Synopsis

Traditional project evaluation methods for estimating operating costs of
mining projects mostly produce static and over-conservative evaluations. In
this study, a systematic model for managing the economic risk of the
operating costs for an ongoing ‘supercave’ project, the Chuquicamata
Underground Project, is presented. Key cost generators are identified, and
their inherent variability is characterized based on a similar underground
operation and expert judgment. Using Monte Carlo simulations, variability is
factored into the evaluation, and the economic risk associated with each
variable is quantified, after which the simulated data is used to identify the
underlying risk, as well as mitigating actions and opportunities. The
methodology can serve to identify how variability may impact the value of
the project and how mitigation actions could decrease the present value of
the estimated operating cost of the project by more than 10%. As a result of
the analysis, the project managers became aware that labour and energy
costs are the major contributors from a risk-value perspective, and
mitigating actions such as construction of a power plant and
implementation of a well-designed labour productivity incentive plan could
be justified with a reduction of the overall risk value of the project.
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Introduction

generally defined as scoping, prefeasibility,
feasibility, engineering design, and site
construction and mine development (SME,

the preceding one, therefore reducing the
on this information, the key variables of the

economic evaluation to be developed for the
future mining operation.

Any economic decision during the
development of a mining project must take
into account its projected financial impact.
Assuming the project has been correctly

levels and recoveries, income may be
considered an exogenous variable depending

effort is focused on correct cost projections
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The development of a large-scale underground
mining operation, from initial discovery of the

orebody to first production, takes several years
and moves through different stages. These are

2011). Each stage deals with more detail than
levels of uncertainty (Tulcanaza, 2014). Based

project are estimated, which allows for a global

designed and achieves the expected production

on metal prices. In such a scenario, most of the
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associated with mining design, which will
determine the final cash flow of the project.
The overall cost of a mining operation is
usually divided into capital and operating
costs. Capital costs refer to the investment
required for the design and implementation of
the operation, and are incurred primarily
during the early years of the project. In
contrast, operating costs relate to expenses
associated with all the unit processes that
enable mineral production, from orebody
characterization to extraction of the ore and
subsequent processing throughout the life of
the mine (LoM). These operating costs will
depend on both internal and external project
variables. The former relate to the particular
circumstances and requirements of the
operation and the latter to market conditions
and commodity prices.

One major problem that any mining project
confronts is that economic evaluations,
especially in their early stages, do not identify
the major risk factors associated with cost
drivers. A detailed feasibility study may
contain thousands of cost items and activities,
making it quite difficult to extract key cost
drivers from the data-set. This usually leads to
projects underperforming due to higher
operating costs and lower performance
indicators than expected (Mackenzie, 2007).
Indeed, almost 70% of mining megaprojects
fail to meet at least one of their estimated key
success criteria (Merrow, 2011).

In recent years, operating costs in the
mining industry have become a critical issue
due to their substantial rise in relation to total
spending (Perez-Oportus, 2008).
Consequently, uncertainty and possible risks
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related to varying operating costs during the LoM should be
considered as relevant factors. Risk analysis techniques
based on Monte Carlo simulation, such as Quantitative Risk
Analysis (ORA), offer a more appropriate path than
traditional evaluation methods for understanding the
responses and robustness of a project. This is especially the
case given the time-frame and the intrinsic uncertainty
related to the estimation variables (Merrow, 2014;
Heuberger, 1995; Chinbat and Takakuwa, 2009; Brown,
2012). Unlike traditional methods that incorporate
uncertainty as a percentage of total expenditure, using factors
such as 'contingency’ or 'overall expenses’, ORA relies on
stochastic modelling and simulation of the key project
variables to calculate the combined impact of the model’s
various uncertainties in order to create a probability
distribution of the possible model outcomes.

The need to understand the causes and sources of risk in
the mining industry drives the combination of expert
judgment analysis with quantitative methods. This will allow
the company to quantify increasing levels of uncertainty and
help it to understand potential project responses to the range
of possible variations and future conditions (Summers,
2000).

The method applied in this paper includes a systematic
risk management approach, combining quantitative and
qualitative analysis, to identify the main sources of risk and
propose risk mitigation alternatives. The method has been
applied only to the Chuquicamata Underground Mine Project,
an ongoing operation in the north of Chile and state-owned
through Codelco. To preserve confidentiality of the data, all
cost values have been anonymized by multiplying them by a
factor.

The results show that the operating economic risk of the
project relates to just a few of its cost generators. Risk can be

managed by introducing specific risk mitigation alternatives
that target these generators, thus reducing uncertainty and
even improving the expected economic value of the project.

Objective

The objective of the study was to develop a method to
estimate the associated economic risk of operational costs for
the Chuquicamata Underground Mine Project (CUMP). To that
end, the main cost drivers are identified, their variability is
characterized, and the impact on the project in several
scenarios is simulated to estimate the value that they provide.
The proposed methodology is summarized in Figure 1.

Chuquicamata Underground Mine Project cost
description

Chuquicamata has been operating as an open pit since 1915,
and is being transitioned to an underground project, starting
as a four-panel macro-block caving operation. The project is
designed to operate at a production rate of 140 kt/d over a
life of 40 years, with a 7-year ramp-up, 28 years of steady-
state production, and a 5-year ramp-down, with an initial 10
years of development. This will turn it into a so-called
‘supercave’ and one of the largest underground operations in
the world (Chitombo, 2010). The project is now entering the
detailed engineering stage, with production expected to start
in 2019. Figure 2 shows a basic schematic diagram of the
mine operation.

The data used for the analysis is based on initial cost
estimations for the feasibility study, including development
and production schedules, and all technical and economic
parameters considered for the economic evaluation
throughout the LoM (2019-2058). Present values of all
operating costs of the project add up to US$2.582 billion
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Figure 2—Simplified schematic layout of the Chuquicamata Underground Project operation

» 280 MARCH 2018 VOLUME 118

The Journal of the Southern African Institute of Mining and Metallurgy



A structured key cost analysis methodology to identify value-contributing activities

(2014 US$, 8% discount rate), and are divided into two main
activities: mine development and production costs. Each
activity contains multiple sub-activities, which are further
divided into elements of expenditure.

Mine development costs include all expenses related to
the construction of the mining facility and supporting
infrastructure. The current estimate for the present value of
the cost of this activity reaches US$844 million, representing
30% of the total operating cost of the project. Development
costs consist of 10 sub-activities and seven elements of
expenditure, with a total of 67 cost items.

Production costs, on the other hand, include the expenses
of all unit operations involved in the actual extraction of the
orebody, including additional activities or services required to
fulfil the mine production schedule. The current estimate for
the present value of the cost of this activity is $1.738 billion,
which represents the remaining 70% of total operating costs.
Production costs consist of 13 sub-activities and six elements
of expenditure, with a total of 84 cost items. Table I
summarizes the structure of the CUMP operating costs.

Systematic cost analysis

Identification of main elements of costs

As above, there are 151 cost items (67 from development, 84
from production) categorized as activity-sub-activity-element
of expenditure. The evaluation compared the different cost
items according to their net present value of costs (NPVC).
Considering the horizon of the project (40+ years), this
alternative outweighs other available options, for example
comparing the items according to their added nominal value.
Using a discount rate accounts for the effect of time as part of

Table |
Operational cost structure of CUMP

Activity Sub-activity Element of expenditure
Development | Caving level Labour
Production level Operation materials
Ventilation Injection level Maintenance and repair
materials

Ventilation suction Level Supplies (diesel and water)
Transfer level Energy

Crushing level Contractors

Intermediate transport level | Depreciation

General Infrastructure
Administration
General expenses

Production Extraction Labour
Reduction Operation materials
Transfer Maintenance and repair
materials
Crushing Supplies (diesel and water)
Intermediate transport Energy

Level transport Contractors
Main transport

Ventilation

Mine services

Damaged areas repair work
Administration

ICO

Production support services
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the expenditure evaluation, resulting in a more realistic
comparison. The NPVC of a cost item is calculated by
summing all the discounted expenses of that item throughout
the LoM:

LoM .
NPVC; = Z —Expenses,"’ [1]

j=0 (1+6)/

where

NPV Net present value of cost (7)

LoM Life of mine

Expenses;;  Expense of cost 7 at time j

1) Anual discount rate

The study uses 2014 as the initial year for the evaluation
and an annual discount rate 6 of 8%. The total net present
value of the operating costs of the project is calculated by
summing the NPVCs of all cost items.

The most relevant cost items were determined with the
Pareto principle, ranking and segregating the items that
represent 80% of the total operating cost NPV. From the
analysis, it followed that 30 out of 151 cost items (i.e.,
19.86%) accounted for 80.2% of total expenditure. Out of the
30 cost items identified, eight relate to development activities,
with an NPVC of US$678 million, and the remaining 22 to
production activities, with an NPVC of US$1.394 billion.
Figure 3 illustrates the global proportion represented by each
element of expenditure within these 30 cost items, and
detailed information about them appears in Appendix A.

Identification and categorization of cost drivers

The relevant cost items identified in the previous section are
analysed to isolate their specific cost generators. These cost
generators are divided into three categories: input prices (IP),
consumptions intensities (CI), and production and
development requirements (PDR). The total expense (TE) of
each cost item identified in the previous section, during any
period of the evaluation, can thus be written as a
combination of these variables:

us us
E [ '$d] - IP[ $] *
perio unit 2]

unit ton v m?
Cl [—] * PDR |————
ton or m? period

Others

7%

Contractors

10%

Labour
4%

Maintenance &
Repair
Materials
14%

Operation
Materials

15%

Energy
20%

Figure 3—Proportion of elements of expenditure that represent 80% of
the total expenditure of the project
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Cost variability modelling

Once the main operating cost generators have been identified,
their variability needs to be understood and characterized.
The methodology applied to estimate such variability for
elements of each cost category is explained below for each
cost item.

Unit market prices

Market prices represent the price per unit of consumption of
the inputs of each cost item. The inputs included as part of
the CUMP case study (and which represent the main inputs
of almost any underground mining project) are energy, steel,
concrete, diesel, explosives, and labour. The unit prices were
modelled using a time-spatial variogram correlation to
incorporate the increment in value uncertainness as time
projection increases. By incorporating initial prices used in
the feasibility stage of the project plus market projections and
their historical variability, different scenarios can be
projected. Appendix B presents the methodology used to
model the input prices.

Consumption intensities

This category considers consumption rate of supplies per
square metre developed or ton produced, depending on the
activity in question. Consumption intensities will be related to
the elements of expenditure of each activity, in this case
labour, materials, supplies, energy, and contractors. We
modelled the intensities by combining the initial estimations
used in the feasibility stage of the project with the variability
observed in a real operation in a similar block caving
underground mine, Codelco’s El Teniente, the only
underground operation in Chile comparable in size to CUMP.
Appendix C shows the methodology used to model the
consumption intensities.

Production and development requirements

These requirements represent the number of square metres
that will be developed and the tons that will be produced in
each period of mine life. Production is considered as fixed
input; therefore any value risk assessment ignores variations
in production at this stage.

Cost variation along the LoM using Monte Carlo
simulations
The total information is combined in an application that

allows estimation of the economic performance of the project
under different scenarios. Simulations are conducted using
the @Risk software by Palisade with N=10 000 iterations.
The operational cost structure proposed in the feasibility
stage is used as a basis for the analyses, as well as the
models and correlation matrices defined in the cost
generators modelling section. A detailed simulation input
table appears in Appendix D. The main output of the
simulation is a distribution function of the present value of
the operating costs of the project during the LoM. Figure 4
shows the obtained probability distribution function.

Model results

The simulated NPV of the operational costs ranges from
US$2.351 billion to US$2.829 billion, with a mean value of
US$2.582 billion and a standard deviation of US$65.9
million. The estimated mean value of US$2.582 billion
matches the value estimated for the base case scenario, since
the base estimations were used as the mean values for the
input variables. Figure 4 shows that the operational cost
variability can impact the NPV of the operational costs of the
project by up to 10%, or US$250 million.

Risk assessment and quantification

To identify the major cost/risk sources of the project,
‘unacceptable’ scenarios are defined and economic risk is
calculated as the difference between their mean value and the
base estimation. Subsequently, the elements of expenditure
are ranked according to their contribution to total economic
risk. For the CUMP case study, the top 5% of simulated
scenarios, Z.e., scenarios in which the present value of the
operational cost exceeds US$2.692 billion, are dismissed as
unacceptable. The mean present value of these scenarios is
US$2.72 billion, resulting in a total economic risk of US$138
million. Figure 5 shows the average contribution of each
element of expenditure to the calculated economic risk.

As appears in Figure 5, the most relevant risk sources are
energy and labour, which together account for 70% of the
total risk value. Any risk mitigation efforts should thus focus
on these elements of expenditure. Also, contrasting these
results with Figure 3 suggests that economic risk is not
always proportional to total expenditure. Indeed, energy and
labour represent 55% of total expenditure, but make up 70%
of the total risk value. Operational materials and maintenance
and repair materials represent 29% of total expenditure, but
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Figure 4—Probability distribution function for operating cost of the Chuquicamata Underground Project
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Figure 5—Average contribution (in %) of elements of expenditure
associated with the economic risk of the project

their contribution to total risk value is 23%. This illustrates
the necessity for each of the elements of expenditure to be
analysed independently.

To suggest any mitigation effort in the CUMP, it was
necessary to understand how risk is distributed among the
labour- and energy-related cost items. Using the same set of
‘unacceptable’ scenarios, the economic risk of the cost items
was quantified as the difference between their mean present
value under these scenarios and the base case estimation.
The resulting economic risk for the energy and labour cost
items appears in Tables II and III, respectively.

In Table II it can be seen that energy-related economic
risk is heavily skewed toward two production sub-activities:
main transport and ventilation. Together, these two factors
account for more than 80% of the total energy-related risk.

In contrast, Table III shows that labour cost risk value is
related to 11 sub-activities, and is more evenly distributed
among them than is the case with energy.

Risk management analysis

Having identified labour and energy as main risk sources and
calculated their economic risk value, we proceed to evaluate
risk control alternatives. It is essential to fully understand the
cost structure of the items related to these elements of
expenditure, so that risk mitigation alternatives that target
these specific cost generators can be proposed.

Energy cost items

The total energy expenditure (TEE) per year for the cost
items in Table IV emerges from energy price (EP), energy
consumption intensity (ECI), and the requirements of the
production and development plan for that year as shown in
Equation [3].

e [USS] _ o p[ USS
year| MWh [3]

[ton 01*m2]
R W e
year
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eomorma]”
ton or m?2

Energy price

In the CUMP feasibility study evaluation, the energy price
(EP) has a fixed value throughout the entire LoM. In reality,
the EP is not static since it depends on electricity market
conditions (which are external to the project and vary over
time). However, there are various alternatives that will allow
us to manage the uncertainty related to this cost generator.
The first alternative would be to establish electricity supply
contracts (so-called ‘power purchase agreements’, or PPAs)
with one or more energy companies. This would fix a price
for the power purchased throughout the LoM and allow the
mine to eliminate uncertainty relating to energy price
variability. However, the real economic impact of this

Table Il

The present value of the economic risk calculated
for the four energy-related sub-activities

Activity Sub-activity Element of RPV
expenditure | (US$ million)

Development Production level Energy 5.1

Production Level transport Energy 3.7

Production Main transport Energy 28.2

Production Ventilation Energy 16.4

Total 53.4

Table Il

Present value of the economic risk of labour-
related sub-activities

Activity Sub-activity Element of RPV
expenditure | (US$ million)
Development Caving level Labour 7.3
Development Production level Labour 6.2
Production Extraction Labour 4.9
Production Reduction Labour 4.2
Production Transfer Labour 3.3
Production Crushing Labour 25
Production Intermediate transport Labour 23
Production Mine services Labour 1.7
Production Damaged areas repair work Labour 1.5
Production Administration Labour 6.4
Production ICO Labour 2.6
Total 43.4

Table IV

Main parameters used for the solar photovoltaic
plant evaluation. (Parameters consider all
expenses related to the construction and operation
of the plant, and were estimated using information
provided by energy consulting firms)

Solar PV average cost and parameters

Investment cost US$/kW 2000

Fixed O&M cost US$/MWh 13.3

Life Years 20

Capacity factor % 35
VOLUME 118 MARCH 2018 283 4
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alternative remains unclear, since it will depend on the
difference between the price set by the contract and the future
spot prices traded on the electricity market, which is usually
addressed by market options valorization and is beyond the
objective of the present study. A more suitable approach is to
value the incorporation of a power plant, which could supply
the project with at least some of its energy requirements.
Developing a power plant for a mining operation is not a new
concept in the mining industry. Some Chilean operations, like
the Pelambres and Escondida mines, are already opting for
this alternative. Considering the location of CUMP (the
Atacama Desert) and the energy projects currently being
developed in that region, the logical choice would be a power
plant based on photovoltaic (PV) solar energy. The
parameters used for the analysis of this alternative have been
estimated using information provided by energy consulting
firms for similar solar PV projects, and are outlined in

Table IV.

For the purposes of evaluation, it is assumed the
processing plant is commissioned in 2017 and begins
operating in 2019, together with CUMP. The capacity of the
plant will depend on the initial investment, which we assume
will match the value of risk determined in the previous
section for this element of expenditure (US$67.2 million in
2017). This will result in an installed capacity of 33.66 MW,
capable of generating approximately 103 GWh per year. The
impact on the project value is assumed as a consequent
reduction in energy cost variability. By including this
alternative within a new simulation model, we obtain a new
probability distribution function for the operating cost NPV,
shown in Figure 6.

According to the results, the proposed plant significantly
impacts the energy-related economic risk, reducing it by
20.9%. Additionally, the mean present value of the operating
cost of the project decreases by US$16 million. Given these
positive results, we consider the proposed solar PV plant a
good alternative for managing the energy-related economic
risk.

Energy consumption intensity
The second factor contributing to the TEE is energy

consumption intensity, which represents the energy
consumed by each sub-activity per square metre developed or
ton processed. This value will depend on variables such as
equipment installed, operational conditions, characteristics of
the mineral being processed, specific requirements of the
processes involved in each sub-activity, and more, meaning
its inherent variability is complicated to manage. An
alternative for controlling the economic impact of this cost
generator is to improve the efficiency of the required
equipment, which will result in reduced overall energy
consumption and, therefore, less uncertainty. To achieve this,
we need to focus on the most relevant energy-related sub-
activities for this case study: main transport and ventilation.

The CUMP main transport system consists of several
conveyor belts carrying the mined material from extraction
points to the processing plant located at surface level. The
idea of conveyor energy efficiency has been adopted in the
mining industry and successfully applied in practice.
Conveyor efficiency can be improved at four levels:
performance, operation, equipment, and technology (Zang
and Xia, 2011). Since the CUMP transport system has not
been constructed yet, any of these levels could potentially be
optimized for decreasing its energy consumption. This is
particularly noteworthy given that a 10% reduction in the
energy consumption of the CUMP conveyors would decrease
the present value of the project operating costs by US$25
million, and the energy risk would fall by 6%.

The CUMP ventilation system provides fresh air to
underground operations through multiple main and auxiliary
fans that run on electricity. Many recent studies have shown
that mine ventilation energy efficiency can be improved by
optimizing the traditional technical and operational
conditions of fan systems (Pritchard, 2009). New
technologies such as variable speed drives, composite
materials, and ‘hermit crab’ techniques have proved feasible
and cost-effective alternatives for this purpose (Belle, 2008).
These technologies will be evaluated in the next stage of the
project. A 10% reduction in the ventilation energy
consumption would decrease the present value of project
operating costs by US$13 million and reduce the energy
economic risk by 3.2%.
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Figure 6 —Probability distribution function for the operating cost NPV of the project with the alternative of a solar PV plant
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Labour cost items

The total labour expenditure (TLE) per year for each labour
activity in Table V is the product of labour price (LP), labour
consumption intensity (LCI), and the production and
development requirements for that year.

US$ US$
LS year =ER employee E
[4]
employee ton or m?
Ler [ poR |
ton or m? period
Labour price

Labour price, or salary, represents the remuneration paid to
employees in return for their work. In this case, the LP
estimations are closely related to the market rates for people
performing similar work in similar industries in the same
region, so LP should be considered non-negotiable.
Importantly, research into the evolution of LP in the mining
industry over the last 20 years suggests that a real annual
growth factor exists that is ignored in the CUMP base
estimations (Consejo Minero, 2013). Using historical data
derived from the Chilean mining labour price, it is possible to
model this factor as an independent variable that fits a
lognormal distribution with a mean of 2.61% and a standard
deviation of 1.41%. The variable is included in the model and
new simulations are created, obtaining a new probability
distribution function for the operating cost net present value,
shown in Figure 7.

With the LP real annual growth factor included in the
case study, a mean NPV for the operational costs of the
project of US$2.88 billion - US$298 million above the initial
estimation - is obtained. The standard deviation of the
distribution increases by 27.7% and the labour-related
economic risk value doubles. These results suggest that
annual growth of labour price represents a critical variable for
the project, so it should be considered a major risk source
and included in future evaluations.

Labour consumption intensity

Labour consumption intensity represents the number of
employees needed to develop a square metre or to produce a
ton during the LoM. In the mining industry, this cost
generator is known as productivity, and it can potentially be
managed. Studies show that the Chilean copper mining
productivity index has decreased by more than 30% over the
last 10 years (Keller, 2013). As a result, it is becoming a
crucial topic of discussion, especially if we consider the
relevance of labour costs for the total costs of any mining
project. In the CUMP case study, the LCI for a sub-activity
can be expressed as:

[employee] R, [employee — shift

*

2
ton or m ton or m [5]

[ employee ]
employee — shift

The sub-activity labour requirement factor (SLRF)
represents the specific number of employees per shift that is
needed for each of the sub-activities to operate. The
personnel rotation parameter (PRP) is a fixed value
representing the total number of employees needed for every
employee per shift counted, taking into account the shift
system and an estimated level of leave of absence. Attracting
more highly skilled workers to the project and introducing
new sub-activity-focused technologies can improve the SLRF.
Optimizing shift systems and adopting specific measures to
reduce absenteeism can improve PRP. Recent studies
addressing the matter suggest that the shortage of skilled
labour, at both managerial and operational levels, as well as
the lack of process analysis, are the key factors affecting
mining productivity, suggesting that a perceptible and
significant correlation exists between human resources
management and labour productivity (Huselid, 1995; Koch
and Gunther, 1996; Perez-Oportus, 2008; Thorpe,
O’Callaghan, and Guthridge, 2012). They also prove that
sophisticated human resources planning and investments in
hiring and employee development have an economically and
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Figure 7—Operating cost NPV probability distribution function using historical data from Chilean mining labour prices
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statistically significant impact on labour productivity,
especially in capital-intensive organizations like mining
companies. Based on these findings, the CUMP is evaluating
new investments to improve productivity. Some relevant
measures include the introduction of workshops targeting the
specific industry skill requirements, the development of
results-oriented incentives for workers, the optimization of
current processes regarding projects and operations, and
boosting human resources planning and hiring budgets.
Implementing such measures is critical and will be evaluated
in subsequent project stages, especially considering that a
10% improvement in labour productivity at CUMP would
decrease the presently valued operating costs by US$70
million and further reduce the project’s economic risk value.

Conclusions

A quantitative risk analysis methodology was successfully
developed and executed to characterize and manage the risk
associated with the variability of the key cost generators in
an underground mining project. In the case analysed, the
Chuquicamata Underground Project, the methodology
identifies the main sources of risk related to cost drivers,
helping to focus mitigation plans. Indeed, the results show
that variability can potentially increase the present value of
the estimated operating cost of the project by more than 10%,
with labour and energy being the most relevant risk sources,
comprising almost 70% of the total cost-driven economic risk.

After further data analysis, it was possible to discern that
energy cost uncertainty arises from only two main activities,
ventilation and main transport. In contrast, labour cost risk
value is more homogenously distributed, and focusing on a
few activities is difficult. Risk mitigation in the case of energy
can be addressed by incorporation of a power plant to meet
the energy demands of the project, and optimization of the
conveyor and ventilation systems to increase energy
efficiency. In the case of the labour cost item, mitigation
requires a general focus on productivity, organizational
structure, and appropriate incentives.

The method enables the most relevant cost items with the
highest impact on risk value to be recognized during the early
stages of a project. As result, management can focus time and
effort on controlling the variables that matter.

The proposed risk analysis approach can be effectively
applied to the operating cost structure of any underground
mining project in order to identify its risk sources and assist
in the decision-making process during the early stages of
project evaluation.
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Appendix A—Pareto analysis
Table A1: Cost items and the net present value of their cost for 30 of 151 cost items that represent 80% of the
total operational expenditure, from Pareto analysis
N Activity Sub-activity Element of expenditure NPVC
1 Production Main transport Energy 229.0
2 Development Production level Operation materials 161.9
3 Production Ventilation Energy 130.8
4 Development Caving level Operation materials 116.0
5 Production Crushing Labour 108.2
6 Development Production Level Labour 96.1
7 Production Administration Labour 96.0
8 Development Production level Contractors 91.4
9 Production Extraction Maintenance and repair materials 88.6
10 Production ICO Labour 81.3
11 Development Production level Depreciation 80.7
12 Production Main transport Maintenance and repair materials 76.6
13 Production Extraction Labour 66.6
14 Production Crushing Maintenance and repair materials 63.8
15 Production Intermediate transport Maintenance and repair materials 60.7
16 Production Mine Services Labour 54.5
17 Development Caving Level Labour 47.6
18 Development Caving Level Depreciation 46.1
19 Production Production support services Contractors (mineral handling maint.) 43.9
20 Production Damaged areas repair work Labour 42.4
21 Production Transfer Labour 38.4
22 Development Production Level Energy 37.2
23 Production Damaged areas repair work Operation materials 35.2
24 Production Intermediate transport Labour 31.3
25 Production Reduction Labour 26.8
26 Production Production support services Contractors (closure plan) 25.7
27 Production Production support services Contractors (food service) 251
28 Production Production support services Contractors (building and road maint.) 245
29 Production Extraction Supplies 23.4
30 Production Level transport Energy 21.0
Total 2071
Appendix B—Input price modelling
Table B1: Historical data series (1994-2013) for real prices of inputs considered in the case study
Input Unit 1994 1995 1996 1997 1998
Energy (1) US$/MWh 63.3 59.3 56.0 53.1 46.7
Steel (2) US$/dmt 33.6 31.6 30.9 33.3 35.1
Concrete (3) Index 103.5 103.8 104.3 106.6 112.5
Diesel (4) US$llitre 0.119 0.118 0.142 0.140 0.100
Explosives (5) Index 115.9 115.6 114.6 116.8 118.5
Labour (6) Index 75.4 78.9 82.8 85.2 86.5
Input Unit 1999 2000 2001 2002 2003
Energy US$/MWh 39.9 38.3 36.8 42.0 35.9
Steel US$/dmtu 37.7 34.2 36.2 39.2 38.7
Concrete Index 1145 111.4 113.0 116.5 111.2
Diesel US$/litre 0.141 0.223 0.200 0.207 0.228
Explosives Index 115.3 1038.2 106.4 112.7 113.0
Labour Index 89.3 90.9 91.6 94.3 95.2
Input Unit 2004 2005 2006 2007 2008
Energy US$/MWh 39.9 41.9 53.9 65.5 116.8
Steel US$/dmt 40.1 44.6 741 771 128.9
Concrete Index 109.9 112.6 118.5 117.9 1111
Diesel US$/ litre 0.279 0.383 0.450 0.469 0.593
Explosives Index 115.1 109.6 109.2 106.8 106.1
Labour Index 97.6 98.2 100.0 102.9 104.2
Input Unit 2009 2010 2011 2012 2013
Energy US$/MWh 122.9 102.8 108.1 96.3 90.8
Steel US$/dmt 151.7 82.9 145.9 154.1 119.5
Concrete Index 123.8 114.0 104.9 106.3 108.7
Diesel US$/litre 0.403 0.497 0.600 0.614 0.617
Explosives Index 114.6 102.2 100.3 102.7 108.7
Labour Index 105.8 1117 114.9 117.6 122.6

(1) Chilean National Energy Commission (CNE): Historic Price Data of Chilean Electricity Systems
(2) The World Bank (WB) Commodity Price Data: Iron Ore Spot Real Prices

(3) The Bureau of Labour Statistics (BLS): Producer Price Index Commodities - Concrete Products
(4) The World Bank (WB) Commodity Price Data: Crude Oil Spot Average Real Prices
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(5) The Bureau of Labour Statistics (BLS): Producer Price Index Commodities - Chemical and Allied

Products - Explosives, Propellants and Blasting Accessories
(6) Chilean National Statistics Institute (INE): Real Wage Index
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Appendix B (continued)

Table B2—Reference prices for the inputs considered in the case study and their calculated standard deviations
for the 2015-2030 period

Input Energy Steel Concrete Diesel Explosives Labour
2014 118.2 1421 110 0.60 110 126
2015 7.04 13.60 2.65 0.04 2.64 1.42
2016 11.34 16.20 3.43 0.05 3.51 2.59
2017 14.62 16.10 3.38 0.06 3.63 3.68
2018 17.88 21.20 3.82 0.07 3.39 4.77
2019 20.07 24.60 3.93 0.08 3.06 5.69
2020 21.83 28.20 4.00 0.10 3.52 6.59
2021 23.59 31.60 410 0.12 3.45 7.53
2022 25.07 34.70 410 0.14 3.90 8.47
2023 25.99 36.60 4.20 0.16 416 9.37
2024 26.46 38.70 4.24 0.17 3.46 10.39
2025 26.45 41.40 4.65 0.18 3.67 11.36
2026 26.67 44,23 5.32 0.19 4.66 12.53
2027 26.69 46.86 5.44 0.20 5.69 13.67
2028 26.73 49.88 5.45 0.22 5.84 14.92
2029 26.74 50.75 5.45 0.22 5.85 16.39
2030 26.75 50.80 5.46 0.23 6.28 18.06

Table B3—Correlation matrix between the input prices for the simulation

Input Energy Steel Concrete Diesel Explosives Labour
Energy 1.00 0.90 0.05 0.74 -0.43 0.65
Steel 0.90 1.00 0.16 0.87 -0.55 0.83
Concrete 0.05 0.16 1.00 0.15 —-0.02 0.24
Diesel 0.74 0.87 0.15 1.00 —0.74 0.93
Explosives —-0.43 -0.55 -0.02 -0.74 1.00 -0.69
Labour 0.65 0.83 0.24 0.93 -0.69 1.00
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