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~ An examination of tﬁe'responsiVeness td economic incentives
of the U.S. petroleum industry is vital if the ﬁation's 0il supply
is to be maintained or possibly‘increased. The identification of
crpcial variables that regulate this flow can brovide insight on

the impact of alternative petroleum policies on the generation

-of reserves and ultimately the prices and availability of crude oil

products to the consumer.

The objective of this papér is fo examine the responéiveness to
price incentives of petroleum exploration, the generation of proven
reserves and the production out'of reserves in the United States.1
First{ a theoreticai framework of oil ektraction.and supply is developed.
Next, an eéonometfic model, consisting of 11 stochastic equations and
3 identities, ié'éonstructed.to capture the decisions affecting
the §upp1y of new discoveries, the'increése of proven reserves and
the production out of reserves‘2 The barameters of the structural
relationships are simultaneously determined and are estimafediby
three-stage least squa.res.‘ Finally, t-h‘e sample period performance

and predictability of the model are evaluated.

The Discovery and Extraction of Crude 0Qil

The domestic crude oil producing industry is subdivided into

three stages: exploration, development, and extraction. Expioration

consists of the geological and geophysical analyses which locate
potential oil and/or natural gas deposits, and the drilling of exploratory
wells. Once oil or gas have been discovered by exploration, development

wells are drilled to estimate '"proven' reserves. Finally, extraction
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from existing wells occuré through the utilization of a number of -

different recovery methods.3 It'can_thus be said that petroleﬁm

exploration and development create new reserves. The amount of available

reserves in tufn influences the decisions concerning extracted oil to
be refined in petrocleum products. vIn whétijllows,»close attention
will be paid to the decision making béhavior affecting all induétry
stages beginning with the flow,of 0oil to the refineries and working

upstream to the exploration stage.

Total Refinery Inputs

Crude oil is used in the refinery process, along with natural

“gas liquids, for conversion into a number of refined products, each

suited to particular uses. Therefore, the demand for oil is derived
from the aggregate of demands for refined'produéts. The primary
inputs to the U.S. petroleum refining industry are domestic crude
0il, lease condensate, natural gas liqgi&s and oil imports.- In-thé
past, domestic supplies constituted fhe bulk of primary inputs, but
in recent years the contribution of foreign oil has grown rapidly.
The Various'inputs into the refinery pfocess at time périod t can.
be summarized by the following identity:

DISTR, = S, + M, + NG, + GA, | ” 1

t
where the supply of crude oil and lease condensate (St)’ 0il imports
(Mt), the amount of natural gas liquids (NGt) added for the refining

processes, and the processing gain (GAt) realized in the refineries

should sum up to the total amount of refined products produced (DISTRt)



HE.

9,

during a particular year. Natural gas liquids and the pro¢essing gain
havebeen arelatively small propdrtion‘of total inputs, averaging about

14% and 3% of total supply respectively over the 1959-1972 period.4

Production Out of Reserveé

Given the demand for refined products, decisions must be ﬁade'
concerning the rate of crude oil prodﬁction out of reserves. It
must be noted that most coéts of oil production are for ekplofation and
develqpment, and are incurred before production begins. The supply of
domestic production is'determiﬂed by the margihal cost of developing

existing reserves because of the desire to balance annual flows with

reserve levels. Marginal production costs will, therefore, depend on

" reserve levels relative to domestic production, and as the reserve to

production ratio declines, we would expectvmarginél costs to rise
sharply.s"This is because the greater .the oufput, the more oil must
be drawn from high cost, distant, low-quality sources. The éverage
fixed cost per million barrels falls until all oil is extfaéted°
The lower is the demand, the more output will be concentrated in the
low-cost fields:. énd the gréater the demand, the more oiil will‘be
called‘out from the higher cost sﬁpplies in response to actﬁal or
expected price increases. |

Development -of new production sites will be undertaken only if
the expected price of oil covers all costs including a normal return

6 . . . "
on investment and a risk allowance. Complex interrelationships exist.
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the logarithms. of both sides, the equation to be estimated becomes:

between oil prices, the cost of prqduction, investment decisions and
production out of reserves. A short-term glut may send current prices
down. If this was expected to be a temporary condition, and long-run

price'expecta%ions were high enough, development might continue even

~at low.current oil prices.7 Thus, the production rate out of reserves

responds to expected rather than cdrrent prices.

Price expectations are represented iﬁ the model by a distributed
lag of past prices (EP) and the opportunity cost of investing in
petroleum prqducrion is expressed as a distributed lag of the difference
between net price ahd the rate of interest (EZ).8 The marginal pro-
duction (deveiopment) cost‘(MCO) is an erpenential fﬁnction of the : i
supplyvof production (S), reserves at the beginning of the year (TR)
and the.opPortunity cost of extracting the exhaustible stock resource

(€2):° | | | ;

MCO, = h e (h)S¢ - hyTR, = hiEZ¢) | (2)

Setting expected prices equal to marginal development costs and taking

« - ; , .
S c. + C nEPt + cw TRt C

3
£~ %% EZ, (3)

3

Iﬁports, Natural Gas LiQuids, Processing Gain and Price

Imports of crude petroleum are assumed to respond to doﬁestic
economic poliey as well as the price of imported crude eil [5]. The
price.of imports can be treated as~exegenous to the model since it is
determined in the world petroleum market. Current imports (M), viewed as
demand for foreign crude oil,'are'a fﬁnction of.impdrted 0il in tHe

previous time period, the priee of imports (PM), the domestic supply of
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crude (s) since import quotas were set on the basis of domestic output,

- and- the utilization of domestic refining capacity (REF) which acts as

a capacity constraint:

M, = f(Mt_l, PM,, S, ‘REFt)' : , (4
A negative relafionship between imports, import price and domestic
refinery capacity utilization is expected.

The refinery process utilizes not only crude oil and lease
condensate but also natural gas .liquids. The amount of natufal gas
liquids added, because of economic and technological factors, has
been steadily increasing over time. The quantity of natural gas
liquids (NG) is positively related to the-pfice of crude relative to
the price of natural gas liquids (P/PNG).and a time trend (T?):.

NG, = £(P,/PNG,, %) | - o)

The processing gain represents the:expansion of fuels owing to

soﬁe refining processes such és reforming and cfacking, and is the

final component needed to determine the total amount of refined

liquids. The quantity of processing gain (GA) increases in direct

vproportion to the amount of crude oil and lease condensate run through

stills (S), and declines in propértion to the amount of natural gas
liquids added for refining (NG). A nonlinear time trend (Tz) has

been added to the estimating equation:

2, -
= B ’ 6
GAt f(NGt, St’ T) ‘ | (6)
The price of crude oil (P) is assumed to be positively related

to the sales of refined products and the price of crude imports (PM),
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and negatively related to the pfiﬁe of natural gas (PNG) and the extent
of refinery‘capacity utilizntion (REF)., A distributed iag of the

sales of refined products (DDiSTR)_rathen-than actual sales are used, -
because a sustained increasé in sales of refined products must occur

if the price of crude petroleum is to increase. Hence, the price

‘equation of the model is:

P, = £(PNG,, PM REF,

o bDISTRt)Ib | )
Supply of New Reserves

The decisions concerning crude oil production at the;weil;head
are influenced in large part by the amount of o0il reserves available in
any time period. Additional reserves come from new discoveries, previous
discovery extensions and revised estimates of previous discoveries.
Thus for any time period t, total provén reserves of crude oil-(R)
are given-byfthe identity:

R, =,Rt'_1 + DC, + EC,_ + RC, - S, | (8)
where extensions (EC), revisions (RC) and new discoveries (DC) during
the year are combined to form additions to reserves. The amounts of
crudé oi1 extracted (S) afe the only major sﬁbtraction.from feserves.

Crude 0il reserve extensions (EC) vary positively nith expected
prices (EP) and inversely to the amounts of crude previously discovered
through exploratory drilling. Economic.incentives account for the use

of either new technologies or making present secondary and tertiary

recovery methods economical. Furtheimore? if discoveries (DC) at any
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point in time are small, an incentive exists for the recovery of oil

from already existing reservoirs by recovery from greater depths.

The equation to be estimated becomes:

EC, = f(DCt_l, DC, . EP,) | 1; | (9)
where EP represents expécted prices expressed as a.distributed lag of the
crude o0il price.

Apparently, revisions of established reserve levels (RC) do not
respond to éﬁy specific economic or technological.variables [16, P. 78].

Therefore, revisions are assumed to be proportional to changes in

reserve 1evéls (ARt_l):-

RC, s.f(Agi_l) : o IR | (10)

The supply of additional proven reserves -(DC) is genefafed by
determining_the number of exploratory wells drilled (TED) and the
average discovery size bér well (ADSZ). The amount of new discoveries
is then the prdduct of discovery size and wells drilled:

DC, = ADSZ, x TED, : (11)

In géophysical exploratioﬁ,‘as thé major structures (o0il pools)
are discoveréd and tested, the search must increasingly turn to more
subtle sfructural features (iﬁ terms of difficulty of drilling, thickness
of the productivé‘stratum énd permeability of the formation). Generally,
deposits occurring in such feafures are less prolific producers than
previouély found fields.in more favorable structures.

Even if adequate incentive exists to encourage an intensified .

exploration effort, physical capacity limits the amount of exploration that

can be accomplished within a given period of time. That limit is

determined largely by the number of available drilling rigs and the
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rate at. which the drilling can be done. Considerable progress has been

‘made in increasing drilling speed and lqwefing drilling'costs. Further

improvements not only will-spéed up the rate of exploration and site
development but will also make some sites that previously did.not‘warrant
development, economical.

It follows that piice incenti?es not only influence the amount of

exploration, but also determine exploration characteristics.  Higher

_incentives, for example, lead to more wildcat drilling on poorer prospects.

- Thus, the decision concerning the number of new exploratory wells drilled '

(TED) .depends upon the'inter—relationships between expected returns, costs
of produttion and risk.

Following the work of Lintner [14], Mossin [17], Sharpe [21], and
MacAvoy and.Pindyck [16] we assume that risk.can be represented by the
Avariance.bf expected net dollar receipts. Hence, thé-present value |
in éertainty equivalent terﬁs of the net cash flow to the jth firm (Vj)
is given by;

RN NCHER S B o - (12)

where:

|
1l

E‘(ﬁj), the expected net return cash flow to firm j

3
oj = the variance of ﬁj
A = an index of risk aversion
T = a long-term market rate of interest.

' EashAfirm will make drilling decisions which maximize Vj° Since
wells may supply either oil and/or natural gas, the expected net return
E(ﬁj) from drilling a number of weils by the jth firm (TEDj) can be

expressed as:
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E(7,) = TEDj [k(Pg ADSZ; + PNG SING,) - (C, +C)] (13)
‘where: ' .
k=a multiplitative cdnStant.accouhting for discoveries that
‘may be extended or revised at a later date.
Pe’ PNGe = the expected prices of crude oil and natural gas respectively
ADSZ, SZING = the average discovery size’of crude oil ‘and natural gas
réspectively, and |
Cd,_Cx'= the expected éosts of development and>explorafion-
:réspectifely.
Total exploration costs and subsequent total.developmenf costs can be

expressed, following MacAvoy and Pindyck [16], as a function of the number

of wells drilled (TEDj) and the aierage cost per well (ACWj) for the jth

-firm.. The equation which holds for all firms and maximizes net cash flow

is:

 TED = vy + vy (P ADSZ + PNG_SING) + v, R + y; ACH (14)
where R is the variance of dollar receipts over all the exploratory
wells drilled.10 Because of the time-lag between iﬁvestment outlays‘and
the accrual.of‘revenues, thé interest rate (INT) is included as an
additional variable. fhe estimating equétion for the number of new
exploratory wells drilied at time t by all firms becomes: |

_ 2 2
TEDt = f{ACWt, INTt, [400_ADSZt (P

2 2 2
P._5)7/9 + dog SING]

Piog * Peog)/3*

t-1 F P2t

| 2
(PNG,__; + PNG__, *+ PNG, ;)°/9], [ADSZ, (P *

+ PNG,_, + PNG__,/3]} (15)

t-1

SING,_ (PNG,_;
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where 9 and dG are estimated variances of the error terms associated with
the equations of avérage.discovery size of oil and naturaL gas respectively,
The detérmination of the averagé size of discovery for crude oil |
and natural -gas depends upon economic as well as geologic variabies
affecting oil prospects.i Fisher's [9] study of wildcat drilling an&
discdveryrhas-shqwn’that for economic as well aézgéblogic reasons, small
prospects considere&‘by operators tend to belreiatively éertéin
and large prdépects relafively risky. This is because large proépects,
By offefing’lafger potential retUrns'on_investmentg attract operators
willing to take higher.lévels of risk than do émall prospects. Fisher
also suggests that there are many more small prdspects than large
pfospects to be discovered. Hence, small price incféases‘should

greatly increase the number of small prospects deemed worth drilling.

He has further argued that operators prefer to drill the smaller but

less risky prospects as prices increase. Under such conditions an

increase in price may actually decrease the average size of prospects which
are drilled.10 Even though higher oil_pfices would be expected to result
in more drilling activity in the short-run, the average'discovéry size ié
likely to decrease over timé'because the finite stock of 0oil and gas is
d.eplete'd':-ll

The search for 011 and gas is carrled out jointly. Because

of the1r commorni occurrence, new oil discoveries are assoc1ated with dlscoverles

of natural gas. The higher the ratio of past gas discoveries to past

oil disédveries the higher will be the probability of finding oil. The
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discovery of large gas fields may act as an incentive for the drilling
of large but potentially fisky prospects.
The equations representing the avérage size of discovery for oil -

(ADSZt) and gas (SZNGt) are:

£(ADSZ suc SZNG P, PNG,) . (16)

ADSZ, e-12 SUCpqs SENG 5s Py

and

suc

,SZNGt, £ (SZNG, PNG,) - an

t-17 t-1’

where (SUC) is'thetsuccess'ratib defined as the ratio of productive

ADSZ P

t<1° £

to total new wells drilled, and (P), (PNG) are the price of crude oil
and natural gas at the wellAhead,respectively@lzIn turn, the success.

ratio at any time period is a function of the success ratio in the

previous time period, the average size of discovery for crude petroleum

(ADSZ) in the previous period, thé average:size of discoyery of natural
gas (SZNG) in the previous period and the depth at which gxploration

is takiné place. Hence the following relatidnship is estimated in
order tovcomﬁlete the model: - |

suC, ‘= £(SUC ADSZ, 1 SING, i,

el DEP) L (;8)

'where.(DEP) is the average depth of new expiofatory wells.

Thus the structural modél to be estimated consists of eleven
behavioral equations'corresponding to equations‘(S), 1, 5), (6),
(7, (9, (10), (15), (16), (17) and (18) in this section. Finally,

three identities (1); (8) and (11) complete the model.

Statistical Resulis and their Interpretation

The estimated model consists of 11 stochastic equations and 3
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identitiesr Several of the éndbgenous variables are éimﬁltaneously
detefmined’ana both two ahd three stage least squares fSSLS)_estimation
méthods were used ; The three‘stége least squares coefficieﬁts
bresented had standard errors somewhat lower than the two stage least

squares coefficients. The resulting estimates are summarized in

Table 1, while data sources, transformations and the'variab]es'

-utilized are summarized in Table 2.

Coefficients for most parameters estimated via 3SLS were’substantailly'
larger than the respective standardierrors and signs agreed with
hypothesized resultS'thréughoutvthe model.

Expected higher pricés constitute an incentive to increase
exploratory drilling for the discoyery  of crude oil through the
expected higher profits implied. Furthermore the effect of the
success ratio in t-1 (SUCt_l) in equation @) is negative, because of
thevinventory'depletion effect, and positive in equation (3) 5ecause
of the ”incentivé—toward—1arger-prospects effeﬁthsThe success ratio
furtherméré is positively related with depth in that the deeper the
exploratory wélls ére-dug the larger the expected success ratio tends
to be. : |

The average size of ﬁatural gas discoveries (SZNG) becqmes
important in crude oil exploratory becaﬁse the two products are
jointly produced. Prior discoveries of nafural gas (SZNGt_l) indicate
possibility of findiné crude»oil.l4 Since large prospects gnd
certainty teﬁd to be inversely related,SZI\IGt__1 must be positivély
related to the success ratio in equation (4). But, because of

inventory depletion the average size of natural gas discoveries
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TARLE - 1. -~THREE STAGE LEAST SQUARES ESTIMATE OF 1S, 011, PRODUCTION MODEL, 1959-1972.

New exploratory wclls

(1) TED, = 77747.5 - 69778.8 ACN, - 2585.0 INT_ 4 0.0066 [dng Anﬁzf (P 4D, 8D, e dnﬁ siwcf (NG,

: 2
t1 * Pzt Tes p ¢ NGy *+ TNG, /9]
(3142.4)Y  (6577.0) (562.2) {0.0014)

-n.nn?la ((mszt Pog *Pen? Pe_/3) + SZNG, (PNG, | ¢ PNG, o ¢ PNGt_3/3)|
(0.00025) ’ -

Avefagc discovery size of oil

1

(€3] lnADSZt 2 -74.75 -~ 0.08]5 InAnsz,_] +. 15,30 lnSUC‘_1 - 1.45 ZnSZNﬁt -0.441 ln&t - 1.31 l"PNGt
(12.8) (0.0353) (2.41) (0.08) (0,449) (0.27)

hverage di#covery size of pas
3) lnSZNGt = -54.29 - 0,245 ZnSZNGt_

1t 10.08 (nSUCt_l - 0.0235 lnADSZt_] + 09N LnPN(‘-t + 1.7 ant
{29.93) (0.176) (5.19) ) (0.0078) (0.819) (3.84)
l Success ratio '

(4) lnSUCt = 2.48 - 0.432 lnSUCt_ - 0.0148 ZnADSZt_‘ - 0.0118 InSZNGt_

. , b 0610 lnnEP{
(0.60) (0.140) ° (n.0022) (0:0046) (0.043)
Extensions of resecrves i
. - - . - B N 3 1 il
5) Zntct = 5.82 - 0.0623 InDC, ; - 0.20 hnx‘_z + 0.83 In[1.05 (0.75 Pep t 020,400 ‘t.x“
(1.64) (0.0346) (0.035) (1.1m

Revisions of reserves
(6) RC, = 1018942.79 » 0.095 AR,
(166053.42)  (0,033)

Production out of rescrves

(7) 5, = 26796750.3 » 149191815 In[1.05 (0.5 Py + 0.3 P+ 0.2P )]+ 45.05_%R - 1222577.01 11,05 {0.35 (PRO, ; - INT, ;) » 0.2 (PRO, ¢
| (4744257.7)  (3783596.7) . {5.80)  (80744.7) 4
- INT, ) - 0.2 (PRO, , - INT, )] : . :
Imports of crude oil
(8) DnM, = -18.58 + 1.1 LaM,_ + 1.20 InS, - 0.209 2nPM, - 4.28 LiREF,
(2.88) (0.12) (0.30) (0.185) (0.65)

Addition of natural gas -liquids
(9) LnNG, = 12.74, - 0.0076 In(Py/PNGy) + 0.332 112
(0,583} (0.0590) (0.026)

Processing Gain
(10) InGA, = -36.49 - 3.03 InNG, + 6.39 InS + 105 /uT
(32.65) (2.61) (3. 6:6) (0.46)

2

Price of crude oil

LA A A s

an Pt = -5.25 - £.n000013 VNGt - 0,120 REFt_l » 0, 0000015 (1.1 (0,65 DISTRt~I + 0.35 DYST?t_z)] + 0.702 PMt
(1.07) (0.0000008). £0.028) (0. 00000008} ) (0.102)

(12) th = I\DSZt x TEDt

(13) TR = R,y # D0+ B+ REy
(14) PISTR = S, ¢ M+ NG ¢ GA,**

¢ (standard errors in parentheses) . ,
s¢ This identity serves as a tink of this madel with the domands and supplies of refined products.
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TABLE 2,--LIST OF VARIABLES AND DATA SOURCES

TED

suC

ADSZ
SZNG

DC
EC
TR
DEP
EX

ACW

PM

REF

DISTR

RC

it

"

number qf new exploratory wells drilled (total productive and

dry holes drilled ecach year). ,Source: [3]

success ratio (rétio of productive to total newbwells drilled),
average size of new oil'disconeries (ratid of new discoveries -
to total productive and dfy holes).

average size of new natural gas discbveriés (ratio of new din—
coveries to total productive and dry holes) [3],

new 0il discoveries, measured in 42-g4116n barrels [41.
extensions of oil reserves, in 42-gallion barrels [4].

total réserven, beginning ofIYear (in 42-gallion barrels) [4].
average depth of new exploratry wells (in feet) [3].
expenditures for exploration and drilling {in dollars) [3].
averagé cost per explorétory well drilled (in dollars) [3].
crude petroleum reserves (pfoved reserves at the end of year),
measured in 42-gallon bnrrels [4].

pricé of natural gas liquids at the well head (doliars pér
barrel) [26]. |

price of_crud¢ 0il at the nell head (dnllafs per barrel) [26]fA
production of crude 0il (thousands of Aé—galion banrelsj £3] .
profit rate on equity of petroléum industry [10] . '

interest rate (price of comnercialbpaper 4 to 6 months) [8].
imports of crude petroleum (S.I.T.C.: 331.01). Figures conver-
ted to thousands of 42—ga110n barrels from mctfic tons [25].
import unit price. Inporf value (f.o.b.) reported in {25].
refining capacity utilization. Refining éapacity found in [3].
natural gas liquids added (thousands of 42-gallon barrels) [31.
processing gain (thousands of '42-gallon barrels) [3].
linear time trend. |

sum of domestically supplied refined products, nct of imports

exports and change in petroleun stocks (42-gallon barrels) [26].

revisions of established rescrves (42-gallon barrels) [4].
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decreases over time as does ‘the average size of crude oil discoveries.

Extensions of crude o0il reserves (EC) respond positively to

. increased expected prices which make secondary recovery methods more

profitable, especially if recent additions to reserves (DC) are

relatively small. Production out of reserves (S) also responds

positively to expected prices, the amount of proven reserves -and the

relative profitability of the petroleum industry. The inclusion of

.current price levels rather than expected prices in an alternative

formulation ofithe model [19] did not yield'signifiéant results.
The implication of both the theoretical framework and the empirical

results is that the prevailing price during each time period may or

may not be positively related to'production out of reserves. Production

out of reServes‘increases‘hainly in résponse to a sustained‘rise in
prices.

Imports of'crﬁde petroleum are as eipecfed inelastic with respect
to the import price (the élasticify is 0.21) partly because of the

quota system existing over the'sample period. The price of crude

Aresponds not only to the expected demand for refined products but also

to the capacity utilization .in refining.

Model VaZidatioﬁ and Prediction

. An extensive number of validation measures were calculated to
evaluate theb efficacy of the model as a predictive device within the
sample period. Values for key validation measures are pré$ented in

Table 3. The comparativély low Root Mean Square Errors for all
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equafions sUggest that the model could reproduce sémple data with a
high degree of accuracy. Both the original Theil coefficient [23] and
the New Theil coefficient were calculated [24 p.‘28] with similar
résults (See.Table 3, Theil Coefficient No. 1 and No. 2 respectively).
The Theil coefficients were near zero for éli equations further sub-

stantiating the efficacy of the model within the sample period..

" Regression coefficients of actual on predicted values were also near one.

The correlationsbetween actual and predicted values were high for all
equations except equations (3) and (6) of the model.

To further evaluate the accuracy of the econometric model for
policy purposes, predictions for three important variables generated.
by the model (doméstic production out of reserves, the price of crude
oii at the wellhead and crude o0il prqveﬁ reserves) were simulated using
data not only from within (1959—197?)‘but also beyond the sampie period
(1973-1976) . Even though the data'for the period 1973-1976 was not
used in the derivatidn of coefficients ih the model, the simulated
results_reveal that ﬁhe.model will prédict for years beyond the V
sample period with a high degree of accuracy (Table 45.15 ‘Fbr most
equations the model predicts a high proportion of the turning pdints

over the period 1959-1976.

Summary

We have developed an econometric model which examines the
responsiveness of petroleum exploration to economic incentives.

The model consisted of 11 stochastic equations and 3 identities.



)

-

&«

17

The model was estimated via three stage least squares and was

validated with a variety of numberical measures. Behavior of

the model beyond the sample period appeared to be quite good.

Statistical results suggest that producers respond to expected
sustained price increases, and that. if our nation's proven reserves

of 0il are to increase, we must be willing to pay a higher price.



Table 3.--Validation of Three Stage Least Squares Mddel

«)

A

Regression

: Thiel Thiel Coefficient
_ Root Mean Coefficient Coefficient of Actual on . c
Equation No. Square Error -No. 12 , No.»2b Predicted °pa
(1) New éxploratory wells 3366 wells/year .0963 .';0965 .937 .94
(2) Average discovery size 1253 barrels/ .0830  .0831 .988 .97
of oil : well drilled/ :
year
(3) Average discovery size 1.704 trillion - :
of gas cu ft/yr .0753 - .0755 - .962 .34
(4) Success ratio 10.11 percent/yr. .0021  .0019 K .939 .94
(5) Extension of reserves 1155 barrels/yr.: .0105 .0105 | .950 .92
(6) Revisions of reserves 1312 barrels/yr. .0193 . .0193 .838 .62
(7) Production out of , ' ’
reserves 85,700,000 barrels/yr. .0282 .0283 1.010 97
(8) Importé of crude oil - 1068 barrels/yr. -0051 .0051. - 991 .95
(9) Addition of natural 1066 barrels/yr. - .0048 .0048 . .967 .97
gas liquids ’ s , :
(10) Processing gain -1892 barfels/yr. .0572 .0572 1.006 .88
(11) Price of crude oil - 1.015 dollars/yr. .0052 .0052 - 1.000 .98
c
a ' = ZI(P. - P) (A. - A)
\Zz(p, - A,)? n i
¥n_t i i”
; le zep. - )2 Lsa, - B2
\_1 o2 %31 2 n i i
=X P.7 +y=IL A
n 1 n 1 where

P1 = ith predicted value
Ai = ith actual value
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Table 4.--Historic Simulation and Projection of Selected Variables

Crude oil reserves Price of crude oil Domestic production
(revisions, extensions’ - at the well headb out of reserves?
and new discoveries)a - ’

Year - Actual Simulated = Actual Simulated Actual = Simulated
1959 3,666.7 3,427,7 2.90 2.99 2,574.6" 2,417.3
1960 ’ 3,365.3 ’ 0 2,340.3 2.87 2.94 : +2,574.9 2,581.5
1961 2,657.5 2,527.9 2.89 2.96  2,621.7 2,529.6
1962 2,180.9 2,320.0 2.90 2.95 - 2,676,2 - 2,641.4
1963 » 2,174.1 2,343.8 2.89 2.94 - 2,752.7 - 2,662.8
1964 , 2,664.7 - 2,434.5 2.88 2.91 - 2,786.8 2,972.6
1965 3,048.0 3,272.9 2.86 2.94 2,848.5 3,074.2
1966 2,964.0 3,162.3 - - 2.88 2.94 - 3,027.7 ¢ 3,169.6
1967 ' 2,962.1 2,951.2 2.92 - 3.00 3,215.7 - 3,179.5
1968 2,454.6 2,282.2 2.94 3.04 --3,325.0 ‘ 3,178.2-
1969 - 2,120.0 2,258.5 - 3.09 3.06 3,371.7 . 3,494,2
1970 12,688.9 10,163.9 3.18 3.17 . 3,517.4 3,387.7
1971 2,317.7 2,277.3 3.39. 3.50 . 3,453.9 . 3,417.6
1972 1,557.8 1,459.0 3.39 3.50- ‘ 3,459.0 3,447.0. .
1973c 2,145.8 2,100.2 3.89 4.19 3,360.9 3,287.7
1974c 0 1,993.5 2,000.0 6.74 - 7.03 3,202.6 . - 3,213.7
1975C . 1,318.4 1,312.3 7.56 7.87 - 3,052.0 -, 3,188.0

. 1976 3,094.2 3,121.1 8.13 9.69 2,825.2 2,832.8

aFigureé are in ten thousand barrels.
Figures are in dollars

c s .
Projections
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1 L o SR

The results presented in this study are a portion of a larger and as
yet unfinished effort to explain the behavior of the U.S. petroleum
industry that combines the exploration and production of crude oil

with the production of refined petroleum products to form a complete
system.

2 i . TS
A number of econometric studies of the domestic petroleum supply have

appeared recently.. Fisher [9] was the first to estimate supply equations
for the U.S. petroleum industry. The influence of Fisher's model is
evident in subsequent empirical studies. This model has been further
utilized and amplified with reference to crude oil supply by Erickson,

~ Millsaps and Spann {7] and Epple [6]; and with emphasis on natural gas

supply by Khazzoom [13] and MacAvoy and Pindyck {15, 16].

3For a more detailed description of the technical aspects of crude

oil production, see Epple [6, pp. 5-11].

4Items left out of the identity, such as -exports of crude petroleum,

change in stocks, etc., constitute less than one percent of the total
amount of refined products.

5This argument was first made by MacAvoy and Pindyck [15]. for natural

gas production.  The same underlying assumptions held in the case of
crude oil production. A reserve-production ratio of about 8:1 is
usually maintained by o0il producers [20]. Hence, an increase of
approximately eight million barrels of recoverable reserves is usually
needed to maintain a one million barrel increase in production. But,
since present technology recovers only about 40 percent of total

proven reserves, a discovery of 20 million barrels of oil would actually
be needed to increase production by one million barrels.

6The planning horizon coincides with the depletion of the resource. The
equilibrium path that the price of a nonrenewable resource should
follow to the point of exhaustion is such that net price is increasing
exponentially at a rate corresponding to the interest rate, unless
technicalogical progress affects production {6, 12, 18, 22].

7See Adelman [1, 2].

8This formulation is appropriate for a decreasing reserve-production
ratio. MacAvoy and Pindyck provide evidence concerning the exponential
nature of the function [15, 16].
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The form of the distributed lag utilized is the following [11]:

EP = ; ,
£ T B I Pry Wy Peg Ny Pyl 3] * =
wheref- . :
Wy = Bi/xjsj' and I.,w, =.1.  Furthermore, ut is a random
variable. '

For the derivation of the above expressions see MacAvoy and Pindyck
[16, pp. 67-71 and 132-133].

This conclusion has been supported by Ericksoh, Millsaps and Spann [7].

12 . ; | ' ' .
See Erickson, Millsaps and Spann [7] and MacAvoy and Pindyck [16] on

13

the derivation of the joint supplies of oil and natural gas.

This point'comes mbre clearly across in this study, becéUsevof the
district-distinguishing effects, involved in Fisher's study [9], as
Fisher argues the effect of inventory depletion is to reduce the number

“of small prospects that would othérwise be drilled so that the average

discovery size increases. A rise in SUCt-l is accompanied by a fall
in‘SUCt._' '

4Prev1dus studies have obtained negative coefficients for this same

variables because natural gas became a valuable by product only after
mid-fifties. :

The dlscrepancy between the actual and the predlcted price of crude o0il
at the wellhead is due to the regulations imposed by the Federal
Government in 1975 which fixed the price of. ''old" o0il to a "ceiling"

price of $5.25 dollars per barrel. '01d" Qil-constituted about two
thirds of the 1975 production and refers to the output produced in
excess of output in the same month of 1972. '"New'" o0il and oil from

‘wells that produce léss than ten barrels per day are not subject to

price regulations.

The actual average price of crude has been increasing as the industry

" adjusted its production to take advantage of the new regulations.

But, the simulated equilibrium price has been increasing at a faster
rate primarily due to its relationship with the average import price.
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