have the same order of magnitude as other major heat sources,
the overpotential and the Joule heat in the bath.

Formation of anode point deformations or protrusions called `̀ spikes'' or `̀ tits'' is
more or less frequently observed in high amperage, prebaked Hall±HeÂroult cells, [54].
The formation of such protrusions is little treated in the literature. Low nNaF=nAlF3

ratio, bath temperature close to the liquidus temperature, low alumina concentration,
low setting of the anode and combinations of these four incidents are conditions that
might initiate anode protrusions. édegaÊrd and Midtlyng [54] did laboratory
experiments that indicated that there is a correlation between electrodeposition of
carbon from dissolved aluminium carbide and formation of `̀ spikes'' on anodes. The
heat consumption due to the Peltier heat at the anode may offer an additional
explanation for the initiation of anode point deformations. The heat generated by the
anodic overvoltage and heat supplied from the surroundings may occasionally be
smaller than the heat consumption of the anode reaction. This can lead to a local
temperature below the liquidus temperature. A freezing out of bath may follow and, as
a result, a protrusion may be initiated.

One of the earliest temperature measurements in Hall±HeÁroult cells reported in the
literature is the work of Korobov and Yanko [55]. They reported that the bath
temperature beneath the anode centre was 11±13 �C higher than in the molten metal.
At the cell periphery close to the crust they found the bath temperature to be about
3 K higher than the temperature of the metal. Zhuxian et al. [56] found that under the
anode, the bath temperature was 3±6 K higher than that in the metal. If the bath
temperature was measured outside the anode shadow the bath temperature was 5±7 K
higher than that of the metal. The bath temperature under the anode was found to be
5±10 K higher than outside the anode. This implies that the temperature of the metal
is not uniform.

The work by Thonstad and Liu [57] together with the earlier work by Kent [58] and
Koz'min et al. [59] show that excess alumina, added in such a way that no lumps are
formed, will settle at the interface between the liquid aluminum and the cryolite-
alumina melt, due to the high interfacial tension (� 450 mN/m). The alumina layer
formed has a very open structure. Samples taken from commercial cells showed in
some cases an enrichment of alumina near the metal surface, e.g. � 16 wt% near the
metal compared with � 4 wt% Al2O3 in the bulk, Koz'min et al. [59]. This implies
that the electrolyte at the cathode can be saturated or is close to saturation with
respect to alumina. Then a Peltier effect as large as measured in the present work can
occur at the cathode±electrolyte interface.
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The anode±cathode distance is typically 4±5 cm in a cell with prebaked anodes. There
are several forces that cause mixing of the electrolyte, e.g. thermal convection, gas
release from beneath the anode, magnetic movements in the metal pad which also
affects the electrolyte and Marangoni ¯ow resulting from interfacial tension
differences. Despite of this there might be temperature jumps at the electrode
surfaces [37, 38].

The Seebeck coef®cients measured in the present work are for melts saturated with
alumina and may deviate from the Seebeck coef®cients in melts of industrial
compositions. Equations (22) and (30) give the Peltier effect for any melt composition,
but there are too many unknowns to allow us to calculate the heat effect at low oxide
concentrations. Any ®nal conclusions on the magnitude of the reversible heat effect at
the electrodes cannot be drawn before experiments with melts of industrial
composition are done. This start of a more detailed mapping of the heat consumption
due to both the anode and the cathode reactions may give a new way of looking at the
heat balance of the Hall±HeÂroult cell. Up to now, only the total heat consumption due
to the general reduction process in the aluminum cell has been used in the heat balance
model. Usually, it is also assumed that the highest temperature in the cell is in the
electrolyte phase, but the present work indicates that the highest temperature may be at
the cathode surface.

By including the heat effects at the electrodes, a more accurate and detailed heat
balance model can be evaluated, which may be valuable for cell design improvements.

6. Conclusions

Theoretical equations of the Peltier heats at the aluminum and the oxygen electrode,
in the system NaF±AlF3±Al2O3 were described by irreversible thermodynamics for
all compositions of alumina and any molar ratio of nNaF=nAlF3

.

For molar ratios nNaF=nAlF3
between 2.6 and 1.2, in melts saturated with alumina, there

is a Peltier heating of the aluminum cathode. This heating is in the same order of
magnitude as the electrolyte Joule heat, for a current density of 0.7 A cmÿ2. For molar
ratio nNaF=nAlF3

equal to 1.0 the Peltier effect at the aluminum electrode approaches
zero.

A Peltier cooling that is larger than the heat produced by the anodic overvoltage, is
observed for the oxygen and the carbon anode, in melts with NaF/AlF3 molar ratio
between 2.6 and 1.2 saturated with alumina.

When the electrolyte is saturated with both alumina and aluminum ¯uoride, the Peltier
cooling of the anode decreases to about one third of what was found in alumina
saturated melts with a molar ratio nNaF=nAlF3

equal to 1.2. When the melt is saturated
with both alumina and aluminum ¯uoride, the heat of transfer does not contribute to
the Peltier heat.

Final conclusions on the magnitude of the reversible heat effect at the electrodes in the
Hall±HeÂroult process cannot be drawn from the present work. Experiments have to be
done for melts with industrial composition. Such experiments can be done, by
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replacing the parts that consist of alumina, with boron nitride. Methods for thermo-
electric power measurements in the cryolite system have been established by the
present work. Future work can therefore concentrate on obtaining the concentration
variations of the thermoelectric power.
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