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SUmmary

This paper presents an overview of the key economic results associated with the use of
non-renewable resources. The basic Hotelling model of resource depletion is discussed,
followed by saverd extensons. The fundamenta result isthat scarcity rent rises at the
discount rate, and that at equilibrium, margina benefits from extraction must equd the
margina economic cog. If margina extraction cogt is determined by the remaining stock
of the resource, then the result is that the scarcity rent rises at the discount rate less the
percentage increase in margind cost caused by the margind reduction in remaining
reserves.

The versdtility of the Hotelling mode is dearly brought out in the various quditatively
digtinct outcomes possible for the equilibrium production and price trgectories.
Production may be monotonically increasing, decreasing, or inverted u-shaped. The
equilibrium price trgectory is determined by the interaction between the margina
extraction cost and the scarcity rent. Typicaly, it isincreasing throughout the production
horizon. However, if the margina cost is declining rapidly, it may exceed the scarcity
rent in the early part of the production horizon and price will decline. Eventudly,
however, it must rise as scarcity rent rises sharply.

The results obtained under the Hotelling mode are robust to the assumption of market

structure — both monopoly and perfect competition yield quaitatively smilar outcomes,
though, of course, the price and quantity paths are different.

Note: All figures areincluded at the end of the paper.



Nonrenewabl e resources

User cost

Margind economic cost
of extraction

Scarcity rent

Backstop

Remaining resources

Net price

Margind profit

Discount rate

Glossary

resources with no significant natura re-growth over an
economicaly relevant time horizon

margina benefit of consarving a nonrenewable resource;
same as opportunity cost of extraction; based on physica
scarcity of the resource relative to its demand

sum of marginad extraction cost and user cost

excess of market price over margina extraction cost;
related to user cogt; reflects physica scarcity of a
nonrenewable resource relative to its demand

economicaly feasible subdtitute for a non-renewable
resource; may be renewable or nonrenewable

total amount of resource available for extraction; may
include probabilistic extragpolation of resource based on
known scientific methods and information on natural
processes

under perfect competition, same as scarcity rent

excess of margind revenue over margina extraction cost;
equivaent to scarcity rent under monaopoly

inflation adjusted interest rate used to deflate future
monetary flows



1. Introduction: Renewable Versus Non-r enewable Resour ces

The New Webster’ s Dictionary defines “renewable’ as“ replaceable naturdly or by
human activity”. Examples of renewable resources include trees and other plants, animal
populations, groundwater, etc. In contrast, non-renewable resources are those that are not
replaceable, or replaced so dowly by naturd or artificial processesthat for al practica
purposes, once used they would not be available again within any reasonable time frame.

Obvious examples are ail and minerd deposits.

Economists add another dimension to this distinction between renewable and non
renewable resources. Since economics is concerned with the allocation of scarce
resources, for an economist non-renewabl e resources not only have afixed stock, they are
aso in limited supply rdléive to the demand for them. Thus, old growth trees with life
gpans of as much as 1000 years while renewable by the common definition, may be
classified as non-renewable by economigts due to their reatively dow growth to maturity
and few remaining stands. (Some ecologica economists would argue that old growth
forests are a non-renewable resource for an entirely different reason. They are concerned
with the unique ecosystems associated with these stands. It isfeared that if these stands
were clear-cut the associated ecosystems would be lost entirely. Even if the treeswere
reseeded and alowed to grow to maturity it is not certain the same or even smilar
ecosystemns would evolve)) Similarly, while cod would be considered non-renewable by
some, most resource economists would consider it renewable due to the vast remaining
stock. At current rates of consumption of about one billion tons per year, it is estimated
that thereis enough cod to last gpproximately 3000 years (Chapman, 2000). From an
economic perspective, there is no immediate cod scarcity smply due to its fixed stock. It

isasif it were renewable. There is no scarcity rent associated with its extraction.

2. The Hotelling Model of Resour ce Depletion

The centrd question in non-renewabl e resource economics is— given consumer demand

and theinitid stock of the resource, how much should be harvested in each period, so as



to maximize profits? A smple example brings out the underlying intuition (Frank, 1997).
For now, assume away any extraction costs and focus on the price per unit, p, of the
resource in the market. Assume also that the redl (inflation adjusted), risk free interest

rate on investments in the economy isr per cent per year. Then, the owner of the resource
can ether extract the resource now or hold on to it to extract in the future. Any amount of
the resource extracted today will not be available in the future, and any resource left
untouched today may fetch a higher price in the market in the future. These are the two
fundamentd factors influencing the resource owner’ s extraction decison. If the owner
extracts the resource today she can invest the proceeds and earn r per cent year. However,
if she expects the price of the resource to rise faster than r per cent per year, then it would
make sense to hold on to the resource, forgo the interest earned on the proceeds but earn a
higher totd income by sdling the resource at a higher price per unit. The opposite
argument would hold if the resource price was expected to rise dower than r per cent per

year.

In a competitive market where there are alarge number of sdlers, and each sdller can sl
any quantity a the going market price, each resource owner would be faced with the
same options and would follow the same logic. The result isthat in this market the

quantity extracted will be such that resource price will rise a exactly r per cent per year.

If it were to rise dower, resource owners would begin to sdll off current stocks and the
current market price would fdl. If the resource price were to increase at arate faster than

r per cent per year, al owners of the resource would hold on to their stock, decreasing the
current supply in the market, thereby inducing the current market priceto rise. The
equilibrium price trgectory for a nonrenewable resource would, therefore, berising
exponentidly as shown in Figure 1.

An implication of the continuoudy rising priceisthat the quantity extracted would be
continuoudy faling until such time as the resource is exhausted. As the price risesthe
demand for the resource is dowly choked off. Eventudly the price would be so high that
the demand would be eliminated dtogether. Thisis precisdy when the resource stock
would aso be completdly exhausted. To understand why, suppose that when the priceiis



aufficiently high to entirely choke off dl the demand, resource owners are left with some
positive quantity of the resource. This remaining stock would be completely worthlessto
the owner since no one would want to buy it. Redlizing this the resource owners would
begin to sl off the stock at lower prices before the demand is choked off by the high
prices. But this would mean that the production trgectory would be extended in time and
again the price would continue to rise a r per cent per year until al the stock is
completely depleted. The equilibrium production (or extraction) trgjectory for anon-

renewable resource is dso shown in Figure 1.

This basic result that the price of a non-renewable resource in a competitive market
would rise at the interest rate and that the production trgjectory would be monotonicaly
declining till the resource is exhausted was established by Harold Hotelling in his semind
1931 aticle, “The Economics of Exhaudtible Resources’ published in the Journal of
Political Economy. Few papers in economics have played such an important rolein
defining the field and contemporary research. It was the focus of Robert Solow’s 1973
Richard T. Ely lecture titled, “The Economics of Resources or the Resources of
Economics’. On thefiftieth anniversary of the publication of Hotelling's paper,
Shantayanan Devargian and Anthony Fisher wrote a paper in the Journal of Economic
Literature effectively showing that alarge number of questions on the economics of non
renewable resources being asked today were first raised by Hotelling.

It can be shown that by following the above production trgectory the resource owner
maximizes the present vaue of the flow of revenues from extraction over the time

horizon from the present through the exhaustion of the resource. It can also be shown that
the same production trgjectory maximizes the discounted sum of producers and

consumers surplusin a competitive market and is, therefore, Pareto optima.

3. Variationson the Basic Hotelling M odéel
3.1. Extraction Costs
3.1.1. Exogenous Extraction Costs



Extraction cogts per se do not change the fundamental logic of the above modd. Suppose
that the margina extraction cost is dowly risng over time. This could be because alarger
quantity of resources is being extracted in each period or due to more stringent
environmenta policies requiring more expensive extraction techniques, or both.

Whatever the reason, so long asthe margind extraction cost is not determined directly by
the cumulative amount of the resource extracted, the result would be that net price, i.e.,

price minus the margina extraction cog, or scarcity rent, would rise exponentialy & r

per cent per year.

It isimportant to note that even though Hotelling’s modd of resource depletion implies
that net price would be risng exponentidly at the interest rate, this does not mean that the
market price (i.e., the price paid by the consumer) will follow thistrgjectory. The
consumer price isthe marginal extraction cost plus the scarcity rent. If extraction costs
arefdling, say due to technologica improvements as in the case of the ail industry

during the last decades of the 201" century, then it is entirely possible that the market price
is congtant or even declining in the near term. So long as the downward pressure due to
the faling margind extraction cost outweighs the risng scarcity rent, the consumer price
will be decreasing. Eventudly, however, as the resource gets depleted and the scarcity
rent rises rapidly and outweighs the margina cost, the market price will rise.

When the margind extraction cogt isrisng over time, the equilibrium production
trgectory is monotonicaly declining, asin the smple case with no extraction codt.
However, if the margind extraction cost decreases with time, then it is also possible for
the equilibrium quantity trgectory to decline in the near term. During this period, the
downward pressure of the falling margina cost more than offsets the risng user codt.

3.1.2. Reserve Dependent Costs
A more sophigticated thought experiment would link the margina extraction cost directly

to cumulative production or the remaining stock of the resource. These are referred to as

“reserve dependent costs’ in the literature. In this case, each unit of the resource extracted



today is not only unavailable in the next period, but also increases future extraction costs
by lowering the remaining reserves. The opportunity or user cost of extracting afinite

stock of resources is now two fold: foregone interest income and higher extraction codts.
In this case, the scarcity rent does not rise at the interest rate, but &t the interest rate less

the percentage increase in cost due to amargind reduction in remaining reserves.

Note that the basic principle remainsintact: a equilibrium, the margina benefit from
extraction must equal the margina economic cost (defined as the sum of margind
extraction cost and the user cost). In the case with no or constant extraction costs, or with
extraction cogts that vary independently of cumulative production, the economic cost of
extraction is just the foregone interest income. With reserve dependent costs, one must
include the increase in margina extraction cost that occurs as reserves are drawn down
(Devargian and Fisher, 1981).

3.2. Monopoly

The fundamentd results of the Hotelling modd remain unchanged when the entire stock
of theresourceis owned by asingle sdler. In this caseit isthe margind profit or the
difference between the margina revenue and margind extraction cost that grows at r per
cent per year. However, if in the presence of a static demand curve the price eadticity of
demand decreases as the quantity extracted increases, the monopolist’s production
trgectory will be longer than that of the competitive resource owner when faced with
identical codts, initid stock, and consumer demand. The monopolist takes advantage of
the rdatively lower price dadticity in the earlier periods to restrict output and charge a
higher price than the perfectly competitive resource owner (Dasguptaand Hedl, 1979).
The result is that the extraction path tends to get stretched out over time—that is,
monopoly sows the depletion rate.! This result has led to the adage, “amonopalist isa
consarvationist’ s best friend”. The monopolistic and competitive price and quantity

trajectories are compared in Figure 2.

Also see the section on shifting demand curves.



One case where the competitive and monopoly equilibrium price and extraction paths are
identical (Conrad,1999) is when the resource owners face a constant e agticity demand
curve that is unchanging over time, and when the extraction cost isindependent of the
quantity extracted in each period. The crucid festure of a constant elagticity demand
curve, as opposed say to alinear demand curve, isthat total revenueisthe same at dl
points on the curve. No matter how much the monopolist raises the price of the resource,
quantity demanded declines proportionately so that total revenue is congtant. In this case,
the monopolist cannot increase the present vaue of profits by restricting quantity and

raising price in the earlier periods.

3.3. M ultiple Sour ces

Another interesting extension of the Hotelling model considers the Stuation where there
are two sources of the same ore but with different margina extraction costs. An example
would be the oil depositsin the Southwestern USA and Alaska, and the depositsin Saudi
Arabia Both regions are endowed with vast quantities of crude oil. However, mostly due
to geological differences, per barrd extraction costs in Saudi Arabia are about a quarter
of those in the US (Chapman, 2000). In the abstract world of perfect competition, both
sources would not supply the resource smultaneoudy. Like David Ricardo’ s argument
for using higher grades of the resource— or in this case, lower cost mineral sources—
firdt, production would begin in the low cost region. The net price would rise at the
interest ratetill it is exactly equd to the net price for the second, high cost source. At this
point, the low cost resource is completely depleted and the high cost source suppliesthe
entire market. Scarcity rent would rise again & the interest rate till the second resourceis

exhausted as wdll. This succession of equilibrium price trgectoriesis shown in Figure 3.
3.4. “Backstop” Resources
Suppose there is some other resource which is a perfect substitute for the non-renewable

resource in question. Suppose also that this dternative, or “backstop” resource can be
supplied at some high cogt but in fairly large quantities so that it isinexhaugtible for dl



practica purposes. Since the backstop has a virtualy unlimited supply, its price will be
just sufficient to cover its margind extraction codt.

Implicitly, backstop technologies are assumed to be renewable. Ethanol fuel from
renewable corn and sugar is frequently seen as abackstop for petroleum. However, a
backstop technology can itsdf be non-renewable. For example, coa-based electric
transportation would itsalf be a non-renewable backstop for finite petroleum resources.
In the presence of a backstop, thereis a ceiling on the net price of the non-renewable
resource. In theory, as soon as the price of the non-renewable resource just exceeds the
price of the backstop, the former will be priced out of the market and the demand would
be entirdy satisfied by the latter resource. (In effect, the price of the backstop islike the
vertica intercept on the linear demand curve for the non-renewable resource.) The
overd| result is the same as in the case with the multiple sources of the same non
renewable resource. The net price of the non-renewable resource will rise at the interest
ratetill it is completdy exhausted. Exactly at that instant the net price would be equd to
the price of the backstop and production would shift from the non-renewable to the

backstop resource.

It is easy to verify that the nonrenewable resource would be depleted at exactly the time
when production shifts to the backstop. Suppose thisis not the case and there are some
remaining reserves of the non-renewabl e resource when its price rises to that of the
backstop. Then the resource owner would be unable to sall the resource on the market
since the net price necessary to cover the scarcity rent would exceed the price of a
chegper subgtitute. The only option isto sall the resource at an earlier and lower price.
But this would increase the supply in the market and the net price would fal. In fact, the
price would declineto aleve such that when it rises at the interest rate the resource is
exhausted at the price of the backstop. A smilar argument emerges in the Stuation where
the resource is exhausted before its price reaches the celling set by the backstop. In this
case, thereis alarge excess demand which would bid up the price for the resource. The
profit maximizing resource owner would then hold back some reservesto sdll at the

future higher price and the production horizon would be extended.



The above example assumes the supply curve for the backstop is horizonta at a price just
sufficient to cover its margina extraction cost. This assumption is not necessary. Itis
entirely possible that the price of the backstop is risng dowly. So long as the backstop
priceisrising dower than the interest rate the price trgjectories for the non-renewable
resource and the backstop will intersect at some point. At that point, the price of the
backstop will become the celling for the price of the non-renewable resource and the
latter resource will be completely depleted. From that point on, the market will be
completey supplied by the backstop. Figure 4 shows the intersection of the price

trgjectories for the non-renewable and backstop resources.

3.5. Growing Demand

In the entire analysis so far, we have assumed that the demand for the non-renewable
resource is congant over time. Thisis not avery redistic assumption. Typicaly one
would expect an increase in the market demand over time due to a growth in population
aswdl as per cgpitaincome. Graphicaly, thiswould lead to arightward shift of the

demand curve from one period to the next.

This smple extenson of the basic modd introduces an ement of realism into the modd
in two important ways. Firg, it reflects aredigtic Stuation for non-renewable resources,
such as ail, which have witnessed arapid growth in their total demand. Second,
regardless of whether the marginal extraction cost isfalling or rising over time, the
resulting equilibrium production trgjectory may initialy increase before eventudly
declining to exhaugtion (see Figure 5). The logic issmple. In thefirst few years when the
user cost of extraction is low, the positive impact of the income and population effects
(and declining margind extraction cog, if applicable) more than outweigh the negeative
impact of the subgtitution effect due to the risng economic cost of extraction. During this
period, the extraction trgectory isrisng. Eventudly, however, the user cost comesto
dominate. Demand, and therefore, equilibrium extraction begin to decline.

10



Furthermore, so long as the margina extraction costs are increasing over time, the market
pricetragjectory will be monotonicaly increasing asin Figure 1. However, if margind

cods are declining over time, it is possible that the equilibrium net price would first
decline and then increase. The exact solution depends on the interaction between growth
in demand, the decline in extraction costs, and the increase in the scarcity rent. Other
things being the same, the declining portion of the equilibrium price trgectory islonger

in the presence of growing demand than when demand is intertemporaly unchanging. A
subsequent section presents smulations for the globa oil resource where dternative price
trgjectories may be obtained depending on the parameter va ues assumed.

Similar results for the price and quantity trgjectories are obtained when it is assumed that
the resource stock is owned by a monopoalist. The one difference is that, if the price
eladticity of demand increases over time as the demand grows, then the monopolist will
take advantage of the lower eadticity in the earlier periods and restrict output and raise
price. Thus, as compared to the competitive resource owner, the production trgjectory is
longer in the case of amonopoligt. This difference in the production horizon under
competition and monopoly is congstent with the result obtained earlier under the
assumption of fixed consumer demand (and shown in Figure 2).

4. On Discount Rates

It is clear from the preceding discussion that the interest rate plays a critica rolein
determining the equilibrium price and extraction trgectories, as well asthe production
horizon for a non-renewable resource. This interest rate, which reflects the return on the
average investment in the economy, istypicaly referred to as the discount rate in the
economics literature. The equilibrium production trgjectory obtained under the Hotelling
model and its severa extensonsis Pareto optima only if the private discount rate being
used by the resource ownersis numericaly identica to the socid discount rate, aso
known as the socid rate of time preference. Unfortunatdly, it is quite likely thet this will
not be the case. In fact, Robert Solow (ibid) provides severa reasons why the private
discount rate might be systematicaly higher than the socid rate of time preference. The
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result is that the scarcity rent would rise too rapidly, and resource would be exhausted too

soon compared to the socialy optimal trgjectory.

The discount rate issue does not end here. Even if the resource owner could somehow be
coerced into using the socid rate of time preference when taking extraction decisons,
there is no unambiguous numerica vaue for that parameter. The socid rate of time
preferenceis the sum of two parts: the pure rate of time preference, and a second piece
which reflects the dedining margind utility of income that follows the growth of income
over time. The second part is rdaively uncontroversd. Thefirg part is fraught with
debate. The pure rate of time preference reflects the psychologicd basis of intertempora
decison making, and captures the myopia in human decison making processes. Some
economists argue that the pure rate of time preference should be imputed from the
historica savings record for an economy. They tend to be in favor of using a pure rate of
time preference of about 3 per cent per year (see Nordhaus, 1994). Others focus on the
ethicd implications of discounting economic events Smply because they occur a future
pointsin time, specidly if there are implications for future generations (Parfit, 1983,
Khanna and Chapman, 1996). This group argues that the pure rate of time preference
should be zero or closeto it. Still others, such as Eban Goodstein (1999), argue that
discount rate should be the rate of sustainable GDP growth.

The debate remains unresolved. Whatever the reader’ s persona opinion on thisissue, it is
important to know that the higher the discount rate used, the higher the growth rate of
prices, and the shorter the time interval to resource depletion.

5. Case Study — World Qil

How well has the Hotelling model done in terms of predicting the production and price
trgjectories of non-renewable resourcesin the real world? In the 1980s ecologist Paul
Ehlrich and economist Julian Simon were engaged in a heated debate, and even abet, on
whether non-renewabl e resources were becoming more scarce, and whether their prices
would rise as predicted by the Hotelling modd. In 1990, Paul Ehlrich lost the bet. The
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inflation adjusted prices of five previoudy agreed upon non-renewabl e resources —

copper, chrome, nickd, tin, and tungsten — fell over the course of the decade.

Even though Julian Simon won that bet and debate, it does not follow thet declining
prices are inconsistent with a resource depletion model. The prediction that price would
rise monotonicaly while quantity decreasesistypicaly obtained under the assumption
that, over time, demand is constant and margina cost of extraction rises. An dternative
versgon of themodd can yidd price and quantity trgectories that are much more
congstent with the observed data

To appreciae the power and versdility of the Hotelling mode, consder the globd oil
market. There has been much debate over whether the world may at some point
experience exhaustion of conventiona petroleum resources. In the 1970s, following the
firg oil shock, some economists predicted that globa oil supply would decline and that
depletion would occur in the near future. However, with hindsight, one can argue that
they had smply failed to recognize the monopoly power that the OPEC countries
exercised over world oil production. Since then, there has been a generd fedling of
optimism among economists due to faling red oil prices. Some economigts, and most
geologists, however, continue to believe that the recent downward trend in oil prices was

only temporary and that eventudly there will be a more or less sustained upswing.

Presented below are smulations based on an extension of the Hotelling moddl that
incorporates the increasing demand for oil due to the growth in world population and per
cgpitaincome. In addition, the modd dlows for margind extraction cost to change over
time (increase or decrease), though independently of remaining oil stocks (i.e., extraction
costs are not reserve dependent). The discount rate is assumed to be five per cent per
year, and remaining oil reserves are 2.1 trillion barrels. Six different scenarios are
congdered. In the base case, world demand is growing at about two per cent per year and
the margind cost of extraction grows at around 1.6 per cent per year. The low demand
growth case, the growth rate of demand fallsto 0.2 per cent per year, whereasin the high

demand growth scenario it isfour per cent per year. In the penultimate scenario, world
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demand is growing at the rate assumed in the base case, but the margna extraction cost

is congtant over time. Thiswould reflect technologica advancement such thet therisein
extraction costs assumed in the base case is exactly offset over time. Findly, in the
declining extraction cost caseit is assumed that technical change is sufficiently rapid so

that the margina extraction cost falsat 7.5 per cent per year, while world demand is
growing a 1.5 per cent per year. In the cases with a backstop resource, it is assumed that
the resourceis available a a price of $50/barrdl.

Asin the case of dmost any economic mode, the numerical results obtained under the
different scenarios are sengitive to the parametric assumptions. However, the quditative

results are robust, and therefore, the focus of our discussion here.

It isclear from panels A and B of Figure 6 that the Hotelling mode can yield

quaitatively different results for the equilibrium production trgectory depending on the
scenario consdered. In the no and low demand case, production declines monotonically —
both with and without a backstop. In al other cases, production first rises and then
declinesto exhaugtion in the absence of abackstop. It is dso possible that production
increases monotonicaly till the resource is exhausted, as in the base case, constant cost,

and high demand growth scenarios, and in the presence of the backstop.

Figure 7 superimposes these stylitic results on observed oil production data. The Figure
presents actual and predicted equilibrium quantity trgectories for 4 regions— OPEC,
Soviet Union, USA, and World?. Clearly, the Hotelling modd yidds results that are
consstent with observed redity. Furthermore, it is dso able to reconcile the different
positions of the optimists and the pessmists on the future scarcity of oil resources. If you
believe that a credible backstop resource exists for ail, and that the margina cost of
extraction islikely to change only dowly, while world demand grows steedily at the
historicaly observed rates, then you are likely to be optimistic about the future. Under
these conditions, ail production islikely to rise monotonicaly till depletion. As ail prices

2 Theregion titled Soviet Union refers to the former USSR from 1960 through 1991, and to Russia
from 1992 onwards. For asimilar analysis, see MacKenzie (1996).
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rise, there would be atrangtion to the aternative fudl. There is no red economic scarcity
in this case. Even if you are not convinced about the existence of a backstop, an
optimistic view point is not unreasonable. It is possble that world production would
continue to increase for severa years into the future before it peaks and eventually
declines. The most pessmigtic pogtion would be one that believes that margind
extraction costs rise steadily while demand growth would be duggish. In this case, the
equilibrium production trgjectory declines monotonicaly till the resource is exhausted,

regardless of whether there is a backstop or not.

Five out of the Six scenarios considered yield amonotonically increasing price trgjectory
(see Figure 8). The only case where ail prices are predicted to decline in the near term,
under the assumed numericd vaues for the modd parameters, is when the negative effect
of the declining margind extraction cost more than offsets the positive effects of risng

demand and scarcity rent.

The observed price trgectory (shown in Figure 9) can be hard to explain using any single
economic model of non-renewable resources. The period from 1974 through 1985 saw
unprecedented high prices. Thisis mostly explained by non-economic factors that led
OPEC countries to regtrict production, and the IrantIraq war of the early 1980s during
which period their combined production fell by about 70 per cent. If we ignore the decade
from 1975 t01985, however, the trend in oil prices seemsto be dightly downward. Thisis
conggent with the results of the Hotelling modd. During this period, margina extraction
costs declined, while the growth in world demand for crude oil was dower than expected
due to the combined effect of severd demand side management sirategies that were put in
place following the two oil shocks of the previous decade. The declining extraction cost
scenario combines these two factors. The result is adeclining price trgectory for severd

yearsin the near term followed by an upswing.

The production trgectory obtained in the declining extraction cost scenario isaso
interesting. Equilibrium oil production increases for severd years, wdl into the period
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when ail prices are predicted to increase monotonicaly. Its only when depletion seems
imminent and the user cost beginsto rise sharply that production declines, or levels off.

In the case of world all, it isthis author’s considered opinion that world oil production is
likely to continue to rise for severd years before declining. Asfor prices, it isunlikey

that the 12 to 15 $/barrel range observed in the past decade or so will return. Given recent
developments, it is much more likely that the price of oil would hover around 25 to 30
$barrd in the near future before beginning adow and steady upswing.

6. Conclusons

The Hotelling modd of resource depletion is the fundamental economic model used to
andyze the issues relating to the use of non-renewable resources. Under this mode,
resource owners seek to maximize the present vaue of net benefits obtained from
extracting the resource, given consumer demand for the resource and subject to the
congraint that tota extraction cannot exceed the initial resource stock. The optima
extraction decisons for each period in the production horizon are interdependent, since a
unit of the resource extracted today is unavailable for extraction in the future. The key
result obtained isthat scarcity rent (the difference between margind revenue and

marginal cost, appropriately defined) increases at the rate of discount. The only exception
to this“Hotdling rule’ is the Stuation where the margind extraction costs depend on
cumulative extraction. In this case, the rent increases at arate less than the discount rate.
The differenceis caused by the increase in margind cost due to margina reduction in
remaining reserves. However, in dl cases, the margina benefit from extraction to the

resource owner is exactly equa to the margind economic cost at equilibrium.

The Hotdling rule is independent of market structure. In other words, the rule holds
regardless of whether the resource stock is owned by amonopoly or a perfectly
competitive firm. The difference liesin the definition of scarcity rent. Under perfect
competition, each of innumerable firms faces a perfectly dagtic (horizontal) demand
curve, and margind revenue isidentica to price. Here rent may be defined asthe
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difference between price and margina extraction cost. In the case of amonopoly, the
firm faces a downward doping demand curve and price exceeds margina revenue.

Therefore, scarcity rent is the excess of margina revenue above margina cos.

Given the centra role of the discount rate in the “Hotelling rul€’, it isimportant to note
that there is no sacrosanct numerica vaue for the socid rate of time preference.
Furthermore, the modd assumes that private discount rates will be identical to the socia
discount rate. It isonly under this assumption, in addition to the assumption of a perfectly
competitive market structure, that the equilibrium price and production trgectories
obtained are Pareto optimal.

The price to the consumer is defined by the sum of the marginal extraction cost and the
scarcity rent. The shape and direction of the price trgectory, therefore, depends on the
interaction between these two factors. So long as the margina extraction cost isrising,
prices will rise, though at arate different from the discount rate. However, if the margina
cost isdecreasing it is possible that this negative effect dominates the scarcity rent, at
least in the near term. In this Situation, the equilibrium price trgectory will initidly
decline, but eventually rise asthe increasing scarcity rent begins to outweigh the
dedlining margind cogt.

The equilibrium production trgectory obtained under the Hotelling mode varies
according to the parametric specification. The trgectory may be monotonicaly
increasing, monotonicaly decreasing, or may first increase, and then decrease. The result
is determined by whether the growth in demand is stronger than the growth in the

margina economic cost of extraction.

Which of the production and price trgjectories obtained under the Hotelling mode of
resource depletion will be observed in the future cannot be predicted with confidence.
Thefina outcome would be determined by the interaction of severd forces, including
many noreconomic factors that are hard to include in resource depletion models. But it

is certainly the case that this modd can predict an array of credible price and quantity
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trgjectory for non-renewable resources under a reasonable set of assumptions. We now
know that a period of declining prices (primarily induced by declining extraction cost)
and accderating consumption is theoretically condgstent with the eventua exhaudtion of a
nor-renewable resource.

18



Refer ences

Chapman, D., 1993. World Oil: Hotelling Depletion or Accderating Use? Nonrenewable
Resources. Journd of the International Association of Mathematica Geology. 2(4): 331-
339. Winter.

2000. Environmental Economics: Theory, Application, and Policy. Addison
Wed ey-Longman. Reading, MA.

Conrad, J., 1999. Resource Economics. Cambridge University Press, Cambridge, UK.

Dasgupta, P.S. and G.M. Heal, 1979. Economic Theory and Exhaustible Resources.
Cambridge University Press, Cambridge, U.K.

Devargan, S. and A.C. Fisher, 1981. Hotdling' s “Economics of Exhaustible Resources’:
Fifty YearsLater. Journal of Economic Literature. 19: 65-73.

Energy Information Adminigration (EIA), 2000. Annual Energy Review, 1999. US
Department of Energy, Washington, DC.

Frank, R.H., 1997. Microeconomics and Behavior. McGraw-Hill, New Y ork.

Goodstein, E. 1999. Economics and the Environment. (2" edition) Simon and Schuster,
New Jersey.

Hotelling, H., 1931. The Economics of Exhaustible Resources. Journal of Political
Economy. 39: 137-175.

Khanna, N. and D. Chapman, 1996. Time Preference, Abatement Costs, and International
Climate Policy: An Appraisal of IPCC 1995. Contemporary Economic Policy. XIV: 56-
66. April.

MacKenzie, J.J., 1996. Oil As a Finite Resource: When is Global Production Likely to
Peak? World Resources Indtitute, Washington, DC. March.

Nordhaus, W., 1994. Managing the Global Commons: The Economics of Climate
Chnage. MIT Press, Cambridge, MA.

Parfit, D., 1983. Energy Policy and the Further Future: The Socid Rate of Discount. In
Energy and the Future. MacLean, D. and P.G. Brown (eds.). Rowman and Littlefield,
Totowa, NJ. 31-37.

Solow, R.M., 1974. The Economics of Resources or the Resources of Economics?
American Economic Review. 64 (Proceedings): 1-14.

19



Appendix

This appendix provides the mathematical and andyticd basis for the main results
discussed in the body of the paper. Section 1 derives the equilibrium quantity and price
trgjectories for a perfectly competitive market where extractions costs are independent of
cumulative production. It begins with the most generd case in which demand and
marginad extraction cost may change over time. It then uses these results to discuss other
scenarios as pecid cases. It ends with abrief discussion of the results obtained under

monopoly. Section 2 considers reserve dependent extraction cogts.

A.1. Exogenous extraction costs
A.1.1. Perfect competition

Congder a perfectly competitive market for a non-renewable resource with afinite stock
of remaining resources, S. Suppose alinear demand curve that shifts over timein
response to a growing world population, L, risng per capitaincome, y;. Suppose also,
that firms face amargind extraction cogt, C(t) that varies over time. For mathematica
amplicity, assume that C(t) isindependent of the quantity of the resource extracted in
each period. In other words, the margind extraction cost curve is horizontd to the
quantity axis but may shift up or down from one period to the next. Producers maximize
the net present vaue (NPV) of profits by choosing the optima duration of production, T,
and the quantity produced in each time period, g, given the demand and cost schedules,

and remaining resources. This can be written as (Chapman, 1983):
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Maximize NPV with respect to [q;, T], where

T8 0
NPV = (E{P(Qt Lt,yy)-Clt)) dgze "t
080 5

R =P(-)=b,Llty2 _pq,

C(t)2 0, C¢t)£30 D

T
S3 oo dt
0

R.a,R-030

and

Py price of the resource a time t O extraction a time't

C(t): margind extraction cost a timet L population at timet, LN(t) > O
Vi per capitaincome at timet, W (t) > 0 r> 0: red risk-freeinterest rate

S stock of remaining resources $1 > 0: dope of demand curve

$,: calibration constant

031 > O: population sengtivity parameter 02 > 0:income sendtivity parameter

Under perfectly competitive markets the Hamiltonian for the above problem is

b IPO-COIG: |
ert

t Gt
)
where 8; isthe codtate variable representing the change in the discounted NPV dueto a

small change in the quantity of remaining resources. In other words, it is the user cost
associated with extraction. The optimal production trgjectory, g , is found by solving the
first order conditions and the condraints, smultaneoudy. The solution is:
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eI’t

M(r)

g = ba(t)+ (S-by)

where

h h
)= 22 200

.
b, = obs(t) dt

0
M= et o =€ 1
0
€
_bylby

M(r)
and M(r) isthe compound discount factor.

Note that $5(t) is the equilibrium production trgectory in the absence of aresource
condraint. Thisisthe solution thet is obtained by equating price with margina costin
each period as in any standard perfectly competitive market. In our case with the demand
and margind extraction cost curves shifting over time, $3(t) dso defines the locus of the
intersection points of these two curves. $4 is the cumulative production over the entire
horizon that would have been achieved in the absence of the resource constraint.® Thus,
in the presence of aresource congtraint the equilibrium production trgjectory deviates
from the standard one by afactor that reflects the user cost arisng due to the finite stock
of resources (based on the difference between remaining resources, S, and $4). Itisclear
thet in theinitiad periods (i.e, when t is small) the constrained and unconstrained
production trgjectories are very close. However, with time, the scarcity factor grows

exponentialy, creating alarger and larger gap between ¢ and $(t).

The equilibrium price trgjectory, Py, is obtained by substituting the expression for g in
the demand function:

Throughout the appendix, we assume an interior solution. So$, > S.
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. eI’t

R :C(t)+M—(r)b1(b4 -S) (4)

The difference between price and margina cost is scarcity rent. (Note, scarcity rent is
mathematically equivaent to €'8".) In the absence of aresource constraint, $, = Sand P’
= C(t). Asin the case of the quantity trgectory, the difference between the price
trgjectory with and without the resource congraint grows larger over time as the scarcity

rent increasess.

The optima production horizon, T, isthe minimum of T1 and Ta:
T =T" by Tl yh% =C(T)
©)
=T QT =0
where T, is defined as the period when the margind cost of extraction risesto the level of
the intercept of the demand curve, and T is the period when the equilibrium production
trgjectory falsto zero.

Taking the derivative of equation (3) with respect to time we get*:

Tor _ b2l gy y‘(t Joi b, et

=R S 2o s b

(o8]
by b
>0 if Cdt)>0 ad %iﬂ‘ly{’zgﬂwt)mz y((t)%> ﬁc<(t)+l\r/le (S- by)

<0 if Cét)<0 ad EEL?lych? L&) 1, 3;/(((‘)9” D2 ) <| L€ (s- b,)

>0 if C§t)<0and —2
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Regardless of whether marginal extraction cost increases or decreases over time, the
equilibrium production trgiectory may firgt rise but then eventudly fals. In the presence
of increasing margind cogts, the growth in demand must outweigh the combined effect of
the scarcity factor and extraction cogts for the equilibrium quantity trgectory to decline.
When the margind codt isfdling over time it reinforces the upward impact of the
growing demand. In this case the equilibrium production trgectory will decline only
when the absolute value of the scarcity factor exceeds the sum of these two factors.

Thetime derivative of the equilibrium price trgectory is given by:

=N ret

T =0ty bulby - )
>0if Ct)>0 (7)
<0if |C€t)|<0 and |CEt)|> I\r/le(r:)bl(m- S)
>0if |Cdt)|<0end | Cét)|< I\r/le_(r:)bl(m- S)

It is clear from equations (4) and (7) that net price, P, - C(t), isgrowing at the interest
rate. With margina extraction cost risng over time, market price aso rises monotonically
(though at afaster rate). When the marginal extraction cost fals over time, the market
price may initialy decresse. However, over time, the scarcity rent grows rapidly (¢

becomes large ast increases) and the market price will eventualy increase.

Equations (3) and (4) provide the anaytical expressons for the equilibrium quantity and
price trgjectories, respectively, in agenerd case: both demand and margind extraction
cost may vary over time. From these equations, it is possible to derive saverd the other
results discussed in the paper as specia cases. We consder these below.

Cas= A: Badsc Hotdling modd of resource depletion

$, isindependent of t. See footnote 3 for asimpler case.
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In the most basic model of resource depletion, the margind cost of extraction is zero and

demand for the resource is constant over time. In terms of the model developed above

thismeansthat C(t) = CN\(t) = 0 and ﬂ = ﬂ =0. In other words, the intercept of the

L(t)  v(t)
demand curve is congtant at someleve, say $, . Subdtituting thisinto equations (3), (4),
(6), and (7) we get the following solutions for the equilibrium quantity and price
trgjectories, respectively:

. ert

q =bs +—(S‘ b4)

M (r)
by=—= (8)

T T b* b*
b, = gbsdt = g—2dt =—2-T + const.
0 o by b,

and

H :M(r)bl(b4's) (9)
with
ﬂq: ert

—=r——(S-b 0 forallt
i rM(r)( 4) <0 for

(10)
wm el
_ r —_—
m  M(r)
Since $4 > S(assuming interior solutions), the equilibrium quantity trgectory is

by(by -S) > 0 forallt

monotonicaly declining and price is monotonicaly increasing. Furthermore, % =r,

)

that is, price grows at the interest rate.

Case B: Non-zero but intertemporaly constant marging extraction cost
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In the dightly more generd case where the margind cost of extraction is some positive
and congtant value, C, rather than zero as assumed above, equations (8) and (9) are only
dightly atered. The expression for equilibrium production remains the same, though $3

*

. b 'C . . . *
would be redefined as b3 = 2b1 , and pricerefersto net price, i.e, Py - C.

Case C: Intertemporadly changing margind extraction costs

Inthiscase, C¢t)? 0, i.e., themargina extraction cost may change over time. However,
for amplicity, the assumption that it is independent of the quantity extracted in any given
period isretained (i.e., the margina cogt curveis horizontd to the quantity axis). In
addition, assume that demand for the resource does not vary with changesin population
and per capitaincome. Thus, asin case A, the demand intercept is constant at $," . The
equilibrium quantity and price trgjectories are:

b3 = ) (11)

e

R :C(t)+Tb1(b4 -S) (12)

M (r
The equilibrium production trgectory is monotonicaly declining if margind extraction
cog isrigng . In the case of faling margind costs, it would increase and then decrease.
Thisis apparent from equation (12):
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T _c4t), re" o
ﬂtt = bl +|\/|(r)(S b4)

<0if C¢t)>0 (13)°

cét)| _| re"
by || m(r)

cét)| | re"
b | |M(r)

Congder the time derivative of the price trgjectory:

>0 if C¢t)<0 and

<0 if C¢t)<0 ad

rert

ﬂ=c¢t)+mbl(b4-s)

It

>0 if C¢t)>0 (14)

re't

<0 if Cdt)<0and|C&t)|> Wbl(b4-8)

So long as the margind extraction cost increases over time, the consumer price follows
suit. However, if margind extraction cogt isfaling, thenit is possble for consumer price
to decrease initidly while the declining C(t) more than offsets the scarcity rent.

A.1.2 Monopoly

Under a monopoly the basic economic problem is as defined in equetion (1). Firms
maximize the present value of profits subject to the constraint of the remaining resource
stock, and given the demand and cost schedules. However, unlike perfectly competitive
firms, amonopolist is a price setter. Therefore, the Hamiltonian for monopoly caseis as

5 . - Thy-clt) . by —
Hereit iseasy to seethat $, isindependent of t. by = ob—dt:HT +C where
1

0

_ T

C= OC(t) dt isaconstant term representing the area under the marginal extraction cost curve over the
0

entire production horizon.
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shown in equation (2), but without the accompanying identity. The equilibrium guantity
and price trgectories are:

rt 3
e a« o

~ by - S=
M&z ¢ 75

" = baft)+
(15)

rt
e Lef)+b, 2

1 h 0
PM=Zp,L"1 Clt —~¢=b,- S
t 5 D2kt Y, > ()+b1|v|(r)82 4 o

where $3 and $, are as defined in equation (3), and the superscript m indicates monopoly.

Equilibrium margind revenueis

MR™ = b,L11y]2 - 2bg"
(16)
rt "
e & 0
=C(t)+——&=b, - S~
(t) M(r)gZ 4" =

Clearly, in this casg, margind profit, MR™ — C(t), rather than price, Py", grows at the
interest rate.

A.2. Reserve Dependent Costs

A very smple, discrete time model may be used to derive the basic result (Conrad, 1999).
Congder a perfectly competitive market for a non-renewable resource with reserve
dependent cogts. Extraction cost C; = C(q;, R) is affected by the quantity of the resource
extracted in each period, g, and by the level of remaining resources, R.. Per unit prices,
P, are known. Each firm ams to maximize the net present vaue of its profits over the
production horizon. Thet is.

- Tael g
Maximize a ¢—= R - Ct]
t:0e1+rg

subjectto Ryip- Ry =- ¢ (17)

C C
where  C; =C(q;,R;) suchthat & S0 aa Xy

flo R
and Ry ad T areknown.
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The Langragan for the problemis.

I AY
Q - AF% o - Clag.Ry)+ 1t++l{ Ot + R - Rt+l}3 (18)
y

where 8; isthe Langrange multiplier as usudly defined and represents the user codt.
Solving the firgt order conditions for an interior solution yidds:

SI-UE NS ST
% o Tk-10_ - TR (19)
eH.1 - MC-10 PL1- T
-1 Tat- 1

. : . « 1C . .
This shows thet the growth rate in net price, B - 1111—;,|5I&ssthmthe|ntereﬁ r. Recdl,
t

C . . . .
1111_'?: < 0, that is extraction cost increases as the level of remaining resources decreases,

or equivaently, as cumulative extraction increases.
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Figure 1. Equilibrium Price and Quantity Trgectories for aNon-Renewable Resource.
Po indicatesinitid price; T indicates complete depletion of the resource.
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Figure 2: Equilibrium Price and Quantity Trgectories for aNon-Renewable Resource.
Salid lines indicate perfect competition, dashed lines indicate monopoly; T. and T,
indicate exhaustion under competition and monopoly, respectively.
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Figure 3: Equilibrium Price Trgectory with Multiple Sources. P; and P, indicate the net
price of the resource from the first and second sources, respectively. T, and T, indicate
the exhaugtion of the two sources.
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Figure 4: Impact of Backstop Resource. P, indicates the price of the nonrenewable
resource; Py indicates the price of the backstop. Ty, indicates the depletion of the non
renewable resource.
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Figure 5: Equilibrium Production Tragectory With Growing Consumer Demand. The
solid line indicates the trgjectory under perfect competition; the dashed line indicates the
monopoly trgjectory. T, and Ty, indicate the depletion of the resource under perfect
competition and monaopoly, respectively. (Based on Chapman, 1983)
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Figure 6: Equilibrium Production Tragectories Under Alternative Scenarios. Pand A
assumes there is no backstop technology for oil; Panel B assumes a backstop resource is
available at a constant price of $50/barrel.
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Figure 7: Observed and Predicted Oil Production (1960-2035): Selected Countries and
Regions. (Source for observed data: EIA, 1999)
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Figure 8: Equilibrium Price Tragjectories Under Alternative Scenarios. The figure assumes
abackstop resourceis available at $50/barrel. Qudlitatively smilar results are obtained in
the absence of the backstop.
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Figure 9: Oil Prices, 1949-1999. Expressed in 1996 US $. (Source: EIA, 1999)
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