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RESUME

Loindustrie de | 6aluminium est une I mpoc
nationale tant par ses émissions de dioxyde de carbone que par ses émissions de
perfluorocarbureg PFC) qui ®manent l ors doéun ®v®neme

effet anodique (EA). Le projet de doctorat discuté dans le présent document a été mis en
place pour accroitre la compréhension des mécanismes qui entrainent des émissions de PFC
de facon adciliter leur quantification tout en minimisant les émissions totales.

Globalement, les émissions de PFC pour une usine sont actuellement quantifiées en
utilisant des modeles linéaires qui nécessitent des indicateurs de performance mensuels.
Ces méthodolpi e s sont toutefois i mpr ®c i s eds pour
nouveaux modeles sont désormais nécessaires pour assurer une quantification adéquate des
émissions de PFC.

Au cours du projet, plusieurs cameéagnes
réalisées pour associer une quantité deg €Fde GFs spécifigue a chacun des EA
respectifs détecté par le systeme de contrdle. En se basant sur plus de mille EA individuels
mesurés, de nouveaux modeles ont pu étre proposés eticamntxété compastavec les
modeles déja existants établis. Le modéle considéré comme ayant le meilleur potentiel

(simple et efficace) pour une wutilisation
évolution non linéaire de la quantité de PFC émise en fonctioa derée de polarisation

mesur ®e pendant | 6EA. Une validation bas®e
de confirmer une meilleure précision du modéle propdséeut ef oi s, |l 6amp®r a
) un i mpact consi d®r abl ePFGCs U a dohceété nécdassainee d O ¢
déi ncorporer une seconde variable dans | 6®

Ainsi, le modéle générique développé permet de quantifier individuellement les émissions
de PFC issues doEA poilsant descanades préclitesset ayamtautm n o | ¢
ampérage inférieur a 440 kilo amperes.

Le deuxieme volet du projet touche les effets anodiques a bas voltage (EABV) en

mettant | 6emphase sur |l es m®cani smes entr a
composiion des gaz de cuves individuelles, un premier modele publié a été mis en place
per mettant de quantifier | es ®missions de F

de +25% pour le 2/3 des cas observés. Une analyse de sensibilité performée sur ca modele
permis de d®t eyperie coarant agadigue indiviglwelest te paramétre ayant

l a meill eure corr®l ation avec | es ®mission
possi ble de d®montrer gudun <changemant dar
offrirait une meilleure représentativité du comportement de la cuve, ce qui est nécessaire
pour atteindraine précision plus élevéee | 6 al gori t hme de pr ®di cti



Un modele mathématique transitoire a été développé permettant de simuler

| 6®uwbion de |l a distribution | ocale doéal umi
do®l ectrolyse pour | es 20 ensembles anodi g
| 6homog®n®i t ® de |l a distribution dwvatonour ant
sont plus a risque de générer des PFC. Des mesures industrielles ont permis de confirmer

une bonne corr® ation entre |l e simulateur e
concentration déalumine que pour | a pr®dict

Enfin, les connaissances acquises au cours du projet et la proximité du partenaire
I ndustri el ont permis |l a mise en place dour
production de PFC dans la cuve et lance automatique un traitement correctif qui agit pour
éliminer cette problématique. Cette action corrective a permis une réduction de plus de 50%
de | a fr®quence des EA ainsi gudune r®duct
étudiées sans affecter de facon négative les autres indicateurs clésuhegnees.



SUMMARY

The aluminium industry is an important GHG producer due to its carbon dioxide
emissionsbut also due to theerfluorocarbons(PFC) emissions emitted during a
detrimental event known as anode effect (AlEhe doctoral projegtreseneédin this thesis
was realisedto increase the understanding of the different mechanisading tothe
generation of PFC, in order to facilitate the quantification of PFC whitditating a
reduction ofthe total emissions

Gl obally, a nuspiang dreestindatel usihg Khearemodels based on
monthly performance indicators. However, the precision of these methodologies is
dependent on the total number of AE occurreand new models are now necessary to
assure adequate estimations of PFC aamnss

During this project, multiple measurement campaigns were performedsign
specific Clz and GFs amounts for eachespective AE detected by the control system.
Based on more than one thousand individual measurements, new models were proposed
and ompared to the already existing methodologidsee model considered with the best
potential to be used widely across the industry, in terms of simplicity and efficiency,
considers the PFC emission rate as a-lmmar function of the polarised AE duration.
Validation was performed based on data acquired ohfferent smelterg¢o confirm an
improved predictive efficiency. However, it also demtrated that the line currehas an
important impact on the emission rate of PFC emissibngas necessary togorporate an
additional variable into the equation to reach a higher level of precision. Finally, a generic
model was developed with the ability to estimate the PFC emissions resulting from
individual AE for cell technologies using prebaked anodediaadturrent higher than 440
kilo amperes.

The second aspect of the project is relatedaow voltage anode effect (LVAE)
where a thorough study tfe mechanism leading to thgeneratiorwas performedBased
on gas compositioomeasurementperformed on inidual cells a first published model
was established allowing quantification of PFC emissions resulting from LVAE. The
measured accuracy of the model is +25% for 2/3 of the studied scenarios. A sensitivity
analysis was performed afterward on the modeal &me standard deviation among
individual anode currents was found to be the variable having the best correlation with the
presence of LVAE.lt was also demonstrated that improvements in the gas extraction
technique should lead to a better representatsgené the cell global condition, which is
necessary in order to increase the predictive capability of the LVAE algorithm.

A transient mathematical model was developed to simulate the local alumina
concentration and current density in an electrolysis fmllthe 20 different anodic
assemblies. Henceforth, it is possible to evaluate the homogeneity of the current
distribution and predict if specific operation scenarios are more at risk to generate PFC



VI

emissions. Industrial measuremgenonfirmed that a goodorrelation exis between the
simulator and the reality for both the evolution of the alumina distribution and the LVAE
predictive capability.

Finally, the knowledge acquired during this project and the proximity of the
industrial partner allowed the delepment of a control algorithm to detect PFC generation
while automatically launching aorrective actionto eliminate the threatUsage of this
preventive tratment allowed a reduction of more tha@%o on the AE frequency and a
reduction of almost 50% laged to the cell instability without any negative impact on other
key performance indicators.
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CHAPTER 1

INTRODUCTION



1.1 Introduction i Hall-Heroult process

Industrial aluminium production debuted in 1889, when Charles M. Hall and Paul
Heroult developed, parallel to each other, a process to pratlwogmiumby electrolysis of
the alumimum oxide using a cryoliteased solvent. This process, commonly known as the
Hall-Heroult process has evolved over the century and is still widely used worldwide and
considered the most practical way to obtuminiumon an industrial scale.

Nowadays, electrolysis of the alumina is performed in large reduction(Eglsre
1-1) with a significant number of carbon anodes in parallel. An electrical current of high
intensity passes through electrical conductors and these anodes to reagblitesbased
electrolytic bath. A small concentration (typically 1 to 6&b)alumina is dissolved in the
bath where thaluminium atoms will dissociatefrom the oxygen under the passage of a

forced current through the electrolyte.
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Figure 1-1: Schematic of an aluminium electralysell and its main components. [1]



In most recent smelters, the alumina is routed automatically to the electrolysis cells
structure, and then distributed to the bath periodically using point feeders located at specific
points in the cell. The number déeders will be dependent on the cell technology, which
differs in size in order to accommodate for increading current.The cell technology
considered in this project was operating with a total of four point feeders.

The composition of the electrob/and the quality of the raw products (AIRAILO3,
carbon anode, etcarevery important to assure the consistency of the process, to maximize
the production ofaluminiumand to reduce the occurrence of detrimental events such as
anode effects. With imeasing cell size and amperage, it has become a challenge to
maintain homogeneity of the bath composition. For this reason, mathematical models
devel oped to understand and predict the <ce
improve the electrolysigrocess.

Finally, even after more than a century of operation using this process, there is still
uncertainty regarding some of the dynamics of most of the reactions occurring during
aluminiumelectrolysis. Some extensive studies are henceforth neces&agptamproving
the general understanding of this process, more importantly regarding the generation rate of
some gas products which have an important effect on the environment and climate change.

1.1.1 Generation of GreenhouseGases

The aluminium industry is oe of the most important anthropogenic producers of

greenhouse gases (GHG), particularly because it uses carbon’ambidisreact with the

! Cell technologies using inert anodes do not face theseenel. However, inert anodes have not yet
been deployed on a large industrial scale.



oxygen from the alumina to produce carbon dioxide. Reactidnis inherent to the
production of aluminium therefoe, the carbon dioxide emissions will be directly
proportional to the annualuminiumproduction. Based on the mass balance of the process,
more than 1.2 tons of GQs anticipated per tons dadluminium with additional CQ
expected from carbon oxidatioiself.

L1 cd O 1da 08l (1-1)

Additionally, a second category of GHG is also produced by alueninium
industry: the perfluorocarbons (PFC). Tétraromethane (Ch and hexafluoroethane
(CoFg) are emitted during a detrimental event known as anode effect. This kind of incident
occurs when the alumina concentration in the bath becomes insufficient to support the
passage of the electrical current. ddn such circumstances, the electrolysis bath
dissociates viaeactions1-2 and1-3, and PFC gas is produced.

T606® 06 O1d6a 060 p o (1-2)
CUOO® 6 O¢da 60 b0 (1-3)
1.1.2 Distinction between high voltage and low voltage anode effects

Anode effects may occur in the cell under different set of conditions based on the
alumina feeding strategy and the size and bath volafmelectrolysis cell.Within the
industry, he common definition of an anode effect considers that the cell voltage needs to
reach a specific threshold for a specific duration in order to be considered in anode effect.
This triggervalueis typically set® 8 volts, and the typical duration is 3 secoft]s Most

recently, this type of event is referred tchagh voltage anode #ect (HVAE).




PFC emissions have also been observed in cases where the cell voltage did not
reach the specific threshold of detection necessary for the cell control system to identify
this event. Due to its small impact on the cell voltage, this type sfsém is referred to as

low voltage anode effec{LVAE). Even though the mechanism leading to the generation

of PFC under LVAES believed to be similar to HVAE emissions, the composition of the
gas emitted appear to be mainly composed of &id only litle traces of gFs have been
observed under industrial LVAE conditions. This phenomenon has been explained by the
alternative reactiori-4 that necessitates a lower voltage of reaction and produces COF
which reacts rapidly to form GBubsequently via e@tion1-5.

Co® 0a0 06 ©t1da 0600 p=-18v (1-4)

600 & O¢db6 80 K=94.8 (1-5)

Wonget al.[3] characterizedlVAE as 2 different categories:

1 Non-propagating LVAE emission®FC emissions without impact on the cell
voltage and occurring under a smalhmber of anodes. This type of emission can
last for several hours and remain undetected.

1 Propagating LVAE emissions: PFC emissitiasinga smallinfluence on the cell
voltage, without reaching thaetectionthreshold.This phenomenon affects a large
numbe of anode and can last a few minwge

Whether or not a LVAE will propagate is dependent on the alumina distribution
homogeneity in the cell. When generated, PFCs will wet the anode surface and reduce the
current going through this specific anode. Theent will be redirected to adjacent anodes
which will increase their current density. If the alumina concentration is insufficient to
handle the passage of these additional electric charges, it will eventually lead to a

generation of PFC emissions unddratt adjacent anode. Under normal operation,



propagation of LVAE will only stop if the alumina distribution increases locally due to

met al reoxydation or additional alumina fee
reach the HVAE state.

Even tlough both type of LVAE emissions have been observed in the scope of this
project, references to LVAE in this thesis will always refer to both categories without any

specific distinction.

1.2 Goals of the thesis
This project was designed to fundamentally ustéerd the mechanisms leading to
all types of PFC emissions (HVAE and LVAE). Moreover, the acquired knowledge should
lead to the development of tools that would benefit the electrolysis process in order to
reduce their carbon footprint, while offering impgements in terms of metal production.

Hence the goals can be resumed as:

Main objective of the thesis

Being able to identify the key factondluencingthe PFC
generation rate in order to quantify or predict those emissiops
for specific operation scenans.

In order to achieve this main objective, the project was subdivided into three
differentparts Moreover, each of the elements listed below are beneficial for the progress
of science and well within the scope of a doctorate thesis:

1. Developing an immved methodology to quantify the PFC emission rate of cells
during high voltage anode effect.
2. Understand the key factors leading to generation ofoltage anode effects.



a. Determine the optimal way to predict, or detect the occurrence of LVAE in
an eleatolysis cell.
b. Develop a model to quantify LVAE resulting from process deviation
occurring duringaluminiumelectrolysis.
3. Developing a noihomogenous simulator to reproduce the cell behavior in terms of
alumina and current distribution in order to prédRFC enissions within an
electrolysis cell.

1.3 Methodologies

1.3.1 Experimental work

The project is realized in an industrial context. Thus, different kinds of
measurement&erenecessary in order to acquire a satisfying amount of data to perform a
successful angsis. The basics of these measurement techniques are presented in the
following sections.

1.3.1.1 GasMeasurements

Analysis of the gas composition was performed under two different sets of
conditions: individual cell gas composition monitoring &yas treatment eger (GTC) gas
composition monitoring. These sets of condisiane affected by the extraction point of the
gas. Howeverin both cases the composition of the gas was determined using a fourier
Transformed Infrared spectrometer (FTIR). FTIR spectrometeg ascalibrated infrared
energy source generally emitting in a specific spectrum within the wawbersrange of
900 to 4000 cm. Under such circumstances, the energy emitted crabsesnalysis
chamber filled with the unknown compound; in this case, gas extracted from the
electrolysis cells.

An essential part of the FTIR is the interferometer, which is composed of a moving

mirror illustrated orFigurel-2, creating a phase shift in the emitted sighki@nceforth, the



deteced signal is known as an interferograrhieh is directly depereht on the position of
the moving mirrorat a known timestep minus the energy absorbed within the sample

chamber.
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Figure 1-2: lllustration ofan FTIR spectrometer main compondfis

Using Fourier analysis, it is possible to recompose the original speatioss the
entire wavenumbersrange within a single analysis taking only a fraction of second. This
quick response time makes FTIR analysis an ideal technique to continuousieahaly
fluctuating emissions of aaluminium electrolysis cell. Moreoverthe precision of the

measured spectrum can be significantly increased by performing the analysis multiple times



in a row, thus reducing the effect of the noiBlee analyzed IR spectrum is then compared
to the databank ofjas reference in order to find theest correlation gas composition as

shown inFigurel-3.
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Figure 1-3 : Example of spectrum recompositiusing a mixture of differenteg reference(4]

The concentration of a gas will have a Amrear influence on the IR absorbance of
the compound, thus it is important to have specific rafexespect in an order of
magnitude similar to the expected emissions to assure representativeness of the results and
to avoid extrapolation. The effect of an increasing @ncentration on the absorbance is
illustrated onFigure 1-4, for the primary absorption peak. Additional details on the
reference spedifor various gases studiedthin the scope of this project are available in

Appendix A.
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Figure 1-4 : Increase of the amrbance of €, with respect to the gas concentration.

1.3.1.2 Electrolysis cell data acquisition

During normal operation of an electrolysis cells, the voltage is closely monitored
continuously by the control system. Hence, no particular manipulation was ngdessar
acquire this information. Moreover, during HVAE conditions, the control system will
automatically monitor the duration of the anode effect, and the energy released based on the
evolution of the celloltage inthat time period. Finally, data on theialina feedings of the
cell were also recorded using the control system in orddeti&rmine their corresponding
feeding cycles during th&tudied periods.

Even if this information is strongly relevant for the project, it only offers data on the
global cel performance and cannot giwietailson the cell homogeneity. To accurately

detect inhomogeneity in the alumina concentration, specific cells were selected when
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performing tests on individual cells. These electrolysis cells were equipped withliae on

and continuousndividual anode current monitoring system provided by Wireless Industrial
Technologied5]. This technology uses Hall effect sensors adjacent to the anode rods to
measure the magnetic field, thgsa/ing a clear indication of the anode current passing
through that anode. Data was acquired with a 1 Hz frequency, which is sufficient to detect

variation in the bathés alumina con[gentrat:i

1.4 Overview and Relationship Between the Different
Chapters

As described in the previous sections, the goals of this thesis were covering three
specific topics: Study of HVAE (1) and LVAE emissions(2), and development of an
alumina and current distribution simula{@). In order todemonstrate thenagnitude of the
work performed during this project, six chapters will be presented in this twssng
the content of the workThis thesis is designed as a collection of articles which were all
published prior to the final submission of this theSis avoid substantial changes to the
originally published text from these articles, some additioisdudsions are provided in
Appendix D.

In chapter 2, the quantification methods related to HVAE estimations are
investigated. The inaccuracies of thetualmethodologies are presented, and solutions are
proposed to increase the predictive ability of PBGneatng models. On the othdrand,
chapter3 investigates which type of ndmear models could be the most appropriate to be

used across the entiauminiumindustry.
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Chapter 4 discusses the development and validation phases of the first published
model with the ability to quantify PFC emissionssulting from LVAE. However, during
the analysis of the results, some uncert@éntelated to the representativeness of the
extracted gas ereraised and these issues are discussed and evaluated in Bhapter

Chapter6 present the alumina and current distribution simulator, which indirectly
connects all the themes of the thesis together. The development of the simulator, as well as
the integration of 4 VAE PFC estimation model are presented and discussed. In parallel,
efficient ways to use this simulator to improve the industrial process are also presented.

Finally, in Chaptef7, industrial improvements resulting from thenk performed in
this thesis are presentddading to a reduction of the HVAE frequency awveérvoltage as

well asincreased cell stability.
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CHAPTER?Z2

QUANTIFICATION OF PERFLUOROCARBONS EMISENS
DURING HIGH VOLTAGE ANODE EFFECTS USINGNON-
LINEAR APPROACH
(BASED ONDATA FROM A SINGLE SMELTER)
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2.1 Summary

This chapter was previously publishedJournal of Cleaner Productignvolume
164, pages 35366, from the year 2017. Its DOI numberli8.1016/j.jclepro.2017.06.199

The work was performed in collaboration witarly Marks, Laszlo I. Kiss, Sandor
Poncsak and Charldésic Lagacé The model developed and presented in se@iéiil.5
was developed by Dr. Jerry MarkBlowever, thewriting of the article itself and the
analysis were performed/lthe author of this thesis, with minor suggestions and comments

provided by the c@uthors.

2.2 Introduction

With a carbon tax being imposed more and more across the world, industries are
stronglyincited to deploy significant efforts to redudkeir total enissions of greenhouse
gases (GHG). The primasfuminiumproduction industry is importantly affected by these
new restrictions as a major producer of GHGs. For instance, the emissions,of CO
equivalent in major smelters can reach as much as one ntitlioresper year as all
commercial cell technologies use carbon anodes and producasC®byproductin the
electrolysis process. Nonetheless, a significant part (generally between 5 and 10%) of
equivalent emissions are attributedwm perfluorocarbor{PFC) gases, tetrafluoromethane
(CF,) and hexafluoroethane £&) which have global warming potential of 6630 and
11100 times greater than G@espectivelyMyhre et al. 2013)

PFCs are produced when the electrolysis cells conditions reach an event called
anode effect (AE). During AEs the normal electrolysis process becomes difficult due to a

lack of alumina, leading to the electrolysis of the electrolytic bath. Two diffeetaitod
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conditions can eventually lead to this undesirable event. In the first and most reported case,

the cell voltage will increase significantly higher than the typical cell voltage and tens to
hundreds of grams of PFCs will be generated in an intefvidvo seconds to minutes.

However, recent measurements demonstrddaedo et al. 2015; Wong et al. 2015; Léber

et al. 2013; Wong and Marks 201Bat PFC generation could also occur locally without a
significant change in the overall average cell voltage leading to a low level of emission
occurring over a long period, several minutes to hours. Hence, the terminology used to
differentiate bothset o f conditions is #Ahigh voltage al
voltageanode effecto (LVAE), respectively.

In smelters, PFC emissions are not monitored continuously due to the cost for
continuous monitoring. Instead, mathematical estimatidvarks et al. 2006)f these
emissions are performed based on the good practice recommendations of the
Intergovernmental Panel on Climate Change (IPCC). The most precise estimation method
uses linear models quantifying the total amount of PFC emissions based on a single cell
par ameter whi ch can be either Apol ari zed
overvd t ageo. Huoalysishased gn tha nate of increase of PFCs in the atmosphere
found that the amount of PFCs in the atmosphere is significantly higher than the amount of
PFCs estimated by the industries known to produce RKi@s et al. 2014) Part of this
inconsistency can be attributed to PFC emissions resulting from LVAE whiah nogr
accounted for in the past or to araccurateor incomplete accounting of emissions from

other industries such agemiconductorand rare metals productidiWwong et al. 2015)
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However, it is plausible that imprecision in the current models used to quantify HVAE can
also contribute to the measured gap.

In this papernew nonlinearmodels are proposed to estimate the perfluorocarbon
emissions resulting from hig¥pltage anodeeffectsbased orour different process
parameters. These models were developed using data collected in the Adtuneitéum
smelter and a thorough description of the processing phase of the data is included,
including a novel approach to separate respecemissions from overlapping
HVAE. Finally, the efficiency of these innovative models is compared to the linear models
currently used in the industry to quantify PFC emissions. The results are presented and
discussed as well as the positive effect ttit presented models could have for the

aluminiumindustry.

2.3 State of the art
2.3.1 Anode effect definition

During theproductionof aluminium an electrical current is forced througtyolite
based electrolytic bath to electrolyze the dissolved alumina followiegction 2-1.
However,privation of dissolved alumina in bcalized region of the batltan occur under
various conditionslf it happens, transport of the electric charges is no longer supported by
the standard electrolysigaction This will lead to arincrease in the anodic overvoltage,
and subsequemnéaction2-2 and2-3 will occur in the cell, leading to the electrolysis of the
electrolyteand the genation of PFCs; i.e. an AEOnce an AE occurs in the cell, the
localized area wherehe bath is eletrolyzedbecomes strongly resige to the passage of

current due to the high electrical resistivity of the PFC prodacetithe currenwill be
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redistributedtowards other anodesin the cell. This redistribution generally provokes
increased voltagelsevhere and the AEan propagate from onanodeto the other until
terminated, meanwhil e signiyc@ong,lTgbereaoxc r e as i

and Lavoie 2014)

CBaD 66 ©1da  gbD E0=-1.18V D

T0WO ® c6 ©1000 0060 p Q@ O EFO =-2.58V (2-2)

. c o - . (2-3)
lwo® ¢6 ©9¢oa 60 @0 E0 =-2.80V

The main interest of this paper is focused on HVAE, tmdicating that a
significant change in the cell voltage is observable and can be monitored by the cell control
system. It is well established that the beginning of an HVA&h&acterded by a sudden
increase in voltage higher than a specified thresaottfor a minimum duration. However,
among the industry, there is no uniform standard regarding the voltage threshold and
reports indicate that this value can fluctuate between 6 and 10 volts depending on the local
smeltels practice (Marks and Bayliss 2012)Similarly, no specific duration after the
threshold has been defined before the declaratianHdfAE but reports have shown that it
can vary between 1 to 3 to as much as 90 seqddsg et al. 2015)

During an HVAE, each smelter can adopt different strategies to treat the event as
rapidly as possible. As described in previous publicati@rabereaux 1994; Tarcy and
Tabereaux 2011; Tabereaux 200dhese strategies involve shartcuiting thealuminium
metal pad and the anodes automatically or manually. A common way to achieve this goal is
by moving the anode beam up and dote create waves in th@uminium metal pad.

Additionally, wooden poles can be inserted beneath the anodes to instantly generate a burst
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of gas. The gas generated will create enough turbulence tecsicoit the metal pad and
the anode as well as dislgel the PFC trapped underneath the anodes. Finally, additional
feedings are generally applied during the HVAE to provide the necessary alumina for the
electrolysis and avoid recurrence of the problem. Once the cell voltage stops fluctuating,
the cell returs to normabehaviorand the HVAE is considered as terminated. However, no
standard condition is defindady the industry to consider if the cell conditions are back to
their normal state. Moreover, there is no agreement for what length of time must pass
before a following voltage excursion is considered a new anode effect or just a continuation
of the first AE. These inconsistencies among the industry can lead to important differences
in the reported anode effect duration or frequencies. In Alouettéenin@ation condition
is achieved if the cell pseudesistance remains stable within a specific interval for at least
fifteen seconds, which lead to the plateau observableigure 2-1. Oncea highvoltage
anode effect is termated, four different parameters can be calculated based on the cell
voltage for each specific HVAE as showrFigure2-1.
1 Anode effect duratiofAED): The lapse of time from the start of the anode
effectup to its termination.
1 Positive anode effect overvoltage (AEO): The sum of the area under the
voltage curve exclusively when the values are higher than the target voltage.

1 Maximumpolarizationvoltage(MPV): The maximum voltage reached during
the anode effect.

1 Total anode effecpolarization duration (PAED): The sum of all the seconds
where the cell voltage was higher than the trigger value.
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Figure 2-1: Typicalbehaviorof the cell voltage during amade effect

2.3.2 Observations from previous publications
In the 1990s, smelters around the world showed interest in reducing their total

amount of PFC emissions. Therefore, numerous researchers started investigating the
respective emissions &F, and GFs to try and correlate these vakito some of the
parameters discussed in sectib®.1 After an exhaustive measurement campaRpherts
and Ramsey (1994)emonstrated that there wasignificantchange in the emission rates
of PFC mostly influenced by the frequency of HVAE and thdairation. In parallel,
multiple studies conducted in different locatigiabereaux 1994; Berge et al. 1994; Marks
1998; Gosselin and Desclaux 20@Ppwed a linear relationship between the anode effect
duration ad the total amount of GFgenerated. Moreover, a linear relationship between

the anode effect overvoltage was also observed by some reseéBtherat, Carraz, and
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Meyer 1996; Martin and Couzinie 2003; Marks et28l01) Some difference in the rate of
emissions was observed depending on cell technologies and HVAE treatment strategies.
Nonetheless, the presence of a correlation is definitive between the average anodes effect
minutes per cell day and the measurgdrage PFC emissions of atuminiumsmelter.
However, no publication investigated individual anode effect emissions to establish if the
correlation could be improved by using Aarear relationships.

Measurements regardingfg reveal similarbehavior(Martin and Couzinie 2003;
Marks et al. 2003; Marks 1998&ut a few studies demonstrated that the emission rate of
this gas seems to be nbinear. Tabereaux (1994neasured the gas composition from a
single cell inan 180 kiloampere&A) prebake cell and observed thatFgemissions are
only occurring during the first minutes of the HVAE. In agreement with Tabereaux,
Gosselin and Desclaux (200@und a decreasing linear correlation between #ig OCF,
ratio and the anode effect duration. Therefore, alme@r estimation model could lead to
more accurate results for msating GFs emissions during HVAE.

2.3.3 Standard Quantification Methodologies

In order to represent adequately the PFC emissions fromluh@niumindustry, a
standard andecognzed methodologywasdefined based on cooperation betweédferent
government gencies and the industries. The results of this work are included in the
quantification method document published by the Intergovernmental Panel on Climate
Change (IPCC). This documefiarks et al. 2006)s the common standard in the primary
aluminiumproduction industry to coectly quantify GHG emissions from every step of the

process.
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PFC quantification methods are available with three different levels of uncertainty.
The Tier 1 methodology consssdf an average PFC production depending exclusively on
the overall metal pragction of a specific smelter without concern for the frequency of
HVAE, or their duration. For this reason, the uncertainty of this method can reach many
hundreds of percent and is almost never used. Tier 2 methodology uses the same formula as
Tier 3, butwith an average emission coefficient based on the cell technology Tweil&
usesspecific smelter defined coefficienin its formula to increase the precision of the
method.

For Tier 3, two different methods are suggested to quantifyb@sed on opetiag
parameters while only one model is suggested to quantify. The slope model (equation
2-4) is the methodology used in most smelters across the world to quaniign@$sions
(Marks 2009) It uses a specifically fieed emission coefficient g4 [(kg CFJ/tonne
AD/(AE-Mins/cellday)]), the total number of polagd anode effects minutes pmil-day
(AEM; [AE-Mins/cellday]) and the respective metal production (MP; [tonnes Al] to
estimate the amount of ¢generagd (Er4 [kg]) from a selected number of cells over a
defined period. However, some smelters prefer to use the overvoltage method shown by
equation 2-5. Instead of using the anode effect duration, the emission coefficient is
determined using the overvalg@ of HVAE. This coefficient (OVC; [(kg CF/ tonne
Al/mV]) is multiplied by the anode effect overvoltage (AOE; [mV]) and the respective
metal production (MP; [tonnes Al]). Additionally, a correction based on the current
efficiency (CE; [%]) is also inclded in this method. On the other hand, the estimated

amount of GFs (Ec2re [Kg]) (equation2-6) is based exclusively on the calculation of,CF
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(Ecr4 [kg]) estimated previously (by either method) and a specific ragigdtr). Because
these methodsear based on the smelterds average per
(Scra or OVC) and theratio (Fcarsicrd must be redefined periodically using continuous

measurement campaigns on site lasting multiple days to avoid major deviation.
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2.4 Methodology

2.4.1 Experimental setup

Most of the data collected for this study comes from a single measurement
campaign performed at Aluminerie Alouette in spring 2016. The gas output of 132
AP40LE prebakesells with pointfeeder was collected and redirected to the gas treatment
cener (GTC). A stainlessteel sampling probe was inserted in the top part of the exhaust
duct of the GTC to continuously extract the gas. During the sampling period, the line
current remained constaabove380kA. Additional data used in this paper was collected
in fall 2013. At the time, the cell technology wamnilar, but the current waabove370 KA.
However, the same protocol was used to collect and prepare the data.

Once extracted, the gas was routed toGASMET™ DX-4000FTIR (Fourier
TransformedInfraRed spectrometer) using a Peltier cooled mercamiumtelluride
detector (sample cell path: 9.8m, volume: 0.5L, resolution: 7:8.ciihesampling probe
was locatedn the cener of the GTC stack andyas was continuously fed to thealyerat a

volumetric rate of 2.45iters perminute. The gas stream was sent sequentially through a 15
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micron filter, desiccant, activated alumina,-anfron filter and finally a Znicronfilter to
remove dust, traces of water and hydrogen fluoride for the protection of the measuring
equipment. The gawas preheated tol20°C before entering the FTIR and concentration
measurements were performed at a rate of 10 scans per second. Avaragdoralenty
secondperiods were recorded. The background spectrum was redefined using high purity
nitrogen every 24 hours.

2.4.2 Preparation of the data

During both sampling periods, more than 570 HVAEs were recorded by the cell
control system. To efficientldevelop models representing PFC emissions based on the
previously discussed parameters, it was necessary to account for the respective emissions of
each individual HVAE. To perform this task, each HVAE was numbered and the respective
PFC emission patterwas associated to the HVAE. In most cases, it was possible to
associate the correct HVAE number to the spectrum of emissions by simply using the
registered starting time of the AE and by consideringridnelingtime of the gas through
the system. Howeve a longertravding time for GFs than CF,; was observed and
considered. Further investigations are necessary to understand the cause for this two
minutesdelay A plausible explanatidnfor this phenomenon is related to the size of the
C,Fs particle in omparison to Ck Due to molecules of bigger size and a higher density, it
is hypothesied that this gas passes more slowly througHltidi sed alumina bed reactors

used in the GTC as well as through the different filters along the sampling line.

2 Additional discussion on this phenomenon is available in appendix D, biulet #
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Nonethéess, once correctly identified, PFC emissions were calculated using the
same methodology for both €Bnd GFs. By integrating the area under the curve using a
trapezoid method, we obtain a respective gpwalue associated with each individual
HVAE. Then it is possible to multiply this value by the measured airflow from the CTG
cooling tower and the gas density to obtain the total mass of PFC emitted for each
respective HVAE. Additionally, to consider exclusively the PFC emissions generated by
the HVAE, the constant baseline coming from noise or LVAE was retracted from the total
measurements. The baseline was constant at 10 ppbHobut it had to be manually
verified for GFg as it showed daily fluctuations between 1 and 9 ppb.

Moreover, GFg is prodiced in a smaller concentration than,@kring an HVAE.
For this reason, it was not always possible to quantifys €missions when the change in
concentration was insignificant in comparison to the baseline noise. To correctly assess this
situation, a gjnal to noise ratio presented as equaflenwas used to determine if the
signal was relevant to be used. In the case where the signal was lower than the suggested
threshold(Skoog et al. 1985the amount of ¢ was considered negligible and neFg
was attributed to this specific HVAE.

4 0QBRQIT HINQAB QE 6 0 Qi
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FTIR gas concentration measurements lsannfluenced by the analysis setting of
the software depending on the concentration level of the measured gas and the available
references. However, for the range of concentration measured in this investigation, the

noise level is the most important soeirof error for the experimental measurements,
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especially for GFs emissions and HVAE with very low GEmissions where the signal to
noise ratio can be small. By considering the maximum noise level measured at all time with
the respectiveCF, and GFs emissions measured for every HVAE, it was possible to
estimate that the average error for,G¥nissions is £5.8% while the,ks emissions
estimated average error is +8.8%.

In some cases, multiple HVAEs overlapped requiring further preparation to
correctly dissciate the respective amount of emissions. To correctly differentiate the
amount of PFC gas generated by overlapping HVAE, a decomposition method was used.
The emission profile during an HVAE was approximated by the distabutiondescribed
by equation2-8. Alpha and Beta represent varialparameterghat change the overall
evolution of the gasdistributionwhile i x 6 1 s a dormedzeddimeo varyirgs s
between the start (0) and the end (1) of the HVAE. By using thedisttibutior?, it is
possble to adequately represent the sudden rate of increase of the emissions, as well as the

asymmetric and typical patterntbie emission profile issued during an HVAE.

Wl T
Wl T (2-8)

Qhh o p

By using a distinct beta distribution for each overlapping HVAE during a specific

period along with amptimizationtool, it is posdile to change the parameters of each beta
function to recompose the original measured PFC dynamics as illusinakegure 2-2.

Once the decomposition is complete, an engineering judgment is applied to verify the

adequacy of theptimization process. This intervention is to assure that the results are

% Additional details on the beta distribution are availableenppendix D, bullet 2.
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consistent with any sudden change in the measured spectrum, as well as with the starting
time of each HVAE, their respective AED and their relative importance (based on AEO). If
theresults are considered satisfying, the respective area under the curve for each HVAE is

then multipliedby the total amount of PFC calculated by integration for the similar period.
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Figure 2-2: Decompositiorof theCF, concentration for overlapping HVAE.

To evaluate the efficiency of this procedure, a validation was performed using
twenty profiles collected from HVAEs without overlap. These data were divided into 10
groups and a random overlap was forced dach pair of HVAE. This overlap was
determined using a random number generator and the resulting offset could vary between 0
seconds (starting simultaneously) and 90 seconds. Then, exactly the same decomposition
procedure was applied for all groups to dapose the overlapping profiles and calculate
the total amount of PFC emissions for each individual HVAE. A comparison between the

measured values and the results from the decomposition metleydgpevformed and
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presentedon Figure 2-3. The validation indicates that the calculated emissions with the

decomposition procedure are representative of the measured value.
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Figure 2-3: Validation of the decompositiongeedure.

Finally, oncerespective PFC emissions were calculated for each individual HVAE,
the data collected from the 2016 campaign (approximately 500 HVAES) was randomly
divided into two different groups. The data used to build the model (learningsyisup
composed of 85% ofhe original data while the remaining 15% was kept aside for
validation (Validation #1). A third group (Validation #2) is composed of the data collected

in 2013 (75 HVAES) to evaluate if the models are consistent through time.

2.5 Results and discussionanaly si s on a singl
performances)

A total of ten different modelsarecompared to predict Gr CFs emissions based
on some cell parameters. These models were developed using the same set of data

composed of 423 individual HVAEs. For all caség amount of measured PFC emissions

* Details on the prselection of the models are available in Appendix D, buBet #
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does not consider the baseline whicborrespond to noise or LVAE emissions.
Additionally, the loss to thenvironmentdue to thesmallinefficiency of the gas collecting
system was not taken into consideration.

One ofthe difficulties to develop predictive models results in the inconsistency of
the Polarization Anode Effect Duration (PAED) or Anode Effect Overvoltage (AEO)
distribution illustratedn Figure2-4 andFigure2-5 respectively. This difference, caused by
changes in the cell control strategy, is even more important for the group from validation
#2 which was collected many years apart. Therefore, chainggsocess parameters
(feeding, current, AE killing sttagy, etc.) can lead to change in the overall distribution.
For this reason, an adequate model should be precise over the entire anticipated range of
PAED or AEO. However, higher precision can only be achieved if enough learning data is
acquired. This contlon can be difficult tofulfil | in the upper range of the distribution due

to the rarity of such events who are highly detrimental.
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Figure 2-4: Relative distribution of thpolarizedanodeeffect duratiorfor the data considered.
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Figure 2-5: Relative distribution of thanode effect overvoltage for the data considered.

2.5.1 Description of the different models to predict Ch

2.5.1.1 Linear model based on polastion amde effect duration

This model represents the standard estimation method used by most of the industry.
It considers a linear relationship between plodarized anode effect duration (PAED) and
the total amount of CHproduced during the HVAE. Using equati2-1, it is possible to
calculate the emissions coefficiergepby summing the overall emissions of £dnhd AE
mins from the entire period, as we already know aheminium production from the
process. Henceforth we can obtain an emission coefficiaméspmnding to 0.139 (kg
CFytonne Al/(AEMins/cellday). The calculated value is really close to the Tier 2
approximation (0.143) from the IPCC protocflarks et al. 2006) The resulting
estimation of Ckemissions is illustrateoh Figure2-6. We ca see the inadequacy of such
models to predic€CF, emissions fovery long PAED caused by theneven distributiorof

emissions over the entire range of PAED.



30

4500
4000

Linear PAED * Real measurements

3500
3000
2500
2000
1500

CF, emitted (g)

1000
500

0 100 200 300 400 500
Polarised AE Duration (s)

Figure 2-6: Linear PAED model in comparison tthe realmeasured Clconcentration from the learning group.

2.5.1.2 Linearmodelbased on anode effect overvoltage

This model represents the alternative way to estimaje@issions as suggested by
the IPCC. Using equatio®2, an overvoltage coefficiefOVC) was calculated using all
the data from the learning group. This overvoltage coefficient is 1.62 (kg @ne
Al/mV). This value is higher than the Tier 2 coefficient suggested by the IPCC (1.16),
however it is representative of the most recent PFC mieaments campaign performed at
the smelter. The OVC model is illustratadFigure 2-7. Similar to the PAED model, we

can see that the emissions of ,Gife overestimated once the energy developed by the

anode effects reaches atear level (>15 mV).
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Figure 2-7: Linear AEOmodel in comparison to the readeasured Ckconcentration from the learning group.
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2.5.1.3 Nonlinear model based orolarization anode effect duration

Prior to develomg the norlinear model, the data was sorted in increasing order
based on the PAEDAfterwards it was divided into subsidiary groupg determine the
average Clremissions of each respective group with similar PAEDs. Then, it was possible
to determine td nonlinear predictive model based on these subsidiary groups average. The
model is divided into two part®or optimal correlation between data and the regression
curves When the PAED duration is shorter than 20 seconds, the model is considered as
linear. After this point, a power model is considered to accurately estimate the amount of
generated Cf It is possible to observe dfigure 2-8 that thenonlinear model is more
representativéor the overall PAED range thdhe linea PAED model. Nonetheless, as the
power part of this model was compos#dnly 18% of the available data, the accuracy of

the model could benefit from additional data within this range.
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Figure 2-8: Nonlinear PAED predictive model in comparison to subsidiary groups averaggaissions.

®> Additional details on the subsidiary groups are available in Appendix D, béllet #
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A very interesting element resulting from this model is the presence of an intercept
value. The positive intercept indicates that emissions afadé occurringoefore thecell
control system detects an HVAE. Such @bservation was anticipated for two reasons.
First, as described in secti@3.], the identification conditions of an HVAE require the
cell voltage to reach higher than a specifatue for several seconds. Hence, emissions of
CF, are occurring during this period whereas cell conditions are not yet identified as an
HVAE. Secondly, itis probable that prior tériggering an HVAE, localzed emissions
could occur in specific areas far long time before propagating to other anodes. If the
bubble thickness of GHs similar to CQ, the corresponding volume of gas with -anfn
layer (Thonstad 2009) would almost cover 20% of the available area under the anodes.
Therefore, it is plausible &t several grams of GFnight accumulate under some anodes
prior to the actual detected HVAE and most of this gas will come out of the electrolytic cell
during the HVAE treatment, which increases the totaj €Rissions associated to a given
HVAE.

2.5.1.4 Nonlinear Model Based orAnodeEffect Overvoltage

Like in the previous model, the original data was sorted in an increasing order based
on the AEO and divided into subsidiary groups with similar AEOs. Then dimear AEO
model was developed based on the ave@igeemissions from each group. This model is
composed of two different equations. When the AEO is under 3.5 mV, the prediction of
CF4 is considered as linear while above 3.5 mV,libbavioris considered by a power law

as representaa Figure2-9.
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Figure 2-9: Nonlinear AEO predictive model in comparison to subsidiary groups averagg@issions.

In this case, an intercept is also present to indicate that somie @eratethefore
the cell control system starts monitoring the HVAE. Additionally, the range of this
intercept & 3 gramg is very similar to the intercept from the previous modak(grams.
This indicates a good agreement between the models to represeeim@sions even
though the two models are based on different parameters.

2.5.1.5 Nonsmelter specifi@and nonlinear model based opolarized anode effect
duration.

A co-author of this paperDr. Jerry Marks) is working as a consultant for the
International Aluminium Institute (IAl). This orgardation collaborates with numerous
aluminiumproducers to improve the understanding of PFC emissiorsssthe industry.
Using the data available in the IAl database, it was possible to extract a gendiieaon
modef that would be representative of the PFC emissions ofamginium smelter with

similar desigs and conditions. This model was developed using 34 different measurement

® More details on the development of this model is available in Appendix D, béllet #
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campaigns and the @Emissions of 2336 individual HVAEs were considered. The cell
technology considered for this model works with prebaked asoaled point feedes.
Additionally, thearrayof line current applied to the examined cells ranged between 82 and
560KA.

To accurately represent the £#missions, the range of PAED had to be segmented
into four different categories. In some peculiar cases, a duration of zero seconds was
reported. For this model, the intercept is based on an average value for all individual
HVAEs considerednormalized with respect to the cell current. Therefore, an edtdha
CF4 emission corresponding to 0.5@g6amsper KA is considered for HVAE wita PAED
equalto zero. For PAED higher than zero, three different power models were developed to
take into consideration the changing rate of, Géneration as the PAED increas A first
model represents all PAED higher than O ahdrteror equal to 5 seconds, the second
model represents PAED higher than 5 ahdrteror equal to 200 seconds while the last
model represents all PAED longer than 200 seconds. The general tenfiémeynodel is
shownin Figure2-10, compared to the learning data used in this studyb&haviorof this

nonsmelter specific model is in good agreement with the collected data.



35

——Mon-smelter specific and non-linear PAED model * Real measurements

CFemitted (g)
h
2
)

0 100 200 200 400 300 600 700
Polarized AE Duration (s)

Figure 2-10: Non-smelter specific PAEDam-linear model compared to real measurements from the learning group.

2.5.1.6 Model based on an artificial neural network using four input parameters

Multivariate analysis (MVA) tools are excellent to develop prediatngglels when
numerous variables can have interrelated effects on the predicted value. For this reason, an
artificial neural network (ANN) was developed using STATISTICA 12®. This predictive
model uses the four parameters (PAED, AEO, MPV, AED) describeédtion2.3.1as
inputs to predict the GFgenerated during an HVAE. A sensitivity analysis performed on
the MVA model revealed that PAED is the most important variable to predigt CF
emissions while maximurmolarization voltage is second in importanc&heir importance
is approximately 2 and 1.5 times higher than that of AEO or AED, respectively.

OnFigure2-11, it is possible to observe the crasffect of the two most important
variables on the prettted emissions of CFHowever, it is important to mention that the

model was not developed using the entire range of variables as depicted by the surface in

" Additional details on the ANN selection is presented in Appendix D, under bullet #
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the figure. Therefore, in some cases (&xamplePAED = 600s and MPV = 6V) the

surface shown ithe result of an extrapolation and can be inaccurate.
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Figure 2-11: Crosseffect of PAED and MV on the predicted emissions of Llsingan MVA model

2.5.2 Description of the different models to predict GFs emissions

25.2.1 C)Fsto CF Ratio

When using the methosuggested by the IPCC kg emissions are estimated by
multiplying the calculated CFemissionsby a constant ratioHowever, this method is
biased if the Cl-calculations are not completely accurate. To enévthis potential error in
this analysis, the £ to CF, ratio was applied directly to the real £Emissions

measurements. Henceforth, this represents thechestscenario with comparison to a case

where an error in the estimation of the total @Buld be present.
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To determine the ratio to use, the total amount £% Geasured for a complete set
of HVAE is divided by the total amount of ¢generated. In this case, the calculated ratio
was 0.0458.052kg CFs per kg Chk. This value is lower than theuggested one by the
IPCC for Tier 2 (0.121 kg &EsperkgCR) but i s representative o0

data. The model is representadFigure2-12 along with the real & measurements.

e C2F6 real measurements ——C2F6 to CF4 ratio model
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Figure 2-12: C,F4to CF,ratio model in comparison to the real measurements.

2.5.2.2 NonlinearC,Fs model based opolarzedanode effect duration

This model aims at calculating the specifigFEemissions based on the PAED
without taking Ck emissions into consideration. With the similar subsidiary groups from
the PAED norinear model developed for GFt was possible to develop a simikavo-
stepmodel to estimate the,E; emissions as illustrateish Figure 2-13. For every PAED
shorter than 20 seconds, thg=£emissions are estimated by using a linear relationship. For
longer PAED, a logarithmibehaviorwas observed. It is important to remark that very few
HVAE were recorded in the upper range of this curve. Toere the curve should
represent the generbéhaviorof C,Fs emissionsput additional data will be necessary to

improve the accuracy of this predictive model.
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* Subsidiary groups average ——MNon-linear PAED mode
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Figure 2-13: Nontlinear PAED model to represg C,F¢ emissions along with average emissions from subsidiary groups.

An intercept of 0.44ramns of C,Fs was observed indicating that a small amount of
C,Fs is produced before the beginning of the HVAE monitored by the cell control system.

2.5.2.3 Linearmodel lased oranode effect duration

A linear model was developed to predicfFeemissions exclusively based on the
overall HVAE duration. This model is therefore greatly influenced by the triggering
conditions for the recording of the start and end of a HVARowing that the AED is
representative of the HVAE killing strategy, the positive correlation observed with this
model could indicate the effect of the killing strategy oRg@missions.

The linear model displayed iRigure 2-14 was developed by sorting the learning
data increasingly with respect to AED and forming subsidiary groups. In this case, an
intercept ofl.0 gramwas observed indicating once again that emissions are present before

the cell control system declares HVAE cdiuhs.
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* Subsidiary groups average —— Linear AED model
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Figure 2-14: Linear AED model to estimaiGFg emissions along with the average results from subsidiary groups.

2.5.24 C)Fs__model based on anrtdicial neural network usingfour input
parameters.

This pralictive model uses the four parameters (PAED, AEO, MPV, AED)
described in sectio2.3.1to predict the @ emissions generated during an HVAE. A
sensitivity analysis performed on the MVA model revealed that no variable sagnifi
stands out as most important. However, MPV is 30% more influential and PAED is second
in importance.

The crosseffect of these two dominant variables illustrated Figure 2-15 is
difficult to interpret correctly due to ¢hhidden influence of the other two variables.
However, we can see that even if the MPV remains constant, the total amount of emissions
is not necessarily increasing along with the PAED. However, interpretation of this figure
must be performed carefully duo the extrapolation carried out in the areas where no

learning data was available.
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Figure 2-15: Crosseffect of PAED and RV on the predicted emissions gFgusingan MVA model.
2.5.3 Validation

Validation of the models was performed by evaluating two different elements. The
error percentage of each model was calculated based on the overall performance of the
model to predict an entire group of HVAE. Therefore, it includes the sum of all respective
emissiondor the entire group andompars this value to the real measurement performed
with the FTIR.

The second element investigated is the ability of eacdelto be accurate for

individual HVAE predictions. Henceforth, the sum of the squared residues is also
considered as part of the validation process. The data for each group (learning, validation

#1 and validation #2) wasormalzedwith respect to the maximum value calculated within

each group.
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The overall error and relative squared residues of each pvedicodel for the CI
emissions are illustrateish Figure 2-16. In the learning group, it is possible to observe a
low overall error for all models. However, the new models are clearly more accurate to
predict individual HVAE enssions when looking at thrmalzed squared residues.

Investigation through the validation group #1 indicates that the existing models
(linear PAED and AOE) are both significantly overestimating the amount pe@kted
with an error of 35.4 and 28.9%espectively. All other models are underestimating the
amount of Ck emitted but closer to the real measurements with errors ranging s
up to-12.5%. Results from the squared residuals are clearly indicating that the individual
accuracy of predictius is improved with the newer models.

Investigation with the second validation group indicates that the absolute error
percentage of eaahodelincreased with this population which has a significantly different
distribution regarding PAED and AE@ifure2-4 andFigure2-5). However, this increase
was less significant for the multivariate model which still has an error percentage below
15%. This model appears to be consistent also for individual predicobrHVAE

emissions.

-

60%
50%
40%
30%
20%
10%

|
=
©

S 8 9 0 o
[ "

Overall error

-10%
-20%
-30%
-40%
-50%

Linear PAED Linear AEO Non-linear Non-linear Non-smelter Multivariate

PAED AEO specific, model
non-linear
PAED
B Learning group Validation #1 Validation #2 8 Learning group Validation #1 Validation #2

Q
|
=
i
Normalized squared residuals
o
=

2 o 8
[

o

Linear PAED Linear AEO  Non-linear Non-linear Non-smelter Multivariate
PAED AEQ specific, non- model
linear PAED

Figure 2-16: Overall errors anchormalized squaed residuals for predictive models regarding,@missions.
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Validation of the GFs models was performed similarly to €&nd is displayedn
Figure 2-17. Within the learning group, no significant change in the overall error was
observed across the different models. However, only the multivariate model showed
improvements regarding the accuracy of individual premist The lack of accuracy of
predictive models is caused by the disparity of th€s@ata and the higher level of
uncertainty of individual values causeddgmallersignal to noise ratio than for GF

For the validation group #1, a significant improverhcan be observed with every
proposed predictive model whereas the overall absolute average error remained under 8%.
Individual predictions are also good with squared residuals values only 26 to 43% as high
as the GF5 to CK ratio.

Improvements can asbe observed with the validation groupwierethe absolute
overall error of the new models remained almost equal or inferior to the usual method of
guantification. On the other hand, the accuracy of individual predictions is less accurate

than that oftie GFg to CF ratio.
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Figure 2-17: Overall errors anchormalized squaed residues for predictive models regardingr§&emissions

Overall the validation indicates that rbnear models are more accurateptedict

CF4 emissions resulting from HVAE. However, when using a single predictive variable, no
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indicator appears to be efficient if there isignificant change in theange of variatiorof
that respective variable, which indicates that cedfscts b&éveen some parameters are
present. This affirmation is reinforced by the multivariate model which proved to be an
efficient approach to predict overall £Emissions through accurate individual HVAE
predictions. Additionally, thebehavior appears consigté within the industry as no
significant improvement could be observed between thelinear PAED model and the
nonsmelter specific model, using the same parameter. Finally, a comparison of the existing
methods suggested by the IPCC to account fqreGi#ssions indicates thalarzedanode
effect duration is more accurate to represent individual anode effect emissions than anode
effect overvoltageas confirmed by the relative squared residuals analysis performed. This
observation is explained by the $egronounced nalinear correlationbetween PAED and
CF4 emissions.

Validation of theC,Fs models demonstrated that it is possible to directly predict the
C,Fs emissions froman HVAE independently from the GFemissions. Even though all
proposed models arat least equivalent to @SE using the GFs to CF, ratio, the most
favorablemodel seems to be the linear AED model that appears to be consistent even with
a change in the AEBange of variationNonetheless, none of the proposeadek showed
the predidion of individual HVAE C,Fs emissions significantly better than the already
existing methods. Finally, if we consider that th#41o CF, ratio calculation is based on
Nbest case scenar i oavgrthe nevdy progosed inadals ifovake | d e a

into consideration the error associated with theg @Ediction required for this method.
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2.5.4 The possibleimpact of the proposed models for th@luminium industry.

The results described in the previous sections clearly indicate that the existing
methodsare far fromtheir optimumto correctly estimate PFC emissions resulting from
individual HVAEs. There isa highlevel of inaccuracy when these methods are used to
estimate emissions of GFand GFg from individual HVAE. Even the overall error
increases ragly if there is a change in the PAED or AE@bnthlydistribution, hence the
necessityto recalculate the emissions coefficient at least once every 3 years and especially
when operational parameters are modified. The first goal of the proposed modédi® is to
able to adjust to ehange in theariation rangef the predictive variables with little impact
on the overall results. We can see that this goal was achieved by the multivariate model and
partially achieved with the models using one variable. Far rson, we can anticipate
that an accurate model, using one or multydeables, could precisely predict emissions
without being deperaht of thedistribution of the predictive variableslenceforth, the task
of recalculating the emission coefficiergsriodically would no longer be necessafpr
consistency acrogke industry, a nosmelter specific model could be developed as part of
a collaboration between seveadiminiumsmelters, e.g. through the IAl. The results show
that the accuracy of suahodel would be equivalent tosaelterspecific model, but the
collaboration could definitely improve the accuracy of the models in the upper range of
emissions.

Using one of these models to estimate PFC emissions would facilitate the task of the
process Bgineer and technicians when performing the GHG inventory. As a matter of fact,

the authors believe that it would not be a tremendous task to implememariable
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predictive model directly into the cell control system software, knowing that most of the
discussed variables are already measured by the cell control system for the most recent
technologies. Hence, the proposed model could directly calculate the emissions associated
with each high voltage anode effect. Such a task would not be as easy toentdienthe
multivariate model, but equivalent solutions are available by communicating between the
cell control system and an external software. Therefore, the reporting of total PFC
emissions would be automated and available daily instead of havinghteahyacalculate

the emissions every month.

Individual emissions monitoring could also change and improve the overall
electrolysis process by assigning different levels of priority to the cells producing a
considerableamount of PFC instead of focusing oells where the frequency of HVAE is
higher without necessarily producing more PFC. The individual amount of PFC produced
would also be a significant variable to consider for improving the processriglatingthe
estimated PFC emissions with procesgp®eters such as bath and metal levels, net cell
heat input or alumina feeding strategies.

The development of the models revealed that triggering conditions for the detection
of the beginning of a HVAE could have an impact on the estimated amount ofrfelreE,
importantly when the HVAE has a short duration. The observagté@fsfor CF,and 0.72
grans for C,Fg for zero PAED reveals that emissions are occurring in the cell before it is
declared as an HVAE. This peission plausibly corresponds to the teggeriod not
accounted for with the usual techniques. Further investigation regarding thesdéfzei®

is still necessary to correctly assess their origin. Improvements to the existing models
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(PAED linear and AEO linear) could be achieved by considahegrigger period when
calculating the PAED and AEO of an HVAE. However, implementation of the newly
proposed models could improve the situation.

Finally, as described in sectioh2, HVAEs are not the only sources of PFC
emissions and in some smelters, LVAE emissions are how more important than HVAE
emissiongDando et al. 2015)hen estimatig the GHG inventory. Therefore, the industry
might have to turn to continuous monitoring of the PFC in the future if no accurate method
to estimate LVAEis developed. However, therare no indications that continuous
monitoring will be required for the me future, hence the newly proposed method is still
relevant to increase the precision of actual HVAE PFC emission quantification, especially

in those smelters where this type of PFCsaioins is still preponderant.

2.6 Conclusions

In this paper, several nemodels were proposed to estimate the perfluorocarbon
emissions resulting from hig¥oltage anode effects during primaminium production
based on four different parameters recorded dwihghvoltage anode effect. These new
models were developed twonsider the notinear behavior of PFC emissions with a
comparisorto the existing linear models. The inadequacy of the existing models to predict
individual HVAE emissions of PFC was demonstrated and the new models are performing
this task efficiently.

Development of the new modeiisdicates that the nodinear behavioris strongly

apparent in the upper range of emissions. Moreover, approximateyaBof CF, and
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0.72 grans of C,Fg are generated within the trigger period of an HVAE indicating the
importance of standardizing the trigger conditions to ensure similitude between smelters.

To predict Ck emissions, the results indicate that +sonelter specific models are
equally accurate asmelterspecificmodels if sufficient data is provided to cotbe entire
range of interpolatios anticipated. However, models using a single variable can be
inaccurate if thedistribution of this variable changes significantfyom cell to cell This
problem can be resolved by using a multivariate model using albf@ilable parameters:
polarized anode effect duration, maximupolarization voltage, anode effect overvoltage
and anode effect duration.

Models proposed in the present paper to predifs €Emissions offer the same
accuracy as the existimgethodologybut they are no longer dependent on the calculated
CF, emissions, henceforth plausibly increasing the precision of the estimate. The linear
model using anode effect duration showed the best overall results to predict oyiegall C
emissions even with a chamgn the distribution of HVAEBPAED. However, with some
improvements, a multivariate model could also be used efficiently to predict individual
CoFs emissions.

The proposed naglinear models can be accurately used for quantification of PFC
emissions from idividual HVAEs. Their use could facilitate GHG inventory calculations
and they could also help the improvement of the reduction technology in order to reduce

emissions.
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2.7 Additional content not presented in the original paper

2.7.1 In-situ study? on the traveling time of CF, and C,Fs in the gas collection
system

In section2.4.2 it was mentioned that a delay was observed between the detection
of CF, and the detection of the,ks. It was hypothesized that the different properties of
these two components (molecule sizes, density, etu)d affect the transport of the
molecules from the cells up to the gas analyser.this reason, a test was designed using a
tracer gas to try and pinpoint the root cause of this dekyto identify if this delayis
caused while the gas is traveliirgm the cell to the anatgr or if it is indeed related to the

initial generation of the gas.

2.7.1.1 Methodology

For this analysis, a tracer gas was provided by Praxair Inc. with a certified gas
concentrationof 50£2% CK, and 502% GFs. Three different injection points were
selected to introduce the gas atal measure the travel time of these two chemical
components until the maximudetection peakrom the FTIR. Thahreeselectednjection
points arelistedbelow and illustrated oRigure2-18:

1. Entry point of the filters protecting the measuring equipment

2. Entry point of the gas treatment center

3. Inside the duct of theafthest electrolysiscell away from thegas treatment
center

® Additional discussion on this phenomenon is available in appendix D, bilillet #
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Figure 2-18: lllustration of the gas travel course with injection points (blue stars).
2.7.1.2 Results

The gas injected at thérst injection point caused problems due ttee high
concentration of CFand GFs used inthis test in comparison to the spectrum reference
limits of the analyer. Additionally, a very long purge time was necessary subsequently to
recover from the gas injection and clear the gas analysis chamber so only two injections
were performed at this pai The results indicated that the observed delay between both
gas was under one second, which is insignificant in comparison to the previously observed
delay which was approximately two minutes.

Injections at the points #2 and #3 were perforfaethd 6 tmes respectively with
+2s on the timeof each injectionHence it was possible to calculate the time difference
between the injection and the maximum peak observed as illustratedyure 2-19.
Additionally, it is possible tmbserve that in addition to the longer traveling time of the
C.Fs, the presence of £ is observed for an extended period of time. This phenomenon
was observed but not investigated in more details, nonetheless it should be related to the

same mechanismdhleadto an extended traveling time.
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Figure 2-19: Example of calculation of the travel time for each gas.

The resultsof the different injections, in terms of gas tgpand positionsare
illustrated as awhisker boxon Figure 2-20. A significant difference can bebserved
between CEk and GFg with regard to the total traveling time of these eg$or both
injection point. Tk average differencef traveling timeis equivalent ti31 +14 seconds.
Additionally, it was possible to observe a more important difference for injegtion #2
than for injection point #3, thus indicating that the significant delay observed is related to
the GTC network and the collection line of the gabke difference observed within these
experimentation (31 seconds) is still lower than what was previously stated in 2eétibn
(2 minutes). There is no significant difference in terms of collecting lineghbwgasvas
collected fromtwo different gas treatment centers. Therefore, it is plausible that different
circumstances in terms of filter or bag conditions, recirculation factor, etc., affect the

traveling time of the gasavelling throughthe GTC Nonethelesst is improbable that it
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would explain tis 90-seconddifferenceand additional investigation is recommended to

correctly identify the cause of this phenomenon
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Figure 2-20: Different traveling time of the GRand C,F¢ for injection point #2 and #3.

Finally, this investigation confirms that the traveling time of,Gihd GFs is
impacted by the gas treatment center. However, the two minutes delay previously observed
is unlikely explained by this singlactor. Further investigations should be performed with
individual cell monitoring to determine if generatsoof CF, and GFs are both generated

exactly at the same time.
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CHAPTER 3

NEW APPROACH FOR QUATIFICATION OF
PERFLUOROCARBONS RE3LTING FROM HIGH VOLTAGE
ANODE EFFECTS
(BASED ON THE DATA ROM MULTIPLE SMELTERS)



55

3.1 Summary

The work presented in this chapte/aspublishedat the 2018 TMSAnnual meeting
& exhibition conference proceedingsn Light Metals It was presented & part of the
symposium on Perfluorocarbon generation and €oms from industrial processes and the
DOI number is10.1007/9783-319-72284-9 192

The paper was written in collaboratiamth Simon Gaboury, Sandor Poncsak,
Laszlo I. Kiss and Charldsuc Lagacéut most of the text was written by the author of this
thesis with comments and suggestions from theauwtbors. However, the author
acknowledges an important part of the writing to Simon Gaboury for sécaod3.5.50f
the paper.

3.2 Introduction

Most of thealuminium smelters worldwide estimate their annual greenhouse gas
(GHG) emissions as a guide to improve their performance. There are many important
direct sources of GHG emissions in takiminium production, but most of the direct
emissions are related to @@roduction caused by the anode consumption during
electrolysis[1]. However, under specifiarcumstances, additional reactions also occur in
the electrolysis cells, leading to the generation of perfluorocarbons (PFC). PFC are
composed of tetrafluoromethane (CRnd hexafluoroethane £&) which have a global
warming potential of 6630 and 1110énés more elevated than that ©O, respectively
[2]. Therefore, PFC emissions can have a significant impact on the GHG inventory from a
specific smelter and quantifying correctly the total antaaf PFC emissions is of upmost

importance.
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PFCs are quantified based on the cell 6s
number of electrolysis cells. However, the standard methodology used for PFC inventory is
only efficient for smelters with agnificant number of high voltage anode effect (HVAE)
and the model 6s predictive capability rapi
reduced. Because of the environmental pressure applied in the last decades on the
aluminiumindustry, the ovetbanode effect performances have improved significgd3fly
thus making the current estimation methodology more difficulppdyaaccurately.

This paper investigates the efficiency of newly proposed methodolfgjie
estimate Ckand GFs emissions resulting from higéoltage anode effects. These new
models take into consideration that the emission rate of PFC is not linearly dependent on
the polarized anode effect duration. Their efficiency was evaluated based on measurements
pefformed in seven different smelters and they indicate that thdimesr approach is
appropriate to eventually replace the actual quantification methodology. Moreover, these
models were used to evaluate the monthly emissions from six different smeltefveve
consecutive months in order to determine whether the total GHG inventory is expected to

increase or decrease with the proposed methodology.

3.3 Anode effect medhanisms and quantification of
emissions

3.3.1 Generation of perfluorocarbons caused by anode effext

During the production olluminium an electrical current is forced through an
electrolytic bath in order tdissociatethe aluminiumand the oxygen from the dissolved

alumina by the standard electrolysis reaction (equadd). This reaction permits éh
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passage of the electrical current, and in the rare occurrence where a lack of alumina is
observed, the cell voltage will increase accordingly to maintain the flow of electric charges.
Once the cell voltage reaches a certain threshold, secondary reésiiows by equations

3-2 and3-3 will occur in the cell to support the passage of the current.

¢oal o6 O 100 0060 Eo=-1.18V (3-1)
1000 ® g6 O 100 000 p Q¥ aO Ey=-2.58V (3-2)
¢UOO ® ¢6 O goa 60 QU O Eo=-2.80V (3-3)

Usually, these reactions occur firstlimcalized regions of the cells, with minimal
i mpact on the cell 6s indicators (e.g. cell
classified as Low Voltage Anode Effect (LVAE). Although, if these conditions are
maintained for too long, or if thalumina depletion is too important, the reactions might
propagate to other regions of the cell, leading to a significant increase of the global cell
voltage [5]. The cell is then considered operating under High VoltagedAnEffect
(HVAE) conditions and this troublesome event is generally undesired in the standard
electrolysis practices. During HVAE, the cell will become highly unstable while consuming
a very important amount of energy, thus increasing the heat locathe inell which can
lead to premature ageing or even cell tap out. Simultaneouslgiuimenium production is
reduced significantly during this event and there is important emissions of perfluorocarbons

(PFC).
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3.3.2 Standard Quantification Methodology

Duetot he i mportant i mpact of the GHG on ¢t}
have been deploydad the aluminiumindustry to correctly estimate the emissions resulting
from HVAE. The existing methods are based on three differents, Tighich depict
differentlevel of accuracy. Tier 1 models are generic to the global process and generally
based exclusively on the total mass adfiminium produced. Tier 2 models are using
process parameters to estimate the total emissions, while using a generic emission factor
determined using data from the industry for similar types of technologies. Tier 3 models,
considered as the most accurate, use a similar approach, only with a different emission
factor for each smelter based on periodic measurements taken on site.

Up to now,no existing equipment can reasonably (affordable with high durability)
monitor PFC emissions for significant periods of time for an entire smelter. For this reason,
PFC emissions were estimated using different methodologies suggested by the
Intergovernmetal Panel on Climate Change (IPC[6). These approximations are based
on different indicators of the smelterds pe
efficiency, anode effect frequency and duration or anode effect overvoltage. Tatestim
CF4 emissions, smelters were encouraged to choose between e@idtan3-5 (below)
depending on their contrelstemor preference.

Equation3-4 uses a specifically defined emission coefficierdgfS[(kg CFR/tonne
Al/(AE-Mins/celkday)]), the teal number of polared anode effect minutes peell-day
(AEM; [AE-Mins/cellday]) and the respective metal production (MP; [tonnes Al] to

estimate the amount of ¢generated (&4 [kg]) from a selected number of cells over a
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defined period. However, ¢hovervoltage modeh equation3-5 uses a specially defined
overvoltagecoefficient to estimate GFemissions. This coefficient (OVC; [(kg GFtonne
Al/mV]) is multiplied by the anode effect overvoltage (AOE; [mV]) and the respective
metal production NIP; [tonnes Al]). Additionally, a correction based on the current
efficiency (CE; [%]) is also included in this model.

On the other hand, the estimated amount gfs CEcorg [KQ]) (equation3-6) is
based exclusively on the calculation of JGEcrs [Kg]) estimated previously (by either

model) and a specific ratio ¢bre/cF).

O Y BOO®D (3-4)
6 wd Oddb v (35)
o
p T
o ©o 20 (3-6)

Those models can be efficient only when the respective coefficiept 6OVC)
and theratio (Fc2reicr) is redefined periodically using continuous measurement campaigns
on site lasting mulgle days.

3.3.3 Newly proposed quantification models

3.3.3.1 Quantification of Ck

The standard methodology described in the previous section can be accurate to
estimate monthly emissions of potline if the anodeeffect frequency during the
measurement campaign wakvated. However, the reduction technology has improved
worldwide, and most smelters reached a very low anode effect frequency, thus making it
difficult to define a representative emission factor within a reasonable periodsifi in

measurement (approxately a week). Moreover, the previous methodology is biased for a
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low number of HVAEs as it considers the PFC generation as a linear function of the
polarzed anode effect duration (PAED) even if this function is nonlinear. For these
reasons, new quantiiion methodologiewereproposed based on the same indicator: the
polarized anode effect duration.

Previous worl{4] was published on the same subject by some of the authors of this
paper and it was clearly demonstrated that individual HVAE accounting could not be
achieved efficiently with the standard quantification methodology. Moreover, the results
from this previous study indicated no significant difference between the two existing
models (poladed anode effect duration vs. anode effect overvoltage). For this reason,
anode effect overvoltage was not considered in this study.

Three nonlinear models are phqmosed in this paper to estimate ;C&missions
resulting from HVAE:

Model A: Threerangei Nonrlinear PAED (3R-NL-T2): This model is based on

more than 2300 individual HVAE measurement resulting from more than 30 different
measurement campaigns in differamelters It was developed by Dr. Jerry Marks and
previously presented by Dion et §l]. It is charactezed as a Tier 2 methodology. A
parallel paper written by Marks and Nurj@} discusses this model in detail

For PAED higher than zero, three different powsew models were developed to
take into consideration the changing rateCé}, generation as the PAEIDcreases. A first
model represents all PAED higher than O ahdrter or equato 5 s, the second model
represents PAEngea than 5 andisorter or equalo 200 s while the last model represents

all PAED longer than 200 s.
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Model B: Two rangei Non-linear PAED (2R-NL-T2): This model is based on 425

individual HVAE measurements taken at Aluminerie Alouette Inc. with cells operating
above 38kA. It was previously presented by Dion et[d] and it is characterized as a
Tier 2 methodology.

It is divided irto two ranges depending on the monitored PAED of each respective
HVAE. If the PAED is shorter or equal t® Zeconds, the total amount of G¥mitted is
considered by a linear function (equati{r). However, if the PAED is longer than 20
seconds, the total amount of £émitted is considered as a povi@w as indicated in
equation3-8. Where Totalr, is the stimated amount of GHg] generated by the HVAE,
PAED is the poladed anode effect duration [s] and MP is the daily metal production
(tonnes) of the respective cell.

"0t 600 ¢ TDYE 6 O p& oD 6 00p ¢H O 37

"0t b 6 00¢ fTID'YE 0 o yst g 6 0@ wdb O (3-8)

Model C: Single rangei Nonlinear PAED (IR-NL-T3): A specific model was

developed forevery smelter considered in this study based on individual HVAE
measurements. It is composed of a power law estimating the emission rate(gfk&Fs)

based on the PAED. In average 95+65 HVAE were used to define the respectivdguower

for each smelterHowever, as it is smeltepecific, it is considered a Tier 3 method.
Moreover, as it was developed with the same data that will be used for the comparison of

the model , i t -casdhsgamdridldo be t he fbest

° Additional details on the 1RIL-T3 model are provided in Appendix D, bullet. #
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An example of prediction of this model is dimatedn Figure3-1.
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Figure 3-1: lllustration of the single rangaonlinear PAED model and its respective measurements.

3.3.3.2 Quantification ofC,Fg

The quantificabn of GFg using standard methodology is subject to the same
problemsasthe quantification of CE There is also an additional bias caused by the fact
that GFs is not calculated directly. Its calculation is dependent on the preliminary
estimation of Ck: Hence any error in the estimation of individual,€mission will also be
present in estimation of &. For this reason, two nemodelswere proposed to directly
estimate the &5 emissions without the need to calculate; @Feliminarily. Both these

modds are based on 425 individual HVAE measurements taken at Aluminerie Alouette
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Inc. with cells operating above 3&®. It was previously presented by Dion et[4]. and

they are characterized as Tier 2 methodologies.

Model D: Tworangei Nonlinear PAED RR-PAED-T2):

It is divided irto two ranges depending on the monitored PAED respective of each
HVAE. If the PAED is shorter or equal to 20 seconds, the total amouBtFgfemittedis
considered as a linear function (equat®f). However, if the PAED is longer than 20
seconds, the total amount ©fFs emitted is considered as a logarithmic function according
to equation3-10, where Total,rs is the estimated amount @hFs [g] generated by the
HVAE, PAED is the poladed anode effect duration [s] and MP is the daily metal
production [tonnes] of the respective cell.

"OCED OO0 ¢TDYE G THTE OO0 v DD (3-9)
"O¢ b 6 0O0c iD"YE & & pID V0600 PV O (3-10)

Model E: Onerangei Linear AE treatment duratiodR-AETD-T2)

It is a linear function depending on the anode effect treatment duration (AETD) [s]
and the daily metal production of that respective cell (MP) [tonnes]. Hence, from the
moment that theell voltage reaches the designated AE voltage threshold up to the instant
when the cell control system determines that the HVAE is terminated. The total amount of
C,Fs produced is:

YE QG  TETT WKOYOn® v b 0 (3-11)
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3.4 Collection of data: gas measurements

This study is based on multiple measurement campaigns performed between 2013
and 2017 to obtain individudiVAE data related to CfFand GFs emissions. For each
respective measurement campaign, the gas output of a specific section of cells was
collected and redirected to its respective gas treatmemer (GTC). A stainlessteel
sampling probe was inserted the upper section of the GTC, and positioned close to the
center of the exhaust duct of the GTC to continuously extract the gas sample.

Once extracted, the gas was routed t@GGASMET™ DX-4000FTIR (Fourier
TransformedinfraRed S$ectrometer)equipped wih a Peltier cooled mercurgadmium
telluride detector (sample cell path: @85 m, volume: 0.5, resolution: 7.8 ci). The
gas was continuously fed to tlamalyer at a volumetric rateanging from 1 to 9. per
minute. The gas stream was sent sedaintthrough a 15micron filter, desiccant,
activated alumina, a-Bicron filter and finally a Zmicron filter to remove dust, traces of
water and hydrogen fluoride for the protection of the measuring equipment. The gas went
through a line heatetb 120 °C or 180 °Cbefore entering the FTIR and concentration
measurements were performed at a rate of 10 scans per second. Average vahmy for
twenty-secondperiod were recorded. The background spectrum was redefined using high
purity nitrogen every 24 hosr

Result files were uploaded from the FTIR and PFC emissions were calculated using
the same methodology for both £&hd GFs. By integrating the area under the curve using
a trapezoid rule, we could obtain a respective gpwalue associated to each iindual

HVAE. Then, it was possible to multiply this value by the measured airflow passing
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through the CTG cooling tower and the gas density to obtain the total mass of PFC emitted
for each respective HVAE. A total of 664 HVAE were monitored and quantidietted

amongst seven different smelters

3.5 Results and Discussion

3.5.1 Efficiency of the different models to estimate individual HVAE emissions.

To evaluate the efficiency of eadhode| individual HVAE emissions of GFand
C.Fs were estimated with every modahd the overall errors and the mean squared errors
were analyed. For each smelter, the results were normalimedg the prediction ofhe
respective model showing the greatest error as reference value.

The overall error is the difference between thensof all the estimated HVAE
emissions for a specific smelter and the sum of the measured emissions for all the same
HVAE. Therefore, a value close to zero indicates that the model is representative of the
measurements, while a positive or negative vahdéecates that the model overestimates or
underestimates the emissions respectively.

00 Q1 Giaiat @i ¢ Qa6 Qi ORI 6 Q& 6o TG Q&I 6 i (312

The alsolute error is composed of the sum of the squared difference between the
estimated PFC emissions and the observed emissions for each HVAE from a specific
smelter. Therefore, it is an indicator of the accuracy of each individual prediction.

YR 6 GROERI ¢ Qa6 Qi 08 6 Qda GH OO 61 ¢ (3-13)
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3.5.2 Efficiency of CF, predictions

The efficiency of the models to estima@é, emissions of 7 diffeent smelters is
illustratedin Figure3-2 by comparing the accuracy of different prediction models. The four
models used for the comparison were discussdétal previously:

9 Tier 3 Standardnodel Linear PAED(IPCCG-L-T3)

1 Tier 3 Newmodel Onerange mode} Non-linear PAED (1RNL-T3)

1 Tier 2 Newmodel Two-range model Non-linear PAED (2RNL-T2)
Tier 2 Newmodel Threerange model Non-linear PAED (3RNL-T2)
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Figure 3-2: Overall error (a) and sjuared erors (b) of the four predictiv€F, modelsfor seversmelters.
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When looking atFigure 3-2, we can identify that for almost every smelter, model
1R-NL is the most accurate muantify the total amount of GFemissions resulting from
HVAE by demonstrating highlevel of overall prediction accuracy (low overall error) and
also a high level of individual prediction accuracy (low squared error). This result was
anticipated becaesof the higher level of accuracy of the model (Tier 3) combined to the
fact that the data used to calculate the error was previously used to establish the model
itself.

On the contrary, the other Tier 3 methodology (IPQCdemonstrated a lower
predictian efficiency incomparisorio the other models. The only case when it gives a good
estimation is forthe snelter A, which had the lowest line current with no point feeder
technology

Similar results were observed for both Tier 2 methodologiesNPR: 3R-NL).

These models appear to be more efficient in a specific range of amperageiswlinettly
depenént on the line current of the acquired individual anode effect measurements.
Interestingly, thenontlinear Tier 2 models are underestimating emission€Bf for low
amperage and overestimating them for higher amperage. Additionally, when comparing
both Tier 2 methodologies, significantly better results were obtained with ti¢L3S
PAED, plausibly because it was designed using data from multiple smelitér slifferent

line currents.

3.5.3 Efficiency of CyFg Predictions

The efficiency of the models to estimatg=Cemissions is illustrated drigure3-3.

The three models used for the comparison were discussed inpdetalusly:



1 Tier 3 Standaranodel: Linear PAED (IPC@.-T3)
1 Tier 2 Newmodel Two steps modelLogarithmicPAED (ZR-PAED-T2)
1 Tier 2 Newmodel NonlinearAETD (1R-AETD-T2)

Figure 3-3: Overall error (a) and gjuared erors (b) of the three predictive £5 modelsfor five smelters.
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