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ABSTRACT

This study examines the economic viability of the Sabi gold
deposit (oxide cap),fbaség)at Zvishavane, about 400 km south

of Harare in Zimbabwe.

A detailed examination of the technical and economic factors
which can affect the viability of a mineral project was
undertaken using sensitivity analysis. The analysis
revealed that eight variables: grade of the ore, annual
production rate, preproduction period, operating cost, mill
recovery efficiency, inflation, the price of gold and the
project discount rate are sensitive and their changes could

significantly affect the project viability.

Risk analysis, using the Monte Carlo Simulation technique on
the probable sensitive variables, was carried out. It was
established that the probability of the project failure is

29%.
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ABBREVIATIONS AND SYMBOLS

NPV = Net Present Value
DCFROI = Discounted Cash Flow Rate of Interest
ROR = Rate of Return
PI = Profitability Index
PBP = Payback Period
DPBP = Discounted Payback Period
DCF = Discounted Cash Flow
Us (usa) = United States of America
Us ¢ = United States Dollar
2 3 = Zimbabwe Dollar
2-D = Two-Dimensional space
3-D = Three-Dimensional space
0z = Ounze (Ounce)
Au = Gold
“o(em)(gm) = Gramme
T = Tonne
SL (SLD) = Straight Line Depreciation
DDB = Double Declining Balance
SYD = Sum of Years Digits
DR = Discount Rate
N/A = Not Applicable
A = Availability
CPM = Critical Path Method,

A5
- PERT = Project Evaluatioﬁyﬁ;view Technigque



INTRODUCTION

LOCATION

The Sabi Consolidated Gold Mine, a subsidiary of the
Zimbabwe Mining Development Corporation (2ZMDC), is located
10 km south-east of 2vishavane, along the Rutenga road.
Zvishavane is situated on the main‘Masvingo-Moalabala road,
89 km west of Masvingo and 113 km south of Gweru. It is
located within Latitudes 20° - 22° s and Longitudes 28 - 30°E

within the Midlands Province of Zimbabwe [see Fig. 1].

THE SABI GOLD DEPOSIT

The Sabi gold deposit is located within the premises of the
mine at 2Zvishavane. The total tonnage of mineable ore
reserves is estimated at around 15 million tonnes at an

average grade of about 2 grammes gold/tonne of ore.

GEOLOGY OF THE DEPOSIT

The Sabi gold deposit is within the Chikuraukwe Ridge which
is in a basement gneiss along the N-S fault. The
outcropping mineralised body is essentially contained within
two sub-parallel, almost verticalxsheaﬁg)varying from about

50 to 100 metres apart. The orebody extends for more than 2

'

Cr e
the ridge. The gold deposit is made up of 20-25% free gold

km with a north-ward trend, mainly at or near the crests of

and the rest is associated with pyrites. Other associated

-1 -
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minerals include chalcopyrite, bornite, calcite, epidote,

e o)
P

magnesite, and the main gangue mineral is quartz (11.

Past mining activities have been confined to auriferous pods
aligned along stressed-relief fractures running at a few
degrees east of north. These pods are discontinuous
horizontally and vertically, pitching steeply to the north,

and are highly siliceous.

Average overburden thickness is about 0.5 m and the oxidized
zone (with ore amenable to heap leaching) persists to a

depth of about 30m. The bank density of the ore is in the
order of 2.65 tonnes/m3, and the loose density is 1.700

tonnes/m3. The rock quality designation (RQD) is about 40%
(11.

Management plans to mine all the material within the region
of mineralisation, and blend it for heap leaching. This is
to avoid anticipated problems that are associated with
selective open pit mining. Under this condition, the

overall waste to ore ratio is likely to be close to zero.

ORE TREATMENT

Metallurgical tests on the ore have proved that heap
leaching can be a suitable method for processing the ore
[21]. Recoveries of between 60-76% have been reported and
further tests are being carried ‘out to identify various

strategies to be used to achieve higher recoveries [(3].

[ e



The samples taken from the drill cores were treated by three
different laboratories - the 2MDC, Sabi mine, and the Rio
Tinto Zinc (Zimbabwe) Limited 1laboratories. Three
analytical methods: atomic absorption, ketone (DIBK) and
fire assay, were used for the analysis. There have been
gross discrepancies between assay results on the same
samples analysed by the three laboratories using the same
analytical methods (4,5]. However, the analysis carried out
in this work, is based on the data released to the author by

the mine.

EVALUATION OF THE SABI GOLD PROJECT

In this study the following project evaluation techniques

were used:

1. DCF techniques . - were used to study the project
viability after estimating the project cash £flows.
This was followed by sensitivity analysis to establish
the sensitive parameters that would significantly
affect the profitability of the venture.

2. An estimate of the actual risk involved in undertaking
the project was made.

3. Technical, operational and economic consideration which
can assist promoters of heap leaching as a technique

for processing gold were also considered.



PROJECT EVALUATION

Project evaluation, as it pertains to mineral projects,
consists of a set of techﬁiques and processes which can
provide the potential investor with a clear picture of the
viability of a project in a given economy, and the extent of
the risk and/or return involved (6]. Project evaluation
also provides the investor with the technical, operational
and economic guidelines for the extraction of the deposit to
maximize the net returns of the venture if the objective is
profit maximization. For existing projects, evaluation
provides a means of correcting deviations in the operational
standards to achieve the company's objectives. It also
provides management with the basis for selecting the best
project or a method of ranking of projects, where more

projects are being considered [7].

Investment in new mining ventures in most economic
environments is associated with some risks. In particular,
there are political risks concerning the investment climate
in the host cocuntries, mineral reserve risks, development

risks, operating risks and market risks (8].

The old assumptions regarding major mineral markets have
fundamentally changed. The world of mining is currently
characterized by high rates of inflation, unpredictable
foreign exchange rates, high cost of capital, and constantly

changing government policies. In addition to these external



economic and financial factors, projects have become larger,

more complex, and involve intricate commercial arrangements.

The extent of government involvement is now everywhere
significant. Even in the developed countries, increasing
control is being exercised over natural resources through
the use of high tax rates and the imposition of laws
limiting mine ownership. In developing countries, there is
an increasing tendency for the host countries to require a
share of the equity in most mining projects. This
requirement comes from a basic desire to receive a fair
share of the mining revenue, and for political reasons. Few
developing countries still allow 100% foreign-owned mining
ventures. The attitude towards majority holdings in mining
ventures varies considerably tﬁroughout the world. Zambia
for example insists on a 51% share, Ghana 55%, whereas
Malawi requires 20-30 %. Many South American countries
require a majority ownership, whereas Brazil is believed to
judge each project on its merits and on the strategic

importance of the metal (9].

Other countries, where foreign companies have previously
held majority share holdings are now insisting on a gradual

transfer of ownership, and complete nationalization in some

’

Loca ol loef-
. v o
cases. These and other risks~ foreign investors —facey”

especially in developing countries, have led to the idea of
management contracts by individual investors or by
consortia, as a means of transferring the risks involved to

the promoters of the project.
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These factors imply that thorough evaluation 1is required
before a true measure of the risk and/or return on

investment in a mineral project can be established.

SCoPE  OF THE WORK

Chapter One deals with the theory underlying all the non-
financial techniques used in the evaluation of a typical
mining venture. The following techniques normally used in
the evaluation of mining projects are covered in this
chapter: Ore reserve estimation methods (conventional &
statistical); Mine Planning & Design (Manual, and computer
algorithms); and Production Schedﬁling (long and short
term). The methods used for evaluating the Sabi gold
reserves have also been discussed. It provides part of the
necessary theoretical background for understanding the

study.

Chapter Two deals with the theory of cash flow estimation.
It also considers the economic viability of the project. 1In
particular,capital investments, operating costs, revenues,
loan interest, depreciation, inflation, and other components
of the project cash flows are considered. The following
ecohomic decision criteria were used in the evaluation of
the project: the Net Present Value (NPV), the Discounted

Cash Flow Rate of Interest (DCROI), the Profitability Index



(PI), the Payback Period (PBP) and the Discounted Payback

Period (DPBP).

Chapter Three deals with the theory of sensitivity analysis
in p;oject evaluation. The sensitivity of the decision
criteria to variations in the techmicol, economic and
regulatory variables in the evaluation of the Sabi Gold
~Projectivi_aié/ﬁonsidered. Seventeen parameters were selected
for mutually exclusive analysis. The parameters have each
been varied individually and their effects on the decision
criteria are presented graphically. The effects of double

parameter variations on the economic decision criteria for

certain variables were also studied.

Chapter Four deals with the theory of risk analysis in mine
project evaluation. Five of the eight sensitive variables
from the sensitivity analysis, noted to be probable, were
selected for analysis. Computer simulation using the Monte
Carlo technique was used to handle the risk analysis on
these probable sensitive parameters. Simulation was carried
out in two stages (using the unblended and the blended ores)
and 500 computer runs were considered for each stage. The

results have been presented graphically.

Chapter Five deals with the discussions of the results and
the findings of the work. Technical, operational and
economic strategies for the exploitation of the deposit have

been discussed together with recommendations.



CHAPTER 1

NON-FINANCIAL TECHNIQUES OF MINE PROJECT EVALUATION

This chapter deals with the state-of-the-art in ore reserve
estimation, mine planning and design, and production
scheduling. It also deals with the application of some of
thesé techniques in the evaluation of the Sabi gold

reserves.

1.1 MINE PLANNING AND DESIGN

Mine planning has as its objective the specification of an

extraction sequence which maximizes the profit or cash flows

over the economic life of the orebody. The optimal plan

must determine:

1. the ultimate economic limits (pit limits) which define
the final size of the pit; and

2. the mining schedule which depletes the orebody defined
by the pit limit and maximizes the chosen financial

objective over the life of the mine.

The problem of finding the optimal plan is compounded by the
interaction betweeen the schedule and the pit limit and the
physical and technical constraints on the mining operations.
Accurate ultimate pit limits is very important since it 1is
the basic foundation of all surface mine planning and

design.
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The polygonal or the '"Central borehole" method is based on
the concept that all the factors determined from a central
drill hole of a block in an orebody extend half the distance
to the adjacent surrounding drill holes. The half-distance
;s the area of influence of the assay value of the central
drill hole in that direction. Polygons are constructed by
drawing lines joining each drill hole to every other drill
hole, and then perpendicular bisectors through each of these

lines (10,11]

The triangular method is based on the law of gradual change
of wvariables. To increase accuracy of estimation the
triangles should be as equilateral as possible. If the
spatial orientation of the drill holes does not permit
equilateral triangles, the long dimensions of the triangles
should be oriented in the direction of least change of the

variable of interest.

This method has an advantage of utilizing data from three
rather than a single borehole [1l]. Again some reasonable
type of weighting is usually possible. However, it has the
disadvantage of deciding the best triangular shape for the
data set since in many cases more than one shape can be

drawn for the same set.

The cross-section method was used in the estimation of the
Sabi gold reserves. The method divides the orebody into

several blocks using geologic cross-sections. Sample data
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are plotted on the cross-sections which represent results
from a line of drill holes (drilled 0-30° to the horizontal
plane), or are controlled by existing mine workings or test
pits. The method defines a block of ore by one cross-
section and assigns the ore grade to one half the distance
to adjacent cross-sections ([11]. The area of the cross-
section is calculated by the use of a planimeter or by the
use of computer. The volumes are then derived by
multiplying the respective areas by the distances between
the sections. The grade for a cross-section is the weighted
average of the grades of assays from drill holes, or other

samples adjacent to the sections.

The conventional methods are generally simple and are

economically cheap to undertake, but are limited due to the

following:

1. They cannot adequately express the spatial distri-
bution of the mineralisation in 2- or 3-
dimensions, an essential requirement for grade
contour plotting;

2. The zones of influence are imposed on the sample
points and therefore give a poor reflection of the
true grades (either overestimated or
underestimated);

3. The error of estimation and the confidence limits

of the expected values cannot be established.



1.1.1.2 STATISTICAL METHODS

A number of statisticg; techniques have been used for ore
blocks gradev%ggaféézgh;?ﬂ Conventional statistics provide
improved methods for predicting average grade values and
their confidence limits. These methods assume that the data
have been selected at random and that there is no grade
trends present in mineralisation. Also, the spatial
distribution of the mineralisation cannot be expressed.
Grade trend is, however, a characteristic of most mineral

deposits, and this is handled by the use of regression

analysis and further improved by the use of geostatistics.

1.1.1.2.1 APPLICATION OF REGRESSION ANALYSIS

This technique [12] also called trend surface analysis,
represents the grade trends or grade distribution in the
orebody by a mathematical model. A model is established in
terms of the x, y, 2z, coordinate values of the point in the
model equation. The basic assumption is that significant
grade trends occur and thus the predicted grade at any point
(X, ¥y, 2) within a block of ore is a function of its
position, i.e.

Gi = f(X, Y, 2) =mmmmmmm e (1)

Where Gi = grade at a point i . -
p Am o Nk
f(X, Y, Z) = a polnomial, function Fo d
. sl

In its application to ore reserve estimation, Krige (1966)

formulated a weighted moving average technique for South
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Africa Rand Gold Fields; Whitten (1968) used high-order
polynomial functions; and Hewlett (1968) used discontinous
probability density functions. Agterbergs (1968) computed
the grade of ore blocks of a specified standard shape using
the tripple integration of the regression model based on the

2-dimensional Simpson's Rule.

Ore blocks valuation by regression analysis increases the
ability to predict ore grades in long and short term phases.
The speed at which calculations can be made at an earlier
stage than by conventional methods 1leads to reduced
preproduction time lags and provide increased confidence.

The method also does not depend on a pre-set cut-off grade

and reserve figures can be readily repeated for any desired

cut-off wvalue.

The extraction of ore blocks can be simulated when the
tonnage and grade parameters have been established. Any
sequence can be simulated and assessed prior to actual
extraction, proyiding an indication of expected conditions

resulting in greater control and flexibility.

The regression analysis method also establishes a spatial
distribution within the stope and enables the definition of
any particular block using two parameters (the mean and the
standard deviation of the grade distribution). This
knowledge is obtained prior to extraction of the ore and
this gives a good measure of the érade control than broken

ore sampling.
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1.1.1.2.2. APPLICATION OF GEOSTATISTICS

A modern ’and more accurate method for solving the

limitations of the conventional methods of oré reserve grdde
and tonnage estimations is by the use of geotatistics {13,
14]. A Kkey assumption in geostatistics is that Fhs.

twé;a

phenomenon undeﬁétudy cannot be described by i&

mathematical formulae and is a random process. The grade at
any point of the deposit for exampl; is considered an
outcome of a random process. The theory of regionalised
variables is the mathematical basis of geostatistics. The
term regionalised is used to indicate that such variap&ss
are spatially correlated to some degree with the variogram

being the tdol to capture the structural aspects of the

regionalised variables ([14].

The tools of geostatistics include
1. The Variogram, which measures the continuity of
mineralisation, zones of influence for individual
samples, and whether zones of influence vary in
different directions, i.e. it measures the
similarity or dissimilarity between ore grades for
some distance (h) apart, it is defined by: |

Yn) = 1 I‘%h’ Z(Xe) - Z (Xﬁhﬂ’
i=1

2NET ceee (2).

Where xﬂn = semivariogram; %(X.) and %2 (Xoth) are
variables at points X, and Xoth.
2.  The block variance, which depicts the difference -

in variance of the sampling unit used in -the

blocks compared to the case when numerical deposit
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is split into blocks of certain sizes, shape and
orientation;

3. Estimation variance, which measures the variance
of the error between the true grade Z and the
estimated grade Z* of a block; and

4, Kriging, which is used to estimate the grade of a
block as a linear combination of avaiiable samples
in or near the block. Kriging is a constrained
optimization problem such that the Kriging error@ﬁ:)
is minimised

2
i.e. Minimizedo']-< = F(X1, X X

2'
subject to % X, =1 teiienenens (4)

The solution is a set of weights that minimizes the Kriging

error while summing up to 1.

Geostatistics has made an important contribution to the
evaluation of ore deposits since the evaluator is able to
calculate the estimation variance and then to quantify
confidence 1limits for a range of ore reserve grade and
tonnage [13]. The associated risks due to uncertainties are

therefore reduced.

However, inadequate data could inhibit the wuse of
geostatistics to reserve estimation. From the work carried
out by Bryan and Roghani [10] on the ore reserve estimation
methods applied to the East Dilt area of Bear Creek (Table
2.1), it was realised that the geostatistical method

produced the best results when 188 and 168 samples were used
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in the analysis. However, the triangular method proved to

be the best when only 52 samples were used in the analysis.

TABLE 2.1 VARIANCE OF ERRORS FOR DIFFERNET ESTIMATION

METHODS

NO. OF SAMPLES |POLYGONAL TRIANGULAR| KRIGING

VARIANCE OF ERRORS

188 1.496 1.375 1.363
168 1.465 1.413 1.408
52 2.029 1.640 1.670

The application of geostatistics for the estimation of the

Sabi gold reserves could provide adegquate information for

mine planning and design purposes.

However considering the following:

That the Sabi gold deposit outcrops, and that few

boreholes have been used to delineate and estimate
the ore reserve grade and tonnage, the application
of geﬁstatistics will require a lot more samples
which will increase the cost of exploration,

That the application of geostatistics and computer
to reserve estimation in the 2Zimbabwean Mining
Industries, 1is vyet to be advanced, the cross-
section method of ore reserve estimation is

appropriate.
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1.1.2 ULTIMATE PIT DESIGN

For all design purposes, the mine 1is considered as
consisting of blocks within a 3-dimensional grid. The block
dimensions are chosen to conform with mining equipment, and
practices, and to approximate the topography of the area to
be mined. The pit limit problem is then to select those
blocks which should be mined to optimize the objective
function within the technical and physical constraints.
Each block is assigned an estimate of the grade, the tonnage
of ore contained in it and the maximum slope it can support.
Accurate design of pit limits is highly dependent on the
precision of the methods used in the estimation of the ore

reserve grade and tonnage of the deposit.

Each block is identified by its location in the 3-D
cartesian coordinates (i,j,k) or (i,j) when the 2-D spatial
model is considered. The net value of the ore it contains
and the cost of extracting the block are calculated. For
the algorithms considered under this subject it is assumed

that the maximum slope is same in all sections of the mine

(i.e. 1:1). The optimal pit problem is then defined as:
Maximize # =EMj{x Xjjk «csccccevcccercenrcnancnnnnns (5)
Subject O v . < xs {nzj"'j' S (6)

13kS Si-tr D W P pok21,k, K+1

Osi€I; 0%j€J and Osksk; and

.1 = § 1, for ore R e (D)
Xijk = {O for waste

Kim (1978) classif&ei‘ the wvarious solution methods as

"rigorous'" and heuristic optimizing methods.
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The rigorous methods include:

1. The graph theory of Lerchs - Grossman (1965)

2. Integer Linear Programming of Johnson, T.B.
(1968)

3. Network Flow

4. Dynamic Programming of Johnson, T.B. (1976); and

Lerchs - Grossman {(1965)

The heuristic methods are:
1. The Engineers Method of Blackwell (1970)
2. Moving Cone Technique of Pana, M.T. (1965)
3. Heuristic algorithm of Lamieux (1976)
4. Heuristic algorithm of Marino and Slama (1973)
5. Heuristic algorithm of Phillips (1973)
6. Heuristic algorithm of Korobov (1974) and

7. The Parametric function technique of Francois-

Bongarcon and Marechal (1976)

1.1.2.1 THE MANUAL (ENGINEERS) METHOD

This method [15,16] derives the profit function for the
deposit wusing the current economic constraints. This
algorithm is a graphic method in which plans and cross-
sections with calculation of volumes by planimetry, are used
to illustrate optimization parameters. The contours of the
mineralization at a given cut-off grade are drawn on plans
and sections and the open-pit developed from the main blocks

of mineralization 1is
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enlarged by the examination of any mineralized extensions.
These extensions are carried out to the breakeven stripping

ratio, where the profit/tonne of ore mined is zero.

The wuse of the profit function in open-pit 1limit
optimization considers only the economic constraints, but
the technical and operational constraints should be

thoroughly analysed for optimization.

For large deposits, too much time and costs are expended.
These can lead to the loss of the quality of the work or to
the examination of only a limited number of parameters of
optimization. The computerized manual methods have found
wide application, even though they are not able to deal with

the inherent problems of the manual methods.

1.1.2.2 THE MOVING CONE ALGORITHM

The moving cone algorithm ([17,18] 1is a computerized
optimization method, which defines the mining process with
the extraction of cones, partial cones and slices. The
economic block values [(EBVs] are determined for all the
blocks in the section under consideration, based on the

following equation, i.e.
EBVi = Rji = Ci  tettereneencneonnnnnnneens (8)
Where EBVj = economic block value of the ith block;
Rj
Ci

revenue from the ith block

cost of mining theith block
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Block revenue is calculated based on equation (44) and cost

of mining a block is based on the cost analysis developed

under Chapter two of the study.

The algorithm then starts with a pre-determined focus on the
surface (a positive block) and with a constant slope (i.e.
1:1), a frustrum is formed on the focus. The wvalue of the
blocks swept out by each conic section is calculated and the
frustrum is included in the mineable reserve if the value is
positive. This process is continued (row by row according
to the sequence éf mining) until all the postive blocks in
the reserve are treated. The frustra produced after the
whole process defines the total mineable reserves within the
technical, physical and economic constraints. Fig 1.1
illustrates the application of this method to define the

mineable reserve of the section through boreholes 4 and 5 of

the Sabi gold deposit. A _— A
C- @44 ’L"O S e !’7 % . \_%é@kg\

S

From the analysis, the total mineable reserve = 596, 250
tonnes and the net value, if mined at vyear zero is 2
$3,580,900 (Fig. 1.1]. If mined at a later year n, the

value should be discounted using the project discount rate.

The moving cone algorithm, even though widely used can miss
the optimal solution in some design situations due to the
following.

1. It can miss the profitable combination of blocks,

and
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2. It may over-extend the ultimate pit beyond optimal
limits.

For optimal solutions, Lamieux (17) gglg;gggg the positwe

and negative moving cone algorithms. However, it was

realised that the two models do not necessarily result in

the design of the ultimate pit limits since both can miss

the overlapping system of cones.

The development of the moving cone optimizer (161, provided
solutions to the 1limitations of both the positive and
negative moving cone algorithms. The procedures under the
moving cone optimiéer are carried out in two stages - the
first and second stage sorting routines. This algorithm
simultaneously carries out the positwe and negative moving
cone analyses and defines the sub-optimum pits for thé two
models. This is achieved by utilising the changing economic
relationships between the cones, assuming that the
excavation of all cones is done according to some specific
block sequence. The envelope between the two configurations
contains the mineralisation economics that cannot be
evaluated using the first stage algorithm. The second stage

algorithm is then applied to complete the optimization.

1L.1.2.3 LERCHS - GROSSMAN 2-D ALGORITHM

This algorithm [19,20] makes use of dynamic programming to
define the optimum pit contours that maximize the net

returns of the ore reserve. The structure of a deposit in a
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2-D mine consists of colunms of material broken into blocks.
The column and level of a typical block are designated by i
and j respectively. From the economic and financial
analyses of the ore reserve, the net value of the (i,j)th
block, Mij, is calculated for all the blocks. The mining
process is constrained by the limits on wall angles for the
material in and around each block. Thus, there is a limit
on the number of adjacent blocks that can be mined. If the
block at level i is to be mined, all higher level blocks in

the same column (i-1, 1-2, ....,1) must be mined.
PROCEDURE

The level above the surface is designated "level o" and
indicated by i=o. Approximation should be done to non-
uniform topography before the application of this method.
For each block (i,j), the column value, Mij, is computed,

where i
Miq = E L T (9)
n=0

The process is started from the northwest corner of the
section (on level zero). The temporary mine value, Pij, is
also computed; where
Pijy = Mij + Max{Pi, j=1 c e eseeas e e (10)
P;-1, j-1
The Pij values are computed for all blocks in the section
from level zero to the lowest level, column by column. The

maximum value Poj is then noted and this represents the

total value of the pit. The path followed in backtracing
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from this maximum Poj (within the 1:1 slope constraint)
defines the optimal contour, of the pit. This defines the
mineable ore reserve which maximizes the net value of the

reserve.

Application of this method to the section of the Sabi gold
deposit through borehole no. 1 resulted in a mineable
reserve tonnage of 393,525, tonnes (Fig. 1.2]. A maximum
Poj of 2$4,900,200 was also indicated and this is the
current monetary value of the orebody in that section. At
any later year, this amount will be discounted by the

project discount rate at the year mined. k{% _Lb F%% ]

The 2-D Lerchs-Grossman's algorithm is easily extended to
other slope angles. It is also possible to wuse the
algorithm when there are different wall slope angles 1in
different parts of the pit ([19]. However, this algorithm
could not completely overcome the inherent smoothing
problems encountered when the pit boundaries on consecutive
sections were offset by more than one column from each

other.

1.1.2.4 THE 3-D LIMIT ALGORITHMS

The simplest extension of the 2-D algorithm to the 3-D is to
solve the inherent problems of the former to £it the
contours of adjacent rows within the slope constraints.

Models based on the 3-D algorithm have been developed by
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Johnson and Mickle (1970), Johnson and Sharpe (1971) and

Robinson and Prenn (1973).

The approach of Robinson and Prenn is to compute the optimal
mine subset of blocks (called closures) which includes the
block under examination as its base. All blocks must be
searched and the closure with the highesﬂ value defines the
optimal mine contour. In this model the search proceeds
level by lgvel starting from the surface, where blocks with
postive Mijk are closures. The 2nd level is searched, and
for a positive block M2jk, all the blocks that must be mined
to be able to mine the positive block are identified. The
search 1is proceeded until a prescribed lower 1limit 1is
reached when the pit limit defines the maximum net returns
of the reserve. Under this approach the optimality of the
algorithm is hardly achieved, since for optimality all the

blocks should be searched.

1.1.2.4.1 GROPE 3-D MODEL

The Grope Model [21] is a design and economic planning tool
for analysing surface mineral deposits. The block concept
is used to define the deposit in a 3-D grid with specified
block dimensions and spatial coordinates to conform with
mining equipment and deposit size. The topographic relief
and the irregularity of the shape of the orebody are

approximated to be used in the mddel.
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The objective of the model is to find the cut-off grades,
plant capacities, production schedules and the pit volume
that maximize the present value of the ore reserve cash
flows under the economic, technical and operational
constraints i.e.:
Maximize 1;V= E E (15-‘:(];)’{:5 ........... an
R T

where Cr,t is the net value of the block r, mined at

year t;

R is the closed 3-D region covering the deposit;

T is the life of the mine, and

d is the interest rate

Cr,t = f (location, grade, price, cost, plant capacity)

The domain of the function Cr,t is restricted to the

family of pit surfaces which are flatter or equal in

angle to the critical (safe) wall angles at any point.

The grope algorithm produces a unigue optimum solution for
the final pits which is a significant improvement over the
trial and error pit design techniques. As a 3-D algorithm
it is not necessary to pre-select a pit bottom as in some 2-
D algorithm, e.g. Johnson et al (1971). Further, the pit
does not have to be simulated by complex geometric volumes

as in other algorithms (Plewman, 1970)

1.1.2.4.2 KOENIGSBERG 3-D ALGORITHM

The smoothing problem encountered by the extension of the 2-

D approach to the 3-D ultimate pit designs was overcome by
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Koenigsberg (1982). In constrast to the 2-D algorithms, in
which a block can have nearest neighbours from only one
column in the backward direction, in the 3-D case it can
have nearest neighbours from 4 columns. The required slope
angle constraint (1.1) must be satisfied for each of the

neighbouring columns.

In the recursion formula developed by Koenigsberg [22], the
negative terms are corrections necessary to ensure that the
neighbours are compatible with each other and with the block
under consideration within the slope constraints. In
extreme cases the corrections do not yield optimal solution.
This problem of degeneration with the 3-D dynamic
programming algorithm of Koenigsberg is due basically to the
use of the Mijk, developed from the 2-D increment, for the

progressive widening of the ultimate pit design.

1.1.2.4.3. WILKE AND WRIGHT 3-D ALGORITHM

The problem of degeneration encountered with the 3-D
Koenigsberg's algorithm was overcome by Wilke and Wright
[23], with the use of a 3-D increment in the form of removal
cones over and enclosing every block. The basic procedure
bof the 2-D dynamic programming case was preserved but the
pit value Pijk was reformulated. Pijk on block bijk becomes
the value of the cone over and including block bijk and all

its neighbouring blocks compatible with each other.
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In order to use the recursion formula by Wilke and Wright,
practically, the determination of blocks in the intersection
of previous pits and the removal cone of a block under
consideration need to be programmed clearly to check against

double inclusion of pits in the optimum pit limits.

1.1.2.4.4 PARAMETRIZATION ALGORITHM OF MATHERON

This method, proposed by Matheron et al (1975), involves
replacing the search for an optimum pit by the determination
of a parametrizing function A , taking values A(X) for each
block x of the deposit. The function A is determined such
that its contouring values iield the optimum pits
corresponding to different values of an economic parameter.
The use of convex analysis techniques reduces the problem to
that of optimizing a linear function of the quantity of the
metal, the ore tonnage and the total tonnage. The
parametrizing function A(X), obtained through the iterative
2-D dynamic programming, is then used to determine the set
of blocks that maxmizes the linear function for a given

control grade and the relative unit mining cost.

The optimum pit design program uses the following block

evaluation formula:
W(x) = Cg T (x) = T(X) eeeeeen (12) ORE BLOCK
= «CT (X) teeeeeeecocsnsase (13) WASTE BLOCK

where W(x) is the profit associated with block x
T(x) is the tonnage of block X

g is the grade of block x
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a is the unit metal price
b is the unit processing cost

¢ is the unit mining cost

Further work on this algorithm generated another function

Q(x) = Pp g - Po9= ..... (14); where Pm and Po are the

recovered metal and ore respectively. -

The parameters of a selection policy: -the cut-off grade,
the production unit size, and sampling density can be seen
to affect the valuation of block. The proportions Po and Pm
depend on the variance of the distribution of production
unit grades within a large block, hence the size and level

of sampling of these units.

Based on the block valuation technique a thorough study on
the influence of selective mining on optimum pit design
(Desbarats and David, 1984) [24] revealed that:

1. the consideration of internal waste in pit design
could considerably alter pit limits in marginal
areas of the deposits; and

2. the optimum pit limits obtained by the proposed
method of Matheron had the highest total pit value

as compared to conventional methads.

It was therefore concluded that selective mining has a
significant impact on the design of optimum limits

especially in the case of large low-grade deposits.
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This will be very strategic in the case of the Sabi gold
deposit (a large low-grade deposit). However, management's
consideration of the cheap heap leaching processing method
could be a means of dealing with the probable occurrence of

internal waste problems.

1.1.2.5 DESIGN OF THE PIT LIMITS FOR THE SABI GOLD DEPOSIT

The ultimate pit depth consideration for the Sabi gold
deposit is influenced more by technical rather than economic
constraints. Oxidized ore, amenable to heap leaching is
being considered for the project. Exploratory drilling has
indicated that the zone of oxidation persists to an average
depth of about 30 m from the surface ([1]. The precise
limits for all the sections are yet to be determined by

exploratory drilling.

At the time of the data gathering for this work in March,
1988, management intended to contract the mining of the ore.
If this decision is finally taken, it will be the duty of
the contractors to mine within the designed pit limits to
maximize the net returns of the deposit. This will call for
technical experts from the mine to countercheck the
operations of the contractors . in order to achieve the

objectives of the mine.

As ore grades get progressively lower only exhaustive
analyses can guarantee correctly defined bases for decisions

in the wultimate pit 1limits, which in effect are the
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delineation of the economic mineable reserves for a given
open pit situation. Such bases can only be arrived at by
examining a reasonable number of ultimate pit limits in
organized sensitivity analyses. This in turn requires the
availability of fast and accurate approaches for designing
multiple pit limits needed for such sensitivity analyses.
Dynamic programming presents the facilities for the solution
to the 3-D ultimate pit design problems. However, in every
situation the decision to use any algorithm will depend on
its simplicity, inteligibility, computer running time and
core storage capacities, and the technical expertise
available and other problems that may be typical to the mine
under consideration.

P S (LR

1.1.3 PRODUCTION SCHEDULING

Production scheduling defines the time sequence under which
various blocks within the ultimate pit limits be mined to
maximize the net returns of the deposit [25]. This becomes
necessary especially when dealing with deposits of very low

and high grades.

Production scheduling is considered under long and short
range phases. Long range schedule considers the annual
production schedule that should be mined throughout the life
of the mine to maximize the net returns. Short range also
considers the sequence for which the annually-scheduled
programme be executed on a day-to-day or week-to-week basis

to achieve the objectives of the long range plan.
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Models for solving production scheduling problems include
operation research tools 1like the Linear and Dynamic
programming algorithms, Network and Simulation, and the

Grope model.

1.1.3.1 THE GROPE MODEL FOR LONG RANGE SCHEDULING

In this model [21] the scheduling routine is programmed for
yearly cycles, with each cycle described in two parts. The
first part schedules the ore that must be mined to meet
concentrator feed requirements of grade and tonnage. The
second part identifies the overburden that must be moved to
expose the ore. In the case of the Sabi gold deposit, the
second part will not be relevant since the overburden (about

0.5 m thick) will be mined with the ore and heap leached.

The scheduling routine provided by the GROPE model takes the

following into consideration:

1. the number of exposed ore benches;

2. the number and capacity of ore production faces;

3. the direction of advance for each face;

4. the working area limits of each face; and

5. whether any portion of the deposit is to be
hi-graded.

These give the method flexibility to adapt to different
mining methods. The cut-off grades are also made sensitive

to spatial changes in the mineral distribution. Also, the
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scheduling rules can be programmed to reflect the effect of
physical features on production. However, for a large
deposit, the routine times become long and highly expensive.
Management, in a bid to maximize the profitability of the
venture with effective and good production scheduling
techniques should always find a balance between the two -

whether or not to use this method.

1.1.3.2 THE LP ALGORITHM FOR SHORT RANGE SCHEDULE

The LP method (Hillier and Lieberman, 1974) is characterized
by a mathematical model which consists of a linear objective

function of the form

C1 X9 +CoXog+ s #+CN XN toitiiierenerinnnannn (15)
and a set of general linear constraints of the form

A1 X1 + Aqp X2 + .... + Aqn Xn< b4

?21 X1 + A2 X2 + .... + Aon Xn<b2f.coiiiiiiiin (16)

Am1 X1 + Am2 X2 + .... + Amn Xn<bm

and a set of non-negative constraints, i.e.

X1, X27 coceenennn ; XN Z 0 tieeeeesnocncacsananansnas (17)

Where Xis are the decision variables, i.e. the variables
that must be chosen to provide the solution; Cis andAijsare
constants whose values are dictated by the nature of the

problem.

In production scheduling the objective function is expressed
in the units of the goal of management, e.g. profit
maximization, cost minimization, minimization of hourly
breakdown of equipment, shift 4tonhage maximization, etc.
The linear constraints are the mathematical expression of

the limitations put on the production system. The non-
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negative constraints ensure that the variables Xis do not
take negative values. The Xis normally match the production
level in a scheduling problem. Hence this constraint simply
matches the practical limitation that an operation cannot

produce a negative tonnage.

The LP model of Wilke and Reimer (1977) is an example of the
LP models applied to the solution of production scheduling
problems. In the model, a subjective element is added to
the objective function. This allows the operator to provide
higher priorities to blocks which must be mined earlier in

order to meet the long-term plan.

The application of the LP models have been more frequent in
surface mining where the size of the operation and the
difficulties of meeting grade and tonnage constraints
present a more complex production scheduling. The Simplex
method and the Revised Simplex method are the general
procedures used for the solution of the LP algorithm.
Quadratic programming (Wagner, 1969), a method which permits
the objective function to be gquadratic if the constraints
remain linear, and the Separable programming (Hillier and
Lieberman, 1974), a procedure that permits either the
objective function or a constraint to become non linear if
it fulfills certain criteria, are also available for more
complex non-linear problems. However, in many production
scheduling problems, the variables are related non-linearly
and the LP algorithm does not 'provide solution to such

problems



- 37 -

1.1.3.3 INTERGER PROGRAMMING FOR SHORT RANGE SCHEME

The model based on this algorithm [25,26] has one
restriction in addition to the non-negativity of the
decision variables, i.e. that the decision variables are
limited to only positive integers. This becomes necessary
in mining where decision variables cannot take fractional
values e.g. in deciding on an optimum number of particular

types of machinery for specific jobs.

The branch and bound algorithm provides solution to many
integer programming problems. The zeroc-one problem (also an
integer programming problem) is often solved by the

enumeration method.

A hybrid model (David and Pariseau, 1975) which combines
integer programming with simulation, provides different
approach to the same type of scheduling problems. The
procedure is to use an integer programming model to choose a
number of solutions. These solutions, including the optimal
one are plugged into a simulation programme using the GPSS
(General Purpose System Simulation). This enables the
probabilistic nature of the situation to be evaluated

further.
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1.1.3.4 DYNAMIC PROGRAMMING FOR PRODUCTION SCHEDULING

Dynamic Programming (Nemhauser, 1966) is applied to
decision-making problems which can be formulated as a series

of individual decisions which are inter-related.

In its application to production scheduling the model can be
a finite-stage, descrete-time formulation, which is solved
by the backward method. It can also be deterministic or
stochastic. This can be applied to: .
1. the choice of a number of different trucks to
complete a shift schedule for an open-pit mine;

2. the day-to-day assignment of equipment to various

production centres.

1.1.3.5 GRAPH AND NETWORKS FOR PRODUCTION SCHEDULING

The Critical Path Method (CPM) based on graph and networks
are used in project control and production. In 1its
application to decision analysis, decision trees are used to
formalise a decision-making process. A sequence of
decisions is made with probabitistic outcomes to maximize
the expected return from the decisions. CPM and PERT, in
production scheduling, reveal the jobs in a schedule or the
elements in the job upon which work must be concentrated to

achieve the objectives set.
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The shortest route problem and the minimum spanning tree
problem are applied under this theory to minimize the length
of routes to minimize cost or maximize profit [27].
Networks are also applied to the solution of transportation

problems.

1.1.3.6 SIMULATION FOR PRODUCTION SCHEDULING

Simulation is the use of a model to experiment with any
given system [27]. In most applications of simulation to
mineral operations, a model of the system to be studied is
written into a computer language. This model consists of
equations or data sets that describe each element of the
operating system. This is used to answer gquestions about
the mining operations with the aim of choosing the best

among several alternatives.

In production scheduling problems, simulation can be used
to:
1. choose the correct number of haulers assigned to
an excavator;
2. choose the most favourable size of equipment; and

3. assess the output of a given operating sub-system.

Examples of its application to mine production scheduling
are:

1. The simulator developed by Butler and Fouts (1975)
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with the objective of simulating a shovel-truck
operation so that it is possible to optimally

assign trucks to shovels.

2. The hybrid simulator model of David and Pariseau
(1975) and
3. The simulator developed by Manula et al (1973),

which is oriented toward the entire mining system.

1.1.3.7 HEURISTIC METHODS FOR PRODUCTION SCHEDULING

Heuristic methods [27] are based on practical or logical
operating procedures, not proved mathematically. They are
procedures used to develop good or approximate solutions.
The methods vary from the rule-of-thumb methods to iterative
procedures that move through many solutions to seek an

improved ocutcome.

The approach of Kass (1966) utilised a vector distance in
space as a measure of the suitability of any given block of
ore to be mined. The idea was to choose the block most
desirable in terms of the grade variables or the next to be

mined to optimize the net returns.

Lindstrom (1971) and Kappes (1973) also illustrated examples
of heuristic methods used in stope production scheduling.
By the use of the computer they showed how all the pertinent
data from a typical stope could be processed so that careful

control over grade and tonnage could be exercised.
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1.1.3.8 PRODUCTION SCHEDULING FOR THE SABI GOLD PROJECT

The project period, for the base case, consists of two main

phases:

1.

Preproduction period:- This is the period needed
for the exploratory testworks to determine the
potential and mineable ore reserve tonnage and
grade. The metallurgical testwork for the design
of a suitable flowsheet for the processing plant,
and the construction of structures and other work
needed prior to mining are also considered under
this period. This is a period of 1 year, from
March, 1988 to March, 1989 for the base case.
Production period:- This consists of 10 years, and
during this period the ore will be produced at an
average rate of 125,000 tonnes per month.
Production is scheduled to begin in the first

quarter of 1989 for the analysis.

The projected life of the mine and the monthly rate of

production were decided by management.

Although the state of the art of mine planning is advanced

[25] a lot of mines do not use the above techniques for the

following reasons:

1.

The potential user does not believe in the
techniques because of lack of understanding, and
hence is reluctant to use them to solve mining

problems on a routine basis;
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There are some practical implementation problems
which have not been adequately stressed in
literature;

The cost of obtaining the answer may be greater
than the value of the information.

The answer may not be obtained at the time needed

for action to be taken.
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CHAPTER 2

CASH FLOW ESTIMATION AND ANALYSIS

The objective of this chapter is to investigate the economic

viability of the Sabi Gold Project. The following DCF
techniques are used: the Net Present Vaue (NPV), the
Discounted Cash Flow Rate of 1Interest (DCFROI); the

Profitability Index (PI); and the Discounted Payback Period

(DPBP) .

2.1 CASH FLOW

In project evaluation, cash flow is the revenue available to
a company from product sales after paying all operating

expenses and income taxes {7,28], i.e.

Net Profit + "Non-Cash" Deductions

Cash flow =
= Net Profit + Depreciation + Depletion
+ Amortization + Deferred Deductions
Depreciation (28], depletion, amortization and deferred

deductions are non-cash deductions for tax purposes because

they are allowed by most governments.



2.1.1 DEPRECIATION

Depreciation is an allowance for the wear, tear and
obsolescence of property used, given to a tax payer for the
production of income. Depending on the tax guides of the
host country, any or a combination of the following methods

could be used:

1. Straight Line Method; Dn = 1 [Cp - L]------ (18)
n
2. Declining Balance Method: Dn = k [Cp] =------ (19)
n
3. Sum of years Digits; Dn = n (n-1) [(Cp-L] --- @0)
2 .
4. Units of Production Method

Where Dn = depreciation/year

total useful life of machine

n

Cp price of the equipment
k = a factor which is between 1 and 2
L = Salvage Value (i.e. the scrap value of an

equipment in service)

2.1.2 DEPLETION

Depletion (28] is an allowance for the recovery of certain
investment property cost, e.g. acquisition costs, and lease
bonus costs paid for mineral rights for natural resources
such as oil and gas, minerals, eté. This is achieved by two
main methods - cost depletion and percentage depletion.

-

fra s e
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2.1.3 AMORTIZATION

Amortization (28] permits the recovery of certain capital
expenditures, 1n a manner similar to the straight line
depreciation method within a relatively shorter time.

Expenditures that may be amortized include:

1. The cost of acquiring a lease for business
purposes (other than a mineral lease),

2. Research and development costs,

3. Trade mark and trade name acgquisition costs, and

4. Costs of certified pollution - control facilities.

The application of these tax deductions and the type of
method used in a company's cash flow depends on the tax
guides in the host country. In the Zimbabwean environment,
only depreciation on a straight line basis is allowed for a

project like the one considered in this study.

2.1.4 INCOME TAX

The consideration of income tax in cash flow estimation
permits analysis on after-tax basis. Effective tax rate is
calculated as a percentage of the taxable income, which is
the difference between the total revenue and the total
deductions. Deductions include business expenses which are
operating expenses and interests, depreciation, depletion

and amortization. The income tax rate also depends on the
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host country. In Zimbabwe, effective tax rate of 45% is

used in all mineral project evaluations.

2.1.5 WORKING CAPITAL

This is the money required to operate a business on a day-
to-day basis till revenue 1is realised from the firm's
operations. It comprises money required for raw material
inventory,j}n—process material inventory, product inventory,

accounts receivable and ready cash. In accounting, it is

the difference between current assets and current
liabilities. For evaluation purposes, working capital is
considered to be put into the project in the first year of
production and assumed to be fully recovered at the end of

the expected life of the project.

2.2 COST ESTIMATION

A good costs estimate starts with careful analysis of
existing physiciiwgiﬁa, then develops a concept of how the
orebody couldwbé<ek§iored, mined, and processed. The actual
costs deviate from the estimates because the future cannot
be predicted with certainty, and there is always limitation
in time, money, and staff available to develop the estimate.

The deviation is a function of risk, uncertainty, mistakes,

and errors inherent in the concept being used.

Four fundamental types of cost estimates are used in the

systematic development of costs involved in a project:-
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order of magnitude, factored estimates, definitive studies,
and detailed estimates (6,13]. The type used and the
accuracy of the result depend on the amount of data

available and the time alloted for preparation of the study.

The statistics of cost, price, production, efficiency,
performance, employment, purchases, weather conditions, time
of the vyear, and many other variables relative to cost
engineering provide the basis for the estimates. These data
may be obtained from internal departments within the
organisation, official government sources, international
agencies, trade associations, trade unions, sampling
organisations, or any organization that gathers and

publishes design and economic information.

2.2.1 COST ESTIMATION METHODS

For all capital-intensive projects, it is required that
systematic development of the capital investments and
operating costs involved, passes through the preliminary and
detailed methods of cost estimation. Preliminary estimation
methods are used by engineers and management to commit or
stall additional design effort. They are also used for
appropriation of reguests for capital equipment, or for
culling out uneconomic designs at an early stage; If these
methods lead to a continuation rather than rejection,
detailed methods are required. Detailed methods are more
thorough in preparation and accurate in results as well as

costly in design and estimating.
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2.2.1.1 CONFERENCE METHOD

The conference method [7,29] is a non quantitative
preliminary method of estimation which provides a single
value or estimate made through experience. The method
relies on the collective judgement of contrasting
differences between previously determined estimates and
their associated designs and the new estimate with its
design. The major drawbacks are the lack of analysis and a
frail of verifiable facts leading from the estimates to the

governing situation.

2.2.1.2 COMPARISON METHOD

The comparison method [29] is similar to the conference
method except that it attaches a formal logic. For example,
if management is confronted with excessively difficult
design and estimating problem, two simpler design and
estimating problems for which estimates can be found are
constructed. These simpler problems might arise from a
clever manipulation of the original design or a relaxation
of the technical constraints on the original problem. The

alternative design problems, b and c, are selected such that

Cc (D)= Ca(Da)ECh (Dp) v eerninennnnnnnnnn (21)
Where Ca, Cb,& Cc are the estimates for designs a,bs&c

Da, Dp & Dc are the designs a,b and c

Estimates are made for projects b and ¢ to provide an
initial budget for project a whose ,estimate is expected to

conform to equation (21y, The difficulty in selecting
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projects b and ¢ to provide a guide for estimates for

project a makes this method unattractive.

2.2.1.3 UNIT METHOD

The unit method ([29, derives the averages for various
operations in similar ventures, collected over a period of
time. The averages are adjusted for new ventures. However,
this can be misleading since every project has its peculiar

inherent characteristics that affect unit costs.

2.2.1.4 EXPECTED VALUE METHOD

For the expected design estimates, probability point
estimates are given to describe each element of uncertainty
as represented by the economics of the design. These
weights are a numerical judgement of the future events based
on (1) analysis of  Thistorical data; (2) convenient
approximations 1like the normal or the equal 1likelihood
distributions; and (3) subjective probability. These
probabilities describe the true 1likelihood that the
predicted event will occur. Each outcome of an alternative
is multiplied by the probabilities that the outcome will

occur, e.g. for the discrete case

n
Ci= E s D& (22)
3=1
Where Ci = expected vlaue of the estimate for alternative i,
Pj = probability that x takes on value Xij, and
Xij = design element
and n
2 Pj ST (23)
=1

The expected value method exposes the degree of the risk when reporting

information in the estimating process { 29].
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In certain cases historical data are not able to predict the
future with any degree of certainty and the method becomes
unreliable. Subjective probabilities require experts who
have followed events of similar projects for quite a long
time with the aid of computer. Mining industries in
developing countries lack these facilities and this makes

prediction based on subjective probabilities difficult.

2.2.1.5 COMPUTER SIMULATION TECHNIQUES

Simulation is defined as the manipulation and observation of
a synthetic model representative of a real design which for
technical or economic reason is not susceptible to direct
experimentation (27]. In estimation, historical cost data
are collected using field data methods. The data are
plotted as discrete frequency curve and then transformed
into cumulative probability distribution for Monte Carlo
analysis. The expected value of the resulting distribution
after many runs (e.g. 1000 times) represents the estimate
for the project. The pessimistic and optimistic values are
also obtained from the distribution. These give indication
of the project cost behaviour wunder favourable and

unfavourable conditions.

2.2.1.6 PROBABILITY ESTIMATING

Probability estimating ([7,29] is based on the method

1]

W‘“
developed for PERT (Program Evaluation Review Technique).

It involves making a most 1likely <cost estimate, an
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optimistic estimate (lowest cost) and a pessimstic estimate
(highest cost). These estimates are assumed to correspond
to the beta distribution which-—may - be—normal—or ——skeweds
With the three estimates made, a mean and variance for the

cost element can be calculated as

E(C:E) =L+4b64+H AR L I I T R O N Y S (24)

Var (Ci) = (H - L)? ceeenes ceeeen ceesereannan . (25)
where E(Ci)

and

6
expected cost for element i

L = lowest cost
M = modal value of cost distribution
H = highest cost

Var(Ci)= Variance of element i

From the central 1limit theorem, if several elements are
estimated in this way, and are assumed to be independent of
each other and are added together, the distribution of the

total cost is approximately normal. And the following hold:

i.e.
E(C) =E (C1) + E(C2) + «ve. + E (C) eeeeevnnnnnnn. (26)
and_.
Var (Cr) = Var(C1) + Var (C2) + ....+ Var (Cn) ......... (27)
Where E(CT) = expected total cost
var (Cp) = Variance of total cost; and

n = 4

By this method the upper limit (the pessimistic wvalue)

of the expected costs for a design could be known and
probability boundaries can be established. The central
limit theorem, however, requires the condition of
having mutually independent fandom variables, but costs

from within an organization are seldom independent.



2.2.1.7 PARAMETERIC ESTIMATION MODEL OF O'HARA, T.A. (1978)

This model [13] summarizes capital and operating costs in a
series of <cost curves for open-pit, underground and
beneficiation. The concept behind these curves 1is that a
major variable affecting all items of capital costs,
revenues, and operating costs is the daily tonnage of ore
treated by the process plant. Estimates are better prepared
if items such as site preparation, pre-production stripping,
and equipment are handled separately. These are later
modified for other variables such as the type of overburden,
the characteristics of the topography or the relationship
between the truck fleet and shovel size. The system
provides a quick method for conceptual capital and operating

costs.

Another example of parametric estimating is a major study
made by STRAAM Engineering ([13] for the US Department of
Interior, Bureau of Mines in December, 1987. The objective
is a preliminary financial analysis to evaluate the

economics of mineral resources.

2.2.1.8. FACTOR METHOD

The factor method is a detailed method which determines the

estimates by summing the product of several quantities, i.e.



n —
c=lce+ZFice|(FT + 1) .. ............ (28)
i=1
where
¢ = cost of design being evaluated

Ce = cost of selected major equipment

Fi = factor for estimating actual work

F1 = factor for estimating indirect expenses such as

engineering, contractor's profit, and contingency

i=1, ...., n, i.e. factor index.

The factors Fi and F1 3re estimated by historical, measured

or policy methods of information. The factor method
achieves improved accuracy by adopting separate factors for

different cost items.

A typical example of this method for cost estimation in the
mining industry has been provided in the Mular Volume
(1982), which is included in the CIMM volume on Mining and
Mineral Processing Equipment Cost Estimation [13]. To use

the Mular Volume, specific items of equipment are made. The

estimator then refers to the cost curves for estimates of
capital costs which vary by capacity or size of the
individual piece of equipment. Corrections are made for
physical variables or characteristics of the feed material.
The costs curves result in an estimate of purchased
equipment costs. Factors are then used to convert the

initial estimate of equipment into an estimate of the entire

operation.
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Other reference manual systems available for estimation of
capital expenditure in building construction that are also
applied to mining, based on the factor method, are:
1. The data for estimation of systems costs provided
by the Cost Information Systems Divisions of
McGraw Hill (McGraw Hill, 1983).
2. The cost estimation manuals provided by the R.S.

Means Co. Inc. (Means, 1983).

2.2.1.9. POWER LAW AND SIZING MODEL

This model is a detailed method which is applied to designs

varying in size but similar in type. The model is given as

M
C = cCr L%%% ............................ (29)

where C = total value for design size, Qc (being estimated)
Cr = known cost for a reference size Qr
Qc = design size
Qr = reference design size
M = correcting exponent, 0,< m < 1

The determination of M is important in the use of this
model. Methods of curvilinear regression and rectification
(29) based on historical and manufacturer's data are used.
For chemical and other engineering processing equipment, M
is approximately 0.6. The model can be altered to consider
changes in price due to inflation or deflation and effects

independent of size, i.e.

QoM _Ic + c,
c - or (Qr) i PP PPPPP (30)
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C1 is a constant cost; if the statistical analysis assumes
constant dollars, then the index ratio Ic/Ir is used for
increases or decreases for inflation or deflation effects.
The model is usually applicable to situations where
Qr<Qc>10Qr ----==------=----------cosssseoos (31)
In the application of this model to mining, Jarpa, S.G. (30]
developed the exponential rule model. The exponential rule
states that the costs of similar equipment or operation are
directly proportional to their capacity or size raised to an
exponent "X", whose value is usually less than 1. [This
correlation was developed with the aid of a computer library
programme at the Pennsylavania State Universityl.

Mathematically, it is expressed as

FIC = 8. B¥ ittt eeseeronanscseasson (32)
where
FIC = fixed investments cost
A = capacity of equipment
a = constant for the type of equipment involved

For two units of the same type of equipment (e.g. trucks)
but of different capacities (e.g. A and B), equation (32)

becomes
(B/A)X or

FICg / FICp

FICy FICa (B/A)X
In the case of an open-pit mining operation, the cost

centres can be defined as drilling, blasting, loading,
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hauling, earthmoving, and processing. For capital
investments in these areas, the toal FIC will be given by
FIC (TOTAL) = FIC [DRILLS + TRACTORS + BLASTING EQUIPMENT +

PROCESSING EQUIPMENT] --- (34)

From equations (32) and (34 ), it can be stated that
Total Capital FIC = K FIC [Drills + Shovels + trucks +
tractors + processing equipment] -- (35)

since no major equipment is involved in blasting.

From the parameters defined in equation (32) for each class
of equipment and according to equation (35), one can
determine the total capital fixed investment cost for a

proiect of certain production capacity.

The use of any of these methods for preliminary and detailed
cost estimates in project evaluation depends on:

1. The availability of computer facilities which
facilitates the use of many of the models
described above;

2. Management's confidence in the methods;

3. Accuracy required for estimates;

4. Technical expertise and the amount of project
funds management can commit into the estimation
process; and

5. a host of other factors that may be typical of

specific projects in specific conditions

However, for accurate designs and effective budgeting, it is

expedient that managements of mining ventures in current and
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future economic conditions give special consideration to

this subject.

2.3 COST AND REVENUE FORECAST

Forecasts are of two types =- business and technical.
Business forecasting comprises the prediction of market
demands, prices of material, cost conversion and
availability and cost of labour. Technical forecasting is a
logical analysis that leads to quantitative conclusion about

the future engineering qualities and properties [29].

The application of time series, single and multiple linear
regression, correlation and graphical analysis, curvilinear
regression and rectification are the principal statistical
techniques used to uncover the relationships that exist for
products, production costs, prices, sales and technology, in
forecasting. Other methods used are the Moving Averages and
Smoothing which invlove a éonsideration of time and
fluctuations that occur during these periods, and Cost
Indexes, which are useful adjustments that permit estimating

over long periods of time. [291.

2.3.1 COST INDEXES

Cost indexes [7,28] provide comparison of cost or price
changes from year to year for a fixed quantity of goods or
services. They permit the estimator a means to forecast the

cost of a similar design from the past to the present or
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future period without going through detailed costing. A
cost index is a dimensionless number for a given year
showing the cost at that time relative to a certain base

year. Mathematically, it is expressed as:

cC = Cr _%% ‘ Ceeeeceee s ... (36)
where C = present cost [dollars];
Cr = original reference cost [dollars];
Ic = index value at present time;
Ir = index value at time reference cost was obtained.

Construction of cost indexes is based on parameters like
wholesale prices, retail ©prices, wages or volume of
production, proportion of labour to materials, etc. The
index selected to upgrade the estimate should consider the
design, region, elements of the index, and the individual
elements indicated in the original estimate.

A simple cost index relative to/items is given by Z_n

Ic (C11/Cgq) + (C12/Cg2) + ..... + (C1n/Copn) «veeen- (37)

n .
where 71,= cost of the nth item for the first year. Year
zero is the base year
when one or more items are considered more important, the

weighted approach is used, i.e.

Ic = W1(C11/Co1) + W2 (Cq1p/cp2) +....+ Wn(Cqy/Con) ..... (38)
Wqy + Wy + .... + Wn

While the formulas are simple enough, determination of

engineering indexes bears little resemblance because of the

variety, number, and complications involved.

!
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In its application to mining, forecasting requires that an
estimate of all geologic, mining, mineralogic and

metallurgical variables in the venture be determined.

A proper costs and revenue forecast demands that inflation
and escalation be taken into account to give a realistic
picture of the analysis. To handle the effects of inflation
and escalation of costs and revenues, the following

prediction schemes were recommended by Krum, G.L. [31].

1. ACTUAL DOLLAR ANALYSES - AD & AT TECHNIQUES

Under the AD system, costs and revenues are allowed to

change by adjustment with the appropriate price index, or

historical data. This results in a cash flow stream in
dollars current to the year of production. However, a
future return current dollars does not reflect the

equivalent buying power of the dollar wused for the initial
mining investment. This led to the development of the AT
fmethod, which uses discrete annual cash flows that are in
iconstant base dollars, like that of the intial expenditure
iyear. This means that a dollar return at the end of the
property's life is adjusted to the same average wholesale

purchasing power as a dollar at the time of initial

investment.

The base, or AD model, was further modified to reflect

possible evaluation schemes discfibed below:
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2. CONSTANT DOLLAR (CD)

This scheme has all prices and costs fixed at their start of
production value. Future capital expenditures are estimated
at their start of producﬁlon costs. Revenue is essentially
constant except for natural increases in mining costs as the
production area moves outwards and hence increases haulage

distances, etc.

3. FORECAST DOLLAR (FD)

This relies on existing models to predict metal prices and
costs for use in the cash flow analysis. various operating
cost centres and metal prices are predicted using one of the
following schenes. The scheme used depends on the costs
characteristics, information available and the suitability
of the methods to the evaluator. The models available are:
(i) Linear regression on historical metal prices and
costs.
(ii) Inflation percentages applied to metal prices and
costs;
(iii) Auto Regressive Integrated Moving Average (ARIMA)
operating costs; and

(iv) Stopping the clock method;

In the event that any increasing regression estimate 1is
lower than the actual cost known by the evaluator at the
start of production then that item's cost is held constant

until it is exceeded by the estimate.

>

S
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4. INFLATED DOLLAR (ID)

For this scheme the average annual change in the wholesale
price index for all commodities is computed for a time
period in the past (e.g. 10 years). This average inflation
rate is used to predict future events and metal prices.
This model is the idea behind the constant dollar method in
that all costs and revenues will 1increase together.
However, the results are different under each method. For
the inflated scheme, the prices in the CD model are inflated
by (1+R)D to the year incurred; where n = the year incurred,

and R = the rate of inflation.

5. REGRESSION DOLLAR (RD)

This is the same as the forecast scheme except that metal
prices are also forecast by a linear regression line. If
the estimate is lower than the actual price at the start of
production, the initial figure is held constant until the
estimated price is reached or exceeded. If a decreasing
regressive estimate occurs, the model is allowed to follow

the regressive line.

2.4 PROJECT DECISION CRITERIA

Current practice in economic evaluation combines a list of
criteria for decision making with sensitivity and risk

analyses to provide a basis for the selection of investment
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alternatives. The fundamental objective underlying all
quantitative techniques is to maximize the net present value
of the firm or the after-tax earnings/share for

stockholders.

Other criteria may be required when the investor or host is
a government. Concepts such as cost/benefit ratio and
retained value are designed to reflect governmental
objectives to maximize foreign exchange or to measure
benefits and costs not included in the usual investment for
private capital. 1In some cases employment, the acquisition
of new technology or management expertise, market
connections or new infrastructure may Dbe important
objectives. In such a case the criteria selected for
evaluation will include measures beyond those accepted for

private capital decision making (321.

In most cases, the decision maker is faced with the problem
of assessing the economic viability of projects which fall

under one of the following categories:

1. Accept - reject
2. Ranking, and
3. Choosing between exclusive projects

various methods exist to help the decision-maker in the
solution of this problem. The Net Present Value (NPV) and
the Discounted Cash flow Rate of Interest (DCFROI) are
usually used ([33]. Many of the methods are based on some

averaging concepts and these inevitably lead to incorrect
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investment economic decisions in certain situations.
However, it is important for investment analysts to
understand the basis for the various after-tax investment
economic decision methods, the economic environments, the
project characteristics and other factors that affect the
project evaluation, so that the best overall investment

decision method could be selected.

2.4.1 THE NET PRESENT VALUE (NPV)

This is a discounted cash flow method that establishes the
present value of all cash flows from a project after they
have been discounted at the required rate of return. It is
also the difference between the present value of positive
cash flows and the present value of negative cash flows
after being discounted by the required discount rate [7,281.

Mathematically, it is expressed as:

N
NPV = :E ‘CFi + 3 (39)
i=0 (1+DR) 1 (1+DR) D

where L Salvage value at the end of project life;
N = Total project life (from investment period to the
end of operation);
CFi = Cash flow for the ith year; and

DR = Discount rate

2.4.2 DISCOUNTED CASH FLOW RATE OF INTEREST (DCFROI)

'

It is the discounted rate that makes the present worth of

cash flows for an investment (including salvage value) equal
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to the present worth of all after-tax investments; i.e. NPV

=0 [7,28); Thus, if, the following holds, i.e.

N
NPV = CFi o+ L =0 -
:EE (1+DR) 1 (1+DR)N
i=0

then DR = DCFROI ...iicvennnncnnnnneea. (40)

A critical analysis of the relative merits and demerits of

the two decision criteria [28,34] revealed that

1) In the use of the DCFROI, the solution rate cannot
be computed quickly since it is the solution of a
polynomial equation. Thus, if the 1life of the

project is T years, the problem is to find i in

the equation

B1 + B2 ..., + BT = KO  ceeeeee (41)
1+1i (1+1) 2 (1+D)T

The solution is not an obvious one. The usual approach is
to proceed in an 'iterative' process, guessing at the likely
rate. Various rates are entered into the equation until the

two sides of the equation are equal [7].

2) In using the DCFROI to compare mutually exclusive
projects, the best project is not necessarily the
one with the higﬁgf;‘ value. Considering the 2
projects X and/%%iégg; with a life of 10 years, it
could be easily seen that on the DCFROI rule X is

preferred but Y is the better project. _ « WSV

A -4 &T¢>\ s %’ !

e, f L0



- 64 -

PROJECT COST PROFIT DCFROI NPV _at 8%
X 1 0.2 15% 0.34
Y 2 0.36 12% 0.42
Y-X 1 0.16 9% -

It is a misleading concept here since it discriminates

against Y with a high capital outlay. The best procedure

therefore under such conditions is to calculate the DCFROI

on the hypothetical project Y¥Y-X, which yields a value of 9%

> 8%, the subjective rate.

3)

4)

where projects with different economic lives are
being considered, the DCFROI approach will
possibly inflate the desirability of a short-life
project. The criterion is a function of both time
periods involved and the size of capital outlay.
NPV on the other hand, is not affected by absolute
magnitudes of outlay and time periods.

The DCFROI criterion tends to be lower for
projects with long gestation periods (i.e.
projects which do not vield profits unfil after
many years). This occurs when compared to
projects with a fairly even distribution of
benefits over time, even though the NPV of the
formex may be higher. The DCFROI gives high
ranking to projects which bunch the benefits into
the early part of theif economic lives relative to

other projects.
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5) The DCFROI can be adjusted easily to handle risk
factors and still appears as a single factor. The
NPV criterion on the other hand, may require that
a range of NPVs be indicated. These should
correspond to the range of probabilities which
vield complex results not easily understood and
handled by management.

6) Since the DCFROI is the solution to a polynomial
equation, the set of polynomial equation with "n"
degrees will yield n roots. Clearly, if a project
has two solutions, e.g. 10% and 15%, and the
social discount rate is 12%, there appears to be
no clear-cut criterion for acceptance or
rejection. This situation rules out the use of

DCFROI as a decision criterion [7].

Besides the NPV and DCFROI, the following criteria are also

used in decision making [7,281]:

2.4.3 NET ANNUAL VALUE (NAV)

This is the difference between the egqguivalent annual cash
flow and the equivalent annual investment. This method
correctly considers the time value of money and consistently
leads to the correct choice of equal life projects.
However, it is not easily applied to projects with unequal

life.
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2.4.4 NET FUTURE VALUE (NFV)

This is the difference between the future worth of cash
flows and the future worth of investments. The time value
of money is éorrectly' handled and it also leads to the
correct decision making comparison of either equal or

unequal life projects.

2.4.5 PROFITABILITY INDEX (PI)

This is the ratio of the present value of positive cash
flows to the present value of negative cash flows. Thus a

PI > 1 indicates a profitable venture.

2.4.6 PAYBACK PERIOD (PBP)

It is the amount of time (years) required for the
undiscounted cash flows from the project to return the
initial investment of the firm (from start of production).
It does not take into consideration the time value of money,
and the remaining life of the mine after the payback period

[7]. Mathematically, it is expressed as:

M
2 i = ’
1= CFi = ITT vevevnenns e ceeee.. (42)
where ITI = the initial total investment
m = payback period
CFi = cash flow for the ith year
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