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ABSTRACT

Optimal developement of exhaustible natural resources is analyzed under the assump-
tion that oil prices follows a geometrical browninan motion. Under specific assumption
on cost structure closed form soltions for the reservation price (the price above which
start of depletion is optimal), the halt price (the price below which shut down is opti-
mal), and the start/halt price (where no production is optimal below, and full capacity
utilization is optimal above) are derived. From the theorems we derive rules of thumb
for the impact of uncertainty and the impact of different types of costs. In the final
section we demonstrate in a numerical model that our rules of thumb applies even to
more general cases than those studied in the analytical part of the paper.
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1 Introduction

The value of an exhaustible natural resource reservoir such as a mine or an oil field
depends upon the amount of resource, the cost of development and extraction, the future
prices at which it can be sold and the rate of discount. Aspects of this problem were
dealt with by two classical contributions to the natural resource literature: Gray (1914)
discussed how to get the most out of a mine at given output price while Hotelling (1931)
introduced the Hotelling price path, i.e. the price path at which the net price (resource
rént) grows at exactly the rate of interest when unit costs and the rate of discount
are constant. The Hotelling price path implies an astonishingly simple principle of
evaluating exhaustible natural resource reservoirs, namely by multiplying the amount
of resource with the current net price. This Hotelling valuation principle has been
exploited by Miller and Upton (1985) for testing whether market values of oil 'and gas
producing companies are consistent with the Hotelling price rule. It is argued that
this valuation principle will have at least approximative validity under more general
assumptions. Gray and Hotelling did not discuss the impact of uncertain future prices
on optimal depletion and the market equilibrium. Miller and Upton (1985) indicates
(pp. 10-11) that uncertainty may have considerable impact on the valuation. In this
paper we shall replace the assumption of a known future price (which, of course, never
holds) with another but more general simplification, namely that the price follows a
path with known stochastic properties and look at the theoretical impact on valuation
under optimal depletion. :

The analysis is theoretical and the main purpose is to show that powerful methods
of stochastic analysis can be exploited to give decision rules of thumb for a number of
stylized problems related to resource extraction. The setting is that a known resource
is in the ground and can be extracted at a known cost per unit. There may also be
other cost components, such as an annual cost independent of the amount of production
(rental cost). The price is supposed to follow a stochastic path with a trend component.
Our knowledge about future prices is thus in the form of properties of its distribution.
The price.path is assumed continuous: the price today is the starting point for the price
path in the near future. The mathematical representation of this idea is in the form of
a stochastic differential equation.

The fundamental question in these problems is when to act: when to start extraction
and when to stop. Hence, the analysis comes under the general heading of optimal
stopping problems. The concept of stopping time is central in this analysis and is defined
by way of introduction in section 2.

The solution for when to extract a natural resource once-and-for-all that follows
from the Gray-Hotelling analysis, does not refer to the level of the price, but to its
rate of increase. The increase in the net price is the return to holding the resource in
the ground and with a deterministic increasing price the resource should be extracted
according to the Hotelling rule when the momentary return to holding it in the ground
is equal to the rate of interest (section 3).

But what when the price increase is known only in probability? The answer -
wellknown in the literature - is that when the price is stochastic the resource owner
should wait for a higher reservation price than in the deterministic case. The implication
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is also that the higher the variation around the trend, the higher should the reservation
price be. An exact formula is given in section 4. However, this result is based on using
the risk-free rate of interest for discounting the net return and the use of a properly
risk adjusted rate of return may reverse the conclusion. The results of section 4 are also
applicable with appropriate modifications when depletion takes time.

More realistic than a once-and-for-all extraction is an extraction process that takes
time, a common assumption being that the amount extracted decreases exponentially
over time. When extraction costs exceed the price there is a negative return to further
extraction. With no chance of a reversal, extraction should be cut off immediately. But
when the price is stochastic, there is always a chance that the price will pick up, so the
question in this case is how low the price is allowed to fall before further extraction is
permanently cut off. Again the answer differs from what it would be in the deterministic
case. The solution is set out in section 5.1. Further clarification of how the answers
depends upon cost structure is given in section 5.2.

Shutting-down a project before the resources are physically exhausted requires re-
consideration of the reservation price of starting depletion. Section 6 considers the
optimal start of an abandonable project and shows that the abandonment option lowers
the reservation price. ’

A more intricate case is when the extraction process can be stopped and restarted.
This will influence both when it is optimal to start extraction and when it is optimal
to stop (temporarily). The solution to this case is given in section 7 and completes
the theoretical results of this article.Included in the article is also a numerical example
using real data for an off-shore field in the North Sea for which we demonstrate the kind
of effects implied by our theoretical propositions. '

The problem of evaluating natural resources under stochastic prices have received
considerable attention in recent years. A proper evaluation is a precondition for answer-
ing optimal stopping problems as those posed in this article. Of particular importance
for the approach taken in this paper are the highly seminal contributions of Pindyck
(1980) and Brennan and Schwartz (1985). '

2 Stopping times

In a deterministic context the problem of the optimal time to start or stop depletion of
a natural resource, is solved by finding a deterministic point in time, say t*, that fulfills
certain optimality conditions. In stochastic models, however, the solution can not be
restricted to be in the form of a deterministic point in time, since this would exclude
the use of decision rules like: ”Start depletion once the price reaches p**. With such
decision rules, the optimal time for starting depletion becomes stochastic if the price is
stochastic. The problem is then to find the optimal time from a set of stochastic times.
What is the relevant set of stochastic times? "

We will introduce the concept of stopping time. Assume that the price P is a
stochastic process. Then a stochastic time 7 is a stopping time with respect to this
process if we know whether 7 < t when we know P, for all s < t. If P; is the only
stochastic process in our model, and we assume that we can observe P; at all times,




then the set of stopping times with respect to P; is the relevant set of stochastic times.
This is so because any stopping time can be implemented, i.e. turned into a decision
rule, while any stochastic time which is not a stopping time, would be impossible to
implement, since it must depend on stochastic variables not specified in the model.
Generally if X; is a vector of all stochastic processes in a model, then the relevant set
of stochastic times, is the set of stopping times with respect to X;.

A typical example of a stopping time is the first exit time 7¢ from a set G:

1g=inf{t >0: X, & G}.

In this paper we consider tree kinds of optimal stopping problems. The first problem
is to find the optimal time to start depletion of an oil field. In this case the optimal
stopping time turns out to be of the form

r=inf{t >0: P, > p'}

where p* is called a reservation price. Another case is the optimal time for a shut-down
of depletion, the optimal stopping time is then of the form

r=inf{t >0: P, <p'}

where p* now is called a halt price. Finally we consider the problem of optimal temporary
halts in production. The solution turns out to be to produce whenever P; > p*, where
p* now is called a start/halt price.

3 Valuation under known future prices

We assume that our resource owner has a known amount of the resource which can
be extracted at a constant unit cost C > 0. There are no restrictions on the rate of
depletion. Furthermore, the future price path, P; , is known and the rate of interest
is r. The resource owner’s problem is to choose which moment to empty his resource
reservoir to maximize the present value of the resource. Nothing can be gained by
gradual depletion. We might for this reason consider the unit resource rent rather than
total rent. The problem can thus be stated

v(t) = max(Pr — C)e (1)
When the price path is monotonic and t = ©(P) is the inverse of P; ,the maximiza-

tion problem can be reformulated as maximization with regard to a reservation price,

p*:

_ o my.-ro(p®) ’
V(F) = max(p" — C)e (2)
Let us now consider an exponential growth path for prices:

15,=aP, . (3)



If o > r it is never optimal to extract, in the following we assume 0 < @ < r. On
this assumption (2) can be reformulated as '

_ o £_ é —rt
Vier) = mgle - O (2% 0
which has the solution -
Y= ' 5
p'=—C (5)

unless p > -*=C in which case the solution is px = p.

The underlying logic of the solution is that the resource should be extracted when
the momentary return to holding the resource in the ground is-equal to the rate of
interest (unless this moment has already gone by). The unit value of the resource field
is thus

c(E)ie (8)

V(t,p) = r— o p*

4 Valuation when price is stochastic

Future prices are, of course, never known. A simple representation of a stochastic price
is to assume that the price path is a diffusion process i.e. (3) is replaced by

dPt = aPtdt + O'PtdBt (7)

In (7) the first term express the exponential drift o of P; while the second term represents
the uncertainty of P; as a Brownian motion (Wiener process) B;. The path of P, as given
by (7) can loosely be described as an exponential path with some white noise added to
it. In more technical terms P, is said to follow a geometrical Brownian motion, which
implies that:

E(P, | P) = P9 and var(ln(%)) = o%(s —1) (8)
t
The stochastic version of the problem in (1) is:
Vit,p) = max E'?{(P,—C)e™""} (9)

where the maximum now is taken over the set of stopping times with respect to P,. The
solution is given in the following theorem:

Theorem 1 Let

V(t,p) = max E*?{(P, — C)e™""} (10)
where:
dP, = aP,ds + o P,dB,. , (11)
Then . ") ,
—=(p*)""Cpre™™ for p <p*
= 7-1\P P 12
4 { (p—Ce " otherwise (12)



where the reservation price is

" 2 ’
p* = :7_—70’ (13)
with
- 10 1, 1 .. .
7—;[—(a—‘§0)+\/(a—--2-0) +2ro? >1 (14)
The optimal stopping rule 1s .
r=inf{t>0: P >p'} : (15)

or, stmply, to wait until P, is equal to the reservation price.

Theorem 1 is a wellknown result and a special case of the problem solved by Mc- '
Donald and Siegel (1986).

(13) corresponds closely with the non-stochastic case, with v entering instead of L.
From the expression for + follows that

) r
Lo 1e)
which is the deterministic solution, cf. (5).

As o increases over all bounds, 4 will approach one from above and the reservation
price will approach infinity. For given r the reservation price is higher under uncertainty
than under certainty and increases with o.

In the stochastic problem the appropriate discount rate is no longer the risk-free rate
of return. Above we have implicitly assumed that r is the appropriate risk adjusted rate
of return. This rate will generally depend upon 0. McDonald and Siegel (1986) shows
this dependence by deriving an equivalent expression for ~:

1
v= Gi-a 200+ (- S+ 2epo] > 1 (1)

where & = o — (rp — rp) and rp is the risk-free rate of return. rp is the required rate
of return on an asset with the same uncertainty as P; according to the Capital Asset
Pricing Model. rp can be shown to be a linear function of ¢ (assuming the correlation
with the market portfolio constant). Hence the reservation price becomes a function of
o and is shown in figure 1 in the case of positive correlation with the market portfolio.

Proposition 1 In the case of instantaneous extraction, and for a given r, the reserva-
tion price is higher under uncertainty than under certainty and increases with o. Risk
adjustment of r might reverse this effect for small 0.

In (9) it is assumed that the resource is depleted instantly at the optimal point in
time, i.e. the resource exploitation is started and stopped at the same time. Fortunately,
the solution is valid for many other cases of resource exploitation. In general, this
solution gives the optimal starting point for any project where the project value is of
the form (P, — C)e™™ with P, following a geometrical Brownian motion. A project of
gradual depletion of natural resources with a given profile depletion will be of this form.



To see this, let @, be the production at time s from start, and let C, be variable unit -
costs, and K, rental cost. There may also be an investment cost I at the start-up. The
expected value of the project is then:

EYP ([T QP67 — (Q,C, — K,)e~"F*ds — I}e™
([T E*P{P,1,Q,}e~""*ds — [T(Q.C, — K,)e~"r*ds + I]e™"

= [ P.e**Q,e~""*ds — K|e™™ (18)
= (Pt-é - T{.)e""
= -Q—(Pt b -C'_)e"t

which is of the required form, if the price is geometrical Brownian. rp is the rate of
return corresponding to the risk on P;, while rp is the rate of return corresponding
to the risk on costs, and r is the rate of return on the option. Note that since rp is
increasing with o, Q will be decreasing with rp, while K is unaffected, the generalized
unit variable cost C will increase with o. Hence, compared to the case of instantaneous
extraction, an increase in o will increase reservation price. This effect is stronger, the
longer the lag between development decision and production is.

A special case of depletion profile is exponential depletion, i.e. production at a
- constant share, A, of the remaining reserves, X;, at any time. Using a common rate of
return for both revenues and costs the expected value in this case is:

Azp AzC K
r+A—-a r+Ar 1
In the following sections exponential depletion will be assumed. We shall also study
stochastic exponential depletion.

The results above may be summarized as:

EbPa( /t “IAX,(P, - C) — K]e"*ds} = ( Jert (19)

Proposition 2 The case of extraction over time with a given extraction path and with
variable costs and other costs varying over time can be restated and cast in the form of
instantaneous production. The reservation price does not depend on the type of cost,
only upon the generalized unit variable cost C, which in this case - in distinction from
instantaneous eztraction - will depend upon the required rate of return on the asset.

5 Optimal stopping of exponential depletion

We consider now the exponential depletion of a given amount of resource. Unless all
costs are capital costs accrued prior to the start of depletion the current net revenue
may become negative. The question arises of when to stop depletion. Should it occur
when net revenue is zero or at some level less than zero? The stop is assumed to be
irreversible.

5.1 Optimal stopping with constant unit variable cost

Let X; denote the resources remaining at time t. P; is the price of extracted resource
at time ¢, C unit cost, and A the extraction rate.

The optimal stopping problem in this section is to find the halt price i.e. the price
at which to stop extraction.



Theorem 2 Assumel ‘

¢ (t,z, p) = max E¥>¥| / X, - (P, — C)e~"*ds]. (20)
T t
exists, with
dPt = aPtdt + O'PtdBt

The solution 1s then :

g'(t,z,p) = 2(Amdeg — 75] + cp#)e™

o (22
with
P e [ Uk T R R VEA 22)
and with 1 i \C
o= 1 Ty ) (24)
and the optimal stopping time 1s
r=inf{t >0: P, < p*} (25)
with:
= (250 c (26)
Proof:

From Theorem A 1, in the appendix, we know that ¢g* is a solution to the free boundary
Dirichlet-problem:

dg* dg* dg* 1 d%g*

Az(p — C)e — Az =L 4 Z(op)?ZL =0 27
2 + Az(p— C)e Az oy + ap 2p + 2(ap) B (27)
for (t,z,p) € D, and %9;‘ = 0 for (¢,z,p) € 6D. It is straightforward to check that g* as
defined in (22) satisfies this condition and, hence, is a candidate as solution. Note that:

g*(t,z,p) =sup, E"®P[[] AX,(P, — C)e "*ds]
= sup, E¥*P[f] Aze 2(~)(P, — C)e~"ds]
= e "zsup, EVP[f] Ae (P, — C)e " du]
— e—rtzf* (P)

(28)

where the equality between the second and the third equation is due to the strong
Markov property of Ité diffusions.

Thus we knows that ¢g* must be decomposed in this specific way, and in addition it
must solve the free boundary problem. Inserting the decomposition of g* in the Dirichlet
problem, we get an equation in f*. It remains to prove the uniqueness of f*. For this

!n this and later sections we will, for simplicity, use one common rate of return for both revenue and
costs



we need a condition for lim,_. f*(p). It seems reasonable to e:épect that the value of
the stopping option will vanish as the price moves towards infinity. Hence if zh(p) is
the value of the resource without stopping option, the latter condition is: ‘

lim [f*(p) — h(p)] =0 (29)

p—oo

where:
2h(p) = EP,Z{fc;’O )\Xt(Pt - C)C-rtdt}
f(;’o AEp’th(Pg - C)C—rtdt

= 30
= [ /\xe‘*‘pe"‘;e"‘dt} — =234}, (30)
= zA[r+A—a - H-_A]

Since f* satisfy this condition, and since the solution to the differential equation with
the corresponding bondary value restrictions is unique, f* is the unique solution. QED

If 0 = 0 we have a deterministic problem. In that case AX,(P, — C) is either positive
— and then we shall never stop — or negative, but increasing. In the latter case it may
be optimal to stop now, but it can never be optimal to stop later. In any case, if it
is not optimal to halt immediately, the value of the field in the deterministic case is
Azz_ _ 22C  Halt immediately is optimal if this expression is negative, and hence the

r+i-a r+A°

halt price is p* = 222C. From the solution given by (26) and (23) we conclude:

Proposition 3 The halt price is less than unit cost C, and for a given discount rate the
halt price is higher in the deterministic case than under uncertainty, i.e. pi_q > Piso-

5.2 Stochastic depletion, rental cost and abandonment cost

In the previous section we examined optimal stopping of depletion when there were only
variable costs. In that case current costs approach zero as the production diminishes.
Some costs, say rental cost for the field K, are independent of the level of production.
There may also be a cost A of abandonment. A theorem which applies under these
conditions follows. It is only slightly more general than a theorem in Olsen and Stensland
(1987), which did not include abandonment cost. Our proof is, however, different. The
result is included for completeness and because the expression for the value of the field
is needed in section 6.

To analyze the impact of rental and abandonment cost, we disregard variable cost
but assume that production is also stochastic.

Theorem 3 Assume

g*(t,p,q) = max Et”"q[/r(Q,Ps — K)eds — Ae™""| (31)
T t
exist with:
dQ: = —AQ.dt + Q.dB} (32)



and where rA < K, then

565 0) = (B~ St c(pa))e (54)
with:
_ -(a—)\—— (o2 + 8%)) \/( _l(az+ﬂ2))2+2,.(02+ﬁ2)
v = T <0 (35)
and with:
’ e= ()Y (36)
y*=ui1’+’: ‘ [K—rA] (37)

The optimal plan is to stop production if P,Q; < y*, i.e. 7 = inf{t >0 : P.Q: <y},
and D = {(t,p,q) : pq > y*}.

Proof: g* is a solution of the free boundary problem:

ag* dg* 1 o0%g* dg*
_ K ~rt 9 2,27 9 9

5 T (pq Je " + ap 37 +50°p 2p?

for (¢t,p,q) € D where D is an open unknown set, called the continuation region, and

where the boundary conditions are:
g (t p,q) = —Ae™™ for (t,p,q) € 6D
i S-(t,pq) =0 for (¢t,p,q) € 6D (39)
(t p,q) =0 for (¢t,p,q) € 6D

1 2 2629* _

It is straightforward to check that ¢g* satisfies this equation, and it remains to show
uniqueness. This is done as in the proof of theorem 1, since the value of the resource
without abandonment option is:
Pq K, _n
—_—— e 40
[r +A-a r ] (40)
According to Theorem A 1, in the appendix, ¢* is the solution to the problem. QED

In this problem the stopping criterion is the income flow y*, rather than a halt price.
But for a given extraction @, the halt price is

P =y"/Q:
Since v < 0, y* is less than iﬁ—‘*[K — rA] which is the halt income under certainty,

when o > A. If A > « the halt income under certainty is K — rA, but in this case
£ < and hence y* < [K — rA]. We conclude:

v—-1 r+)\ a?
Proposition 4 The halt price under uncertainty is less than under certainty. Further-
more, 1t 1s increasing with rental cost, decreasing with abandonment cost and decreasing

tn size of remaining reserves.

We can prove that this conclusion holds also for the appropriate risk adjusted discount
rate (if rp > rp).



6 Optimal start of an abandonable project

In section 4 we noted that if the price is geometrical Brownian, any given depletion
program, e.g. exponential depletion, has a project value of the form (V; — C)e™" with
V; geometrical Brownian. However, if we have the option to abandon the project, this is
no longer the case. To study this we can use the result from section 5.2 where we found
the value of a field in the case of stochastic exponential depletion and an abandonment
option. We use the same cost assumption as in that section. We assume that we get
no new-information about the extraction path as long as the extraction is not started.
The depletion level Qq at production start is thus known with certainty. Let P denote
the halt price at production start. Then the project value will be:

| —Ae for P, <P
V(t’Pt) - { (¢P; — % + ¢P)e™ otherwise (41)

where ¢ = ;AAQ;-’:, and ¢ = (p")"”i—%—l;[-“lr{— — A]

We will try to find the optimal starting rule in this case. Obviously it is not optimal
to start the project if it will be immediately abandoned, hence the reservation price p*
must satisfy p* > p. We might, for sake of convenience, argue as if the project value for

all P, is given by: X
9(t, ) = (¢P; — . +@F)e™ (42)

Theorem 4 The solution to:

g*(t,p) = max E**[g(r, P;)] (43)
subject to
dPt = aPtdt + O'PtdBt (44)
18:
g'(t,p) = cpe™" (45)
where
_a_10-2+ a_la—22+2ro~2
Mt L RV D . "
o
1 K : '
— (p*)™7 i _ *\v 7
¢= (") =51 — (1= 1)) (1)
and p* is determined by
L_1K v-v K
—1p* = —— L = _
sr-1p =25 - 10T g (48)
The optimal stopping rule 1s
r=inf{t >0: P, > p'} (49)
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Proof:
The solution is a function g*(¢,p) = h(p)e™™ satisfying the free boundary problem:

—rh + aph' + -;—(ap)zh" =0 (50)

for p < p*, and with hA(0) =0, h(p*) = f(p*) and '(p*) = f'(p*). ¢* is a solution to this
system, and it is unique. QED

.DefineA=4

Using the notation from (18) in section 4, ¢ =Q, £ =K and C = .

r
we get:

Ofx|

= F_ 7Y -7
e e [CEE L o

Comparing with (13) and noting that by assumption C > A, we find that the abandon-
ment option reduces the reservation price.

Proposition 5 The reservation price with the abandonment option is less than the
reservation price without such an option.

7 Stopping and restarting

In the section 5 we discussed the optimal time of halting the depletion, but disregarded
the possibility of restarting, i.e. reopening a field when prices increase sufficiently to
make it worthwhile. We will now briefly consider the restarting problem assuming that
extraction can be started and stopped an arbitrary number of times without additional
cost. This problem is dealt with by Brennan and Schwartz (1985) who also consider the
costs of opening and closing the mine.

Theorem 5 Let:

h(t,z,p) = sup E""p{/too[nXa - (Ps = C) — Kle™™ds} (52)

subject to:

dPt = C!fPtdt'l"O"PgdBt

dX; = -—-nX.dt ' (53)

n € [0,}]
Let further:

h(t,7,) = [sF(p) = 2] (54)
with . . '

r={ 50 i 55
where

Fi(p) = e1p” (56)
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P o
Fip) = N — —5 1+ car® (57)
and a6 = ( *)-1_)_.___-#_.0

1= p* _“’HA-T (-#)(r-1) (58)

¢ = ()75 G .

Yy A+r—a —pu
= . : -C 59
P vy—-1 A+r 1—pup (59)
and

1 = Al-(a=iot) +/la=Jo) + 277

p o= Hl—(a—10%) —/(a—Lo?)? +2(r + N)o?

Then h* = h and the optimal control is

TI*={ A forp>p* (61)

0 otherwise

Proof:
The Hamilton-Jacobi-Bellman equation is:

- oh oh 8h 1 9h
sup(lnz(p — C) ~ K|e™ + =7 —nazz +apmo + 5 (0p) 53

at 9z ap 2 | =0 (62)

with boundary conditions: h(z,0,t) = —Ze~"* = A(0, p, ).

Assume that A* = h, it is then easy to check that supremum is attained by n*.
Furthermore it is straightforward to check that h in fact satisfy the Hamilton-Jacobi-
Bellman equation. Finally we have:

F(p) = F(p")
Fi(p*) Fi(p") (63)
F'(p*) = Fy(p")

This implies that ~ is C? which is a sufficient condition for h* = h QED

Since p* in (59) is independent of rental cost, K, we conclude:

Proposition 6 The start/halt price with the restarting option is independent of rental
cost.

In section 5.1 we studied the optimal stopping of depletion in a model with no rental
cost. By comparison of (26) with (59) we find that the start/halt price is equal to the
halt price times the factor ;—}I > 1 (since v > 0), hence

N

Proposition 7 For zero rental cost the start/halt price is higher than the halt price.

12



8 The impact of different types of cost on halting
decision; an application to the Ula field of the
North Sea.

Let us review our results so far.

We found in proposition 2 that the reservation price for development of a field is
increasing in costs, but independent of the type of cost, only aggregate costs matters. In
the abandonable case of proposition 5, the dependence on type of costs is more complex.

In proposition.3 we found that the halt price is increasing with variable unit costs,
and according to proposition 4 it is increasing with rental costs as well, while it is
decreasing with abandonment cost and the size of remaining reserves. All this is rea-
sonable, since an abandonment will save future unit cost, and future rental cost. An
early abandonment will, however, increase present value of abandonment costs.

In the case of stopping and restarting, we found in proposition 6 that the optimal
decision is not affected by rental costs. This is reasonable, since a temporary halt does
not save any rental costs. The start/halt price is, however, increasing in variable unit
cost. Furthermore for zero rental cost we found in proposition 7 that the start/halt
price is higher than the halt price in the abandonment case.

The analysis of the previous models gives an indication of what we might expect in a
case where all cost components are nonzero, and with an option’ of abandonment as well
as an option of temporary halts. Consider a field where development has already started.
From the previous analysis we might expect that for small rental cost the start/halt
price will dominate the halt price (Prop. 7). Higher rental cost would imply higher halt
price (Prop 4) while the start/halt price will remain approximately unchanged (Prop. 6).
A reduction in remaining reserves has the same effect (Prop. 4). Eventually the halt
price dominates the start/halt price and temporary halt will never be optimal. (Our
analysis this far have excluded stopping and restarting costs, but such costs obviously
makes the temporary halt option even less attractive.)

To check these assertions we have constructed a discrete time/state model which is
numerically solvable. Let:

T
V(t,k,p,l) = sup E"""’"{Z[W(s, k, Py, ls,a,)67°} (64)
ae t

be the value of an oil field at time ¢, after k¥ — 1 years of production. = is annual profit,
p is the current price, and / indicate the state of the field, and a; is the action chosen.

1 open
l=¢0 closed (65)
. —1 abandoned
1 produce

a=<{ 0 halt (66)
—1 abandon :
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c | ¢ ¢ K A T 5
6.95 §/barrel | 5 mill $ | 0 | 60 mill §/year | 137.5 mill § | 30 year | 1.05

Table 1: Data for Ula

In period T, a still operating field must be abandoned. = is defined as:

((p—C)Q(k) — K fora=1,1=1
-C.— K fora=0,l=1
_) ®-C)Q(k)—K—-C, fora=1,1=0
W(tak’psl’a’)‘“< —K fora,=0,l=0 (67)
0 forl=-1
| —4 fora=—ll=,£—-1

where C is unit variable cost, K is rental cost, A is the cost of abandonment C, the
cost of closing the field, and C, the cost of opening it. Obviously:

kt—l +1 for a; =1
kt =
ki1 else

and

{ lt—l for lt—l = -1
lt = :
as else

By dynamic programming
V(t, k,p,l) = mf,x[ﬂ(t, k,p,l,a) + 6 LEVEPV (t + 1, ky1 (@), Pisr, les1 ()] (68)

with V(T,-,-,-) known.

For a finite number of possible prices, V' can be represented in numerical form on a
computer. It is then straightforward to compute V', and hence the optimal strategy, for
t=T,T —-1,...,0 successively, using dynamic programming.

We have applied this algorithm to data for the Norwegian oil field Ula in the North
Sea. Ula is a small field with a peak production of 78.45 thousand barrel a.day in 1988,
with 95% (in o.e.) oil and the rest is natural gas. The relevant data is

The optimal solution for [ = 1, with data from Ula is shown in figure 3 a). This
is compared to a case with rental costs reduced from $ 60 mill pr. year, in a) to $
30 mill pr. year in b). As expected from the previous analysis the start/halt price is
relatively unchanged at about 8-10 $/barrel as rental cost is decreasing from $ 60 mill
pr. year to $ 30 mill pr year, and as the size of remaining reserves decreases through
production. The halt price, however, is sharply decreased by the decrease in rental cost,
and it increases with year of production as the size of remaining reserves decreases.

This analysis shows that the even though the propositions was proved only under
rather strong assumption, they render valid rules of thumb even under more complex
cost structures.
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A An optimal stop theorem

Let
dX: = b(t, Xy)dt + o(t, X:)dB:

be an n-dimensional Ité diffusion. We define the operator

(4165 = 5 + Dbl g +3 3 Do st R

for f € C*}(R").

The following theorem is a special case of Shiryayev (1978, Theorem 3.17).

Theorem A 1 Let

with X, a n-dimensional geometrical Brownian motion:

dXi
Xt

= a,,-dt + Z bidejt

i=1

Let
D = {(t,z) : g(t,z) < g"(¢,2)}

g*(t,x) — Sl:pEt’z{‘/: f(s,X,)ds + g(r, Xr)} )

(71)

(72)

(73)

Assume that g € C!, g*(t,z) € C*(D) and that -g—i% ezists on 6D, at least as a one sided

differential from D. Assume further that

sup ¢(t,z) <M
(t,z)eéD

then
(Ag*)(t,z) = —f(t,z) for (t,z) € D
g'(t,z) = g(t,z) for all (t,z) € 6D

and for all 1

dg* _'39
3z, (t,z) = 32, (t,z) for all (t,z) € 6D

(74)
(75)

(76)

To use Shiryayev’s theorem we set g (¢, z) = maz(M, g(t, z)), since obviously ¢™* =
g* in D. Furthermore Shiryayev’s theorem is stated for the case f = 0. However, the
extension to a general f is straightforward, introducing a new state variable Xp4i:

where:
an+1,t = f(t: Xt)dt

15
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