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Application of Enterprise Optimisation Considering Grade Engineering Strategies

SUMMARY

The CooperativeResearch Centréor OptimisingResourceExtraction (CRC ORE) has worked with
Whittle Consulting taaombine theprinciplesof Grade Engineerir®@with Enterprise Optimisation.

Grade Engineeri@involves theuse of coarseseparation techniques to remove lowegalue or
uneconomic material prior tenergy, water and coshtensive mineral processing agties. CRC ORE

has performed technicaproof-of-concept and economicevaluationsfor Grade Engineering in
partnership with more than 20 mining operations and projects around the w@thtral to hese
evaluations are the characterisation of coatsparation responses within the deposit, identification

of value adding strategies for operation and the development of a business case for Grade Engineering
within existing and reptimised strategic mia plans.

Whittle Consultingorovides a business optimisation service to the mining industry wsinoleof-
businesEnterpriseOptimisationmethodology that modela miningand minerals processirgystem
from resource to marketProber Whittle Consulyf” 3 Qa@prietaty Optimisationsoftware, is used to
produce a mdtematically optimal schedule of material and financial movements through the
operation. Of primary consideration is the effect of bottlenegisich control the rate of flow of
money through tle systemNPV is used as the finanaiddjectiveasthis accouns forthe time-value
of-money and allowglirect comparison oflifferent cases.The Enterprise Optimisatioapproach
allowsdetermination ofthe full valuefrom Grade EngineeringsProber mayalter the behaviour 6

all elements of the miningnd mineral processingystem to produce an optimdablisticsolution.

Thesynergy betweerGrade Engineeringrinciplesand2 KA GG f S / 2y adzZ GAy3IQa 9y G S
was assessed through a case studsgt taxamined gotential response for three coarse separation

techniques in a hypothetical, but realistinjning operation The case studgstablished an optimised

base case without Grade Engineering for comparison to all combinations of Grade Engicearieg

separation techniques examined. The coarse separation techniques inclateehimgfor natural

deportment of grade by sizélifferential blasting to induce and enhance the deportment of grade by

size and sensing and sorting of bulk material streamsdza A y 3 NBIFf AaGA 0 NBaLRya$sS
databaseThe implementation of all Grade Engineering techniguelkled a netmprovement 0f9.9%

in NPV ovethe optimised Base Case

2 KAGOES [ 2yadgf GAy3IQa 9y G SNLINA & & thé miting ¥ &nindiad 2y 02
processing operation from resource to market. The process optimised the ultimate pit, phases, mining
schedule, cubffs, stockpilesgrind size product specifications, logistics and capital investment for

the Base Case and Gméngineering Scenario§hefinancialresult and observations of this case

d0dzRe adzLILI2 NI LINB@PA2dza FAYRAy3Ia FNRYofGmde hw9Qa
Engineering performed in partnership with mining operations and projects, as well asnoes

previously presented and published.

Grade Engineerifga OgepahBos processegield financial value through twoompementary
mechanismshat become availablas a result oeparatinga parcel of mined material intieigher and
lower-valuecomponentshefore procesmg. The first imredudion inthe pressure on higlalue, high
cost processing bottleneslby separating andejecting low-value and uneconomicportions of ore
previously destined to be processed these bottlenecks. The second is theplacement of that
rejected material with highevalue portions ofGrade Engineerethaterialthat would otherwise be
directed tolower-value destinationsuch aHeap Leach, Stockpile and Wadihis process has been
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tSNY SR & a Silas maak(@nd matelid)éds separated and exchanged between processing
destinations to yield higher economic value overall

When the operation is not limited by the quality and quantity of ore being mirteelyéarrangement

of minedmaterialinto higher and lowewalue streamsisingGrade Engineeringill raise the cuoff

to the processing facilities, and accelerate the rate at which metal is recovered. This generally occurs
early in the life of a mine, when discounted cash flowseha higher weighting on NPV, and may be
further supported byincreasingthe mining rate. The reduced pressure at highlue, highcost
processing bottlenecksllows greateruse of higher-value process plantsettings including fine
grinding for improvedlotation recovery in the case study examinedt tihe end ofthe mineQ kfe,

Grade Engineering allows the economic processing of thewalle portion of low-grade material

that would otherwise be classifieds waste. Thereforethe minimum economiccut-off grade is
ultimately lower in a mine with Grade Engineering and ore reseamdsesource utilisatioare higher.

The value realised by adding multiple Grade Engineering processes to a mining enterprise is not
cumulative. The first process added typigayields a larger financial benefit than subsequent
processesThis is particularly truavhen the Grade Engineeringrocessescompete forthe same
material.

Thework documented in this report provideslidationfor the evaluation ofSrade Engineering within

2 KAGGOE S | Enerprid Optiyfishtba frameworland supports the findings of Grade
Engineering assessments performed by CRCTORfnancial benefit®f coarse separatioresponses

used in the case studyere found to ben line withbusiness casgsreviouslydeveloped by CRC ORE

in partnership with realvorld mining operations and project§ KA GGt S [/ 2y adzZ GAy3IQa
approachwas demonstrated to be suitable for thaptimisation of entire systemvalue with Grade

Enginering within a realistic mining context.
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1 INTRODUCTION

The CooperativeResearch Centre fadDptimisingResourceExtraction(CRC RB is a notfor-profit
Research Centre funded the Australian Federal Governmadntpartnership withminingcompanies
miningequipment and service providers angsearch institutionsA key outcome from the first term

of CRC OREasGrade Engineerir@a set otechnologies, protocols, tests and analysis methodologies
that usecoarseseparatiortechniqueso remove lover-value or uneconomimaterialprior to energy,
water and costintensive mineraprocessingctivities

CRC ORE has performed technical and economic evaluatiddsafte Engineerinig partnership with
more than 20 mining operations and proposed projects around the world. These evaluationgtbllow
a stagged approachhrough order of magnitude opportunity assessmentproduction scale
demonstratonsand detailedfeasibilitystudies forimplementation Central totheseevaluationsare

the characterisation otoarseseparationresponses within the deposidentification ofvalueadding
strategiesfor operation andhe development ofabusiness castr Grade Engireringwithin existing
and reoptimised strategic mine plan¥hese activitieare performedhrough multidisciplne project
teams,operationalpersonnel and service providers.

Whittle Consulting providelsusiness optimisatioservices to the mining industry with a leading focus
on strategicmine planning andwhole-of-businessoptimisation termed Enterprise Optimisation.
Whittle Consulting have demonstratatie Enterprise Optimisation approact over 150 mining
operationsand havereportedimprovements in net present value (NPVpbfeast5% to 35%. Whittle
Consultingalso have strong expertes in financialbusinessmodelling andactively disseminate the
foundations of Enterprise Optimisatioto industry professionals and investotBrough regular
Gaz2ySe aadSfstajnability aSYAY Il NE @

1.1 PURPOSE

The purpose of this studyas to demonstrate i KS | 0Af AdGe 2F 2KAGGES /2
Optimisation approacho incorporate and evaluatethe principles of Grade Engineering coarse
separation techniguesThis wasachievedthrough a case study that examinadpotential response

for three coarse gearation techniquesacross different domaingn a hypothetical but realistic
mineraliseddeposit The results from this work provide a basis fotential collaboratiors in Grade

Engineering strategic mine planning and operational optimisatiaith the support of mining
operationsand projects

This report documentthe analysis and results of the case study

1.2 GRADEENGINEERIN®

Grade Engineeringnvolvesthe planning, integration and operation of flexible coarseseparation
techniquesto improvethe quality of ore delivered tamineral processing facilitiemnd increa®s the
value of an operationGrade Engineeringparseseparationtechniquesinclude

1. Screening to explothe naturaldeportment of grade by size thatayoccur during coarse
breakageof mineralised material;

2. Differential blasting to induce finer fragmentation in hégtgraderegionsof ablastblock
and coarser fragmentation in l@wrgraderegions to beseparated by screening;

3. Sensotbasedsorting performed at:
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a) Bulk scale for ROM materiah conveyors, truckdioppers,shovels or loaders;
b) Particle scale for sized and screened material streams; and
4. Coarse gravity separation using dense media baths, inline pressure jigs or reflux classifiers.

Responses for screeminfor natural deportment of grade by size, differential blasting and screening
for enhanceddeportment of grade by size, and bulk sensing and sorting (items 1, 2 and 3a above)
were examined in the current case study.

The benefits provided by coarsepardion techniques evolvealuring the life of a mine and are
dependent onthe characteristics of the miralised deposit (spatial geometry, distributiaf
economicand marginal material and response wparseseparation techniques) and operational
conditions(quality and quantityof ore mined, processing and operationebnstraints prevailing and
longterm economic conditions)The tenefitsfrom coarseseparation techniquemayinclude

1 improved grade recoveryand throughputof materialdelivered to the pocessing plant

1 increasedunit metal productivity andeducedenergy,emissionwater andcostintensities of
metal production

9 avirtual increasein effective treatment capacity of processifagilities(or reduced pressure
at processingoottleneckg due to the separation of higher and lowefalue material prioto
treatment;

1 lowering of minimumeconomicprocessing cubffs, potentially improving thesize of the
ultimate pit and the conversion of resources to reserves;

9 ability to perform Metal Exchanges between processing destinations (refer to Séc2idy

improved flexibility in treatmenbptions for mined materialand

9 improved NPV of the operation or project.

=

1.2.1 Screening for Natural Deportment of Grade by Size

Somerocks exhibit a natural tendency to concentrate valuabiténeralsin fine (or coarse size
fractions during blasting or crushing activitie§hisuneven distribution of value in size fractions
creates an opportunity toseparatehigher and lowewvalue materialstreams by screeningmined
material prior to treatment

2.0
1.8
TR I 1.62 upgrade in
= 16 30% of the mass
=
=
214
g N I R S 1.33 upgrade in
= | 50% of the mass
212 I
= |
1
1
1.0 X
1
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0.8 !
0% 20% 40% 60% 80% 100%

Mass Split to Undersize

Figurel-1: Hexibilityto exploita natural deportment ofgrade bysizeresponse
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The upgrade response for screening material is dependent on the strength of the natural grade by size
response of the rock and the mass split of the screen. The strength of the natural grade by size
responsewithin rock types and gemetallurgical domains can be measured using sampling programs
and laboratory testing protocols. The mass split of the screen may be controlled by adjusting screen
apertures and the particle size distribution of material sent te #treen. These controls grant the
operation flexibility to adjust the grade and mass delivered to different treatment processes based on
the responses of material being mined and constraints to produckigu¢el-1).

1.2.2 Differential Blast ing and Screening for Enhanced Deportment of Grade by Size
Differential blastingadjuststhe energyapplied within regions of a blagt induce finer fragmentation
in higher gradeonesand coarser fragmentation in lower gradeneso allowthe separation ohigher
and lowervalue material streams by screenifitigurel-2). Differential blasing can be used to induce
a gradeby-size response in material that exhibits matural response or to enhance the natugade
by-sizeresponse of material by conditionirg situ zonesof high and low grade for screening.

The upgrade respondeom differential blasting igrimarily driven by grade heterogeneity withira
blast, but it is also dependent on thetrength ofthe natural gradeby-size response of material
achievable blast fragmentation profilés the materialandscreerningaperture. Of these dependents,
the screenaperture and the blast desigmrovide soméflexibility tofine tune thedifferential blasting
response

0 ; ; .
—— High Energy (higher grade)
w| —— Low Energy (lower grade) ——— 3

High Energy
° I 75% passing 100mm

@

3
T
1

Cumulative Percent Passing

“ [ Low Energy
30% passing 100mm |

Differential blast energy
distribution based on grade

T 1 T
10 100 1000

Size (mm)

Figurel-2: Example of differential blast energy distribution (lefifablast energy fragmentation (right)

1.2.3 Sensing and Sorting at Bulk Scales

There are a wide range of sensing technologies available to analyse physita ehemical
properties of material. Thedechnologiediffer in their ability totake penetrative or surfacereadings
which can be used tdetect or quantify mineralisations and elements of commercial interest or
proxiesthat can be usedo indicate or quantify materiavalue (Figure1l-3). Oncethe value of the
material is quantified or indicated decision can be made real timeas to accept thenaterialat the
planned destination or divert thenaterialto an alternative destination.

Sensing and sorting at uscales can be performed using quantitative or indicative readings from
material in shovels, loaders, trucks or on conveyors throughout material handling points between

3
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mining and processinactivities The upgrade response framlk sensing and sorting driven by the
heterogeneitypresent within pods of material, the accuracy in which the sensor can quantify or
indicate the value of the material and the efficiency in which a pod of material can be diverted.

Detect Identify Quantify
8 Optical (VIS) NIR/SWIR spectral LIBS/LIFS
<
0 3D shape Optical (colour) UV fluorescence XRF
% Microwave thermal Neutron activation
2

Figurel-3: The different attributes of sensor technologies

1.2.4 Metal Exchange

The principle of Metal Exchange is built on the ability of Grade Engineering techniques to separate a
parcel of mined material into higher and lower value components. Gtdates opportunies to
exchange lower value components of ore previously treated at the processing plant with higher value
components of material previously destined the heap leachstockpiles or waste storage facilities
TheseMetal Exchange allow theoperation to use Grade Engineering techniques to redistribute
upgraded and downgraded material between treatment destinations to improve the overall economic
value of the operation.

1.3 ENTERPRISEOPTIMISATION
2 KAGGE S | Entgraridet Gpiisaib donsiders all components of the miniagd mineral
processingperation from resource to markéEigurel-4).

[

Figurel-4: Whittle Consulting Enterprise Optimisation process.

A typical Enterprise Optimisatid&O)project consists of three phases:

1. the Base Case in which the existing state of affairs and existing plans through to the end of
LOMis modelledto calbrate the EO model,

2. the Optimised Case in which the system is mathematically optimised using the same structure,
limitations and parameters as the BaSase, and,;

3. then Scenarios iwhich variationsand uncertainties can bevaluated Dozens or even
hundreds of variations may be examined during each project.

Whittle Consultin@ Enterprise Optimisation approach Haesen founded on the following principles.
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1.3.1 Time Value of Money

Any methodology for optimising a mining operation, which may have a life of several decades, must
take into account the timevalue of moneyt N2 6 SNE 2 KA GGt S [/ 2yadfoiAy3Qa
Enterprise Optimisationdiscounts future casfiows to prodice a Net Present Value (NPV) that can

be directly compared between different scenarios.

1.3.2 Theory of Constraints

The Theory of Constraints (TOC) was introduced as a management philosophy by Eliyahu M. Goldratt
in his 1984 booKhe Goallt draws upon Systemynamics, Program Evaluation and Review Technique
(PERT) and Critical Path Method (CPM) developed in th&@identury. The central viewpoint of

TOC is that a system managed towards a certain goal (e.g. a company managed to produce money) is
limited in maximising its output of that goal by constraints. If constraints carelzxed,then the
throughput in the system can be increased and a greater amount of the objective unit can be
produced.

There may be many constraints in a system but of these osipall number, or as few as one, are
the primary constraints or bottlenecks. These control the overall throughput through the system.

Common constraints in mining enterprises are plant capacity limits, plant concentration limits, mining
tonnage limits, vetical rate of advance limits, stockpile or dump size limits, power and water supply
limits, product specifications and pollutant limits.

In an optimized system, the bottleneck should be the constraint that the system opéragdhe least
ability to chang. This is most commonly the most capiiaiensive part of the operation (e.g. an
expensive piece of equipment such abal mill); though in some cases may also be an externally
imposed constraint (e.g. a certain product siieation, a regulatory cortsaint, or a resource supply
limitation).

If an Enterprise Optimisation finds that the bottleneck limiting the overall generation of cash by the
system is relatively simple or inexpensive to alleviatentithat action should be taken. Cash
generated by tk operation will then increase until another constraint becomes the bottleneck.

1.3.3 Activity Based Costing

Any model is only as good as its inputs, as perthew#ll2 6y WDI NBF3S Ly> DFNDBI IS
Optimisation, it is essential that all resourcensumption costs are assigned to the activity that
consumes that resource. This is Activity Based Costing.

Furthermore, it is essential that all costs are split imbwiable (attributable) costs, incurred per unit
of resource consumed, angeriod costs, hcurred as a fixed cost to keep a process (e.g. item of
equipment) operating over a period of time.

1.3.4 Software

A mining enterprise has so many elements and relationships between those elements that specialised
software is required to implement modelling a@ptimisation. Whittle Consulting utilises Prober, a
proprietaryoptimisationalgorithm that has been continually developed by Jeff Whittlenfearly two
decades.

Prober is used to model the minimgnd processingperation from material inputs to marketyhich
is then optimsed for NPV, producing a schedule showing the path of all-tasls and materials
through the system over the life of mine.
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Prober receives material inputs with specified sequence rules (e.g-adtars, minimum leads and
lags)however it is not practical to provide block models (which often contain millions of blocks)
directly to Prober without prior aggregatiaf alike material (rock type, graflaluerange, processing
options)

In openpit operations thamining shape seledn (.e. pits and phasésare sized using Geovia Whittle

pit optimisation software whichutilisesthe LerchsGrossman algorithno determine optimumpit

siz and shapeWhittle Consulting use specific techniques to integrate Geovia WhittletingtRrober
schedule optimiserincluding iteration between the two optisers if necessary.Underground
operations with alternate mining shapes or sequences (prepared by a mining engineer) can be
evaluated using similar approach.

1.3.5 Non-Financial Goals

Prober is ont ableto optimise forNP\, howevernon-financial objectives can be incorporated if they
can be quantifiedThis maytake the form of constrairs on the operatior{e.g.on tailings produced,
dust disturbance or water consumptianffhesecond approach is teroducescenarioghat allow the
trade-offs between socieeconomic factors and NRY be examined

Whittle Consulting has partnered withe University2 ¥ v dzS S SuatdinableRvinérals Institute
to integrate Enterprise Optimisation with Sustainable egqtions (SUSOP), taking into account
Manufactured, Social, Human and Natural capital.

1.3.6 Uncertainty
All data inputs to Prober have an associated uncertainty. Uncertainty cannot be incorporated into
Prober directly, so risk is typically quantified usingenacio-based approach.
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1.4 TERMINOLOGY

Bulk Sort

Cutoff Gradeor
Cutoff Value

Differential
Blasting

Enterprise
Optimisation (EO)

Processindglant

Grade Engineering

Heterogeneity

Lifeof Mine
(LOM)

Metal Exchange

Natural
Deportment of
Grade by Size

Ore

Period Cost
Screening

Variable Cost

G. dzZf 1 { 2NI ¢ NBepasatth tedhrqueifd¢ Sensihg andll FoBi
ROM material at a bulk scal#00-1000 tonnes)

The naterial gradeor material dollar valu¢hat differentiatesmaterial sent
to one processing path to material seistanother processing path. The eut
off most commonly discussed is the @ff between ore and waste, howeve
a cutoff existsfor every decision point in the system.

A cutoff valueexpressed as dollars per unit of bottlenae@pacityof a
systemcan provide bettematerial allocation decisions but becomes overl
complex in multimineral, multipath processing systems that differently
favour or penalise each mineral.

GS5AFTFSNBYGAI T .chatseseparafihdechNifu@ Bl ddjusis
the blast energy applied within high and low grade zones of a blast tdock
induce or enhance the deportment of grade by size to be separated by
screenng.

An optimisation of an enterprise where the whole system (within control «
the enterprise) is modelled. Contrast to an optimisation that only models
sub-system in isolation and ignores the effect upon the rest of thetesy.

In this case study, refers to the SAG MilBall Mill->Flotation procedure
sequence.

A set of technologies, protocols, tests and analysis methodologies that u
coarseseparation techniques to separate highard lowervalue material
streams prior to mineral processing activities.

Within a specified volume, the degree to which siddumes have differing
propertiesthat influence values.g. grade, deleterious elementiroughput,
recovery, coarseeparation response

The time period that the mine operates.

GaSihilf 9EOKLFY3aSé NIBs@pSrhtlin pio@esséskoS d:
separate higher and loweralue material stream® support theexchange
of metaland materiabetween available processing destinations

Natural deportment refers to the natural tendency for valuable minerals t
deport to finer (or coarser) size fractions in some rock types during blast
and/or crushing activities. Natural deportment is exploited by screening
(refer toa §reening below)

Material that is sent to the processing plant or is stockpiled so that it can
sent later to the processing plant. There is not a fixed minerabffugrade;
instead the cuioff characteristics of ore and waste vary by material type ¢
availabilty over the LOM.

Afixed cost associated with a certain process, over a specified period of
time.

Ly GKAa OFasS aiddzReée: odefardtrbtgchnigiof
screening for the natural deportment of grade by size.

A cost directly attributable per unit of consumption of a resource used by
system.
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3 METHODOLOGY

Realisation of thefull benefits of Grade Engineeringh a miningand mineral processingystem

requires the ability to alter or reptimise all parts of the system to maximise vajeg. pit and phase

shapes, mining schedule, stockpile usage;affigrades, plant settings! Y RS NJ / w/ hw9 Qa &
approach for technical and economic evaloatof Grade Engineering opportunitigg-optimisation

of all areas of thestrategic mine plarand scenario based assessmeats examinedduring concept
levelevaluationsand above.

Whittle Consultin@ Bnterprise Optimisatiohas the ability to modelred mathematically optinge a
mining enterprise with albf these facets tsupport the development cd strategidousinesplanning
and scenario based assessment@made Engineering

The Enterprise Optimisation follows a 10 step methodology as sho#igure3-1.

Evolutionary Solver

Geovia Whittle | | ProberC

1
|

Do oo TmEr T

Figure3-1: The Whittle 168 6 SLJ YSUK2R2f 238 gAGK aa20AFGSR 2LIAYAAL
declared system using pit and phase shapes provided by Geovia Whittle. An Evolutionary Solver may be used to
iterate between the two in some circumstances.

3.1 BUSINESSVIODEL
The Whittle Enterprise Optimisation process begins with the construction of a BsisMedel
document. The purposef the Business Modés threefold:

The first is to document the structure and specifics of a mining operation in a way that fits with
t N2 6o SND&a QahywOsSmikindziogeratdnAlflow diagram showing material movements
through the operation is drawn and the Business Model is a spreadsheet representation éflithis.
processes, from Mining through the Plant to product sale, Rrmeceduresvith inputs and outputs
Material is transported between ProceduresbDgliveriesEachPortionof material has #MaterialType

and this may be used to vary the treatment of the portion. Costs are incurr&thaable Costand
Period Costswhile Revenueis earned by sending material to tHgell procedure. Stockpilesare
declared simildy to procedures and may haveehandle Costd.imits are applied tamaterial
Quantities either on the total annual figure, on a cumulative figure or as a ratio to another quantity.

The secongburposeof the Business Modé$ to model the flow of materibthrough the system such
that material data (e.g. rock massjneralmas®s rock type) can be entered and the output materials
and monetary flows through all procedures calculated. In this respect the Business Modebigynot
a descriptie document buta functional component of the system model.
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The Business Model has a third purpose, which is to prebenprocess ohow anoperation has been
modelled, so as to allow validation and troubleshooting.

3.2 PiTs ANDPHASES

Geovia Whittletakes as inputt blockmodelrepresenting the physical ore bodyhile the software
package provides some capability to specify a business model through a user int§visitie
Consultingnstead precalculate the mining costs, processing costs and revenues for each btbek in
block model. This is done by inputting, gimautomated process, each block into the Business Model
with a single specified processing path chosen for that block based on a set @imdiidsely operating
conditions and constraints at the time théolk is to be extracted

Geovia Whittle is then invoked, with some additional parameters such as maximum slopes and
minimum mining widths if necessary, to size the fither functions are then invoked to size the
phases within the pit. As neither of thefunctions produce outcomes that are purely optimdien

taking into account mulpath processing systems, mditit mines and discounted cash flows, a
Mining Engineer may usaanualtechniques to try to further improve the outcome.

The pit and phasexreated are then exported from Geovia Whittle asljgt and shape files.

3.3 PROBEROPTIMISATIONS

Prober accepts an input text file that follows a specific syntax and grammar. Whittle Consulting build
this file usinghe automation of another spreadsheetrteed the Prober Input sheet. This contains a
more formal definition of the structure of the model than the Business Model spreadsheet, however
it typically references the Business Model sheets directly for material input/output calculations.

The Input shets take a parcels text file which specifies the masses and other quantities associated
with eachParcebf material. AParcels a single record of alike material that is spatially connected (i.e.
can be mined togethermultiples of these make upRanel In practicewhen modellingan open pit

a parcel is an aggregation of block model blocks of a certaintypek that areexpectedto be sent

down the same processing path (i.e. have similar mineral grade characterisiibé) a single bench.

An assurption made is that when a panel is partially mined by Prober, an equal fraction of all
contained parcels is taken. Panels are containe8dmyuenceswhich in an open pit are equivalent to
phases.

Prober allows the declaration of sequencing rules betwseguences; these may l&tartAfter rules
or Minimum/Maximum Leadrules. Each pzel within a sequence has an implicit stafter
relationship with its predecessor.

Prober accepts the input file, checks validity and then proceeds with the simultaneoussatibn of
schedule, cubff, stockpiles, logistics and product mix. Period costs and equipment startup costs are
I NBOSyd FRRAGAZ2Y (G2 t NP0 SN iof thedeyculd briyybé ddded & T
post-optimisation.

Prober is implementedas a combination hitlimbing algorithmto find solutions obeying the
sequencing rulesyith calls to anested linear programmingackage for all the downstream system

LIN.
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Stockpile blending makes the optimisation problem fwmmvex; an iterative solution igsed to
account for this.

Prober runs not as a single optimisation but as multipdenpleghat each return their own schedule

and result NPV. Each sample starts with a different initial random seed and completes when a local
optimal point is reached. Aocal optimum is no guarantee of global optimality, so hundreds or
thousands of samples may be run for each specific set of parameters until an acceptable level of
convergence between results is achieved. An indication of convergence achieved is sliaguran

3-2.

The output from Prober is a text file that specifies all movements of material and cash over the life of
mine. This is imported to a database which is then used to create spreadsheet reports

Show Firgt [100 5| % of Samples ] Show as Poirts [] Include Mon Convergence [ ] Zero Base

1,580

1.566

1,582

MPY $im

1837

1,523

1,503

—

a3 166 248 N 413

Figure3-2: Prober samples for run 043 (Case 4), ordered by NPV. Note that NPXapitak

3.4 EVOLUTIONARYSOLVER

Prober cannot directly solve for integer or Boolean variables. This manifests paryiculaeh
choosing between multiple mutuaklgxclusive versions of the same input pit and phase shapes, or in
the case of underground mines, multiple versions of the same stope desagneéiiferent cutoff
grades.

Ly 9@2fdziA2y Il NB { 2 tP@BeNi3 Usell toloptitge i opdraodRhere deRatiyh R
between different versions of the same pits, phases or stopes is required.

I Whittle, Jeff& Whittle, Gerald.2007. lobal Longrerm Optimisationof Very Large Mining ComplexXes
Presented at APCOM 2007 in Santiago, Chile.
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4 MODELAND CASES

All mining operations are different and potential benefits from Grade Engineering will vary from case
to case. Assessing Grade Engineering opporturdties arange ofrealworld mining operations and
projectswould require devel ofsampling ancdssessmenthat was outside the scope of the current
report. As such, this reporéxamined the principles for coarse separation techniques within a
hypotheticalmining operation todemonstrate the inclusion of Grade Engineering concepts within

| 2yadzZ GAy3IQa

2 KAGGE S

A hypothetical, but realisticmodel of an operation wasbuilt in which the principles of coarse

9y i SNLINK & 8

hLIGAYAELF GAZ2Y

separation techniques fderade Engineeringould beexamined The components of the modelere

an ore body (as a block model), a mining model, a processing nfaibl and without Grade
Engineemg), anda financial modelThis modeWasbuilt using Prober and associated tools and then
optimised to get a Base Case result. Altematersions of the modelvere made with Grade

Engineering processes included.

The operation modelled is &reenfieldproject, although coarse separation techniques f@rade

Engineeringare equally applicable to existing operations.

4.1 GLOBALSETTINGS

The annual discount rate applied to the system was 10%.

Allinclusive Capital Costs for the operation are $1B. Scred?lag and Bulk Sortingapital were
additional to this (and described in Sectiib.2)

This is ahypotheticalcase studywhere the notional first year of operation is 2101. A model time
period of one year is used. Mining may begin in 2101 however ore processing does not begin until

2102 when theplant is completed.

4.2 CASES

The Grade Engineering techniques examined were:

1. Screening for the Natur&eportment of Grade by Size,

2. Differential Blasting and Screening for Induced and Natural Deportment of Grade by Size,

3. Bulk Sensing and Sorting.

Table4-1: Grade Engineering cases examined

Screening for
Differential & Bulk Sensing and .
Case Run . Matural . Pit
Blasting Sorting

Deportment
1 037 FALSE FALSE FALSE v
2 041 FALSE FALSE TRUE v9
3 042 FALSE TRUE FALSE v
4 043 TRUE FALSE FALSE v
5 044 FALSE TRUE TRUE v
] 045 TRUE FALSE TRUE v
7 046 TRUE TRUE FALSE v
a8 035 TRUE TRUE TRUE v

11
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TheBase Caswithout Grade Engineering is Casaridthe case with altoarseseparationprocesses
enabled Differential Blasting, Screenifgr Natural Deportmenand BulkSensing an&orting)is Case

8. Cases Z show the effect of incremental additions of Grade EngiimegprocessesA matrix of the

cases examined is shownTiable4-1. It should be noted that Differential Blasting and Screening for
Natural Deportment of grade by size are complimentary stratediest utilise the same enabling
capital for a Screening Plant. As such, opportunities to exploit these complimentary Grade Engineering
strategies are normally examined together. However, for the psepof this case study, Differential
Blasting and Screening for the natural deportment of grade by size were assessed separately.

Note that the value of Grade Engineering is assessed in this case study by comparing an optimal
mining/processing schedule waibut Grade Engineering, to an optimal schedule with Grade
Engineering. This differs to a typical Whittle Consulting project in which the base case provided by a
client is (usually) not an optimised solution.

A full account of structure, material settingadafinancial settings used for Case 1 and Case 8 can be
found inthe appendicesEnterprise Model Case 1: No Grade EngingerSettingsand Enterprise
Model Case 8: All Grade Engineering Optidettings

4.3 OREBoODY

The ore body usedh this assessmeris the Marvin ore
body. This is a realistic coppgold ore body created over St
a decade ago by geologist Norm Hanson for use in @ Plan 640m
studies. Marvin has higii gold grade at shallow elevations
and a higler copper grade tideeper elevationsas shown
in Figure4-1.

AD0GL

Marvin Copper Project

4000%

Different material types were required to demonstrate th
effect of differing strengths of response to Grad
Engineering processes. The model already contained
Oxide layer, followed by Transitional and Fresh mate
with some interminglingTo create mre material types a
geological feature was added to the model. This consis
of an Intrusion descending on an angle through the bld
model Inside the Intrusion is domain 1, outside is doma
2. Crossed withthe existingOX/TR/FRock type, this gives
six RockDomains.

4500%

The Marvin block model grades were altered several tim
over the course ofthis case study, so as to achiev
enterprise resultgudged to be realisticThegradetonnage
curves for both Copper and Gold are showrrigure4-2.
Notell K I (2 W@zl & & K 2 igfgh eakh/of gol& s ot S ot o
and copperin isolation Any cutoff grades or values Section 7,200mE
established during the minindenterprise Optimisation
process clearly need to account for both gold and copper
together.

5002

Figure4-1: Marvin Ore Body

12
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Table4-2: Sums by Rock Domain. Note that all blocks are mineralised aside from filler FR2 blocks. Grades
guoted are over Mineralised Mass.

RackDomain Tatal Mass (] | Mineralized Masz [t] | Bulag) | Cui(t] | Mean Au [gn't]l Mean Cu (3] |
=1 T7.857.600 T.857.600 3231020 12,433 0.4z 0.6
Cx2 14,325 600 14,325,600 | 4,032 660 22,505 nzv 0153
TH1 54,843,370 54,843,370 | 26,742,051 303,473 0.32 .36
THZ 53433220 53,433,220 | 20,726,715 301.006 0.25 .36
FR1 43,802,050 43,802,050 4 313,812 1388 0.0 0.6
FR2 4,425,316, 560 182377460 | 13,156,304 33282 0.1z 0,20
Gold Grade-Tonnage in Marvin Copper Grade-Tonnage in Marvin
1E+HDE 1 r L& 1EHDS 1 r 3.5%
10000000 - F 1.6 [10DDHOO0D - - 3.2%
LODDODODD 14 LODODOOD 2.5%
1000000 4 F 12 1000000 - F2.4%
100000 F 1 E 100000 - zoME
= 2= 3
' 10000 0.8 | o 10000 A - 1.8% 0
= 1000 F oG = 1000 4 r1.2%
10D 4 - 04 100 A - 0.E%
10 F oz 10 - o.a%
1 T T T G 1 T T T T Gl:ﬂ.ﬁ
] 0.5 1 15 oo os% 10W 15%  zo%  25%
cut-off Au (/1) Cut-off Cu %)
e I35 above Cut-0 fF [t) = hean Grade above Cut-off (gt) — fiass above Cut-off [t) =———hean Grade above Cut-off (%)

Figure4-2: GradeTonnage curves for Gold and Copper in the Marvin deposit used for this case study.

4.4 PIT AND PHASES

The Geovia Whittlesoftware packagevas used for pit and phase sizingeovia Whittle does not
handle multiple downstream processing options, so the expected cash value for each block is instead
fed into the program in the input file. The expected cash value of each hlaskalculated as the
maximumthat the block could ear from any possible processing path.

In the Base CaseC@se lthere are six possible paths feachblock (ignoring stockpiling)Vith all

three coarseseparation techniques activ€ése Bthere are 96 possible paths, ignoring stockpiling.
SeeAll Processing Patlis the Appendices for a list. The maximum net cash path for each block can
be calculated for each rock type by gold and copper grade,@grsimHighest Net Cash Path<ase

1 andHighest Net Cash Path<ase 8

It is critical to note that each block will only take the maximcash pathwhen free of all constrainis

In most cases the maximugash path becomes a bottleneck, meaning that material blocks must
compete to access the bottleneck resourc@his competiton introduces an opportunity cost to
production through the bottleneck which raises the -@it required for material to be treated at the
process bottleneckPeriod costso keep processing equipment availaldksoinfluence the highest
net cash path.

Forpit sizing, the assumption was made that, at the base of the pit the processing limits are no longer
bottlenecks and therefie opportunity costsof processing pathwaydo not need to be considerdd

13
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calculating the maximum cash path for each bl&klythe usual mining and processing, variable and
period costs need to be considered.

Thepits and phaseshown inFigure4-3, Figure4-4 & Table4-3 were sized with Geovié/hittle using

only the six nonGradeEngineering processing pathdanualintervention was required to create a
smaller first phase than Geovia Whittle produced; Prober demonstrates that a smaller first phase
typically produces better results when considering the time value of mofhleg set of phaseswvas

used to examine all sa@s 18; this demonstrates the effect of addi@ade Engineering processes to

an operation without altering the phase shapes and sizes.

R s

A ™

Figure4-3: The three phases of the pit.

Figured-4: The three phases of the pit superimposed over a section of the Mariodye coloured by gold
grade.

Table4-3: Mass sums and grades by phase.

Mineralized mean | Mineralized mean

Phase | Rock Mass (t) | Mineralized (t) Au (g) Cu (t) Au grade (g/t) Cu grade (%)
1 BE, 156,460 79,445 210 35,297,257 314,754 0.44 0.40%
2 73,088,180 55,614,680 15454639 266,964 0.28 0.48%
3 111,322,120 72,203,370, 12,980,051 220,837 0.18 0.31%

14
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An additionalGrade Enginaeng case was investigategase 9 whichinvolved resizing the pits and
phases through Geovia Whittlesing the maximum cash path feach blockconsideringall 96
potential processing pathwith all Grade Engineering coarseparation techniques activédue to the
spatial geometry of theorebody, with a limited halo of marginal materiat depthto expand the
ultimate pit, Case %esulted ina slightly larger ultimate pit thatducedthe NPV of the operation due
to a significant increase in the voluroé barren material being mined to expose marginal resources
at depth

4.5 MINERALPROCESSING
The processing model governs all material and cash flolaesmodel differs for each case depending
on which Grade Engineering processes are allowed.

Prior to entryinto Prober, the material blocks are aggregat®dPhase, Bench, Roblomain Vpe,
Gold band (@0.2, 0.20.4,0.4-0.6, 0.60.8, 0.8+ g/t) and Cu band-(02, 0.20.4,0.4-0.6, 0.60.8, 0.8+
%) 2 ONXB I (icflikelhallie Miat&itl Ehdugh each of tlwailable processing pathwayshis
allows theOptimisationto proceed more quickly without significantly reducing the accuracy of the
result. The mineral processing system is modelled in Prober.

4.5.1 The Base Case
The base case model consists of the ore b@dgining procedure, stockpiles, a Heap Leach and a
Processing Plamonsisting of a SAG Mill, Ball Mill and Flotation ciresishown below ifrigure4-5.

I

Heap Leach
Marvin Mining . Froduct
Mining
Stockpiles #5ell Au
#5ell Cu
oS- T - - T -T--TTTTTT0TTT 0 A
I"' Flotation Plant [
|
' |
l Ball Mill | Product
|
' |
: ( Grind 75pm j |
|
' |
: SAG Mill [ Grind 1o0um j Flotation !
|
|
| ( Grind 150pm j :
' |
| .
| ( Giind 200um j Tails :
|
\ IJ

Figure4-5: Enterprise Model for Case 1 without Grade Engineering.
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Mining costsare $1.60/t plus an additional $0.02/t per 10m benébr extra haulage at deeper
elevations Mining period costs are $40M per annum, iehis intended to represent thathe
operation owns the mining fleet rather than using contractorsngminally high tonnage limit of
70Mtpa is used as mining should not be a bottleneck in the systdm.maximum rate of advance is
twelve 10m benches pannum.ROM materials assumed to have p80 particle size of 200amd
can be sento Dump, Heap Leach or SAG Mill, via a stockpile if necessary.

The stockpile is limited to a capacity of 80Mt and rehandled material incurs a cost of $O\@&!t.

that in Rober, stockpiling implicitly blends input materials with all other material already am th
stockpilely G KA & OFasS adGdzRezr ad201LAfAYI A&
(i.e. the aggregations described earlier); as thesalbaare narrow, very little blending occurs.

The Heap Leach is limited to 5Mtpa and has a variable cost of $2vli@Htperiod costs of $5M per
annum Recoveries are shown irable4-4.

Table4-4: Heap Leach recovery by rock type.

Recovery Rock Type
Rock Type X1 o2 TR1 TR2 FR1 FR2
Au Rec. 30% 30% 20% 20% 10% 10%
Cu Rec. BO% BO% 50% 50% 30% 30%

The SAG Mill, Ball Mill and Flotation processes are collectively termderticessing PlanThe SAG

Mill grinds input material to a p80 particle size of 10nBmallelinput particle sizes and softer rock
types incur lower power and steel consumption costs, on top of the base rate of $0.30/t. The SAG Mill
also incurs $2M of period costs per annum

The Ball Mill power limit of 200 GWh per annum is expected to be the primary bottleneck in the
system. The optinser may choose one of four grind sizes for each input parcel of material. Coarser
grinds incur lesser power and steel costs whitasing a laver recovery. Converselfiner grinds
achieve a greater recovery in the Flotation procedom¢incurat a higher costrom consumption of
power and steelAs theBall millpower limit isexpected to bahe bottleneck, the grind has a secargt

effect where in essenceit imposes aradditional penalty on finer grinds and harder materials that
consume moref the limitedpower capacity Table4-5 shows this relationsp.

Table4-5: Power and Steel consumption in the Ball Mill.

woSaa OF

Power Consumption (KWh/t) Rock Type||Steel Consumption (ke/t) Rock Type
Cutput PBO| OX1 | 0x2 | TR1 | TR2 | FR1 | FR2 ||Output PEO[ OX1 | Ox2 | TR1 | TR2 | FR1 | FR2
75um 100 100 143 143 173 173 75um 0.7 0.7 12 12 15 15
106um 9.0 900 135 135/ 181 161 106pm 0.6 0.6 10 10 12 12
150pm g0 g0 124 124 150 150 150pm 0.5 0.5 0.8 o0& 0.9 0.9
200pm 7.0 700 113 113 135 135 200pm 0.3 0.3 0.5 0.5 0.6 0.6

The Flotation procedure itsetécovers gold and copper at a rate that is dependentterock type
and the input particle sizeWhittle Consultingcommonly refes to this relationshipas the Grind

ThroughputRecovery (GTR) curvekhose rock types and grinds that require greater power input in

the Ball Mill also yiela greater recoveryn the flotation circuit which giveshe optimisera balance
to strike.The relationship between grind size and recovery is showialile4-6
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Table4-6: Gold and Coppeecovery in the Flotation procedure.

Au Recovery Rock Type| |Cu Recovery Rock Type
Input PEO | OX1 | 0x2 | TR1 | TR2 | FR1 | FR2 Input PED | OX1 | Ox2 | TR1 | TR2 | FR1 | FR2
75um 43% 43% ) 63% 63%| 73% Ti% 75um 53% | 53% T73% T73%| 83% 83%
106um 40% 40% 60% 60%| T0% T0% 106pm S0%| 50% T0%| T0%| B0% BO%
150pm 38%| 3B% 5B% 58%| 6BWMm 6EBR% 150pm 48%  4B% ) 6B%| 68%| TB% 7%
200pm 35%| 35% 55% 55%| 65% 65% 200pm 45% 45% 65%| 65%| V5% 5%

Flotation incurs a flat $1.00/t variable cost and a period cost of $10M per anfima.product from
the Flotationcircuitis a concentrate product and sold with gold yieldingg1300/tr.oz and copper
$5500/t.

45.2 Grade Engineering Cases

Cases 2 with Grade Engineering examine the effect of adding a sowgeseseparation technique
while cases & combine two coarseeparation techniqueand case 8 has all threparseseparation
techniquesenabled. TheGradeEngineering processegere addedbetween the Mining procedure
and the Processing procedures (Heagach and thérocessing PlaptSeeEnterprise Model Case 8:
All Grade Engineering Optiog®iagramin the Appendice$or aflow diagram of the full model with
all Grade Engineering procedures.

Material flows from the Mining procedure tany of the three coarseseparationprocesses, or
bypassesGrade Engieering and flowslirectly to the Processing Plandr Heap LeachThe fow of
materialto Grade Engineeringrocessesnayoccurvia a Mining Stockpile except in the caseeriding
stockpiled material tdifferential Bladhg, as the choice to execute Qbfential Blasting only occurs
when material is extracted

This case study only examined the separation of material through either the Screening Plant (Natural
Deportment of Grade by Size or Differential Blasting) or Bulk Sorting, whereas in neaféyial
coming from the Screening Plant thet Processin@lant could also be treated through Bulk Sorting.
However this would add unnecessary complexity to the case study and was not examined.

4.5.2.1 Screening Plant (Natural Deportment of Grade by Size anddpbéntial Blasting)

Coarse separations using the Natural Deportment of Grade by Size and Differential Blasting require
the installation of a Screening Plant at the operation. The Screening Plant was located in close
proximity to theProcessing Plantknes (higher-grade from the Screening Plamian beconveyed a

short distance tdhe Processing Plarf$0.10/t) or loaded into trucks and transported tdeap Leach
($0.75/t). arse (lower-grade) material from the Screening Plantvas loaded into trucks and
transportedto the Heap Leach ahe Dump($0.75/t). All material treated at the Screening plant
incurred avariablecost of $0.15/tand $0.5M per annum in period costs. aldrial treated through
Differential Blasting incurred an additionariablecost of$0.05/t to cover alterations made to the

blast design.

All material typeswere given an average Natural Grade by Size response across the domain. The
average response fobomain 1 typeqwithin the intrusion) hada significantly greateaverage
resporse thanthe equivalent rock type ifbomain 2(outside the intrusion) Coarse material was
assumed to retain a p80 particle size of 200mm, when in reality the p80 would increase, while fines
were assumed to have a p80 particle size equal to the mesh sike sélected screen.

17



Application of Enterprise Optimisation Considering Grade Engineering Strategies

The response rankings (RR) for each element, domain and coarse separation process are displayed in
Table4-7. Response rankings were developed to describe the strength of a natural grade by size
response, across different mass pulls to undersize, using a single mégidarger this number the
stronger the natural grade by size respongafferential Blasting and Bulk sorting responses may also

be expressed as a response ranking for a given screening mass pull to undar#iee case of
Differential Blastingor percentage of mass accepted,tire case of Bulk Sorting.

Table4-7: Grade Engineering response rankings (RR) by esepsgation process, domain and element

Rock Type / Domain

Element
Differential Blasting (RR) at
3 150 130 40 30

61% Mass Pull to Undersize
Screening for Natural

120 80 70 50 120 80 20 10 120 80 70 50
Deportment(RR)
Bulk Sorting (RR) 20% Accept 50 86 50 86
Bulk Sorting (RR) 40% Accept 89 122 88 122
Bulk Sorting (RR) 60% Accept 87 136 87 136
Bulk Sorting (RR) 80% Accept 54 154 54 154

Only Transitional material was assumed to be treated thrddifferential Blaging and was modelled
using a single average response that enhancecd#taral grade bysize response across the domain.
Once againTransitional materialh Domain 1 (inside the intrusion) had a greater ave2iferential
Blastingresponse than Trartgdbnal material in Domain 2 (outside the intrusion)

After the Differential Blast procedure, the materigkcreened. It is assumed that material is sent to

the Screening Plant although this is only implicitly modelled; a screen size is not sp&eigedrom

the screening of material that has been treated via Differential Blasting were given a p80 particle size
of 150mm while the coarse oversize from the screening of Differential Blasting material retains the
p80 input size of 200mnDifferential Blaing tonnagescontributes to the overall Screening Plant
throughput and is therefore subject to the same capacity constraint and period costs associated with
the Screening Plant.

Instead of setting a fixed throughput limit on the Screening Plant, thevogtr is able to purchase
capacity as required over the LOM at a cost of $2.00/t.

All material leavinginy of theGrade Engineering processeam be rehandled to a stockpile ($0.75/t)

4.5.2.2 Bulk Scale Sensing and Sorting

Coarse separation using Bulk Sensind Sortingusing a cross belt analysevasperformed on the
conveyor feeding the coarse ore stockgi@OShf the Processing PlantMaterial diverted from this
conveyr is staked and loaded into trucks and rehandled to Heap Leach or Dump ($0. Zaitpted
material incurs no cost and continues along the conveyor to the COS. No variable cost was applied to
sense materiabut the sensing and sorting equipment incur $1.5M per annum in period costs.

Only Fresh materialas assumed toespond to Bulk Sting. Both highgrade and lowgrade outputs
retain a p80 particle size of 200mm.

4.5.2.3 Grade Engineering Responses

The response of materifdr each rock domain type in eabrade Engineering processes is shown in
Error! Reference source not founénd Figured-7. Thesefigures depict the relative portion dines
from the screening plat for Differential Blasting and Screening for Natural Deportmenthe accept
stream for Bulk Sorting) as positive mass separations omtneary y axis; with theorresponding
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relative portion of coarse or reject material presented as negative mgssagons on the same axis.
The relative change ithe grade of fines(upgraded or accepted material) and coarse material
(downgraded or rejected materiayom each Grade Engineering procdsspresented on the
secondary y axis. Each of the grade Engineering processes are presented on the x axis.

Grade Engineering Separation Processes- 0X1 Grade Engineering Separation Processes- 0X2
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Figure4-6: Oxide responses to Grade Engineering Processes.

Oxide material only responded to Screening for natural deportment of grade byBsilk&Sensing and
Soring and Differential Blagig had no effect on Gold and Copper deportment. OX1, like other
Domain 1 materials, has a greater response to Scredaimgatural deportmentthan OX2.

TR1 responds to both Screenifog natural deportmentand Differential Blagtg, while BulkSensing
and Soringhas no effect on Gold and Copper deportment. TR2 has a very weak response to all Grade
Engineering processes. Itggpected to bypass Grade Engineering.

BothFR1 and/R2 respond to Bulgensing an&oringand Screeninépr natural deportment of grade
by sizeFR1, like other Domain 1 materials, has a greater response to scrdenimatural deportment
than FR2.
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Grade Engineering Separation Processes- TR1
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Grade Engineering Separation Processes-TR2
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Grade Engineering Separation Processes- FR1
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Grade Engineering Separation Processes- FR2
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Figured-7: Transitional and-resh material responses to Grade Engineering Processes.
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5 RESULTS

5.1 BASECASE

The result of theptimisedBase @se(Case 1yvithout Grade Engineering is documented here.

Table5-1: Base Case (Case 1) Result

. . Screening for .
Differential Bulk Sensing and . ) )
Case Run . Matural . Pit | All-inclusive NPV
Blasting Sorting
Deportment
1 037 FALSE FALSE FALSE vo 5 628,247,865

5.1.1 Base Case Financial
The summary of casltiow over the LOM is shown kigure5-1. After initial capital expenditure the

operation produces large positive cash flow for four years, primarily through processingrhitg
ore in theProcessing PlanFrom 2106 to 2111 lesiseashflows are recorded as material processed
in the Processing Plams$ sourcedfrom stockpilesand is of lower gradein 2111 theProcessing Plant
ceases operation and the Heap Leach continues operating until, 21tiéh the whole operation is
shut down

Annual Net Cash and Cumulative Discounted Cash
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5600
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m—Cazh == = CumulEtive Discounted Cash

Figure5-1: Base Caseashflow

A more detailed breakdown of the source of revenue and costs is shokigure5-2. TheProcessing
Plantcontributes the vast majority of revenue, of which the larger portion is copper. The initial capital
expenditure is large compared to the other cost, while the majority of ongoing costs are variable
processing costs.

21



Application of Enterprise Optimisation Considering Grade Engineering Strategies

Annual Revenues and Costs
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B Floation Gold Revenue HL Gold Revenue B Flotation Copper Revenue = HL Copper Revenue
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Figure5-2: Breakdown of revenue and expenditure Baise CaséNote that these casflows arenot
discounted.

5.1.2 Base Case Behaviour

Mining rates vary significantly from year to year. This is not considered a probiehittle
Consulting provided thaphysicalmining and processingimitations are not encountered (e.g.
congestionof mobile mining equipmenand maintaining sufficient availability of ore for mineral
processinyand there is sufficientfinancial benefitto justify varyingthe use of miningequipment,
operators andsupportingfacilities

Ore and Waste Mined By Phase
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Figure5-3: Base Case iming of each phaseshowinggold and copper gradgeesent in ore
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Mining Stockpile Material Movements
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Figure5-4: Material added to and rehandled from stockpilesthe Base Cas&lote that what appears here as
a single stockpile is modelled in Prober as many stockpiles for different materiahtypgsades

The optimsed operatia initially builds a large stockpile, owing to the large quantity oflae ore
in phase l1and a high initial mining ratélhe mean stockpile grade drops over time as the @it
grades to theProcessing Plarmnd Heap Leach reduead correspondinglynie mean stockpile input
grade reduces

The operation of the two revenuearning processing lines, tirocessing Plarind the Heap Leach
over the LOM is shown figure5-5 and Figure5-6.

Processing Plant Input (at SAG Mill) By Rock Domain
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Figure5-5: Processing Plantput for Base Case
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TheProcessing Plapirocesses significantly highgrade orecompared to theHeap Leach, in line with
the maximum cash path calculations in tHigghest Net Cash Path€ase in the Appendix.However,
this is only an important comparison for Transitional material (TR1 and TRZprakessing Plant
processes all Fresh material and the Heap Leach all Oxide mateingl to the comparatively better
recovery rates achieved

Heap Leach Input By Rock Domain
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Figure5-6: Heap Leach inpdor Base Case

5.1.3 Base Case Bottlenecks

Consistent with the Whittle Methodology, the primary bottleneck in the sysieitihe most capital
intensive component. This is the Ball Ntlithe Processing Plantvhich is constrained by the amount
of Power(kWh)that it can apply to the milled material.

The Ball Mill throughput is shown kigure5-7. The optimiser has the ability to choose the grind size
to which each portion of material is processed. Only the coarsest grincd>1f@0@nd finest grind
(75>m) are usedthe coarse grind tonocess lover-grade at a greater throughput and the fine grind
to process higbr-grade material at a higher recovery rate

Ball Mill Tennage by Sutput Grind Size Ball Mill Energy by Output Grind Size
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Figure5-7: Base CasBall Mill throughputover the Life of Mine.
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TheHeap Leaclwhich is parallel to the MiFlotation processes, is also governed by a bottlen€bis

branch of the processing system is significantly less lucrative than the Processing Plant, owing to lesser
recoveries, sdas a lesser effect on the totahshgenerded by the operationthan the Ball Mill
bottleneck does.

Heap Leach Input By Source
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mm Direct from Mining Mining Stockpile s limit

Figure5-8: Base Caskleap Leach throughput with constraint.

Mining tonnages not abottleneck upon the systernere;however,a Vertical Rate of Adwice (VRA)
limit does constrain the system in some yeatrs.
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Figure5-9: VRAfor each phase, with constraint
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5.2 GRADEENGINEERING
An improvementin financial valuevas observedn all Casesvhen adding Grade Eimgperingcoarse
separationprocesses to the operation and-optimisingusing Prober.

Table5-2: Run Matrix with each combination of Grade Engineering coarse separation processes.

. . Screening for .
Differential Bulk Sensing and . . .
Case Run i MNatural i Pit | All-inclusive NPV | Increase over base
Blasting Sorting
Deportment

1 037 FALSE FALSE FALSE va 3 628,247 865
2 041 FALSE FALSE TRUE V9 3 645,226,809 2.7%
3 042 FALSE TRUE FALSE va 5 659,246,393 4.9%
4 043 TRUE FALSE FALSE va 5 675,749,432 7.6%
5 044 FALSE TRUE TRUE va 5 009,918,501 6.6%
] 045 TRUE FALSE TRUE V9 5 689,107,617 9.7%
7 046 TRUE TRUE FALSE va 5 679,313,692 8.1%
8 035 TRUE TRUE TRUE va 5 690,535,263 9.9%

5.2.1 Grade Engineering - Financial

Whittle Consultingypically presents optinged net cash results asred line, against a blue line for
the nonoptimisedcase.For this case studyhe base case is alreadptimisedand so is represented
by a ral line, while the improved casese reoptimisedwith the Grade Engineering processes added;
these are represented byellow-orange lines.

Figure5-10 shows where the GradEngineeringCase §where all coarse separation processae
active outperforms the Base CaseC@se 1 Grade Engineering brings cdiiw forward by
accelerating theate that gold and copper pass throughthe sys@@é 6 2 (.4 f Sy SO1 a

Annual Net Cash and Cumulative Discounted Cash
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Figure5-10: Comparison oGrade EngineerinGase 8 anthe Base Cas€gase Lcash generation.

Totalcopper and gold recovered and totavenue generated over the LOM was also higher in Grade
Engineering Case 8espiteless ore, goldnd coppebeingprocessed overalrable5-3). These results
show the principle ofaluebased Metal Exchangbetween the Heap Leach and tReocessing Plant
usingcoarseseparation processeabat increasel globalmetal recovery of the system
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Table5-3: Comparison of total material processed in the Base Case and Grade Engineering Case 8

Process Base Case (Case 1) Grade Engineering (Case & Difference from Base Cas
Ore (Mt) Au(oz) Cu(t) |Ore (Mt) Au(oz) Cu(t) |Ore (Mt) Au(oz) Cu (t)
Heap Leach (HL)
Material Treated 59.7 | 407,632 | 113,494 58.1 = 382,194 105,467 -1.6 | -25,438 | -8,027
Grade (Au g/t, Cu % 0.213 | 0.190 0.205¢g/t  0.182 -0.008 | -0.009
Metal Recovered 105,203 67,179 100,115 63,166 -5,088  -4,014
Avg Recovery 25.8% @ 59.2% 26.2% | 59.9% 0.4% 0.7%
Flotation Plant (FP)
Material Treated 134.9 /1,602,855 674,025| 125.8 1,603,793 675,450 -9.1 938 | 1,425
Grade (Au g/t, Cu % 0.370 = 0.500 0.396  0.537 0.027 = 0.037
Metal Recovered 990,292 | 492,140 1,007,225 | 498,137 16,933 | 5,997
Avg Recovery 61.8% @ 73.0% 62.8% | 73.7% 1.0% | 0.7%
Total Processed (HL+FP)
Material Treated 194.6 2,010,487 787,518 | 183.9 1,985,987 780,917| -10.7 -24,500  -6,602
Grade (Au g/t, Cu % 0.321  0.405 0.336 0.425 0.014 0.020
Metal Recovered 1,095,495 559,319 1,107,340 | 561,302 11,845 | 1,983
Avg Recovery 54.5% @ 71.0% 55.8% | 71.9% 1.3% | 0.9%

Compared tdhe Base Cas&rade EngineeringGase 8 incurs greater Capital and Pedostsper year
for coarseseparationequipment, howevePeriod costsvere saved at the end of the LOkk Grade
Engineering complesgprocessingat the Processing Plamarlier thanin the Base Casé&/ariable costs
are also lower due to reduced lifetinud the SAG Mill, Ball Mill, Flotation and Heap Leadins steel
and power savings owing to smaller particle size at entry to the SAG Mill.

Revenuén Grade EngineerinGase 8sgreater thanBase Casrevenuein the firstsix periods of plant
operation and more than 10% greatertire first two periodsjn whichcash has greater present value
than later revenue.

Annual Revenues and Costs
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Figure5-11: Breakdown of revenue and expenditure ®ade EngineerinGase 8.
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5.2.2 Grade Engineering - Behaviour
The rate of mining is significantlygher inGrade Engineerin@ase 8 than ithe Base Casevith Mining
completing in 2107 rather than 2109.

Ore and Waste Mined By Phase
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Figure5-12: Mining inGrade EngineerinGase 8

Grade EngineerinGase 8 also makes considerably more use of the stockpile than Case 1, to the point
where the stockpiles hit the capacity limit of 80Mt2106

Mining Stockpile and GE Stockpile Material Movements
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Figure5-13: Combined Mining and GE stockpile material movements in Case 8. No&dl @atmaterial
stockpiled izoarse lowgrade; all igher-gradefine fractionsfrom Grade Engineeringp straight to processing.
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A higher mining rate combined with greater stockpile usage demonstrates an important means by
which Grade Engineering improves enterprise value; it allows a greater vertical rate of advance
through the orebody searching for highalue ore, as most of there can be stripped of a lograde
fraction so that the higtgrade takes up less space in the bottlenecks.

The magnitude of usage of Grade Engineering processes is shdviguie5-14. Screen capacity
purchased at a cost of $2/t is 13.2Mt.

Case 8: Grade Engineering throughput
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Figureb-14: Usage of Grade Engineering processes in Case 8. All Differentially Blasted material is TR1. The
majority of Screened aterial isalsoTR1. The majority of Bulk Sorted material is FR2.

The Processing Plarrocessesa slightly lowermass of ore compared tthe Base Case (Case 1)
howeverthat ore is of a notably higher grade, particularly in the first six years of operdthis has a
major impact on discounted revenue generation.

Case 8: Processing Plant Input [at SAG Mill) By Rock Domain
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Figure5-15: Processing Planhroughput in Case 8, with comparison grades figigure5-5 for Case 1.
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By contrast, lhe grade of material sent to the Heap Leach is not significantly differenttherBase
Case

Case 8: Heap Leach Input By Rock Domain
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Figure5-16: Heap Leach throughput in Case 8, with comparison gradesHigume5-6 for Case 1.

5.2.3 Grade Engineering - Bottlenecks

It is difficult to directly quantify the reductioin pressure on the primary bottlenedkom Grade
Engineeringhowever it is observable in the Ball Mill grind sizeFigure5-17 it can be observed that
the proportion of material ground to a fine grind &) is greater irGrade EngineerinGase 8 than
inthe Base Cas&€gse )L This will yield higher recovery in Fddibn and magnifies the alreadiigher
gradeof ore at theProcessing Plantith Grade Engineeringpmpared tathe Base Cas@his indicates
that the penalty imposed on power usage by the Ball Mill power bottleneck is low&radle
EngineeringCase 8 thait is inthe Base Case

Case 1: Ball Mill Energy by Output Grind Size Casze 3: Ball Mill Energy by Qutput Grind Size
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Figure5-17: Comparison of Ball Mill throughput by power usage betwtberBase Cas€@se land Grade
EngineerindCase 8.

The increase in the usage of a fine grind is made plessibthe reduction in pressure on the Ball Mill
power bottleneck due té&srade Engineeringrocesses. The majority of the material processed through
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the Processing Plamiver the LOM iiGrade EngineerinGase 8s the highergrade product (Screening
Plantfines and Bulk Sort accept streams) from coasparation processes

Figure5-18: Processing Plarput by material source.

Some of the lowegrade materialcoarse product from the Screening Plant and diverted material
form Bulk Sensing and Sortirggparatedthrough Grade Engineering processes is instead processed
through the Heap Leadkirectly or via the stockpilehowever much of it is sent to the Dum\fyithout
Grade Engineering this si@zonomic material would occupy valuable space inRhecessing Plamtr
Heap Leach.

Figure5-19: The Heap Leach processes some of the coarse material produced byrigjiaderihg processes.
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