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Abstract: Temperature measurement is essential for the control of alumina dissolution and
the stability of the cell in the Hall-Héroult process. However, the deployment of conventional
sensors is a challenging task due to the corrosive nature of the process. In this paper, a zero-
dimensional thermal model for real-time bath temperature estimation is proposed. A thermal
model candidate for cell temperatures is constructed using alumina concentration estimations
and available measurements. The thermal model is validated on industrial data.
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1. INTRODUCTION

Hall-Héroult process is the main industrial method used
for aluminum production (Grjotheim and Welch, 1988).
This process consists in an electrochemical reaction gen-
erated by an electric current flowing in an electrolyte
bath composed mainly of cryolite and dissolved alumina
(Al203) (Bearne, 1999). The current separates the alu-
minum from oxygen forming a metallic liquid layer on the
surface of the cathode while oxygen reacts with carbon
anodes producing carbon dioxide gas (COs).

Unmeasured energy losses can be caused by irregular
events such as anode change, reducing the overall per-
formance of the cell. In addition, when dissolved alumina
concentration reaches critical low levels, anode effects can
be triggered releasing high levels of greenhouse gas emis-
sions (Gao et al., 2022). Moreover, since the dissolution
of alumina is partially governed by the thermal variations
of the cell (Haverkamp and Welch, 1998), measuring the
bath temperature is necessary to achieve optimal alumina
regulation and to reduce heat losses.

However, the corrosive nature of the cryolite and the high
level of the magnetic field generated by the large current
intensity -in order of hundreds of kilo ampere- render the
use of real-time thermocouples a challenging task (Jakob-
sen et al., 2001). In standard production plants, bath
temperature measurements are carried-out manually at
widely spaced time intervals. For this reason, model-based
approaches are considered (Taylor et al., 1996), these
methods allow the implementation of observer-based tem-
perature sensors (Besancon, 2007). Finite-element thermal
models have been proposed (Biedler, 2003; Lalancette
et al., 2023). But, they are difficult to implement in real-
time monitoring due to their high computational load.

Reduced-order discretized models are considered instead
(Cheung et al., 2015; Wong, 2022), though these algo-
rithms do not take into account alumina concentration
effect on the thermal behavior. Distributed temperature
estimators have also been provided based on observer de-
sign (Wong et al., 2021; LeBreux et al., 2013). However, the
proposed estimators require thermocouple measurements
as an observer input for the correction step.

This study introduces an intermediate zero-dimensional
thermal model of the alumina-electrolysis cell referred to
as the IZDT-model. Designed with an observer-oriented
framework, this approach enables real-time temperature
estimation in future applications without requiring ther-
mal input data. The IZDT-model is validated on industrial
data provided by Laboratoire de Recherche des Fabrica-
tions (LRF) Saint-Jean-de-Maurienne, France. The pro-
posed system takes into account available real-time mea-
surements as well as alumina concentration estimates given
by a predefined mass dissolution observer, called “MD-
observer” (Mattioni et al., 2025). The model is designed
with a minimum number of heat exchanges without losing
the main thermal features of the cell.

This paper is organized as follow: in Section 2, the con-
struction of the IZDT-model is explained. A validation test
is presented and analyzed in Section 3. Section 4 concludes
with a summary of our work and future perspectives.

2. INTERMEDIATE THERMAL MODEL

This section is dedicated to the description of the cell
architecture, the design of the IZDT-model and the de-
velopment of its state-space representation.



2.1 Model architecture

A simplified representation of the cell is given in Fig 1.
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Fig. 1. Cross-sectional view of alumina-electrolysis cell

The system dynamics are derived by expressing the main
heat exchanges between the cell structures. The cell can be
decomposed into several elements with a core consisting
of superposed layers of bath and metal located inside a
rectangular pot. Multiple wall structures known as the
sidewalls compose the pot. Due to the temperature dif-
ference between the liquid components and the sidewalls,
a non-uniformly distributed frozen layer of cryolite known
as ledge is formed on the surface of the sidewalls (Sanogo
et al., 2024). The sidewalls are reinforced with a shell struc-
ture isolating the electrolysis cell from the ambient air. A
portion of the heat is evacuated above and below the cell
through anode and cathode structures, these structures
are discretized into vertically superposed sub-blocks.

2.2 Hypotheses and simplifications

To achieve zero-dimensional thermal modeling of the cell,
the following hypotheses are posed:

Hypothesis 1. The temperature of each block is assumed
to be uniform and represented by a single node.

Hypothesis 2. Since the aluminum is an excellent thermal
conductor, the liquid metal and the bath are considered as
a single element block referred to as “liquid”, with a single
node temperature Tj.

Hypothesis 3. Cascaded sidewalls and shell are replaced
by a single equivalent sidewall structure.

Hypothesis 4. The parallel anode blocks are replaced by a
single anode structure with equivalent enthalpy.
Hypothesis 5. Ledge is considered to be uniformly dis-
tributed on the walls of the cell with an equivalent node
temperature 7T7,.

2.8 State-space representation

Following the previous hypotheses, the overall cell can be
visualized using the simplified block diagram in Fig 2.
The temperature derivative of each node k in Fig 2 can be
expressed using the first principle of thermodynamics:
d(my ()T (¢
where ci, my, Tk, Q are respectively : the specific thermal
capacity [J/kg/K], the mass [kg], the temperature [K] and
the sum of heat fluxes [IW] exchanged within node &k with:
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Fig. 2. Simplified diagram of the considered cell elements

where [b, L, W, A, C] are the nodes associated respectively
to the blocks: liquid, ledge, sidewall, A anode sub-block
and C*" cathode sub-block.

The heat transfer between two connected nodes n and m
is denoted by Qpnsm-

The IZDT-model of the cell can then be constructed using
the following ODEs:

' ! Qolt) —1m a
1) = s (L —somo)  (20)
S e
110 = o (L “anono) o)
Tw (t) = Qw(t) (2¢)
cwmw

where the terms Qp, Q, and Qw are given by the following
set of equations:
Qv(t) = Qneat(t) — QuesrB(t) — Quesa(t) — Qpesc ()
(3a)
Qr(t) = QrLeor(t) — Qrew(t) (3b)
QW(t) - QL(—)W(t) - QWHamb(t) (3C)
where Qpeq: is the generated heat in the cell core. Qpesr B,
Qves 4, Qvse, QLB QLow, Qw samp are the heat tra-
nsfers connecting respectively: liquid to ledge boundary,
liquid to anode block, liquid to cathode block, ledge
boundary to ledge, ledge to sidewall and sidewall to
ambient air.
All of the listed heat terms are explained in Section 2.4.

2.4 Heatl transfer terms

This section lists the main heat flux transfers between the
different cell elements mentioned in equation (3).

Heat generation:  The cell voltage generated from the
line current flow can be separated into two terms: the
first term is an electrochemistry term representing the
electric potential needed for the chemical reaction, while
the second term is the heating potential representing the
heat dissipation in the cell core. The main source of the
cell core heating comes from the Ohm’s power law:

Qheat(t) = Vheat (t)Iline(t> (4-)
where Ij;, is the line current and V4, is the voltage used
for the cell heating.

The heating voltage is given in terms of the measured
pseudo-resistance of the cell R (Kvande et al., 2016):

Vheat (t) = Iline (t)R(t) + VO - Vmetal (t) (5)
where Vi, etqr is the aluminum production voltage and Vj
is a fixed voltage set according to the cell’s technology.



The pseudo-resistance R can be deduced from the cell
voltage measurements V.;; (Haupin, 2016):

Veett (t) = Vo

R(t) - Iline (t)

(6)
Replacing (5) in (4):

Qheat (t) = (Iline (t)R(t) + ‘/O - Vmetal (t))Iline (t) (7)
In order to remove noise disturbance when estimating the
generated heat in (7), a filtered version of the pseudo-
resistance R obtained from MD-observer can be used in-
stead of the raw measured pseudo-resistance R. A filtered
generated heat Qpeqr can then be given by:

Qheat (t) = (Iline (t)R(t) + Vo — Vinetal (t))lline (t) (8)

The power needed for metal production Qmetq; given a
mass rate of the produced aluminum 7 4; can be described
using the following expression:

Qmetal (t) = mAl(t)AHAl (9)
where AH 4; is the enthalpy of metal production given in
[J/kg] and m y; is the mass of the liquid aluminum.

Metal production power Q,etq; can also be expressed as
the product of metal production voltage and line current:

Qmetal (t) = Vmetal (t)Iline (t) (10)
The mass rate of aluminum 71 4; is given by Faraday’s law:

.’EMAl

3F Ilzne(t)
where x is the current efficiency of the cell, My; is
the aluminum molar mass, 3 is the valence number of
aluminum and F is the Faraday constant.

By replacing (11) in (9):

ma(t) = (11)

My
meat:AH 7Iinet
Qmetal (t) a1 (t)
The obtained equation (12) can be used to identify the

metal production voltage from (10):
My

3F
The proposed term is an average estimation of the metal
production voltage taking into account the average energy
used for pre-heating alumina and anodes at a theoretical
alumina feeding frequency.

(12)

‘/metal (t) = AI{Al

(13)

Heat transfer from liquid to ledge:  Liquid metal, liquid
bath and frozen ledge have different phases. Therefore,
heat is not directly transferred from the liquid to the
ledge. In fact, the heat will be first transferred from the
liquid to the liquid-ledge interface denoted as Q. 1.5, and
then, from liquid-ledge interface to the ledge Q. .. This
interface is commonly known in the alumina-electrolysis
field as the liquidus or the ledge boundary “LB”.

Heat transfer from liquid to liquidus:  This term repre-
sents the heat transfer at the surface intersection between
the liquid and LB. The liquid to LB exchange term Q,_ 15
is defined below by Newton’s heat convection principle:
QvorB(t) = AT(t) (hp—LAB—1 + hin—r Am—r(t)) (14)
where hp_r, h,_1 are respectively the heat transfer co-
efficients from bath to ledge and from metal to ledge in
[W/m?/K]. The pair (Ag_r; Am—1) is the exchange heat
surfaces between bath-ledge and metal-ledge in [m?].
Both heat transfers from metal and bath to LB are

summed up by Qp_r5, where AT is the superheat given
by the difference between the liquid temperature T3 and
the liquidus temperature 7j;, at the LB:

AT(t) = Ty(t) — Tuiq(t) (15)
Several articles have discussed the identification process
of the liquidus temperature using the superposition of the
bath chemical components effect on the liquidus temper-
ature difference. In this article, the liquidus expression
from Solheim et al. (2016) has been chosen. The selected
liquidus expression is highly sensitive to the concentrations
of alumina and aluminum fluoride (AlF3) commonly used
for bath temperature regulation.
To compute superheat in real-time, the liquidus temper-
ature must also be available in real-time. However, in
practice, liquidus temperature is updated only when new
alumina concentration samples are manually collected.
As an alternative, liquidus temperature can be computed
in real-time using alumina concentration estimations wy
provided by the MD-observer. The architecture of the
modeling approach is shown in Fig 3.
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Fig. 3. Block diagram of the IZDT-model

The exchange surfaces Ag_j and A,,_; are given below:
Ap_ 1 = Q(HB(LB + WB)) (16&)

Ap—r(t) = 2(Hp () (L, + W) (16b)

where H, L, W are the height, length and width of each

intersection surface.

The height of the bath Hp is fixed, whereas the height of

the metal H,, is a function of the produced metal mass.

Equation (11) can be adjusted to obtain the dynamic of

the metal height:

- I'MAI

B 3]:pAleWm

where p; is the mass density of liquid aluminum [kg/m?3].

Top(t) is the equivalent height rate of the metal tapping

measured in [m/s] and can be considered as one of the
intermediate thermal model inputs.

Hm (t) Iline (t) - Tap(t) (17)

Heat transfer from liquidus to ledge:  The heat transfer
between LB and center of the ledge Qrp« 1 is governed
by Fourier’s heat conduction law:

QLB(—}L(t) = KLAL(t) X M

0.5 x ~(t)
with v being the ledge thickness in [m], K, is the thermal
conductivity of the ledge in [W/m/K] and Ay, is the uni-
form liquid-ledge surface interface obtained by summing
up the terms from (16):

Ap(t) = Ap_p + Ap_r(t) (19)

The term ~ is divided by 2 in equation (18) since we
are only interested in estimating the thermal resistance
between LB and the center of the ledge.

The instantaneous ledge thickness can also be deduced

(18)



from the molten/frozen mass of ledge by applying Stefan’s
heat conservation law at LB:
i (t) = Qrpor(t) — Qrorp(t)
Hfus
where H, is the heat fusion constant of the ledge [J/kg].
The ledge thickness v is proportional to the mass my:

1(8) = ma (1) 20
PL
with pr the mass density of the ledge [kg/m?3].
The varying liquid mass can also be obtained from (20)
using the mass conservation principle:
ri(t) = —1(t)
Equation (22) is used in the general ODE system (2).

(20)

(21)

(22)

Heat transfer to sidewalls:  The heat evacuated through
the sidewalls from the center of the ledge to the center of
the equivalent sidewall Q1. w is given by constant thermal
resistances Ry and Rp:

Q= THO= T 0

The first resistance term Ry is the equivalent resistance
from the ledge-sidewall interface to the middle of the
sidewall structure.

The second thermal resistance Ry, is the equivalent resis-
tance from the ledge-sidewall interface to the fixed center
of the ledge 71/, given by the initial condition ~(0):

(23)

~v(0
T2 = 7(2 ) (24)
Heat evacuation from cell to ambient air:  Newton’s

convection law is applied to express the heat transfer from
the wall structure to the ambient air Qw _amp:

QWHamb(t) = (TW(t) - Tambl(t))hwfambAW (25)
where the constant h,,_.ms 1S the heat transfer coefficient
between the cell external wall and the ambient air, and
Aw is their exchange surface. Tymp1(t) is the ambient
temperature of the air in contact with the sidewall surface
and can also be considered as a model input.

Heat evacuation through anode and cathode: — Anode and
cathode structures are composed of S sub-blocks, each
sub-block 7 is discretized into N; nodes.

The notations of this section are given in Appendix A.1.
The temperature derivative of each node T j’ is given by
the thermodynamic principle (1):

sz(t) - a ( 2_1<—>j - ;Hj-i-l + Q;en(t)) (26)
J
Fiy = B =10 T —Tin(0) | Qen()
’ Ciltj_16 CiRjes i &
(27)

for all ¢ € [1..5] and j € [1..V}].

where C7, T} are the heat capacity [J/K] and the tempera-
ture [K] of the j** node of the i*" sub-block, while Ri., ;
is the thermal resistance connecting node j to its neighbor
node j + 1. Qigen is the heat created by the line current
passing through sub-block i and Q% _,,,;,Q%.,,,, are the
heat transfer terms between node j and its neighbor nodes
j—1and j+ 1.

The heat transfer between two adjacent sub-blocks is
expressed using the following boundary condition:
TR ~ T Th () - T ()
RiCHL = R
1 N;
where T*%*1 is the interface temperature between sub-

block 7 and its adjacent sub-block 7 + 1. The node temper-
atures 1%, and Tj** are connected to the interface tem-

(28)

perature T°7t! with the equivalent thermal resistances:
RiZ™ and RY7UHL

The same principle can be applied to determine the
boundary conditions between the first sub-block of an-
ode/cathode and the liquid, and between the last an-
ode/cathode sub-block and the ambient air:

Ty(t) — TP1(1) _ TP(0) — T ()

R2<—>1 Ri1)<—>1 (29&)
TS<—>amb2(t) — T2 (t) _ TJA\SIS (t) _ TS(—)ame (t) (29b)
Rf;:bazmw R]S\'f(:ame

where TP is the interface temperature connecting the
liquid to the first node of the first sub-block T]; of either
anode or cathode. The heat transfer between T to the
liquid and between T%<! to anode or cathode block are
expressed respectively by the thermal resistances R{<!
and RZHI. Similarly, 75*™2 is the interface temperature
connecting ambient air temperature Ty,,,52 to the last node
Ng of the last sub-block S of either anode or cathode. The
heat transfer between 792 to the ambient air and
between T2 to anode or cathode block are given
respectively by the resistances RS54 and R3S *™b2.
The exchange between liquid and anode/cathode men-
tioned in equation (3) can be determined from (29):

B Tb(t) _ Tb<—>A1 (t)

Qoera(l) = RreAT (30a)
_ b+ C1
Quesc(t) = L) Rgzm ) (30b)

where Tt<AL Tb<C1 are respectively the interface tem-
peratures between liquid and first anode and first cathode
sub-blocks with the equivalent thermal resistances RY<*4!
and RYC1 connecting the liquid to the first sub-blocks of
anode and cathode.

3. RESULTS & VALIDATION

The cells studied in LRF are equipped with real-time
bath temperature thermocouple. This sensor allows the
validation of IZDT-model using real-time data.

3.1 Model initialization

In the beginning of the simulation or after the end of
an event such as: metal tapping, anode change, anode
effect or sensor disconnection, the bath temperature initial
condition of the IZDT-model is set to the value of the
thermocouple. As for the ledge and the sidewall states, the
equilibrium states of (2) are used as their initial conditions:

QvesrB(0) = AT(0)(hp—rAp—L + hm—rAm—1(0)) (31)
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_ @rors(0)
TW(O) B hwfambAw * Tambl(o)
TL(O) = Qb(—)LB(O)(RL + Rw) + TW(O)
_ 2K AL(0)(RL + Bw)(Tiig(0) — T1.(0))
(0) =
T1.(0) — Tw (0)
The initial condition of liquidus temperature Tj;,(0) is

computed using the initial condition of the estimated
alumina concentration w4(0) given by the MD-observer.

(
(

(32¢)

3.2 Model validation

Two validation tests are shown in Fig 4 and 5. In order to
avoid model divergence due to unmeasured disturbances,
simulation is reset within a fixed time window after the
end of a detected event, this window allows the MD-
observer to re-converge. The reset window is also used as
a temporization for the cell’s heat balance stabilization.

In Fig 4, an overshoot of the pseudo-resistance can be

noticed after the end of a metal tapping event. Simulta-
neously, the superheat is estimated at high levels which
explains the IZDT-model divergence from real bath tem-
perature. When three hours of simulation have passed, the
model is reset resulting into a more precise simulation. In
the second simulation Fig 5, the IZDT model accurately re-
produces the measured bath temperature following an an-
ode change by leveraging the observed increase -before and
after the event- in pseudo-resistance used in computing
the core heating energy Qpeq:- For both simulations, the
IZDT-model matches the real thermocouple measurements
during normal operational conditions with respective bath
temperature RMS errors of 2.12°C' and 1.96°C'.

The model is also capable of detecting derivative changes
in temperature with slight delay between simulation and
real measurements, this delay being caused by the approxi-
mation of the metal production enthalpy AH 4; which does
not take into account the effect of the variable feeding
frequency f. The bath temperature local minima and max-
ima correspond to the superheat high and low peaks. These
peaks are directly related to the alumina concentration
present in the bath, demonstrating that alumina dissolu-
tion energy has a direct impact on the bath temperature.

The repeatability of the results can be assessed by ex-
tending the simulations over a one-week trial period. The
output error between simulated bath temperature and
thermocouple measurement was evaluated. This test ex-
cluded special events mentioned in Section 3.1. The error
distribution of the tests is shown in Fig 6.
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Fig. 6. Error density distribution of 7-day simulation tests

An RMS error of 2.23°C’' was obtained over the 7-days
validation period. It is worth noting that achieving zero
error is challenging due to the unmeasured heat losses.
Additionally, the simulated temperature corresponds to
an average bath temperature, whereas the thermocouple
measurements are taken at the cell’s extremity. Given the
considered constraints and the resulting RMS error, the
IZDT-model can be considered as a valid candidate for
the design of bath temperature observer.

4. CONCLUSION

This paper proposes a zero-dimensional model for bath
temperature, intended for observer design. It has been
shown that the IZDT-model captures the key changes
of alumina dissolution and resistance levels. The simu-
lated temperature successfully matches real data satis-
fying validation phase despite the unmeasured thermal
disturbances. In addition, the simulation reset condition
succeeding irregular operations prevents the IZDT-model
from diverging.



In the continuity of this work, different topics can be
studied. The model can be improved by considering AlF3
concentration and studying its effect on the liquidus tem-
perature. The delay in the temperature response of the
dynamical system can be further explored by integrating
the variation of the feeding frequency f in the estimation
of the enthalpy AH 4. Finally, the IZDT-model can serve
as an observer-design candidate for future work.
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Appendix A. VARIABLES USED FOR ANODE &
CATHODE MODELING

Table A.1. Symbol, description and unit of
variables used in anode & cathode modeling

Symbol Description Unit
T; Temperature of 57 node of i*® sub-block K
Tieritl Interface temperature between K
sub-block ¢ and 7 + 1
7ol Interface temperature between K
liquid and 1%¢ anode or cathode sub-block
TSramb2 Interface temperature between K
ambient air zone 2 and S*"
anode or cathode sub-block
Tomb2 Ambient temperature of air zone 2 K
R§_1 o) Thermal resistance between nodes %
7 — 1 and j of sub-block 4
RiHiJrl Thermal resistance between interface %
temperature 79" *+1 and sub-block i + 1
Ré\‘,_;i'*'l Thermal resistance between interface %
temperature 7% *+1 and sub-block 4
R§H1 Interface thermal resistance between %
liquid and interface temperature 701
R’l""1 Interface thermal resistance between %
interface temperature T<*1 and
15t anode or cathode sub-block
R%g"””w Interface thermal resistance between %
Sth anode or cathode sub-block
and interface temperature 7S¢ amb2
Rf;:bazmw Interface thermal resistance between %
interface temperature 7'5¢amb2
and ambient air zone 2
;'.71 & Heat transfer between w
nodes j — 1 and j of sub-block ¢
Qgen Heat generated in sub-block 4 w
CJ‘. Heat capacity of node j of sub-block kg‘{K
Tbe Al Interface temperature between K
liquid and 1% anode sub-block
TbC1 Interface temperature between K

liquid and 1°* cathode sub-block




