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The valuation of exit option in a lignite mine using
Monte Carlo simulation

Marcin Pawlak*, Tomasz Wi�sniewski

University of Szczecin, Department of Banking and Finance, Poland

Abstract

This study aims to demonstrate the application of simulation techniques to the valuation of real options. The nature of
the paper is methodological and empirical. The purpose of the valuation of the option to close a lignite mine in Poland is
to demonstrate the methodology and advantages of employing Monte Carlo simulation in the valuation of real options.
Close to actual numerical data reveals a complex optimization problem in the context of strategy selection by decision-
makers. Numerous factors (extraction costs, reclamation costs, the write-off for the reclamation fund, etc.), their inter-
penetration and multilevel influence on the decision to close the mine early enables simulation methods to demonstrate
their valuation capabilities. The valuation techniques used in the paper, particularly the simulation comparative valu-
ation method, are described in detail and are rooted in the literature and theory of finance.

Keywords: real options, Monte Carlo simulation, project valuation, lignite mine, exit option

1. Introduction

M anaging an investment or an organization
that offers real options provides flexibility.

Such planned opportunities are especially valuable
in a highly volatile market environment and should
be considered when making investment decisions
and operating a business. The term real options was
first used in the literature in a 1977 paper by Stewart
Myers [1]. He was one of the first to note that
operating activity can create additional value,
which, like the prospect of organizational learning
or the flexibility of a company’s operations, is not
accounted for by discount valuation methods [2].
The literature defines real options in many ways.
Primarily as a method for assessing the financial
efficiency of an investment or operating activity,
including the value of flexibility (particularly future
development opportunities, but not exclusively),
using the theory of pricing financial options [3]. Real
options, on the other hand, permit a mode of
thought and management that enables the analysis,
formulation, and active modification of operating
activity in light of the uncertainty and flexibility
associated with the activity [4].

In the case of large, complex, multi-stage, high-
risk investments in which a variety of implementa-
tion scenarios are available, real options are espe-
cially important for businesses. The literature is rich
with examples of the application of real options in
practice, particularly in R&D projects, such as in the
pharmaceutical industry [5], large infrastructure
investments [6] and the mining industry [7,8], which
will be the focus of this paper.
Due to the purpose of the paper, closing operation-

focused options will be the most important. The
discontinuation option is the right to cease operations
when there is a clear and sustained deterioration in
market conditions. The investor can then dissolve the
company and exercise the liquidation value. Deter-
mining the optimal time for ending operations re-
quires consideration of the mine’s decommissioning
value, current operating losses, and projected profit-
ability. The discontinuation option is irreversible, so
any potential future benefits that may arise after the
investment has been closed could be lost. The busi-
ness termination option reduces the negative impacts
of uncertainty by assigning the project’s worst
possible outcome as its decommissioning value. The
aerospace industry, infrastructure investments, new
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product launches, and themining industry can all use
opt-out options in high-capital investment projects.
Since the 1980s, the issue of a mine closure alter-

native has received considerable thought. The
matter of mine shutdown has often been discussed
as a component of various other alternatives in mine
operational management. The significance of oper-
ational flexibility in enhancing the value of mines is
widely acknowledged, thereby extending beyond
the limitations of the net present value (NPV)
framework, as per Guj’s [9] findings. Savolainen [10]
conducted a comprehensive literature review of 92
academic research articles on the mining invest-
ment literature published between 1995 and 2015.
The study revealed a multitude of complex options
available in the various stages of mining, including
exploration, development, extraction, and aban-
donment. Research was also carried out related to
the evaluation of mineral extraction contracts as
well as the planning and evaluation of mines [11].
Brennan and Schwartz [7] were among the pio-

neering authors who investigated strategies for
mine closure. Their study involved a thorough
analysis of the options available to shut down or
abandon a mine, taking into account the futures and
spot prices of the relevant commodity. The study
conducted by Moel and Tufano [12] analyzed the
annual opening and closing decisions of 285 devel-
oped North American gold mines during the period
1988e1997. The findings of the study suggest that
the mine operating decisions are in accordance with
the principles of the real option theory. The re-
searchers found that firm-specific managerial fac-
tors, which are typically not taken into account in a
strict real option model, are actually related to the
decision-making process of whether or not to shut
down a mine. This finding is unexpected, given the
principles of the theory of real options.
The valuation of mines and their embedded op-

tion to close the mine is a topic that has been
explored in the real options literature, as reviewed
by Colwell et al. [13]. Valuation of real options is
accomplished through the use of the least squares
Monte Carlo (LSM) methodology. According to the
authors, who utilized data from Brook Hunt Mining
and Metal Industry Consultants in the UK spanning
from 1992 to 1995, it was determined that the values
of embedded options exhibit a high degree of
sensitivity to estimation errors in the model's input
parameters. The analysis indicates that the mean
and median values of the shutdown options have
considerable economic importance. However, there
exists a wide range of variability in option values.
The findings of Jewartowski et al. [14] indicate that

it may be financially viable to cease mining

operations prior to the complete exhaustion of the
deposit, given the consideration of the fluctuation in
extracted lignite prices and the associated expenses
of land reclamation. The case study of the Polish
lignite mine demonstrates the utility of incorpo-
rating price volatility into option analysis. The put
option valuation in this study was conducted
through the implementation of binomial trees.
Mine shutdown analyzes are often conducted in

conjunction with the process of suspending and
subsequently reopening a mine. According to Sab-
our’s model [15], there is a positive correlation be-
tween the remaining life of a mine and the threshold
price for reopening a suspended mine, as well as the
threshold price for abandoning the mine. The
aforementioned interdependence suggests that the
factors utilized to make decisions about the alter-
ation of the operational mode of a mine are subject
to variation over time, with fixed costs, physical
depreciation, and technological obsolescence
serving as influential factors.
Guj and Chandra [16] present interesting findings.

The researchers employed six distinct techniques to
assess complex real options in the mining industry.
These methods included an analytical approach,
approaches based on binomial trees, different vari-
ants of decision trees, and Monte Carlo simulation.
The application of basic option pricing techniques
involved the utilization of a single aggregated vola-
tility metric, as in the Marketed Asset Disclaimer
(MAD) framework introduced by Copeland and
Antikarov [17] (p. 247). The findings suggest that the
use of fully disaggregated decision trees or Monte
Carlo simulations, which incorporate the probability
distributions of each distinct source of risk, results in
a lower valuation of real options ranging from 15% to
35%. The authors claim that this approach is more
realistic and aligns with the need for a conservative
valuation. Previous research conducted by Brandao
[18] suggests that the use of MAD valuation, which
combines multiple risk factors into a single measure
of volatility, results in a systemic positive bias.
The objective of our research is to assess the po-

tential benefits of implementing a shutdown of the
lignite mine earlier than the initial scheduled date.
We employ a novel approach to option valuation
that relies exclusively on the Monte Carlo method,
which is applied to the financial model of the mine.
The primary determinant of the feasibility of the
mine shutdown option is the interaction between
the expenses incurred in land reclamation subse-
quent to mine closure and the accumulated value of
the land restoration fund that the mining company
has accumulated during the operation of the mine.
Moreover, we would like to check the influence of
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different factors on the value of real option to close
the mine and confirm the influence of high impact
of fixed costs and other parameters on the option
value, like in studies of Sabour [15] and Colwell
et al. [13].

2. Materials and methods

Real options are frequently valuated using
methods based on financial option valuation tech-
niques. Basic approaches like Black and Scholes [19]
and Cox, Ross, and Rubinstein valuation model [20]
can be employed for real option valuation. The
Monte Carlo method are frequently utilised as it
allows to valuate more complex options such as
barrier, vanilla, and Bermuda options [8]. A rela-
tively new method of real options valuation that
maps the volatility of the environment is the Datar-
Mathews method [21]. It is based on the Monte
Carlo simulation but combines the results of simu-
lation with the Black-Scholes model [22].
In our study, we perform a simulation-based valu-

ation of the shutdownoption (exit option) for an open-
cast lignitemine, as described in subsequent sections.
The proposed methodology of simulation compara-
tive valuation (SCV) is based on a dual Monte Carlo
simulation (2MC). The 2MC framework,which refers
to the assessment of real options, was formulated by
Wi�sniewski in 2008 [23]. The determination of the real
option’s worth in this approach is based on the
disparity between the project's value with the option
and the project’s value without the option. The two
values are determined by computing the mean of the
outcomes derived from the Monte Carlo simulation.
The valuation of a project, with andwithout an option,
is dependent on the input parameters utilized in the
financial models that characterize these investments.
The input variables may exhibit determinism and
embody the variability that is inherent in the project
and its surroundings. The modelling of input vari-
ables offers significant freedom, as each input
parameter can be stochastically characterized and
linked to correlation or autocorrelation within this
methodology. Thismethod facilitates consolidationby
aggregating all risk factors based on theMADmethod
introduced by Copeland and Antikarov [17].
The simulation comparative valuation (SCV)

methodology is based on a widely recognized set of
analytical tools used to evaluate the efficiency of an
investment, such as net present value. As such, it is
imperative that the SCV approach aligns with the
fundamental assumptions of the NPV framework.
Using suitable algorithms, particularly decision tree
analysis and simulation techniques, it becomes

feasible to perform a real option valuation by
expanding the analysis of the NPV financial model.
A simulated comparative valuation is a real option

valuation method that consists of a conditional
comparison of the expected value of the project in
which the real option is exercised (NPVext) and the
investment value in which the option is not exer-
cised (NPVbase) according to the following formula:

ROV¼E½maxðNPVext �NPVbase;0Þ� ð1Þ

NPVext¼ f ðFCFbase; t; rÞ ð2Þ

FCFbase¼ f

0
BBBB@

p1 p2 … pn
p1 1 … … …

p2 … 1 … …

… … … 1 …

pn … … … 1

1
CCCCA ð3Þ

NPVext¼ f ðFCFext; t; rÞ ð4Þ

FCFext ¼ f ðFCFbase; t; r; I; BÞ ð5Þ

FCFext ¼ f

0
BBBBBBBB@

p1 p2 … pn I B
p1 1 … … … … …

p2 … 1 … … … …

… … … 1 … … …

pn … … … 1 … …

I … … … … 1 …

B … … … … … 1

1
CCCCCCCCA

ð6Þ

t e project duration,
r e capital cost,
FCF e free cash flows,
B e benefits resulting from the realization of the
real option,
I e expenditures necessary to exercise the option.

It should be emphasized that the methodology
each time requires individualization in the valuation
process. Base and extended models should be built
from scratch, adjusting their structure and functions
to the characteristics of the operating activity and
the option built on it. The SCV algorithm is so
universal that it can be used to determine the value
of any real option, as well as complex options. With
the use of financial modelling techniques, you can
recreate the characteristics of each investment and
program-related opportunities.
In the SCV method, it is not necessary to distin-

guish between the types of options and classify
them. Each type of real option can be individually
and in detail mapped in the simulation NPV. Thus,
the characteristics of the valued option are
described in the extended model, while the general
algorithm of the SCV method remains unchanged.
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Determining the value of the real option is carried
out by a conditional comparison (ROV greater than
or equal to zero) of the value obtained from the
model with and without options.
We presented the real option valuation method-

ology described in the previous chapter as an
example of the valuation of the shutdown option,
which is possible to implement in a lignite mine.
The data for the presented case study, including in
particular the volume of coal extraction, the level of
prices, fixed and variable costs, etc., refer to a real
lignite mine located in Poland. This valuation refers
to the paper of Jewartowski, Mizerka and Mr�oz [14].
The data from the above-mentioned paper were
adapted for the construction of a simulation model
of real option pricing, and additional assumptions
were added regarding the parameters of the distri-
bution of input stochastic variables (e.g. minimum
price levels and production volume were defined).
The variables are characterized in detail in the next
part of the description.
The extraction of lignite at the mine, because of

the properties of this fossil fuel, is closely related to
its direct use in the nearby coal-fired power plant.
Therefore, the demand for the power plant, which is
the result of the state's energy policy and the state of
the energy market, determines the extraction vol-
ume. Mining plans, in their basic version, have been
developed for 26 years and assume a gradual
decrease in production for the first 17 years, fol-
lowed by an acceleration of mine closure processes,
resulting in reduced production.

2.1. Model description

The financial model used to analyze the option to
close the lignite mine includes all the relevant re-
lationships affecting the economics of the mine’s
operations (cf. formula 8). In particular, four main
relationships are mapped affecting the performance
and value of the real option: the lignite mining plan,
the operating leverage, the cost of reclaiming the
open-pit mine, and the reclamation fund accumu-
lated to rehabilitate the site after mining. Some of
the parameters of the financial model at the begin-
ning of the first year are the result of past actions
taken by the company operating the mine and are
the result of past accumulation of certain items

(such as the post-mining reclamation fund collected
to date), or are the result of the previous state of the
market and the organization of work, such as the
found level of prices and costs, as well as past
mining and the resulting estimate of site reclama-
tion costs current at the beginning of the modelling.

FCFt¼Revenuet � FixedCostst �VariableCostst�
YearlyMLFt

ð7Þ

Revenuet¼Productiont � Pricet ð8Þ
The model reproduces the technical mine

exploitation plan and expresses it through the
planned mine production in each year in the Pro-
ductiont vector (cf. formula 9). Deviations from this
plan can result from differences between the tech-
nical exploitation of the deposit and the actual
mineral content of the deposit. Differences can also
result from economic considerations and temporary
deviations from the demand expressed in the tech-
nical production plan. These deviations were
expressed in the model by introducing variability
into the Productiont vector. Variability of output was
described by a normal distribution N(Productiont,
0.25� Productiont) up to the 16th year of the mine
operation and N(Productiont, 0.1� Productiont) from
the 17th to the 26th year. Additionally, it was
assumed that, regardless of other factors, a certain
minimum demand for lignite would be maintained
due to the need to ensure the continued operation of
the power plant, which is the main consumer of the
product. This level was estimated at Productiont e
0.25� Productiont, that is, x e s, and was introduced
into the distribution as the limiting condition of the
normal distribution. The time distribution of plan-
ned production over the life of the mine is shown,
while an example of the statistical distribution of
production in year 1 of operation is shown. The
second element of variability on the revenue side is
the selling price per ton of lignite (cf. formula 9),
which is also described by a normal distribution
with parameters N(Pricet, 0.1� Pricet) and, like pro-
duction, is limited on the left to one standard devi-
ation (cf. Table 1).
Operating leverage results from the relationship

between the level of fixed costs and variable costs
and has been mapped in the model through a
separate fixed cost plan and a link between variable

Table 1. Distribution of planned lignite production over time (million T).

Year 1 2 3 4 5 6 7 8 9 10 11 12 13

Average lignite production 42.5 42.5 37.3 37.7 37.6 37.1 35.8 36.1 36.3 36.3 35.8 37.8 36.4

Year 14 15 16 17 18 19 20 21 22 23 24 25 26

Average lignite production 36.9 36.9 35.0 35.0 29.7 22.6 20.0 15.0 10.0 7.1 7.1 5.0 5.0
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costs and sales volumes (see formula 8). Fixed costs
are an important factor shaping the economics of
operations, and for open-pit mines, they are quite
significant and are about 70%; [24]. In our model,
these costs account for about 63.7% of costs in year 1
and increase by the inflation rate in subsequent
years. At the end of the mining period, from the year
defined as tdecr.start¼ 18, fixed costs begin to decrease
due to depletion of the deposit (cf. formula 10). As
production decreases, fixed costs will decrease in
proportion to the decrease in production (parameter
DecrProdRatiot), but at a rate slower than this
decrease as determined by the parameter FCdecr-
Ratiot, which is 0.4 over the entire period of the
mine's reduction in production.

VariableCostst¼Revenuet �VariableCostsRatiot ð10Þ
In the case of open-pit mines, an extremely

important parameter affecting the economics of
operations is the cost of reclamation of the open-pit
mine, which occurs after the mineral is extracted.
These costs are usually very high. Consequently, an
important factor affecting the efficiency of an open-
pit mine is the level of write-offs from annual
financial surpluses for subsequent reclamation
costs. These write-offs occur annually (cf. formula
12, variable YearlyMLFt) and, in our model, repre-
sent a certain fixed percentage of revenues annually
(variable YearlyMLFratiot). These funds are accu-
mulated in a mine liquidation fund (variable
MLfundt) with a reinvestment rate equal to Rein-
vestmentRatet (cf. formula 13).

YearlyMLFt¼Revenuet �YearlyMLFratiot ð11Þ

MLfundt¼YearlyMLFt þMLfundt�1�
ð1þReinvestmentRatetÞ

ð12Þ

Cumulative reclamation costs (variable
DRcostst) increase with inflation in the same way as
unit reclamation costs (variable UnitDRcostst). The
annual increase in reclamation costs is proportional
to production in each year (see formula 14).

DRcostst¼DRcostst�1�ð1þInflationtÞþProductiont�
UnitDRcostst

ð13Þ

UnitDRcostst¼UnitDRcostst�1 �
�
1þ Inflationt

� ð14Þ

The value of the mine at the end of the mining
period is described by formula (16) and consists of
the sum of discounted cash flows over the entire
mining period plus the present value of the recla-
mation fund in the last year of mining (year n) and
minus the discounted reclamation costs in that year.
Similarly, we determine the value of the mine in
each year of operation of the EVk deposit (k¼ 1, 2,…,
n), with the sum of discounted cash flows calculated
for each year k in the range t¼ 1, 2, …, k, while the
present value of the reclamation fund and the pre-
sent value of the reclamation costs are calculated at
the end of the specified year k (cf. formula 17).

PVmine¼
Xn

t¼1

FCFt
ð1þ rÞt þ

MLfundn
ð1þ rÞn �DRcostsn

ð1þ rÞn ð15Þ

EV k¼1;…;n¼
Xk

t¼1

FCFt
ð1þ rÞt þ

MLfundk
ð1þ rÞk �DRcostsk

ð1þ rÞk ¼

¼ PVðFCFt¼1;…;kÞ þ PV
�
MLfundk

�� PVðDRcostskÞ
ð16Þ

We calculate the value of the option to close the
mine according to the concept of the value of the put
options. Classically, the only condition for exer-
cising an option for early closure of a lignite mine is
the higher value of the mine in the case of early
closure. This is described by formula (18), and we
denote this option by ROVc0.

ROVc0¼ max
t¼1;…;n

�
EVt � PVmine j ðEVt � PVmineÞ>0
0 j ðEVt � PVmineÞ � 0

ð17Þ

However, we have the additional characteristics
of a lignite mine that are the additional conditions
that must occur for the closure of the mine to be
possible. These additional conditions are the
collection of funds within the reclamation fund that
are sufficient to carry out the reclamation of the
mine site after closure. If this condition were not
met, the cost of reclamation of the mine would be
passed on to others, including, in particular, the
local community, and perhaps e due to the scale of
the project e to all taxpayers. In doing so, we
recognize two cases. The first is ROVc1 (cf. formula
19), defined as the exercise of the option to close the

FixedCostst¼
�
FixedCostst�1*

�
1þ Inflationt

�
;j t< tdecr:start

FixedCostst�1*
�
1þ Inflationt

�
*ð1þDecrProdRatiot*FCdecreaseRatiotÞ;j t �tdecr:start

ð9Þ
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mine only if the funds raised and cash flows from
the mine in the year of option exercise combined are
greater than or equal to the reclamation costs for a
given stage of the open-pit mine operation. The
second is ROVc2 (cf. formula 20), defined as exer-
cising the option to close the mine only if the funds
raised for reclamation are higher than or equal to
the cost of reclamation at that stage of mine
operation.

PVmine¼
Xn

t¼1

FCFt
ð1þ rÞt þ

MLfundn
ð1þ rÞn �DRcostsn

ð1þ rÞn ð18Þ

EV k¼1;…;n¼
Xk

t¼1

FCFt
ð1þ rÞt þ

MLfundk
ð1þ rÞk �DRcostsk

ð1þ rÞk ¼

¼ PVðFCFt¼1;…;kÞ þ PV
�
MLfundk

�� PVðDRcostskÞ
ð19Þ

The option to close the mine will be exercised
most often with a classic put option without addi-
tional conditions (ROVc0). Also, the value of this
option will be the highest. The other two cases of

put options with additional conditions will be
exercised less frequently. Condition 1 is less
restrictive, and hence, the value of the ROVc1 option
will be higher than the value of the ROVc2 option.

3. Results

The results of the simulation show that the oper-
ating activity of the mine consisting of the extraction
and sale of lignite is profitable. The average NPV of
the lignite mine is slightly greater than PLN 1.77
billion, which, with a median of PLN 1.74 billion,
indicates an almost symmetrical distribution (there
is a slight right skewness of the distribution; see
Fig. 1). The standard deviation is PLN 0.8 billion,
which means that the coefficient of variation
reached the value of 0.45. Therefore, the variability
of the project is at a moderate level.
In this context, closing the mine before the plan-

ned 15-year operation period seems unjustified.
However, the analysis of the value of the project exit
option conducted in this paper indicates that in
some circumstances, it pays to close a lignite mine
earlier (see Fig. 2).

Fig. 1. Distribution of the NPV of the lignite mine in the base scenario from Monte Carlo simulation.

Fig. 2. Distribution of real option value (ROVc0) from the Monte Carlo simulation.
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The closure of the mine is imminent, and it is
crucial to choose the right economic moment for the
termination of operations. The option is designed in
such a way that it is always exercised when there are
adequate market conditions and when early closing
is profitable. Therefore, the determined value of the
option shows the optimal execution of the option
due to the changing market conditions (price vari-
ability and variability in lignite extraction).
The value of the early termination option ROVc0

(Fig. 2) is PLN 0.57 billion, which is 32% of the whole
mine value in the base case. The valuation was
made by comparing, in each iteration of the simu-
lation model, the value of the base project and the
alternative of using closing options under favour-
able market circumstances. The distribution is close
to normal and has the right skewness. The standard
deviation is small; its value oscillates around PLN 59
million.
The option is exercised in each iteration of the

simulation, which means that each time it is profit-
able to close the mine earlier than at the end of the
last period. The time distribution of production

(Table 1), which in later periods reaches very low
values (close to 0), has a key impact on such
frequent exercise of options. The option is exercised
mainly in the period from 9 to 12 years of the
project.
For ROVc0, the exercise of the option may occur

regardless of the available funds necessary to close
the mine. Figures 3 through 5 show the number of
simulation runs out of a total of 100,000 iterations in
which the various mine closure options (c0, c1 and
c2) are exercised in a particular year. In Figure 3, the
basic mine closure option not limited by any addi-
tional condition is exercised most often in the 17th
year of analysis in about 34% of the runs. In practice,
the exercise of the option depends on the raising of
appropriate funds, which changes the characteris-
tics of the time distribution of mine closures. The
changes are small but significant. As in the case of
ROVc0, the option (ROVc1) is almost always exercised
(see Fig. 4). Also when liquidation funds are
collected in the form of write-offs and present value
of current year cash flow e in 99.4% of cases the
mine operation is terminated early. This option is

Fig. 3. Year of option exercise ROVc0.

Fig. 4. Year of option exercise ROVc1.
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the most often performed in the simulation in the
16th year of analysis in about 26% of the runs. The
main difference is that, in the case of ROVc1, the
option is exercised earlier (larger values in periods
from 6 to 16 inclusive). This is due to the discounting
and reinvestment of cash accumulated in the mine
liquidation fund.
In the case of ROVc2, exercising the option in each

iteration is limited due to the condition of acquiring
enough funds for mine recultivation (Fig. 5). For this
reason, the exercise of options is shifted in time,
mainly to the last periods (from 23 to 25). At the
same time, the number of cases (14.8%) in which the
mine conducts its operations in accordance with the
baseline plan is growing. Most simulation runs end
with the c2 option being exercised in year 25 (almost
50% of iterations), a year before the mine closes as
planned.
Analysis of the simulation results of the presented

lignite mine model shows that with a certain
configuration and level of fixed and variable costs,
the option of early closure of a lignite mine is
valuable. As expected, a reduction in the efficiency
of the mine operation increases the real option value
of closing the mine. Very important is the level of
fixed costs, which are high for the mine and increase
the value of the option to close the mine if demand
falls or variable costs rise. We have shown that
higher production volatility and higher product
price volatility increase the profitability of closing a
mine earlier. A decrease in production due to
depletion of the lignite deposit, as well as an in-
crease in variable costs e for example, related to an
increase in taxes for environmental use e can also
make earlier mine closure more profitable.
It should be added that the solution we presented

assumes optimal option exercise in each simulation
run in accordance with the theory of real options.
The decision to exercise the option to close the mine

takes into account all economic (price, costs,
decommissioning fund) and technical (extraction of
the deposit) factors together. It is made in each
simulation run by comparing the value of the mine
in operation until the planned end and the value of
the mine closed earlier. In contrast, the manager at
the time of the decision to close the mine is not sure
of the value of the mine. At the time of the decision
to close the mine, its final value is still a stochastic
variable and extends within certain limits of vari-
ability. The manager, on the other hand, is only
certain of the mine's liquidation value at that point.
Based on the conducted analysis of the mine closure
option, the probability of the correct exercise of the
option at a certain point in time (see Charts 3
through 5) or at a certain price or cost level can be
estimated. We will return to our assessment of the
managerial view of the option situation in our
conclusions.

4. Discussion

In general, an increase in the volatility of key
input factors increases the value of the option. The
put option associated with mine closure behaves
similarly. This is clearly visible in the case of the
volatility of the mine’s production (see Fig. 6). In all
analyses, we examine three exit option values. The
value of ROVc0 captures the value of the exit option
without any restrictions and is identical to the
theoretical value of the put option in the situation of
abandonment. The value of ROVc1 introduces, in
addition to the exercise condition of the option, an
additional restriction that limits the exercise of the
option only to situations in which the value of the
reclamation fund and the cash flow in the year
under study is sufficient to cover the cost of
reclaiming the site after mine closure. This condi-
tion is occasionally not met even when the general

Fig. 5. Year of option exercise ROVc2.
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option execution condition is met. However, it oc-
curs relatively often, leading to only a slightly lower
option value for ROVc1 than for ROVc0. The differ-
ences in the value of these two options are greater at
low volatility compared to higher volatility, for
which the difference is virtually constant. The ROVc2

option introduces even more restrictive assump-
tions on the exercise condition of the option by
introducing an additional requirement that the cost
of mine land reclamation can be covered only by the
capital accumulated in the land reclamation fund.
Since this fund, with the write-downs used in the
base case, is sufficient at the end of the mine's life,
the value of the mine’s shutdown option in this case
is much lower than for the previous two options,
and the increase in the value of the option as vola-
tility increases is also much slower than for the other
two options.
The same is true for the volatility of lignite prices

(see Fig. 7). However, the increase in the value of the
mine closing option is less intense and occurs above
price volatility of 25%. Up to this level, the increase
in volatility causes a slight decrease in the value of
the option resulting from the interaction of this

parameter with other input parameters. The differ-
ences between the normal mine closure option
(ROVc0) and the option with the condition of
covering reclamation costs from the site reclamation
fund supported by cash flow from the year of po-
tential mine closure (ROVc1) are greatest at low
volatility and fade to virtually zero above price
volatility of 45%. The most restrictive closure option,
ROVc2, is again as before much smaller than the
other two, but its value increases more rapidly with
increasing lignite price volatility.
In summarizing the analysis of the impact of

volatility on the value of the option to close the
mine, it should be noted that, in the case of an
open-pit lignite mine, the value of the option to
close the mine early is relatively low due to low
volatility and that of both output and prices.
Extraction is driven by the technical plans for
operating the mine, and the minimum size re-
quirements got to the main (and often only)
customer, which is the power plant. The same ap-
plies to prices, which are set in the contract between
the lignite mine and the power plant. Usually, these
contracts take into account the level of extraction

Fig. 6. Sensitivity of exit option value to changes in production volatility.

Fig. 7. Sensitivity of exit option value to changes in the volatility of the lignite price.
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costs and do not introduce high volatility (if any at
all) in prices for the final product.
Variable costs include various cost items that

affect the sum of costs in proportion to the mine’s
operations. In our model, the proportionality of
variable cost behavior is achieved through the per-
centage ratio of variable costs to revenues. In this
way, variable costs are determined taking into ac-
count both the current intensity of operations and
the current inflation rate.
The increase in variable costs, expressed in terms

of the ratio of the share of these costs in revenue,
results in an increase in the value of the closing
option, with the value of the ROVc1 option being, as
in the volatility analysis, slightly lower than that of
the basic ROVc0 option without additional exercise
conditions (see Fig. 8). The ROVc2 option with the
most restrictive exercise condition is, as in the
volatility analysis, significantly lower than the other
two options; however, it also increases as the level of
variable costs increases. An interesting phenome-
non with a high variable cost ratio is the sudden
decrease in the value of the option for early closure
of the mine ROVc1, which is due to the achievement
of negative profitability above about 38% of variable
costs in the revenue structure. This has an impact on
the more frequent negative value of cash flows in
the year of earlier mine closure, so some iterations
of the simulation that previously met the condition
for exercising the ROVc1 option do not meet it, which
in effect reduces the value of this option compared
to ROVc0.
Therefore, the general trend with regard to vari-

able costs is that the value of the option to close a
lignite mine early increases as these costs increase.
However, it is important to remember that a
downward shift in the break-even point will result
in a decrease in the value of the option to close the
mine based on its own resources. This is important

because an increase in these costs can be caused, for
example, by tax changes that additionally burden
the mine in proportion to production. Such can be,
for example, the nature of additional environmental
fees. When they exceed reasonable amounts (i.e.,
bearable by the mine), the costs of such changes will
be passed on to the public since, from a certain level,
the mine will not be able to cover these costs from
its own revenues.
The conducted analysis shows that the lower the

fixed costs of a mine, the longer it can maintain a
positive operating profitability. So, if the operation
of the mine at a low level of fixed costs is profitable,
why close it? For this reason, the possibility of early
closure loses its importance and value. The
described dependencies are illustrated in Figure 9.
When there are high fixed costs, which is the norm

in lignite mines (fixed costs usually account for about
70% of total costs; see [24]), the option of closing the
mine earlier becomes important. Depending on the
condition of exercising the option (method of col-
lecting funds for the early closure of the mine), the
value of the option will change more or less
dynamically. Assuming that we examine whether it
is profitable to close a lignite mine earlier without
the need to set aside cash from current operations
for mine closure and reclamation (ROVc0), the value
of the option changes almost exponentially.
However, when we make the execution of the

option conditional on raising the appropriate fund
supported by the current year cash flow (ROVc1), it
can be seen that the value of the exit option has its
maximum value close to PLN 940 million. It is
observed that the value of fixed costs is around PLN
1700 million. The maximum ROVc1 is directly related
to the distribution of the lignite extraction in the
mine and the preparation of the mine for planned
closure (fixed costs decreasing proportionally to the
decrease in extraction starting from 2031).

Fig. 8. Sensitivity of exit option value to changes in volatility of the lignite price.

JOURNAL OF SUSTAINABLE MINING 2024;23(1):40e54 49

R
E
S
E
A
R
C
H

A
R
T
IC

L
E



Where the condition is that the mine liquidation
fund must exclusively cover all costs of decom-
missioning and restoration (D & R) the option ROVc2

has little value compared to the previous two cases.
Mine liquidation fund write-offs, in many cases, are
not enough to cover D & R costs, so there are cases
where a mine should be closed earlier for economic
reasons, but there are not enough funds to do so. In
this case, the described dependencies clearly limit
the value of the output option.
Regulations on the recultivation of open-cast

lignite mines affect the possibility of early closure of
the mine. In Poland, there are legal provisions
regulating the minimum amount of write-offs,
which are to serve the efficient and safe closure of
the mine and its subsequent reclamation in accor-
dance with the natural environment and the needs
of local communities.
According to the Polish geological and mining

law, an entrepreneur who has obtained a concession
for activities related to: 1) extraction of minerals
from deposits, 2) exploration and exploration of
hydrocarbon deposits and extraction of hydrocar-
bons from deposits, 3) underground nonreservoir
storage of substances, 4) underground storage of
waste must set up a mining plant liquidation fund
and accumulate funds on it. The fund’s resources
are accumulated in a separate bank account in the
form of cash. The fund’s resources may also be
collected in the form of treasury bills or bonds is-
sued or guaranteed by the state treasury. Open-pit
mines, in accordance with the law, should allocate to
the fund the equivalent of not less than 10% of the
mining fee (tax) due. In simple terms, the mining fee
is the product of the tonnage of the extracted min-
eral and the rate per extracted ton. The fee rates are
updated every year, and the minister responsible for
the environment announces them in the Monitor
Polski (official journal of the Republic of Poland).
For 2022, this rate is symbolic of PLN 2.22 per tonne
of extracted lignite. Taking into account the

production of the mine in the first year, that is, 42.5
million tons, it can be estimated that the mining fees
would amount to approximately PLN 95 million.
10% of this value, i.e., PLN 9.5 million, means the
minimum write-down for the reclamation of the
mine. This is far too little, especially since the esti-
mated costs of decommissioning and recultivation
for the first mining period alone will amount to
approximately PLN 65 million. In practice, when a
decision to close a mine is made, the write-downs
are adjusted to the closing date, or the owners cover
closing costs with current surpluses. The minimum,
prescribed by law, write-offs for the costs related to
the liquidation of the mine and the reclamation of
the post-mine land are not sufficient. They are a
theoretical value; in reality, the management boards
of mines decide on higher levels of write-downs. In
the model for the purpose of creating a liquidation
and reclamation fund, the level of 2% of revenues
from coal sales was assumed as the base level.
From a financial point of view, in most cases, a

mine can be closed earlier regardless of the per-
centage of decommissioning and reclamation
charges. However, in cases where the execution of
the option to close a mine depends on the amount of
the decommissioning fund collected and the write-
downs are too low, the closure may not be possible.
This is presented in the graph (Fig. 10).
Given the need to raise adequate funds

(MLF þ NPV(t)>D & R and MLF>D & R)) and low
percentages of annual decommissioning and recla-
mation charges, the value of the option to close the
mine is lower than it could be (seeROVc0). If thewrite-
downs increase to approximately 3% of the option
value in the three variants, it is essentially the same.
The value of the mine closure option depends on

the financial conditions of the mining project (dis-
count rate, reinvestment rate). When examining the
efficiency of a lignite mine, it is very important to
use appropriate capital cost rates and reinvestment
rates for calculations. This is especially important

Fig. 9. Sensitivity of exit option value to changes in fixed cost.
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for long-term investments, where financial math can
create and destroy value. In the case of a valued
mine closure option, the high discount rate reduces
the value of the option (see Fig. 11). At the cost of
capital, not only positive cash flows related to
operating activities are discounted, but also ex-
penses necessary to close the mine.
The discount rate in themodel, due to the nature of

cash flows (no possibility to include debt), was

assumed to be the discount rate at the level of 8.75%.
As can be seen in the chart above, as expected, the
higher the discount rate, the lower the option values.
The reinvestment rate works in two directions (see

Fig. 12). The first of them enables the option to be
exercised under more restrictive conditions related
to the collection of funds for the liquidation of the
mine. The second reduces the value of the option:
the higher the reinvestment rate, the more

Fig. 10. Sensitivity of the exit option value to changes in the decommissioning and reclamation provision (% of annual sales revenue).

Fig. 11. Sensitivity of the exit option value to changes in the discount rate.

Fig. 12. Sensitivity of the exit option value to changes in the reinvestment rate.
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effectively the money accumulated over the years
works, which makes closing the mine less profitable.
The level of the reinvestment rate used to measure
provisions for decommissioning and re-cultivation
in open-cast mines in Poland ranges from 2.8% to
3.8% in the years 2016e2021. The yield of long-term
treasury bonds is most commonly used.
The cost of capital rate and the reinvestment rate

should not be considered separately. They are tied
together. For this reason, it is worth paying attention
to the chart below (see Fig. 13), which presents a
two-dimensional analysis of option value sensitivity
(ROVc0). It fully confirms the observations described
above.
The combination of high capital cost and rein-

vestment rates makes the value of the option almost
worthless regardless of the exercise condition (how
the money is raised to decommission and restore
the mine). Lower reinvestment rates and lower
capital costs make it more profitable to close a mine
faster, as shown in the graph above.

5. Conclusions

The value of an option to close a lignite mine early
is a strategic decision that depends only partially on
the financial performance of the company. Regard-
less of the financial factors that affect the value of
the option, the primary factors determining its
closure are: 1) cooperation with a power plant that
uses mined coal, the closure of a coal-fired power
plant results in the closure of the mine; 2) depletion
of the deposit; 3) the need for reclamation and
environmental considerations; 4) the climate policy
of Poland and the EU. Only after the boundary
conditions defined by the above-mentioned

strategic factors have been adopted and the policy-
makers have determined the indicative timeframe
in which the closure will take place is the efficiency
calculation and selection of the optimal timing of the
mine closure possible to estimate.
The manner and amount of write-offs to the mine

liquidation fund are of great importance for the value
of the exit option from the lignite mine. The statutory
percentage of write-downs is insufficient to compen-
sate for the damage caused during mining. It is,
therefore, necessary to adjust the appropriate rate of
write-offs so that it is possible to collect a sufficient
amount of capital for recultivation. Regardless of
whether the closureof theminewill befinancedby the
owner, only from the liquidation fund, or additionally
from current cash surpluses from operating activities,
ensuring adequate cash is the basic condition for the
existence of a positive value of the real option.
The value of the option to close a lignite mine

early is sensitive to changes in the value of financial
rates, in particular, the cost of capital rate, rein-
vestment rate, and inflation rate. Each of them
works differently e increasing the cost of capital
increases the value of the option, increasing the
reinvestment rate decreases its value, and
increasing inflation makes the option gain in value.
Other variables affecting the option value are rela-

tively easy to interpret. Assuming that themine canbe
closed at any time, all parameters that reduce the base
value of the mine’s NVP, e.g. increasing fixed and
variable costs, decreasing production, and lower pri-
ces, will result in a higher value of the option. Factors
that increase the financial efficiency of a lignite mine
reduce the value of the option and mean that it will
either not be exercised or will be exercised in the last
years of the mine's operation. The tightening of the

Fig. 13. Value of the real option to shutdown a lignite mine according to the reinvestment rate and the discount rate.
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climate policy causes an increase in the variable costs
of operations, which results in a higher value of the
option to close the mine earlier.
We utilize a new method of option valuation

based solely on the Monte Carlo approach applied
to the financial model of the mine. The advantage of
this approach is not only the possibility of
combining a few sources of uncertainty or intro-
ducing changes in volatility during the option life
(like in the MAD approach of Copeland and Anti-
karov, [17]) but also to check out many practical
characteristics of a real option situation affecting the
viability of option execution. As always, the esti-
mation of input parameters in the option pricing
model is kind of problem. However, because the
SCV method involves only the variables contained
in a typical financial model describing the decision
situation, they are easier to estimate than the pa-
rameters found in other methods of real option
pricing. A typical problem in the valuation of real
options using traditional methods is the estimation
of the volatility of the value of the investment
project, which in the proposed SCV approach is
solved by implementing the volatility in the finan-
cial model and comparing the simulation results in
two variants. Therefore, the estimation of parame-
ters and volatility is more intuitive than in tradi-
tional methods of valuing real options. Of course,
estimating the values of the parameters describing
the financial model still remains a practical prob-
lem, as in any valuation method based on future
cash flows. As with any valuation method, it is
helped by formalization and consistent procedures
to estimate parameters and their statistical
distributions.
It should also be noted that the method we have

described for valuing real options makes exactly the
same assumptions as all other methods for valuing
them. One of the main ones is knowing the value of
the project (in our case, the value of the mine) at the
time the option is exercised. In the real world,
however, this value is stochastic. In reality, the
manager is unable to predict the future and can only
make the decision to exercise the option with a
certain probability of success. The manager does not
know the strike price of the option to close the mine
because, from his/her point of view, at any time
when he would make such a decision, its value is
uncertain (at most, it can be described by a sto-
chastic distribution). This translates into the sto-
chastic nature of other parameters that could act as a
proxy variable for the value of the project and
facilitate the decision to close the mine. Such a
variable could be, for example, the price of lignite or
the annual profits achieved. Our analyzes indicate

that the proxy variables are stochastic in nature, and
setting a certain level at which the option exercises
(exactly as the manager would make that decision)
based on their distributions in each year yields the
right result only with a certain probability. The same
applies to the year in which the option is exercised
and the impact of this factor on the probability of
correct decision. In order to apply this concept in
practice, it would be necessary to reverse the model
we are presenting so that the option is exercised at
certain levels of the proxy (decision) variable and
not by comparing the value of the project with and
without the option included. The valuation results
obtained in this article provide input for estimating
the acceptable level of the decision variable (e.g., the
price of lignite) at which the option exercise based
on a proxy variable is closest to the optimal real
option exercise according to the assumptions of
option theory. The method to verify such an
approach is a double Monte Carlo simulation based
on the simulation over a decision tree, but its
description is beyond the aim and scope of this
article. Based on the presented valuation of real
options made using simulated comparative valua-
tion method, it can be seen that this method allows:

� obtaining an answer to the question in which
year the early mine closure option should be
exercised, taking into account the current
financial parameters and their statistical
description and how much it is worth;

� searching for the optimal option value;
� valuation with a large, multithreaded investment
and option exercise even with complex condi-
tions (Bermuda options, variable exercise con-
dition, and variable option strike price);

� obtaining information on option value distribu-
tions and exercise probabilities;

� analysis of the sensitivity of the option value to
stochastic input parameters and to the charac-
teristics of the exercise condition of the option.

The SCV method is not without disadvantages.
The main ones include:

� The need to build an often complex simulation
financial model. The method is susceptible to
errors in model construction. There is no uni-
versal, repeatable method of constructing a
financial model due to the individual nature of
investments and real options.

� A stochastic or deterministic description of many
parameters describing the decision-making sit-
uation is necessary. The need to establish as-
sumptions is both an advantage (managers’
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knowledge can be used) and a drawback
(complexity and the need to establish assump-
tions about the model’s input variables).

� The need to implement a real option (often with
the complicated condition of option exercise)
into the base financial model.

� The need to perform numerical operations on
additional software (e.g. Crystal Ball, @Risk,
DPL, etc.).

Our approach to valuing real options using the
SCV method can be applied not only to options for
early termination of operations e as in the case of a
lignite mine e but also to estimate the value of other
types of decision-making flexibility in large in-
vestments. For example, the SCV method can be
used to estimate options for phased implementation
of investment, options for expanding operations as a
result of technical and economic changes in the
environment, switching operations between
different options for the use of fixed assets, as well
as for valuing options for flexible switching on or off
the operation as a result of responses to changing
economic conditions of the project’s operation.

Ethical statement

The authors state that the research was conducted
according to ethical standards.

Funding body

This research was funded by University of
Szczecin.

Conflict of interest

The authors declare no conflict of interest.

Acknowledgments

The authorswould like to acknowledge thehelp and
inspiration on the lignite mine shutdown problem
discussed during the Real Option Seminar with Jacek
Mizerka, Tomasz Jewartowski and Cezary Mr�oz and
for comments of Grzegorz Szwałek on the early
version of simulated comparative valuation method.
The authors thank the reviewers of the article for their
valuable comments, which greatly improved the final
version of the article.

References

[1] Myers SC. Determinants of corporate borrowing. J Financ
Econ 1977;5:147e75.

[2] Myers SC. Finance theory and finance strategy. Midl. Corp.
Finance J. 1987;5(1):6e13.

[3] Amram M, Kulatilaka N. Real options, managing strategic
investment in an uncertain word. Boston: Harvard Business
School Press; 1999. p. 5.

[4] Fichman R, Keil M, Tiwana A. Beyond valuation: real options
thinking in IT project management. Calif Manag Rev 2006;47.
https://doi.org/10.2307/41166296.

[5] Park JH, Shin K. R&D project valuation. Considering
changes of economic environment: a case of a pharmaceu-
tical R&D project. Sustainability 2018;10:993. https://doi.org/
10.3390/su10040993.

[6] Kauppinen L, Siddiqui AS, Salo A. Investing in time-to-build
projects with uncertain revenues and costs: a real options
approach. IEEE Trans Eng Manag Aug 2018;65(3):448e59.
https://doi.org/10.1109/TEM.2018.2803304.

[7] Brennan M, Schwartz E. Evaluating natural resource in-
vestments. J Bus 1985;58(2):135e57.

[8] Cortazar G, Schwartz ES, Casassus J. Optimal exploration
investments under price and geological-technical uncer-
tainty: a real options model. R D Manag April 2001;31(2):
181e9. https://doi.org/10.1111/1467-9310.00208.

[9] Guj P. A practical methodology to optimise marginal mineral
deposits using switching real options. Ore Geol Rev October
1, 2016;78:336e45. https://doi.org/10.1016/j.oregeorev.2016.
04.016.

[10] Savolainen J. Real options in metal mining project
valuation: review of literature. Resour Pol December 2016;50:
49e65.

[11] Lee Hyunbock. The economic feasibility study on develop-
ment of coal mine using real options, Avestia Publishing. Int
J Min Mater Metall Eng 2018;4:6e13.

[12] Moel A, Tufano P. When are real options exercised? An
empirical study of mine closings. Rev Financ Stud 2002;15(1):
35e64. https://doi.org/10.1093/rfs/15.1.35.

[13] Colwell D, Henker T, Kingsley Fong JH. Real options valu-
ation of Australian gold mines and mining companies.
J Altern Invest Summer 2003;6(1):23e38. https://doi.org/10.
3905/jai.2003.319080.

[14] Jewartowski T, Mizerka J, Mr�oz C. Coal-mine liquidation as a
strategic managerial decision: a decision-making model
based on the options approach. Arch Min Sci 2015;60:
697e713. https://doi.org/10.1515/amsc-2015-0046. nr 3.

[15] Sabour A. Dynamics of threshold prices for optimal switches:
the case of mining. Resour Pol February 2001;27(3):209e14.
https://doi.org/10.1016/S0301-4207(01)00020-4.

[16] Guj P, Chandra A. Comparing different real option valuation
approaches as applied to a copper mine. Resour Pol 2019;61:
180e9. https://doi.org/10.1016/j.resourpol.2019.01.020.

[17] Copeland TE, Antikarov V. Real options: a practitioner's
guide. Texere; 2001. p. 244e53.

[18] Brand~ao LE, Dyer JS, Warren JH. Volatility estimation for
stochastic project value models. Eur J Oper Res 2012;220(3):
642e8. https://doi.org/10.1016/j.ejor.2012.01.059.

[19] Black F, Scholes M. The pricing of options and corporate li-
abilities. J Polit Econ May - Jun., 1973;81(No. 3):637e54.

[20] Cox J, Ross S, Rubinstein M. Option pricing: a simplified
approach. J Financ Econ 1979;7(3):229e63.

[21] Datar V, Johnson B, Mathews SA. Practical method for
valuing real options: the boeing approach. Bank Am J Appl
Corp Finance March 2007;19(2):95e104.

[22] Datar V, Mathews S. European real options: an intuitive al-
gorithm for the black-scholes formula. J Appl Finance 2004;
14(1):45e51. 7e13.

[23] Wi�sniewski T. Evaluation of investment effectiveness with
particular emphasis on risk. Szczecin: Scientific Publishing
House of the University of Szczecin; 2008.

[24] Gawlik L, Kasztelewicz Z. Zale _zno�s�c koszt�ow produkcji
węgla w kopalni węgla brunatnego Konin od poziomu jego
sprzeda _zy. In: Prace naukowe instytutu g�ornictwa poli-
techniki wrocławskiej nr 112. Wyd. Wrocław: Oficyna
Wydawnicza Politechniki Wrocławskiej; 2005. p. 231e42.

54 JOURNAL OF SUSTAINABLE MINING 2024;23(1):40e54

R
E
S
E
A
R
C
H

A
R
T
IC

L
E

https://doi.org/10.2307/41166296
https://doi.org/10.3390/su10040993
https://doi.org/10.3390/su10040993
https://doi.org/10.1109/TEM.2018.2803304
https://doi.org/10.1111/1467-9310.00208
https://doi.org/10.1016/j.oregeorev.2016.04.016
https://doi.org/10.1016/j.oregeorev.2016.04.016
https://doi.org/10.1093/rfs/15.1.35
https://doi.org/10.3905/jai.2003.319080
https://doi.org/10.3905/jai.2003.319080
https://doi.org/10.1515/amsc-2015-0046
https://doi.org/10.1016/S0301-4207(01)00020-4
https://doi.org/10.1016/j.resourpol.2019.01.020
https://doi.org/10.1016/j.ejor.2012.01.059

	The valuation of exit option in a lignite mine using Monte Carlo simulation
	Recommended Citation

	The valuation of exit option in a lignite mine using Monte Carlo simulation
	Abstract
	Keywords
	Creative Commons License

	The valuation of exit option in a lignite mine using Monte Carlo simulation
	1. Introduction
	2. Materials and methods
	2.1. Model description

	3. Results
	4. Discussion
	5. Conclusions
	Ethical statement
	Funding body
	Conflict of interest
	Conflict of interest
	Acknowledgments
	References


