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Abstract

Experimental evidence for the reversible heating of the surface of the aluminium cathode and corresponding cooling
of the aluminium anode during electrolysis in the cryolite–alumina melts is presented. We find that the heating/cool-
ing varies linearly with the current, as expected from theory. The results support qualitatively previous results of a
large Seebeck coefficient. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

It was earlier predicted [1–3] that there is a reversible
heating of the cathode surface and likewise a reversible
cooling effect of the anode during electrowinning of
aluminium in industrial cells, and that these effects were
large, contrary to earlier measurements and specula-
tions (see [2]). The conclusions of Kjelstrup and co-
workers were based on determination of Seebeck
coefficients with the appropriate electrodes. The See-
beck 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. The theory of irreversible thermodynam-
ics gives that the Seebeck coefficient multiplied by the
temperature is identical in value to the Peltier heat of

the electrode, p, the reversible heat change in the elec-
trode region:

p= −T
�Df

DT
�

j=0

The electrode region is a two-dimensional Gibbs sur-
face (see below).

The conditions in a cell are different in the absence
and presence of electric current. Even though the See-
beck coefficient gives the magnitude of the Peltier ef-
fect, it does not give realistic information about the
temperature variation close to the electrode surface due
to electric current through the electrode. The measure-
ment that gives the Peltier effect is more directly related
to the electrolysis situation. It is therefore of interest to
study the Peltier effect.

A nonzero Peltier effect means that there is a heat
source (or sink) at the electrode. However, if the ther-
mal conductivities of the surroundings are large, one
cannot expect large temperature gradients. The temper-
ature gradient in a highly conducting material is small
or negligible, even if the heat flux through the material
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is high. In the study of Peltier effects, one cannot avoid
the interference of Joule effects, and possible contribu-
tions from overpotentials. We have shown that the
aluminium electrode behaves nearly reversibly in a care-
fully controlled laboratory cell [2], so we need only
consider Joule effects in addition to Peltier effects.

In this work we report large temperature differences
at the electrode surface in a laboratory cell. The cell
was constructed so as to minimise heat conductance
from the surface. We were able to record large temper-
ature differences at the surface during electrolysis of a
cryolite–aluminium fluoride electrolyte saturated with
alumina. The differences were maintained over time.

The industrial aluminium cell may not allow for a
similar observation of temperature gradients, but this
does not mean that the effect is not present. The heat
conductance is probably very different in the laboratory
and the industrial cell. The Peltier effect is nevertheless
always coupled to the electrode reaction. We present in
this work further evidence that the coupling between
heat transport and electrochemical reaction is large in
the aluminium electrolysis.

2. Theory

The electrode surface can be regarded as an open
two-dimensional thermodynamic system separated from
the bulk electrode and the bulk electrolyte phase [4].
With this premise, we can speak of surface transport
properties. There is a resistance to heat and mass
transport into and out of the surface. Furthermore, the
surface has an electric resistance.

In this work, we investigate thermo-electric proper-
ties of the aluminium electrode, when it is submerged in
a cryolite–aluminium fluoride melt saturated with alu-
mina. The surface is illustrated schematically in Fig. 1.
It contains the site of the electrode reaction and adja-
cent boundary layers.

Al3+-containing species are discharged at the surface
and produce aluminium:

1
3

Al3+ +e�
1
3

Al (1)

The aluminium ion in this reaction is the aluminium-
fluoride complex. There is an aluminium flux from the
surface into the bulk aluminium. The dominant charge
carrier in the electrolyte is Na+. Migration of Na+ into
the surface is therefore accompanied by diffusion of
NaF out, and diffusion of AlF3 into the surface:

Na++
1
3

AlF3�NaF+
1
3

Al3+ (2)

In the steady state, gradients in the concentration of
NaF, and AlF3 were therefore maintained at the elec-
trolyte side of the electrode surface. The fluxes of NaF,
AlF3 and j(Na+) in the electrolyte and the production
flux of Al are shown in Fig. 1. The electric current was
continuous through the surface. The surface is the
(moving) frame of reference for the fluxes. In the steady
state, the mass fluxes are all given by the electric
current.

j

F
=3JAlF3

i = −JNaF
i +3JAl

o (3)

where F is Faraday’s constant.
There are not only mass fluxes into, but also out of

the electrode surface. In the absence of a thermal bath,
the temperature of the surface may differ from the
temperature in the bulk phases. We can also speak of a
physical heat flux into the surface, Jq%

i as well as out of
the surface Jq%

o. The thermal conductivity of the surface
boundaries will decide the possibility for accumulation
of heat in the surface.

The first law of thermodynamics can be written for
the surface pictured in Fig. 1. The change in internal
energy of the surface is:

du s

dt
= (J e

i −J e
o)+ j(f i−fo) (4)

where J e
i and J e

o are fluxes of thermal energy into and
out of the surface, respectively, and j(f i−fo) is the
electric work done to the surface with current density j,
and electric potential difference f i−fo. The difference
is the electric potential drop across the surface. In the
steady state du s/dt=0. The energy flux in the electrode
flux as well as in the electrolyte, consists of the physical
(measurable) heat flux, Jq% plus the enthalpy, hi, carried
along with all mass fluxes, Ji that enter the surface.
According to Fig. 1 we have for the electrolyte side of
the surface:

J e
i =J %q

i +JAlF3

i hAlF3

i +JNaF
i hNaF

i (5)

while the thermal energy flux into the metal is

Fig. 1. Schematic illustration of fluxes in and out of the
cathode surface. The mass fluxes, the electric current and the
energy fluxes are shown.
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J e
o=J %q

o+JAl
o hAl

o (6)

The energy balance of the electrode surface expresses
that the electric energy that is supplied from the outside
j(f i−fo) is transformed into chemical energy (en-
thalpy and entropy) in the components that react, plus
heat that is conducted away from the electrode into the
melt. The entropy terms are included in the physical
heat fluxes through the Peltier heat (see below). Because
the enthalpy terms differ largely, it is likely that J %q

i "
J %q

o. We refer to Hansen and Kjelstrup [4] for a more
detailed expression of the electric potential drop across
the surface. The electric potential difference contains
differences in chemical potentials for the components
and a dissipative term, rj s, the resistance of the surface
multiplied with the current density.

The physical heat fluxes have two major terms; the
Fourier type term and the Peltier term (we neglect
smaller terms). For the electrolyte side of the surface:

J %q
i = −liDs,iT+p i( j/F) (7)

where the thermal conductivity is l i, Ds,iT=T s−T i

and p i is the Peltier coefficient of this side. The temper-
ature T s is the surface temperature, and T i is the
temperature adjacent to the surface on the electrolyte
side. The positive direction of the flux is into the
surface. (We have limited ourselves here to one-dimen-
sional transports). For the electrode side of the surface,
we have

J %q
o= −loDs,oT+po( j/F) (8)

with thermal conductivity, lo and Peltier coefficient,
po. The driving force for the heat flux is now Ds,oT=
To−T s. We identify the Peltier heat at the metal side
of the surface by

po=F
�J %q

o

j
�

DT=0

=
T

3
(SAl* −SAl) (9)

where SAl is the entropy of aluminium and SAl* is the
transported entropy of electrons in aluminium, usually
a negligible value. The formation of aluminium releases
entropy (or heat) at the surface, while the electrons
remove heat from the surface. The two terms therefore
have opposite signs. The Peltier heat at the electrolyte
side of the surface follows the fluxes on this side (see
Fig. 1, [4]):

p i=F
�J %q

i

j
�

DT=0

=T(SNa+* −SNaF)−
T

3
(SAl3+* −SAlF3

)

(10)

Here SNaF and SAlF3
are the partial molar entropies of

NaF and AlF3, respectively, SAl3+* is the transported
entropy of the aluminium-containing complex that is
being discharged, and SNa+* is the transported entropy
of sodium ion. We have assumed that all charge is
transported by Na+. The net heat effect is the differ-

ence between the heat that is delivered to the surface,
p i, and the heat that is taken away from the surface, po

through the electric leads. In order to keep the temper-
ature of the electrode under reversible conditions con-
stant, this net heat must be supplied from the
surroundings.

The heat production per unit of time and unit of
surface area, dq/dt, of the cathode surface is therefore

dq

dt
= (p i−po)

j

F
+r sj 2=pj/F+r sj 2 (11)

where r s is the electric resistance of the surface, and
there is no heating by the overpotential. We see that
dq/dt=0 when j=0 (no electrode reaction). In the
limit of small j, dq/dt becomes the entropy change of
the electrode. A possible storage of heat maintained by
a non-zero current density would leak to the surround-
ings, when the electric current is disrupted. We define
the heat production of the surface by the heat flux into
the surface minus the heat flux out of the surface. The
positive direction of transport is the given by a positive
charge carrier.

With J %q
i "J %q

o, and loBl i it is likely that the surface
temperature is different from the temperature of the
close surroundings. In the case of a local heating of the
electrode surface, some heat escapes into the electrolyte,
and some heat escapes into the metal. The situation was
modelled by Hansen and Kjelstrup [4]. Conversely, if
the electrode is cooled, there must be a supply of heat
from both sides of the surface; from the metal as well as
from the electrolyte sides. The supply will vary with
surface exposure and value of the thermal conductivi-
ties of the two sides. It is likely that the thermal
conductivity on the metal side is higher than the con-
ductivity on the electrolyte side of the surface.

The Peltier heat p is difficult to measure, because the
surface is an open system, and heat leaks to both sides.
A quantitative measure for the net heat effect can
probably therefore only be obtained from the Seebeck
coefficient, (Df/DT)j=0. According to Flem et al. [2]
and Xu and Kjelstrup, [3], the Seebeck coefficient gave
234 kJ/mol Al formed. For a current density of 0.7
A/cm2 this corresponds to a heat production of about 1
W/cm2 (10 kW/m2). This number is large compared
with the Joule heat in the electrolyte [2].

3. Experimental

Four sets of experiments were done (T1, T2, T3 and
T4). In all experiments a current was passed through
the system, and temperatures were recorded at several
places, in the bulk electrolyte, and in the bulk alu-
minium near the electrode surface. In experiments T1,
T3 and T4 the temperatures in the bulk electrolyte and
in the bulk electrodes were recorded every 10 s, while in
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Table 1
Thermal and electrical conductivities of the cell materials

Thermal conductiv-Electrical conduc-Material
tivity/S/m ity/W/K m

Na3AlF6, AlF3, 200 (1000°C) 0.7 (1000°C)
Al2O3 (1, sat.)

1.3×107 (20°C)TiB2/BN –
218 (500°C)9.8×106 (600°C)Al(l)

–Mo 4.7×106 (600°C)
7 (1000°C)0.385Al2O3 (alumina)

C (graphite) 2–40 (1000°C)

aluminium cylinders (\99.99% purity). These were
melted in sintered alumina crucibles. We added a thin
steel plate in the bottom of the crucible in order to
prevent the aluminium metal from creeping over the
crucible. Electronic contact to the dc current source was
made by TiB2/BN rods, an inter-metallic composite
material consisting of approximately the same propor-
tions by weight of TiB2 and BN [1]. Thin molybdenum
wires made contact with the relatively short rods. The
finite length of the composite rods, and their continua-
tion into thin wires of Mo prevented thermal leakage
upwards.

The composite does not dissolve aluminium. This
ensures that aluminium does not creep along the elec-
tronic contact, but it also means that one must pay
attention to the contact between the rod and the alu-
minium. The contact was inspected after each experi-
ment (see below). At the same temperature, TiB2/BN
has a lower electronic conductivity than Al, and may
therefore produce relatively more Joule heat. A possible
alternative material, tungsten, has the disadvantage that
aluminium wets its surface. This prevents a location of
the surface to a confined place, and makes the experi-
ment impossible. We believe, all things considered that
we have chosen the best materials for the purpose.
Some selected thermal and electrical conductivities [6,7]
are given in Table 1.

3.3. Cell

A sketch of the main experimental cell is shown in
Fig. 2. The cell was made of graphite quality grade
780GL from Svensk Spesialgrafitt AB. A cover on the
top of the crucible prevented heat loss and electrolyte
evaporation during the experiment. The two small alu-
mina crucibles with the molten aluminium were put
into a pool of insulating alumina powder. Heat fluxes
to or from the aluminium surface will therefore be
predominantly directed in the vertical direction. The
area of the metal that faces the electrolyte was calcu-
lated to be 0.97 cm2 for experiments T1, T2 and T3,
and 1.2 cm2 for experiment T4, that had a different
dimension of the TiB2/BN rod. The measured cell
potential drop ensured that all electric contacts were
good. The total cell resistance was about 5 V (experi-
ments T3 and T4) or 9 V (experiments T1 and T2).

3.4. Procedure

The cryolite powder was dried at 200°C for 24 h
before it was mixed with aluminium fluoride. Alu-
minium cylinders of 3.6625 g were cleaned by ultrasonic
vibration in acetone for 30 min and put into the
sintered alumina crucibles. The two sintered alumina
crucibles were put into the carbon crucible and the
electrolyte was then added. The experimental cell was

experiment T2 the temperatures were recorded every
minute. Normally, the thermocouple in the electrode
was placed as close to the surface as possible. This gave
as estimate for the surface temperature. In experiments
T3 and T4, the position of the thermocouple in the
electrode was varied with respect to the electrode
surface.

3.1. Equipments

The experiments were carried out in a vertical tube
furnace with Kanthal heating elements [1]. An auto-
matic power control unit, Eurotherm model 94, con-
trolled the temperature of the furnace. The dc current
was supplied by Hewlett Packard HP 6263D Power
Supply. Type S thermocouples, Pt-10% Rh versus Pt,
connected with a multimeter, Hewlett Packard HP
3457A, were used to measured the temperature varia-
tion of the electrode surfaces and the melt during the
experiment. Ice and distilled water in a Dewar flask
were used as a cold junction. The thermocouples were
calibrated against the melting point of Ag using stan-
dard tables [5]. Argon gas was used to obtain an inert
atmosphere in the furnace, and to avoid oxidation of
the carbon crucible. A computer, Olivetti M380, was
used to sample the readings.

3.2. Materials

The electrolyte was composed of cryolite, aluminium
fluoride and alumina. Hand-picked Greenland cryolite
was pulverised by grinding on an agate mortar. The
aluminium fluoride was purified by sublimation at
1000°C for 30 h. The molar ratio between sodium
fluoride (NaF) and aluminium fluoride (AlF3) was al-
ways 2.0, corresponding to a weight percent ratio of
83/17. The electrolyte was saturated with alumina to
prevent the sintered alumina crucibles and the sintered
alumina protection tubes from being attacked by the
electrolyte. Reagent grade alumina was added, after
being fired at 1600°C for 4 h, until the salt melt was
saturated. The electrodes were made from high purity
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put in a section of the furnace where the temperature
gradient was negligible in the vertical direction.

The cooling water and argon gas were turned on
before the furnace was heated up. The temperature of
the furnace was kept around 960°C after the electrolyte
was molten at 1010°C. Three thermocouples were used
in the experiment, one was used to monitor the temper-
ature of the melt and the other two were used to
measure the temperature of the cathode and the anode,
respectively. When the electrolyte was molten, the TiB2/
BN rods and the thermocouples were pushed carefully
down to the top of the molten aluminium pools. This
was done by lowering them to a pre-labelled position.
The position of the thermocouples relative to the
molten aluminium surface turned out to be important.
It was difficult, however, to put the thermocouples in
the exact position each time. For this reason, a cross
section of the frozen cell was sometimes made after the
experiment, to verify, for instance, the location of the
thermocouples.

When the temperatures of the melt and the alu-
minium electrodes were stable, electrolysis was started
by applying a constant current of 0.5, 1.0, 1.5 and 2.0
A, respectively. The current was obtained by tuning the
potentiostat to a proper voltage. The typical electrolysis
time was 3–5 min, but readings were normally taken
every 10 s. A current of 1.0 A during 3 min changes the
amount of aluminium in the electrode by 0.05 g. This is
insignificant compared with the total amount. After
electrolysis, the system was allowed to relax back to the
initial state. When the experiment was done, the power
of the furnace was turned off, while the cooling water
and the argon gas were left on until the temperature of

the furnace reached to room temperature. The cell was
then taken out for dissection.

4. Results

In all experiments, we observed that the temperature
of the electrodes changed when electrolysis started,
whereas the temperature of the melt was more or less
constant. The temperature decreased in the anode,
while it increased in the cathode (in good experiments).
When electrolysis was stopped, the temperature of the
electrodes changed in the reverse direction. About 5–10
min after turning off the dc current, the temperatures of
the electrodes stabilised again. The experiments shall
now be described in more detail.

Experiment T1 shows that the cathode is heated,
while the anode is cooled to approximately the same
degree, and in almost the same fashion for the various
currents (see Fig. 3). A cooling effect at a temperature
of around 960°C in the presence of an electric current
can only be explained by a Peltier effect. Peltier effects
are proportional to the current, and in order to check
that the observed effect had this property, we plotted
the initial temperature jump of the plots in Fig. 3 versus
the current. The results are shown in Fig. 4. We see
proportionality, as predicted, for positive as well as for
negative currents. The line seems to be passing through
origin with a relatively constant slope. We take these
results as a confirmation of the reversible Peltier effect.

The temperature variation for 1.0 A in Fig. 3 is
shown in more detail in Fig. 5. The figure shows that
the temperature increases during 10–20 s. This time is

Fig. 2. The symmetrical experimental cell showing the position of the electrodes, the connecting leads and the thermocouples.
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Fig. 3. The temperature variation in the cathode, anode and electrolyte for different currents as a function of time (in seconds).

reasonable. The metal pool will be heated on such a
time scale by the current. A small delay must be
expected since we measured the temperature close to,
but not at the surface. Artifacts, like electrical induction
in the thermocouple wires, will occur on a microsecond
scale. A disturbance that lasted less than a second was
sometimes observed (not shown here). This was ex-
plained by voltage relaxations in the electric circuit that
controls the current.

Joule heating is proportional to the resistance of the
heated material and the current squared. For larger
currents, we find that the melt temperature does in-
crease. This must be due to Joule heating. Joule heating
is of course present also in the electrode surfaces, to a
smaller or larger degree. At the surface, Peltier and

Joule effects are superimposed. The Joule heat in the
electrolyte of experiment T1 was smaller than in exper-
iment T2 (see Fig. 6).

The results described above are therefore taken as a
confirmation of a negative Peltier effect at the alu-
minium anode, and a positive one for the aluminium
cathode. The temperature jumps are large, more than
20 K for the highest current. We shall see below that
this result is in qualitative agreement with the reported
Seebeck-coefficient.

We return to Fig. 5, and examine the finer details of
the temperature curves. We see that the temperature
varies on two time scales as the current is turned on.
We first have an initial change over seconds. This
relatively rapid change is followed by a slower change,

Fig. 4. The temperature jump at the cathode and anode surfaces as a function of the current.
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Fig. 5. A close-up of the temperature variation in Fig. 3 for I=1.0 A.

showing that steady state is not reached. While the first
rise (decline) can be associated with the direct heating
(cooling) in the surface, the next variation is a slow rise.
This may represent heat exchange with the close sur-
roundings. When the electric current is turned off, we
see that the two electrode temperatures relax to the
steady state value in different manners. The cathode
temperature relaxes, as expected, towards the initially
lower temperature. This indicates that the metal pool of
this electrode is cooling down. At the anode, there is
first a rise in the temperature, then a decline, after the
current is turned off. The initial rise is not expected if

the heat sink at the surface leads to heat conduction
from the metal to the surface. One may expect a
gradual decrease in the temperature towards a steady
value, while a small increase is observed in two of four
runs (see Fig. 3). Presence of convection cannot offer
an explanation.

In an assessment of the data, one should remember
the extreme experimental conditions. The thermocouple
shield consists of sintered alumina. Even if the melt is
saturated with alumina, the shield may become con-
ducting after long exposure to the melt, and promote
strays currents. It is further likely that the two elec-

Fig. 6. The temperature variation in the cathode, anode and electrolyte for different currents as a function of time (in minutes).
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Fig. 7. The temperature variation in the cathode, anode and electrolyte for different currents as a function of time (in seconds). The
thermocouple in the cathode is in bottom of the crucible that contains the aluminium, see Fig. 9(T3a).

trodes are not symmetrical. The anode reaction of the
experiment may not be exactly the reverse of the
cathode reaction, since the layers above the surface may
differ.

In spite of some unresolved points, it still seems fair
to distinguish between two types of thermal phenom-
ena; one proportional to the current, a Peltier heat
effect, and one more dependent on time. Fourier type
fluxes are independent of the current. A Joule effect
must be present, but cannot be separated from the
Peltier effect, with the experimental uncertainties of the
experiment.

The variations in experiment T2 are less clear than in
T1, see Fig. 6, but here the temperature was recorded
only every minute. Over a longer time, we see a basic
drift in the temperature of the bulk melt, approximately
4 K over 2 h. There are no significant effects of
electrolysis at low currents. The thermal effects at
higher currents are again opposite in sign, but they are
less symmetric. The observations are according to what
one should expect. On a larger time scale, the tempera-
ture variations must be more damped, since a longer
time is available for heat conduction away from, or to
the electrode.

The lack of asymmetry in the recordings of the two
electrodes, was further pursued in Experiments T3 a, b
and c. The position of the thermocouple in the elec-
trode was varied in these experiments. Otherwise the
experiment was the same as in T1. The results are
shown in Figs. 7 and 8. Fig. 9a–c illustrate the result of
dissecting the cells after the experiments. In all experi-
ments the melt temperature was stable. In experiment
T3a, shown in Fig. 7, the thermocouple in the cathode

was at the bottom of the electrode, while the thermo-
couple in the anode was close to the surface (see Fig. 9).
A small heating of the cathode was seen, while the
anode cooling effect was large. In the next experiment,
T3b (Fig. 8), the positions of the thermocouples were
inter-changed (see Fig. 9). The cathode effect became
much larger than the anode effect (with opposite signs).
We were able to reverse the situation in a qualitative
manner once more, by experiment T3c (Fig. 9). The
results were then similar to those of Fig. 7.

These results indicate that the heating does take place
close to or at the surface, as predicted by theory. Apart
from the change in relative magnitude, the results are
similar to the results of experiment T1. The lack of
symmetry in experiment T2 (Fig. 6) may thus be ex-
plained by an asymmetry in the (unknown) position of
the thermocouples.

In experiment T4, the current was constant, 1.0 A,
while the positions of both thermocouples in aluminium
were varied. The lower positions were in the bottom,
and the higher positions were close to the surfaces. The
results are shown in Fig. 10. In the bottoms of the
crucibles holding aluminium, both thermocouples
recorded temperature rises. This must be due to Joule
heating of the crucible and thermocouple, because the
thermocouples were far from the surface. As the posi-
tions of the thermocouples approached the surface, the
cathode was still heated, but a cooling effect was
recorded by the thermocouple in the anode. The cool-
ing effect became larger, as the position of the thermo-
couple became closer to the surface. Again we conclude
that a surface effect has been indicated, with a sign as
predicted from earlier experiments. The initial Joule
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Fig. 8. The temperature variation in the cathode, anode and electrolyte for different currents as a function of time (in seconds). The
thermocouple in the anode is in bottom of the crucible that contains the aluminium, see Fig. 10b.

effect may be explained by a temporary local increase
in resistance, for instance, due to excess alumina.

5. Discussion

5.1. The different thermal effects at the electrode
surface

The present results confirm earlier predictions that
the Peltier effect at the aluminium electrode is large
during electrolysis. In this study we had maximised

conditions so as to observe the effect. We had kept the
aluminium electrode in a container with relatively low
thermal conductivity, and insulated the container from
the well conducting graphite crucible by stuffing alu-
mina below the bottom and around the walls. In this
manner we tried to maximise the production of heat in
the metal. We nevertheless see that an excess tempera-
ture is most likely observed when the thermocouples in
the electrodes are close to the surface. Some heat will
necessarily escape through the surface into the elec-
trolyte. Another heat leakage out of the metal pool is
through the rod of TiB2/BN. We made an effort to

Fig. 9. The position of the thermocouples for the experiments illustrated in Figs. 7–9. The results from experiment T3a are shown
in Fig. 7. The results from experiment T3b are shown in Fig. 8. The results from experiment T3c are similar to those of Fig. 7.
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Fig. 10. The temperature variation in the cathode, anode and electrolyte for a given current as a function of time (in seconds). The
thermocouples in the electrodes are gradually raised above the bottom of the crucibles that contain the aluminium.

reduce this leakage, by connecting the rod to a thin
molybdenum wire, but this may not be enough to
prevent some heat leak. The experimental circum-
stances make it difficult to get a quantitative measure of
the excess heat production at the surface.

The thermal effects in and close to the electrode
surface can nevertheless be estimated. We probably
have production of Joule heat and of Peltier heat, as
well as Fourier heat transport. Heat transport by con-
vection is probably small. Consider for the sake of
illustration of their relative magnitude, a layer close to
the surface on both sides of the surface of thickness 1
mm. The area of the layer in most experiments was
close to 1 cm2. With the electronic conductivities listed
in Table 1, the Joule heat production in the electrolyte
layer is 5×10−2 W, while the corresponding heat
production in the same layer of metal is 10−6 W. Both
results are negligible compared with the Peltier heat,
estimated from the measurements of Xu and Kjelstrup
[3], 1 W. The Joule heat production in the composite
material, TiB2/BN is also negligible.

We further see from the thermal conductivities in
Table 1, that it is probably a reasonable approximation
for a short time period, to say that the Fourier type
heat leakage from the heated aluminium is small. In the
equations above, we can then use the approximation
l iDs,iT:0. Furthermore, we assume that all the heat
generated at the surface is transported into the alu-
minium pool but not elsewhere (through the connecting
rod). It stays there (at least a short time), because
sintered alumina is also a relatively poor thermal con-
ductor. The heat generated in the surface per unit of
time is then only used to heat aluminium. The heat
change in aluminium is

VSB
dq

dt
=mcp

dT

dt
=p

� j

F
�

Consider therefore the situation that the Peltier effect
is used in the very first seconds of the electrolysis to
change the temperature of the upper layer of the alu-
minium pool, say 1.2 g (0.04 mol) or 1/3 of the alu-
minium present. The heat capacity of the Al is
approximately cp=24 J/K mol. We have from the
experimental details of Fig. 5, that the initial tempera-
ture change is dT/dt=0.5 K/s, over the first few sec-
onds, for a current density of 1 A/cm2. A heat source
that can explain such a temperature rise has a strength
of 0.4 W, while our earlier result from the Seebeck
coefficient was 1 W. This crude estimate therefore gives
some credibility to the experimental results, as it gives
the same order of magnitude, and a smaller value than
the Seebeck coefficient.

The linear dependence of DT on the current (Fig. 4)
can be expected only for relatively small currents. At
larger currents, with pronounced Joule effects in the
system, deviations from a straight line must be ex-
pected. One can speculate on the meaning of such
deviations. The precision of the data does not allow any
further deductions to be drawn.

The measured temperature may vary from experi-
ment, because the contribution from the surface Joule
heat may vary (it is impossible to control surface lay-
ers), and the amount of the mass heated may also vary.
The recorded temperature will be smaller, the longer we
wait to read it, because a greater amount of mass is
then heated, and because heat leakage to the surround-
ings reduces the measurement. These factors not only
give a qualitative explanation for the difference between
experiments T1 and T2, but also T1 and T4.
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5.2. Technical rele6ance

The relevance of the experiments for the technical
production of aluminium should be commented. We
have seen above that relatively large temperature differ-
ences can be recorded across small distances, in an
experimental set-up that insulates the heated aluminium
from the surroundings to a large degree.

The aluminium pool in the industrial electrolysis cell
is not very well insulated, since the side ledge must be
kept frozen. Heat is transported in all directions from
the central part. It is conducted through the metal pool
and the carbon block beneath it. The electrolyte is
stirred, by the magnetic field and by gas evolution.
Here heat will be transported by conduction and con-
vection. The metal may also conduct well along its
surface.

The electrolyte is less shielded from outside than the
bottom parts are. There are therefore temperature gra-
dients in the electrolyte, to the sides and to the top.
They are larger, the closer one comes to the side ledge.
The metal and carbon conducts well, and one would
therefore not expect observable thermal gradients along
or inside the metal.

The existence of a Peltier heat of the magnitude that
is indicated in this paper and previously [2] does not
necessarily mean that one should find large temperature
gradients in the metal or in the melt. With well con-
ducting surrounding phases, the temperature gradients
can be small. One can nevertheless have large heat
fluxes.

The top of the metal is often covered with a more or
less thin alumina layer or sludge. This may lead to a
low thermal conductivity in the direction perpendicular
to the metal at the metal surface. If the thermal conduc-
tivity is higher along than across the surface, a Peltier
heating at the surface can lead to a relatively large heat
flux along the metal and into the side ledge. Excess
removal of the side ledge at the metal surface has long
been a problem in the electrolysis cell. The disappear-
ance of side ledge has been explained by erosion [8]. We
propose that there may also be an excess melting in this
region due to the heat source of the cathode surface,
and conduction along the surface.

Modern cells operate at electrolyte temperatures 10
K higher than the liquidus temperature. Due to the
higher concentration of NaF at the aluminium surface,
the liquidus temperature of this local electrolyte compo-
sition might well be lower that the bulk electrolyte
temperature, and also lower than its liquidus tempera-
ture. The Peltier heating at the aluminium surface may

explain why the electrolyte does not freeze in this
region.

A large positive Peltier effect at the cathode implies a
negative Peltier effect at the anode [2]. We shall elabo-
rate on the anode in our next work.

Even if temperature gradients in the melt are not
large in practice, their variation in space may give good
indications as to the direction of heat fluxes, and mag-
nitudes of sinks and sources. A systematic mapping of
such gradients may be valuable in an attempt to find
more reliable thermal models for the cell.

6. Conclusion

For the first time, we have been able to demonstrate
directly by experiment the Peltier heat effect at the
aluminium electrode. This laboratory result should be
taken into account in the thermal design of aluminium
electrolysis cells.
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