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Abstract

The anode effect is a major and unfortunately recurrent malfunction of aluminum reduction cells.
Process control algorithms implemented in the pot controller can detect this problem and
eliminate it. However, detection is based on the resulting significant increase in the voltage of the
pot, and this increase is generally very fast: the nominal voltage is increased to 8 Volts (the
detection threshold commonly used by ALPSYS®, for AP technology pots) in just a few seconds,
which is not enough to permit a preventive treatment of the anode effect.

However, several minutes before the anode effect can be detected with certainty by a rise in the
pot voltage, the unwanted electrochemical reaction is already present and gases such as CF4 or
C,Fs are already being produced by the pot. This phenomenon has been clearly demonstrated on
prototype pots equipped with Fourier transform infrared analyzers (FTIR). Unfortunately, such
analyzers cost too much to allow equipping all the pots in a smelter with them. We have therefore
worked in partnership with the Mirsense company to develop a low-cost device for continuously
sampling and analyzing pot gases in order to detect CF4. The principle of the device is photo-
acoustic detection: a laser emitting at a carefully chosen frequency will selectively excite CF,
molecules so that they emit a sound whose amplitude is directly related to the quantity of CF4
present. The development of this device also includes the sampling equipment, in order to obtain
a solution able to work continuously over a long time without manual intervention.

To date, the performance of our photo-acoustic device is very good and its results consistent with
those of an FTIR placed in parallel for comparison.
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1. Introduction

The anode effect is a phenomenon which appears in aluminum reduction cells due to the depletion
of oxygen-containing ions at the anode. It is generally considered that the effect occurs when the
alumina concentration in the pot is less than 1 to 1.5 % wt. [1], [2], [3], [4], [5]. At the beginning
of the aluminum industrial era, there was no automated alumina feed, and the anode effect was
awaited in order to know when to add more alumina to the pot. For several decades now, thanks
to automation, the pots have been equipped with either continuous or semi-continuous alumina
feeding systems. The appearance of anode effects is therefore no longer necessary to ensure the
proper functioning of the pots and is clearly not desirable, because the phenomenon has negative
consequences on the robustness of pots (release of intense thermal energy which deteriorates
ledge and crust) and on their performance (higher energy consumption and lower current
efficiency). Moreover, the anode effect causes a release of CF4 and CyFs instead of the CO,
normally produced at the active surface of the anodes. These two perfluorocarbons (PFCs) have
a global warming potential of respectively about 7 000 to 12 000 times that of CO, and have an
extremely long lifetime in the atmosphere, reaching respectively 50 000 and 10 000 years. This
is why it is important to limit the occurrence of anode effects as much as possible (expressed in
number of anode effects per pot and per day). Much progress has been made in this field since
the 1990s, in particular by trying to improve the operating conditions of the pots.
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Numerous scientific studies have been carried out to explain the origins of anode effects [6], [7],
[8], [9]. All these studies clearly show that the primary cause of the anode effect is the lack of
alumina in the pot or more precisely under certain anodes. It seems that since alumina is delivered
at the center of the pot, an anode effect is very often triggered under the anodes at the end of the
pot, in areas where the bath stirring is less powerful and where enriching the bath with alumina is
therefore more difficult. As soon as the alumina concentration under these anodes drops below
approximately 1 to 1.5 % wt., the anodic current density limit is reached and the first bubbles of
CF4 and C;Fs begin to form [4], creating a resistive layer under these anodes which further reduces
their current. This current reduction is distributed to the other anodes, increasing their current
densities and hence making them more sensitive to the anode effect. A chain reaction then occurs,
generalizing the anode effect to all the anodes of the pot [3].

However, as the first anodes undergo the anode effect, the new current distribution in the other
anodes is not clearly visible in the pot voltage, because other phenomena such as magnetic
instability lead to noise in the voltage greater than the variations resulting from the onset of the
anode effect on the first anodes [10]. For this reason, the anode effect is only clearly detectable in
the very last seconds before it generalizes, when the cell voltage begins to increase rapidly.

Thus, the initiation of the anode effect results in a drastic drop in current density in a limited
number of anodes. Studies have therefore been carried out to detect the phenomenon by
monitoring the current in each anode [11] [12]. This method is very effective but requires
equipping each pot with anode current sensors, which is quite costly.

Other authors have used statistical methods, in particular principal component analysis [12] [13],
or the calculation of third-order coherence functions [14] in order to detect drifts in the process
and in particular in alumina depletion. However, the monitoring of these indicators is not
sufficient because many exogenous phenomena can intervene. For example, monitoring the
number of alumina shots introduced into the pot per unit of time is a good indicator of the quantity
present in the pot, but a significant reduction in this value will not necessarily mean a reduction
in the concentration, as this may be caused by a collapse of the cover in the bath (the regulation
algorithm then decreases the alumina shot frequency to take account of this parasitic alumina
feeding). It is also possible to estimate the alumina concentration in the pot using a linear Kalman
filter, in order to increase the feeding rate (i.e., overfeeding) in case of lack of alumina [15], [16].
However, these estimators need to be readjusted periodically.

Studies using machine learning technigues have also already been used in order to predict the
anode effect [17]. We can cite the work of Meghlaoui et al. in 1998 [18]. These authors used
neural networks for the prediction of cell resistance at the 15-minute horizon. Their one-layer
neural network uses as input data the instantaneous resistance value and its value 5, 10 and 15
minutes before, the instantaneous alumina feed rate and that, 20 minutes before, as well as the
slope of the resistance and its deviation from the minimum recorded value. It should be noted that
the authors claim good results in reducing anode effects thanks to their algorithm which imposes
alumina overfeeding as soon as the prediction foresees an increase in resistance above a critical
threshold. Nevertheless, this algorithm is open to criticism because, although the numerous
overfeeds avoid the anode effects, their high frequency leads to an excess of alumina in the pots
causing sludge. This algorithm has never been put into production on an industrial scale. More
recently, Zhou et al. [19] used a generalized regression neural network. They also used aggregated
input data (13 in total) such as average voltage for the last 3 hours, average voltage for the last 8
hours, average alumina feed rate for the last 24 hours, etc. As output, the model predicts a
probability of occurrence of an anode effect in the next 30 minutes. Once again, the number of
false positives seems too high to consider applying this method to all the pots in a plant.
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Finally, work has been carried out that focused on signal processing algorithms and, more
specifically, on wavelet transforms [20] [21]. Zhang [21] notably proposes to transform the
resistance signal into 4 layers of 8" order Daubechies wavelets. This allows it to distinguish the
resistance in the 30 minutes preceding an anode effect from that when the pot is operating
correctly.

Other methods for predicting an approaching anode effect (like rate of voltage rise, hysteresis in
the voltammogram curve, measuring acoustic or high frequency electrical noise, etc.) have also
been investigated (see Haupin et al. [22]) To date, these methods do not seem to have been used
in industrial pot control algorithms, maybe due to a high rate of false positives.

Another possibility for predicting anode effects is to continuously measure CF,4 concentration in
pot gases. Indeed, as described previously, the beginning of an anode effect is characterized by
the reaching of the current limit under a first anode, producing CF4 and C,Fs without any visible
effect on the pot voltage. The detection of these first "bubbles” of CF, is therefore clearly a
harbinger of an anode effect.

Continuous pot gas analysis devices are already existing. They are based on technologies such as
Fourier Transform Infra-Red spectroscopy (FTIR) or use Quantum Cascade Laser (QCL) [23].
These devices are very sensitive and have made it possible to demonstrate that a non-negligible
part of the PFCs emitted by the cell occurs before the anode effect is declared (when the voltage
of the pot exceeds a threshold - generally about 8 volts) that is as soon as the depletion of
oxyfluoride ions under an anode leads to the current limit being reached [24], [25], [26]. However,
these devices require a lot of maintenance and are extremely expensive, which limits their use to
research and development purposes: it would be uneconomical to equip a whole potline with such
devices.

The solution presented in this article is an alternative to these measuring devices. It is based on a
photo-acoustic analyzer: a sample of pot gas is taken from the duct and passes into a chamber
where a laser emitting at a carefully chosen frequency will selectively excite CF4 molecules so
that they emit a sound whose amplitude is directly related to the quantity of CF4 present.

The gas analyzer, developed by Mirsense, is fully operational; further development has focused
on the gas sampling system, in order to obtain a complete system with limited maintenance and
low cost, suitable for applying to every pot in a smelter.

2. Principle of Photoacoustic Spectroscopy Technology

The photoacoustic effect was discovered in 1880 by Alexander Graham Bell [27]. This effect,
illustrated in Figure 1, designates the generation of sound waves by a solid, liquid or gas
illuminated by an electromagnetic wave modulated at an acoustic frequency. The absorption of
the light radiation heats up the target material, and the radiation causes cycles of dilation and
compression under that periodic heat load. The dilation and compression cycles constitute the
source of the acoustic waves [28].
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Figure 1. Principle of operation for laser photoacoustic spectroscopy.

The photoacoustic effect applied to gas is today one of the most sensitive laser spectroscopy
techniques for local detection. Using a source of laser light whose wavelength matches the
spectral fingerprint of the particular molecule to be identified, an acoustic signal results if the
molecule is present in the sample under analysis.

An important technique for amplifying the acoustic signal consists in hosting the photoacoustic
effect within a resonant gas cell. Gas cells are therefore geometrically designed to resonate at a
specific frequency, increasing the sound pressure to a degree described by the resonance factor.
This technique has several advantages [29]:

o  First, it is remarkably sensitive: reducing the gas cell volume increases the pressure of the
acoustic waves, making it possible to reduce the size of the sensor. The small cell volume
(2 ml) requires only a very small flow rate, reducing the gas consumption for the
measurement and thus the environmental impact of the exhaust gas.

e There is no zero drift: the photoacoustic technique is a background free technique,
meaning that no signal is observed in the absence of the target molecule. This is a true
advantage over numerous other techniques requiring a background signal reset. Problems
due to drift are eliminated.

e The photo-acoustic sensors can be very compact and inexpensive (Micro Electro
Mechanical Systems microphones).

e The technigue has a large dynamic range with up to six decades of linearity, making it
possible to detect concentrations from as low as a few ppb up to as high as several percent
without recalibration. Microphones are also achromatic detectors: they do not depend on
the wavelength of the targeted molecular fingerprint. This property simplifies the multi-
gas sensors, which remain cost effective and compact, having no need of multiple
detectors or sophisticated filters or coatings.

e  Finally, the technique is very robust. The microphones do not use any optics, which is an
outstanding advantage: no collimation optics and no mirrors are required in the set-up,
avoiding mirror misalignment and contamination, making the sensor robust to external
shocks and to pollution of the gas cell.
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3. Photo-acoustic Detector for Aluminum Smelters

The measuring system is illustrated in Figure 2, and consists of the following elements:
o A system for sampling the pot gases in the collection duct,
e A dust filter and a trap to capture the fluorinated vapors,
e A photoacoustic spectrometer together with its signal processing electronics.
Gas Treatment Centre (GTC)

oo~

Gas duct

Dust filter
+

HF trap (L

JEN

Photo-acoustic
analyser

Figure 2. Schematic diagram of the gas sampling line.

The photo-acoustic measuring device shown in Figure 3 (Quantum Cascade Laser, gas chamber
and microphone) requires a very small amount of gas to operate. To supply the measuring system,
a very small hole was made in the collection duct at the pot outlet in which a pipe was installed.
This pipe carries a sample of the pot gases through the dust filter and fluorinated vapors trap to
the analysis chamber of the photoacoustic detector. After passing through the analyzer, the gas
sample is returned to the collection duct a little further downstream. Our objective is to build such
a device that can be installed on every single pot in a complete potline. The device must therefore
be inexpensive and require minimum maintenance.

Figure 3. MultiSense gas analyser
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4. Experimental Results

We tested our new gas analyzer on an APXe technology prototype pot at the Laboratoire de
Recherche des Fabrications (LRF) of Rio Tinto Aluminium Pechiney, in Saint Jean de Maurienne.
As the LRF pots are dedicated to R&D, they are equipped with numerous continuous
measurements, unlike pots in industrial smelters. In particular, we have, for each of these pots, a
Fourier Transform Infra-Red spectrometer (FTIR) which allows us to measure on-line the
concentration of different gases at the outlet (CO, CO,, CF4, C;Fs, etc.). We therefore placed our
photo-acoustic spectrometer in parallel with the FTIR analyzer on one of these pots, in order to
compare the performances of the two devices in measuring the CF4 concentration.

Once the photoacoustic analyzer was installed on the pot, we waited for an anode effect to occur,
in order to verify that it had been detected and to be able to compare the measurements obtained
with those of the FTIR spectrometer. The first anode effect occurred on April 19, 2022 at about
17:17 h.

In Figure 4, the pot voltage is shown in green (left vertical scale). It can clearly be seen that this
voltage remains stable at around 4 volts and then increases in just a few seconds at the time of the
declaration of the anode effect, at around 17:17 h. When the voltage exceeds 8 volts, ALPSYS®
- the pot process control system - automatically starts an anode effect treatment (which explains
the observed fluctuations of the pot voltage) and the voltage quickly returns to a "normal” value,
close to 4 volts. In the lower part of Figure 4 we see in blue the photo-acoustic analyzer
measurement of the CF4 content of the pot gases, and in orange this same measurement carried
out by the FTIR spectrometer.

In both cases, there is a sudden increase in the CF4 concentration at the time of the declaration of
the anode effect (at 17:17 h) to reach a maximum concentration close to 500 ppm. A slight
difference can be observed between the two curves. It can be explained by the fact that the FTIR
analyzer performs only one measurement per minute while the photo-acoustic spectrometer
makes two measurements per second. We can therefore draw as a first conclusion that the photo-
acoustic analyzer is well able to detect the anode effect and that the concentration it measures is
of the same order of magnitude as that of the FTIR analyzer, with a much faster response than the
latter.

However, there is not much point in detecting the appearance of CF, when the anode effect has
already been declared by the regulation system (i.e., when the pot voltage exceeds 8 volts). Much
more interestingly, a notable increase in the rate of CF, is detected before the anode effect is
visible in the pot voltage. In Figure 5, which shows the same data as Figure 4 but with a CF4
concentration scale between 0 and 4 ppm, we observe from 16:58 h, an increase in the rate of CF,,
visible both with the FTIR analyzer and the photo-acoustic spectrometer. In this case, it was
possible to detect the precursors of an anode effect 19 minutes before it occurred, leaving enough
time to take action to avoid the effect.

CF4 (and C2F) appear in the pot gases as soon as the concentration of oxyfluoride ions under an
anode is too low and leads to reaching the limiting current density. The anodic electrochemical
half-reaction then switches to another system involving fluoride ions, present in large quantities
in the bath, and the anodic carbon. A continuous CF. detector therefore makes it possible to detect
the anode effects very early on. The advantage of the photoacoustic spectrometer (with the
associated gas sampling, dust filtration and fluoride trapping equipment) is that the total cost for
a complete potline is low enough to make the system economically advantageous. It is estimated
that the cost per pot of the installed device will be a few thousand euros (whereas the cost of an
FTIR analyzer is amounts to several tens of thousands euros).
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Figure 4. CF4 concentration (0 - 500 ppm) and pot voltage during the anode effect.
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Figure 5. CF4 concentration (0-4 ppm) and pot voltage during the anode effect.
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5. Industrial Perspectives

We have now completely validated the operation of the MultiSense gas analyzer (QCL lasers, gas
chamber and microphone) for detecting CFa.

Regarding the sampling system (dust filtration and fluoride trapping), the objective is clearly to
achieve a low-cost device with limited maintenance. To date, we have operated the device for
more than a month without any intervention and we reasonably hope to reach six months of
maintenance-free operation for the industrial system, when it will be generalized to all the pots in
a complete line.

In parallel to the development of the system, we are working on making it entirely wireless, so
that its installation is as simple and inexpensive as possible. We therefore intend to couple the
system with a self-powered device (probably based on the temperature difference between the gas
duct and the surrounding air, using the Seebeck effect) and to ensure that the measurement
information from the sensor is sent wirelessly via an appropriate radio protocol.

Once this sensor has been developed and deployed on all the pots in a line, it will then be possible
to develop, in the pot control system, an algorithm for the preventive treatment of anode effects
which will be activated as soon as the CF,4 content exceeds a certain threshold. Contrary to anode
effect prediction algorithms, which have a significant false positive rate, the appearance of CF4 is
caused by a real and proven lack of oxyfluoride ions, i.e., by a real lack of alumina in the pot.
This will prevent any unnecessary launching of a preventive treatment of anode effect which
would lead to depositing undissolved alumina on the cathode. The preventive treatment will also
be less harmful to the cell than the standard anode effect treatment.

Finally, as mentioned at the beginning of this paper, several authors have shown that a significant
part of the CF4 produced by the pots is outside the declared anode effect. That is to say that this
CF4 is released during the long minutes before the moment when the cell voltage has taken off,
but CF, is nevertheless forming under one or more anodes because of a too low local concentration
of oxyfluoride ions. Thus, the MultiSense gas analyzer would be a good way to express the
amount of CO; equivalent released per ton of aluminum produced taking into account not only
the actual CO- but also the PFCs, and hence know the real impact of a pot on global warming.

6. Conclusions

Applying the MultiSense gas analyzer to all the pots in a line will make it possible to drastically
reduce the frequency of anode effects and thus not only improve the performance of the pots but
also significantly reduce their damaging effect on the environment.

This continuous measurement of CF4 also opens up new perspectives in the regulation of the
alumina content of the pots. To date, the algorithm is based on an alternation between over and
underfeeding because there is no industrially available continuous sensor of the alumina content
of the pots. With a measurement of the CF. concentration of the pot gases, it would be possible
to operate the alumina feeders at a constant rate, estimated according to the amperage of the cell
and its assumed current efficiency. This rate would be very slightly shortened over time until the
appearance of CF4 in the pot gases, this phenomenon being the indicator of the achievement of
the minimum alumina content in the bath. It would thus be possible to regulate the alumina content
of the pots with very small variations in the feeding periods and thus tighten the resistance of the
pots around the set value, which would significantly improve their performance.
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