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Executive Summary

The purpose of this deliverable is to document and describe the aluminium and plastic domain -specific and
cross-sectorial use cases, defining how the MONSOON platformwill be used for predictive optimization and
scheduling tasks in production plants and sites.

The second chapter of the document is dedicated to the state of the art analysis for the aluminium and
plastics domain on both the technological and business aspects.

The third chapter defines the detailed use cases and the initial requirements engineering.
It presents an initial taxonomy for the involved technologies and processes that will be fed into the
development of the cross-sectorial models and the platform development.

Next iterations of this document , will enrich the use casesdescriptions and detail the cross-sectorial aspects,
will also focus on process modelling and life -cycle aspects and with analysis on methodologies and key
indicators to account for ocircularityo6 aspects i
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1 Introduction

The purpose of this deliverable is to document and describe the state of the art analysis for the aluminium
and plastics domain on both the technological and business aspects. It describes the aluminium and plastic
domain-specific and crosssectorial use cases, defining how he MONSOON platform will be used for
predictive optimization and scheduling tasks in production plants and sites.

The deliverable documents the work undertaken in task T22 with the objective to define Initial (month 3)
Process Industry Domain Analysis andUse Cases.

Two other iterations are scheduled month 15 as an update and month 24 for the final Process Industry
Domain Analysis and Use Cases.

It the next iteration s of the deliverable the detailed use cases will be developed on the technological aspects

but also, based on the OMONSOON Platform Usage Scenar.i
the future use of the MONSOON platform as well as more detailed scenarios either common or specific to

the Aluminium and Plastics domains.

The crosssectorial aspects will be addressed giving details on the methodology to duplicate our use cases to

similar ones in other industries.

Next iterations will also focus on process modelling and life-cycle aspects and with analysis on

met hodol ogi es and key indicators to account for O0circu

1.1 Related documents

ID Title Reference Version Date
[RD.1] Grant Agreement-723650-MONSOON 723650 2016-10-5
[RD.2] MONSOON Consortium Agreement ngig%'\l 1.0 2016-10-4
[RD.3] MONSOON Platform Usage Scenarios D2.1 1.0 2016-11-30

Table 17 Related documents
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2 Domain State of the Art Analysis
2.1 Aluminium industry domain
2.1.1  Aluminium production

The production process goes through several main steps, two of which are in scope of this project 8 Carbon
plant and Potline processes.

The heart of the plant (smelter) is constituted by the Potline. It is constituted by a set of several hundred
pots where liquid aluminium is being produced from electrolyte based on utilization of electrochemical
process (electrolysis). Each of these pots ign a different production condition and with slightly different
architecture. The main inputs to the process areelectricity, Alumina (Al203), anodes and cryolite bath. As an
output not only the aluminium but emissions is produced as well. The process is highly energy consumingd
electrical energy from an external supplier is used.

In order to run the electrolysis, pots must be equipped with anodes and cathodes. Anodes are consumed

during the process within typically 28 days and therefore they have to be continually replaced. Anodes and
their quality are the one of the most important inputs f or the electrolysis pot which can be controlled. Each
anode position in the pot has its own specific condition of operation (very strong magnetic field , current
distribution and thermal conditions in pot).
After putting the anode into the pot, the alumina reduction process in the pot continuously consumes the
anode and decreases the heightthereof. Therefore each anode in a pothas different height. When the anode
is consumed (the height reaches a critical level), the anode is replaced by a new one. After removing the
spent anode (butt) from the pot, it is cleaned and electrolyte as well as anode butts are recycled.

New anodes are being prepared in-house within the Carbon plant.
Anode blocks go through three successive stages:
i Green anodes (produced from calcined petroleum-coke, coaktar pitch and recycled scraps and
anode butts by mixing and subsequent forming and vibro -compaction in the paste plant),
1 Baking anodes (produced from green anodes in chambers of Baking furnace),
1 Rodded anodes (produced from baking anodes by splicing them together with stems d two anodic
blocks on one stem).
Besidesusable anode blocks, tar emission and anode scrapsare co-produced. From energy point of view, the
baking process is usually using natural gas. The rodded anodes representthe final product stage of the
Carbon plant. They are subsequently distributed to electrolysis pots to replace consumed anodes.

The aim is to optimize anode production procedures, distribution of anodes to pots and selection of
anodes for specific positions in pot as an anode replacement. In an ideal case, all produced roddedanodes
would be with high quality only. In reality not all of the typically 200 anodes (400 blocks) produced per day
are of the best quality & due to several challenges (e.g. qualitydistribution of raw materials, technical
abnormalities in production process, normal distribution of the process) there is a chance to produce anodes
not in the best quality which can cause problems in electrolysis pots.

Aluminium Pechiney has proposed its Dunkerque plant (in northern France) as an indicative use case as
there is an intensive need for plant-wide monitoring within its aluminium production, electrolysis process and
potline process. The Dunkergue pant is in fact the highest-producing primary aluminium plant in the EU -28
area. It is equipped with 264 electrolytic pots (potline) operating at 390 kA, yearly producing 280.000 tons of
aluminium, and consumes 3.7 TWh of electricity, equivalent to a Imillion people city consumption. The
Dunkerque plant is also the first aluminium factory in France with 65% of total national production and
Eur opeds | -alungneums prodachr@asewell as one of the most modern smelters.
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2.1.1.1 A continuous process
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Figure 1 - A continuous process: 24 h / day, 365 days / year over the 30-50 years of plant operation.

The aluminium process consists in breaking by electrolysis the bonds through which the aluminium metal
atom is tight to oxygen in alu mina. This process can be simply described as follow:

1 Metallurgical alumina (aluminium oxide 0 Al,O3), the main aluminium production input, is
transported to the plants.

1 Alumina, which has a high melting point, undergoes over an electrolytic reduction wit hin the so-
called electrolytic pots. In the electrolytic pots, high direct current passes through a negative carbon
cathode and a positive carbon anode. The reaction with oxygen, present in the alumina, consumes
the anode when generating CO, (2 Al,O; +3C +e- A 4 Al + 3 CO,at 960°Q)

9 Liquid aluminium is periodically drawn from pots using specific vehicles and is casted into extrusion
ingots, sheet ingots, billets, or different other products depending on how it will be further processed
in transformation plants.

ELECTRICITY

ALUMINIUM
13 200 kwr’ ‘ 1000 kg

ELECTROLYTIC

CARBON ' t CARBON DIOXIDE
415 kg ALUMINA 650 Nm’
Bath 1920 kg (or 1500 kg)

Electricity
BATH = (AIF,, 3NaF) + 11.5% AIF, + other components
cryolite

Figure 2 - overview of the aluminium electrolysis process
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The production process is happening at high temperature. Like in any electrochemical reactor, there are
several equilibria that need to be monitored, managed and kept under control and in steady levels in real
time:

1 Thermal balance: adjustment of the Joule effect generated in the pot to balance the heat losses

1 Chemical balance: raw material feeding rates and bath chemical composition adjustments.

1 Magneto-hydro-dynamic equilibrium: stable Laplace forces induced liquid bath and metal

movements.
1 The mass balance: produced metal tapping, and the liquid bath volume control.

2.1.1.2 Atypical aluminium smelter

Casthouse

Potline

Power substation

production
plant

PG
;;Tz;%Raw material .
> L al

silos

Figure 3 - a typical aluminium smelter

2.1.1.3 Finished aluminium products at Casthouse

The objective of a casthouse is to manufacture a product with the shape, composition, properties and
internal structure that correspond to the customersd r
1 safety, cost effectively and away that does not harm the environment,
9 the best value potline metal purity.
The main final customers are duminium transformation businesses.

Main finished products:

Extrusion billet Sheet ingot

Figure 4 - main casthouse finished products
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2.1.1.4 Atypical potli ne and pot

Managing a potline process of such size is similar to managing a population. The pots involved in
aluminium production line are like individuals behaving according to common rules and trends and
individual behaviours, which can drift with time and events, or as a reaction to potline process setting
changes.

An optimum performance of the potline happens when the whole population is operating in average at an
optimum target setting point, and expected behaviour, and when the standard deviation of the populat ion is
minimal (i.e. there is no problematic individual pots).

Anode assemblies

Aluminium

Pot shell TR SR

Cathode block

Figure 6 - Schematic cross-section of an AP pot
2.1.2 The anode assembly

2.1.2.1 Description

An anode assembly (AA) canprises:
1 an aluminium stem
1 a cast or welded steel bracket, on which cylindrical pins are welded (this assembly is also called a
hexapod when there are 6 pins)
1 one or more amorphous carbon anodes rodded to the pins

Deliverable nr. | D0.0
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The stem/bracket connection is formed by an aluminium/steel composite part or clad, welded on its
aluminium side to the AA stem and on its steel side to the AA bracket. The bracket/anode connection is
formed by the pins rodded into the anodes using cast iron. Anode assembly design and anode geometry are
closely linked to the design of the electrolytic pot itself. The table below gives the main characteristics of
anodes and anode assemblies used in pots currently in operation.
Anode Assemblies characteristics for AR30 technology:

1 Length: 1500 mm, Width 650 mm, Height 600 mm, Mass 930 kg

1 2 anodes blocks per anode assembly (total mass of anode assembly: 2700 kg)

1 20 anode assemblies per pot, 6 pins per anode assembly (pin diameter: 170 mm)

Cross bar

clad aluminium
al/steel
connector alfal Y ‘connection
weld % /(CLaD)
i steel/steel
_~weld

‘/'- brackets

pin ___‘- ‘l T"',thimble

¥ hexapod —
Figure 7 - Description of a typical anode assembly (AP-50 technology)

sch 1932

2.1.2.2 Anode composition

An anode is a parallelepiped-shaped block of amorphous carbon. Its top surface features grooved
cylindrical holes, in which the cast iron-rodded pins are located.
On a macroscopic scale, the anode structure is composed of carbon grains smaller than 15 mm, borded with
carbon cement. Two-thirds of these grains come from petroleum coke and one -third from pieces of anode
recycled after use. The bonding cement is a blend of fine particles of similar origin and a carbon binder called
pitch, reduced to an amorphous carbon state after baking at 1,100 °C.

RECYCLED
PRODUCT
{very coarse
and coarse)

BINDER
PETROLEUM -
PITCH
COKE T
ultrafines
(coarse, medium and 22 Qe (<30 pm)

22

R T DR A

Figure 8 - Anode macroscopic structure
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An anode is therefore formed of two intimately mixed types of car bon. This important notion conditions
many of its properties. One third of the volume of this structure is composed of microscopic pores
intercommunicating to a greater or lesser degree, which makes the anode permeable to gases.

It contains small quantities of metallic impurities, which can have serious consequences in the event of
deviation.

An anode is an electrical conductor.

Its geometric density (ratio of its mass to its external volume) varies between 1.52 and 1.62 according to its
quality. A good quality anode is exempt of internal defects such as areas of constituent segregation or cracks,
or else it contains only limited, controlled proportions thereof.

2.1.2.3 Anode Assembly usage

The following picture shows a new AA being placed in a pot using a pot tending assembly (PTA).

R S et
Figure 9 - Placement of a new AA (AP30 technology)

The AA is held approximately 5 cm above the pot liquid metal pad by means of a tube that clamps the stem
to the pot anode beam, which also distributes current to all the AAs.

In the case of an AR 30 pot, the average current circulating in an AA from the beam to the pot is 15,000 A.

As soon as anodes are placed in the pt, they are covered with crushed bath to protect them from oxidation.
27 to 30 days later, two-thirds of the anode height has been consumed and the AA has to be replaced by a
new AA. AA usage time in the pots 0 typically 28 days - is called the "anode cyde".

Figure 10 - Spent anode removal at end of cycle

During their cycle, anodes must fulfill a number of conditions to ensure optimum operation of the electrolytic
process.
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2.1.3 Anode Quality criteria

2.1.3.1 Low carbon consumption

Two factors contribute to carbon consumption, the first corresponds to an electrochemical reaction and
second to purely chemical reactions.

Electrochemical consumption

The anode/bath interface is the center of the following basic reaction: Al,O; + 3/2 C A 2 Al + 3/2 CO,
According to this reaction, the theoretical carbon consumption is 333 kg/t of aluminium produced.

Parasitic reactions result in reoxidation of part of the metal with the produced CO, (back reaction), so the
aluminium quantity actually produced is slightly less than the theoretical quantity. The ratio between actual
and theoretical production is called the current efficiency, which may vary between 92 and 97%, depending
on pot performance.

Effective carbon consumption per tonne of aluminium produ ced is therefore slightly higher than 333 kg/t
and, if the current efficiency is 95%, it is, for example:333 x 100 / 95 = 351 kg/t

Chemical consumption

Part of the CO, produced when reducing alumina disperses by circulating within the porosity of the anod e
which is at very high temperature when in contact with the electrolytic bath, which causes further oxidation
of the carbon by carbon dioxide reactivity based on the following reaction: CO,+C A 2CO

This so-called Boudouard reaction is a chemicd reaction that is accompanied by excess carbon consumption
of approximately 40 kg/t of aluminium produced. Its value depends on the reaction intensity, which itself
depends on pot temperature, anode permeability to pot gases and various catalyzers present in the anode in
the form of impurities (especially sodium, vanadium, nickel..).

Another cause of chemical consumption is due to oxygen in the air, which manages to come into contact
with the top of the anode, despite the layer of bath protectingit: O ,+C A CO,

CO; produced by this reaction is discharged along with the other pot gases.

This new excess consumption due to anode oxygen reactivity varies between 10 and 30 kg/t of aluminium
produced, depending on the airtightness of the bath cover, the ano de permeability and and the above
mentioned metallic impurities.

Figure 11 - Reaction causing carbon consumption

Net consumption and net carbon
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This is the total carbon consumption per ton of aluminium actually produced. Its breakdown is as follows:

electrochemical consumption (at 95% current efficiency) 350 kglt,
consumption due to carbon dioxide reactivity 45 kglt,
consumption due to oxygen reactivity 15 kgft,

Total net carbon 410 Kkgft.

In practice and depending on anode properties and pot operation, net carbon varies between 395 and 450
kg/t or even more.
The example below illustrates the case of a downgraded situation:

electrochemical consumption (at 91% current efficiency) 365 kgit,
consumption due to carbon dioxide reactivity 60 kglt,
consumption due to oxygen reactivity 20 kglt,

Total net carbon 445 kglt.

This case correspmds to downgraded pot operation with a current efficiency of 91% instead of 95%, as well
as increased consumptions due to oxygen and carbon dioxide reactivity resulting from both the operating
conditions at this pot and insufficient anode quality.

NET :
Theoretical 333
95 % CE
Carbon dioxide
reactivity

Oxygen reactivity

(+ 140)

GROSS : -
-

300 400 500 kglt

Figure 12 - Net and gross consumption

Gross consumption or gross carbon

Unlike net carbon, gross carbon takes into account the anode quantity remaining at the end of the cycle
because it is defined as the anode quantity supplied (or lost) to the pot, reduced to each tonne of aluminium
produced.

In general, gross consumption varies between 550 and 580 kg/t, depending on the net carbon and the anode
guantity remaining at the end of the cycle.

—

|

E00

to to + 80 shifts

Figure 13 - Anode cycle in an AP-30 pot

Deliverable nr. | D0.0
Deliverable Title | Process Industry Domain Analysis and Use Cases Page 14 of 110
Version | 0.03 - 13/01/2016



MQ)[\SQ@I‘\ ‘ Model based control framework for Site -wide OptimizatiON of data -intensive processes

2.1.3.2 Long anode cycle

In the case of the pots referred to above, the end-of-cycle anode height must not be less than about 200
mm to ensure that the pins do not come into contact with the liquid bath, if the anode is submerged during
operations to suppress pot polarization. Steel dissolves quickly in the bath and this effectively leads to rapid
pin wear and unwanted aluminium contamination by the iron dissolved in the bath.

With 600 mm high anode, the wear is approximately 400 mm, i.e. for an 80-shift cycle, 5 mm per 8-hour shift.
Other things being equal, the rate of anode wear and thus the cycle time effectively depend on:

1 the net carbon,

1 anode density or quantity of carbon per unit volume.
The rate of anode wear is all the lower when the net consumption is low and the anode density is high.
Dense, lowly reactive anodes are therefore preferred, either to reduce anode changing frequency by
prolonging the cycle time or, with the same cycle time, to have higher spent anodes to improve pin
protection and reduce iron contamination of the metal.

2.1.3.3 Resistance to carbon dusting

We have seen that the CQ produced by reducing the alumina consumes the anode carbon due to carbon
dioxide reactivity and that the anode carbon is made up of coke grains cemented by a carbon binder.
If the CO, reactivity of the binder is higher than that of the coke grains, the binder is consumed quicker
leading to dislodgement of the coke grains, which then fall into the pot before being consumed themselves .

Figure 147 matrix and binder cokes

This reaction, known as carbon dusting, seriously destabilizes pot operation and must be avoided at all costs.
Drawn by movement of the metal, the carbon grains concentrate effectively at different points of the
bath/metal interface, where they form magmas called mushrooms that adhere to the anodes.

Figure 157 carbon dusting

The resulting reduction in the anode/metal distance immediately above the mushrooms constitutes as many
zones of preferential current passage, which destabilize pot operation by disrupting the uniformity of the
current distribution at the anode assemblies.

One of the principal effects of this disturbance is an increase in temperature of the pot, whose performance
deteriorates. Moreover, becausetemperature accelerates the CG oxidation rate, the phenomenon spreads to
other anodes, which would not have produced carbon dust at a lower temperature. The phenomenon
therefore propagates throughout the pot.
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