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ABSTRACT

With over 30 years of industrial application, SAG milling is a well understood, mature technology
in the mining industry. Despite this, there have recently been several start-ups using SAG
technology which have failed to achieve design throughput as a direct result of poorly selected
equipment. This paper is intended to evaluate the economic cost of these decisions and their impact

on project feasibility/valuation to both operators and investors.

Three different generic mining project models were constructed using data from NI43-101 reports.
Each model was developed into a series of comparison cases to calculate plant performance as
NI43-101 predicted and measured in operation at start-up. Hypothetical solutions to achieve design
tonnage were then developed including: a retrofit of existing equipment, and an appropriate SAG

mill.

This analysis indicates that under-sizing the comminution circuit has a significant impact on the
economic performance of a mine, primarily by limiting throughput. The capital cost savings
achieved by under-sizing are far outweighed by the long term effect on revenue streams. In some
cases, had this information been known to investors, the project may have even been shelved or

cancelled.

Selecting an appropriately sized SAG mill increases overall capital costs, but also significantly
improves project rate of return relative to the undersized case, as it allows for the initial throughput
target to be achieved. This capital cost increase is still much less expensive than the installation of

additional comminution equipment, such as pre-crushing after plant commissioning,.

This paper has found that the under-sizing of a SAG mill has a significant impact on an investor’s
ability to properly evaluate mining project economics. The tools to accurately forecast SAG mill
performance are available, and can be used to design comminution circuits that meet or exceed the

expectations and demands of investors.
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INTRODUCTION

With over 30 years of industrial application, SAG milling should be a well understood, mature
technology in the mining industry. Despite its long history of industrial application, there have
been several recent mineral process plant start-ups utilizing SAG technology which have failed to
achieve design tonnage and/or final grind size, specifically due to the installation of an undersized
SAG mill.

A brief analysis of this frequent undersizing reveals a likely cause: the need to reduce capital costs.
This is certainly a valid goal, and is essential to any successful project. However, when taken to its
extreme, capital cost reduction can compromise the ability of the project to meet its design targets.
AG/SAG mills are often prime targets for this type of cost reduction due to their very high unit cost,
which typically numbers in the tens of millions of dollars per mill, plus engineering, transport,
ancillary equipment and installation costs, which can push the total cost of a grinding circuit well
into the hundreds of millions (CIM, 1998).

This paper is intended to evaluate the economic cost of such extreme capital reductions as they
apply to SAG milling, and their effect on project feasibility and valuation to both operators and
investors. This is accomplished through a series of case studies which were created based on three
different operating projects. The case studies were developed to mimic the perspective of a public
investor, using only publicly available data as published on SEDAR!. Mill resizing was performed
using publicly available tools, as published on the Starkey & Associates Inc. website? to coincide
with this work.

METHODOLOGY

Three case studies were developed to analyse multiple instances of undersized SAG mills. Each
case study was developed from only public data available prior to construction as published in
NI43-101 compliant feasibility studies. This was done to limit the amount of bias imparted by the
author as each of the projects studied has since been commissioned and additional data is now
available. Furthermore, the economic assumptions stated in each study including metal prices and
operating costs were also adhered to, regardless of their current realism, to mimic the best available

data at the time the decision to proceed with the project was made.

Each case study was divided into four discounted cash flow scenarios, summarized in Table 1.

1 The System for Electronic Document Analysis and Retrieval (SEDAR) is a system provided by the Canadian
Securities Administration to allow for public dissemination of Canadian securities information, including
NI43-101 technical reports. See www.sedar.com.

2 www.sagdesign.com
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Table 1 Summary of Case Study Scenarios

Scenario Description

1 Expected base case from NI43-101

2 Capital renovation (Assumed pre-crushing)
3 Predicted performance without renovation
4 Revised mill sizing

The use of four scenarios per case study facilitated the comparative analysis of each potential
decision to achieve design throughput and grind relative to the expected base case presented to
investors. The first scenario defines the expected base case value of the project as presented in the
NI43-101. The second scenario allows for an additional capital expense after an unsuccessful
commissioning to achieve the initial design target. This was defined as the addition of a pre-
crushing plant. Capital costs for these facilities were estimated based on the cost estimation
handbook (CIM, 1998), scaled for inflation.

Pre-crushing is frequently the only recourse available to mining companies when their SAG
grinding circuit falls significantly short of its design target. Some additional throughput can be
generated by optimizing mill operating parameters but is typically not sufficient to achieve the
large increase required to compensate for the undersized SAG mill. Pebble crushing is also an
alternative, but is frequently already included in the initial design to trim SAG mill dimensions.
Scenario Three presents the predicted performance of the grinding circuit without any modification
whatsoever. This results in a lower overall throughput rate and a longer life of mine but maintains

the initial capital budget.

Finally, Scenario Four presents a revised mill sizing as calculated using the SAGDesign Mill Sizing
and Throughput Calculators, publicly available from the S&A website. This mill would be able to
achieve the initially selected design throughput target, but includes increased capital costs. The new
capital cost was estimated using data kindly provided by a major international mill manufacturer.
Mills were selected using the stated ore grindability measurements in kWh/t, or when unavailable,
estimated using the conversion between “Axb” ore hardness as predicted from SMC or JK DWT
test data to kWh/t as presented in Bailey et al. (2009). Such an estimation should not be used for
actual engineering design work but was suitable for this exercise as it was intended to replicate

public perspective.

A constant discount rate of 5% was used for all Net Present Value (NPV) calculations. This discount
rate is a reasonable assumption for copper-gold and gold projects.
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It should be noted that the selection of discount rate will have a material impact on the results of
this analysis as the undersizing of a SAG mill effectively delays revenue into a later discount
period. As such, the calculated value of each project is somewhat subjective. Very low or zero
discount rates favour no renovation under the assumptions made for calculating NPV. At very high
discount rates, the addition of pre-crushing would always prove to be the most favourable scenario.
However both of these very high and very low discount rates are unrealistic for use in this analysis.

Case Studies

The following SAG mill data and economic assumptions were used to construct each case study
and subsequent scenarios. Also presented are the re-evaluated mill sizes. Grindability in the report
is defined as specific energy in kWh/t measured at the pinion to grind from the stated F80 to the
planned T80.

Case Study One: 35,000 tpd Copper/Gold
Table 2 Case Study One SAG Mill Selection

No. of Diameter EGL Inst. Power  Tot. Charge Steel Load Speed Grindability

Sizing i . .

Mills (ft) (ft) /Mill HP) (% Vol) (% Vol) (% Crit.)  (kWh/t)
Initial 1 34 17.5 17,000 30 12 77 7.27
Revised 1 36 16 18,500 26 10 75 7.27

Tables 3-5 Case Study One Economic Assumptions

Parameter Years1-5  Years 6-10 Years 11-17
Mill feed (total kton/period) 70,405 70,409 91,973
Feed Grade (%Cu) 0.43% 0.41% 0.27%

Cu. Recovery (%) 89% 89% 89%
Copper Price (C$/1b) 2.25 2.25 2.25

Parameter Years 1-12  Years 13-17

Op. Cost (C$/t) 8.27 4.66
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Parameter Value

Total Capital Cost (MCS$) 438

Case Study Two: 60,000 tpd Copper/Gold
Table 6 Case Study Two SAG Mill Selection

Sigi No. of Diameter EGL Inst. Power  Tot. Charge Steel Load Speed Grindability
izin

A s (£ f)  /Mill(HP) (% Vol) (% Vol) (% Crit)  (KWh/)
Initial 1 40 22 29,500 26 10 75 11.25
Revised 2 38 17 23,500 26 10 75 11.25

Table 7 Case Study Two Economic Assumptions

Parameter Value

Operating Cost (C$/t) 6.96

Total Capital Cost (M$ CDN) 915

Exchange Rate (US$/C$) 1
Copper Price (US$/Ib) 2
Gold (US$/0z) 800
Silver (US$/0z) 11

Feed grade and recovery vary by year, presented in Appendix A.
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Case Study Three: 55,000 tpd Gold
Table 8 Case Study Three SAG Mill Selection

Sizi No. of Diameter EGL Inst. Power  Tot. Charge Steel Load  Speed Grindability
1Z1N

8 Mills (ft) (ft) /Mill (HP) (% Vol) (% Vol) (% Crit.)  (kKWh/t)
Initial 1 38 21 26,000 26 10 75 7.86
Revised 2 36 14.5 15,000 26 10 75 7.86

Table 9 Case Study Three Economic Assumptions

Parameter Value

Operating Cost (C$/t) 8.43
Total Capital Cost (M$ CDN) 760

Exchange Rate (US$/C$)

—_

Gold (US$/oz) 775

Feed grade and recovery vary by year, presented in Appendix A.

RESULTS

The NPV of each scenario is presented in Table 10 while the relative change to NPV from the base

case is summarized in Figure 1. Cash flow models are presented in Appendix A.

Table 10 Summary of Calculated Project NPV, in Millions C$

Case/Scenario 1 2 3 4
35,000 tpd 1,400.8 1,329.3 971.3 1,386.2
60,000 tpd 968.2 920.6 779.7 965.1
55,000 tpd 952.4 861.7 769.1 935.1
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Figure 1 Relative Change in NPV from the base NI43-101 Scenario One

In the scenarios of capital renovations, the expected value of the project decreased significantly,
primarily due to the operating costs associated with the new equipment. On average, NPV
decreased by 6.51%.

As expected, when corrective actions are not taken, an undersized SAG mill will limit the
performance of the entire plant over its lifetime and have a severe negative impact on project NPV.
In the 35,000 tpd project, this impact was particularly great as the SAG mill was significantly

undersized and increased the project duration by over 60%.

Finally, when a larger hypothetical SAG mill was selected, NPV did decrease slightly from the
initial base case due to the larger initial capital expenditure but not to the extent of the other two

possible scenarios.

DISCUSSION

The analysis indicates that the undersizing of a SAG mill can have significant impacts on project
valuation. It is not the purpose of this paper to determine if the mills selected were or were not the
best available engineering choice. To draw conclusions on that subject based on this analysis would
disregard a great deal of other extraneous factors which may have influenced the engineering
decision making process. It should be noted however that each of the selected mills was incorrectly
presented to the public as though it could achieve the design tonnage. The mill sizing calculations
performed as part of this paper predicted the actual average operating throughput of each project
within 3,000 tpd. Rather than criticize this decision, this analysis was intended to evaluate the

resulting cost and to provide a cautionary warning for future SAG mill sizing exercises.
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Of all the potential scenarios examined, the most positive economics were generated when the
correct SAG mill was selected to achieve the initially specified design criteria.

The least economic scenario was the undersized SAG mill without renovation. In reality, this
scenario is unlikely as an operator would choose to install additional comminution capacity. This
would happen in all but the most marginal economic situations when the payback for additional
capital revision could not be justified. All three of these no-renovation scenarios had a large
negative impact NPVs at a 5% discount rate relative to the expected NI31-101 value. The analysis
showed all plans still remained profitable but may have been shelved or passed over in favour of
other alternatives such as the other scenarios presented here. If no such solution were to be found

due to other factors, the entire project may have been shelved.

The use of capital revision to compensate for an undersized SAG mill is a less favourable
alternative than the larger revised sizing, except at very large discount rates (>50%) which reward
the delay in expenditure despite the larger total capital cost. The use of such extreme discount rates
is not expected, except during periods of hyperinflation, and is not a reasonable basis for
evaluation. In practice, the NPV calculated in these scenarios are likely higher than would be
expected as it does not include a delay in throughput to account for construction of pre-crushing
facilities and does not include an additional operating cost allowance for pre-crushing, either
temporary or permanent. Both of these factors would negatively influence NPV. Furthermore, it is
unlikely that the revision could be paid for out of operating profit so a second round of capital
funding would be required. Securing this capital could be challenging if the company has incurred

large debts as part of the initial project.

As part of this paper, two other trends were also identified in the reporting of mill sizing which

made the data difficult to interpret and are described below.

Insufficient test results and mill sizing validation

In two cases, the mills selected were chosen based on the results of relatively few samples taken for
SAG grindability (or breakage parameter) measurement. More samples and testing is required to
represent the hardness of an entire mine’s worth of production. Without further data on the
variation of ore hardness within the deposit, it is difficult to assess the validity of the selected
design grindability values. Furthermore, due to the lack of standardization in SAG mill
grindability measurement, it is generally agreed that secondary/multiple methodologies be used to

validate the mill sizing.

Unclear qualification of information

Many of the SAG mill design parameters in these feasibility studies were poorly qualified,
particularly in reference to specific energy in kWh/t. This value was often defined as a work index,
rather than an operating work index, and as such should have been described with calculation
inputs and the location at which the index was to be measured, either at the pinion or at the motor.
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CONCLUSIONS

This paper has found that the selection of the correct SAG mill size and power plays an important
role in determining the economics of a mining project. The large unit cost of a SAG mill makes it a
common target for capital cost reduction leading to the purchase of an undersized mill. In each of
the three case studies examined, an incorrect SAG mill size was chosen and severely limited overall

plant throughput.

Mill sizing and required power were checked using publicly available tools and only the data in the
NI43-101 reports. In each project, the calculated throughput of the NI43-101 selected mill fell short
of the design target. These results were then confirmed to correlate within 3,000 tpd of the actual
plant performance of the installed mills. While this accuracy is not sufficient to design a new mill
with confidence, it is certainly sufficient to indicate to the public that the selected mills are

undersized.

The analysis indicated that when the potential cost of capital revision of an undersized SAG mill to
meet design tonnage is compared with the cost of the correct, larger mill size, on average, an
undersized SAG mill reduced project NPV by 5.61% percent.

Several other factors were also identified as part of this analysis relating to unclear reporting in the
data used to select the appropriate SAG mill due to both insufficient testing and reporting of ore

grindability measurements, and the unclear qualification of information.

Ultimately, these factors compromise an investor’s ability to independently evaluate a project
which utilizes a SAG mill. The tools to accurately forecast SAG mill performance are available, and
can be used to design comminution circuits that meet or exceed the demands of investors. It is
recommended that similar analysis should be performed on future NI43-101 reports prior to their

publication to confirm that the true cost of undersizing the SAG mill is understood.

NOMENCLATURE
F80 Feed size, 80t percentile of the SAG feed particle size distribution
T80 Transfer size, 80t percentile of the SAG product particle size distribution

NPV Net Present Value
AG/SAG Autogenous or Semi-Autogenous grinding
EGL Effective grinding length
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