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Abstract

Maintaining optimal thermal conditions within potlines is critical to the operational efficiency of
aluminium reduction cells. To address this, we have developed an advanced suite of tools and
models specifically designed for monitoring and managing cell thermal performance. Our updated
operating window model now integrates the impact of current efficiency and introduces adaptive
limits that automatically adjust for changes in essential variables, including anode dimensions,
cell age, metal height, forced convection network (FCN) flowrate, and cover materials. We
present the "core power" concept and define new criteria to identify cells deviating from their
thermal limits over time. Our interactive tools now allow for instant simulations of thermal
windows and operational monitoring via a comprehensive dashboard. Efforts are currently
underway to develop a "cell at risk" indicator, leveraging these developments to proactively
mitigate side erosion risks. These tools represent a leap in operational efficiency via improved
thermal management, and have paved the way to the creation and ongoing testing of our complete
"numerical thermal twin".

Keywords: Aluminium electrolysis potlines, Thermal balance management, Cell operating
window, Cell core power

1. Introduction

Maintaining optimal thermal conditions in reduction cells is essential, as these conditions impact
current efficiency (CE), specific energy consumption, and cell life. Over the past decades, Rio
Tinto has developed high productivity strategies to operate cells at high current density and low
Anode-Cathode Distance (ACD), using very conductive sidewalls and forced convection
networks (FCNs). These strategies have resulted in high heat fluxes and minimal side ledge
formation. Together, these factors favour higher superheat, increasing the risk of thermal
excursions and creating a significant obstacle to maintaining good CE as well as cell life.

To address these challenges, we have developed tools specifically designed for monitoring and
managing cell thermal performance in our smelters. This paper provides an overview of our
efforts, highlighting key advancements, starting with our thermoelectrical model and the core
power concept as a more accurate metric for a steady thermal state. We then discuss the
integration of temperature effects on current efficiency and its interaction with ACD within the
context of an operating window. We also demonstrate how our adaptive operating window model
dynamically adjusts for variables such as cell age, anode length, metal height, FCN flowrate, and
cover material thickness. Finally, we introduce new criteria to identify cells deviating from their
thermal limits over time.

Our thermal dashboard, which is built upon all these developments, will be presented in the final
section. It enables technical staff to visualize thermal indicators and make data-driven decisions
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to optimize cell operation and mitigate risks associated with thermal excursions. This paves the
way for improved operational efficiency and cell longevity.

2. The Foundation: Rio Tinto’s Thermoelectrical Slice Model

The thermoelectrical slice model is the workhorse of Rio Tinto’s cell design. It is part of a number
of models used by Rio Tinto [1, 2]. The slice model represents a half cathode block and its
corresponding anode, as exemplified in Figure 1. Bath overvoltage contributions are calculated
using a proprietary voltage decomposition module.

Figure 1. Thermo-electrical slice model representation.

The model is fully parameterized and can be run across a wide range of technologies operated by
Rio Tinto and its technology customers, from the Kaiser P57 and AP18 to the AP60, by simply
modifying a parameter file. This allows for easy transposition of developments across various
designs.

The thermoelectrical model performs a heat balance and iteratively solves for ledge position.

However, it cannot be applied industrially on a purely predictive basis due to several factors:

- Many complex phenomena are not solved within that relatively simple model, among which:
reoxidation, fluid flow associated with MHD and bubbles, electrical contact resistances,
bubble resistance, transformation/degradation of lining materials.

- There is variability over time in a given cell and between cells.

- The transposition of temperatures and ledge profile to impacts on cell life and acceptable
ranges cannot be quantitatively predicted.

Therefore, the real value of the TE model in defining acceptable limits can only be achieved
through comparisons with detailed industrial measurements and extensive process statistics in
various situations.

3. Building Block 1: Core Power (Rethinking the Internal Energy)
During amperage changes (amperage increase, power modulation), the objective is generally to

maintain bath thermal balance (ledge profile and superheat); this is especially important when
operating near critical thermal limits.
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As exemplified by Ahmad et al. [4], the three strategies most commonly applied during amperage
increase are: 1) constant ACD, 2) constant voltage, or 3) constant internal heat. However, all these
strategies create a drift in the thermal conditions in the bath. This is obvious for strategies 1 and
2, but even with constant internal heat, some drift occurs. This is because the common definition
of internal heat includes some power that is not available to the bath but is instead dissipated
directly to the top gas via the anode hanger or to the side via the collector bars.

The required correction depends on the design and on the location of the voltage boundaries used
for internal heat determination. The thermoelectrical model can estimate the corresponding drift,
as shown in Figure 2. With increasing amperage at fixed internal heat, the bath becomes
progressively colder. This may at first seem counterintuitive, but it is simply due to the fact that

the total power remains the same, while heat losses from the anode hanger and the collector bars
increase.
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Figure 2. Drift of bath temperature while changing amperage at constant internal heat.

The core power concept is a simplification designed to capture the drift across the daily variation
of amperages, which can then be used in the monitoring tools described further.

Based on experience with many designs, a fixed proportion of anode and cathode power is
removed from internal heat, resulting in the core power calculated by Equation (1):

Core Power = Internal Heat — Cy (Rgno) — Ce (Reat) (1)
Runo Anode resistance, uQ
R.q¢  Cathode resistance, pQ

C, Coefficient of power withdrawal (anode)
C, Coefficient of power withdrawal (cathode).
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3.1 Impacts of a High Productivity Strategy

In many plants, Rio Tinto has pursued a high productivity strategy, which requires high heat
losses, particularly through the sidewall, as bottom and top heat losses are limited by practical
constraints. External forced cooling is used to control shell temperatures. Superheat near the side
ledge is proportional to the local unitary heat flux q given in Equation (2), which results in high
superheat and low average ledge thickness, necessitating tighter thermal control. This is
somewhat like the fact that driving a car at higher speeds requires better visibility.

q = —h(T — Tliq) ()
where:
h liquid-ledge heat transfer coefficient, W/m?K
T Bulk liquid (bath or metal) temperature alongside the ledge, °C

Tliq  Liquidus temperature of bath, °C.
4. Building Block 2: What Is the Current Efficiency? (and Why It Is Important)

The efficiency with which the current is used to produce aluminum is known as Current Efficiency
(CE). The theoretical current efficiency (100% CE) would yield 0.336 kg of aluminum per kAh.
However, part of the current can be involved in other reactions and part of the aluminum produced
can be re-oxidized back to alumina, resulting in a loss of current efficiency. In practical terms,
CE is the proportion of actual production over the maximum (100 % CE) production, as shown
in Equation (3). In modern industrial cells, CE typically ranges between 92 % and 95 %.

actual production

CE =

" theoretical production

3)
4.1 Why Is CE Important in the Context of Thermal Balance of High Productivity Cells?

Current efficiency is a crucial factor in the thermal balance of aluminum reduction cells because
the electrochemical reaction is highly endothermic. A lower CE implies that less energy is stored
as chemical energy, resulting in excess heat that the cell must dissipate. 1 % decrease in current
efficiency causes the increase of internal heat by approximately 1 % or approximately 6.5 kW in
400 kA cells, which is significant on the heat balance.

As discussed in the previous section, a high productivity strategy often implies lower Anode-
Cathode Distance (ACD) and higher superheat due to higher heat fluxes. These factors are known
to influence CE [5, 6]. Therefore, for a given cell design, the interactions between ACD, bath
temperature, and current efficiency must be accounted for to achieve a complete picture of the
cell thermal balance.

4.2 CE vs Anode-Cathode Distance (ACD)
In 2017, Rio Tinto presented a reference correlation for CE as a function of Anode-Cathode
Distance (ACD) [5]. This correlation (Figure 3) shows that low ACD operation, while beneficial

to productivity and energy consumption, results in a loss of current efficiency, and the rate of CE
loss per mm is higher at lower ACD.
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Figure 1. Average relationship between ACD and CE established by Rio Tinto in 2016 [5].
Each tick of the x-axis represents 1 mm ACD.

4.3 CE vs. Bath Temperature

The negative impact of bath temperature on CE is well-known and frequently referenced in the
literature. However, there is no consensus on what the exact relationship is in industrial cells,
especially when decoupled from bath chemistry. We therefore needed a reliable correlation
between CE and bath temperature.

This correlation was determined through the evaluation of more than 40 literature and internal
sources, which showed significant discrepancies (ranging from 0.00 % to -0.50 % CE/°C. We
focused on selecting the most reliable sources that avoid co-variations with chemistry, and also
atypical chemistry or temperature conditions. This comprehensive evaluation led us to
recommend a dependency value of -0.12 % CE/°C as the most representative estimate for modern
operations in a typical range of 960—980 °C. Note that this linear estimate is valid for design
purposes, or long term averages, and not for pot to pot evaluations.

4.4 Putting It All Together

With this new understanding, we derived a relationship for CE as a function of both bath
temperature and ACD. Applying this new correlation to a specific cell design shows that there is
a critical point where the impact of bath temperature on CE becomes more significant than ACD,
reversing the tendency seen in our former models. This phenomenon is illustrated in Figure 4.
Figure 4 (left) shows that without temperature dependency (only ACD dependency) it is always
better to maximize ACD within the operating window. Figure 4 (right) shows that with
temperature dependency, the productivity gain is much lower and can even be negative in some
situations. An example of an operating window (described in section 5) is overlaid.

By integrating these findings, we can better predict and manage the thermal performance of our
cells, optimizing for both current efficiency and thermal balance.
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Figure 2. CE vs Amperage and ACD (RTA method). Left: without temperature
dependency (only ACD dependency). Right: with ACD+temperature dependency.

5. Building Block 3: The Operating Window Concept
5.1 Concept

So far, we’ve discussed tools and concepts that are used to evaluate the thermal state of a cell:
having a precise estimate of the current efficiency allows us to correctly calculate the heat balance;
the concept of core power gives us an accurate representation of the thermal energy that is
available to the bath region; and the thermo-electric model can link these inputs to other variables
of interest, such as bath temperature or ledge thickness.

It is now time to turn the other side of question: what is an acceptable thermal state? Under what
conditions can a cell safely operate, and where can it not? For this we use the concept of operating
window.

An operating window is essentially the thermal zone within which a cell can operate safely (i.e.,
without undue material degradation or operational difficulties) over the long-term. Though these
are not the most useful axes in practice, conceptually it makes sense to think of it as a rectangle
in the ACD-core power plane, as illustrated in Figure 5. It is bounded by four limits:

Minimum ACD Maximum ACD
‘ (MHD stability) (somewhat arbitrary)
i :
1 1
o I e Maximum core power
g (warm limit)
o Safe
Qo
0 operating zone
1o
o
o
Minimum core power
(cold limit)
1 1 I
ACD

Figure 5. Definition of the operating window.

- The minimum core power (cold limit).
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- The maximum core power (warm limit). Note that both the cold and warm limit are
straight lines when expressed in core power. In some sense, that’s the very definition of
core power.

- The minimum ACD, which is the ACD required to maintain magnetohydrodynamics
(MHD) stability. In practice this will often be a function of the cell amperage, though
here it is illustrated as a straight line for simplicity.

- The maximum ACD. This limit is not as well-defined as the others but is generally added
as a rough guideline for practical limitations in normal operation (e.g. excessive bath
volume) and/or irrelevant business case.

Obviously, this is all somewhat idealized; in practice there’s a continuum between an adequate
and dangerous operating region rather than a bright line separating them. But like all good models
and concepts, the operating window aims to be a useful approximation, not an exact truth. And as
we will see later, some of the indicators we have developed account for how far we are from the
limits.

5.2  Finding the Limits

The operating window shifts the question from “what is an acceptable thermal state?” to “what
are the cold and warm core power limits?”. This is still a hard question, but it is better defined
and thus easier to address. Our overall approach is to combine as many lines of evidence as
possible, including:

- Measurements campaign. We sometimes conduct extensive measurement of a few
selected cells to characterize their thermal condition, including indicators such as ledge
thickness and shell temperatures.

- Cell autopsy. Measuring the sidewall erosion and the amount of deposit on the cathode
can give a good indication as to whether the cell was operated below, inside or above its
window.

- Statistical analysis of smelter data. If a smelter has been operating without major
problems for an extended period, we can conclude that the cells were within their
window. Conversely, if problems occur (for instance, an indication of excessive sidewall
erosion, or extensive mucking of cathodes), it means they were outside the limits for the
given design and parameters.

- Thermo-electric model. The model can be used to establish correspondences between
different time periods, designs, and operating conditions, and to extrapolate past results
to future cells.

None of these approaches gives a perfect answer on its own. But they each bound the range of
possibilities, and by combining them together we can estimate the limits with sufficient precision.

5.3 Finding the Limits, Again
Consider Figure 6, which tries to illustrate that the thermal state is a balancing act between heat
generation — fully captured by the core power — and the capacity of the cell to dissipate heat. Heat

dissipation depends primarily on design, but is also influenced by various other parameters, such
as liquid heights, cover height, and so on.
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Figure 3. The thermal state is a balance between heat generation (the core power) and the
ability of the cell to dissipate heat.

This means that if we want to be precise, we can’t simply define two limits for each design; we
also need to adjust them as various operating parameters fluctuate, potentially on a day-to-day
basis. This is the type of tasks at which our thermo-electric model excels, so it’s not hard to do in
principle, but it’s also impractical given that we wish to continuously adjust the limits of each cell
in operation.

For this reason, we developed a simplified model for each design, where we start from the limits
and then add a correction for the anode length, cell age, metal and bath height, cover height, and
FCN air flow when those differ from the reference values. The model is derived from a grid study
performed with the thermo-electric model, and is mostly based on linear corrections. Its simplicity
allows it to be directly integrated in operational databases as well as into daily monitoring. The
limits are given by Equation (4).

Cold limit = Limityeference + f(Bath height, Metal height, Cover height, FCN) (4)
Warm limit = Limit,eference + f(Bath height, Metal height, Cover height, FCN)

where:

Limityeference Reference core power limit given by TE model, kW
Bath height Height of liquid bath, cm

Metal height Height of liquid metal, cm

Cover height Average thickness of cover material over anodes, cm
FCN Percentage of maximum available FCN flow, %.

5.4 Useful Indicators

For cells in operation, it’s often useful to distill the position relative to the operating window to a
single indicator. We currently use two main ones:

1. For the complete smelter, we track the fraction of pots which are above or below their
window, as illustrated in Figure 7.

2. For an individual pot, we generally look at the fraction of days outside the window. An
example is shown in Figure 8 for a smelter with over 400 pots; note that they are ranked
from worst to best, which makes it easy to identify the outliers. Another possible indicator
currently under consideration is the average kW-day above or below the limits. In other
words, for each pot we would take the difference between the daily core power and the
limit (0 kW when the pot is inside the window) and average this value over a period of
time.
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Figure 7. Distribution of pot-days relative to the operating window.
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Figure 8. Percentage of days below (blue) and above (red) the operating window for
individual cells over a period of one month.

6. Using This in Operations

6.1 Operating Window Dashboard

Operating windows are a fundamental tool in our thermal monitoring, but sharing them as static
charts is inconvenient and error prone: outdated versions can circulate in various documents;

parameters may have changed; undesired designs may be included, or crucial ones missing; the
X and Y axis may not be the preferred ones for the current task; and so on.
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To alleviate these issues, we have developed an operating window dashboard (Figure 9) whose
main role is to make all operating windows easily accessible. It is coded in R and hosted on our
Posit Connect server (formerly RStudio Connect). The dashboard offers several advantages
compared to what we had before:

- It offers a centralized source of information which is always up-to-date, and easily available
through a web browser. It requires no set-up or installation.

- The windows can be personalized as needed. This includes choosing the desired X and Y axis
from a list of over 20 possibilities (such as amperage, voltage, ACD, etc.), superposing
different designs, and editing the appearance of the chart.

- When only one design is selected, it is possible to visualize a third variable as a heat map (a
feature which was used to generate the charts of Figure 4).

- A few of the main parameters, including those considered in the calculation of the core power
limits (2) can be modified by the user. Figure 9 shows an example, where the last window
illustrates the impact of increasing the metal height.

- To handle confidentiality issues, we can control which smelters are visible to each user.

- A complete documentation is integrated in the dashboard.
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Figure 9. Thermal window dashboard.
6.2 Thermal Monitoring Dashboard

Finally, the personnel closer to the operations is generally interested not only in the operating
windows, but also in how their current cells are situated within them. To this end, we have also
developed a comprehensive thermal dashboard oriented for production and operations. Its role is
to make it easy to monitor the state of the entire smelter, to rapidly identify problematic cells, and
to analyze those more thoroughly when needed. Figure 7 and Figure 8 were already taken from
this dashboard; Figure 10 shows the complete interface, and in particular the beginning of the
section focusing on a single cell.
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Figure 10. Thermal dashboard; the chart shows the daily power of a cell compared to its
limits.

This dashboard is broadly similar to the one presented previously — it is web-based, user-friendly,
and available in most of our smelters. The main addition is that it is directly connected to our
databases; a few times a day, it automatically retrieves the latest available data so that it will
always be up to date whenever accessed.

7. Conclusion and Next Steps

The critical importance of maintaining optimal thermal conditions was discussed. High
productivity strategies can increase the risk of thermal excursions and present significant
challenges to maintaining good CE and cell life.

We have described our approach to address these challenges, starting with the description of our
thermoelectrical slice model, the core power concept, and the integration of current efficiency and
bath temperature interactions into our thermal models. The concept of adaptive operating
windows was introduced as well as criteria to identify cells deviating from their thermal limits
over time.

Our thermal dashboard, built upon these developments, enables technical staff to visualize key
thermal parameters and make data-driven decisions to optimize cell operation and mitigate risks.
This tool is a game-changer in achieving improved operational efficiency and cell longevity.

The advancements discussed in this paper lay the foundation for the next phase in our thermal
management journey: the implementation of our complete Thermal Digital Twin, which is
currently being piloted on live cells. In time, this digital twin will enable near real-time monitoring
of all thermal indicators including ledge and superheat, predictive analysis, and optimization of
thermal parameters across our plants.
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