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Introduction

The mining industry is a very risky industry
compared to other industries because it
depends on orebody estimations and decision-
makers must consider many uncertain inputs.
The uncertainties have an important impact on
project investment decisions. Identifying the
potential sources of uncertainties is very
important in order to obtain accurate results.
Therefore, each uncertainty and its impact on
the project should be analysed carefully.
Snowden et al. (2002) stressed the importance
of communicating and compiling all related

mining uncertainties and their likelihood and
distribution of occurrence in order to obtain
reliable results for better decision making. If
the upside at Sunrise Dam in Western
Australia had not been considered, the deposit
may never have been mined. The company
produced 60 per cent more gold than the
estimated value. Managing uncertainty does
not mean minimizing risk, because this may
result in loss of opportunities. However, there
are so many mines where planning has been
applied on the basis of the most optimistic
estimates but in the end the companies
encountered financial disaster. For example,
Morley et al. (1999) indicated that the 70
percent of small mining companies in South
Africa failed during the 1980s mainly because
of over-estimation of the reserve tonnage and
grade. 

Analysis of uncertainty can help decision-
makers and prevent possible errors. The
modern approach in the evaluation of
uncertainty in mineral resource estimation is
based on determining the frequency distri-
bution of each variable involved in the
calculations and arriving at the result within
some confidence interval. Managing of
uncertainty related to mining can be done with
the aid of the output of simulations like the
Monte Carlo Simulation (MCS). Stochastic
permutations of uncertainties are investigated
and unbiased and consistent estimation can be
obtained using MCS. The MCS procedure
consists of generating random numbers
according to assumed probabilities associated
with sources of uncertainties. The estimated
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outcomes related to the random draws are then analysed to
determine the possible results and associated risks. The MCS
technique is widely used for dealing with uncertainty in many
aspects of operations (Chance, 2008). In MCS, single-output
estimation is represented as one iteration. The number of
iterations is determined taking into account the project size
and the importance of risks. It could be stated that as the
number of runs increases, many more stochastic scenarios
are evaluated in the solution space(Rezaie et al., 2007). This
simulation method can be applied to estimate the Net Present
Value (NPV) of mineral deposits. NPV will be obtained as a
probability distribution from an output of simulation, so a
decisionmaker can decide the probability of a mining project’s
success. The lower limit and upper limit of the NPV can also
be indicated by the distribution. 

There are many factors affecting the feasibility of mining
investment. Traditionally, until now the effective factors have
been taken as constant, although some uncertainties are
involved in these factors. Since fixed values are considered as
inputs in the estimations, the risks involved in the estimation
cannot be defined. For a beter decision, the risk involved in
the project should be determined before an investment has
been made. In this study, such a model, which uses a
simulation technique, has been prepared. 

In this study, the importance of utilizing uncertainties in
the estimation of NPV of orebody is underlined. A copper
deposit (Dereköy copper deposit, Kırklareli, Turkey) is
selected as a case study and it is modelled in a mine design
software environment to estimate its size and copper grade.
MCS method is applied to estimate NPV of the deposit while
considering related uncertainties. The model has been
successfully applied to a low-grade copper deposit that was
regarded as mineral resources having no economic value. In
the study, not only the uncertainties  in the reserve
estimation, but also the uncertainties involved in the
economic analysis, were considered. 

Dereköy copper deposit

Reserve estimation is the process that defines which part of
the resource can be economically extracted (Morley et al.
1999) and in mining, the main uncertain source is the
orebody, because knowledge of the orebody is based largely
on estimates(Snowden et al. 2002). The importance of the
reserve estimation for calculating the value of the mining
project is emphasized by several researchers such as
Dimitrakopoulos (1998), Yamamoto (1999), Morley et al.
(1999), Snowden et al. (2002), Dominy et al. (2002), Rendu
(2002), Ross (2004) and Emery et al. (2006). Dominy et al.
(2002) and Morley et al. (1999) indicated that mineral
resources and ore reserve reports generally contain a single
tonnage and grade value. The tonnage and grade values do
not contain any reference to the potential uncertainties in the
estimations. ‘Any resource and reserve estimation is
guaranteed to be wrong. Some, however, are less wrong than
others’ (Morley et al. 1999). Variability of an ore reserve can
significantly affect the critical decisions. Therefore, reserve
estimation should be conducted using technological advances
such as mine design software. Estimation of ore reserve size
and average grade using mine design software can reduce the
estimation errors. If the estimation risk of the reserve amount
is low, the variance of NPV is reduced. In this study, to
reduce the estimation errors, the Micromine 10 mine design
software was used. 

Dereköy copper deposit, a porphyry copper deposit in
Kırklareli, Turkey, was selected as a case study to estimate
the NPV of the deposit while considering related
uncertainties. The location of the deposit is shown in 
Figure 1. The deposit was explored by the General Directorate
of Mineral Research and Exploration (MTA) who drilled 25
boreholes with the total length of 8,776 m. Grade data of
these drillholes was supplied from drillholes. The orebody
was modelled in 3D with the data in a mine design software
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Figure 1—Location of Derekoy copper deposit



environment. The average grade of the deposit, reserve
amount, and overburden amount were estimated as 0. 244%
Cu, 210 Mt, and 140 million m3 respectively. The output of
the software is presented in Table I. 

Developing an uncertainty model for the deposit

Main uncertain inputs and defined distributions

A financial model must be constructed to estimate value of a 
mining project. The economic value of a mining project can
be determined by evaluation of cash flow. The aim of
evaluation of the cash flow is to investigate the profitability
of the project with related uncertainties. The economic value
of a mining project is determined by the NPV (Nasuf and
Orun, 1990). The main variables for the estimation of NPV in
mining projects are defined. They number 20, and only three
of them are defined as constant. These are mine life (20
years), ore grade after processing (20% Cu), and grade of the
blister copper (99.99% Cu). The list of the all defined
variables in the estimation of NPV is presented in Table II. 

In the created model, independent variables are defined
as a probability distribution function (PDF). Dependent
variables are computed using independent and constant
variables in the constructed model. PDF properties of
independent variables are presented in Table III. Ore grade
data was estimated by Micromine 10 by the block modelling
technique, using each block grade. The distribution of ore
grade is determined in Best Fit application of Palisade. Also,
the PDF of the copper selling price and interest rate were
determined by Best Fit application using historical data. The
PDFs of the others were defined as normal distributions as
seen in Table III. In this study, annual production amount is
defined as a fixed value. The constructed model in @Risk
environment selects a random value from the PDF of reserve

amount, which is divided by mine life (20 years). Therefore,
the fixed annual production value is estimated. This fixed
value is used for estimation of a single NPV value. This cycle
is repeated for each NPV value estimation. 

Developed model

An uncertainty assessment model was created to simulate the
NPV of the deposit. The model selects the uncertain variables
from the related PDF randomly. In other words, the model is
based on the Monte Carlo Simulation method. The principle
behind the model is estimating revenue and cost per year.
Estimation of both involves constants, independent and
dependent variables. Annual cost estimation is more difficult
than estimation of annual income because it includes more
uncertain variables. Therefore, annual cost is divided into
three main parts; namely annual mining cost, annual
processing cost, and annual metallurgical cost. Estimations of
the three costs were done independently in the model. After
the estimations, their summation gives the annual cost. The
estimation equations for annual costs and annual revenue in
are illustrated in Equations [1]–[4]. In these equations, D is
density in ton/m3, GAM is grade after metallurgy (It was
defined as 99.99%), i is annual interest rate in percent, MC is
mining cost in $/ton, Met. C is metallurgical cost in $/ton,
Met. R is metallurgical recovery in percent, ML is mine life (it
was defined as 20 years), MR is mining recovery in percent,
n is number of year, OG is ore grade in percent (in situ),
OGAP is ore grade after processing in percent (it was defined
as 20 percent), PC is processing cost in $/m3, PR is
processing recovery in percent, SC is stripping cost in $/m3,
SP is selling price in $/ton, TO is total overburden in m3, and
TOV is total ore volume, m3 (in situ). 

[1]

[2]

[3]

[4]

where
D = density, t/m3

GAM = grade after metallurgy (defined as 99.99%)
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Table I

Grade and tonnage output of the software

Grade Interval, %Cu Tonnage Average grade, %Cu

0.00–0.15 23 718 000 0.124
0.15–0.20 39 203, 000 0.178
0.20–0.25 55 457 000 0.226
0.25–0.30 46 726 000 0.271
0.30–0.35 25 120 000 0.324
0.35–100 19 544 000 0.406

Total average 209 767 000 0.244

Table II

The defined variables in the model

Type of variable Name of variable

Constant variables Mine life, ore grade after concentration, grade after metal production 

Independent variables Density, annual interest rate, mining cost, mining recovery, metallurgical cost, metallurgical recovery, ore grade, processing
cost, processing recovery, stripping cost, selling price, total overburden, total ore volume

Dependent dariables Annual ore mining, stripping, mining cost, processing cost, metallurgical cost, production at processing, production at
metallurgy, annual income
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i = annual interest rate, %
MC = mining cost, $/ton
Met. C = metallurgical cost, $/ton
Met.R = metallurgical recovery, %
ML = mine life (defined as 20 years)
MR = mining recovery, %
n = number of year
OG = ore grade, % (in situ)
OGAP = ore grade after processing, % (defined as 20%)
PC = processing cost, $/m3

PR = processing recovery, %
SC = stripping cost, $/m3
SP = selling price, $/ton
TO = total overburden, m3

TOV = total ore volume, m3 (in situ).

The profitability of the project can be determined by the
NPV of the cash flow, which was found by the summation of
the present value (PV) of the annual gross profit (AGP). The
model estimates AGP independently for each year during the
mine life. In a part of the model, Equation [5], the PVs of
annual gross profits of the deposit are estimated indepen-
dently, considering each year separately. In other words, to
increase the accuracy of the model, selection of each input
value in Equation [5] is not affected by the other years’s 

selected values. For example, in the same scenario (in a
single iteration) the first year’s interest rate may be selected
as 4.06 percent while the second year’s interest rate is
selected as 3.98 percent from the distributions. Annual gross
profit, annual income, and annual operating costs were
estimated by the model in the similar manner. Another
important step in the model is the time value of money.
Estimated annual gross profits are used to calculate NPV of
the cash flow using a randomly selected discount rate from
the related PDF. 

[5]

Two important assumptions were made in the
construction of the model. The inflation rate was assumed to
be zero. It was also accepted that the deposit will be operated
by the government and the annual gross profit will be net
profit because there will be no related tax paid to the
government, since MTA, which is a government institute, is
the holder of the mining licence. Administration, environ-
mental, and plant costs are not included in this study. 

�
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Table III

PDF properties of independent variables

Independent variable name Type of distribution Properties of distribution 95% probability interval

Ore grade Normal μ: 0.233 0.098–0.368% Cu
σ: 0.068

Selling price of copper Weibull α: 16.91
5684–8622 $/tonβ: 10660.19

Shift: -2893.36

Ore density Normal μ: 2.7
σ: 0.1 2.5–2.9 ton/m3

Reserve amount Normal μ: 77.69 million 73.7 million –81.7 million m3

σ: 2.00 million (In the model this value is multiplied by the selected 
random density value.)

Overburden amount Normal μ: 140 million
σ: 5.00 million 130 million –150 million m3

Mining recovery Normal μ: 90

86–94%σ: 2
Lowest: 86
Highest: 94

Processing recovery Normal μ: 90

86–94%σ: 2
Lowest: 86
Highest: 94

Metallurgical recovery Normal μ: 93
σ: 2
Lowest: 89
Highest: 97

89–97%

Stripping cost Normal μ: 3. 25 2.75–3.75 m3/ton
σ: 0. 25

Excavation cost Normal μ:3.25
σ: 0.25 2.75–3.75 $/ton

Processing cost Normal μ:4.50
σ:0.25 4.0–5.0 $/ton

Metallurgical cost Normal μ:100
σ:10 80–120 $/ton

Interest rate (for US$ in Turkey) Exponential β: 1.3063
Shift: 3.2067 3.24–8.03%



NPV estimation of the deposit under uncertainty

As mentioned previously, the MCS method is used by the
model and 10 000 successive iterations were done. This
means that 10 000 random scenarios were evaluated for the
established uncertainty assessment model by @Risk 4.5.7 of
Palisade. This number of iterations is selected because it is
the maximum limit of the software. When iteration was
conducted, the input variables were selected randomly from
the related PDF and one output was estimated. In the
estimation, 10 000 iterations are conducted and the results of
iterations are saved by the @Risk 4.5.7 software. Probability
distribution of NPV of the deposit is estimated using the
results obtained by iterations. Therefore, all reliable
information for the NPV was gathered. 

Each year’s net profit was estimated separately from the
other years. Therefore, the cash flow of the project could also
be observed from the model as seen in Table IV. After
estimating the cash flow, the model finally, estimates 10 000
random NPVs for the Dereköy copper deposit. Using these

random values, @Risk 4.5.7 established a probability distri-
bution and cumulative density curve to indicate the
probability of the profit for the deposit. The probability 
distribution and cumulative density curve are presented in
Figure 2 and Figure 3 respectively. The type of the NPV
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Table IV

Cash flow of the project, $

Year Net profit Year Net profit Year Net profit

Present -150 000 000 7 31 132 620 14 31 159 320

1 31 565 550 8 31 504 230 15 31 480 090

2 31 431 660 9 31 137 480 16 31 206 720

3 31 310 470 10 -68 748 390 17 30 814 160

4 31, 593 580 11 31 254 820 18 31 651 640

5 31 476 720 12 31 708 480 19 31 526 770

6 32 087 910 13 31 343 560 20 31 883 330

Figure 2—Probability of the NPV with 68. 27 percent (x– ±σ)

Figure 3—Probability of the NPV with 95. 45 percent (x– ±σ)
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distribution was checked with ‘Fit Distribution’ module of
@Risk 4.5.7. The output of the fit distribution indicates that
the NPV probability distribution is a normal distribution. 

After the checking the type of the distribution, the
properties of it were investigated. The mean of the NPV
probability distribution is $197 126 000 and standard
deviation (σ) of the distribution was found to be 
$120 709 600. One standard deviation interval (x–±σ = 68.
27%) and two ‘standard deviation interval (x–±2σ = 95.45%)
were evaluated on the probability distribution. In this case
the NPV will be in the range of $77.97 million and $318.78
million with the probability of 68.27 percent as it seen in
Figure 2. Considering the x–±2σ, the range of NPV will be in
the range of -$45. 37 million to $443.54 million with 95. 45
percent probability as seen in Figure 3. The probability of
achieving positive NPV (profit) is 94.95 percent and
probability of loss of money is only 5. 05 percent as indicated
in Figure 4. 

IRR estimation of the cash flow under uncertainty and
sensitivity analysis

Apart from the NPV assessment of the project, the Internal
Rate of Return (IRR) value of the investment analysis with
uncertainty assessment was also conducted to check the
profitability of the investment. In the model, a part is 
developed to estimate the IRR values of the project with the
MCS method. The model calculates the possible IRR values
and then creates a probability distribution with these values.
The probability distribution for IRR is shown in Figure 5. As
presented in the figure, the mean value of the distribution is
19. 2 percent. IRR value is higher than defined Maximum
Allowable Rate of Return(MARR) value, 15 percent, with
62.73 percent probability. In other words, the IRR method
indicates that the project is profitable with 62.73 percent
probability. 

�
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Figure 4—Ascending cumulative density curve indicating positive NPV

Figure 5—Probability distribution for IRR of the project



Sensitivity analysis is applied to the project to determine
which variables affect the estimation of the NPV of the
deposit. It is found that NPV was the most sensitive to grade,
and secondly it was sensitive to the selling price of copper.
The results of the sensitivity analysis are shown in Figure 6.
This analysis illustrates that grade data should be updated
when new data are available during the operation. The
market conditions have also a significant impact on the NPV
estimation because of the effect of the selling price. 

NPV estimation with certain inputs

Apart from the NPV estimation with considering related
uncertainties using the MCS method, NPV of the project was 
also calculated using the average values of the related
variables. In the literature this type of estimation is called the
classical NPV estimation method. The model also calculates
this type of estimation by evaluating just one scenario. The
same assumptions were used as in with the previous
estimation technique. The average values are 
ore grade 0.244 percent Cu, density as 2.7 ton/m3, selling
price of copper $7,434/ton, interest rate 4.68 percent, mining,
processing and metallurgical recovery 90 percent, 90 percent
and, 93 percent respectively, mining, stripping, processing
and metallurgical cost as $3.25/ton, $3.25/ton, $4.50/ton 
of ore, and $100/ton of concentrate, annual ore mining 
9 439 520 ton and yearly stripping cost 7 021 899 m3.
Averages of historical data were applied for calculating the
selling price and interest rate. It was also assumed that mine
life is 20 years and annual ore production and stripping
amount are constant. 

The model estimated the NPV as $260 402 962. An IRR
value was also estimated as 22.2% for the project. There is a
big difference between the simulation and classical method.
The output of the simulation is a PDF. Therefore, the
uncertainty of the project can be evaluated. However, the
output of the classical method is just a number and it cannot
say anything about the estimation errors. 

Results and discussion

There are many uncertain variables in the evaluation of the

mineral reserves. A good financial model should be created to
evaluate the ore reserves. Each uncertainty related to mining
should be assessed carefully. In this case, accurate results
can be obtained by the financial model. The decision on the 
mining investment is mostly related to the NPV of the project.
A financial model construction needs accurate estimations of
income and costs. Estimation of the revenue and costs
includes many uncertainties. Therefore, a simulation method
is the best tool to estimate them. Simulation can provide
many scenarios related to the project. The success of the
financial modeling simulation depends on the estimation of
the uncertainties accurately. In other words, uncertainty
assessment of the investment is not considered in the
classical method. Therefore, the investor cannot answer
questions such as, what is the probability of NPV exceeding 
$100 000 000?, or what is the probability of losing money?
Mining is ae risky operation. When a mining project is
evaluated, related uncertainties should be investigated and
they should be included in the calculations and estimations. 

In this study, Dereköy copper deposit was evaluated
considering related uncertainties. After the evaluation of the
deposit, the probability distribution of NPV was estimated
instead of a fixed value and the type of the distribution was
investigated as a normal distribution. The mean of the distri-
bution is found as $197 126 000 and the probability of
financial loss is found to be only 5.05 percent and the
probability of the NPV exceeding $150 000 000 (capital cost
at present) is 65.05 percent as seen in Figure 7. 

In classical estimation, a certain value was estimated.
This is not a accurate approach to mining with high risks in
different stages. The probability of the realization of a NPV
equal to or more than $260 402 962 (estimated by model
without uncertainty assessment) is 29. 44 percent as
indicated in Figure 8. When the IRR values are analysed, the
classical method estimates more IRR value than the other
method. It means that the defined uncertainties affected the
estimation of the NPV because the classical model made an
overestimation. The overestimation may cause problems,
such as losing money, for the investor because future of the
investment is defined by the result of the NPV estimation.
Therefore, NPV estimations should be conducted by including
related uncertainties. 
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Figure 6—Results of sensitivity analysis
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Figure 8—The probability of NPV exceeding NPV estimation without risk assessment

Figure 7—The probability of NPV exceeding $150 000 000




