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Deter mination of Optimum Production Capacity and MineLife
Considering Net Present Valuein Open Pit Mining at Different Overall
Slope Angles

Tahir Malli !, Cagatay Pamukctiand Halil Kos€'

In modern mining industry, with increasing competitenvironment and unit costs, it is necessargualuate mineral resources
optimally from the aspects of economy, safety awét@ment. On the other hand, production increasanother reality and obligation for
today’s mining operationsThe activities related to the extraction of ore afgip consist of risky operations, which are a grharard for
capital investments that will take many years. €fme, in terms of feasibility, it is very importato determine optimum production
capacity and a mine life in the mine planning. pep pit mine planning, many factors affect toteééi and operating costs, such as haulage
costs, particularly when the mine goes deeper, gebanical features of the ore body and surroundauks, diggability and slope stability
related to overall slope angle. In this study,hnite help of the developed software, by encomupsdii these parameters and considering
Net Present Value (NPV), it is targeted to detesrdptimum open pit production capacity and econamiiee life, which are the major
parameters in feasibility studies of mining progect

Key words:Open pit, mine planning, net present value, optinrsapacity, economical mine life

Introduction

It is necessary to exploit reserves more econoiyicahd prudently for optimal evaluation of non-
renewable mineral deposits. In addition, increasingipetition and challenging market conditions gedly
urge profit-maximized production planning. The muiindustry is a very risky industry compared tbeot
industries because it depends on ore body estintatind decision makers must consider many uncenins
together [1]. The uncertainties have an importampdct on project investment decisions. ldentifying
the potential sources of uncertainties is very irtgott in order to obtain accurate results. Themfaach
uncertainty and its impact on the project shoulébalysed carefully [2].

At present, the large-scale open pit operationsl@oking at ways to improve the economics of their
operations using Net Present Value (NPV) as armiteThe mine planners of this new millennium kreking
beyond the optimization techniques that traditipngirovide the highest undiscounted profits. Thaikable
commercial packages are retooling their program®wercome shortcomings of traditional mine planning
techniques and providing NPV maximized mine plams schedules [3].

Mine planning and design is an area in the minimystry that is given little attention, yet it ietarea that
influences the Net Present Value (NPV) of the naheeserve most. In order to maximize the NPV, lagu
review of the pit design may be required to evaumt updated geological reserve, or to assessripact of
new metal price forecasts, or new changes in tledeghnical parameters affecting pit slope or ac¢éks
The objective of the planning process for an opémme is usually to find optimal annual schedulest will
give the highest Net Present Value (NPV) while rimgetarious productions, blending, sequencing anhdippe
constraints [3].

Evaluation of Mining Investment Projectsand NPV

Benefit maximized production capacity is a very artpnt subject to strategic mine planning of ore
deposits. Planning series of steps are undertakerariying amounts of detail, depending on the gienj
economic action, or decision being sought. Theestagf the mine planning cycle and relevant elemarts
schematically illustrated in Figure 1. The elemerftshis planning cycle are creating a new projechroad-
brush mine plan; (depth, stripping ratio, ore gradelling price, distance, etc.); strategic plagniand
development; detailed long-term mine plan or faligitstudy; machine equipment selection; mine degenent
phase; yearly planning, monthly planning and dpldnning schedules [5].
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Fig. 1. Phases of mine planning cycle and related eleniBhts

The NPV method describes the difference betweerptésent value of all cash flows and investment and
gives realistic results. Therefore, when compacedther evaluation methods, NPV is considered arteped
as a more realistic and reliable tool in projecileation [6] and thus the decision on the miningestment is
mostly attributed to the NPV of the project.

Construction of a financial model needs accuratémesions of income and costs. Estimation of
the revenues and costs includes many uncertaiifjdsecause the uncertainties affect the estimasdge and
they compose the value chain. Therefore, the inplutaild be analyzed to optimize the overall minecpss.
Optimization of the value chain must be done priypstarting from the initial phase until the endeess to
identify high-risk areas and remove their impactioa maximization of the profit. Evaluation of thalue chain
is an interdisciplinary process and the interdigcgpy components of the value chain are geology,
geomechanical, mining and metallurgical engineerifigey relate to each stage from exploration thhoug
feasibility study, to grade control, mineral progiag and marketing [2]. A simplified demonstratiminthe mine
value chain process and the nodes of uncertaimtgidered for estimation of NPV are presented Figure

Discount Rate

%apital and Operating Costs\
/ Renevue and Comodity Price \
/ Resource and Reserve \

Ore Geological Resource | Reserve Mine
Definition | Interpretation | Estimate |Estimate |Planning

Fig. 2. Mine Value Chain [7].
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Life-of-mine instances of the above model contaengnblocks and periods. Therefore, researchers ofte
assume a fixed cutoff grade and tend to aggreguities (strata in earlier work and aggregated kddater).

Early work consists of aggregating the blocks isti@ta, or horizontal layers, subject to a simme of
constraints. Solving the problem of production sithieg determines which sublayers to extract attvitmae
and to which extent (referred to as shallow or deeping). The corresponding model maximizes the NPV
(influenced by factors such as sale price, trartafion distance, and stripping ratio, while ensgrthat each
sublayer is removed either via deep or shallow mginand that only one sublayer is mined within\eegiperiod
[8]. When the literature work on this topic is istigated, it is seen that Elevli [9] presented adebahat
maximizes the NPV of extracted blocks subject tals#quencing constraints and soft constraintsrodygtion
and processing capacity. Sevim and Lei [10] desdribpen pit ultimate limits, the cut-off grade, téning
sequence, and the production rate interactions. mathodology in their study based on a combinatibn
optimum mining sequence, ore and waste productiimate pit limits, and mine life. In all possibéequences,
pushbacks were formed with generated pits and \aakiaed with respect to their NPV. Erarslan andelie
[11] determined a production schedule to maximiZ@VNsubject to factors such as grade, blending, and
production constraints [8]. Probably, the most im@at role of this approach is that it calculaté® t
optimization factorg, in an iterative approach updating the remaingsgrves, thus the mine life, for each year,
in each iteration, in order to maximize the NP\Wlué project. This new approach using a variablénmopation
factor basis resulted in an improved total NPV hews later in this paper. The program computes the
optimization factor, 8” by maximizing the project NPV, which is based the ore tonnage—grade distribution
and economic parameters of the mine, such as s@ke, processing costs, mining costs, capital ¢dsted
costs, mining capacity, discount rate and recopergentage [12].

The algorithms that optimize ultimate pit limits rm@ntionally search for an ultimate contour, which
maximizes the total sum of the profits of all tHedks within the contour. The optimal ultimate [pibit is an
important key for long term strategic planning. @t algorithms assume that this contour is exeavat once
without considering the time aspect of the probld@ime planning of an open pit mine considers theptaa
nature of the exploitation to determine the seqeewicblock extraction in order to maximize the gaed
income throughout the entire planning period. h && stated that mine planning, as an economiciseers
constrained by certain geological, operationalhmetogical, and local field circumstances. The mptenning
models, which were developed previously by varioesearchers, usually define a discrete finite pltaqn
horizon [13, 11, 14, 15, 16].

The decision as to what should be mined withinultienate pit limits is time-dependent and propduton
needs to take into account the knowledge of whgiven block will be mined and how long one will defor
stripping the overburden. The analysis of pit lanivhich maximize NPV, requires that the time valfienoney
is taken into care in defining which blocks shobé&mined and which blocks should be left in theugtbduring
the life of the project. The open pit limits thatimize the undiscounted profits for a given projedll
certainly not maximize the NPV of the project [3].

The study reported by Askari et. al. [17] yield® ttrajectory of the pit geometry over time with the
respective volume of materials and net presentev@ilPV) of the mining operation. Generally, theimited pit
limit has been designed using Lerchs-Grossman ighgoin mining. The best-case annual schedule, rgéed
by NPV over a mine life at a discount rate of pamam, is available in a recent study of [17].

Hypothetical Case Study

In open pit mine planning, many factors affect tdbeed and operating costs, such as haulage costs,
particularly when the mine goes deeper; geomechbfdatures of surrounding rocks; diggability aridps
stability related to overall slope angle. In thigdy, by means of the developed software; ovefaflesangle,
machine selection, initial investment and annuaraping and fixed costs, operating efficiency, grade value
and ore sale prices were taken into consideragshawn in Figure 3.

In addition, required number of machines and th@iial investment costs were determined depending
changing production capacity and economical mifeiti different production models. For these alitire
models, cost analyses were performed and unit eostdNPVs were calculated.

A change in the overall slope angle, which deteemithe stripping ratio, is one of the main factors
affecting the unit cost value. The stripping ratioreases when mine goes deeper while the amoustofered
ore remains constant in inclined deposits. In iésance, the amount of overburden increases ds Alsb, as
dip of ore increases, both overall and instantasetnpe angle increase (Fig. 4).
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Fig. 3. The software interface of mine planning &chnical parameters taken into consideration.
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Fig. 4. Overall slope angle and mine depth foropen pit [18].

In the computation of required number of machineqgipment and economic analysis, the flowchart of
mine-costing procedure shown in Figure 5 was engulas a guideline. Economic evaluation was madkeen
form of cash flow diagrams with the presence oéfficial data (discount rate) relying upon total atiag cost
and total capital cost. Here, total operating cosisists of equipment operating cost and workfooest and etc.,
whereas the total capital cost consists of purchasglereplacement cost associated with interestiapceciation

[5].

In the model study, ore reserve was estimated amilibn tons, diggability class of overburden was
accepted as “medium”, transport distance was takeP000 meters, the discount rate was selectefl &s dnd
maximum economical life was assumed to be 25 y&amsany given constant production capacity, nundfer
required trucks and shovels and also their initislestment costs were determined for various prooiuc
alternatives. Total capital and operating costsewssmputed and eventually, taking into account N/,
economic evaluation was carried out.

In our day, shovel+truck method is the most popolagrburden removal and ore excavation technique
because of its low investment cost, flexibility agabsy use. Also, it is preferred due to its abiiityadapt to the
increases in production capacity and to hard togagc and deep mine conditions. For these reasons,
shovel+truck was handled and preferred in the atistudy to conform to the general structure. Assult of
computations, the required number of shovels amks was determined both for overburden and orevetion
(Fig. 6). In addition, the total initial investmeabst was found related to the number of machimestheir
purchase prices.
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Fig. 5. Flowchart of mine-costing procedure [5].
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Fig. 6. List of machinery-equipment used and nraetyi initial investment on the interface.

Total yearly costs and unit costs were divided tmto groups as overburden removal and ore produdtio
the form of fixed and operating cost items for ¢ans annual capacities. Fixed costs consist of efzation,
interest, insurance and personnel costs while tpgr@osts are comprised of fuel, electric powaholur,
explosives, tires, oil, spare parts and maintenaosts (Fig. 7).
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Fig. 7. Software interface of cost analysis andnenic evaluation.

Results and Discussions

In this study, the effects of production capacifharges in machine investment, operating and fixed c
and NPV values were examined. With rising overldpe angle and stripping ratio, the number of resgi
trucks, shovels and drilling machines and alsartingial investment cost increased as depicte@iable 1.

Tab. 1. Relationship between required number afings and initial investment costs due to varialgerating parameters.

Os\ll(%?e“ Ec_onor_nic Ore prod_uction Stripping 5 Izeql;ired Number of Machines Machinery initial
angle minelife capacity ratio \r/gmg\;alen proSL:ft on investment cost
[degree] [years] [ton/day] [Ffton] Shovel| Truck | Dril.| Shove Truck|  Dril [$]
5 12345 14.36 42 103 26 7 16 1 349,890,000
10 6172 14.36 21 52 13 3 8 1] 175,930,000
30° 15 4115 14.36 14 34 2 1 116,970,000
20 3086 14.36 10 26 2 1 86,050,000
25 2469 14.36 8 21 5 1 3 1 69,130,000
5 12345 7.32 21 52 13 7 16 1] 178,490,000
10 6172 7.32 11 26 7 3 8 1 92,330,000
45° 15 4115 7.32 7 17 4 2 1 59,570,000
20 3086 7.32 5 13 3 2 4 1 44,250,000
25 2469 7.32 4 10 3 1 1 35,130,000
5 12345 4.36 12 31 8 7 16 1 106,290,000
10 6172 4.36 6 15 4 3 8 1 52,930,000
60° 15 4115 4.36 4 2 3 2 5 35,770,000
20 3086 4.36 3 8 2 2 4 1 27,850,000
25 2469 4.36 2 6 2 1 3 1 19,930,000
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In our model study, the economic mine lives rangenf5 to 25 years. When an open pit is designel wit
an overall slope angle of 2Broviding a stripping ratio of 7.32nton; as the production capacity is increased,
the number of required shovels, trucks and drillmgchines that would compose the machinery park als
increases. Hence, the initial investment costsadhimery and also NPV increase.

The case, in which overall slope angle is choseB®ssafer operating conditions are reached, but this
situation offers a less economy in terms of NPVH(T2). In case of 60overall slope angle, although NPV
provides very high profitability, less safety op@as occur (Table 2).

Tab. 2. Economic evaluation for different ovesitipe angles (3045° and 60).

Overall sope Eopnomic proocl)L:Sion proc(lezgtion Machinery initial NPV
angle minelife capacity capacity investment cost (9]
[degree] [year] [ton/day] [ton/year] [l
5 years 12345 4,073,786 349,890,000 287,137,349
10 years 6172 2,036,893 175,930,000 287,517,088
30 15 years 4115 1,357,929 116,970,000 230,540,096
20 years 3086 1,018,447 86,050,000 199,107,254
25 years 2469 814,757 69,130,000 160,856,798
5 years 12345 4,073,786 178,490,000 596,922,139
10 years 6172 2,036,893 92,330,000 500,064,883
45 15 years 4115 1,357,929 59,570,000 407,884,800
20 years 3086 1,018,447 44,250,000 338,148,726
25 years 2469 814,757 35,130,000 280,732,994
5 years 12345 4,073,786 106,290,000 726,334,083
10 years 6172 2,036,893 52,930,000 596,588,548
60 15 years 4115 1,357,929 35,770,000 479,249,590
20 years 3086 1,018,447 27,850,000 392,193,270
25 years 2469 814,757 19,930,000 330,877,867

The case, in which overall slope angle is takeh g8ems to be the optimal choice both in termsatsty
operation and highly-achieved NPV. For all ovesttpe angle conditions; as production capacityeases, unit
production cost decreases inversely proportionBV Mlso shows analogy to production capacity, lbatipces
the highest values in the case of mine life of &rgeFigure 8 shows the relationships cumulatilatween
NPV, unit cost and machinery initial investmenttcasvarious production capacities. It is obviokatthigher
NPV values can be obtained by designing the opemipies at higher production capacities and inéngasiope
angles. The amount of the initial investments fachine-equipment becomes higher when short tergelar
capacity operations are at stake. However, this leay to some disadvantages such as shortagezaimciing,
marketing difficulties, and complexity in operatgoat large investments.

The change of the obtained NPV versus machine digpien was defined as “R” and investigated in the
study. As the “R” value becomes minimum for shomaenlives, it increases with longer mine lives daehe
fact of low machinery initial investment. At thensa time, depreciation of machinery decreases arttienther
hand, NPVs, which would be gained out of the pmjatso decrease. This situation causes a hanflicape
investors and mining operations. Since the investrests of large-scale mines cause financial havdsfor
entrepreneurs, the optimization issue of machiegnyipment suitable for ideal production capacityme of
the most crucial decisions to be made in the plapaind operational stages of an open pit mine.ratie of
estimated NPV to machinery initial investment castl also machinery depreciation are the two kejofac
which determine accurately the optimal productiapacity in an open pit mine (Tab. 3).

According to the obtained data; while mine lifésigears and in case production capacity is 4,0B3t@8s
per year, the peak NPV is attained as 596,922,080d%on the other side, machinery depreciationagimum
with 8.76 $/ton and R value is minimum with 3.34s the mine life increases associated with a deergmas
production capacity, NPV and machinery depreciatiatues drop to minimum with 280,732,994 $ and 1.72
$/ton, respectively. At the longest mine life, Rueareaches maximum with 7.99. When these complicat
values are plotted as in Figure 8, the optimal @@ for mine planning could be foreseen.
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Tab. 3. Production capacity, machinery depreciatidPV and “R” value for 450 overall slope angle.

MineLife Production Machinery Initial NPV Machinery NPV/Machinery Initial
years] Capacity Investment Cost ] Depreciation Investment Cost
y [tons/year] [$] [$/ton] [R Value]

5 4,073,786 178,490,000 596,922,000 8.76 3.34
10 2,036,893 92,330,000 500,064 883 4.53 5.41
15 1,357,929 59,570,000 407,884 800 2.92 6.84
20 1,018,447 44,250,000 338,148 726 2.17 7.64
25 814,757 35,130,000 280,732 994 1.72 7.99
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Fig. 8. Correlations between NPV, machinery itwest initial cost and unit cost at various pratian capacities.

In an optimization attempt achieved by taking imtccount the R value and NPV, machinery initial
investment cost and amounts of depreciation (amaiitin); the optimal production capacity was fousmsl
2 million tons per annum and it would be more reabde to operate the mine for a lifetime of 8-1@rgen this
specific model study.

Conclusions

Today, rising costs and competitive environmentdiions of mining industry require utilization of
mineral resources with the highest possible efficje On the other hand, these conditions also teathe
expansion of higher production capacities and rediz@s larger capital investments. Therefore, ngnitans
should consider the parameters of maximum expli@tabe production capacity and optimal operatirfig in
feasibility assessments. This NPV may not be tHeevevhich satisfies the highest attainable prdfherefore,
considering the economic lifetime of the machiniemolved in such short term operations as wellyauld be
more rational to plan the optimum annual productiapacity within an economical mine life.

Increase in production capacity naturally incredbesinitial investment cost, but at the same tiezgls to
a decrease in unit cost of production. Shorter atpmr life, higher capacity and higher overall €oangle
provide higher NPV in open pit mine planning. Baithis instance, the initial investment cost angdrdeiation
get quite intense depending on the increasing ptaxiucapacity in short-term planning. Moreovencs high
investments arise financial difficulties (high dapiand excess interest charge, etc.), machingauprit
optimization convenient for optimum operational @eipy becomes a crucial decision in the planningnaie
sites. In this context, it is also considered tit optimization of depreciation and the ratio d?\Nto total
machine initial investment cost (R value) couldused as ancillary factors in the determination tfiroum
production capacity.
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