
Electrochimica Acta 46 (2001) 1141–1150

The Peltier heating of aluminium, oxygen and
carbon�carbon dioxide electrodes in an electrolyte of

sodium and aluminium fluorides saturated with alumina

Signe Kjelstrup a,*,1,2, Espen Olsen b, Jiangchu Qian a,3

a Institute of Chemistry, Faculty of Chemistry and Biology, The Norwegian Uni6ersity of Science and Technology,
7491 Trondheim, Norway

b SINTEF Material Technology, 7394 Trondheim, Norway

Received 31 May 2000; received in revised form 22 September 2000

Abstract

We present experimental evidence for the Peltier effect of electrodes that are relevant to the aluminium electrolysis.
The electrolyte is therefore always a mixture of molten cryolite and aluminium fluoride saturated with aluminium
oxide at 975°C. We find that the aluminium cathode has a large heat production, while the carbon�carbon dioxide
anode has a small one. The oxygen electrode, on the other hand is cooled down several degrees when the electric
current is switched on. The Peltier effect of the oxygen electrode, or the degree of cooling varies with the current, as
expected from theory. We propose that irreversible heat effects compensate the reversible (Peltier) cooling of the
carbon�carbon dioxide electrode in the aluminium electrolysis cell, but that there will be a net cooling effect at
electrodes where oxygen production take place. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The Peltier heat is defined as the heat taken from a
surrounding heat bath to maintain the temperature in a
junction of two conductors, when positive charge is
transported across the junction [1]. Observations of
Peltier heats and techniques for their measurement are
mostly reported for cells at low temperature, and with
aqueous electrolytes [2–4]. Their values and technical

consequences have therefore not been considered in
high temperature systems. Recent papers on tempera-
ture profile calculations in batteries and fuel cells indi-
cate, however, an increasing interest in the effect [5].
The experimental difficulties involved in determinations
of Peltier effects are severe, as reported recently [6]. The
higher the temperature is, the more difficult it is to
observe a small change in temperature. In this work we
report further studies of the Peltier effect in a high
temperature electrolytic system, namely the electrolysis
of alumina from a melt containing cryolite and alu-
minium fluoride. This melt, described in detail by [7], is
very corrosive. In order to simplify measurements, we
therefore use a melt saturated with alumina.

Peltier heats are difficult to measure, not only be-
cause the temperature is high and the system is corro-
sive, but also because the surface is an open system. A
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quantitative value for the net heat effect can probably
therefore only be obtained from the Seebeck coefficient,
(Df/DT)j=0. The Peltier heat, p, and the Seebeck co-
efficient are related through Onsager reciprocal rela-
tions for the fluxes and forces in the system [1]. The
Seebeck coefficient is the thermoelectric power between
two identical electrodes at negligible current density
divided by the temperature difference of the electrodes,
(Df/DT)j=0.

p= −T
�Df

DT
�

j=0

(1)

The first studies of the high temperature electrode heat
effects were determinations of the Seebeck coefficient,
see Ref. [8,9] and references therein.

Flem and coworkers [8,10] found that the Seebeck
coefficient of a cell with two oxygen electrodes in a melt
with molar ratio of NaF to AlF3 of 1.8, was 174 J K−1

mol electrons reacted. The corresponding value for two
aluminium electrodes was 119 J K−1 mol. Xu and
coworkers [9] confirmed these values and reported little
or no concentration effect up to a molar ratio of NaF
to AlF3 of 3.0 (the composition of cryolite).

For a current density of 0.7 A cm−2 this corresponds
to a heat production in the aluminium electrode of 10.7
kW m−2 and a cooling in the oxygen electrode as well
as the carbon�carbon dioxide electrode of 15.7 kW
m−2. These values are large, so it is likely that they will
have an impact on the technical modeling of the sys-
tem. A further investigation of the conditions in the
presence of an electric current is therefore of interest.

The conditions in an electrochemical cell are rather
different in the absence and in the presence of electric
current. Even if a determination of the Seebeck coeffi-
cient for very small electric currents can give the magni-
tude of the Peltier heat, it does not give information
about the temperature variation close to the electrode
surface. This temperature is a function of the heat
source or sink due to the electrode reaction, but also of
other thermal effects. The presence of an electric cur-
rent will add irreversible heat effects to the observation.
The resistance of the electrode will produce a Joule
effect, and a possible over-potential may also con-
tribute to heat production. A study of the Peltier heat,
will give better information on the conditions during
electrolysis, than a study of the Seebeck coefficient.

The over-potential of the aluminium electrode as well
as the oxygen electrode are small. These electrodes can
therefore be called reversible. They do not have any
large production of heat due to irreversible processes,
and their Peltier effect can be studied directly. The
over-potential of the carbon�carbon dioxide electrode
increases significantly with the current density [7], how-
ever. This may lead to a large dissipation of energy at
the electrode. It may thus be difficult to separate the
Peltier effect from other effects. From the entropies of

the electrode reactions, one can predict that the Peltier
heat of the carbon�carbon dioxide electrode is almost
the same as that of the oxygen electrode. We can
therefore study the magnitude of the reversible heat
effect of the carbon-consuming anode during alu-
minium electrolysis, by studying instead the electrode
that produces oxygen molecules on platinum from the
same melt. Since the oxygen electrode does not have a
significant over-potential, a possible thermal effect of
the electrode over-potential does not disturb much the
measurement of its Peltier-effect. The Pt � O2 (g) elec-
trode can serve as a model for oxygen electrodes that
use cermets-electron carriers. Application of such elec-
trodes, that are called inert by the aluminium industry,
will reduce CO2-outlets from the production plants
considerably, and are therefore being investigated.

We report thermal effects from all three electrodes in
this study. The equations that describe the magnitude
of the effects are first presented. A description of three
sets of experiments follows. In the first two sets, the
aluminium cathode and the oxygen or the car-
bon�carbon dioxide anode are studied together. The
third set is a more detailed study of the oxygen elec-
trode. We shall see that our previous predictions are
supported, that there is a substantial heating effect at
the aluminium surface during the electrolysis in a Hall–
Heroult cell. The reversible cooling effect at the car-
bon�carbon dioxide anode, seems however, to be
masked by an irreversible heating effect. The results for
the oxygen electrode clarifies this aspect, by showing a
pronounced cooling of the electrode.

2. Theory

Theoretical expressions for the Peltier effect of an
electrode are found from irreversible thermodynamics
[1]. One distinguishes between the initial Peltier effect,
at the onset of the electric current when the electrolyte
is homogeneous, and the value that is established after
some time of electrolysis, when all chemical potential
gradients in the melt become time-independent.

The electrolyte in this study was always a mixture of
sodium fluoride and aluminium fluoride saturated by
alumina. One Al�O�F complex in the melt, is probably
Na2Al2O2F4

2− [11], [12]. Among Al�F complexes, AlF4
−

and AlF6
3− are likely.

The Peltier heats of the three electrodes in question,
were given by Flem and coworkers [8,10] for the initial
state and the state with stationary gradients in chemical
potentials. We repeat their expressions, and refer to
them for further details in the derivations. The alu-
minium reduction can formally be written

1/3Al3+ +e−�1/3Al (2)



S. Kjelstrup et al. / Electrochimica Acta 46 (2001) 1141–1150 1143

In reality, the aluminium ion is part of an Al�F com-
plex. Since charge is conducted predominantly by Na+,
a layer exists close to the electrode surface, where
inter-diffusion takes place. Inter-diffusion involves AlF3

to the electrode and NaF out from the electrode. The
initial Peltier heat of the aluminium electrode is:

pAl,in

T
= −S e−* +

1
3

(SAl−SAl3+* )− tNa+(
QNaF*

T
−

QAlF3
*

3T
)

(3)

where SAl is the molar entropy of Al, Se−* is the
transported entropy of electrons, and SAl 3+* is the
transported entropy of aluminium ion in its complex.
The heat of transport of NaF is QNaF* , the heat of
transport of AlF3 is QAlF3

* , T is the absolute tempera-
ture, and tNa+ is the transport number of sodium ion.
We assume that the sodium ion is the charge conductor
of the melt (and neglect contributions from the elec-
tronic conductivity), giving tNa+=1. When the melt is
not saturated with alumina extra terms appear. When
the melt is saturated also with aluminium fluoride, or if
the fluoride salts correspond to cryolite, the last term
disappears.

The electrode reaction for oxygen on platinum can
likewise be formally written

1
2
O2−�

1
4

O2(g)+e− (4)

With the particular complex in question, the electrode
reaction is probably

1
4
Al2O2F4

2−(e)+
1
2

F−�
1
4
O2(g)+

1
2
AlF3(e)+e− (5)

For this reaction the initial state Peltier heat is

pO2,in

T
=

1
4

SO2
−S e*−

1
2

SO2−* − tNa+

�QNaF*

T
−

QAlF3
*

3T
�

(6)

Here SO2
is the entropy of oxygen and SO2−* is the

transported entropy of oxygen ion in its complex. Also
at this electrode, there is inter-diffusion of salts associ-
ated with the charge transport, to replenish the complex
that disappears by reaction 5. In the stationary state,
the value is

pO2,ss

T
=

1
4

SO2
−S e*−

1
2

SO2−* (7)

Subscripts in and ss denote initial and stationary state,
respectively.

The sum of the Peltier heats of the two electrodes
gives the entropy of the reaction of the formation cell
with an aluminium and an oxygen electrode:

pAl

T
−

pO2

T
=DrSI (8)

The reaction entropy refers to the total reaction

1
6
Al2O3(s)�

1
3
Al+

1
4
O2(g) (9)

For the total reaction

1
6
Al2O3(s)+

1
4
C(s)�

1
3
Al+

1
4
CO2(g) (10)

we therefore have the Peltier heat of the carbon�carbon
dioxide electrode in the same electrolyte from

pAl

T
−

pC

T
=DrSII (11)

where the reaction entropy now refer to reaction (10).
The dominant half cell reaction for the carbon elec-
trode is

1
4
Al2O2F4

2−(e)+
1
2
F−+

1
4
C�

1
4
CO2(g)+

1
2
AlF3(e)+e−

(12)

In spite of the Bouduard reaction being shifted towards
CO at these temperatures, CO2 consitutes most of the
outlet gas, see Sørensen and Kjelstrup [13], [14] for a
discussion.

It is possible to consider the electrode surface as a
separate thermodynamic system [15]. The surface can
thus be a sink or source for heat. We split the Peltier
heat of the electrode (surface) into two contributions,

p=p i−po (13)

The reversible heat transported into the electrode is pi,
and the reversible heat transported out of the electrode
during current transport is po. These Peltier coefficients
can be found by allocating the terms in p to the two
sides of the surface. The sensible heat flux into an
electrode surface has two major terms; the Fourier type
term and the Peltier term [15]. For the electrolyte side
of the surface, we have:

J %q
o= −l iDs,i T+p i( j/F) (14)

where the thermal conductivity is li, Ds,iT=Ts−Ti,
and pi is the Peltier coefficient of this side. The temper-
ature Ts is the surface temperature, and Ti is the
temperature adjacent to the surface on the electrolyte
side. The positive direction of the flux is into the
surface. For the electrode side of the surface, we have

J %q
o= −loDsT+po( j/F) (15)

with thermal conductivity, lo, and Peltier coefficient,
po, for the electrode side of the surface, respectively.
The driving force for heat conductance is now Ds,oT=
To−Ts. The two Peltier coefficients combine to the
surface Peltier heat, given for the various cases above.
The net heat effect is the difference between the heat
that is delivered to the surface, pi, and the heat that is
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taken away from the surface, po. It is the net of these
effects that must be compensated by heat from a sur-
rounding heat bath, in order to keep the temperature of
the electrode constant under reversible conditions.

The heat source per unit of time and area, dq/dt, in
an adiabatic surface without over-potentials is:

dq

dt
= (p i−po)

j

F
+rsj 2=p

j

F
+rsj 2 (16)

where rs is the electric resistance of the surface. We see
that dq/dt=0 when j=0 (no electrode reaction). In the
limit of small j, dq/dt becomes the Peltier heat of the
electrode. The surface is, however, not adiabatic, so if a
cooling takes place due to the electric current, heat will
leak to the surface from both sides. This situation was
modeled by Hansen and Kjelstrup [15]. With Jq

%i"Jq
%o

and loBli it is likely that the surface temperature will
be different from its close surroundings. The sources of
supply will vary with surface exposure and values of
thermal conductivities.

In the present case, DrSI and DrSII are similar. When
the entropy of the alpha modification is used for the
entropy of alumina, we obtain 55.8 and 56.0 J K−1 mol
[10]. This means that we should expect the same re-
versible cooling effect at the oxygen electrode and the
carbon/carbon dioxide electrode.

3. Experimental

Three sets of experiments were performed. The first
set was similar to the industrial system. The anode was
made of carbon, and the cathode was aluminium. The
aluminium pool around the cathode was thermally

insulated by an aluminium oxide crucible, to reduce the
heat flux away from the metal surface. In the second
set, the carbon�carbon dioxide electrode of first second
set-up was replaced by an oxygen electrode, while the
aluminium cathode was unchanged. Temperatures were
in these cases recorded close to both electrodes, as well
as in the bulk melt. In the third set, the oxygen anode
was investigated in a cylindrical cell. The oxygen elec-
trode was put in the center, and gas escaped upwards.
Temperatures were measured inside the electrode, out-
side the electrode close to its surface, and in the bulk
melt. The crucible wall functioned as cathode. The
current density at the cathode was so low, that any
temperature effect of the cathode was not expected, and
thus not measured.

3.1. Equipment

All experiments were done in a tubular furnace type
with Kanthal heating elements. No significant tempera-
ture gradient was observed in the part of the furnace
that contained the cell. The Pt/Pt 10% Rh thermocou-
ples were calibrated against the melting point of silver
using standard tables [16]. The reference cold junction
was an ice–water mixture.

In the first two sets of experiments, the DC current
was supplied by a Hewlett–Packard (HP) 6263B DC
power source, or a HP 6032A System Power Supply. A
multi-meter, type HP 3457A was used for the tempera-
ture measurements. Data were recorded by a Hitach
17MVX pro2 computer, with Labview version 5.1. The
furnace was in this case controlled by the automatic
power control unit, Eurotherm model 94. The noise
was small due to special winding of Kanthal threads in
the furnace [17].

In the third set of experiments, the electric potentials
from the thermocouples were recorded first by a Fluke
Hydra recorder, and next by a Campbell 51XE data
logger. The instruments allowed sampling of data every
0.1 s, respectively. The rapid sampling revealed experi-
mental details, but were hampered to some extent by
cyclic noise, produced by the thyristor operated Eu-
rotherm temperature controller of this furnace. In order
to reduce this noise, we measured directly the tempera-
ture difference, as this tended to cancel periodic noise.
Numerical filtration was also performed, by integrating
over five measurements. The electric current was also
read by the Cambell data logger, using a 0.05 V stan-
dard resistor (Type 1682, Croydon Instruments).

3.2. The cells

The cell used for the first two sets of experiments is
shown in Fig. 1. The area of the metal that faces the

Fig. 1. The cell for experiment sets 1 and 2, showing the
position of the electrodes, the connecting leads and the ther-
mocouples.
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Fig. 2. The cell for experiment set 3, showing the position of
the electrodes, the connecting leads and the thermocouples.

3.3. Materials

The electrolyte composition was all the time close to
the technical melt; the molar ratio of NaF to AlF3 was
2.2. The melts were saturated with alumina. In the third
set of experiments, the melt also contained 5 weight%
CaF2. The cryolite and AlF3 that composed the melt
were of industrial grade.

The aluminium for the cathodes in the first cell was
high purity (99.99%). A steel disc was placed in the
bottom of the crucible of sintered alumina, in order to
keep the metal from creeping. Electronic contact from
the aluminium pool to the DC-current source was made
by a combination of a TiB2/BN-rod and a Mo-wire.
This reduces heat leakage through the anode and out.
Electronic contact from the anode to the current source
was made by a Mo-wire alone.

The crucible of the second cell was machined from
graphite (Svensk Specialgrafit AB10) and lined with a
stainless steel (18/8) cylinder. The Pt anode material
contained 10% Rh, as a grain refiner.

3.4. Procedure

The components of the electrolyte were dried and
mixed before heating the crucible in an argon atmo-
sphere. A slow flow of argon through the system pre-
vented oxidation of carbon materials. The electrolyte
was melted at 975°C or higher, before the anode and
the thermocouples were immersed as an assembly. The
cells were then left for 1–2 h to stabilize, before the
electrolysis started.

In the first and second set of experiments, the elec-
trolysis time was 3–5 min, and temperatures were
recorded every 2 s. The electric current was 0.5, 1.0, 1.5
and 2.0 A, respectively. The amount of aluminium
produced was less than 1% of the total weight (3.66 g).

The electrolysis time in the third set of experiments
was two minutes, and the electrode was stabilized at
least two minutes between the runs. The current densi-
ties were consecutively 0.5, 0.2, 0.7, 1.0, and 0.4 A
cm−2. The three thermo-potentials were recorded at 0.1
s intervals and transferred to a computer. Noise was
reduced by integrating over five measurements.

4. Results and discussion

4.1. Thermal effects in the cell with carbon�carbon
dioxide and aluminium electrodes

The laboratory cell, shown in Fig. 1, had a graphite
anode and an aluminium electrode. The experimental
results for this cell are shown in Figs. 3 and 4. The
results were reproduced four or five times within one
experiment, and repeated once. The results for the

electrolyte was approximately 1.2 cm2. Thermocouples
were put into the aluminium, close to the surface, on
the inside of the platinum or graphite electrodes, and in
the electrolyte. The thermocouple threads were insu-
lated from the current path by aluminium oxide. The
set-up was recently described for related experiments
[6].

The experimental cell for the third set of experiments
is shown in Fig. 2. The cell was cylindrical, with the
anode in the center. The cylindrical steel wall, inside the
graphite, served as the cell cathode. Sintered alumina in
the bottom and top of the cell insulated these parts of
the cell, and protected the graphite from being attacked
by the oxygen gas. The current distribution was thus
symmetrical around the central axis. The height of the
anode was 6 cm, 1 cm being above the electrolyte. The
anode diameter was 8 mm, giving a surface area of 12.6
cm2. The anode wall thickness was 0.5 mm. The
cathode surface area was thus 103.7 cm2.

The thermocouple, thread in a sintered alumina two-
bore tube, was put inside the anode. The metal joint of
the thermocouple was not touching the inner wall of
the anode. A second thermocouple was placed 1 mm
from the anode surface on the outside. The readings of
this thermocouple were disturbed after some time of
immersion as electrolyte penetrated the protection tube.
A third thermocouple was placed in the bulk electrolyte
closer to the cathode. In this part of the cell the current
density is low (0.02–0.1 A cm−2), so the bulk tempera-
ture should not be affected by turning the current on
and off. This thermocouple was protected with a two-
bore tube as well as an outer tube, as a rapid response
was not considered to be so critical.
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Fig. 3. Thermal effects in the laboratory Hall–Heroult cell as a function of applied current. The temperature of the aluminium
electrode is shown by the upper curve, the temperature of the melt is the lower curve, and the temperature of the graphite anode
is the middle curve. The presence of current is indicated by time blocks.

aluminium cathode are the same as documented re-
cently by Kjelstrup et al. [6].

Fig. 3 shows that the aluminium cathode is heated
when the current is switched on. The rise in tempera-
ture is proportional to the current that is used (not
shown here, see [6]), and the system relaxes back to the
initial state when the current is turned off. A close-up
of the effect for 0.5 A is shown in Fig. 4. We see that

the temperature rises on a time scale of seconds to a
steady-state level. The time it takes to rise, may be the
time needed to heat the metal pool close to the surface
by conduction or convection. At steady- state, the heat
supply to the surface balances heat conduction away
from the surface. The linearity between temperature rise
and current, and the time scales involved, indicate that
a Peltier effect is observed. This also means that the

Fig. 4. A close-up of the first part of Fig. 3, showing the changes in the temperatures as the current is turned on and off. The curves
are as explained in Fig. 3.
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Fig. 5. Thermal effects in the cell with aluminium cathode and oxygen anode as a of function of applied current. The temperature
of the aluminium electrode is shown by the upper curve, the temperature of the melt is the lower curve, and the temperature of the
oxygen anode is at start the middle curve. The presence of current is indicated by time blocks.

electrode over-potential and the surface resistance are
negligible, as is to be expected from the literature [18].

The same figures also give a positive rise in the
temperature close to the carbon�carbon dioxide anode.
The rise is, however, much smaller than the correspond-
ing rise at the cathode surface. A large reversible cool-
ing effect was predicted for the anode [10,8] (15.4 kW
m−2). The effect may be masked for three reasons. It is
known that the over-potential of the electrode is rela-
tively large at current densities that are typical here.
For instance, at the technical current density of 0.7 A
cm−2, the over-potential is 450 mV [18]. If all of this
over-potential produces heat, a production of 3.5 kW/
m2 must be expected. The over-potential is not enough
to balance the cooling effect. Joule heating due to the
electric resistance in the gas layer from the carbon
dioxide at the electrode gives probably a larger contri-
bution. Finally, one must realize that the measurement
is taken close to, but not at the surface. The tempera-
ture of the surface of the carbon might still be lower
than in Fig. 3.

4.2. Thermal effects in the cell with oxygen and
aluminium electrodes

In order to examine the possibility of anode cooling,
we continued to study the electrode that has a similar
Peltier heat as the carbon�carbon dioxide electrode,
namely the oxygen electrode.

The results for the cell with the oxygen anode and the
aluminium cathode are shown in Fig. 5. Again, we see
a large positive temperature rise at the cathode during

electrolysis. A simultaneous cooling effect was now
observed for the anode. The result was reproduced
three times within one experiment and repeated once.
Again the effects were clearly related to the switching
off and on of the electric current. The relaxation times,
typically seconds, are reasonable, considering that ther-
mal conduction (and convection) is involved.

The cooling effect is not as large as one should expect
from the Seebeck coefficients of the two electrodes. The
Seebeck coefficients indicate that the cooling of the
anode should be larger than the heating of the cathode,
while we find that the cathode effect is the largest one.
The difference in the geometries of the electrodes in the
experimental set-up, may explain this. It is, for instance,
not possible to shield the gas electrode from heat
leakage to the surface, as was possible for the alu-
minium electrode. It is known that the surface resis-
tance of the gas electrode is higher than the surface
resistance of the aluminium electrode. This resistance
will inevitably contribute, and must give a large positive
effect in the anode that may (partially) compensate the
expected cooling effect.

We see that the proportionality between the tempera-
ture lowering and the current is less clear in the anode
than in the cathode. The existence of surface joule heat,
proportional to the current squared, and superimposed
on the linear term may explain this.

The electric resistance of the gas layer of the oxygen
electrode may be smaller than that of the car-
bon�carbon dioxide electrode, because CO2 gas may be
trapped in the porous carbon material. We propose
that a difference in Joule heat between the two elec-
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Fig. 6. Thermal effects close to the oxygen electrode. The temperature of the bulk melt minus the temperature of the inside, and the
same minus the temperature of the outside of the electrode are shown for a current density of 0.2 A cm−2. The onset of the current
is shown by the step-function.

trodes is the main reason why the carbon�carbon diox-
ide electrode is heated, while the platinum electrode is
cooled.

We conclude that a cooling effect is present in both
gas-producing electrodes, but that the degree of com-
pensation of positive thermal effects differs between the
carbon�carbon dioxide and oxygen electrodes.

4.3. Dynamic effects at the oxygen anode

Further studies were conducted on the oxygen elec-
trode, in a geometry that eliminated the influence of the
cathode, and minimized the joule heat of the elec-
trolyte. This is the cell illustrated by Fig. 2.

In the absence of current in the cell, one may expect
that the temperature inside the anode, Tin, is a little
smaller than the temperature in the bulk of the melt,
Tbulk, and that the temperature on the outside of the

electrode, Tout is between the two other temperatures.
This is because heat is conducted through the metal
connector of the anode to the outside.

Figs. 6 and 7 show the temperature differences be-
tween the bulk melt and the inside of the anode,
Tin−Tbulk, and between the outside of the anode and
the bulk Tout−Tbulk, before and after the current was
turned on, for a low (0.2 A cm−2) and a high (1.0 A
cm−2) current density. The temperature of the bulk
melt was always constant in the experiments (not
shown), as it was measured in a region of low current
density, near the walls of the cell. The temperature
differences that are plotted, therefore represent varia-
tions in Tin and Tout. We observe first that Tin−Tbulk is
more negative than Tout−Tbulk before the current is
switched on. This is expected according to the above
discussion. After the current is switched on, the temper-

Fig. 7. Thermal effects close to the oxygen electrode. The temperature of the bulk melt minus the temperature of the inside, and the
same minus the temperature of the outside of the electrode are shown for a current density of 1.0 A cm−2. The disruption of the
current is shown by the step-function.
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Fig. 8. Thermal effects close to the oxygen electrode. The temperature of the bulk melt minus the temperature of the inside, and the
same minus the temperature of the outside the electrode are shown for a current density of 0.2 A cm−2. The disruption of the
current is shown by the step-function.

ature on the outside relative to the melt temperature
drops almost 10 K, before it rises again to a stationary
level, under the initial level. The temperature of the
inside of the electrode is lowered, more when the cur-
rent density is high (Fig. 7), than when it is low (Fig. 6).
We conclude that the main part of the cooling can be
connected to the outer surface of the anode, and that
Joule effects due to the gas bubble layer and/or convec-
tion will smoothen out the effect under normal
operation.

It is likely that the thermocouple on the outside is
more sensitive to rapid temperature changes than is the
thermocouple on the inside. The last thermocouple is
more shielded from the effects of the gas reaction. The
initial drop in temperature is intriguing. This drop was
not recorded in Fig. 5, where the measurements were
taken with longer intervals. The measurements in Fig. 5
refer to stationary state measurements in Figs. 6 and 7.
On the shorter time scale, we typically see a lag phase
before the cooling takes place. The lag phase does not
seem to be correlated with the current density in the
experiment. As the experiments proceeded, the lag
phase seemed to increase. We may speculate that the
lag phase is due to some conditioning of the surface
that takes place after use. The electrochemical reaction
may take place at more and more sites, as the electrode
is being conditioned. A cooling effect is seen when the
adsorbed gas layer leaves the surface sites. The proposi-
tion deserves to be further investigated. If it is true, it
can be combined with gas production data, to evaluate
the surface coverage.

The Peltier heat at an electrode in a homogeneous
solution is different from the effect at stationary state,
when gradients in composition are established, compare
Eqs. (6) and (7). According to Flem et al. [10] approxi-
mately 30 min are required to establish stationary state
gradients in the melt. This is why we do not assign the

onset of the cooling after the first few seconds to the
initial electrode state. The initial state, in terms of the
expression given by Eq. (6), is developed 40 s after the
lag phase. The stationary state can be understood as a
state having a balance between Fourier type conduction
to the surface, a production of Joule heat and a Peltier
cooling effect.

The reversibility of the processes is demonstrated in
Fig. 8, when the current is turned off. When the current
density was 0.2 A cm−2, Tout−Tbulk changed from 4 to
1°C, while Tin−Tbulk remained almost constant at 1°C.
The last temperature difference is in agreement with an
expected heat loss through the connecting lead, see
above. The same pattern was more or less repeated for
the higher current densities. The equilibration to sta-
tionary state took about 60 s, which is reasonable for a
process that depends on thermal conduction.

A positive value of current in Figs. 6–8 means that
the current is switched on, and a negative value means
that the current is switched off. The steady state tem-
perature difference Tout−Tbulk was plotted versus cur-
rent density (not shown). A straight line can be used to
relate the results, but there is a scatter in the data. We
explain this by experimental difficulties. The experi-
ments were done one after the other at high tempera-
ture. Part of the scatter may originate in chemical
variations in the electrolyte. We conclude that the
measurements give qualitative support for the thermal
phenomena of a reversible nature.

4.4. Technical rele6ance

We have earlier discussed that the thermal heat
source at the cathode surface may help to explain
over-melting of the side ledge at the metal surface in
industrial cells [8] [9]. The cooling of the anode, may
offer new possible explanations to other observations.
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It is known that frozen electrolyte layers to the anode
surface are difficult to remove. Part of the reason may
be the natural Peltier effect. Flem et al. [8] suggested
that spike formation could arise as a consequence of
local cooling of the anode. A cooling effect could be
important during start-up or carbon replacements.

We saw that the results for the oxygen electrode,
were not directly relevant for the carbon�carbon diox-
ide electrode, but the combined data helped to explain
both electrodes. The results for the oxygen electrode
used here may be relevant for the so-called inert anodes
[19]. Promising materials for inert anodes are based on
oxides, and the electrode reaction produces oxygen
only. The surface state is different, however. Peltier
heat measurements, and information of the thermal
state of the electrode may give new insight of this
electrode, and help its development.

Knowledge of local heat sources and sinks should be
essential in thermal modeling of old cells, and design of
new cells. In particular, if a correct dynamical situation
is to be found, the inclusion of the local electrode
effects seem to be important.
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