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INTERTEMPORAL EFFICIENCY AND THE
WORLD PRICE OF OIL - AN EMPIRICAL MODEL

By ROBERT A. MARSHALILA®

This article presents an empirical depletable resources model which calculates the efficient time
paths of world oif price and supply. Besides using dyvnamic demand functions. the model is cali-
brated 1o the results of large scale market equilibrium models based on econometric studies and
engineering cost data. Sensitivity tests are made for assumptions regarding interest rates. ¢x-
wraction costs. variations in O PEC undiscovered recoverable resources. and variations in
sources. prices. and timing of synthetic liquids. 4 key conclusion is that monopoly renis. rather
then scarcity rents are accruing to O PEC nations.

I. INTRODUCTION

In recent years the adequacy of the world resource base relative to his-
torical growth patterns is 2 matter that has been thrust into the public's
attention. No aspect of this issue has commanded a greater sense of
urgency than the ultimate depletability of world oil supplies and the ne-
cessity of eventually converting world energy demand from reliance on oil
to other fuel sources. The nature and timing of this conversion will be
affected in large part by the time path of world oil price through its effects
ondemand, oil extraction rates and the development of substitute source
industries. Skould oil be priced too low, oil supplies could be essentially
depleted before alternative sources were competitively available. How-
ever, inefficiency would also result from prices which were too high. De-
velopment of alternative energy technologies would be over-accelerated,
leading to transition to expensive new energy sources while lower cost oil
remains forever unused, and to inefticient allocation of capital and other
resources.

The theory of depletable resources characterizes a time path of
scarcity rents which, if included in the price of a depletable energy re-
source, would lead to efficient consumption patterns, and a ‘“‘smooth™
transition to alternative energy sources (i.e, no abrupt price increases or
shortages occur when the given resource is exhausted). The basic result is,
of course, well known, dating back to Hotelling [3]. The scarcity rents
must grow at the rate of return to capital in the same risk class as the oil
resources. Only then would competitive suppliers be at the point of indif-
ference between selling oil or holding it in the ground as an investment.
For efficiency, the initial scarcity rent must be just large enough so that

*The work reported in this paper was done while the author was at the Oflice of Energy
Systems Modelling and Forecasting. Federal Energy Administration. Washington. D.C.
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acting through the demand function, the resource is interiemporally
rationed so as to exhaust it precisely at the time and price at which world
demand for it reaches zero. (A survey of the literature or depletable re-
sources can be found in Pelerson and Fisher {10}

It is to be noted, however, that scarcity rents are entirely distinct from
monopoly rents which derive from the market power of resource pro-
ducers. The potential existence of renis other than true scarcity rents
makes it difficult to evaluate the efficiency of actual numerical prices on
the basis of the theoretical results alone.

This study attempts to calculate quantitatively the intemporally
efticient time paths of world oil price and supply by using an empirical de-
pictabic resources model. A prominent feature of the model is that it em-
ploys dynamic demand functions which are calibrated to the “pseudo-
data” results of large scale comprehensive energy market cquilibrium
models. The model explicitly represents world demand for @nd supply of
liquid fuel sources, namely crude oil and synthetic liquids from coal
and/or shale. While the economic interactions between liquids supply
and demand and other types of fuels - gaseous, solid, electricity —are not
explicitly represented, the advantages of a fuller equilibrium treatment are
not entirely lost because of the links to the larger models. The change in
demands for and supplies of a liquid fuel source due to a change in the
price of oil is not here a ceteris paribus effect; rather, it is the change after
the prices of all other energy sources and products have shifted so as to re-
store equilibrium. The procedure of calibrating the model to the larger
models’ “‘pseudo-data” is explained in Section I11.

The model is actually used to compute the competitive oil price,
which under certain assumptions would be equivalent to the efficient
price. While supply decisions are modeled normatively (as if OPEC were
composed of ideal competitive suppliers), demand is econometrically
based; ic., consumers are modeled as they are, not as they “should™ be.
The pure competitive assumption of perfect foresight, therefore, does not
hold. The implications are discussed in Section 1V.

The key empirical result of this study is that the intertemporally
cfficient world oil price is substantially below the prevailing level; i.e., the
greatest part of rents accruing to the oil producing countries of OPEC can
be interpreted as monopoly rents, as opposed to scarcity rents. The same
qualitative result has been attained before in various studies (eg,
Adeleman [1], Nordhaus [8], Cremer and Weitzman (2], Pindyck [11]), al-
though quantitatively the resuits do differ for a multitude of reasons. Due
to spacc limitations a brief statement of the current study’s merits wil
have to take the place of a comparative discussion. On empirical grounds
the parameters of this model, unlike the others, are calibrated to the re
sults of large scale energy market equilibrium models based on econo
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metric and enginecring cost data. On structural grounds, the advantages
of the present model are that it includes a much more realistic treatment
of demand and the development and phase-in of substitute hquid fuel
sources in the sense of modecling dynamics and price effects.

Il. THE DEPLFTARLE RESOURCE MODEL

The normative part of the model concerns only the OPEC crude oil
producers. OPEC demand is modeled as the residual of several world
regional demands for liquid fuel sources, minus non-OPEC oil supplies
and liquid synthetic fuel supplies (which eventually £l the demand for
liquid fuels when oil supplies are exhausted). The regional demands and
non-OPEC supplies are determined by dynamic functions which depend
on current and all past prices. Given this demand function OPEC is
modeled as if it were a price-taking profit maximizing supplier. Marginal
extraction cost is presumed to be an increasing function of cumulative
extraction.

To the OPEC supplier, for a given time path of prices, (p,, p,,...)
(denoted {p,}), the problem is:

Max ) [pg, - C(Q)g)(i + 1)

Iq,l t=1

(Problem C)

subject to: Z <0 g

t=i

A%
=]
~
li
=
~

where: g, = OPEC extraction, period
Q, = X.i.1 g, = cumulative extraction through time ¢
C(Q,) = unit extraction cost

r = interest rate

0 = OPEC reserves plus undiscovered recoverable resources

I the availability constraint is active there will usually be some finite

T such thai ¢, = 0 for 1 > 7 and Y1, g = Q. Tis called the exhaus-
tion date.

Meanwhile, OPEC demand is modeled as a function of prices. Again,
for a given time path of prices, {p,], demand is calculated in each period as:

(1 X = x(p.pp-...p) =123

To solve the problem, oie must find a time path of prices so that the sys-
tems in problem (C) and equations (1) generate identical quantitics in
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years when OPEC supplics are positive: that s,
(2) (4 = x, ifg, >0
1_\', < 0 ifg, =0

The well known form of solution to a problem of this generic type is
that the pricc when g, > 0 should equal the marginal extraction cost, y,,
plus a scarcity rent which riscs at the rate of interest,'

3 peo= v+ M+ )

where A

it

initial scarcity rent
availability constraint multiplier from problem (C).

What makes this particular formulation interesting is (a) the method
of empirically calibrating OPEC demand, (o be discussed in the next see-
tion: and. (b) the dynamics. The dynamics of interest are in the OPEC de-
mand and cxtraction cost function. The linkages between periods there
make it impossible to calculate anything recursively. The entire time paths
nced to be considered simultancously. (An appendix describing the com-
putational algorithm devised to solve the problem is avatlable on request
from the author.)

Two interesting implications of the dynamic forms are worth noting.
First, since extraction costs increase with cumulative depletion, the “full”
marginal cost, y,in (3). is greater than current unit extraction cost, C(Q, ):

T
4 o= CQ) + 2 CHQ)g(t + '

=1
The second term cn the right hand side is a user cost which accounts for
the fact that current extraction. g,. makes all future extraction more costly.
(Sec Wcinstein and Zeckhauscr [14])

The sccond point concerns the dynamics of determining the time and
price of resource exhaustion. In the simplest case. onc could consider that a
perfect substitute for oil. or “backstop technology.” is available at somc
cost. p,. The substitute. then, has an infinitely elastic supply curve at price
p.. Once knows in advance that the price of oil can never exceed p,. that
p; = p,, and further that oil’s scarcity rent at any time ¢ before T is
[pr — C(OM)I + 1 One (of several) reasons this is unrealis-
tic is that it takes no account of the substantial time lags required for de
velopment of new technologies and new industrnies. Even if the price of ol

I . . . . . : -

The scarcity rent will turn out 19 be zevo in the solution if the availabiiity constran:
is inactive, in which case the resource is not intertemporally scaree relative to demand. Sanc
may be an example of & depletable resource for which this is true.
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sctually increased suddenly to twice the price necessary to make some
pew cnergy process economic. it might take several decades to perfect the
process, establish commercial scale plants. and finully totally displace the
demand for oil. This problem can be partly solved by specifying some
date 7, before which the substitite is unavailable, and possibly some time
varying “required price” path after 7, representing learning effects in the
new industry. Then at lcast the price of oil would not be constrained to
stay below the substitute cost before it is availuble. Yet, this is still un-
realistic because the pace of development of the new industry is still an
exogenous time schedule. In fuct. the past history of the price of oil. and
future price expectations based upon it. will have major influence on the
pace of development of the new industry.

The current model makes an attempt to represent these effects. To see
how consider the price path, {p*], where:

) pF = Minip:x(p,.p,....p.p) = 0}

p¥.to be called here the “scli-sufficiency’ price. is the price above which
there is zero demund for OPEC oil. pF will always exist in this particular
model by virtue of the form x, tukes. Oue can conceive of the problem (C)
as one of finding the initial scarcity rent A such that the price path {p,}
from (3) just meets the price path {p*} from (5) at the time when {p,},
acting through the demand function, exhausts all resources. This is repre-
sented graphically in Figure I1-1.

The { p*} path serves the function of the more simplistic cest-of sub-
stitute or backstop technology price but with the udded feature that it
varies not only with time, but is dependent on the whole past histery of
oil prices. Changing {p,} also changes {p*}. The time und price at which
{p,) meets {p¥} is, in our model. the peint of fuil transition from oil to
synthetic fuels. However. synthetic fuels begin being phased in long before
that point is actually reached, us will be clear after discussion of how syn-
thetic supplies enter into (1).
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[II. DATA AND CALIBRATION OF FUNCTIONAL Forms

The first three subsections below dcscrib.c the functional formg and
calibration procedures used to construct OP.I:C. demand. Subsections A,
B and C discuss. respectively, demand for. liquid fucl sources, supply of
non-OPEC oil and supply of synthetic liquid fuels. Subsection D describes
the OPEC extraction cost function and other parameters in the OPEC

supply model.

A. Demand

The “pscudo data’ to which the present model's demand functions
were calibrated arc the results of two much larger energy models, Thege
are the Federal Energy Administration’s International Energy Evaluation
System (IEEES) (5] and the Stanford Rescarch Institute-Gulf Energy
Model (SRI-GEM) {13]. These models are integrated systems of syb.
models which trace energy prices and flows from resource extraction
through logistical systems and conversion processes to final products, ang
ultimately to various final demand scctors. The TEES model covers some
20 world regions comprising the non-Communist world. but has only been
run to give results through 1985. The SRI-GEM model covers only the
United States, but results are available over a 50 year time period. and it
includes the most substantial modeling of the development of the syn-
thetic fuels industry currently available. A “result’” from either of these
models is a snapshot of a competitive spatial energy market equilibriun,
Each such “snapshot’” result presumes some particular exogenous time
path of world crude oil price. The idea here is to extract from these
results the information needed to construct a much smaller. but dynamic,
model in which crude oil prices are endogenous.

Liquid fuel source demand functions were constructed for four world?
regions: North America. other OECD. OPEC and the rest of the non-
Communist world. These were calibrated to the 1EES results® through
1985 and the SRI-GEM?* resuits from 1986 through 2025. Non-US re-
gional demands after 1985 were devised by preserving the 1985 ratios to
US demand. and ail demands after 2025 were based on assumed geometric
growth rates. A log-lincar Koick-lag form was used for cach region:

(6) dl = .];((11~ I)ﬂ( pl)d

*The Communist bloc is treated only as a net exporter by assuming an exogenous
time path of exports to the non-Communist world. See Table 111-2.
3Esscnliall)’, the IEES Jan. 19, 1976 " Business as Usual’ resulis for 1980 and 1985 were
uscdhcxcepl for modifications to account for expected elfects of recent legislation in the US.
The calibration to SRI-GEM resulls is based on results of that model published m
Volume Il of “Recommendations for a Synthetic Fuels Commercialization Program’ by the
Synfuels Interagency Task Force. a report prepared for the US. President's Energy Re
sources Council in November, 1975.
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where d, is demand in period ¢ and o, f, and f are parameters chosen
10 best fit the results of the larger models. The lagged demand factor cap-
jures the influence of past prices and guantitics on the present demand.
(In fact, it is easily seen that (6) can be translated to a function of the form
d = d(p,. ---.p).) The full adjustment of demand resulting from a lasting
price change cvolves gradually ovcr time, the speed of adjustment being
determined by the exponent, a. This adjustment process can be inter-
preted as representing the time it takes consumers and producers to
change consumption patterns, alter capital stocks and possibly redesign
technologies in response to a long term change in oil price.

The {;} time paths were determined by observing the time paths of
liguid fuel demands forecasted by the iarger models under a particular
time path of crude oil price. This price path and its associated demand
paths are hereinafter called “reference paths,” and are denoted by a super-
script **0.” (6) can be reduced to the following equivalent form:

, a\_[d_.\"(p.Y
® ()& ()

Thus, the | f,} parameters are simply represented in terms of the reference
path variables.

The & and 8 parameters, which represent a dynamic price sensitivity,
were fitted 1o 1EES results. Each of several alternative 1EES constant
price paths can be considered as a price change at time zero from the
designated reference price path, which is maintained for n years. If the set
of resuitant demands in year n are fitted to a constant elasticity func-
tional form, its elasticity, ¢,, can be interpreted as the n-year price elas-
ticity of demand:

=0 +a+a’+ - +a})

By caiculating ¢, for two (or more) values of n one obtains the simul-
tancous equations:

il

€

mn

Bl + a + - +am )

i

€

=B+ a+ 4 amh

which can then be solved for & and 8. This process is repeated for each
demand region.

The “elasticities”” represented by the ¢,'s are not actually conventional
own-price elasticities because they give the change in demand due to a
change in own price while allowing other energy prices to adjust as needed
1o restore equilibrium. Thus, while the model only explicitly represents
liquid fuel sources, which greatly simplifies it, it is a clear step ahead of
those which merely presume some exogenous behavior in rclated markets.
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/7/ TABLE Ni-}
/}' Louins DEMane Data
/ / » . d; = demand
< CANNCANNIAY Py = price
d° - 40, 2 dPp? = reference demand
paths
Exporents
North Other Other Noa-OPEC,
America OECD Non-QECDH

[T e e e e .

Speed of Adjustment. « .760 834 800

(for one year period)

One Year Ehasucity, 8 -.0877 —.0425 -.0300

Long Run Elasticity, 8/ - « -.3654 J —.2560 - 1300
*If n-year periods are used. the cxponents have to be modificd from o and 8 to

and B0 + a + . 4o ) respectively,
Reference Demand Paths?
Other Nen-OPEC .
Time Period North America Other OECDH Non-OFCD OPEC
74 75° 12.99 13.21 496

76 77 12.97 14.53 5.40 142
78 79 12.94 16.28 3.99 1.72
80 1 13.11 17.94 6.59 1.97
R2 83 1386 19.35 7.26 241
84 -85 14.63 20.75 7.94 285
86 90 39.45¢ 56.16¢ 21574 8.03°
91 95 4421 62.94 24.17 953
96 00 4947 70.43 27.05 11.13
0! 05 5445 77.52 2977 13.45
06 10 62.06 88.35 3393 15.94
1t 15 70.38 100.20 38.48 18.48
16 20 78.83 112.23 4310 22,54
21 28 88.55 126.07 48.12 26.77
26 30' 100.19 142.64 54.78 3179
31 33 113.36 161.39 61.98 37.76
36 490 128.26 182.60 70.13 44.86
i 45 14511 206.60 79.35 §3.27
46 50 16418 233.74 89.77 63.27

5135 185.75 264.46
*Units: 10° bbi/time period. Reference Prices: $13/bblcil. U.S in all periods.
b Al regions are based on 1EES BAU Case results through 1985,

‘U.S. demand. 1986 2025, is bascd on SRI-GEM “Nominal Case™ results as adjusted

to codnform to the price path used in this study.

constant.
€OPEC demands increase at 3.5°, per year from 1986 2025 irrespective of price.
fAll region's demands are based on 1 2.5°, per year growth rate after 2025,
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, Also, note ihat the elasticities are defined in terms of a reference, or
JUONOMOUS, time path of demand. For example, if the price were in-
creased by on¢ percent from the reference price path and held one percent
higher for n periods, then demand r periods hence would be ¢, =
ETER + oY) percent lower than the reference demand in that

riod. The data giving the reference demand paths and « and 8 expo-
nents for equation (6) are contained in Table HI-1.

g, Non-OPEC Gl Supply

Non-OPEC crude oil supply functions were constructed for North
America, the North Sea, and the rest of the non-Communist world. The
Communist sector was represented by price invariant rates of exports to
the pon-Communist world.

The same type of functional form was used for the supply functions
a5 the demand functions:

o B

supply in year !
price in year !
5%, p? = reference path supplies and prices
a = speed of adjustment of supply to price
b = one-year price elasticity

£
=

[13

=]

o
-
o

The reference supply paths for the non-Communist crude oil supply
regions through 1985 were those generated by 1EES. After 1985 the refer-
ence paths were based on the primary constraint that the total cumulative
extraction, given a constant $13 reference price path, should be equal to
best estimates of reserves plus undiscovered recoverable resources. The
time of ultimate depletion in each region was chosen (by assumption) so
as to allow reasonably shaped supply trajectories. Note that because the
supply function in equation (7) is used, if the actual price path were
higher (lower) than the reference path, then cumulative resources de-
pleted would be higher (lower) than in the reference case. This represents,
although admittedly in an indirect way, the concept that the availability
of reserves is a function of price. (The maximum variation in the model
runs made above the base estimate of 1.28 triltion barrels was 10%.)

The exponents in (7) were fitted to the IEES results by the same
procedure as in the case of demand.

The data giving the reference crude oil supply paths, the a and b
parameters for equation (7), and the resource availability estimates and
their sources are contained in Table 111-2.
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' TABLE ill-2
IV Non-OPEC Suppry Dara

j ) i a b 5, = supply
LN G S KIS P, = price
-‘? »‘?4 I $0.p@ = reference trajecterics
Exponents
North North Other Non-OPEC, )
America Sea Non-OECD
Speed of Adjustment. a 886 600 800
(one year periody*
One Ycar Elasticity, # 0532 0800 062
L.ong Run Elasticitv.a/t - b 467 200 310
ecoverable Resources'" 250 67 206

*[f n-vear periods are used. the exponents have 10 be modified from @ and b 16 a” and
bl +a...+ a" ")respectively.

Reference Crude Oil Supply Paths'

Other Non-OPEC, Communist

Time Period  North America North Sea Non-OECD Exports
7375 8.54 07 314 80
51 9.15 81 3.69 85
7779 9.97 1.99 442 9
79 81 10.62 383 5. 95
81 83 10.77 497 5.69 93
83 85 1091 5.41 6.48 95
85 90 26.61 14.97 16.94 237
90 95 26,106 15.70 18.62 237
95 00 26.10 1292 20.44 2.37
00 05 26.10 $.30 2227 237
0s 10 25.92 369 24.09 2.3
10 15 2245 0.33 24.82 23
15 20 17.89 0.18 21.54 237
20 28 13.32 0.18 1597 237
26 30 3.76 0.02 10.40 2.3
3135 4.20 0.02 4.85 2.3
36 40 0.40 0.02 1.93 237
41 45 0.02 0.02 0.02 2.37
46 50 0.02 0.02 0.02 237
51 55 0.02 0.02 0.02 bR
iUnits: 10? bbls/time period. Reference Prices: $13/bbl c.i.f. U.S.inall periods.

i All figures are reserves plus undiscovered recoverahle resources. The United States
estimate. including NGLs. is from [2}. The Canadian and other world regions’ estimales

are from (7).
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C. Synthetic Liquids Supply

Liquid synthetic fuels from coal and/or shale will eventually fill the
demand for liquid fuels when oil supplies are exhausted in the present
model. The liquid synthetic supply function is based on the SRI-GEM
resuiis reported ini [ 1], a repori speciticaily designed to model and fore-
cast the future development of the synthetic fuels industry.

The synthetic liquids supply function is represented by a function of
the same form as (7). The reference supply path comes from an SRI-
GEM scenario entitled ““High Oil Shale Price.” This scenario was se-
lected to construct the base case reference supply path because it projects
virtually ali synthetic liquids production to be coal based; shale oil is
effectively eliminated. The SRI-GEM nominal case projects a dominant
role for shale in the synthetic industry after the turn of the century. The
more conservative case has been chosen; that is, the one which tends to
bias price estimates upward. Sensitivity runs have been made, however,
using the SRI-GEM nominal case for the reference synthetics supply
trajectory. Since the SRI-GEM results pertain only to the U S.. and since
10-75% of the world’s coal resources lie outside the U.S., it was assumed
that coal syncrude would be produced outside the U.S. as well. In the
reference case, U.S. synthetic liquids supply was augumented by a con-
servative factor of 0.75 to estimate production in, and Communist country
exports to, the rest of the world. Sensitivity runs were made using factors
of 0.50 and 1.00 as well. No non-U.S. production was assumed in the
sensitivity run based on shale oil availability.

The exponents in the supply function were also calibrated from the
SRI-GEM results using the same procedure as for oil supply and de-
mand.? All relevant data on synthetic liquids supply are contained ir
Table I11-3.

D. OPEC Supply

The remaining data needed for the model of OPEC supply include the
extraction cost function C(Q,), the total resource availability §, and the
discount rate r. The OPEC extraction cost function is defined so that unit
extraction costs are an increasing function of cumulative depletion. Two
functional forms are reported here, a low and a high cost case. The two
forms are:

SThe alternative price paths reported in SRI-GEM were not constant in time, but
maintained the same ratio over time, one to another, so that the same procedure reported
in Section I11-A for fitting the exponent parameters can still be uscd.
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TABLY 111-3
SYNUHEFICS SUPPIY Dara

. _ "
8y s\ p " 3, = supply

O S N P = price

5y W o o0 ) .
ro\ Pl Sy P = reference trajectones

Eaponents
Synthetic Liquids

Speed of Adjustinent. g

2

(one year pericd) 812

One Year Elasticity, b 433
Long Run Elasticity. bjt - a | 3.380 |

Reference Synthetic Liquids Supply and Price Paths®

Synthetic Liguids Supply

Base Caseb Sensitivity Casc®
(Coal liquids (Coal and shals
Time Period Reference Price only) liquids)
74 75 11.00 0.00 0.00
16 17 1142 0.01 0.01
8 19 12.i9 0.02 0.01
80 81 12.86 0.05 0.03
81 &3 13.46 0.13 0.07
84 RS 1399 0.18 0.18
86 90 1487 0.46 1.25
91 95 15.70 1.33 308
96 60 1631 2.31 6.62
01 08 16.76 5.78 1271
G6 10 17.09 12.64 22.02
1115 i7.33 21.68 23.03
16 20 17.51 2371 431383
21 28 17.64 27.84 5449
26 30 17.73 3388 66.30
3135 17.80 4121 80.66
36 40 17.85 S8.14 98.13
41 45 17.89 61.01 1i9.39
46 50 1792 7472 145.26

51 5% 17.94 90.30 176.73
*Units: Reference prices: 1975 U8, $/bhl. Supplies: 107 hhis/period.

*Based on SRI-GEM “High Shale Oil Prices’ Seenario, Figures here are obiained by
muitiplying liquid synfucl quantities for U S. by 1.75 to account for supplies from nen-US.
Sourees,

‘Based on SRI-GEM “Nominal Case.™ Figures are not multuplicd to account for non-
LS production in this case.
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Low Cost:

. K
CQ)= =9
(Q - . + ()
Q = available resources

= 830 (billion bbis)
Ky = constant = 2075
€ = constant = 20

High Cost Case:
C(Q) - K, + K, Q?
K, = constant = 25
K, = constant = (1.84)(10-%)

The low cost form makes cost almost inversely proportional to resources
remaining. (The "¢ constant in the denominater is to prevent cost from
becoming infinite). The high cost case makes cost a quadratic function of
cumulative supply. It can be seen in the table below that while both func-
tions start and end at roughly equivalent costs, the quadratic form has
much higher costs over the mid ranges of depletion:

Unit Cost of Extraction

% Depletion of Low Cost High Cost
OPEC Resources (Inverse Form) (Quadratic Form)
0% $0.24 $0.25
25% 032 1.04
509, 0.53 342
75% Ltk 738
100%; 10.38 12.93

0

OPEC resource availability, 0, was estimated at $30 billion barrels. This
is the sum of proved plus prospective reserves, plus undiscovered, re-
coverable resources cited in a recent published estimate.® Sensitivity runs
were made in which the expected figure for undiscovered recoverable re-
sources is shifted up and down by 50%, giving overall resource availability
figures of 969 and 692 billion barrels respectively.

Discount rates were handled parametrically. Rates of 4%,, 6°, and
8% were used. The rate which should be used to be efficient is the real
marginal productivity of capital.

5World Crude Resource May Exceed 1.500 Billion Barrels.” World Qil. September.
1975, pp. 48 - The figure cited above is the sum of estimates for the Midcas}. North Africa.
the Gulf of Guinea. Northwest South America and Southeast Asia in the article.
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IV. COMPENTION AND INTERTEMPORAL EFFICIENCY IN THE
EmMprICAL MODEL

In section I it was meniioned that the competitive solution to thig
model would in general diverge from a true intertemporally efficient se.
Intinn hecanee cancumere do not possecs perfect farecioght That i da
mand in period ¢ depends on present and past, but not future prices. Ip
another study (Marshalia {7]) it has been concluded that the quantitative
difference between cempetitive and “‘true cflicient’ prices is small. There.
fore, for reasons of computational simphcity the results reported in this
study are those derived from the competitive model.

The approach in the above study is to maximize directly the social
surplus derived from usage of the resource. Thus, problem (C) of section
I is replaced by problem (S) below:

=

ar
Max Z {[ planal . ....qNdg, — CON)gF{(l + r)
O

LH

(Problem §)

Subject to: Z <@ ¢>0
=i
Equation (1) is still used to compute demand and (2) 1s still required to
hold as in (C). The difference is that the condition in (3) which gives the
price when g, > 9 1s replaced by:

(3’) po=) + A(l + ,.)1 -5

where

I qf
t(i) ;
5= 2 f Li (g, qr ... .qt)dg (1 + ry~
0 aql

i=t4+1
s, 1s particularly difficult to evaluate because the functions

o= PG )

cannot be found in closed form; and. a change of variable 1s necessary
prior to integration. Also, the integral in 5, 1s path dependent so that the
particular path used must be given an economic interpretation. (See
Willig [15)])

TThere cxists no continuous function ¥ defined on intertemporal atlocations such that
the demand functions used could be interpreted as being the outcome of maximization of .
Thercfore. we are forced to define the social surplus integral itseif to be the benefit function
in line with the “willingness-to-pay~ criterion of value. The particular path selected. namely
maving in order of subscripts eich component of (g, .. .. gr) from 0 to its ultimate
value g2 . is the only one which makes scnse in this context.
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Subject to sorne cave_als from l_hc abovc' issues, the conclusion of the
cited study was that the differences in the price solutions of problem S to
problem C are 2t most 5%, over the next fifteen years, and -. 5¢- to +8"

. - ) ~ 1 -0
over the lifetime of OPEC oil resources. |

Y. RESULTS

The principal finding of the study is that the efficient world price of
oil is far below the prevailing level for at least the next fifteen years. The
results of the empirical model are that over a wide range of variations of
key parameters and assumptions the efficient real price® of oil is bounded
inside the range:

32 $7 in 1976--77
$5-%12 in 1986 90
$26 $60 at the time of OPEC exhaustion

OPEC resources last between 45 and 60 years, by which time synthetic
liquid fuels from coal and possibly, but not necessarily, shale have come
to dominate the liquid fuels market. In no case, however. is the synfuels
industry required to supply over 10 MMBD of liquid synfuels sooner than
30 years into the future or at a real price below $18 per barrel.

These results hold:

I. for real interest rates in the range 4%, -8%,

2. for extraction cost assumptions that vary widely with respect 1o
rate of increase of cost,

3. for £50% variations in the expected level of OPEC undiscovered,
recoverable resources,

4. for large variatio.s in assumptions on the price response, timing,
location and sources (coal, shale) of synthetic liquids,

and also for combinations of the above changes.

An attempt was made throughout the study to make assumptions and
define ranges of parameters conservatively relative to the principal con-
clusion. That is, when in doubt, choices were made which could tend to
bias the consequent price path upwards in early years.

Since a great deal of uncertainty is associated with several of the
model’s parameters, a series of sensitivity runs have been performed. The
results of these tests are those alluded to in the opening paragraph of this
section. A sample of information from the sensitivity runs is contained in
Table V-1. The first column in Table V-1 contains an index by which the
various runs can be referenced. The next four columns specify the param-
eter settings for each run (explained in the table footnotes). Columns 6 -8

xI975 U S. dollars. f.o.b. Persian Gulf.
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6% DISCOUNT

TABLLE V-2
RaTe-Hicr Cost FuNcTioN

Units: Price. Costs

Cumutative Production
Supply and Panand Rates  MMBD

1975 U.S. $/bbl

(RUN E)

109 bbls

OPEC

OPEC

Conventional
Time ¥.0B. Marginal User Scarcity Supply Cumulative
Period Price Cost Cost Rent Rate Production
7677 4.29 0.26 2.86 118 33.06 2413
7879 481 0.30 319 1.32 36.95 5111
80-81 5.37 0.37 3.52 1.49 3%.04 79.61
82 83 6.01 047 3.86 1.67 42.37 110.54
84 85 6.71 0.63 4.20 1.88 45.42 143.69
86 90 8.45 1.22 4.94 2.30 46.75 229 01
91 95 10.84 2.12 5.64 309 49.02 31847
96 00 13.67 340 6.15 412 52.36 414.03
0l 05 16.89 5.10 6.28 5.51 54.43 513.36
06-10 20.48 7.21 5.89 7.38 55.72 615.05
115 24.10 943 4.90 987 49.94 706.20
16 20 28.05 11.59 3.26 13.21 43.17 784.99
21 25 3185 12.87 1.31 17.67 23.59 828.04
DPemand
Time North Cther Other N-OPEC N-Cinn. World
Period America CECD N-OECD OPEC Total
76 77 20.12 21.35 7.76 1.95 SLIR
78 79 21.29 24.93 8.84 2.36 57.42
80 -81 22,064 23.07 9.84 270 62.65
82-83 23.28 30.51 10.87 3.30 67.96
84 -85 244 32.65 11.84 3.90 72.64
86 90 24.75 34.17 12.55 4.40 75.87
91 95 2578 36.49 13.64 5.22 81.07
96 -00 26.63 38.76 14.18 6.21 86.38
0105 21.22 40.53 15.78 7.37 90.90
06-10 28.97 44.00 17.48 8.76 99.21
It 15 3094 47.78 19.34 10.40 108.45
16-20 32.80 51.43 2117 12.35 1775
21 25 35.13 55.79 23.31 14.67 12891
Supply

Cumulative
Time North North Other Synthetic Cmn. N-OPEC Oil
Period Amcrica Sea N-OPEC Liquids Exports Production
76717 11.45 0.99 4.57 0.01 .16 1243
7819 11.74 2.36 5.19 0.01 1.24 26.50
80 81 12.02 455 5.86 0.92 1.30 42 88

(Continued)
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TABLE V-2 (Continued)

Time North North Other Synthetic Cmn. rs‘gnpl;héugi
Period  America Sea N-OPEC Liquids Exports l’r0du'c(im|
82 83 11.94 597 6.49 0.04 1.30 €0.69
84-85 12.01 6.61 745 0.05 1.30 7973
2690 12.10 7.67 8.20 0.05 1.30 130.75
91 95 12.66 841 9.6l 0.21 1.30 186.74
96-00 13.73 7.23 11.26 0.55 1.30 245.53
01-05 14.96 483 13.07 232 1.30 305.50
06-10 16.19 2.23 14.99 8.74 1.30 366.47
1-15 15.19 0.21 16.26 2511 1.30 42425
160 1384 012 14.80 44.90 1.30 47537
21-25 10.38 0.12 11.43 82.23 1.30 515.10

show, respectively, the initial price (1976 1977), the price in the 1986 90
period, and the highest price ever attained. The lust column tells when
OPEC runs out of oil.

To provide a point of reference, a particular intermediate setting of
parameters, run E in the table, has been designated the “base case™ run,
although we offer no claims as to its being “*most likely.” Parameters in
other runs which have been varied from their setting in run E are in paren-
theses in the table. The base case, run E, uses the quadratic (high) extrac-
tion cost function, a 6%; discount rate, 830 billion barrels for OPEC resource
availability and the coal-based synthetics reference supply path. Table V-2
presents the detailed results for the base case run. The most striking result,
which can be observed in the second column, is that price over the next |5
years is very low compared to current prices. The price for the initial
period, 1976 to 1977, is seen to be only $4.29 per barrel, and it rises to
only $8.45 by 1990. Thereafter, price does continue to rise steadily for 35
more years, reaching a high of $31.85 per barrel when OPEC runs out of
oil in the year 2025°

It is interesting to observe the marginal cost and scarcity rent com-
ponents of the optimal prices listed in columns (3-5) of the table. The full
marginal cost is seen to be dominated by the user costs (the second term of
equation (4)) over most of the time horizon. User cost is calculated at
$2.86 in the initial period compared to only $0.26 for current marginal
cost, the actual out-of-pocket unit cost of extraction. The current mar-
ginal cost rises continually with increasing cumulative depletion (by
definition of the extraction-cost function), but the user cost can be seen to
level off and decline eventually.

*The table does not kist any data for years after OPEC has exhausted its oil resources.
although the model is solved over its full 80 year time horizon in all cases.
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Figure V-1 Base Casc Run K

This eventual decline of the user cost occurs because the num-
ber of future barrels of il whose extraction costs are affected by current
production decreases as the ultimate exhaustion date is neared. Thus, the
current cost eventually comes to represent a larger and larger share of the
marginal cost, reaching 100 percent on the very last barrel depleted.

The optimal initial scarcity rent can be seen in column 5 to be only
$1.18. This rent rises at the interest rate of 6°, over the whole period dur-
ing which OPEC produces otl. By the last period, the royalty has grown to
$17.67 per barrel. The optimal price path, broken into its marginal cost
and royalty components is illustrated graphically in Figure V-1,

OPEC supply rates (which include indigenous use) in column 6. can
be seen to be rather high by historical standards. They begin at almost
33 MMBD and rise to 45 MMBD by 1985. The highest rate ever reached
is 56 MMBD in the 2006 2010 period.

Demands and supplies from the various regions in the rest of the
world can be observed in the second and third blocks of the table. They
are fairly self-explanatory. The synthetics supply results (column 5 of the
third block of the table), however, deserve special comment. Synthetic
liquids can be seen to play virtually ne role in the world iquid fuels
market prior to the year 2000. Supply does not exceed 1 MMBD until
after that year. However, in subsequent years the results represent a rapid
buildup of the industry and reflect nigh price clasticity of supply. so that
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as oil reserves in OPEC and the rest of (he world decline
liquids from coal come to dominate (he hquid fuels m
centages of total world demand for liquid fucls s
liquids over the latter half of the problem

v synthetic
arket. The per.
[ upplicd by synthetjc
are given in the following tabic:
Pereent of liguid tuel

demand supplied by

Time Period synthetics
1996 2000 less than |
2001 2005 3
2006 2010 9
2011 2015 23
2016 2020 38
2021 2025 64

Note that OPEC and non-QOPEC oil supplicrs cach continue to supply
about 18°, of world demand in the period 2021 1o 2025. However, OPEC
has essentially exhuusted its resources by the end of this period and sup-
plies nothing in the next five-year period (not reported in table V-1).
Non-OPEC supplices (who possess some higher cost resources) do con-
tine to supply a minor part of world demand for about ten more years
beyond 2025.

Departmen of Engineering Economic Svstems
Stanford University
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