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OPTIMIZATION OF ECONOMIC INDICATORS IN OPEN-PIT MINING

N. L. Grigorenko, D. V. Kamzolkin, and D. G. Pivovarchuk

We investigate the application of the Real Options approach to the optimization of open-pit mining.
The Real Options approach introduces investment as an additional control parameter for profit maximiza-
tion. In the context of applying the Real Options approach to open-pit mining optimization, we consider
a model with two-stage investments. Open-pit mining requires both extracting and processing capacities.
These capacities in turn require investments, which are divided into two parts: investments to create the
initial capacities and investments to increase existing capacities in the process of mining. The initial and
augmented capacities as well as the capacity augmentation time are control parameters that can be chosen
with the objective of increasing the mining profits. In this article, we assume that the market price of the
mineral is a random process described by a stochastic differential equation. A control strategy is a rule
that at every time instant, making use of the available information, determines the mining rate, establishes
if additional investments are required at the given time, and if yes, calculates the investment amount.
The problem involves the construction of an optimal mining control strategy that maximizes the mean
discounted profit from the open-pit mine.

1. The Model and Statement of the Problem

We consider a model of excavation by layer in an open-pit mine. The total mine volume to be excavated is a.
The quantity of ore excavated at the current time ¢ (in the current year) is given by the function u(t). The excavated
ore is divided into two parts — ore for processing and stored ore. The two parts are determined by the mineral
concentration threshold g(¢) in the ore. We assume that the threshold concentration is chosen so as to ensure full
utilization of processing capacities.

We can choose the value of the function w(t) at each time ¢. The range of possible u(t) is constrained by
the maximum excavation capacity () and the maximum ore processing capacity P. These two parameters will
be called respectively the mining and the processing capacity. Thus, u(t) € [P, Q)]. Creation of these capacities
requires initial investments IC (P, Q).

The duration of the open-pit excavation is not fixed: it is determined by the chosen control function u(t).
Let T'(u(-)) be the time when the open-pit mine had been fully excavated. The current state of the excavation
process is characterized by the variable x(¢), which describes the ore volume excavated by the given time ¢.
The excavated ore volume can be linked with the excavation rate u(t) by the following differential equation:

& = u(t), z(0) =0, z(T) = a. (1)

We assume that the mining and processing capacities can be changed once only. Let the initial capacities
be Py, Qo and at some time t the capacities are changed to P;, 1. Then the excavation rate u(¢) may take the
following values:

Py<u(t)<Qo,  telo,t),

Py <u(t)<Q, teltT].
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At each time ¢, a useful mineral is extracted from the ore and it is sold in the market at the going price s(t).

We have the excavation rate function «(¢) that ensures completion of open-pit excavation in time 7'(u(-));
the market price of the mineral s(t¢) is also known for all ¢ € [0,7(u(-))]. The mining profit allowing for the
change in capacity at time { is calculated from the formula

2

NPV(l) |50, P Qo P @) = [ [—mu(t) ok s 2P0y s<t>apo] "
0

2u(t)
T(u(-)) P2
4 / e 0 [—mu(t) —pP1 — s(t) zau(;) + s(t)ozPl] dt

t
— 1C(Po, Qo) — e (IC(P1, Q1) = IC(R0, Q).

The last two terms in the formula for N PV describe the amount invested in creating the initial capacities (P, Qo)
and the discounted amount invested in increasing the capacities at time ¢. The investment amount is calculated
from the formula

IC(P,Q) = MC(Q) + PO(P),

where M C(Q) is the investment required to attain the mining capacity () and PC(P) is the investment required
to attain the processing capacity P.
The model of the excavation process includes the following variables and parameters:

t — the current time,
xz(t) — the ore mass excavated by time ¢,
« — the maximum concentration of the mineral [% /100],
a — total ore mass,
m — excavation cost [money units/mass unit],
p — processing cost [money units/mass unit],
¢ — market price of the mineral [money units /mass unit],

0 — discounting factor [(%/100)/year],
u(t) — excavation rate [money units /mass unit].

Let us set the value for the initial capacities (FPp, Qo). We assume that there is a certain set of alternative
capacities to which the process can switch at time . These alternative capacities are denoted by

{(P,Q)}, le{1,...,L}.

To formalize capacity adjustment, consider an additional time function [ = [(¢). This function may take the
values {0, 1,..., L}, which index the corresponding capacities (P}, ();). Initially at time ¢ = O the function [(¢)
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takes the value 0, so that the initial capacity is (Py, Qo). We assume that this function switches not more than once
to a value from the set {1,..., L}. This means that we can switch not more than once to a new capacity (Fj, Q;).
In this way, we have eliminated the explicit inclusion of the time ¢ in the expression for N PV, but at the same
time the capacity parameters (P, () became dependent on time, i.e., (P), Qy())- The time t is determined by
the switching point of the function /(¢). We denote this fact by #(1). The value to which the function I(¢) switches
will be denoted by (1).
Using the new notation, we rewrite the expression for NPV as

T(u(-))

NPV _ ot aPi,
ORI 101 P Qo) = [ e —mult) —pPig = s() 512 + s(DaPi |at
0
- IC(P()’QU) - €_6£(l) (IC(]D[(l)’QZ(l)) - IC(P()vQO))) (2)

Py <u(t) < Qe t€10,T(u())]-

The market price of the mineral s(¢) is assumed to be a stochastic process described by the Ito stochastic
differential equation [2, 3]

ds = k(p —Ins)sdt + osduxi, 3)

where k, p, o are given constant, £(t) is the Brownian motion satisfying the conditions
§0)=0,  Bg(t)=0,  BE) =t

The symbol E¢ denotes the expectation of the random variable &.

We obtain that the price of the mineral s(¢) on [0, T is a stochastic function. Because of the price uncertainty,
it is important to make clear assumptions about information availability. At each instant during open-pit mining we
know the exact state of the excavation process z(t) and the exact price of the extracted mineral s(t). This available
information is used to construct the control strategy for the ore excavation rate and for the switching time to a new
capacity.

The excavation rate function thus has the form u(t, z(t), s(t)), i.e., it depends on the available information
about the current state of the project. The capacity switching time and the index of the new capacity similarly
depend on the available information and are determined by the function [(¢, z(t), s(t)). We assume that the func-
tion [(t,z(t), s(t)) can have at most one switching point on every admissible trajectory (z(t), s(¢)). In this way,
we construct an adaptive control strategy that determines the control given the observed state x(¢) and the observed
price s(t).

A priori we do not know which price scenario will be realized in the market. We only have the stochastic
equation that describes the set of possible price development scenarios and characterizes the probability of each
scenario. Thus the adaptive strategy for the excavation function u(t, z(t), s(¢)) and the capacity switching function
l(t,z(t),s(t)) can be characterized by the mean profit (averaged over the set of possible scenarios). This mean is
given by the formula

NPV (u(-),1(-) | s0, Po, Qo) = Es() [NPV (u(:),1(-) | 5(-), Po, Qo)],

where s is the given initial price of the mineral.
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The optimization problem for the excavation of an open-pit mine with switching of mining and processing
capacities is posed as a maximization problem on the set of admissible adaptive strategies

(u(t, x(t), s(t)), l(t, z(t), 5(t))) = NPV(so) = PU,QI;}%J(_)ES(.) [NPV (u(-),1(-) | 5(-), Po, Qo)]-

2. General Statement of the Problem

Consider a discrete controlled process describing ore excavation,
Ti4+1 :fi(xi,ui), iZO,...,N.

The index i corresponds to discrete time intervals (each one year long). The corresponding times will be denoted ¢;,
with tp = 0. The variable x; is the quantity of ore excavated by time ¢;, the control parameter u; is the excavation
rate on the interval [¢;,t,11). The initial and the final states of the process are specified by the equalities

xo =0, Ty = Q.

We do not know in what step the final condition is satisfied: this depends on the rate of excavation. We denote this
step by n,,.

The set of values that the variable u; may take in each step of the process is denoted by U. This set is
characterized by mining and processing capacities. The creation of these capacities requires initial investment,
which we denote by IC(U).

We assume that the capacity may be changed once. This means that we know the initial capacity and at
a certain step of the excavation process we can switch to a greater capacity. The capacities to which the process
can switch are defined by the collection of sets

U'culc...cU”b

The sets are ordered by increasing capacity.

Initially at time to we choose the capacity U, [y € {0,..., L}. Then at some time t we can change the
capacity to U, [ € {0,..., L}, where 1> 1.

Thus, two control parameters are chosen in each step ¢ of the process: the excavation rate u; and the capacity
index I;. At most one switching point is allowed in the sequence of indexes g, l1,...,IxN.

The amount invested in the creation and expansion of capacity is determined by the formula

IC = IC(UY) + eI (10(UY) — 10(UY)).

The mineral mined on the interval [t;,;11) is sold in the market at the current price ¢;. The profit from the
sale is determined by the function g;(c¢;, u;).
The total discounted profit from the sale of the mineral in the market is given by the formula

nu(c)

J(u,c) = Z e igi(ci, ug).

1=0

The market price at each time is a random variable. Consider a sequence of prices at discrete times corre-
sponding to the excavation of the open-pit mine:

c=(co,c1,...,cn-1), ¢ €C.
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We assume that this sequence of random variables has the Markov property with known transition probabilities

piv1(cip | ci).

The set of prices C' is finite.
The probability that a particular price behavior scenario

c= (EOaéla"' 7EN71)

is realized is given by the formula
P{e=c} =po(co)pi(er | ). .pn—1(en-1 | CN-2).

A programmed control of the excavation process

(UO,U]_,...,UN)7 (l()?lla"'ulN)u
is called admissible if u; € U%, i = 0,...,N — 1, the sequence (lo,11,...,In) has at most one switching
point, and the corresponding trajectory z = (zo,...,7y) satisfies the terminal condition x,,, () = a for some

ny(c) € {0,...,N —1}.

Consider the class of adaptive controls. An admissible adaptive control is the set of functions
u(-) = (uo(xo, co),ur(z1,¢1), ..., un—1(xN_1,cN-1)),
1(-) = (lo(zo, co), L1 (20, c0), - - -, IN—1 (TN -2, N —2)),

that on each trajectory {z;}i—o,. ~, {¢i}i=0,... ~y—1 induce a feasible programmed control

(uo, ... un—1), (lo,...,In—1).

The mean profit from open-pit mining for a given adaptive control strategy wu(-), I(-) is defined as the mean
profit over the set of possible price scenarios

nu(e) )
J(u(-),1(-)|eo) = Z J(ciui(zi, ) — IC(UP) — e D (10U — 1C(Uh))
i=0

The problem is to find an optimal initial capacity lo(xo,co) and an optimal adaptive strategy wu(-), {(-) that
maximize the mean profit:

J(u(), (- ) 4
(u(-), ()ICO)—>UI(%1)3§) “4)

3. The Algorithm

The problem is solved by a dynamic programming algorithm.
The first step of the algorithm is to evaluate the price function for constant capacities. For each possible
capacity U', 1 € {0,..., L}, we construct a price function V! (x;, ¢;).
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The price function Vil (x4, ¢;) is evaluated as follows:
(i) For k = N, let

V]{,(a,cN) =0, Necq,
Gly = {a};

(i) Foreach k € {0,..., N — 1}, let

Vkl(a, H=0, Fec;
(iii) Foreach k € {1,...,N}, each ¢! ¢ Gk_l such that 2*~1 £ a, and each ¢*~! € C, let

l k—1 k-1 —8tg_ k—1
Vk—1(~’U , ) = max - [6 Flgg_1(c T vp—1)
’Uk_1€Uk_1(:L‘ 7)

+ 3 prlerl Vo (@ vemn) ) |
cpeC

where

Gi_l = {Ik_l | Jup—1 € Ut fk:—l(xk—l’vk—l) € Géﬁ}’

U (1) = {vk-1 € U fro1(a® Hogr) € Gﬁc}

Note that superscripts denote the currently observed value of the variable.

The value Vil (4, ¢;) is the optimal mean profit (for a constant capacity U') that can be earned from continuing
open-pit mining if the current step ¢ produced a quantity x; of ore and the current price of the mineral is c;.

In the second step of the algorithm, we compute the optimal value with at most one change of capacity. The
price function corresponding to this problem is Wil(xi, ¢i). The superscript [ indicates that we construct a price
function for the case when the initial capacity is from the set U’

The price function

Wi(zi,ei), 1€{0,...,L}, o)
is defined by the following relationships:
(i) For k = N,

Wh(a,N)=0, Nec;

(ii)) Foreach k € {0,..., N — 1},

W,i(a, F =0, &ec;
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(iii) Foreach k € {1,..., N}, each 28~1 € G} | such that 2*~! # a, and each c*~! € C,

I k-1 k-1 oty k-1
Wi (2" 7,c"7) = max e g (e vp—1)
vk_leU}C_l($k_l)

)
> prlerl W (fe1 (2" vp1), cr);
cpeC

_ e Otk— q) _ l
fmax ] e | (e o) — 10(UY)

+ > pelerlt TV (Feor @ o) ) |
cpeC

Once the functions W}(z;,¢;), I € {0,..., L} have been constructed, we find the optimal mean profit for the
case when a one-time capacity expansion is allowed. This is calculated from the maximization problem

J(®) = max {W}0,°) — 1C(UY}. (6)
1€{0,....L}
The capacity {;(0, %) that maximizes the above expression determines the optimal initial capacity.

. . . I . .
Let us consider how we can use the price function W,° (z;, ¢;) to construct an optimal adaptive control strategy.
We denote the optimal strategy by

u(-) = (ua(xo,00)7uf(fl?1,c1), e 7U7V—1(xN—1aCN—1)),
l*() = (l8($0, Co), l’f($0, Co), e ,l?v_1($N_2, CN_Q)).

Initially, according to the initial condition we have x¢ = 0. Let the initial price of the mineral be cy = c. The
optimal initial capacity [} corresponding to the initial price ® is determined as the maximizer of (6). The optimal
excavation rate u; and the next capacity index [] are obtained from the equality

3" pilele) W (fo(0,ug), co);

c1eC
1

W2 (0,%) = e g 1 (2, uf) + max{ _e—dto (IC(UY) — IC(UY%))

+ 3 palele)Vy' (£o(0,5), co);

\ ceC )

Having found the optimal value v, we calculate the optimal volume of excavated ore

x] = fo(0,ug).

Take the time t;_1. Assume that the excavated ore volume is x},_,, the current observed price is =1 and

the current capacity is [;_,. Find the optimal excavation rate u;_, and the next capacity index [;. Two cases
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are possible. The first case: the capacity has already been switched, i.e., [ _; # [5. Then [} =

determined from the equality

b

ckeC

*
k—

367

.
; and uy_, is

_ _ — _ _ U
k—11($2—1ack 1) =€ &kflgkfl(ck 1vult—1)+ Z pk(ck‘ck I)ka H(fr—1 (h— 1y uk—1)s ck)-

The second case: the capacity has not been switched yet, i.e., [y _; = [5. Then the optimal excavation rate uj_,
and the next capacity index /; are determined from the equality

05 * k—1 —0t_
W2 (1, ") = e 7kt

+ max

gk—l(ckia UZ—I)

\

_ I
> prlerl YW (froa (2h_ys ufisy), n);
cLeC

—e M (IC(UR) — I0(UY))

vl
+ ) prlerl TV (froa (@1, ufo), o)
cpeC

The optimal excavated volume in step k is evaluated from

4. Calculation Results

v = fro1(Tp_1, up_1)-

In this section, we use concrete values for the model parameters corresponding to some open-pit mine and
apply the proposed approach to find an optimal control excavation strategy.
We take the following values for the model parameters:

maximum concentration of the mineral a = 0.015

total ore mass

excavation cost

processing cost

discount factor

range of excavation capacities

range of processing capacities

price range

MC(Q)
PC(P)

a = 600
[million tons]
m=1

[per ton of ore]
p=9

[per ton of ore]

5 =0.1%/100
[per annum]

Qmax € [9,60]
[million tons per year]

Pz € [4,35]
[million tons per year]

¢ € [500, 1500]
[$ per ton of mineral]

1-10%-(Q/6-1077)"8
5-10%- (P/2-1077)%7
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Price scenarios
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Fig. 2. Optimal profit

Price equation parameters:
=713, o = 0.04, k=0.1.

We assume that the price of the mineral ranges from 500 to 1500 in the course of mining. The parameters
chosen for the stochastic equation indicate that the most probable scenario is when the price rises from its initial
value to the maximum value 1500. Figure 1 illustrates the most probable price scenarios with various initial prices.

The mining and processing capacities are not given. We only have the range of their possible values. Optimal
initial and expanded capacities are to be determined.

The first step of our algorithm evaluates the price function (5) and uses it to compute the optimal mean profit
from open-pit mining J*(c”) by formula (6), for various values of the initial price ¢. Figure 2 presents the
calculation results. As expected, the profit is higher the higher the initial price of the mineral, because the most
probable scenario is that the prices increase over time.

Alongside with the evaluation of the optimal mean profit, we evaluate the optimal initial capacities and the
optimal additional investment strategy given the observed price. The optimal initial capacities depend on the initial
price of the mineral (see Figs. 3 and 4). The graphs in Figs. 3 and 4 lead to the following conclusion: the higher
the initial price of the mineral, the larger are the required initial capacities.
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Optimal initial processing capacity (Real Options approach)
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Fig. 3. Optimal initial processing capacities

Optimal initial mining capacity (Real Options approach)
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Fig. 4. Optimal initial mining capacity

Figure 5 illustrates the optimal strategy for additional investments in capacity expansion. Note that the capacity
expansion strategy depends on the initial capacity. Figure 5 illustrates the strategy with initial processing capac-
ity 4 (Mtons per year). The capacity expansion strategy depends on the quantity of ore excavated up to the given
time and the currently observed price. The figure shows at what observed state = and what price c the capacity
should be increased: as long as the trajectory (x(t), c¢(t)) is in the white region, the initial capacity should be kept;
when the trajectory reaches the colored region, the strategy is to switch to the capacity corresponding to the color
that the trajectory has hit. We assume that the strategy can be increased only once. The graph shows that the capac-
ity should be increased when the price reaches the threshold 1100, and the increased capacity is determined by the
quantity of ore mined up to the given time. Figure 6 shows the optimal capacity expansion strategy when the initial
processing capacity is 16 (Mtons per year).

The next step of our analysis is to evaluate the optimal capacities to which the strategy should switch so
as to maximize the profit. This step also includes evaluation of the optimal capacity switching time. Here it is
important to remember that we are constructing an adaptive strategy, i.e., decisions are made using observations of
the current state of the mining process and the current price. Therefore, in general, we cannot pinpoint a unique
optimal switching time or a unique capacity. The observation-based optimal adaptive strategy is constructed by the
described scheme. As an example, we consider the most probable price scenarios from Fig. 1.
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Optimal strategy for increasing processing capacity (Mtons per year)
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Fig. 5. Optimal strategy for increasing processing capacity. Initial capacity 4 Mtons.
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Fig. 6. Optimal strategy for increasing processing capacity. Initial capacity 16 Mtons.

Optimal processing capacity (Real Options approach)
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Fig. 7. Optimal processing capacities

The second-period line in Figs. 7, 8 plots the optimal increase of capacity as a function of the initial price.
In particular, we see that if the initial price is greater than 1000, the most profitable strategy is to start with
the optimal strategy without any switching during the mining process. Figure 9 shows the optimal time for capacity
switching. From these graphs we draw the following conclusion: if the initial price is low and subsequent price
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Optimal mining capacity (Real Options approach)
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Fig. 8. Optimal mining capacities

Instant of time (estimated) of additional investment in capacities (Real Options approach)
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Fig. 9. Switching time (estimate) for additional investment in capacity

Threshold of price (estimated) of additional investment in capacities (Real Options approach)
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Fig. 10. Price threshold (estimate) for additional investment in capacity

increase is expected, it is better to invest initially in small capacities and to increase them subsequently when the
prices have risen.

We stress again that the capacity switching time and the magnitude of capacity increase are shown in our
graphs for the most probable scenarios. Fig. 10 plots the current price when the decision to invest in more capacity
is made. We see that if the additional price encourages a capacity increase, it is best to make the switch when
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the price has reached 1000-1100. These values provide a heuristic price threshold. When the price reaches this
threshold, the capacity should be increased.

The study has received financial support from the Program of Leading Science Schools (NSh. 5443.2008.1)
and the Russian Humanities Foundation (RGNF grant 10-02-00191a).
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