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Abstract

Minera Chinalco(Chinalco) owner of hie Toromochocopper mining complex in Pér has conduced an
integrated mine-to-mill optimization projectwith the aim to maximize the throughput ofthe Phasel semi
autogenous grinding mill, ball mill, and crush®ABEgrinding circuit, using the existing assets while maintaining
the product size specification&ollowing a typicamine-to-mill approach, improvement in the driand blast
operation resulted in significantly fineun-of-mine (ROM) fragmentatiomnd fineg SAGeedsize In 2020, Hatch
Consulting & Technology was engaged to identify and quantify comminution circuit optimization opportunities
for Phasel, leveraging the full benefits of the fine SAG feald develonga throughput forecast model for the
medium and long term.

The project identified various opportunitiés Phasel to increase throughpuby up to 14% with 10%of the
increaseattributed to the SAG mill discharge systedespite the venyfine SAGeed size. Chinalco is currently
implementing the recommendations to capitaliza all benefits and extending the study for tihase2 SABC
grinding circuit which hasdifferent installed capacityT his will ensure thahe mine-to-mill approach is applied
to the completecomminution circuit.
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Introduction

In 2007, the Aluminium Corporation of ChiestablishedViinera Chinalco Per8.A.(Chinalco) to build, develop
and operate the Toromocho copper mepgeoject. The Toromocho mine the Junin Region of central Bers
one of the largest copper reserves in Peru and the wawith estimated reserves of 1.52 lih tonnes of ore
gradngabout0.48% copperThe process plant is approximately4,500metres above sea level

The Toromocho comminution circigurel), compiises a60 x 113-inch (745kilowatt [kW]) gyratory crusher
that feeds a coarsere stockpile. Thenaterial from thestockpileis fed tavardstwo semiautogenous grinding
mill, ball mill, and crushe(SABL grinding circuis, namely Phasel and Phase2. Phasel, the first circuit
commissioned, comprisesone 40-foot diameter x 26-foot long semiautogenous grindingdSAG mill (28
megawatt MW] gearless motdr, two RaptorXL 110(ebble crushers (75k\W each), and two paralleR8-foot
diameterx 44foot longball mills 22 MW gearless motdrthat operatein closed circuit with four clusters 660
millimetre (mm) hydrocyclones (16 cyclonmits per cluster) ThePhase2 grinding circuitcommissioned irarly
2021, includesone 36 x 17#foot SAGMIll (135 MW gearless motdr, one MP1000pebble crushef750kw), and
one 28 x 44foot ball mill (22MW gearless motdrin closed circuitvith two clusters of650mm hydrocyclones
(16 cycloneunits per cluster).
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Sincethe early stage of its operatioiChinalco encountered challenges in achiewimgdesign throughput of
5,250tonnes per hourt{h). One of the most significachallengs wasthat the orewas harder than expected
as discussetielow. In response to this challeng€hinalco implemented a series of initiativiesthe drill and
blast operationsto provide a finerrun-of-mine (ROM) to tle comminution circuit and thereby increase
throughput

Following theinitial improvemens in ROM fragmentation Chinalcoinitiated an integrated mine-to-mill
optimization projectaimingto maximize productionn the Phasel grindingcircuit while maintaininghe final
product sizeof cyclone overflonB0% passingPso) using the existin@ssets and minimize additional capital
expenditure Thisapproachinvolvesproper planninganaccurateore characterizatiomprogrant equipmentand
operationalknowledge audits sampling detailed analysis of process variabjesathematicalmodeling; and
simulations undewrariousscenariodo identify the necessarynodificationsto maximizethroughput

Duringthe mine-to-mill optimization project, Hatch wasengagedto identify and quantifycomminutioncircuit
optimization opportunitiesfor Phasel anddevelop ahroughputforecast model for the medium and long term
The Hatchteamidentified a potential production increase the Phasel circuitthroughputof up to 144 without
compromisinghe final target product sizeof Psp 195 um(Valery at al., 2020)Therecommendecchanges in the
grinding circuit considered leveraging the bergbf the fine feed from the ROM The SAGmill feed Fg for
Phasel ranges from1.6 inches to 4 incheglO to 100 mm),with a significantproportion of fines(% passind
inch) of 30-50% to which the SAG milling igarticularly sensitive.Evaluating the circuit configuration and
installedcapacityconsideredprimary crushing, SAG miNih modificationto internal components such asaies
pulp lifters,shellliners andball charge), trommednddischargescreen, pebble crushers, ball miisd cyclones

Thestudyresultshighlighted the criticality andsignificanceof conducting integrated optimization. Despite having
a very fine SA@®iill feed particlesize distribution, th@rimarybottleneck identified in thé’hasel grinding circuit
was the SAG mill discharge systetmin@lco has already implemented some of the sktertn recommendations
in the Phasel grinding circuit, and the loAgrm recommendations are under evaluation for future
implementation. hese changesvhen combinedywill enable the anticipatedhroughput to beachieved

The installation and commissioning of tRéase2 grinding circuit has resulted in a substantial increase in the
overall production of the Toromocho mine. At present, efforts are underway to optimiz&ttase2 circuit,
which receives a coarser SAG mill feed tharRthasel circuit as a result of segregation generated in twarse

ore stockpile

Methodology

EFFECOF SAG FEED SIZE

Optimizingthe drill and blast operation and impravg the ROM fragmentationare ciitical stepsin optimizing
SAGiIll feed size for maxiiming plantthroughput. Most ofthe fines in theSAGill feed are generateéh the
crushing zone-area around the blastholehererock is pulverized underompressiveshearstress mechanism,
from high pressure and temperatuexerted to the blasthole wall The amount of fines imfluenced bythe
intensityof blastingandore hardnessMeanwhile the top-size of the mill feed imfluencedby therock structure
and theprimary-crusher settingBy gtimizingboth the blast intensityand the crusher gag finer SAGmill feed
can be achievedllowing for thegrinding circuitthroughputto be optimized This methodology is thgpical
optimization approachthat has been successfully appliédmany operations throughmine-to-mill projects
(Valery et al.2019) Chinalco ha alreadymade significant improvemergtin the drill andblast operatiors,
resulting in anmprovementof the ROM fragmentation, atemondrated in Figure2.
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Figure2 shows the evolutiorover time of three main ROMfragmentationparameters defined by Chinalco in
terms of Pso and content of fineg%passingl inch and %passing%z inch). Since 2017, thd(ROM Py was
successfullyeducedfrom an average 05.5t0 2.5 inches. Conversely, the amount of fir{@spassingl inch),
increasedsignificantlyfrom 29%to 49%for the period 20182019 reachingup to 51%n 2020
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Figure2—Historical ROM Fragmentatideasurementrom Image Analysis

Theimprovement inROM fragmentatiosince 2017 demonstragthe successfumplementation of thedrill and
blast optimization approach. However, this strategy wemarily motivatedby the needo mitigatethe impact
of unexpectedlyharder ore properties. Tablel illustratesthat there is a significantand consistentifference
between the ore hardness parametens samplescollected during passurveys and from more recenttesting
programs compared to the hardness parametargnsideredduring the desigmphase. The harder ore properties
resulted in higher comminution specific energy than originally estimateeteby negativelyimpacting plant
throughput To alleviate these comminution circuit constraints, the production of finer ROM fragmentatidn
consequently finelISAGeedsize was necessary.

Tablel—Ore Hardness Parameters Used for Design Compared to Survey Samples and
Geometallurgical Testwork

Unit Design 2014 Samples 2019 Survey 2022 Geomet Testwor
BWi kWh/t 12.9 13.3 14.3 13.2 14.2 14.2
SAG Power Inde minutes 75 129 120 99 - -
DWi kWh/m?3 6.2 8.9 8.5 7.5 7.3 7.0

Note:  1Estimated from Hatch ihouse relationships.
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Thefiner SAGieed resulted in a reductionf the SAG mill specific energyowever, this should be followed by
optimizing downstream operations to ensure theall mill circuit can deal witthe additionalload and the
grinding circuit leverages the full benefits from the fine ROM, and finef&&d:

TheSAGeed size distributioafrom belt cut samples andnline conveyorbeltimage analysis (Splnline)are
shown inFigure3. Thesewere benchmarked agast the feed size from other operationsith similar ore
propertiesusingthe Hatch Pty Ltdlatabase. The grey enveleghows the range cbAGeed size distributios
obtained at other operations after implementimgcommended drill and blast optimizatiguidelines The solid
and dotted blue hes represent particlesize distributionsfrom belt cutscollected during 2019 surveysat
Chinalcoandare in the middle oftiis envelog. This indicatsthat the ROM and thusSAGeed size distribution
was withinthe expected range aftémplemeningthe drill andblastoptimizationapproach

While sizingand sievingbelt cut survey samplesprovides a snapshot of the process a point in time, thedata
from SplitOnlineprovide an indication ahe variabilityof the SAGeed sizeover time The orange angrey bars
in Figure3indicatethe range ofSAGeed ko and ¥passindl inch, respectivelyfrom SplitOnline TheSAGnill-
feed size distributionsf Septembe2019surveyswere at the finest end of the range nasured bySplitOnline
This indicatd the SAGmIll occasionally receiwk coarser particle sizedut the SAG mill feedsize was
predominantly fine.
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Figure3—Phasel SAG-eedSize Distributions2019Surveysand SplitOnlineData

ORE CHARACTERTIONAND TYPICAL BLENDING

As mentional above ore hardnessand feed sizehave a significant impact on théhroughput and energy
consumption ofthe Phasel comminution circuit.There are five main alteratiotypesusedto characterizeore
domainand hardnesglassificatios in the Toromocho depositintrusive Potassic)ntrusive Phylic, Serpentine
Magnetite, Hornfelsand Tremolite—Actinolite.
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Duringthe initial optimization study of th@hasel grindingcircuit, the ore characterization dataere limited

with ore hardnessneasuresbeinglimited to Bondwork index(BWi) Maconcrushabilityindex and SAGower

Index (SPI)Hatch used ifhouse breakag/comminution relationshipsto convert the availablehardness
parameters intchardness parameters typically used for SAG mill modetimmely the Drop Weightindex(DWi)
and JKbreakage indexAxb) as explained below.

Subsequentlya more extensive Geometallurgical testwork program eagluctedconsisting of 189 SMC te§ls
directly providingthe hardnesgarametersused in SAG mill modeltipand Bond Work Indetests, across the
different alterationswithin the oredeposit Theresults of the ore breakage testwork are summarize@able2,
andwere in linewith the hardnesgarameterspreviously estimatedrom Hatchrelationshigs.

Table2—Summary othe 2022Geometallurgical estworkResults

Tremoliteg Magnetite
Alteration Unit  Actinolite PhyllicHornfels Massive PotassicSerpentine
No. of Samples 43 27 45 28 103 43
BWi kWh/t 13.5 13.7 153 136 14.0 15.0
DWi kWh/m?3 5.8 6.9 7.9 59 73 6.7
Mia kWh/t 16.5 204 21.2 137 216 17.9
SG t/m?3 2.79 261 2381 3.45 2.59 2.89
Axb 48.5 38.0 354 58.5 35.7 43.5

Note:  DWi = Drop Weight Index; Miacearseore work index from SMTest SG specificgravity:.

ThePhasel comminution model was developed and calibratesised ondata from a plant survey Toromocho
conducted in September 2019However, he hardness parameters required to devel@p site-specific
comminution modeivere not availablat the time asthe ore fromthe survey was nandependentlytested. To
overcomethis, the proportion ofalteration domairs fed to the plant duringthe surveywere used toback
calculatethe ore hardnessluring thesurveyusingthe historicalhardnesgparameters of each alteratiotiomain

Two surveys were conductexh Septemberl4 and 222019.The feed blend compositiafuring the surveywas
compared to the monthly averages for 20dgured). Ahigher proportion othornfels, the hardest alteration,
was fed during the Septemb@2 survey, accountinfpr 26% of the feed. During the Septembersi#vey the
proportion of hornfelswas lower than 10%but the proportion ofpotassicalteration was significantly higher.
Consequently, the overall blend for both surveys would have been harder than theltiggdaThe weighted
average DWi of the blend fed to the plant during ttveo surveys was estimatedat 7.3 and 7.1 kWh/m,
respectively, and was then converted to Axb using the averagspmeific gravitfSGYor development of the
site-specific processIKSimMétmodels.
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Figure4d—2019ToromochoFeed Blend Compositidry Alteration

COMMNUTION CIRCUIT ASSESMENT

Historicaloperating data from2019 and 202@vere used alongvith the 2019 grinding surveyso assess the
performance of theChinalco comminution circyitdentify opportunities to increase throughput, and calikeat
process modelsThe main findings of the process data analgsessummarizedelow.

Primary Crusing

The primary gyratory crusher at Chinalcotypically processd around 7,000 t/h of ROM orewith peak
throughputsexceeding3,200 t/h, meetingthe desigred crushercapacity However, the crusher power dramas
consistentlylow, ranging from 150 to 300 kW for 75% of the timedicatingpotential for increas& power
utilization by reducing the crusher gaffhe crushemopen side settingOSSWwas generallyset to 7%z inches,
resultingin aclosedsidesetting (CSSdf about 54 inched herefore, the impact o smaller crusher gapn the
primary crushervolumetriccapacityand crusher product siagas investigated with simulations, dscussedn
Results

SAG Miling

Two setsof process datavere analyzed,coveringMarch to September 2018nd &nuary to June 2020. The
resultsindicatedthat the SAGMiIll was generally operatedt a rate ofapproximately4,700dry tonnes per hour
(dt/h). The powewtilizationwastypicallyin the rangeof 75%-80% of the instékd power,corresponding t®21
to 22 MW(Figureb). Thelow SAGMiIll power utilizationwasthe result of low rock charga the mil, which was
caused by thdéine SAGeed, as explainedh further detailbelow.

The SAG mill was operated at eatively consistent speedFigure6). The mill wasnitially operated at 9.0
revolutions per minuteRPN whenthe linerswere new, correspondng to approximately73% of critical speed
(CS. As the liners wore outhe speed was increased to 9.4 RPM (76%$f Additionally,the SAG mill was
operated inboth directionsdue tothe bi-directional shelHifter designand radial puldifter design.To enhance
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operational efficiencyalso investigated werdaking advantage of théne SAGeed size improving shell liner
design andinstaling curvedpulp-lifters for uni-directionaloperation
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The Morrelttumblingmill power draw mode(Morrell, 1996)was used tdackcalculatethe SAG mill total filling
whichranged from 2%to 28 % by volumaysing aball chargebetween 186and 19% by volume@smeasured
during grindouts. The lowto medium volumetric filling of the mill is consistemtith the fine feed fed to the
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Phasel grindingcircuit. With the fine feed, the SAG mill does not maintain a large rock load and operates more
like a large ball mill, where most of the rock particles are much smaller than the steelSiffildent surfece
areaof steel grinding mediés necessaryor the ore particles to be broken. Therefore, the SAG mill should be
operated more like a large ball miith ahigh ball chargéo increase grinding efficiency and throughphmtlight

of theseconditions, ifter and liner design, mill spegdnd discharge gratend discharggulp-lifter arrangements

were optimized as detailedn Results

PebbleQushing

Analysis of historical and survey datalicatesthat the production ofpebbles with respectto fresh feedwas
approximately18%(Figure7). During the period anakged, the pebble crushers were found to operate with
different liner desigs, resulting in a powedraw range of 450 to 650 k\(Figure8). Thisrangewas belowthe
installed power of 750 kW (@00horsepowej, equivalent to60%-78%of rated power.Tooptimize throughput,

it wasrecommended to operate at power draws betwe8®oand100% of rated power (600 660 kW), which
can beachieved bymodifyingthe liner profile to operate with a CSS of 11 mm,haghlightedin Figure8 by the
red arrowrepresenting changes fétebble Crusher.Furthermore, simulations were conducted to evaluate the
potential benefits of operating both crushers with smaller G&8minimizing the operational mode of bypassing
the crushers (from historicalata this occurs for around ¥#8-15% of the operating time).
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Ball Milling

Thetwo ball mills(BM 1 and BM 2)vere operated over a relatively wide range of power draws, from 18.0 to
20.5MW, equivalent to 8@to 93% of the installed power of 22 M{igure9). The wide range of power draws
was the result of variatiogin ball charge levslin the milk.
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Tomaximize ball mill powemt Chinalcothe ball mill speed wasreviouslyaround 80%f CSwhich iconsidered
higher than typicafor ball mill operation. & ball mills have gotten larger the mining industrygearless drives
arerequired, such as thenes installedat Chinalco These haveariablespeedfor maintenanceactivitiesandto
releasecompacted lodsafter prolonged stoppage@nching and creeping modes)

However, from a process optimization perspective, it is preferable that ball andisperated within a narrow
range of speedgthanging the ball mill speddequentlyaffects the balls trajectory, diverging from the optimpm
and also increasing the risk of liner and grindingdia damage. These issues can also adversely impact the
recirculating load, final product size, awgclone efficiency andgtability, which canmake the circuit more
challengingo control. For maximum performance, ball mills are generally operated at around 7%86 ®his
promotes more contacts between theigding media and ore by the cascading motion of the balls, instead of
the cataracting motion (higher speed) which is advantageous for impact breakage in SAG Wililleghigher
speed alloved forhigherpower drawat ChinalcpHatch recommended reducirthe speed and increasirizall
chargeto maximize ball mill power draw. This would provisere grinding media and ball surface area
generate more grinding actioriThe Morrell tumbling mill power draw modelas used toestimate the
incremental power draw resulting from higheball chargs. Toallow for an additional 1% in ball charge, the
speed could be reduced slightly from 8@&to 78%CS and it was determined that a ball retaininigpg would

be required to facilitate a higher ball chardgetailed mulations, reportedn Results were conductedvith the
objective of usinghe additional ball mill powefobtained from higher ball charg&) maintain theproductgrind

size while increasing SAG mill throughput.
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Figurel0—Influence ofBall Mill PoweiDrawon the Recirculating Load

Maintaininga constant ball charge andiall millpower drawis aitical for controlling boththe recirculating load
and product grind sizein the ball mill circuit In fact, the recirculating load for both ball mills showed a wide
variation, ranging from 300% to 500ktowever between March and September 2019, a significant reduction in
the recirculating load was observethis reduction imecirculating load was linked to thheduction ofvariation
in ball millspeedandincreaseof power draw through higher ball chargever the period(Figurel0). This was
also confirmed afteBM 2 power wassuccessfullyncreasel to 21-22 MW, whichresultedin arecirculatingload
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of around 300%, asxpectedfrom the linear relationshipbetween recirculating loadnd powerderived from
the operating datgFigurel0). Since August 2020, this ball mill is operated at arourfid-78%CSat maximum
ball charge whichreducedthe recirculating loadand with decreasing cyclone feed densitgsulted in more
efficient classification in the cyclones

Results

GRINDING CIRCUIT SIMULATIONS

Hatchanalyzed lhe data Toromochocollected during thd’hasel grinding circuisurveys on Septemberl4 and
22,2019, to devebp a cetailedsite-specific (calibratednathematicaprocessmodel.Laboratory &ing data from
both surveysvere mass balanag Thesurveydata from Septembet4 achieved ggoodmass balance andere
considered suitabléor modeldevelopment Amodel was developedhen calibratedfor the Toromochd?hasel
grinding circuitusing model fitting, based on the ore charactation data (hardness) and survegsults.The
resultingJKSimMet modélowsheet(Figurell) was used for simulations of thdentified optimization strategies
discussed below.
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Figurel1—IKSimMeModel FlowsheetPhasel, Calibratedto Segember 14,2022 Survey Data

Simulations were conducted to evaluate the improvement opportunities identified in the analysis sedtare,
andto quantify their benefits. These opportunities included:
1 Simulation 1: IncreaseSAG milpebble ports sizand pulp lifter dicharge capacity
Simulation 2: Simulation 1 plusptimized SAG mill ball charge
Simulation 3: Simulation 2 pluseduced both pebble crushers C831 mm
Simulation 4: Simulation 3 plugncreased ball mill powen maintaincurrent Ro productgrind size

= =4 =4 =4

Smulation 5:  Simulation 4 plus wider primary crusher OSS
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The results of the simulatioreve summaded inFigurel2and discussed further in theubsequensections.In
Figurel2, survey conditions and results are indéd for referenceand simulations are compared to the base
case simulationwhich represents the average operating conditions for 20B@urel2 also includesthe
detrimental impacs of SAG mill discharge grapegging and bypassimaj the pebble crushex

The simulations indicated the throughput can be increased up to 14% while maintdisiogrrent RBo product
grind size Further details and recommendations to achieve thi® discussed belowThe fifth simulation was
conducted to demonstrate the impact of operating with a wider primary crusher gaquired to meet the

crusher throughputand volumetric capacityequirements folloving theinstallation of the additionalPhase?
grinding circuit.

Simulation Results
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Figurel2—Summary of théMain Process Simulatiomsid Recommendationfor
Increasing Throughpwf the Phasel Grinding Circuit

Recommendation 1: Optimizthe SAGmill discharge gratedischarge congand pulp-lifter desigrs

The greatest opportunity to increase throughput at Toromoetesto improve the dischargecapacityof the
SAG millAt the time of the studymill throughput hal been significantly reduced due to severe gratgging
and the pulp liftersvere volumetrically constrained.

Larger pebble portarere recommended tanitigate the issue of grate pegging and increase the volumiitnic
rate of both pebbles and slurnAccording to simulationsincreasing pebble postaperture from 65to 80mm
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wouldsignificantlyincreasethe pebble discharge ratél his changerould allow the worn balls to be ejected from
the mill beforereachinga criticalsize andleformedshape thaiare more prone to peggin&imilaimprovements

in pebble discharge rathave been reportedy Hart et al.(2001) andRybinskiet al. (201) when increasing
pebble port sizeln addition, puldlifter capacity must also be sufficient to accomnatelfor the increase dfow

rate due to larger pebble port apertuge As a result, design changes to pulp lifters were also proposed.
Simulationgrevealed thafjust by increasing pebble port apertusdo 80 mm and improving discharge capacity
(with the proposed modifications tehe pulp-lifter designdiscussed belojthe throughputshould increaséy
almost10%.

The lenchmarkingpf Tor omocho’ s SAG mi | | indicgtelthat the Phdsel SAGMIlls dat aba:
currently on the cusp of being discharge limited, and likely to be slurry pooling intermittently.effoyt to

increase throughput rates with higher power draws and circuit optimization will be limited by the discharge

capacity of the mil{lmaximum of3600 n¥/h at 25%total filling with existingradial pulp lifter$, leading toslurry

poolingthat reduces mill power draw and milling efficiency.

Hatch developeaptimized radial and curved pullifter designgFigurel3) for the Phasel SAG millo improve

the discharge capacityBoth designsncorporatedremoving the singlepiece discharge cone singlepiece
discharge coneften results in a higher curvature of the dischargéhat is,atight bend. Thisintegratedcone
design limits the volume of the pulp dischargehving sufficient capacity in the pulp discharger is particularly
important as this region of the pulp lifter wilaturally act as a choke point as the slurry and ametaken from

the periphery of the mill andLinnelledto the discharge trunnion

Existing Radial Pulpifter Design  Proposed Radial Pulpfter Design Proposed Curved Pljifter Desigr Legend

Residence Time

Figurel3—Residencdime Profiledor Proposed Puklhifter Designs Simulateuy
DiscreteHementModellingfor Phasel SAGMIll

Both proposeddesigns feature separate discharger pieces on each-lgtdp vane, allowing for asmaller
curvatureof the discharge conanda10% increase in volumé&oinvestigate the benefits of replacing the existing
radial pulplifter system with the proposed curved desjgliscrete element modelling(DEM)simulations were
completed in Rocky DEM softwarey inputs to the DEM model were the existing and proposed lifter
geometries and the mill dischargarticle-size distributionThe mill dischargparticle-size distribution used was
determined from themathematicalSAG milmodel developed from survey datgigurell) andwastruncated

at the fine end to achieve practical computation times.

The pulplifter DEM simulabn outputs confirned that carry-over is virtually eliminated with a curved design
compared to the existing and optigeid radial design. This is visibly evident in the residence time profiles in
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Figurel3. Large pockets of returning particles (red) can be seen taking up space in the lifter cavities of the existing

and proposed radial designs, wihe proposed curved design exhibits a siguaifitly reducedcarry-over of

particles. The curvepulp-lifters also display an earlier discharge of particles from the lifter cavity than the radial
equivalent. Where the curvepulp-lifterd e si gn di scharges at ar oupulplifterhe 11 o
designdischargece | oser to the 1 o' clock poecairjoveon al l owing for

TheDEM modellingndicatedan 8%increase in discharge capacitjth the proposedradial pulplifters because

of the increase in chamber volum&he curved pulgifter design has a larger discharge volume in addition to
curved vanes and providean increase of 23% capacity for the pulp liftérke largercapacityincreasefor the
curvedpulp-lifter is due to the material being discharged earliethie mill rotation compared to the radigllp-
lifters. Murariu (2019)eportedup to 40%increasein simulateddischargecapacityof the solidsbetween adial

to curved pulp lifterslesigns using DE8PHmModelling and émilar effect o reduced carry ove and hold up in
the pulp lifter chambewere observed with curved pulp lifter§he optimzed radialpulp-lifter designdischarge
capacity has improved ovéhne existing design, but theris stillariskof the SAG mill becoming dischatljaited
before the 14%throughput increasgsimulatedfor implementation of all recommendationspn be realized
Therefore, the curvegulp-lifter design wasecommended

TheSAG mill gitesarrangementvaslater modified by replacingl5 of the 18grate panelswith panelsfeaturing
65mm and 75mm pebble ports Theissues caused hyegged previously observedvere resolved While the
pulp-lifter configurationis currently still the sameradial design,the detailed desigrand supplyof the curved
pulp-liftersis currentlybeing discussed withendorsfor implementation

Hatch als@valuatedopportunitiesto improve thedesignofthe SAG milshell lifters consideringsingledirection

rotation, whichisrequiredfor the curvedpulp-lifters, andto exploit, as much as possihlthe fine SAGeedsize

Analysis of thdiner wear from historical mill internal scansdicated that he dualrotation shelllifters were

generally worn beyond their stated reline lipnthichcanincrea the risk of liner failureThe severe wear on

the shell liftersandliners was attributed in large part to the limited top span of the high lifter. On the existing
duatrotationliners, the top span of the high lifte&ras40 mm on the feed endnd104 mmon the discharge end

which issignificantly narrower tharthe typical top spanof singledirection liftersfor SAGmills of thissize.
Limiting the top span reduces the wear |ife of the hi
which the high lifters protect the plate liners

Hatchproposeda singledirectional liner desigmith a 35° face anglefeaturing a 121 mmand 153mm top span
on the high lifters at the feed and discharge entlke increased top spatould help to address the high wear
on both componentsvhile providng an optinmized media trajectoy for the recommended mode of operatipn
as discussed belawhe proposedliesignis shown inFigurel4. While no increase in the service life of the shell
lifters was expected, the proposed design should provide a higlaéety margirand plate thickness at the time
of reliningdue to the increase in top spaas well as improvedrindingmedia trajectory.

14| SAG CONFERENGE3 VANCOUVERSEPTEMBER-28, 2023



35°Face AngleSingle DirectigrFeed End 35°Face AngleSingle DirectiorDischarge End

12— i

420
455
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Figurel4—Proposed Single Rotation Design, Single Direction 35° (Left)

Simulationsusing MillTraj softwarév2.3.78compareal the media trajectorief the existing and proposed lifter
desigrs, results are shown ifigurel5. The simulation results indicate that with the existidgalrotation lifter
designand 30 face angle, the media would strike the charge at the midpoint of the expected posttitne
charge's toe, assuming a total filling of 2@26nverselythe simulations with the proposed single direction lifter,
which had 35° face angle, indicated that the media would strike beneath the toe position of the charge, as
expected. This lower tfactory is expected tpromotemore attrition and abrasion breakage, which is consistent
with the recommended mode of operation for the SAG (lille a large ball millbased ona high ball charge

level and receiving fine feed.

Position of toe,
30% filling

0 0 Pasition of tae,
MillTraj - Liner design software 26% filing

O Existing Design 320° bi-directiona

Figurel5—MillTraj Simulationof Outermost Charge Trajectories

Recommendation 2: IncreasBAG mill power by increasingall charge inthe SAG mill

The Toromoch®hasel SAG mills fed withrelatively finematerial meaning thamost ofthe rock particles are
much smaller than the steel balls in the SAG m8l.aresult, it is recommended to operatthe SAG mill more
like a large ball mijlwith a high ballchargeto increase grinding efficienayf finer breakage Mill performance
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will be optimized when there is more attrition and abrasion (for finer breakage) rather than impact breakage
(which is required to break coarse mateyiahichis not present in théforomochoPhasel SAG mill feed).dr
achieve this, it isuggested tause a higher balicharge and optinze the lifter and liner designas discussed
previously

Simulations indicate that even a small increase in SAG mill ball charge, from 19% tov2Q%d give an
additional 26 to 3% increase in throughputhus giving a totathroughput increase of almost 12% when
combined with a larger pebblport and improved discharge capaciffeCommendation ). As identifiedearlier,
the SAG mill has sufficieimstalledpower forthe increased ball charge.

Recommendation 3Pebble crusing circuitoptimization with smaller CSSvhile minimizingbypass

In 2019 chamber design changesere implementedon one of the two pebble crusherallowingoperation at a
reduced CSS of 11 mm. Simulations cordtitinat operatingboth pebble crushergonsistentlywith a tighter
CSS of 11 mm would provide an additional 2% increase in throughput.

However,further analysis of thexisting pebble crushing circuitvealedthat with higher throughputdue to
the improved SAG discharge st pebble production will increase significanbgcoming thenew bottleneck
Therefore, extra crushing capacityould be requiredto maintain he tighter CSS of 1inm in both crushers
Consequentlythe followingadditionalscenariosvere alsosimulated

1 Gomparinga)the effect of bypassing a portion of thpebblesand sending them back uncrushed to the
SAGMIll, againstb) no bypassbut operating crushesat wider CSS

1 Upgradngthe pebble crusherwith additional power orepladng them with alarger model

It isgenerallypreferred tominimizethe bypassof pebble crushing bgnaximizingthe availability anditilization

of both pebble crushersSimulationsconfirm that the throughput of the SAG mill would gradually decrease as
the amountof bypassincreasesandbypasing 100%of the pebbles reduces th8AGresh feed by around 5%
Additional simulation indicated theeduction in throughpumaybe largerthan 10% for harder oredAs indicated
earlier,operatingboth crushers at amallerCS®f 11 mm wouldhelp to increaseSAGmill throughput by 2%
However,when theSAGMIll discharge system is improved, and pebble tonnage is increassiier CSS would
be requiredto avoid any pebble crushéwypass Additional simuations indicated it would benore beneficial to
operate with a widerCSSand nobypassrather than a smaller CSS of &im andbypasing a portion of the
pebbles

Two potential upgrade paths for the pebble crushers were identifide XL1100 crushecsuldbe fitted with a
larger 820 kW motqrwhich would provide an increase in available power of ®&#wever, thiswould not
increase the volumetric capacity of the crusheffie XL1100 crushers coudtbo be replaced with XL1300
crushers. Thigrouldincrease crushingapacity put this larger modelvould notallow operatingwith a CS8f 11
mm asis the case witlthe XL1100.

Recommendationd: Install retaining ring and increase ball chargetire ball mills

Implementing all previous recommendations is egfed to increase throughput byp to 14%. However, the
simulations also showed that the grinding prodwaiuld coarsen slightly taboutPso 220 pm.

Increasing the ball mill powefrawwould reduce the grinding product sizehich isback in line with tk target
(simulations estimaté Pso 195 um) at the higherSAGthroughput rate.As discussee@arlier, the powerdraw
model demonstrated that it is possible to increase the ball mill power draw by increasing the ball chartiewith
installation of an inner retaining rin@imulations also indicated that theater additionto the cycloneunderflow
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launders (required at th time due to volumetric limitationghould bereducedto provide an increased ball mill
feed density ofaround76%solids by weightEvaluation of the slurry superficial velocity and of slurry retention
time in the ball millafter installation ofa ballretaining ring and highdbpall millslurry density of 76% indicated
that the slurry flow would not exceed recommended lim(itéorrell, 2001; Shj 2016).

Recommendatiorb: Optimizing primary crusher gap

As the primary crusher throughput for a given CS&rigely controlled by the largest rocks in the ROM,
optimizationof the drill and blast operationsand finerROM fragmentation generally results in the opportunity
to reduce primary crusher C&&d furtherreduce SAG mill feed siz.the time of the study the primary crusher
power draw waslsolow, presentingan opportunity to operate with a tighter CS&imary crusher simulations
indicated that the primary crusher operating OSS ofifichescould be reduced to 6.icheswhile maintaining
sufficientcrushing capacity. Simulations indicated thizis decreasén the primary crusher gap should increase
SAG nii throughput by about 1%.

However the installation of the additional grinding circuRlfase?) in parallel with the existing grinding line
requiredanincrea® in the primary crushingthroughput The volumetric capacity of the primary crushesuld
not be sufficient to provide feetb both grindingcircuitsif the gap was reducedt wasidentified thatthe gap
would need to be increasetb provide sufficientcapacity which would in turn, increag SAGfeed size
Smulationsindicatedcoarser SAGill feedwould result in a reductionn SAG throughpuof about 1%Instead
of increasingthe gap, the primary crusher was upgradeachd the primary crusherspeedwasincreasel. This
resulted in arincrea® inthe primary crusher volumetricapacitywhile maintainingthe OSS at.5inches

Additional recommendationsand simulationsfor short-term circuit optimization

While the detailed design and supply of the optimdd SAG millpulp-lifters were in progress,additional
simulations were conducted texplore opportunities to optinge the Phasel grindingcircuitin the short term
(quickwin opportunities) while the existingadialpulp-liftersremained in the SAG mionme recommendations
had alreadybeen implemented such as increasingall charge and powedraw at lower speed Additional
assessmerstand simulationdrom Hatchprovided alternativesto maximize throughputvhile reducing size of
the grinding circuitleveraying from the improvemerst alreadymade. Some of the opportunitieglentified were
around SAG mill dischargeereen aperture, ball mill feed densityall chargeandball size, as discussed below.

It was recommended tacreasing theSAGQMill dischargescreen aperture from 10mm to 15mm. The SAGiill
trommel is equipped with 3-15mm apertures andthe trommeloversize materiak dischargd onto a double
deck vibrating screen with X@m bottom-deck aperturesunnecessarily recirculatingaterial finer than the CSS
of the pebble crusherdJsingsimilaraperture sizeon the screerasthe trommelwould help reduce theecycle
to the pebble crusherswhile transferringgrindingload to the ball millsSimulationsindicated this change
resulted ina 2%increase irtircuit throughput.

Increasing ball charge in the ball nvlasprogressivelyimplementedin BM 2, currently drawing about 21-22
MW, which allowedredudng the recirculatng load to 300%-320% as expectedfrom the datapresentedin
FigurelO. Similar results arexpected 6r BM 1 oncethe ball charge is also progressively increased

Slurrydensity inthe ballmills wasranging between 78 andr2%solidsdue to significant water addition required
in the cyclonainderflowlaunders Simulationsevealed thata reduction in Bycan be achieved bycreasing the
ball mill feedslurry-density up toabout 76%solids

Grinding efficiency couldlsobe improved by adding smallballsthanthe currentball makeup sizeof 3inches
(76 mm) Hatch conducted dall size compliance analysisingboth the Azzaroni(1980 methodology and
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Molycop methodologybasedon the theory of lineaball wear and continuous addition of one size of balls
(Sepulveda, 2004 The ballsizecompliancemethodis used toevaluatethe optimal ball sizerequiredto grind
each size fractioof the ball mill feed sizdistribution (red bars inFigurel6) against the actuadizedistribution

of the grindingmedia (grey andarkblue bardsn Figurel6). The resultsindicated that smalleballs of2Y2 inches
(64 mm)will promote more effective grindinfpverall complianceesulted24.5% for2Yz inchesersusl6.2%for

3 inche$. These results were thewvalidatedusing the ball mill mathematical modeals JK$nMet to scale the
breakage rates as a function of ball size. The mat@iirmedthat further reduction in grinding productsisize
was achievableHowever, it was also recommended to maintainpgoportion of 25%o0f 3 inches balls in the
makeup ballmix, to ensurebreakage otoarse particleged to the ball mills

Overall, these shotterm changes are expected to result in a 2% increase in throughput combined with a
reduction of recirculating load, arfthal grind reduction ofibout Pso 20 um. Impkementation is in progress.

100%
90%
76mm [3inches] ®64mm [2¥%inches] [O% Breakage Mass
80%
70%

60%

50%

40%

30%

20% |

0% t Il t

Ball Opt size Interval 66 - 58 mm 58-41 mm 41-26 mm 26-13 mm 13-9mm 9-6mm

Ball content in mill charge (%)

Particle sizeinterval 26 - 20 mm 20-10 mm 10 - 4 mm 4-1mm 1-0.5 mm 0.5-0.195 mm

[ 76mm | 64mm |
Overall Compliancy 16.2% @ 24.5%

Figurel6—Comparison oBall Size Distribution Complianime Ball Mills

THROUGHPUT FORECAST MONE

Duringthe optimization project,Hatchgatheredall the informationrequired to developa throughput forecast
model Accurate throughput forecast models are useful production tools that can asgisproving production

reliability, strategic planningandwhich carmaximize profit over théife-of-mine (LOM) Powerbasal modelling
is widely adopted for comminution circuit desigmd can also be used fthhroughput forecasting when the
future ore properties are knowrHatchdeveloped gower-based throughput forecast model for tAi@romocho

comminution circuit and has successfully developed and implemensiahilar throughputforecastingtools

(Brennan et al., 202ZFarmer et al.2021).

Feed size has a strong influence on throughput, atlkdusan important imput for throughput forecastindput
itis influenced by ore characteristics and blasting practiteerefore, it is necessary to establish a reliable model
of feed size to provide an accurate throughput forec&gecifically, the throughput forecastodel developed
for Toromochocalallates SAGeed R based on aegressiormodel betweenthe proportion of eac alteration
domainin the blendand the SAG millsp measured bySplitOnline The modethen calculates theotal circuit
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specificenergy as well aSAG milgpecificenergy based on ordardnesspropertiesand thecalculatedSAGnill
feed Fgo, usingequations derived from Morrell (2009)he specific energy is then used for a given SAG milling
and ball millig power todetermine plant throughput.

Thethroughputforecastmodelwascalibrated and thervalidatedusinghistoricalproductiondata (March 2019
Felruary 2020) andvas supported by mathematicgirocesanodek developed during the optirzation project

A comparison of thenodel estimateethroughput (grey dahed line)and actual plant throughput (red dotsy
shown inFigurel?. In this figure, the red line represents the separation between the data used for model
calibrdion and the data used for model validation. On the left side of the line, the date used to calibrate

the specifieenergy calculation (thsite-specificSAGKWh/t and total kWh/tequationg, on the right side of the
line, the predicted data ere compared with the actual data without further modification of the model
parameters
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Figurel7—Actual Monthly AveragePlant Throughpu€Comparedvith Predicted Throughput

Despite limitations in terms of ore characterization avagaat the time when the model was developed, the
model predictsthroughput quite well on a weekly and monthly basis, with errors of 11% and BSpectively,

at the 95% confidence level. Improvements in moaleturacyare expected when the additional @hardness
testwork and variability testing are incorporated into the block model and are used to improve the estimation of
the present anduture hardness values of the differealterations

Themodel was then used toforecastthe specific energythroughput of the circuit based on the annual ore
composition fromLOM planningand thefuture ore characteristicsf the different alterationsin the feed blend
The outputs of the OMthroughputmodel are expressed as annual thrépgt, usingatypicalplant availability,
and indicate if the circuit is limited by the SAGhaH mills.
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Conclusions

Chinalco has alreadynprovedthe drill andblastoperation resulting insignificantly finelROM fragmentation.
This fine fragmentatioias led to a fine SAGiIll feed, and the main objective of the stugyesentedherewas

to optimize thePhasel grinding circuit operating conditions, leveraging the already fine i8il@&ed. Review

of historicalgrinding circuitoperating dataplant observation, benchmarking, power calculatipasdmine-to-
mill optimization experiencdrom the Hatchteam were used to identify opportunities to increase throughput
for the ToromochadPhasel comminution circuit. Sitespecific modelling and simulations have confirmed that
throughput may be increased by about 14% while maintaining grinding product size

The greatesopportunity to increase throughpubf the ToromochoPhasel circuitis to improve the discharge
capacityof the SAG millLarger pebble portand improvedpulp-lifter design have been proposefrocess
simulations indicate that increasing pebble port aperture and improving discharge capaityd increase SAG
throughput by 10%The SAG milwhich receives fine feedshouldalsobe operated more like a large ball mill
(high ball chargeand modified trajectorythrough speed ad lifter design to increase grinding efficiency and
throughputfor fine feed Proposed lifter designsill not only promote attrition and abrasion breakage for more
efficient fine grinding but alsoreducethe risk of liner failure.Increasng SAG mill paver utilization can be
achieved by increasing SAG mill ball charge to. H#tilations indicated an additionab23% increase in SAG
mill throughputwith a higher ball chargeotalling a 12% increase in SA@I throughput with the improved
discharge sysim. DEMsimulationsof the existing radigbulp-lifters and proposed curvegulp-liftersindicated
the increase ofhe discharge capacityf the proposeddesignshould safelaccommodatehe expectedncrease
in SAG milthroughput The detailed desigrof the pulp lifters is currently being discussed with vendofer
implementation

Smulationsinitially indicated operating both pebble crushers with a smaller CSS of 11 mm would provide an
additional 2% increase in throughputioweverthe pebblecrushingvolumetriccapacity limitatioswould mean

that a portion of the pebblswouldneed tobypasghe crushers. Avenues for increasing pebble crushing capacity
are still being investigatedo ensure thepebble crushing circutanhandle te additional pebble rate when the
SAG mill discharge system is debottleneckehile still allowingoperationat the recommended CSS.

Implementing althe aboverecommendations is expected to increase throughput by up to 14%. However, the
grinding productwould coarsen slightly to abous 220 um. Increasing the ball mill powRy increasing ball
chargewould reduce the grinding product size back in line with the target (simulations estirgai®®um) at

the higher SAG throughput rate

Opportunities to reduce the primargrushergap to furtherdecreaseSAGmill feed size were evaluatednd
simulated(1% throughput increase with OSS reduction fro to 6.8 inches Howeverdue tothe installation
of the Phase2 grinding circuitjncreased primary crushing capacitwould be requiredand the gap reduon
was notfeasble. Instead,primary crusher upgrades weseiccessfullymplementedto maintain current primary
crusher gap settings

Additional quickwin opportunities were identifiedn the Phasel grinding circuitelated to SAG mill discharge
screen aperture, ball mill feed density, ball chargad ball size These recommendationsvhen combined
would allow a 2% in throughput increaswith reduction of recirculating load and decrease ofinal grindto
Pso 20 um. Implementation is in progress.

The informationand mathematical modelgeneratedin this optimization projectwere alsousedasa basiso
develop a throughput forecast modéad facilitate longterm strategic planningDespite limitations in terms of
ore characterizatiomataavailable at tle time of the model developmentthe modelpredictsthroughput quite
well on a weekly and monthly basis, with errors of 11% and 3.5 % resggctt the 95% confidence level.

20| SAG CONFERENOE3VANCOUVERSEPTEMBER-28, 2023



Further improvemenin model accuracis expected with nevdata, andthe results of recengeometallurgical
testing prograns.
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