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The Optimal Exploration and Production
of Nonrenewable Resources

Robert S. Pindyck

Massachusetts Institute of Technology

Most studies of nonrenewable resource production and pricing assume
there is a fixed reserve base to be exploited over time, but in fact, with
economic incentives reserves can be increased. Here we treat the reserve
base as the basis for production and exploratory activity as the means of
increasing or maintaining reserves. ‘‘Potential reserves” are unlimited,
but as depletion ensues, given amounts of exploratory activity result in
ever smaller discoveries. Given these constraints, resource producers must
simultaneously determine their optimal rates of exploratory activity and
production. We solve this problem for competitive and monopolistic mar-
kets and show that if the initial reserve endowment is small, the price
profile will be U-shaped; at first production will increase as reserves are
developed, and later production will decline as both exploratory activity
and the discovery rate fall.

1. Introduction

The exploitation of an exhaustible resource from a fixed reserve base has
by now received considerable attention. Hotelling (1931) first demonstra-
ted that with constant marginal extraction costs, price minus marginal
cost should rise at the rate of discount in a competitive market and rent
(marginal revenue minus marginal cost) should rise at the rate of dis-
count in a monopolistic market.! The monopoly price will initially be
higher (and later will be lower) than the competitive price, but the extent
to which the two prices will differ depends on the level of production
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1 For other derivations and interpretations of Hotelling’s results, see Herfindahl (1967)
and Gordon (1967) ; for further discussion, see Solow (1974).
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cost and the particular way in which demand elasticities change as the
resource is depleted.? If the extraction costs rise as the resource is depleted,
both the monopolist and competitor will be more ‘“‘conservationist,”’
that is, they will set prices that are initially higher but that grow less
rapidly relative to the case of constant extraction cost.>

More recent work has extended the basic Hotelling model in a number of
directions.* There has been particular concern about the effects of un-
certainty (over the resource reserve base, the appearance of substitutes
for the resource, and changes in demand) on the rate of extraction. As
one would expect, a resource should be extracted more slowly (by a
monopolist or a competitor) when the reserve base is not known with
certainty. The characteristics of extraction paths under reserve uncertainty
have been examined by Gilbert (19764), Heal (1978), and Loury (1976).
Dasgupta and Stiglitz (1976), Heal (1978), and Hoel (1976) studied
optimal extraction paths when a substitute for the resource may be
introduced at some uncertain future time, under alternative market
structures for both the resource and the substitute. Gilbert (19764, 19765)
examined the use and value of exploratory activity to obtain a better
estimate of the size of the fixed reserve base.

These studies all examined how producers should exploit a fixed reserve
base over time, without considering where the reserve base came from in
the first place. Producers are not “endowed” with reserves but instead
must develop them through the process of exploration. Thus the early
history of resource use—which for oil and gas occurred some 20-40
years ago, but for uranium and bauxite is still going on today—involves a
period of reserve discovery and development and relatively little produc-
tion. During this period production will gradually increase, rather than
steadily decrease as in the Hotelling model and its variants. For resources
like bauxite, where depletion is not likely to be an important factor for
many years, or uranium, where reserve levels in the near future are of
greater international policy concern than levels in the distant future, this
early period is in fact more interesting than the later period of declining
production.

Even in the later stages of resource use, there is really no ‘“fixed”
reserve base (in an economically meaningful sense) to be exhausted over
time. Given the economic incentives, reserves can be maintained or
increased through further exploration—even though the physical returns

2 This is examined by Stiglitz (1976) and Sweeney (1975). Stiglitz shows that if extrac-
tion costs are zero and the demand elasticity is constant, the monopoly and competitive-

price trajectories will be the same.
3 The case of rising extraction costs has been examined by Heal (1976), Levhari and

Leviatan (1976), and Solow and Wan (1976). Price trajectories for several empirical
examples have been calculated by Pindyck (1978).
4 For a general development and presentation of most of the recent results in the

economics of exhaustible resources, see Dasgupta and Heal (1978); for a survey, see
Peterson and Fisher (1976).
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to exploration decrease as ‘‘depletion” ensues. It therefore makes more
sense to think of resources like oil and uranium as being “nonrenewable,”
rather than “exhaustible.”

In this paper we view exploratory activity as the means of accumulating
or maintaining a level of reserves, and we treat depletion by assuming
that reserve additions (“‘discoveries”) resulting from exploratory activity
fall as cumulative discoveries increase. The desired level of reserves
depends in part on the behavior of production costs. If production costs
were independent of reserves (and if there were no uncertainty about the
discoveries resulting from exploratory activity), producers would postpone
much of their exploratory activity (thereby discounting its cost) and
maintain no reserves. In fact, production costs rise as reserves decline,
although the exact relationship between the two may be complex.®
Thus producers must simultaneously determine optimal levels of explora-
tory activity and production—resulting in an optimal reserve level—that
balance revenues with exploration costs, production costs, and the ‘‘user
cost” of depletion.

The design of an optimal exploration strategy to accumulate reserves
has already been examined by Uhler (1975, 1978), who calculated an
optimal rate of exploratory effort assuming a fixed price for the resource.
The price (and rate of production) of the resource, however, will change
over time, and the optimal production rate and exploration rate are
interrelated. Here we examine exploration and production simultaneously
and study the joint dynamics of the two. This will enable us to describe
the entire price and reserve profile for a resource—from -the early period
of reserve development, increasing production and decreasing price, to
the later period of rising price and the eventual winding down of both
exploration and production.

II. Exploration and Production under Competition and

Monopoly

We consider first competitive producers of a nonrenewable resource.®

Producers take the price p as given and choose a rate of production g from

5 For resources like oil and gas, at the level of individual pools and fields lower reserves
mean higher extraction costs as the rate of physical output per unit of capital equipment
declines and eventually as secondary and tertiary recovery techniques are needed.
Even at the aggregate level, however, reserve depletion will be accompanied by higher
average extraction costs since lower-cost deposits are usually produced first, and of those
individual deposits with similar cost characteristics, reserves per deposit will on average
be lower when aggregate reserves are lower. For many mineral resources extraction costs
will similarly increase as higher-cost deposits are tapped and as deeper mines must be
utilized for individual deposits.

6 We are ignoring the problem of common access. In effect we are assuming here that
there are a large number of identical firms that all ignore each other, or, equivalently
but more realistically, that a state-owned company has sole exploration and production
rights and sets a competitive price.
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a proved reserve base R. The average cost of production C;(R) increases
as the proved reserve base is depleted. Additions to the proved reserve
base occur in response to the level of exploratory effort w.” The rate of
flow of additions to proved reserves depends on both w and cumulative
reserve additions x, that is, £ = f(w, x) with f,, > 0 and f, < 0. Thus,
as exploration and discovery proceed over time, it becomes more and
more difficult to make new discoveries. The cost of exploratory effort
C,(w) increases with w. We assume that C; (w) > 0 and that the marginal
discovery cost, C3(w)/f,, increases as w increases.® We further assume
that C,(R) - oo as R — 0. The producer’s problem, then, is as follows:

Max W = [lap = GulR)g = Caw)le de M)
subject to
R=3%—-g¢ (2)
% = f(w, % 3)
and
R>0,g>0,w3>0x2>0. 4)

The solution of this optimization problem is straightforward. The
Hamiltonian is

H = gpe™® — C(R)ge™ — Cy(w)e™ + L[f(w, %) — q] + Aof(w.x).
()
Note that H is a linear function of ¢ but in general a nonlinear function of

w. Differentiating H with respect to R and x gives the dynamic equations
for A, and 1,:

Ay = C{(R)ge™* (6)
and
Ay = — (44 + A)fs (7

From (5) we see that each producer should produce either nothing or at
some maximum capacity level, depending on whether pe=%* — C,(R)e™ %"
— A, is negative or positive. Since this expression depends on the price p,
market clearing will ensure that

pe~¥ — Ci(R)e™® — 4, = 0. (8)

7  might represent the number of exploratory wells drilled, or it might be an index of
drilling footage adjusted for depth.

8 Note that C}(w) and f,, age, respectively, the additional cost and the additional dis-
coveries associated with one more unit of exploratory effort.
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Note that 1, is the change in the present value of future profits resulting
from an additional unit of reserves. 4, is always positive, but 4, is negative,
since C{(R) is negative by assumption. We can see then that at some point
production ceases (generally before proved reserves become zero), even
though further exploration could yield more reserves.

Differentiating (8) with respect to time, substituting (2) for R, and equa-
ting with (6) gives us the equation describing the dynamics of the price
path:

b =0p — 6C\(R) + Ci(R)f(w, x). 9)

Observe that price rises more slowly than in the case of production with-
out exploration.® Note also that if C{(R) is zero—that is, if production
costs do not depend on reserves—the rate of change of the price path is
unaffected by exploration and is identical with that in the standard
constant-cost Hotelling problem. The level of the price path, however,
will be affected by exploration; since “planned” reserves (i.e., the total
amount of the resource available for production, including what will
ultimately be discovered) are greater than initial reserves, our producer
can set the initial price at a lower level. Price trajectories with and without
exploration are shown for constant extraction costs in figure 1.

We can now determine the optimal rate of exploration by setting
OH[ow = 0, and substituting in equation (8) for 1,. This yields the
following equation for A,:

Ciw)f&'

Using equations (8) and (10), we can rewrite equation (7) as:

Ay = —pe" + C(R)e " (10)

i = J{‘(" (w)e™ . (11)

Differentiating equation (10) with respect to time and substituting (2),
(3), and (9) for R, %, and p yields:

fwx.f fwcg(w) - C; (w)fww e~

b = —Calw) Tz + T
o) - (12)
- = 7 — Ci(R)qe—‘"

92 I showed in an earlier paper (1978) that if extraction costs rise as reserves fall, but
there is no exploration, price follows the equation § = 8§p — 8C,(R). Note, however,
that the introduction of exploration does not make our producer more conservationist.
Given any initial reserve level Ry, total production will be larger if there was no explora-
tion, so that price can begin at a lower level and rise more slowly over a longer period of
time.
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No exploration

Exploration

— ¢

Fic. 1.—Price paths for constant extraction costs

Equating this with (11) and rearranging gives us an equation that de-
scribes the dynamics of exploratory effort:

o= GVl S = fe + 8] + CiRfe

Cow) — Ch(uw) —ff—

The characteristics of the boundary conditions for equations (9) and
(13) depend on whether or not C;(0)/f,,(0) is zero. Suppose first that
C3(0)/f,(0) = 0.1° At a terminal time 7 (when production ceases),
further exploratory effort is of no value, so w must be zero. A second
boundary condition is obtained from the transversality condition; since
there is no terminal cost associated with cumulative discoveries x,
A,(T) = 0. Then from equation {10) and the fact that C;(0)/f,,(0) = 0,
we have that p; = C,(Ry), that is, price rises and reserves fall (raising
extraction costs) until the profit on the last bit of the resource is just zero.!?

10 This will be the case for most empirically supportable functional forms for C,(w)
and f (w, x), including our empirical example in the Appendix.

11 Note that @ and ¢ must become zero at the same time, i.e., there cannot be an interval
T, <t < T for which w = 0 but ¢ > 0. When w = 0, }, = 0, but since ),(T) = 0,
A2(Ty) = 0. Then pr, — Ci(Ry,) = C4(0)/f,(0) =0, so that no additional profit can be
made from further extraction.
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Finally, we see from equation (8) that 4,, discounted rent, falls to zero at
time 7.'2

Now suppose that C;(0)/f,,(0) = ¢ > 0. In this case exploratory effort
will become zero before production does. Let 7; < T be the time at which
exploratory effort becomes zero. From the transversality condition,
42(T) = 0 as before. Also, aslong asw = 0, 4, = 0, so that 1,(T;) = 0.
Then, from (10) and (8), for ¢t > Ty, p — C,(R) = 4, = ¢, 4, =
—0d4y, and, using (6), C{(R)g = —é¢. This describes the behavior of
w, ¢, and p and says that w becomes zero at a time 7, just as (1) p — C,(R)
— ¢ and (2) —C{(R)g/6 - ¢. Then, for t > T, both p — C,(R) and
C{(R)q remain constant, so that p, C,, and Cj rise as g falls.'? Finally, note
that conditions (1) and (2) can be interpreted by recognizing that new
reserves can have value by being extracted and sold, or by being stored,
thereby reducing extraction costs. Thus the last additional unit of reserves
should be discovered when its marginal discovery cost (¢) equals (1) the
net revenue that would be obtained by extracting and selling the unit and
(2) the storage value of the unit, that is, the PDV of all resulting future
extraction cost savings.

Given particular functional forms for f, C;, and C,, and a demand
function relating p and ¢, equations (9) and (13) can be solved together
with the boundary conditions described above to yield optimal paths for
price (and hence production) and exploratory effort. The particular
pattern of exploratory effort, price, and production that will result depends
critically on the initial value of reserves. The intertemporal trade off in
exploration involves balancing the gain from postponing exploration (so
that its cost can be discounted) with the loss from higher current produc-
tion costs resulting from a lower reserve base. If initial reserves are large
so that C,(R) is small, most exploration can be postponed to the future,
whereas if initial reserves are small, exploration must occur early on so
as to increase the inventory of proved reserves. In this latter case produc-
tion will increase initially (as price falls), and later reserves and produc-
tion will fall as exploratory effort diminishes. We will examine the
behavior of price and exploratory effort in more detail in Section IIT of
this paper.

Let us now turn to the case of a monopolistic producer. The monopolist
also chooses ¢ and w to maximize the sum of discounted profits in equation

12 This is analogous to the recent result of Heal (1976)—that if a higher-cost backstop
technology exists for a resource, the rent component of price for the lower-cost resource
supply will decline toward zero as the low-cost stock is exhausted. Note that it differs
quite sharply from the constant discounted rent in Hotelling’s original constant extraction
cost model.

13 If demand for the resource becomes zero at some maximum price p and C{(R) - ©
as R — 0, then p asymptotically approaches pas ¢ and R asymptotically approach zero.



848 JOURNAL OF POLITICAL ECONOMY

(1), but faces a demand function p(gq), with p’(g) < 0. Equations (6) and
(7) still apply, but maximizing H with respect to ¢ yields

Ay = MRe™ — C(R)e™™, (14)

with MR = p + ¢(dp/dg). Differentiating (14) with respect to time and
equating with (6) gives us the equation describing the dynamics of
marginal revenue:

MR = SMR — 5C,(R) + C](R)f(w, x). (15)

Again note that if extraction costs do not depend on the reserve level,
marginal revenue follows the same differential equation as in the standard
Hotelling problem, that is, marginal revenue net of extraction cost rises
at the rate of discount. Given any initial reserve level, however, explora-
tion permits the initial price (and marginal revenue) to be lower since the
total quantity that can be extracted will be greater.

Maximizing H with respect to w and substituting (14) for A, gives us an
expression for 4,:

Ci(w
5 < G

Jw

Differentiating this with respect to time, and equating with (7), yields the
differential equation for w:

5 = L@ fulfs) f — £ + 0] + Ci(R)gfy,
Ca(w) — Cyw) ==

e% — MRe% + C,(R)e™ . (16)

(17)

This is identical to equation (13), but this does not mean that the pattern
of exploratory effort is the same in the monopoly and competitive cases.
As long as ¢ is initially lower for the monopolist, % will be larger, since
C{(R) is negative. Thus, whether initial proved reserves are small or
large, we would expect the monopolist to initially undertake less explora-
tory activity than the competitor, but later undertake more.!*

1. The Behavior of Optimal Exploration and Production

In the solution of the typical exhaustible resource problem for a competi-
tive market, price rises slowly over time as reserves are depleted, so that

14 Unless extraction costs are zero and the elasticity of demand is constant, in which
case both price and exploratory activity will be the same for the monopolist and the
competitor. Stiglitz demonstrated (1976), for the case of production without exploration,
that these special conditions result in monopolistic and competitive price trajectories that
are identical. When cxtraction costs are zero the differential equations for price (in the
competitive case) and for marginal revenue (in the monopely case) do not depend on
reserves or exploratory activity, so that price (and quantity) trajectories are again iden-
tical. Since eqq. {13) and (17) are identical, the trajectories for exploratory effort will
also be the same for the monopolist and the competitor,
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demand is choked off just as the last unit is extracted (if extraction costs
are constant) or just as the profit on the last unit extracted becomes zero
(if extraction costs rise as reserves decline). In our model of a nonrenew-
able resource, the price profile will depend on the initial level of reserves
and on the magnitude and behavior of extraction costs. If initial reserves
are large enough so that extraction costs are low, price will slowly rise
over time as in the Hotelling solution. On the other hand, if reserves are
initially very small (as in the early history of resource use) and extraction
costs indeed depend on reserves, price will begin high, fall as reserves
increase (as a result of exploratory activity), and then rise slowly as
reserves decline. Let us examine these alternative solutions in more
detail.

Case 1: Price Steadily Increasing

We saw earlier (see fig. 1) that if extraction costs are constant, the form
of the solution is the same as in the standard Hotelling problem. However,
even if extraction costs depend on reserves, price can increase steadily if
initial reserves are large enough.

With initial reserves large, C, (R) and C;(R) will be small, so that p will
be positive—in fact the rate of growth of p will be just slightly below the
discount rate. In addition, @ will be positive initially. To see this, observe
that the denominator of the right-hand side of (13) is always positive,
while the first term in the numerator is positive and the second term is
very small.!® Thus w will begin growing from some very low level (when
reserves are large, new discoveries are not needed initially, so that the cost
of exploration can be postponed and thus discounted). Since initially
there are almost no discoveries, reserves will fall. Reserves will fall more
and more slowly, however, as exploration increases. At some point after
reserves have become small enough, @ will become negative, as Cj(R)
becomes large, and exploration will decline toward zero as most of the
reserves are used up. Price will increase until demand is choked off just
as profit on the last unit of the resource is zero and just as exploratory
activity becomes zero. At this point the resource has not been “exhausted,”
but it no longer pays to explore for new reserves. This pattern of exploratory
activity and reserves is shown by the solid lines in figure 2.

Suppose extraction costs are small relative to price and to the cost of
exploration. Then there is no value in holding a large stock of reserves,
and most exploratory activity will be postponed until near the end of the
planning horizon. This is illustrated by the dotted lines in figure 2.

13 By assumption, d/dw[C}(w)/f.] > 0. Then, since f,, > 0, (C] — C} fo./f) > 0. Since
w is small initially, ( foy/fz)f — f« < 5, and since R is large, C{(R) is small.
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Fic. 2.—Exploratory activity and proved reserves—initial reserves large

Case 2: U-Shaped Price Path

This is a more interesting case and would usually apply if we wished to
describe an entire history of resource use, If reserves are initially very
small, price will begin declining from a high level, since C;(R) and Cj(R)
are large in magnitude. Exploration will also begin declining from some
high level, again because C{(R) is a large negative number. Reserves
will at first increase in response to exploration, but in the later stages of
resource use they will decrease as exploration diminishes and the average
product of exploration decreases. As reserves decrease price will increase,
until demand, exploratory activity, and the profit on the last extracted
unit of the resource all become zero simultaneously. This is illustrated in
figure 3.

If extraction costs are small, exploration can decline more rapidly
since there is no need to build up as much reserve. Later, as production
increases,  can become positive; exploration then increases so that the
stock of reserves does not fall to zero too quickly. Finally, as the returns
from exploration diminish, C{(R) will dominate the numerator of (13),
w will become nggative, and exploration will fall to zero. Price will again
follow a U-shaped path (as long as extraction costs still depend on the
level of reserves). This is illustrated by the dotted lines in figure 3.

These two cases can be summarized by the phase diagram in figure 4.
From equations (2) and (3) we see that the R = 0 isocline is nearly
vertical for large values of R, but as R becomes small, ¢ becomes small,
so that this isocline bends in toward the origin. From equation (13) it is
clear that the & = 0 isocline will be downward sloping, since increased R
and increased w both make w0 larger. Note that this isocline will shift
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to the left if ¢ decreases or if cumulative discoveries x increases, and it is
closer to the origin if extraction costs are relatively low. In the figure,
(b = 0), corresponds to large extractions costs, while (& = 0), and
(= 0), correspond to relatively low extraction costs, with ¢ small and/or
x large for (0 = 0),, and the opposite for ( = 0),.

If reserves are initially large, the optimal trajectory is given by curve A4,
where reserves always decrease, with exploration increasing and then
decreasing. If reserves are initially small, the optimal trajectory depends
on extraction costs. If extraction costs are large, exploration will be at a
higher level and will continually decrease, as in B. If extraction costs are
small, exploration can decrease, increase, and decrease again, as in C.
Here the trajectory crosses the v = 0 isocline so that % becomes positive,
the isocline shifts to the right as ¢ increases so that @ becomes negative
again, and reserves keep falling as the isocline moves back to the left as ¢
decreases and x increases.

The characteristics of exploration and production are further illustrated
by a numerical example presented in the Appendix. In that example a
model is estimated and solved for crude oil exploration and production in
the Permian region of Texas.

IV. The Case of No Depletion

For some nonrenewable resources (e.g., bauxite), depletion can effectively
be ignored (at least for intermediate-term analysis). If the returns from
exploration do not decline as cumulative discoveries increase, that is,
if f, = 0, production can go on indefinitely. In this case there will be an
initial transient period during which reserves approach some long-run
steady-state level R and after which steady-state exploration @ results
in discoveries just equal to steady-state production §. This can be seen
from the phase diagram in figure 5. Since f, = 0, increases in cumulative
discoveries will not result in a shift of the @ = 0 isocline. Trajectories
A and B (large initial reserves and small initial reserves, respectively)
lead to a long-run equilibrium of constant reserves and production. Any
other trajectory leads to reserves and a level of exploration that grow
large without limit, or else to a decline in reserves and cessation of pro-
duction.

We can examine the characteristics of this steady state by setting f,
and w equal to 0 in equation (13). From this we obtain

Cy(w) - _ C1(R)q_ (18)
S o
The right-hand side of (18) is the present discounted value of the annual

flow of extraction-cost savings resulting from one extra unit of reserves.
If this quantity is less than the marginal discovery cost incurred in
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Fic. 5.—Phase diagram for case of no depletion

maintaining that extra unit of reserves (the left-hand side of [18]), profits
would be greater with a level of exploration below the steady-state level,
and indeed, we will have & > 0, w < @, and R > R. Similarly, if this
quantity is greater than the marginal discovery cost, we will have
w < 0, w> w, and R < R. In the first case the initial reserve level is
larger than necessary, and in the second case it is too small.

We can also see that the optimum steady state @, R, and § are indepen-
dent of initial reserves. Since R = 0 in the steady state, § = f(@). Then
under competition, p is taken as given and @ is chosen to maximize
profit:

max IT = pf(@) — Ci(R) f(@) — Cy(®). (19)

Setting &I1/0w = O gives us a relationship between @, R, and $:

@ = g(R, §). (20)
Since 1 = 0, we have from equation (13)
6C; (@) + Ci(R) f(m)f (@) = 0. (21)
Finally, we have
S@) =7 (22)
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and
P = 13- (23)

Thus equations (20), (21), (22), and (23) provide a unique solution for
@, R, §, and p that is independent of the initial conditions. This can be
thought of as a “Golden Rule” of reserve accumulation; whatever
“endowed”’ initial reserves are, they will be increased (or, if they are very
large, allowed to decline) until a profit-maximizing steady-state level is
reached.

V. Measuring Resource Scarcity

In the United States, policymakers often use estimated ‘“‘potential re-
serves” of oil, natural gas, and various minerals as a measure of resource
scarcity. This, of course, implies viewing these resources as exhaustible,
which as we have argued makes little economic sense. But even if such
resources were exhaustible, the volume of potential reserves does not
provide a useful measure of scarcity, since it does not reflect the difficulty
of actually obtaining these reserves. As Fisher (1977) points out, an appro-
priate scarcity measure ‘“‘should summarize the sacrifices required to
obtain a unit of the resource.” If by a resource we mean the raw material
in the ground, “rent” (i.e., the difference between price and marginal
extraction cost in a competitive market, and the difference between
marginal revenue and marginal extraction cost in a monopolistic market)
represents the opportunity cost of resource extraction and better reflects
resource scarcity.

In this paper we have argued that most mineral resources can be best
thought of as nonrenewable but inexhaustible, so that “potential reserves”
has little meaning as a scarcity measure. On the other hand, ‘“‘rent”
provides a scarcity measure that is particularly appropriate and even
applies to resources for which there is little or no depletion. To see this,
rearrange equation (8) for price in the competitive case:

p = Ci(R) + A, (24)

The second term on the right-hand side of this equation is undiscounted
rent, and by setting 8H/0w equal to 0, we see that it has two components:

e = 2 25)

fW
The second term on the right-hand side of (25) is the shadow price of an
additional unit of cumulative discoveries, and it measures the impact of
this additional unit on future marginal discovery costs. We would usually
expect 4, to be negative, since discoveries today result in an increase in
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the amount of exploratory effort that will be needed to obtain future
discoveries.!®

One might ask why both the marginal discovery cost and the oppor-
tunity cost of additional cumulative discoveries should be included in a
measure of scarcity, rather than simply lumping discovery cost together
with extraction cost and using only the last term in (25) to measure
scarcity. Note from equation (11) that (assuming A, is negative) 4, is
positive, so that the discounted value of this opportunity cost becomes
smaller in magnitude over time—as the actual value of marginal discovery
cost grows. The reason is that once marginal discovery cost has become
very large—and the resource is very scarce—resource use decreases as
potential future profits become small, so that the opportunity cost of
additional discoveries is small. For example, it might be that 30 years
from now the marginal discovery cost of oil will exceed $100 per barrel,
at which time oil will be extremely scarce, even though the opportunity
cost of additional discoveries will be small. Thus the full rent of equation
(25) should be used to measure scarcity.

It must be emphasized that rent is the appropriate scarcity measure
only if we are referring to the resource in situ.!” If we are referring to the
resource as a factor of production (or consumption good), price is a more
appropriate scarcity measure since extraction costs are indeed part of the
sacrifices required to obtain the resource. In fact, as shown by Fisher
(1977), Heal (1976), and in our model above, if extraction costs rise rapidly
enough as depletion occurs, rent can fall over time. This simply implies,
however, that the opportunity cost of resource extraction is falling because
resource use is decreasing as extraction costs (and therefore price) rise,
so that in an in situ context, the resource is indeed becoming less scarce.

VI. Concluding Remarks

We have argued that many “exhaustible” resources could be better thought
of as inexhaustible but nonrenewable and that the optimal rates of ex-
ploration and production for these resources are interrelated and must
be jointly determined. Exploratory activity is chosen to build the reserve

16 As Fisher (1977) and Uhler (1975, 1976) point out, additional cumulative discoveries
might initially result in a decrease in the amount of exploratory effort needed to obtain
future discoveries by providing geological information. In this case, A, would be positive
initially and would later become negative as the effects of depletion offset the informational
gains from cumulative discoveries. Uranium is a resource for which A, might conceivably
be positive today, but for most other resources of policy interest (and particularly oil and
gas), A, is negative.

17 Rent is still an imperfect measure of scarcity, however, in that it ignores external
costs such as the environmental damage resulting from resource exploration and pro-
duction.
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base up to a level that reduces extraction costs and then is adjusted over
time so as to trade off cost savings from postponed exploration with savings
from lower extraction costs and revenue gains from greater total produc-
tion. The pattern of optimal exploratory activity thus depends highly on
initial reserve levels and on rates of depletion.

Viewing a resource in this way has enabled us to describe the entire
history of its use, from the early period of reserve accumulation to the
eventual winding down of exploration and production. We saw that if
the initial reserve endowment is small, the price profile will be U-shaped,
rather than steadily increasing as in the Hotelling model and its variants.
This helps explain the fact that the real prices of many nonrenewable
resources have fallen over the years. For example, the secular decline of
oil prices prior to the formation of OPEC, and the decline in the real price
of bauxite prior to the cartelization of the world bauxite market can be
attributed to the significant increases in the proved reserves of those
resources that allowed production to steadily increase.

In the later stages of resource use (or throughout, if the initial reserve
endowment is large) price will increase over time as in the Hotelling
model. However, the introduction of exploratory activity has the effect
of reducing the rate of increase of price (so that observed rates of growth of
resource rents below market interest rates need not be indicative of
monopoly power). Finally, we saw that in the development of a new re-
source for which depletion is not significant (but for which exploration
and reserve accumulation are necessary), an optimal steady-state reserve
level should be reached that is independent of any initial reserve
endowment.

Obviously our approach ignored a number of important problems,
including the effect of common access, market structures other than
monopoly and perfect competition, the effects of government controls,
and the effect of uncertainty. This last factor is perhaps the most im-
portant deficiency of this paper. Any representation of the response of
discoveries to exploratory activity will be an uncertain one, both in terms
of specification and estimated parameters, and the presence of uncer-
tainty could significantly alter the “optimal” rates of exploration and
production.

Appendix
A Numerical Example

In order to examine numerically the characteristics of the competitive and
monopoly solutions, we have specified and estimated functional forms for f(w, x),
C:(R) and C,(w), using data for oil in the Permian region of Texas over the period
1965~-74.

We assume that average production cost increases hyperbolically as the proved
reserve base goes to zero, that is, C, (R) = m/R. In 1966 extraction costs were $1.25

per barrel and Permian reserves were 7,170 million barrels, so we set m = 8,960.
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We represent the level of exploratory activity by the number of exploratory
and development wells drilled each year. Over the years, the cost per well ex-
hibited mild economies of scale. Measuring C, in millions of 1966 dollars we
obtain (¢-statistics in parentheses):

G@) _ 40670 + 103.2/w
w (5.09) (2.43) (A1)
R? = 458 SE = .0039 F(1,7) = 5.90

Our discoveries function is of the form f(w, x) = Aw®~**, a, § > 0. We use a
constructed series for reserve additions as the left-hand side variable, and obtain
the following fitted equation:*®

log DISC = 2.389 + 0.599 log w — .0002258x
(0.77)  (1.53) (—5.86) (A2)
R* — 837 SE = 0.172 F(2,7) = 17.93

Here both DISC and x are measured in millions of barrels.
We complete the specification with a linear market demand function with
price elasticity of —0.1 at a price of $3.00 and production of 600 million barrels:**

q = 660 — 20p. (A3)

To obtain numerical solutions for this example, we write difference equation
approximations to our differential equations for w and p (or MR in the monopoly
case), choose a discount rate of .05, and substitute in our estimated functions.
Adding the accounting identities for x and R, we repeatedly simulate the resulting
model, varying the initial conditions for po and wo until the terminal condition
that w, g, and average profit all become zero simultaneously is satisfied. (Note
from eqq. [A1] and [A2] that C;(0)/f.(0) = 0.) )

Solutions for the competitive and monopoly cases are given in tables Al and
A2.2° The competitive price is initially lower but later higher than the monopoly
price. Since monopoly production is initially lower, fewer discoveries are needed to
maintain the reserve base, so exploratory effort is smaller. Competitive explora-
tion and production cease after about 55 years, but monopoly exploration and
production continue for an additional 37 years since average production is
smaller. At the points of termination, cumulative discoveries are about the same
in both cases.

18 Actual crude oil reserve additions consist of three components: new discoveries,
extensions, and revisions. Although new discoveries and extensions have a strong de-
pendence on well drilling and cumulative reserve additions, revisions behave like a random
process with a mean value several times (6.0 in the Permian region) the mean value of
discoveries plus extensions. We therefore obtain our constructed series by multiplying
our data on discoveries plus extensions by the ratio of the mean value of reserve additions
to the mean value of discoveries plus extensions.

19 This reflects elasticity estimates for the 1960s, a period during which real oil prices
were roughly constant at about $3.00. Elasticity estimates for today’s higher prices are
in the range of —0.2 to —0.5, consistent with the equation. Eq. (A3) is also consistent
with a backstop price of $33, at which demand becomes zero as oil is replaced with alter-
native energy sources.

20 Tt should be stressed that these are approximate solutions; the terminal conditions
are not met exactly, since iterating over the initial conditions can become computationally
costly, However, except for the last 2 or 3 years, these solutions are quite close to the
true optimal.
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Both cases could be characterized by curve C in the phase diagram of figure 4.
The initial reserve base is too small, and therefore well drilling begins at a high
level (quickly increasing reserves as the price drops and production briefly rises),
falls (to a level sufficient to maintain these reserves for some years), slowly rises
(as depletion ensues), and then, over the last 15 or 20 years, falls to zero (as pro-
duction falls to zero, and proved reserve falls to the level at which extraction cost
approaches the cut-off price of $33).

If oil in Texas were nondepletable, exploratory activity, production, price, and
reserves would approach steady-state levels determined from equations (20),
(21), (22), and (23).2! Solving these equations, we find that for the competitive
case, @ = 913 wells per year, ¢ = 651.4 million barrels per year, p = 43¢ per
barrel, and R = 54.1 billion barrels, and for the monopoly case, @ = 288, ¢ = 326,
F = $16.70, and R = 43.0. In the competitive case, well drilling would begin
at a high level and then decline toward the steady-state value of 913 wells per
year, as reserves rise to 54 billion barrels. The resulting discoveries would just be
sufficient to replace the steady-state production. The steady-state price (43¢) is
equal to the sum of the marginal extraction cost (17¢) and the marginal cost per
barrel (for an additional barrel of steady-state production) of well drilling (26¢).

We compared the optimal values of well drilling and price to their historical
values and to their optimal myopic values, that is, the values that would occur if
future depletion were ignored but the reserve-production ratio were maintained
at its initial level (12.0).22 Optimal well drilling is initially much larger than
actual well drilling (so that optimal reserves are larger than actual reserves) but
is close to the actual in later years, while the optimal price is always at least $2.00
above the actual price.

It might be that oil producers were myopic. The myopic price is just below the
actual price, and the myopic pattern of well drilling more closely follows the
actual data. Producers might have ignored the future gains from reduced pro-
duction costs that would have resulted from higher initial well drilling and might
have ignored the opportunity-cost component of rent in determining output.
Alternatively, producers might have properly looked to the future but taken risk
into account in making their calculations. One “certainty-equivalent” rule of
thumb for treating risk is to increase the discount rate, and from equations (9)
and (13) we can see that this would reduce the initial optimal price and also
reduce initial optimal well drilling.
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