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ESTIMATION OF THE TIME PATH OF THE SUPPLY PRICE OF AN 
EXHAUSTIBLE RESOURCE: THE CASE OF OIL AND NATURAL GAS

ABSTRACT

Due to the gradual exhaustion of existing deposits of a depletable non-renewable 

resource such as oil and gas, the supply price schedule (essentially: the marginal cost 

curve) of such a resource is inexorably shifting upwards. Using a new constrained least 

squares technique, we provide an econometric identification of the supply price curve, 4 

for oil and gas in the U.S using two alternative independent variables: total footage 

drilled in million feet, number of wells completed - oil, gas and dry respectively. We also 

obtain numerical estimates of the time path of the drift upwards of these schedules. It 

is shown that the shifts accelerate during periods of. upheaval in the oil markets, pre

sumably reflecting the need for a larger risk premium. In other periods, marked by con

solidation of the markets, and by the use of known and established techniques, the 

position of the schedule may remain temporarily unchanged.

Keywords: Exhaustion of non-replenishable resources, oil and gas, supply price, con

strained least squares, quadratic programming.
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1. INTRODUCTION 1

A standard proposition in the economics of exhaustible and non-replenishable re

sources states that the supply price of the resource will gradually increase over time, as 

the existing resources are being depleted. When an economist makes this statement, he 

or she usually has in mind the picture of a supply curve of the resource, of positive in

clination, that is slowly shifting upwards over time. Depletion of the easily accessible 

deposits and higher costs incurred due to one or more of the following reasons - the need 

to exploit deposits from deeper depths, remote locations and regions with hostile envi

ronment - can be attributed to cause the upward shift o f the supply curve.

While this gradual shift of the supply price presumably must run its course even

tually, its particular time path may be hastened or delayed due to number of factors such 

as - geopolitical, economic, geological and operational. Because of the interplay of such 

factors, there is nothing automatic about economic management, charged with the task 

of husbanding scarce and dwindling resources in a dynamic economic world. The pur

pose of the present investigation is to explore these matters with reference to one par

ticular exhaustible resource: the supply of oil and natural gas. In the pages to follow, 

we shall (i) develop a new constrained least squares method of studying the shifts of the 

supply price function over time, (ii) use these techniques to estimate numerically the drift 

of the supply price of oil and natural gas in the U.S during the time span 1967-86, and 

(iii) to infer from the results so obtained some general conclusions about the economics 

of the drift of the supply price over time.

Needless to say, a by-product of the analysis will be a format for the forecasting 

o f the supply price of an exhaustible resource.



In order to focus the ideas, consider Figure 1 which illustrates in a schematic 

fashion the supply price of an exhaustible resource, and its possible drift over time.

Insert Figure 1 about here

The supply price of any commodity is defined as the highest price that the con

sumers would be willing to pay to acquire some quantity of the commodity under con-. 

sideration. In a conventional supply curve, plotted in a diagram showing the quantity 

along the horizontal axis and the price along the vertical axis, the supply is taken to be 

the dependent variable and price is the independent variable. Looking at exactly the 

same diagram, considering the supply as the independent variable instead, the supply 

price can be read off from the curve along the horizontal axis.

The curve Sl-SI represents the supply curve at some initial point of time. Some 

time later, the curve has drifted upwards to assume the position S2-S2. Even later, the 

curve is S3-S3. The subject of our present inquiry is the time-path of this drift over time, 

as the available deposits of the resource are gradually being exhausted.

Speaking in terms of econometrics, the problem at hand is one of identification: 

the identification of the supply curve and its possible shifts over time. The problem of 

identification actually is twofold: first, to identify the supply curve (distinguishing it from 

the demand curve), and, second, to identify the possible shifts of the supply curve over 

time. For, even if we were to know that points like A, B and C successively observed over 

time actually are located along a supply relationship, we would still face the task of 

identifying the slope of the supply curve at any given point in time (which manifestly is 

not the slope of the curve ABC), and the displacements of this curve over time.



The problems now mentioned will here be handled in the following manner. To 

begin with, in order to make sure that the observed points actually do pertain to supply, 

we shall define proxy variables that clearly reflect the desired intentions of the seller of 

natural gas and oil (rather than the.desired intentions of the purchaser). In the present 

instance, we shall use two alternative proxy variables:

- number of completions (wells drilled which may be dry or produce oil and/or gas),

- total footage drilled (in million feet).

The task of identifying the supply relationships at any given point in time (the 

curve SI-SI and its drift upwards over time) will be accomplished by the application of 

a new estimation technique (Thore, 1988) which allows the analyst to study the possible 

monotonic displacement of the estimated least square regression over time. The tech

nique takes the form of constrained least square regression, allowing the constant term 

of the regression to change monotonically over time. Referring to Figure I again, con

ventional least square regression would typically lead to an estimation of a curve like 

ABC, which reflects the amalgamation of two different effects, on the one hand of 

gradual increase of the supply price along a given supply curve, and on the other, the 

shifts of this curve over time. The new estimation technique referred to will enable us to 

disentangle these two effects, providing estimates both of the curve SI-SI and its possi

ble monotonic displacements over time.

Section 2 explains the concept of a supply price curve in the oil and gas industry, 

and discusses the form of this curve and its possible shifts over time. The curve is for

ward sloping. Gradual exhaustion of existing deposits shifts the curve upwards. Tech

nological change may delay the secular drift upwards of the supply price schedule. But 

it is assumed that it will never cause a net lowering of the supply price. The schedule 

shifts monotonically upwards over time.



In order to make the presentation self-contained, Section 3 provides a brief review 

of the Thore monotonic regression map. The map is formed by a family of regression 

lines, they all being parallel to each other but the constant term (the intercept with the 

vertical axis) being permitted to increase monotonically over time. Mathematically, the 

determination of the map takes the form of a quadratic program with linear constraints. 

The objective function, to be minimized, equals the sum of all squared regression resi

duals. The constraints spell out the requirements that the constant terms must not fall 

over time.

The map typically takes the form of a series of strata or layers, one stratum for 

each subsequent position of the supply price schedule.

Section A reports on the empirical work. We present monotonic regression maps 

of three alternative versions of the supply price schedule, measuring production effort 

by

(i) total footage drilled, in million feet.

(ii) total number of wells drilled.

Section 5 sums up the results, and discusses the general characteristics of the time 

path of the supply price of oil and gas. It is suggested that the net upward drift of the 

supply price schedule is in the short run influenced by economic considerations of man

agement. In times of rapid price increases and turmoil in the industry (the oil crisis of 

the 1970's), the drift upwards of the curve accelerated, no doubt reflecting the consider

ation of managers that risk premium in the industry (which is indeed part of marginal 

cost) was heightened. But in times of consolidation of the industry, the drift upward is 

delayed. The risk premium then presumably also stabilizes, or may even be reduced.
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2. THE SUPPLY PRICE OF OIL AND NATURAL GAS: A THEORETICAL 

DISCUSSION

The concept of the supply price is arrived through a thought experiment along the 

lines of conventional textbook micreconomics. A "producer" considers some hypothet

ical level of output. The supply price is the lowest price that he needs to make him will

ing to supply that quantity. Consider a range of hypothetical levels of output. For each 

such level, determine the supply price. The result is an entire supply price schedule.

Supply is related to costs. The industry equilibrium that we shall be looking for 

will not permit the presence of any profits beyond the payments to all productive factors 

and the payment of all risk incurred (for a further elaboration of latter point, see below). 

The price is therefore the same as marginal cost.

To see this, consider a hypothetical expansion of supply by one unit - a last unit 

of output. The cost of that unit is the marginal cost. The supply price of the same unit 

is the lowest price that the producer requires in order to be willing to supply it. Appar

ently, that lowest price is the marginal cost.

The production of oil and gas will here be discussed in terms of a logistics process 

that ranges from the initial acquisition of producing properties via the drilling, and the 

completion of wells to the final production of oil and gas. The textbook thought ex

periment referred to just now then in principle can be conducted at any point along this 

production chain. Specifically, we shall distinguish three different supply price schedules, 

depicting the hypothetical relation between price and output at three consecutive stages 

along this chain (see also Figure 2):
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Insert Figure 2 about here

(i) Starting at the end point of the delivery chain, the supply price schedule charts
2

the relation between total output measured in barrels of oil equivalent (BOE) and the 

composite price of oil and gas in dollars per BOE that would "induce" a producer to 

supply the quantity under consideration. See Figure 2, top panel.

The independent variable of the supply price relationship is the quantity variable. 

In the top panel, quantity may be increased through a series of engineering options:

- Opening up some wells that had earlier been shut in;

- Boosting output from existing wells by artificial lift methods;

- Stepping up infill drilling efforts with the expectation that some new wells will come 

into service more rapidly than previously foreseen.

Whichever of these alternatives is chosen (or a combination of them), marginal 

costs of output will increase. For one thing, ail the measures listed involve direct current 

expenses. For another, the composition of the output will typically deteriorate (greater 

contents of water and/or gas).

The manager of the field or the corporation is supposed to weigh all these possi

bilities in his mind and choose the one that minimizes marginal costs of the last "unit". 

The supply price is the lowest price that the producer needs to warrant production.

Reduction of output can be obtained by expediting the capping of active wells, the 

retardation of ongoing drilling efforts etc. In any case, some variable costs are going to 

fall and the supply price with it. The supply price then has a positive inclination (it is 

forward sloping).
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(ii) Next, looking at the number of completions of wells (Figure 2, middle panel), 

the thought experiment refers to hypothetical change of the number of wells successfully 

completed. By a successful completion we mean the demonstration of the economic 

feasibility of producing oil or gas from a given well. The number of well completions is 

related to the drilling effort in several ways. Ceteris paribus, the number of successful 

completions would increase with a given drilling effort if the percentage rate of dry wells 

decreased, and/or if the average depth of wells were to decrease.

The failure rate in the U.S has during the last 20 years hovered between 30% and 

40% (measured in terms of the number of dry wells divided by total number of wells 

completed) and shows a stationary or possibly slightly falling trend (See Figure 3). The 

average depth of wells has also remained remarkably constant, about 4500 feet for the 

entire U.S., with some regional variations (See Figure 4).

Insert Figures 3 & 4 about here

Approximately then, the number of successful completions varies in direct pro

portion to the total footage drilled. An increased drilling effort will result in a greater 

number of successful completions, and conversely. The supply price of a given number 

of well completions is the composite price in dollars per barrel of output that would in

duce a producer to supply those completions. A greater number of completions requires 

more drilling effort and higher total drilling costs; a greater number of completions 

therefore requires a greater supply price. The schedule in the panel is forward sloping.

(iii) Unraveling the production chain even further, we shall also consider supply in 

terms of the amount of footage drilled in million feet (Figure 2, bottom panel). In con



trast to the supply variables discussed up to this point, footage drilled can be directly 

controlled by the producer.

The drilling costs includes the costs incurred from spudding of wells to their com

pletions, Given that some of the wells drilled may turn out dry, a producer needs rea

sonable profits to cover the risk that an ongoing effort may result in a dry hole. In an 

actuarial sense, the combined value of such profits should at least suffice to finance the 

dry completions. The total supply price that would induce a producer to maintain 

drilling operations at some given level then can be computed as the sum of the minimum 

costs run up plus the necessary risk premium,

A more intense drilling effort will entail increased minimum costs. If  the drilling 

efforts were to extend to wildcat areas, where the risk of dry completions could be 

higher, the risk premium can also be expected to increase. All in all, the supply price 

schedule is forward sloping.

2.1 Shifts of the Supply Price Schedule

We now discuss the possible shifts of the supply price schedule over time, re

sulting from (i) the gradual exhaustion of existing deposits of oil and gas, and (ii) tech

nological change in the industry.

Exhaustion of existing resources by itself shifts the supply price schedule upwards. 

The reason is that existing and known deposits will always be tapped in a certain order, 

motivated by economic reasoning: easier accessible deposits with lower exploration and 

drilling costs will be tapped earlier, and more remote locations and regions with hostile 

environment will be explored and drilled later. Exhaustion therefore necessarily means 

that one moves from lower-cost operations to higher-cost operations.



There is a neat geometric way of visualizing this development . Alternate to the 

supply price schedules illustrated in Figures i and 2, which depicts production during the 

current time period along the horizontal axis, one may imagine a schedule relating the 

supply price to the total accumulated life-time production of a given oil field or a given 

region. This curve is forward sloping. The supply price curve for some particular time 

period can then be thought of as a horizontal segment of this curve, with the origin ( = 

zero production) being placed at a production level equalling total accumulated output 

to date. The supply price schedules for a series of subsequent time periods are then ob

tained as a series of adjacent segments of the accumulated life-time production curve. 

If these individual segment curves are all plotted in the same diagram, measuring the 

supply price against production during the current time period, they will form a map of 

curves that are drifting upwards over time.

The argument now developed applies to any of the three supply curve variants il

lustrated in Figure 2. Gradual exhaustion of existing deposits of oil and gas will shift all 

three curve upwards.

Major technological advances in the oil industry can take place in several forms. 

They could be related to the exploration and drilling which would enable to drill to 

greater depths, in environmentally hostile and remote areas such as deep waters or arctic 

regions, and thereby being able to exploit new reserves. They could also be related to 

recovering additional oil from the known reservoirs via improved geological reservoir 

characterization followed by geologically targeted infill drilling (GTID), or enhanced oil 

recover^' (BOR) (Fisher and Pope, 1987). In economic jargon, a strong case can be made 

for the idea of technological change in the oil and gas industry' being "embodied" in the 

recovery of new oil through the development of new fields and drilling of new wells or 

recover)1 of additional oil via GTID or BOR.



The resulting effect on the supply price schedule is illustrated in Figure 5. The or

iginal position of the schedule is KLM. Current output is at L. Expansion of output 

beyond L (=  to the right of L) would require some form of technological advance. 

Curve LM shows the expected increase in the supply price at existing technology. Now 

some technological innovation occurs, and the curve is shifted down to LN instead. Even 

further technological advance would shift the curve down to LO.

Insert Figure 5 about here

So, improved technology shifts the supply price curve downwards along those 

output segments of the curve which have not yet been attained.

We are now in a position to be able to characterize the "tug-of-war" between the 

gradual exhaustion of existing deposits on the one hand, and technological advance on 

the other. Exhaustion tends to shift the supply price curve upwards. Technological ad

vances acts as a brake on such shifts upwards. The net result is that the supply price 

curve will shift monotonically upwards over time ("monotonically" means that it may 

stay the same, or shift upwards). The supply price curve can never fall
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3. THE THORE MONOTONIC REGRESSION MAP

We briefly review a new least squares estimation technique (see Thore, 1988), * 

which can be applied to the estimation of any single-equation regression that is suscep

tible to possible shifts parallel to itself over time. The shifts are required to occur 

montonically in either direction, either upwards or downwards. For ease of exposition, 

we deal here only with monotonic shifts upwards. The constant term of the regression 

coefFicient(s) are assumed to stay constant. But the constant term is required never to 

fall. It may stay unchanged, or it may increase over time.

The new technique delivers a family of regression hyperplanes (a "map") parallel 

to each other, with constant term increasing montonically over time.

Note that there is no assumption a priori regarding the speed of displacement of the re

gression, such as using time variable t, itself as an explanatory factor. Instead, the data 

themselves dictate the form of the fitted regression line and its possible shifts over time. 

When the regression stays unchanged for a number of time periods, these periods form 

an individual stratum or layer. Together, all strata make up the map.

Mathematically, the method takes the form of a quadratic program with linear 

constraints. The objective function, to be minimized, is formed as the sum of the squared 

values of all regression residuals (each residual being calculated as the difference between 

observed value of the dependent variable and the smoothed, or forecast value). The lin

ear constraints spell out the conditions that the constant terms of the regression 

hyperplane must never decline. Numerical solution is obtained through the use of a 

standard non-linear programming software code.
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The details of the procedure now indicated are as follows. Write the supply curve 

of oil at time t, to be determined

(3.1) y, = a, + fix, +  z,

where y, is the observed price of oil in year t, x, is the observed quantity in year t (fol

lowing up our discussion in Section 2, the quantity variable may be measured in the total 

footage drilled and in the number of wells (oil, gas and dry) drilled. The constant terms 

a, and the coefficient /? are the unknowns to be determined. The variable z, is the re

gression residual in year t.

One wants to determine regression (3.1) so that goodness of fit is maximal in the 

sense that the sum of squared residuals

is minimal, subject to the conditions that the constant terms a, must not decrease over 

time:

(3.2)

(3.3)
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That is, varying the unknown a„ and but seeing to it that the constraints (3.3) are sat

isfied, and also varying the unknown /? (which is unrestricted), one wants to find that 

particular combination of the unknowns which minimizes the sum of squares (3.2).

The theoretical aspects of the method now indicated has been investigated else

where (Thore, 1988). Here are some of the basic results:

1. The sum of residuals calculated over each stratum separately, equals zero. 

In simple words: the point of gravity of all observations belonging to a single stratum, 

lies on the particular regression of that stratum. In particular, if a stratum consists of 

just one observation, the regression goes through that observed point.

2. The residuals are uncorrelated with the independent variable (just as in or

dinary least squares).

3. Once the quadratic program has been solved and the strata have been de

termined, the parameters of the monotonic regressions coincide with the estimates that 

would have been obtained, were one to use conventional least squares regression with a 

dummy variable for each separate stratum. So, rather than taking the various time du

rations of the dummies as given and known in advance, as is the practice in conventional 

regression with dummy variables, the method of monotonic regression can be viewed as 

an optimizing dummy technique, sifting through all possible partitionings of the total 

time span, looking for the particular conventional regression with dummy variables that 

yields the best goodness of fit.
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4. APPLICATION

Returning now to the main thread of the argument, we propose to estimate the 

supply price curve of oil and gas in the U.S. and its systematic shifts over time. As ex

plained already, in order to circumvent the identification problem, we shall choose to 

estimate, rather than the current supply of oil and gas directly, the following two "proxy" 

variables of supply:

(i) the total footage drilled; and

(ii) the number of well completions.

More specifically, define:

TFT = total footage drilled in millions of feet (MMFT)

OC «= number of oil well completions

GC *= number of gas completions

DC — number of dry completions

CP = composite price of oil and gas in 1986 dollars per barrel of oil equivalent

(BOE)

OP = price of oil in 1986 dollars per barrel

GP = price of gas in 1986 dollars per thousand cubic feet (MCF)

Annual data on these variables for the U.S. for the time span 1967-86 was collected from 

the publication (Independent Petroleum Association of America, 1987).

The computations to be reported below aim at estimating the supply price of oil 

and gas (composite price) or oil and gas separately. Remember that the definition of this 

concept refers to a particular hypothetical thought experiment discussed in Section 2,
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involving some industry-wide decision of the supply variable (or its proxies such as total 

drilling, ot the number of well completions) and an attendant forecast of the resulting 

supply price (marginal cost). This supply price cannot be observed directly. The data 

that we have instead are data on oil price and gas price - the market prices set in national 

and international markets, and the composite price. The use of these observed prices to 

measure the supply price is part and parcel of the theoretical hypothesis that (i) the 

supply price depends upon supply in the manner discussed; and (ii) the theoretical as

sertion that the supply price is equal to market price.

In brief, supply or its proxies is the independent variable and price is the dependent 

variable. We seek the regression of price on supply.

Starting, then, with the relationship between the supply price of oil and gas and 

total footage drilled, application of the layered technique outlined in Section 3 resulted 

in the following regressions:

(4.1) CP =  —2.804 + 0.057877T (1967 -  69)

CP =  —2.64 +  0.057877T (1970)

CP — —2.458 4- 0.051&TFT (1971 -  73)

CP = -1.540 +0.0578 77T  (1974 -  78)

CP =  -0 .6 6 4  +  0.057877T (1979)
i

CP=  1.327 +  0.057877'T (1980- 86)

R 2 = 0.983
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The layered map is exhibited in Figure 6.

Insert Figure 6 about here

As can be seen, there was some slow drift upwards of the supply price curve in the 

late 1960's and the early 1970's. There were rapid jumps upward in 1974 and in 

1979/1980, each time followed by periods of consolidation. We shall have more to say 

about these results later; at the moment we note that the upward movement of the 

supply price seems to have been accelerated in turbulent time ("the oil price shocks").

It is instructive to compare the layers (4.1) with the conventional regression (also 

indicated in the Figure 6).

(4.2) CP =  -4 .65 +  0.07STFT

R 7 =  0.969

Imagine that one would want to make a forecast of the supply price (marginal cost) of 

oil in 1987. Given some planned level of drilling effort industrywide in the same year, 

we can read the supply price of the last regression line exhibited in the system (4.1), for 

the years 1980-86. Notice that the slope of this regression layer (0.0578) is smaller than 

that of the conventional regression (0.075). At the same time, it has a considerably larger 

intercept with the price axis.

The conventional regression fails to recognize the systematic shifts of the supply 

price curve. There is present a hidden or intervening causal factor which distorts the re
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suits of the conventional regression computations. We have tentatively ascribed this 

hidden factor to the outcome of a "tug-of-war'' between dwindling supplies of existing 

reserves on one hand, and the technological advance on the other.

Next, turning to the relation between the supply price of oil and the total number 

of completed oil wells, one obtains the montonic regressions (Figure 7):

(4.3) OP = -1.548 +  0.00070C (1967)

OP = -1.255 +  0.00070C (1968 -  69)

OP =  -0.571 + 0.00070C (1970)

OP — 0.261 4- O.OOO70C (1971 -  72)

OP -  1.735 + O.OOO70C (1973)

OP -  2.396 +  O.OOO70C (1974 -  86)

R 2 =  0.917

Insert Figure 7 about here

The regression slipped upwards at a fairly even pace during the late 1960's and the 

early 1970's. But since 1974, the upward movement ceased.

Conventional regression pools the data over the entire time span together:

18



(4.4) OP =  -0.072 +  0.0007750C 

R 2 -  0.899

It gives a distorted estimate of both the estimate and the slope.

The story told by data from the gas industry is quite different. Here, a number of 

other institutional factors were at play affecting the results of the computations. For one 

thing the gas industry in the U.S. has had its own set of regulations, which were only 

lifted recently. For another, the actions of OPEC throwing international oil markets into 

turmoil were only indirectly mirrored in the markets. The map of layered regressions is 

(see Figure 8):

(4.5) GP — —0.034 + 0.0001 GC (1967- 78)

GP -  0.050 +  0.0001 GC (1979)

GP *  0.234 + 0.0001 GC (1980)

GP «  0.236 +  0.0001 GC (1981)

GP =  0.749 + 0.0001GC (1982)

GP = 1.080 +  0.0001 GC (1983 -  86)

R 7 =  0.982

The supply price curve remained stationary for twelve years, upto and including 

1978. Some annual shifts upwards followed, and in 1983 the curve settled down again, 

at a higher level.
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Conventional regression would yield:

(4.6) GP = -0.159 + 0.000151 GC

R 2 = 0.791

Insert Figure 8 about here

Finally, we have also run regressions using the number of dry wells completed as 

the independent variable. In other words, we are then using a proxy variable of supply 

that is quite removed from actual supply - one that measures unsuccessful attempts at 

supply rather than successful ones. It highlights the riskiness of the supply decision.

A static marginal cost curve is not well suited to analyze the risk dimensions of 

costs. In order to feature risk explicitly, one would rather need to develop some kind of 

decision model for the supplier under uncertainty, for instance a portfolio model of 

drilling efforts in various locations. Ex ante, such drilling effort has some probability of 

resulting in a strike and some attendant costs. Only, ex post will management know 

which wells will turn out to be dr)'. Since expectations are at least partially based on past 

experience, this record will throw some light on the nature of these uncertain expecta

tions themselves.

The cost of drilling dry wells has to be borne by the successful completion of wells. 

The cost of dry wells is a risk component of total supply costs.

The monotonic regression map is:
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(4.7) CP =  —6.846 +  0.0009DC (1967- 69)

CP =  -5.161 + 0.0009£*C (1970)

CP =  -4.895 +  0.00090C (1971 -  72)

CP =  -4.380 + 0.0009DC (1973)

CP =  —3.80 +  0.0009DC (1974-78)

CP =  -1.794 + 0.00090C (1979)

CP = -1.208 +  0.0009DC (1980-86)

R 2 =  0.989

rather than the conventional

(4.8) CP =  ” 8.075 +  0.001DC

/f2 =  0.951

The cost of dry well is a potential cost element associated with both the completion 

of oil wells exhibited in Figure 7 and the completion of gas wells exhibited in Figure 8.

Insert Figure 9 about here
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It turns out that the dr)' completions are gradually getting more expensive. The 

"marginal cost" curve of these failed production attempts shifts monotonically upwards 

during the 1960's and the I970's. But since 1980, the cost (actually, the marginal revenue 

foregone) of such efforts has stabilized.
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5. CONCLUSIONS: CHARACTERISTICS OF THE TIME PATH AND ITS 

DETERMINANTS

The behavior of the price of oil has been difficult to predict. This paper points out 

at one factor influencing the market price that has exerted its influence in one direction 

only: the monotonic increase during the last 20 years of the supply price of oil, i.e. the 

lowest price that the U.S. industry would be willing to accept for a given quantity of 

domestic output. Such development is in line with general economic theory of any 

exhaustible resource: as the existing deposits are depleted and drilling efforts are ex

tended to geologically inferior fields, the marginal cost of bringing up a barrel of oil is 

bound to increase. The paper provides - we believe for the first time - statistical evidence 

of the time path of the escalation of this supply price.

Historically, pessimists in the industry have always foreseen the imminent de

pletion of existing reserves. The history of the oil industry to a large extent is the history 

of a series of technological breakthroughs that have foiled the doomsayers. In the period 

under consideration, 1967-86, dramatic advances in technology occurred which affected 

the seismic techniques, drilling, production, reservoir characterization, enhanced oil re

covery methods and the pipeline transportation systems. Such advances open up new 

possibilities and taken by themselves tend to lower the supply price of oil and gas. For 

a while, then, technological progress is able to offset the long-term depletion of reserves. 

But in a secular perspective, of course, there is no way avoiding the eventual course of 

events. There is only so much oil to find.

The calculations reported here are based on the use of a new constrained least 

square regression technique ( the Thore regression map). This technique makes it possi

ble to estimate from time series data some static relationship, such as a demand curve 

or a marginal cost curve, which is subject to monotonic change over time. The calcu-
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lations yield a family of regressions, shifting monotonically over time. In the present in

stance, application of the technique requires the assumption that the supply price curve 

of oil can never shift downwards. In other words, the development of new technology 

to produce new oil may partly or wholly offset the gradual exhaustion of existing re

serves. No assumption is required, however, that the supply price of oil actually has to 

increase. Instead, it is left to the data themselves to determine when, the estimated re

gression should shift upwards. Such shifts may turn out to occur regularly, on an annual 

basis; intermittent with prolonged several years of no change, suddenly in leaps or 

bounds.

The empirical results presented in Section 4 can briefly be summarized as follows:

- The supply price of oil and gas, measured in terms of total drilling effort, shifted up

wards in 1974, in 1979 and in 1980. Since then, it has remained unchanged.

- The supply price of oil, measured in terms of the number of oil well completions, 

underwent small upward shifts annually upto 1974. Since then, it has remained un

changed.

- The supply price of gas, measured in terms of the number of gas well completions, 

stayed unchanged until 1978, then shifted upwards each year until 1983, and it has re

mained unchanged since then.

- The supply price of oil and gas, measured in terms of the number of dry completions, 

shifted upwards in 1974, in 1979, and in 1980. Since then, it has remained unchanged.

Clearly, the movements of the supply price are quite intricately tied up with the 

perception of risk in the industry - market risk (the uncertainty of future prices) and 

drilling risk. Market risk arises out of price volatility. The oil price shocks that occurred 

in 1973 and in 1978 presumably increased market risk dramatically. The necessary risk
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premium that producers would feel that they need in order to protect themselves against 

market risk would shoot up in the wake of each oil shock.

On the other hand, there is no evidence that drilling risk increased. As we have 

seen in Figure 3, the percentage of dry wells drilled has, if anything, declined over the 

years. Other diagrams (not shown) indicate that the risk of drilling a dry well, if any

thing, falls with an increasing composite price of oil and gas. It also falls as the total 

number of wells drilled annually (oil + gas + dry) increases.

Armed with these concepts of market risk and drilling risk, we are now ready to 

discuss the empirical results just listed.The one empirical observation that stands out 

from our work is that the supply price curve of oil shifted upwards in the wake of each 

oil price shock. This result recurs in each monotonic regression map calculated. Note 

also the remarkable synchronization in time of the jumps in marginal cost of dr)7 com

pletions (the marginal revenue foregone) and the shifts of the supply price of oil and gas 

measured in terms of total drilling effort. On our understanding, the basic reason why 

these supply price curves all shifted upwards in response to increases price volatility is 

that the supply price includes a risk premuim, and that risk premium shot up each time 

the market price of oil entered a new regime of increased price volatility.

Our calculations then provide an empirical measure of this increased risk premium.

How does management respond to increased market risk and an increased risk 

premium ? Each time the supply price curve was elevated to a higher pleateau, it stayed 

unchanged until the next price shock was encountered. Apparently, through the exercise 

of prudent risk management (including such devices as diversification), management was 

able to contain the increased risk. Also, it seems reasonable to assume that some oil 

corporations would be induced to channel the increased oil revenues into stepped-up
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R&D efforts resulting into technological advance. All in all, the net result of such efforts 

was that management was able to hold the line until the next price shock camc along.

The timing and magnitude o f price shocks makes the attempt to define any criteria 

so as to determine 'when to drill?' extremely arbitrary. With the decrease in expected 

field size, especially in the onshore areas, the level of involvement of independent oper

ators can be expected to diminish significantly because the risk of not finding oil is going 

to increase; even if reserves are discovered the decreasing volume of the recoverable re

serves might not provide enough incentive for independents to drill.

In the offshore waters of the U.S. and the Arctic region, where chances of finding 

large hydrocarbon reserves are high (making them look promising on a long-term basis), 

can only be of interest to the larger oil companies, rather than to the independents be

cause of the need for significantly large investments to manage the offshore operations. 

By this logic a decrease in the contribution of the independents to the total expected 

drilling effort of United States can be expected,

The possibilities of finding large reserves and tax incentives from foreign govern

ments may outweigh the political risks associated with overseas operations (Standard 

and Poor, 1987). The U.S. oil companies, who have the infrastructure to exploit reserves 

outside the U.S. are posed with an attractive alternative option. Hence not only there is 

the possibility for the contributions of independents to toal U.S. drilling effort to de

cline, but that the total volume of domestic drilling activity might itself shrink.

Footnotes

1 We are indebted to Dr. Timothy W. Ruefli, who was instrumental in establishing our 
collaboration, for his encouragement and comments on an earlier version of the pa
per. We would like to thank Taesoo Song for his computational help, and Richard 
Sparling for providing the data for the study.
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2
Barrel of oil equivalent (BOE) groups gas together with oil based on the equivalence 
in calorific value; 1 cubic feet *= 0.18 barrel of oil.

The present research grew out of a project undertaken by the Operations Manage
ment Center, The University of Texas at Austin. The aim of this project was to fore
cast the relative drilling attractiveness of the different sedimentary basins in the lower 
48 states of U.S., given the price of oil and gas. Posing the problem in this way, the 
correct statistical procedure is to regress drilling effort on price, rather than the other 
way around. Thus the choice of dependent and independent variables very much de
pends upon the way the problem at hand is being posed.

REFERENCES

Fisher, W. L. and G. A. Pope., National Initiatives for Additional Oil and Gas 
Recovery, The University of Texas at Austin, January 1987.

Standard and Poor's Industry Surveys. Vol. 2, Oct. 1987.

Thore, S., "A Constrained Least Squares Method for Estimating the Effects of an 
Unkown Monotonically Intervening Factor," Journal of Forecasting, in press 1988.

United States Petroleum Statistics 1987, Independent Petroleum Association of America.

27



*"%
SUp

p 0 S
L y

p,0u,

S /8 tf  Dflllj. ° F oil

0l*» <*



FIGURE 2 SUPPLY PRICE SCHEDULES
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FIGURE 7
OIL PRICE VS. OIL COMPLETIONS, 1967-86

NUMBER OF OIL COMPLETIONS



GA
S 

PR
IC

E 
(1

98
6$

/M
C

F)
FIGURE 8

GAS PRICE VS. GAS COMPLETIONS, 1967-86

NUMBER OF GAS COMPLETIONS (X1000)



CO
M

PO
SI

TE
 

PR
IC

E 
(1

98
6$

/B
O

E)
FIGURE 9

COMPOSITE PRICE VS. DRY COMPLETIONS, 1967-86

NUMBER OF DRY COMPLETIONS


	ic2-wp-1988-06-03A
	ic2-wp-1988-06-03 copy.pdf OK

