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Abstract

Economic evaluation plays a pivotal role in investment decision-making for mining projects,
especially under volatile market conditions. In this study, a risk-based decision-support
framework is developed to assess the economic sustainability of an open-pit gold mining
operation by integrating sensitivity analysis with Monte Carlo simulation, where Net
Present Value (NPV) is used as the primary performance indicator. The proposed approach
provides a flexible and practical computational framework for evaluating investment risk
under uncertainty. A case study from an open-pit gold mine in Kyrgyzstan is used to
compare two scenarios: continuation of the current operation and an alternative option
involving a $30 million investment to improve mill processing performance. The sensitivity
analysis shows that gold price, mining cost, and recovery rate are the most influential
parameters affecting project outcomes, while Monte Carlo simulation is used to capture
uncertainty in these variables and to generate a distribution of possible NPV results. The
results indicate that gold price and recovery rate have a dominant influence on project value,
and that improving mill performance leads to higher recovery and increased economic
returns. The simulation results show a median NPV of approximately 220 million USD
with a probability of negative NPV (17.52%), while the enhanced scenario achieves an IRR
of approximately 13%, indicating improved financial performance. In addition, the findings
suggest that accounting for uncertainty provides more reliable support for investment
decisions and contributes to a more efficient use of mineral resources. In this context,
the proposed framework contributes to sustainability assessment tools by supporting
economically sustainable resource utilization through risk-based evaluation of recovery
improvement under uncertainty. While the present study focuses on the economic pillar of
sustainability, the framework can provide a basis for future integration of environmental
and social indicators.

Keywords: decision-support framework; economic sustainability; Monte Carlo simulation;
open-pit gold mining; risk assessment

1. Introduction
Economic evaluation in mining projects is inherently affected by uncertainty, as both

costs and revenues evolve over time with changing market conditions and operational per-
formance. In open-pit gold mining, uncertainties related to commodity prices, ore grades,
recovery rates, and operating costs can significantly influence project outcomes. When such
uncertainties are not properly considered, investment decisions based on deterministic
assumptions may lead to suboptimal or economically unfavorable results [1–3].
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In recent years, there has been increasing recognition that mining project evaluation
should be considered within a broader sustainability framework. In this context, economic
sustainability refers not only to maximizing financial returns but also to maintaining stable
and efficient project performance under uncertainty while improving resource utilization
and reducing operational inefficiencies. Previous studies have emphasized the importance
of integrating environmental, social, and economic dimensions in mining systems, particu-
larly through sustainability-oriented decision-making approaches and innovation-driven
processes [4,5]. In this respect, integrating uncertainty analysis into economic evaluation
can also be viewed as a sustainability tool that supports more efficient and responsible
resource utilization in mining projects.

To address uncertainty in project evaluation, probabilistic methods such as sensitivity
analysis and Monte Carlo simulation have been widely adopted. These approaches enable
decision-makers to quantify the impact of uncertain parameters on project performance and
to evaluate risk more realistically compared to deterministic methods [6–9]. In particular,
recent developments in Monte Carlo-based risk assessment highlight the growing impor-
tance of simulation techniques in improving the robustness of investment decisions [10].
Beyond economic evaluation, such approaches also contribute to sustainability assessment
by enabling the analysis of resource efficiency and risk under uncertainty.

Economic risk assessment in mining projects has been addressed using various analyt-
ical and probabilistic approaches in the literature. In addition to Monte Carlo simulation,
methods such as stochastic programming, Bayesian-based modelling, and moment-based
analytical approaches have been applied to evaluate uncertainty and support decision-
making under risk [11–13]. These approaches offer different perspectives on uncertainty
modelling, ranging from optimization-based frameworks to probabilistic inference tech-
niques. However, many of these methods require complex model structures or extensive
datasets, which may limit their practical applicability in real mining projects.

Compared to these approaches, Monte Carlo simulation provides a flexible and widely
applicable framework that allows for the explicit representation of uncertainty in key
economic variables [14]. It is particularly suitable for evaluating risk in capital-intensive
mining projects where multiple uncertain inputs influence financial outcomes. The present
study builds on this approach by integrating probabilistic economic evaluation with a
sustainability-oriented perspective, focusing on resource efficiency and risk-informed
investment decision-making.

Compared with stochastic programming and Bayesian-based approaches, Monte Carlo
simulation requires fewer structural assumptions and can be implemented more directly
within a project-level cash flow model [11–13]. Method-of-moments approaches may
provide useful analytical approximations, while cost-based indicators such as levelized
cost metrics can support comparative evaluation; however, these approaches do not always
provide the same level of detail in representing the full distribution of economic outcomes.
For the purposes of this study, Monte Carlo simulation was preferred because it allows
the direct propagation of uncertainty in key input variables and supports scenario-based
evaluation of NPV and IRR in a practical and transparent manner.

At the mine planning level, recent research has highlighted the need to integrate
economic evaluation with operational and environmental considerations. For instance, op-
timization approaches for open-pit mining increasingly incorporate ecological costs, slope
stability, and economic benefits simultaneously, reflecting a shift toward more sustainable
mine planning practices [13]. In addition, improvements in processing performance and re-
covery rates directly influence both project profitability and resource efficiency, particularly
in gold mining systems [15].
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Despite these developments, there remains a lack of practical and flexible frameworks
that combine economic risk analysis with sustainability-oriented decision-making in real
mining case studies. Many existing studies focus either on technical optimization or
on high-level sustainability assessments, with limited integration between uncertainty
modelling and operational decision processes [16–18].

Recent studies have further emphasized the need to connect economic evaluation,
uncertainty analysis, and sustainability assessment in resource-based systems. In gold
mining, sustainability-oriented assessment methods have been used to evaluate resource
use, energy efficiency, and environmental burden across different extraction systems [19].
In parallel, Monte Carlo-based economic risk assessment has also been applied in other
investment contexts to quantify the effects of technological, environmental, and economic
uncertainties on financial outcomes [20]. These studies support the relevance of uncertainty-
aware evaluation frameworks for improving decision-making under risk.

Previous studies have also explored uncertainty in mining project evaluation us-
ing different modelling approaches [2,3,21]. This study addresses this gap by develop-
ing a risk-based decision-support framework that integrates economic risk analysis with
sustainability-oriented evaluation in open-pit gold mining. Unlike conventional approaches
that focus primarily on deterministic economic indicators, the proposed framework ex-
plicitly incorporates uncertainty into investment analysis and links economic performance
with resource efficiency. As such, the study contributes to sustainability tools by providing
a practical and flexible approach to support sustainable resource utilization and more
resilient decision-making in mining projects. In this context, sustainability is addressed
primarily from the perspective of economic performance and resource utilization under
uncertainty, using measurable indicators derived from probabilistic analysis, particularly
NPV, IRR, and recovery-related performance metrics, while broader environmental and
social dimensions are acknowledged as important extensions for future research.

Accordingly, the study aims to examine how uncertainty in key economic parameters
influences the financial performance of open-pit gold mining projects, and to evaluate
the extent to which probabilistic simulation can improve investment risk assessment
compared to conventional deterministic approaches. In addition, the analysis explores
how improvements in recovery performance affect both economic outcomes and resource
efficiency under uncertain conditions. These objectives define the analytical scope of the
study and provide the basis for the proposed risk-based evaluation framework.

2. Materials and Methods
2.1. Case Study and Economic Parameters

To establish the simulation model, the key parameters affecting project economics
must first be identified. These parameters are used as input variables for both sensitivity
analysis and Monte Carlo simulation. Each factor needs to be associated with a base value
and an appropriate probability distribution. Below, Table 1 outlines the key factors. As
aforementioned, the base values are derived from recent operational data from an open-pit
gold mine in Kyrgyzstan, with strict adherence to data privacy protocols, anchoring the
simulation within the current context of the mining project.

Table 1. Economic parameters used in the simulation model.

Key Parameters Value

Cost of mining Ore 2.14 $/ton
Cost of mining Waste 1.4 $/ton

Recovery Rate 75%
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Table 1. Cont.

Key Parameters Value

Cost of Processing 22 $/ton
Price of Gold 58 $/gr

2.2. Net Present Value Calculation

The primary objective of this study is to model the economic outcomes based on the
parameters that NPV depends on, aiming to approximate real-world scenarios.

The NPV calculations were implemented in Python (version 3.9, Python Software
Foundation, Wilmington, DE, USA) using a custom function developed for this study. The
function computes annual cash flows based on production parameters and applies the
discounted cash flow method to estimate project NPV. The main Python implementation
used for the calculations is provided in Appendix A, while additional supporting scripts
and functions are presented in Appendix A.

Following the definition of input parameters, annual cash flows and NPV were calcu-
lated using the discounted cash flow approach as given in Equation (1).

NPV = ∑N
k=1

Fk

(1 + r)k − I0 (1)

where r represents the discount rate (assumed as 7% in this study), Fk denotes the cash
flow at period k, and I0 represents the initial investment. The discount rate is applied
consistently throughout the economic evaluation and simulation model.

In addition to NPV, the Internal Rate of Return (IRR) was calculated for each simulation
scenario to evaluate project profitability under uncertainty. IRR represents the discount
rate at which the NPV becomes zero and is widely used as a complementary indicator for
evaluating investment performance in mining projects.

Separate copies of the yearly cash flow arrays are used in the NPV and IRR calcu-
lations to avoid unintended modification of the same data structure during sequential
computations, ensuring consistency between the two financial indicators.

The discount rate (r) was assumed as 7% in this study, representing a commonly
adopted benchmark in mining project evaluation. This value reflects a moderate
level of investment risk and is consistent with typical industry practices for long-term
mining investments.

It should be noted that the appropriate discount rate may vary depending on country-
specific risk factors, including political and economic conditions. In the present study,
the discount rate was treated as a fixed parameter in order to isolate the effects of key
operational and market-related uncertainties on project performance.

The mine life was estimated by dividing the total reserve tonnage by the planned an-
nual ore production rate, resulting in a mine life of approximately 15 years for a production
rate of 1.5 million tons per year [1–3].

For the purposes of this study, the discount rate was treated as a fixed parameter in
order to isolate the effects of key operational and market-related variables on project per-
formance. While the discount rate and grade variability may influence NPV, incorporating
their uncertainty was considered beyond the scope of the present analysis. The dataset and
initial modelling structure used in this study were adapted from previous work conducted
by the author [22].
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2.3. Sensitivity Analysis

In order to systematically explore the sensitivity of the NPV to variations in input
parameters, sensitivity analysis was performed by varying each input parameter by ±10%.
This deliberate range was chosen based on the inherent nature of certain input parameters,
such as recovery rates or costs, where extreme values may lack practicality.

To assess the degree of impact each parameter holds, visualizing the resulting dataset
becomes instrumental. Tornado diagrams were generated to visualize the relative influence
of each parameter on NPV.

Figures 1 and 2 illustrate the resultant tornado plots of the aforementioned model
in Python and resulting data obtained from the same model within an integrated
mining software.

Figure 1. Tornado diagram, resulting from Python implementation.

Figure 2. Tornado diagram, generated by integrated mining software (Micromine, Micromine Pty
Ltd., Perth, WA, Australia).

The results indicate that gold price is the most influential parameter affecting project
NPV, followed by recovery rate.
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Based on the sensitivity analysis results, the input variables can be ranked according to
their relative influence on project NPV. Gold price was identified as the most influential pa-
rameter, followed by recovery rate and mining cost, while the remaining variables showed
comparatively smaller effects. This ranking provides a practical basis for prioritizing key
parameters in risk evaluation and scenario analysis.

This finding is anticipated, given the substantially higher value of gold compared to
other parameters, with its unit measured in grams per ton. As a result, for every ton of ore,
considering the average grade of 1.6 g per ton, its impact is 1.6 times greater than that of
the other parameters.

2.4. Convergence Analysis

To evaluate whether the selected number of Monte Carlo iterations provides stable
and reliable estimates, a convergence analysis was conducted for both NPV and IRR.

As the number of simulations increases, the variability in NPVs decreases and the
results converge toward stable estimates. A similar convergence behavior is observed for
IRR, indicating increased consistency of the simulated financial indicators with higher
iteration counts.

In addition to financial indicators, computational time was also evaluated. Increasing
the number of simulations improves result stability but leads to longer execution times.
Therefore, an appropriate number of iterations should be selected to balance accuracy and
computational efficiency.

Table 2 presents the results of the convergence analysis. The results show that both
NPV and IRR values stabilize as the number of simulations increases, with significantly
reduced variability at higher iteration levels.

Table 2. Results of the convergence analysis of NPV and IRR.

Sim_NO NPV IRR Running_Time (s)

10 346,152,916 0.2305 1.53
20 309,040,256 0.1391 1.56
30 257,322,498 0.1390 1.64
40 237,060,453 0.0984 1.68
50 210,055,183 0.1008 1.7
60 230,048,398 0.1036 1.73
70 198,704,723 0.0848 1.76
80 211,095,654 0.0979 1.79
90 230,907,171 0.1112 1.81

100 234,062,649 0.1051 1.85
150 235,095,299 0.0794 1.88
200 235,838,788 0.1045 1.91
250 249,398,492 0.1054 1.94
300 235,826,766 0.1068 1.96
350 237,326,262 0.1034 1.98
400 231,641,647 0.0985 2.01
450 225,409,336 0.0922 2.04
500 206,815,865 0.0887 2.07

1000 224,928,232 0.0978 2.48
5000 216,485,456 0.0923 3.69

10,000 216,981,824 0.0908 5.99
50,000 221,240,658 0.0950 20.75

100,000 221,177,942 0.0947 39.32
150,000 222,542,762 0.0950 58.18
200,000 220,859,801 0.0945 77.73
250,000 219,412,912 0.0942 95.59
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Table 2. Cont.

Sim_NO NPV IRR Running_Time (s)

300,000 220,478,474 0.0945 114.95
350,000 221,312,645 0.0948 131.81
400,000 220,927,499 0.0950 150.59
450,000 221,604,626 0.0949 165.85
500,000 221,560,100 0.0951 185.73
750,000 220,930,763 0.0946 277.62

1,000,000 220,721,981 0.0947 372.9
2,000,000 220,960,703 0.0948 729.92
3,000,000 220,576,740 0.0946 1116.12
4,000,000 220,715,149 0.0947 1482.5
5,000,000 220,583,485 0.0947 1895.91

10,000,000 220,632,368 0.0946 3769.76

Figure 3 illustrates the convergence behavior of NPV and IRR as the number of
simulations increases. When the number of simulations is low, noticeable variability is
observed in both indicators. As the number of simulations increases, the values gradually
stabilize. NPV converges toward approximately 220,000,000 USD, while IRR approaches
a value close to 9.1%. This pattern indicates that the variation in the simulated financial
metrics decreases with increasing iteration count.

Figure 3. Convergence of NPV and IRR as a function of the number of simulations.

Based on the convergence behavior observed in Table 2 and Figure 3, 1,000,000 simula-
tions were considered sufficient to obtain stable and reliable estimates of NPV and IRR.
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3. Monte Carlo Simulation
The proposed modelling framework also enables the evaluation of economic sustain-

ability by linking financial performance with resource efficiency and recovery improvement
under uncertainty. Following the sensitivity analysis, Monte Carlo simulation (MCS) was
applied to the financial model in order to evaluate the effects of uncertainty on project
economic performance. A notable advantage of employing the MCS lies in its flexibility to
increase the number of simulations for factors identified as most sensitive to NPV and IRR,
as indicated by the results of the sensitivity analysis. The schematic flowchart presented
in Figure 4 elucidates the logical framework implemented in the Python script within the
context of this study.

Figure 4. The flowchart of step-by-step logic of the Monte Carlo simulation.

The Monte Carlo simulation approach relies on generating multiple sets of random in-
puts to represent a wide range of possible scenarios. The thoughtful choice of distributions
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and the implementation of weighted random selection contribute to the robustness and
realism of the simulation, enabling analysts to explore a spectrum of possible outcomes
and make well-informed decisions in the face of uncertainty.

The scheduled production plan, aligned with the project’s life span as presented in
Table 3, has been seamlessly integrated into the script.

Table 3. Annual production schedule used in the simulation model.

Year Ore (Ton) Waste (Ton)

1 1,600,054 14,000,000
2 1,600,391 14,000,000
3 1,599,615 13,000,000
4 1,600,189 12,000,000
5 1,599,784 11,000,000
6 1,600,324 10,000,000
7 1,599,649 9,500,000
8 1,600,223 9,500,000
9 1,600,121 9,500,000
10 1,599,953 9,000,000
11 1,599,750 9,000,000
12 1,600,155 8,000,000
13 1,599,868 8,000,000
14 1,600,425 6,000,000
15 1,200,353 3,700,000

Probability distributions were assigned to the key economic parameters based on
available operational data and engineering judgment. Gold price was modeled using a
normal distribution to reflect market fluctuations, while mining and processing costs were
represented using triangular distributions based on minimum, most likely, and maximum
estimates. The recovery rate was also modeled using a triangular distribution reflecting
operational variability in the processing plant.

In the present model, gold price, mining cost, processing cost, and recovery rate
were sampled independently. This assumption was adopted to keep the simulation struc-
ture transparent and to isolate the individual contribution of the main uncertain inputs.
Although some degree of correlation may exist among these variables in real projects,
a defensible empirical correlation structure could not be established from the available
project data. For this reason, independent sampling was retained in the current analysis in
order to avoid introducing arbitrary correlation assumptions into the model.

In this study, ore grade was represented using a fixed average value (1.6 g/t) in order
to isolate the effects of key economic and operational variables on project performance.
While grade variability is recognized as a major source of uncertainty in gold mining
projects, incorporating its stochastic behaviour was considered beyond the scope of the
present analysis.

In addition to the variables considered in this study, other sources of uncertainty such
as exchange rate fluctuations, geopolitical conditions, and economic policy uncertainty
may also influence the economic performance of mining projects. These factors have been
increasingly recognized in the literature as important components of investment risk in
resource-based industries, particularly in developing or emerging economies [23–25].

In the present study, these variables were not explicitly incorporated into the simula-
tion framework to maintain a focused modelling structure and to isolate the effects of key
operational and market-related parameters such as gold price, recovery rate, and mining
cost. While the inclusion of macroeconomic and geopolitical risk factors could provide
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additional insights, their modelling would require more complex assumptions and reliable
datasets, which were beyond the scope of the current analysis.

Nevertheless, the proposed framework is sufficiently flexible to accommodate ad-
ditional risk factors, and future applications may extend the model to incorporate such
uncertainties where appropriate data are available.

This incorporation allows the system to dynamically select the predetermined produc-
tion amount for a given year. It is worth noting that while the scheduled production plan is
currently treated as a fixed variable linked to the project timeline, it could alternatively be
introduced as a variable with its own probability distribution. However, for the sake of
simplicity and to mitigate unnecessary complexity, such an attempt has not been pursued
in the current implementation.

The Monte Carlo simulation framework is initialized using present values and evolves
according to the probabilistic distributions assigned to the input parameters. This flexibility
is crucial, particularly for parameters such as price, where turbulence can swiftly shift
investments from profit to loss.

The stochastic nature of Monte Carlo simulation allows different probability distri-
butions to be assigned to input parameters, enabling a more realistic representation of
uncertainty in the financial model.

The Monte Carlo simulation was performed using 1,000,000 iterations. For each scenario:

• Random inputs are selected based on their predefined distributions.
• A loop is initiated to calculate cash flows for each year of the project.

The Monte Carlo simulation was implemented in Python. For each scenario, random
samples were generated for the input parameters according to their assigned probability
distributions. Annual cash flows were then calculated for each year of the project life,
and the corresponding NPV and IRR values were estimated. The simulation process
was repeated for the predefined number of iterations. For each simulation scenario, the
corresponding Internal Rate of Return (IRR) was also calculated based on the generated
cash flow series.

All simulations were performed using Python with the NumPy and numpy-financial
libraries. The complete Python implementation used in the simulation is provided in
Appendix A.

During each iterative step, the algorithm systematically evaluates whether the current
fiscal year is equivalent to the designated lifespan of the project. Should this condition
prove true, the iteration is terminated, facilitating the subsequent computation of both
NPV and IRR predicated upon the input parameters specific to that particular scenario.
Conversely, should the condition be false, the algorithm proceeds to the subsequent fiscal
year, initiating a recurrent cycle until the termination of the scenario coincides with the
conclusion of the project’s designated lifespan.

The NPV and IRR values for each scenario are stored, and the loop continues to the
next scenario, repeating the process.

The simulation process continues until the predefined number of scenarios is completed.

4. Discussion
The results obtained from the Monte Carlo simulation clearly show the significant

impact of uncertainty on the economic evaluation of open-pit mining projects. As illustrated
in Figure 5, the NPV distribution spans a wide range of possible outcomes, from strongly
negative to highly positive values. Although the median NPV indicates a positive expected
performance, the presence of probability of negative NPV (17.52%) highlights the financial
risks associated with the project. This result confirms that relying solely on deterministic
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evaluations may lead to overly optimistic conclusions, as also reported in previous studies
on mining project risk and uncertainty [6–9].

Figure 5. NPV distribution for 1,000,000 simulations.

Similarly, the distribution of IRR values presented in Figure 6 provides further insight
into the variability of project performance. The median IRR of approximately 9.1% rep-
resents a moderate expected return; however, the probability distribution reveals that a
substantial proportion of scenarios fall below commonly accepted investment thresholds.
This variation reflects the sensitivity of project performance to fluctuations in key economic
parameters, particularly gold price and recovery rate.

Figure 6. IRR distribution for 1,000,000 simulations.

Compared to deterministic approaches, the probabilistic framework applied in this
study allows the combined effects of multiple uncertain variables to be evaluated simulta-
neously. This allows decision-makers to move beyond single-value estimates and better
understand the range of possible outcomes, which is essential for more robust investment
planning in mining projects.

From a sustainability perspective, the results demonstrate that improvements in
processing performance—especially recovery rate—have a dual impact. On the one hand,
higher recovery rates lead to increased economic returns, as reflected in the improved
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NPV distributions. On the other hand, they contribute to more efficient utilization of
mineral resources by reducing material losses. This finding is consistent with recent
studies emphasizing the role of process optimization and efficiency in sustainable mining
systems [15,16].

This interpretation is also consistent with recent sustainability assessment studies in
gold mining, where improvements in resource and energy efficiency are considered impor-
tant pathways for reducing environmental burden and improving the overall sustainability
performance of mining systems [19]. Although the present study does not directly quantify
environmental indicators, the economic evaluation of recovery improvement provides a
practical basis for linking investment decisions with more efficient resource utilization.

The results also underline the importance of incorporating uncertainty into feasibility
studies. By explicitly quantifying the probability of unfavorable outcomes, the proposed
framework supports more transparent and informed investment decisions. This is particu-
larly relevant for long-term mining projects, where uncertainty in market conditions and
operational parameters can significantly influence financial performance.

In addition to the indicators used in this study, alternative risk measures such as Value
at Risk (VaR) and Conditional Value at Risk (CVaR) are widely used in financial risk analysis
to assess downside risk and tail behavior of distributions [26,27]. In the present study, the
risk-return profile was evaluated based on the probabilistic distribution of NPV and IRR,
which was considered sufficient within the scope of the analysis. The inclusion of such
metrics, as well as additional indicators such as break-even analysis, may be considered in
future studies.

Therefore, these advanced risk metrics were not included in the present analysis.
Nevertheless, their integration into the proposed framework represents a valuable direction
for future research, particularly for studies focusing on extreme risk quantification.

In addition, the flexibility of the modelling approach allows different investment
scenarios to be evaluated under consistent assumptions. The case study results suggest
that technological improvements, such as mill upgrades, not only enhance economic
performance but also support more efficient resource use. This reinforces the role of
uncertainty-based economic evaluation as a sustainability tool in mining decision-making.

It should be noted that ore grade was treated as a fixed parameter in this study.
Given that grade directly influences revenue, its variability may significantly affect project
valuation. Therefore, the reported results should be interpreted within this assumption.
Incorporating stochastic grade variability would likely increase the spread of the NPV
distribution and could influence risk estimates. This represents an important direction for
future research.

The choice of discount rate also represents a simplifying assumption in the present
analysis. While country-specific risk factors may justify higher discount rates in certain
contexts, the selected value was intended to provide a consistent basis for comparing
simulation outcomes. Incorporating discount rate variability could further improve the
robustness of the analysis and represents a potential extension for future work.

Another simplifying assumption of the simulation framework is that the main stochas-
tic inputs were sampled independently. In practice, some of these variables may be partially
correlated, particularly under broader macroeconomic conditions affecting both commodity
prices and operating costs. Ignoring such correlations may influence the spread of simu-
lated outcomes and may lead to under- or over-estimation of project risk. In the present
study, independent sampling was preferred because the available dataset did not provide
a sufficiently robust basis for estimating a reliable correlation matrix. This assumption
should therefore be considered when interpreting the results, and future applications of
the framework may incorporate correlation structures where adequate data are available.
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In addition, the robustness of the simulation framework is influenced by the choice
of probability distributions assigned to the input variables. In this study, commonly used
distributions such as normal and triangular forms were adopted based on parameter
characteristics. While alternative distributional assumptions may lead to variations in
the simulated outputs, the general trends observed in the results are expected to remain
consistent. Future studies may further explore the sensitivity of the results to alternative
distribution assumptions to enhance model robustness.

The modelling framework is based on a set of simplifying assumptions that were
intentionally adopted to maintain transparency and interpretability of the simulation
results. In particular, the use of a fixed ore grade, independent sampling of stochastic
inputs, and a constant discount rate allows the model to isolate the effects of key economic
and operational variables on project performance.

While these assumptions may limit the representation of real-world complexity, they
provide a controlled analytical structure in which the relative influence of individual pa-
rameters can be more clearly evaluated. Introducing additional layers of model complexity,
such as correlated variables or stochastic grade modelling, would require more extensive
data and could introduce additional sources of uncertainty.

For this reason, the selected assumptions are considered appropriate for the scope of
the present study, while their limitations have been explicitly acknowledged and identified
as areas for future research.

The robustness of the model was also evaluated through complementary checks.
The convergence analysis demonstrated that both NPV and IRR stabilize as the number
of simulation iterations increases, indicating that the selected number of simulations is
sufficient for reliable estimation. In addition, the deterministic discounted cash flow (DCF)
result obtained from the mean values of the input parameters was found to be consistent
with the central tendency of the simulated NPV distribution. These results support the
internal consistency of the model and the stability of the simulation outcomes [28].

Formal statistical tests and confidence-interval-based inference were not the primary
focus of this study, as the analysis is based on simulation-driven distributional evaluation
rather than parameter estimation. In this context, the probabilistic distributions of NPV and
IRR, together with convergence behavior and downside-risk measures, were considered
sufficient to support decision-making under uncertainty. This approach is consistent with
common practice in simulation-based economic risk analysis, where the emphasis is placed
on the interpretation of output distributions rather than on inferential statistical testing.

Overall, the proposed approach provides a practical and adaptable framework for
evaluating mining investments under uncertainty. From a sustainability perspective, the
contribution of the study is centered on the economic pillar of sustainability, with a particu-
lar focus on resource efficiency and risk-informed decision-making.

In this context, the integration of uncertainty analysis into economic evaluation allows
decision-makers to assess not only expected financial performance but also the likelihood
of unfavorable outcomes. This contributes to more responsible investment decisions by
reducing the risk of inefficient resource allocation and avoiding economically unsustainable
project configurations.

In this study, this relationship is operationalized through the probabilistic evaluation
of NPV and IRR, together with the analysis of recovery-related improvements, which serve
as measurable proxies for economic performance and resource efficiency under uncertainty.

Furthermore, the results demonstrate that improvements in recovery performance can
enhance both economic outcomes and resource utilization by reducing metal losses. This
establishes a direct link between economic risk analysis and sustainability through more
efficient use of extracted resources.
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While environmental and social dimensions are not explicitly quantified in the
present study, the proposed framework provides a practical basis for economically sus-
tainable decision-making and can be extended in future studies to incorporate broader
sustainability indicators.

5. Practical Implications
A key decision considered in this study was whether upgrading the mill plant to

improve the recovery rate would be economically justified. Investors needed to evaluate
whether the additional investment required for this enhancement would translate into
higher project profitability. The uncertainty surrounding this decision prompted the utiliza-
tion of a flexible financial modeling script, empowered by Monte Carlo simulation. After
the investigation into the technological enhancement’s effect on the recovery rate and the
associated costs, it was assessed that this enhancement is projected to improve the recovery
rate to 85% in exchange for a $30,000,000 investment.

In this study, these two scenarios were evaluated to compare the future outcomes of
each. The MCS, capturing the inherent uncertainties, played a crucial role in providing
a comprehensive understanding of the financial landscape associated with each decision.
This approach allows the variability in recovery rate and associated costs to be incorporated
into the financial model and enables comparison of possible future project outcomes. The
resulting financial distributions, illustrated through histograms and statistical analyses,
provide investors with valuable insights for making informed decisions regarding the
technological enhancement investment.

The scripting approach allowed for the dynamic modeling of various scenarios by
adjusting recovery rate intervals and factoring in additional investments. Through repeated
simulations, the potential impact of technological enhancements on the project’s financial
outcomes was gauged. This iterative process facilitated a nuanced understanding of the
associated risks and benefits.

The flexibility embedded in the scripting methodology afforded decision-makers the
ability to explore a spectrum of possibilities, ranging from optimistic projections to more
conservative estimates. By visualizing the simulated results, investors gained valuable
insights into the range of potential outcomes under different conditions.

This decision-making framework exemplifies the practical utility of Monte Carlo
simulation in guiding strategic investments. It serves as a testament to the adaptability and
foresight enabled by advanced simulation techniques, providing decision-makers with a
comprehensive toolkit for evaluating the financial implications of substantial changes to
the project.

In the context of the mill factory enhancement scenario, a comprehensive simulation
was conducted over 1,000,000 iterations with specific parameters. As a baseline reference,
a deterministic discounted cash flow (DCF) analysis was also performed using the mean
values of the input parameters. The resulting deterministic NPV was found to be consistent
with the central tendency of the simulated NPV distribution, supporting the internal
consistency of the model.

In order to ensure consistency in the comparison, both the base case and the enhanced
scenario were evaluated using the same modelling structure and simulation framework.
The enhanced scenario differs only in the recovery-related parameters, while all other
input variables and assumptions remain unchanged. This approach allows the observed
differences in NPV and IRR to be directly attributed to the improvement in recovery
performance, providing a more transparent basis for scenario comparison.

The simulation results indicate that the enhanced scenario yields a median NPV of
approximately 351 million USD and an IRR of about 13%, as shown in Figure 7. The
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results also suggest a lower probability of negative NPV outcomes compared to the base
case, indicating that the technological enhancement reduces the overall financial risk of
the project.

 

Figure 7. NPV and IRR probability distributions for the mill factory enhancement scenario obtained
from 1,000,000 Monte Carlo simulation.

From a sustainability perspective, the ability to evaluate investment decisions under
uncertainty provides a more reliable basis for resource allocation, particularly in capital-
intensive projects such as mill upgrades.

6. Conclusions
This study developed a risk-based financial modelling framework for evaluating

the economic sustainability of an open-pit gold mining project by integrating sensitivity
analysis with Monte Carlo simulation. The results demonstrate that uncertainty has a
significant impact on project performance, and that probabilistic approaches provide a
more realistic representation of financial outcomes compared to deterministic methods.

The simulation results indicate that the project remains economically viable under
most scenarios, with a median NPV of approximately 220 million USD. However, the
probability of negative NPV (17.52%) highlights the financial risks associated with long-
term mining investments. The findings also show that gold price and recovery rate are the
most influential parameters affecting project value.
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The comparison of alternative investment scenarios reveals that improving mill pro-
cessing performance leads to substantial economic benefits. The enhanced scenario results
in a higher NPV (≈351 million USD) and IRR (13%), demonstrating that technological
improvements can significantly increase project profitability while reducing financial risk.

Without incorporating uncertainty-based analysis, such investment decisions would
likely rely on deterministic estimates. This may lead to suboptimal capital allocation and
overlooked downside risks. In this case, failing to incorporate uncertainty could result in
significant economic losses or missed opportunities for improving project performance.
Moreover, lower recovery rates in the base scenario would lead to increased material
losses, negatively affecting resource efficiency and, consequently, the sustainability of the
mining operation.

From a broader perspective, the results show that integrating uncertainty into financial
evaluation is not only a methodological improvement but also an important component
of economically sustainable mining practice. By enabling more informed and risk-aware
decision-making, the proposed framework supports both economic performance and more
efficient utilization of mineral resources.

For similar mining projects, particularly those involving high capital investments
and significant geological or market uncertainty, the adoption of such probabilistic ap-
proaches is strongly recommended. The ability to evaluate multiple scenarios and quantify
financial risk provides decision-makers with a more robust basis for selecting optimal
investment strategies.

In this context, the proposed framework contributes to sustainability assessment tools
by supporting the economic pillar of sustainability through risk-based evaluation under
uncertainty. Environmental and social dimensions were not explicitly modelled in the
present study and should be integrated in future work to provide a more comprehensive
sustainability assessment.
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Appendix A
Python function used for NPV calculation
#basecase parameter values
mean_gold_price = 58 #$/g
most_likely_cost_ore = 2.14 #$/ton
most_likely_cost_waste = 1.4 #$/ton
most_likely_processing_cost = 22 #$/ton
most_likely_recovery = 0.75
project_life = 15 # project life
initial_investment = 130,000,000

Appendix B
Sensitivity analysis script
def calculate_npv(gold_price, cost_of_mining_ore, cost_of_mining_waste,

processing_cost,recovery_rate, ore_per_year, waste_per_year,
project_life = 15, discount_rate = 0.07, grade = 1.6,
initial_investment = 130,000,000):

cash_flows = []
for year in range(project_life):

sampled_grade = grade
revenue = gold_price * recovery_rate * ore_per_year[year] * sampled_grade
cost = (ore_per_year[year] * cost_of_mining_ore) + (waste_per_year[year]

*cost_of_mining_waste) + (ore_per_year[year] * processing_cost)
cash_flow_year = revenue − cost
#initial investment in the first year
if year == 0:

cash_flow_year -= initial_investment
cash_flows.append(cash_flow_year)

npv = npf.npv(discount_rate, cash_flows)
return npv

Appendix C
Monte Carlo simulation code
cash_flows = []
for i in range(iteration):

cash_flows_year = []
for year in range(project_life):

ore_per_year = ore_per_year_samples[year]
waste_per_year = waste_per_year_samples[year]
sampled_grade = np.random.choice(filtered_data[‘AU’])
revenue = gold_price_samples[i] * recovery_rate_samples[i] * ore_per_year *
sampled_grade
cost = (ore_per_year * cost_ore_samples[i]) + (waste_per_year *
cost_waste_samples[i]) + \(ore_per_year * processing_cost_samples[i])
cash_flow_year = revenue − cost
cash_flows_year.append(cash_flow_year)

cash_flows.append(cash_flows_year)
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Appendix D
Additional plotting routines
initial_investment = 130,000,000
npv_samples = []
for i in range(iteration):

cash_flows_year = cash_flows[i].copy()
cash_flows_year[0] -= initial_investment
npv_scenario = sum([cf/(1 + discount_rate) ** t for t, cf in

enumerate(cash_flows_year, start = 0)])
npv_samples.append(npv_scenario)

irr_scenario_samples = []
# Calculating IRR for each scenario
for i in range(iteration):

cash_flows_scenario = cash_flows[i].copy()
cash_flows_scenario[0] -= initial_investment
try:

irr = npf.irr(cash_flows_scenario)
if np.isreal(irr) and irr > 0:

irr_scenario_samples.append(irr)
else:

irr_scenario_samples.append(0)
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