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A cathode with an inclined surface (5�) and increased bar collector height
(230 mm high) was incorporated into two 300-kA industrial aluminum-re-
duction cells. The voltage of the cells with the modified cathode was reduced
by approximately 200 mV when compared with that of a conventional cell with
a flat cathode. Through the use of simulations, the reduction in the cell voltage
was attributed to the cathode modification (40 mV) and a reduced electrolyte
level of 0.5 cm (160 mV). As a result of reduced anode cathode distance (ACD),
the ledge toe was extended to the anode shadow by 12 cm. This caused a large
inverted horizontal current and a velocity increase. The ledge profile returned
to the desired position when the cells were insulated more effectively, and the
metal velocity and metal crest in the modified cells were reduced accordingly.

INTRODUCTION

Most primary aluminum is produced by the electrol-
ysisofalumina through the Hall–Héroult process. This
has been the dominant method for the production of
aluminum for more than 120 years. An enormous
amount of electrical energy is consumed during the
electrolysis process. Thus, minimizing energy con-
sumption is highly desirable. Unfortunately, the best
aluminum smelters operate with an energy efficiency
(ratio of theoretical energy required to actual energy
provide) of approximately 50%,1 with half of the
electrical energy being wasted by Ohmic heating. The
cells used in this process contain numerous conductive
components, but it is the highly electrically resistive
electrolyte that accounts for the largest part of the
Joule heating of the cell (�5%).2 Therefore, to reduce
energy costs, the anode cathode distance (ACD) is kept
as small as possible. Nevertheless, the presence of a
strongelectric current causesthevertical componentof
the magnetic field, generated by the external busbars,
to interact with the horizontal current in the metal.
This interaction promotes metal flow and oscillation.
Therefore, significant efforts have focused on ensuring
that the current and the vertical component of the
magnetic field are more uniform to reduce both the
metal wave and the ACD.3–7 Promising improvements
have been reported by modifying the structure of the
cells and the materials used within them.

These improvements in cell efficiency have involved
indirect methods. In 2008, a modified cathode with
protrusions was tested in the Chongqing Tiantai
smelter in an effort to increase the flow resistance
directly and demonstrated effective in reducing energy
consumption.8 After that, different types of cathode
protrusions were tested in subsequent years. The
results of these modifications in industrial cells proved
to be favorable, which was an important step toward
reducing energy consumption. In 2015, a modified
cathode with an inclined surface and increased collec-
tor bar height was designed and incorporated into two
cells for testing. This modified cathode successfully
lowered energy consumption without causing magne-
tohydrodynamic (MHD) instability.

In this article, electrothermal models are estab-
lished in ANSYS to predict the thermal behavior of
cells with conventional cathodes and modified cath-
odes. The effect of the cathode shape on the velocity
is also calculated.

MODELS

The test cells consisted of 20 anode rods and 20
sets of double anodes and were operated at a line
current of 300 kA. Three-dimensional (3-D) models
of a slice of the cell were developed using ANSYS for
estimating the electrothermal performance. The
structure of the cells containing the modified
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cathodes is depicted in Fig. 1. The model of the
entire cell that was used for the velocity calculation
has been reported previously in the literature.9

The cathode modifications included an inclined
cathode surface (5� inclination) and a collector bar
with increased height. The height was increased
from 180 mm to 230 mm over most of the collector
bar length, whereas the end portion was maintained
at 180 mm to match the existing cathode busbar
design and to reduce heat loss.

Governing Equations

The electrothermal behavior of the cells was
estimated by initially calculating the distribution
of the electric potential in the conductive region.
This was done by solving the Laplace equation:

r � ðrrVÞ ¼ 0 ð1Þ

Therefore, the current density (J) was obtained
using the following equation:

J ¼ �rrV ð2Þ

where r is the electrical conductivity, V is the
electric potential, and J is the current density.

The heat transfer in each control volume is
subject to the energy conservative equation
(Eq. 3), which can be used to acquire the tempera-
ture distribution:
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Equation 3 was used for the transient thermal
analysis. At steady state, Eq. 3 simplifies to the
following equation:
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The Ohmic heating as a volumetric source term
for the thermal energy equation is given by the
following equation:

_U ¼ rr2V ð5Þ

The ledge profile was determined by assuming the
initial ledge profile to calculate the temperature
distribution and obtain the temperature nodes at
the assumed ledge. These temperature nodes were
then checked to see whether they fell within the
temperature range of primary crystallization. The
coordinates of the points on the ledge profile were
then adjusted according to Eq. 6 to recalculate the
temperature.10 This process was repeated until all
temperature nodes satisfied the primary crystal-
lization temperature:

Xiþ1 ¼ Xi þ Lstep � T � Ts

Te � Ts
ð6Þ

where Xi and Xi+1 are the point coordinates at the
ledge profile before and after adjustment respec-
tively; Lstep is the step size of a point move; T is the
calculated node temperature; Te is the electrolyte
temperature; and Ts is the primary temperature of
crystallization.

In a conventional cell, the ACD is approximately
5 cm. In the case of the inclined cathode, the metal
height varies along the cathode length; thus, the
largest metal height located at the center was kept
the same 25 cm as the metal height in the conven-
tional cell. The electrical resistivity of the elec-
trolyte depends on its composition. In the present
work, the electrical resistivity of the electrolyte was
taken as 0.005 X m. The cathode material was 100%
anthracite with an electrical resistivity of 45 lX m
(20�C). The cell components properties are given in
Table I.

RESULTS AND DISCUSSION

With a constant current, the voltage drop in the
modified test cell was reduced by approximately
200 mV when compared with that of a conventional
cell. Aside from the modified cathode, all other cell
components were unchanged. Therefore, the
decrease in the cell voltage drop in the modified
cell may have been caused by the shape of the

Fig. 1. (a) Structure and lining materials of an aluminum reduction
cell. (b) Cathode dimensions (unit: mm).
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modified cathode or by the reduced electrolyte level
below the anodes. As the modified cathode surface
could redistribute the current, which would proba-
bly affect the cathode voltage drop, the bath level
was maintained to evaluate the variation in cathode
voltage drop prior to determining any effect that the
bath level may have had.

The voltage drop of the cathode in cells with
modified cathode and conventional cathodes are
compared in Fig. 2. The modified cathode caused a
40-mV reduction in the cathode voltage drop. It is

likely that the reduction in the cell voltage drop was
caused by the reduced ACD. Through the use of
numerical calculations, the 160-mV reduction in the
voltage drop was found to correspond to an elec-
trolyte depth of 0.5 cm. Therefore, the ACD in the
modified cell was anticipated to reduce to 4.5 cm.

Temperature Distribution

A comparison of the isotherms from cross sections
through the collector bar is shown in Fig. 3. The
modified cell that used the same lining materials as
in the conventional cell (Fig. 3b) had a lower
electrolyte level, which generated less Joule heat-
ing. This caused the ledge toe to extend under the
anode shadow. The isotherms shifted toward the
cell interior where Joule heating was occurring. To
minimize heat loss, the sidewall and bottom mate-
rials were replaced with materials with lower
thermal conductivity (sidewall: semi-graphitic car-
bon block fi amorphous carbon block [100% anthra-
cite]; bottom: calcium silicate board fi asbestos
insulation board). The results predicted that the
location of the bath–ledge interface was kept at a
desired position after the change of insulating
materials.

Consequently, to ensure sufficient heat genera-
tion for normal operation, the ACD could not be
lowered too much. Aside from MHD stability, Joule
heating is a major constraint for reducing the ACD.
The extent of its reduction is associated with the
thermal balance of the cell and magnetohydrody-
namic (MHD) stability, which relies on plant trial
data because of the complicated interactions that
occur during the electrolysis process.

Table I. Cell component properties11–14

Component
Thermal conductivity

(W/m K)
Specific thermal
capacity (J/kg K)

Bulk density
(kg/m3)

Anode rod, yoke 45–0.02t 120 8000
Anode cover 0.166 + 0.293 9 10�3(t � 27) 1850 2400
Hot gas layer 0.0297 + 5.25 9 10�5t 1179 0.28
Semi-graphitic side block 22.13 + 6.19 9 10�3t � 5.29 9 10�6t2 1500 1630
Anthracite side block 5.36 + 5.81 9 10�3t � 3.43 9 10�6t2 1383 1580
Ramming paste 2.98 + 2.05 9 10�3(t � 27) 1289 1440
Refractory brick 0.047 + 0.234 9 10�3(t + 73) 1443 2100
Casting material 0.3 + 1.67 9 10�4t 950 2200
Steel collector bar 56.6 + 0.0545 9 (t + 73) 120 7840
Anode 4.17 + 1.51 9 10�3t 1354 1580
Cathode 2.3 + 5.78 9 10�3(t � 27) 1400 1560
Bath 1000 1760 2173
Ledge (frozen bath) 0.825 + 0.55 9 10�3(t � 27) 1850 2850
Molten metal 500 1088 2375
Dry impervious material 0.31 + 6.06 9 10�4t 900 2100
Steel shell, deck plate 45–0.02t 120 7840
Calcium silicate board 0.047 + 0.234 9 10�3(t + 73) 1000 220
Asbestos insulation board 0.03 + 0.138 9 10�3t 840 120
Insulating brick 0.184 + 0.068 9 10�3(t + 173) 750 425

Fig. 2. Electrical potential in the cathode assembly (unit: V). (a) Flat
cathode (collector bar size 65 mm 9 180 mm). (b) Inclined cathode
(collector bar size 70 mm 9 230 mm).
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Horizontal Current

The current vector in the cathode assembly is shown
in Fig. 4. The current traveled via different pathways
depending on the ledge profile. The extension of the
ledge toe (Fig. 4b) introduced a large inverted horizon-
tal current in the metal with a magnitude of approx-
imately 7000 A/m2. This type of ledge toe extension
should always be prevented during operation.

Metal Velocity

The whole cell velocity was calculated to deter-
mine the effect of the cathode shape and ledge
profile.

The metal velocity of a cross section located in the
middle of the entire cell is shown in Fig. 5. The
inclined surface significantly reduced the metal
velocity close to the cathode surface. In close

Fig. 3. Isotherms predicted for the cell. (a) Flat cathode (ACD = 5 cm). (b) Inclined cathode (ACD = 4.5 cm). (c) Inclined cathode
(ACD = 4.5 cm, enhanced thermal insulation of sidewall).
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proximity to the ledge, the metal velocity was tiny
(Fig. 5c), which was compounded by small eddies
that were caused by the ledge blocking to the flow.

The global metal velocity within the cell is shown
in Fig. 6. In the absence of enhanced thermal
insulation, the maximum velocity of the cell using
the inclined cathode (Fig. 6b) was greater than that
of the conventional cell (Fig. 6a). It is plausible that
the large inverted horizontal current originated
from the ledge toe extension. Nevertheless, this
large current was not detrimental to the cell as the
central metal wave crest was reduced from 2.6 cm to
2 cm. Yet the metal velocity should be kept as small
as possible to reduce the metal wave and minimize
cathode abrasion. Additionally, larger velocities
cause stronger thermal convection within the liquid,
which leads to increased heat loss through the
sidewall. The ledge profile returned to its desired
position with increased thermal insulation, which
caused the velocity to decrease and the metal wave
crest to reduce to 1.8 cm. The monthly average
testing data for the inclined cathode are listed in
Table II.

Fig. 4. Current density vector in the cathode assembly. (a) Flat
cathode (ACD = 5 cm). (b) Inclined cathode (ACD = 4.5 cm). (c)
Inclined cathode (ACD = 4.5 cm, enhanced thermal insulation of
sidewall).

Fig. 5. Cross-section velocity in the metal. (a) Flat cathode
(ACD = 5 cm). (b) Inclined cathode (ACD = 4.5 cm). (c) Inclined
cathode (ACD = 4.5 cm, enhanced thermal insulation of sidewall).

Fig. 6. Metal velocity in the whole cell (4 cm below the bath–metal
interface). (a) Flat cathode (ACD = 5 cm). (b) Inclined cathode
(ACD = 4.5 cm). (c) Inclined cathode (ACD = 4.5 cm, enhanced
thermal insulation of sidewall).
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For conventional cells in the potline, the average
cell voltage and energy consumption were approx-
imately 4.1 V and 13.30 kWh/kg Al, respectively.
The modified cathode reduced energy consumption
efficiently.

CONCLUSION

A modified cathode with an inclined surface (5�
inclination) and increased slot height for the collec-
tor bars (230 mm high) was incorporated into two
300-kA industrial aluminum-reduction cells. The
cell voltage was reduced by approximately 200 mV
compared with a conventional cell with a flat
cathode.

The electrothermal distribution was modeled and
analyzed using ANSYS, which indicated that the
200-mV cell voltage reduction was caused by a
combination of the cathode modification (40 mV)
and the reduced electrolyte level (electrolyte depth
of 0.5 cm) under the anodes (160 mV).

If the thermal insulation was not changed in the
modified cell with a reduced ACD, the ledge toe was
extended to the anode shadow by 12 cm, which led
to an inverted horizontal current of approximately
7000 A/m2 and to an increase in the maximum
velocity.

To overcome the lower Joule heating that was
caused by the decreased electrolyte levels, the cells
were lined with materials with low thermal conduc-
tivity. This caused the ledge profile to return to its
desired position where the large horizontal current
was eliminated. Accordingly, the metal velocity and
metal wave in the modified cell were both reduced.
Monthly average testing data showed that the
modified cathodes saved energy to varying extents,
which depended on the metal level.
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Table II. Testing data of a 300-kA aluminum-reduction cell with modified cathodes

Cell voltage
(V)

Metal level
(cm)

Current efficiency
(%)

Energy consumption
(kWh/kg Al)

Cathode voltage
drop (mV)

Electrolyte
temperature (�C)

3.914 25 89.74 13.00 224 953
3.922 26 90.71 12.88 215 962
3.912 27 91.86 12.69 215 965
3.957 28 92.79 12.71 239 955
3.922 29 92.87 12.58 251 956
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