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Abstract

The geologic characteristics of an oil field, most importantly its depth
and surface area, have significant impacts on the average const of
extracting petroleum. These characteristics of petroleum habitat constitute
a measure of "deposit quality," as ore grade does in the production of metals.
This measure can be used to separately evalute the effects on cost, over
time, of changing deposit quality and technological advance.

A sample of 156 U.S. fields, with average estimated ultimate recovery
of 50 willion barrels, was analyzed to guantify the cross-sectional
differences 1in average production cost on the basis of depth, area,
productive capacity, reservoir litholog¥y and reservoir drive wmechanism.
Changes each year between 1942 and 1972 in the quality of new discoveries
was computed on the basis of depth, surface area and productive capacity.
Increasing average depth and decreasing productive capacity during the
period would have produced annual increases in average cost of 2.4%, in the
absence of technological change.

Using the Year of field discovery to measure the variation in cost
attributable to technological change, the negative influence on cost arisng
from this factor exceeded the increase from declining deposit quality to
produce a net decline in average cost of O0.74%/year. Statistical
insignificance and inconsistency of the parameter estiaemte on technological
change late in the time series indicated that the magnitude and direction of
the net change in average cost may have been changing in the late 1960s,
Increases in the prices of inputs, particularly capitaly, may have been
responsible, along with the transition of the U.S. resource base from one of
increasing to decreasing produciton.

v



Integration of field characteristics into modified Cobb-Douglas and
engineering cost/production functions demonstrated the vlaue of these
parameters in analysis of the variation in the average cost of extracting
crude oil. The additional information produced by this approach enhances the
usefuiness of average cost as a indicator of scarcity of wmineral resources.
The research also showed that in the case of petroleum, decreases in deposit
quality were not associated with increases in the physical quantity of

mineral resources in place,



Chapter 1

Introduction

The cobjective of this research is to invecstigate the relationshie
between the natural habitat of petroleum occurrences and the average cost of
extracting petroleum from thew. To accomplich thizy estimable cost functions
for o©i1 fields will be developed that formally introduce geclogic and
engineering characteristice of the fields as arguments, with the standing of
labor and capital. There are two purposes for uzing thiz method. The first is
to pursue a different avenue for empirical study of mineral extraction coste.
Invesztigators have identified problems with the use of unit extraction coct ag
an indicator of economic scarcityy this approach may circumvent some of them.
The cecond iz to assess the value of employing physical relationz and
variables in wodeling economic processes. If theze factore play a significant
vole, rezource supply models which omit thew may be rmsspeciﬁecj and their
rezults biased,

Crude oil was chosen for its economic importance and because there has
been no comprehensive effort to analyze the implications of changing derocsit
quality for cost and supply. Valuable contributionz have been wade
demonstrating relaticnzhipe between ore grade and the efficiency of producing
1rneta15.1 Unfortunately, a broadly based univariate indicator for deposit

quality, like ore grade, does not exist for petroleum. A multivariate measure

1. The general implications for declining ore grade on the preduction
efficiency of energy and other purchased inputs has been made by Brian J,
Si-inner, "Second Irocn Age Ahead?," American Scientist, vel. 64 (1979) pp.
258-269 and by Earl Cool, "Limits to Exploitation of Nonrenewable Resources”
in Herman E. Daly, ed., Economicsy Ecology, Ethics, Escays Toward A Steady
State Economy (San Francisco! W.H. Freewman, 1980), pp. 8Z-99. Skinner
reexamined the value of grade as a deposit quality indicator and added ore
mineralogy in "The Frequency of Mineral Deposits," Alex, L. du Toit Memorial
Lecture No, 16, (The Gecological Society of South Africa, 1379)




of quality will be develaped and dts behavior studied., The popuiation from
which sawples will be drawn consiste of WS, fieldz with at lsast 10 wilhen
barrels of recoverable aoil, The fields of thiz zize contain over 90% of the
nation's ol resérvez.‘:'
The Cost of Extraction

Studving the costs of mineral extraction hasz an dntrinsic and
instrumental value, A= in the study of any industry, developing a formal model
of the production process that will support testing hyrpotheses about economic
activity requires 3 concise underztanding and explanation, The foundation of
azsumptions on which it ie based muszt both allow the wodel to worl and be
defenzibly arcunded in reality, The content of the vahdsted a=zsumptions and
the results of hypothesis tests add to what iz known about the behavior of
producers in the industry.

Though substantial rezources have gone to study energy, particularly
patrolewsm, most of the attention has been directed to the demand =idey, o0 on
the supply zide, to problems of market structure znd processes downsztreaim

frowm crude production. The economics of crude @il production at the field and

bazin level i sparsely recearched, There are very few studies of either

production cost variation cver time or cross-zectionally by producing unite.”

2. Richard Hehvingy, The Discovery of Significant 01l and Gas Figlds n
the United Statez, (Santa Monica, CA! Pand Corporation, 19874 £ vi.

3. Two fmportant studies have been wmade relating the zost of producing
crude to a single field characteristic, Franklin M. Fisher, Supply and Coste in
the U.S, Petroleumn Industry: Two Econometric Studies (Baltimore: Johns
Hoplins Univerzity Presz for Rescurces for the Future, 1364) examined the
relationship for cost and reservoir depth. J.4. Arps and T.G. Roberts,
"Econcmics of Drilling for Cretacecus 041 on East Flank of Denver-Juleshurg
Basin,” Bulletin of the American Azscciation of Fetroleum Geologists, vol. 42,
no. 11 (1959), pp. 2549-2506 measured economies of scale in producing from
fields of differenmt cizes. In addition, there have been three studiez besidez
Arpe and Roberts that have examined production costs at the basin Tevel in




3
Production and cost data on petroleum production at low levels of aggregation
are difficg’lt to gei, particularly for the U.S. This ic the most lil:ely cause for
such a small body of research on eccnomic aspects of U.S. crude ~o0il
production.4
Because petroleum ic a depletable rescurces analysis of extraction
costs, particularly their variation over time, hac special instrumental value
ac an indicator of economic scarcity. In one of the first empirical studies of
resource scarcits'/ and ite implications, Barnett and Morce, uced changes over
time in the unit cost of extraction as an "imperfect but reasonably
acceptable” indicator.S They reaconed that as a resource became increasingly
scarce, sources of lower quality would be brought into production, raicing the
amcunt of labor and capital required to produce a single unit of the product.
Her findahl concurred with this view, adding that increacing d'iffi.r:mty (e
cost) of depczit discovery would compound the influence of declining deposit

quality to raice unit cost as depletion occ:urred.E

the U. S. These are U. S. Geological Survey, "Future Supply of Oil and Gac
from the Permian Basin of West Texat and Southeacstern New Me:ico," U.S.
Geological Survey Circular 828 (1980); E.D. Attanasi and J.L. Haynes, "Future
Supply of 011 and Gas from the Gulf of Mexico,” U.S. Geclogical Survey
Professional Paper 1294 (1983) and D.A. Murry and A.B.Davies, "Estimate of
the Cost of Petroleum Producticn from the Anadarko, Hugoton-Fanhandle and
Fric Bacsin," presented at the SPE-AIME Eighth Hydrocarbon Economice and
Evaluation Symposium, 1979,

4. Paul G, Bradley, The Econcomice cof Crude Petroleum Production,
(Amsterdam: North-Holland Publishing Company, 1967) used the Middle East,
Africa and Venezuela for his analysie of cost. M.A, Adelman and Geoffrey L.
Ward, "Worldwide Production Coste for 0Oil and Gas" in John R, Moroney, ed.;
Advances in The Econowice of Energy and Resources, A Fesearch Annual, vol,
2, (Greenwichy, CN: JAI Fress Inc., 1980) pp. 1-29, applied Fisher's
methodology plue several other factors to make comparisons between several
areac of the world, but each region was treated at a very high level of
aggregation.

5, Harold J. Barnett and Chandler Morese, Scarcity and Growth, The
Economice of Natural Resource Availability, (Baltimore: Jochne Hopking
University Prese for Resources for the Future, 1963), pp. 7-6.
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OF the three classes of indizators of economic scarcity! unit extraction

costy market price, and economic rent to the resource, the first has received
the greatesst attention. Several Timitationz of thiz dnstrument have been
dezcribed, raising guestions about itz value az a scarcity indicator. In
articies by Brown and Field and by A.C, Fisher, four problems were identified:7

1. Costz are difficult to measzure, both with reszpect to
determining the cost to the firm and environmental externalities.

Z. There may not be a =table functional relationship betweaen
e<traction cost and the degree of physical scarcity of a rezource,
g0 impending exbaustion way not be =ignalled,

3. It e difficult to isclate the cost reducing impact of
technological advances from the increases in cost attributable to
falling depcsit quality, If thess influences are not separately
identified, the changs in cost cver time and itz effect on the
ecanomy may be wmismeasured.

4, Unit extraction cost iz not 3 leading ndizator and doez not

reflect expectationzs on either future availability or e:straction

Only the lzst point dnvolves a theoretical praoblewm. The first three
cbeservations apply to empirical difficulties which require special

conziderstion in designing analyszizs. Avoidance or witigation of theze prablews

6. Oriz C. Herfindahly Copper Costs and Prices: 1873-1957, (Baltimore!
Johns Hopline University Press for Resources for the Future, 1959, p. 1.

7. Gardrner ™M, Brown and Barry Field, "The Adequacy of Measurez for
Signalling the Scarcity of Natural Resources,” pp. 218-248 and Anthony C.
Fishery "Measures of Natural Fesource Scarcity,” pp. 249-275 in V. Herry
Smithy, ed., Scarcity and Growth Keconsidered, (Ealtiwmore: Johns Hoplins
University Frezs for Resources for the Future, 1979),




&
n any particular study will enhance the informationsl content of unit
extraction cost as an indicator of ecarcity. In examining the strengths and
weakneszes of unit costy A, C, Fizsher concluded that the "wmoral s, I think, not

that we should abandon cost estimation, simply that we must recognize that it

e
3

¢

may not be a straightforward procedure.”
Point no. 1 9z correct, It iz Jifficult to obtain reliable cost dats

ke resty in the zzze of oil, was buried

it
-
(o8
r+

because wuch of it i proprietary

in government records in a large number of states, Fortunately, the surage in

lesd to the collection and centrabzabon of vast guantities of raw data on
UZ, petroleam rescurces. Thiz haz enabled research that waz dnpozzible

before the Jate 1970z,

Though thers has beer an increase in research on the environmenta)
impacts of oil production, there ie no integrated dats bzze that would allow
azzignment of environmental costs at the field level, Therefore, they cannot
be congiderad in this analysis. Thiz is a clear Twitation to the study because

full azzezzment of the future cost and supply of mineral rescurces must

wternalities, Howevery for crude oil praduction, the divergence

It

2NI0mMP3Ss

FrEy

betweer =ocial) and private casts way not be as great as with wany ot
mineralz. Though there can be enviranmental dawage from drilhing and surface
sperations, intuitively, theoze cosztz per dollar of product would zeem far
cwaller thanm in open pit or even the subsurface wining techniques. Analysis of

internal costz to the firm, however, does provide 3 minimuw to which external

aets could be added without revision of the prezent findinges.

a, A.C. Fizher, "Meazures of Natural Fezource Scarcity,” p. 258,
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Foint no, 2 zddrezzez the relationship between phyzical and econowmic

scarcity. Thiz iz an important consideration, but Yike the first, may not be as

serious a problew with petroleum as with other minerals for two ressonz. First

p=1~

iz that in the case of oil, the deposit is dizcrete in the ezrth's crust, Metal

arez are the high concentration accurrences of atowms that sre abundant

throughout the crust., Geologiz proceszez have enriched =ome zreas and

depleted others, but for wost sconomically dwmportant wineralz, in the Tmit,
aven common rock 2 a paotential source if wining and benefication become

cheaap encugh.

m

b9z 1z not the czze with fozsil fuels because their direct =zouvces ar

i

not the sbundant store of inorganic atows of the Jithosphere, Instead they ar

iUl

remnants of a2 relatively small wass of bBielogic organiswms deposited over
ralatively short segment of geologic history, Thiz organic matter zccumulated

ot digsperzed at a bachkground

s }

n only very specific environmentz and is
concentration (Clarke! throughout the crust, There iz no resl "wineralogical
threshold" for oily which if crozsed will vield phyzical abundances that dward
. . g . . .
orzgesable aconowic demandzs.” Technology and price will alter the types of

can be prafitably produced, but no possibility ecistz of grinding

—
—
T
ol
Ly
(]
-
-
[VE)
—+

common rock for aily zo the physical resource iz better defined.

9, The concept of & "wineralogical threshaold" was propozed by Skinner an
"Sesond Iron Age Cowing?' and espanded n "The Freguency of Minerzl
Deposite.” He suagested that for wmetals in the crust (except thosze with
average concentrations over 0.1%0 aluminuw, ron, wmagneszium and titanium,
and certain ones bhetwesen 0,01% and 0.1% barium, manganese, vanadivm and
zirconium), that the distribution of total gquantity with respect to grade 1=
bimodal. For the swall percent of the total quantity distributed arcund the
higher wmode, the metals occur as their own discrete wminerale. Theze are the
rescurces we mine. The lower grade mode, around which the vast bulk of total
quantity s distributedy, iz at a concentration near the average crustal
abundance. In thiz case, the atomz are randomly distributed within the crystal
lattices of common rocks (zilicates), In the latter article, Skinner
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The second reason is that for oil deposits, the contact between where
the oil is and is not in a body of rock is fairly distinct. The total physical
resource at the field level (original oil in place, OIF) is often known with high
certainty within the first few years of production, As the degree of physical
gcarcity can be directly measured, it will be possible to empirically determine
the relationship between extraction cost and the quantity of remaining
physical rescurce, Historically, only 25% to 30% of OIP is produced before a
field ie shut down. It seems, then, that rising costz substantially anticipate
physical exhaustion of oil fields. O1l ie unlike the case of the fishery where
improvement in catching technique drives unit cost down to a threshold where
the level of production extinguishes the school and marginal cost abruptly
turns to infinity.

Point no. 3 posits a need to precisely decompose variations in unit cost
into reductionz due to technology and increases arising from the decline in
deposit quality. The necessity of such a division is not clear. The stylized
effect of technological advance on production i an increase in the efficiency
of one or a combination of purchased inputs, Considering the depcsit itself as
an input, it is the combination of depcsit and purchased inputs that gives rise
to the production of a warlketed wineral. If the warginal product of the

purchaced inputs is raised bY improving technology, it would be possible,

demonstrated that this difference in mineralogical settings implies that
though physical quantities increase (discontinuously) with declining grade, the
potential increase in availability can be superceded by the increase in the
energy required for wining and concentration of the wmetal atoms from
silicates, With free, or nearly free energy (ceteris paribus)y the "mineralogical
threshold" could conceivably be crossed and access gained to the valuable
atoms dispersed in common rocl. This remote technological rescue does not,
however, exist for hydrocarbons. The large, complex hydrocarbon molecules do
not substitute into silicate structures the way the single atoms of wany

metals can.




o

{ceteriz paribuz)y to substitute deposits of lower marging) product without

raising the quantity of purchased dnputs vequired per unit of output. As the

their quatity (marginz2l product? dis

r

distribution of depasitz with respect t
given n nature and the gerneral trend iz to deplete the highest guaiity
depozits first, ther the coursze of unit extraction cost over bime reflects the

of the oppozing fovces, It i the net effect, not the magnitude of

=
llI'
T

b,

—+,

he componerts, that 9z dmportant to the economy at large. Tt 95 "rezource

=

tincreasing extraction

ITI
i

It}

dr=g" on growth or the sacrifice of other gaalzs to

Yy
W
i
g
P
o
o
i od
a
fh

requirementz that i the concern, If umit cost dropped

production rose {3 negative stock effect)y then changez an the nature of

depositz over time become an almost purely academic interast,
However, ewhedded in the separate positive and negative effects may be

information which would iwprove forecasting the future path of estraction

costs, In the czse of WS, petvroleum, there i= a high level of bnowledas about

&, Thiz, and the

Il

the gquality of depositz that contain the remaining reszour
variety of fields alresdy under production can provide a bvozd foundstion for

Fredizting the imzact of further depletion on depozit quality, cost and supply.

Thiz aspect of the present study alsc addresze:z pownt noo 4y thzt costoas

o

generally a contemparaneocus or even lagging indicator of scaroity,

Most of the o1 that will ultimately be produced haz, or will come from

fields that have already been diCa:-:n,/ered.m Conzequentlyy, the gquzlitative

well Lnown in many

m

characterizstics of the total petroleumw resource bacse ar

rezpacts, Our future production, therefore, will be mzinly on the intensive

10, G.L. Doltony, et aly "Estimate of l_lndicccmere-j Fecaverahle
Cunventwna? F.’es:un:»:: of 011 and Gas in the United States," U.S. Geological
Survey Circular 8RO, (132710,
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margin. Bezauze thiz sel of fieldz iz finitey the rates of change in the aspect
of average deposit quality, (e.g., depth of productiony size of field, field
Tithology) are Jargely determinznt functionz of cumulative production. The set

of fields will be enlarged by new dizcoveries, bat even zome of their gualities

P P N [y c ; ¢ . ¢
are known by eWwination.  If the cost impzctz of these changes (het of
tectmologiczl advance! can be determined now, general trends in future

extraction costs may be eazier to define,

verntual chargesz in

e

Estimzation of the econcmic consequences of

average field depihy =zize and other characteristics can be wade now becauze

of the diverzity of fizlds from which production has been drawn, Though the

averzge depth of produ-tion has increaszed over time, there has usually been a

T

it

1o

significant share of production from reservoirs that are twice as desp z:2 th

i

.
i

average. Consequently, in estiwating the impact of increasing sverage dept

teldz can contribute

~t

on costy analysis of costs from the established desp

substantially, Likewize, evaluation of the impact of the declining =ize of new

of swmall fields that were produced "early” because they were perhaps shallow,

"

or cloze to transportation Vines.

11. For example, the chances of finding a field the size of Frudhoe Bay
(2 Bi1licn bbbl estimatad ultimate recovery, EUR) in Texaz or Lowisiana 1s
almo=t nil given the number of acres such a field occupies and the spatia)l
density of drilling in those two statesz. For analysie of the dmpact of
cumulative dizcoverizs on the characteristics of undiscoavered resources, see
H, William Menard, "Toward a Fational Strategy for 011 Exploration,” Scientific
Americany vel. 244, na, 1 (January, 1921) pp. 95-6% and L.J. Drew, E.D,
Attanasi and D.R. Foot, "The Importance of Physical Parameters in Fetroleumw
Supply Mcdels," in Mineral Folicies in Transition, ed., John H. DeYouna, Jr.,
Proceedings of the Mineral Economics Symposiums November 2-9, 1977,
Washington, D.C. (AIMMPE: 1372,
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r+

If it 15 zossible to develop cost dmpact wmultiplies for 3 unit change in
deposit quality, thern if thoze changes themselves are dependent or the rate

of production. it is pozzible to derive a3t lesst a3 lower bound for unit cost as

a functior of cumulative production, This does not overcome the theoretics]

problem that the determinants of unit cost do ot include a forward Jooking

1
3¢l

companant, Mowever, i practical terms, it s felt that a contribution to

undersztanding future estraction costz and econowic =carcity can be wmads

approzch to studving axtraction coste overcomes or compensates for iis
weaknezses 533 a3 zcarcity indicator witl be azzessed in the corncluszion of the

Engineering Froducticn Functions

Thare iz no theoretica? rezazon why the techmical factors and relations

analysss of them, Ususlly, inpuls are aggre

all technical parameters constant, HoMiz Chenery, ir introducing the concept
of engineering production functions in 1942 suggested that "beozuze of thiz
inabitity to use enginesring data az a basiz for economic reasoning a great

stz between the theoretical aralysizs of problems of production

and the empirical studizs which have been made." ~ Analysiz in this tradition

T

has wade two contributions which will be exploited in thiz study, First 1z that
it iz the phyz zal and chemical laws governing the production procezz that

generate the detailed specifications of the firm's demand for purchased

12. Halli= Chenery, "Engineering Froduction Functions,”" Quartecly
Journal of Econcmics, vel, £3y no, 4 (November, 19491, . S07.
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inpute, particulariy captial. Chenery gyeed the exanple of steaw generatiorn (3

L

proacess covwmon to many indostriesz the relationzhiz hetween the
2
technical and ecorowic aptimization procezzes,

In the process of steam 3
ie a function of ths r= = Y

the dimensions of the boiler. These in turn deterwvine the pressurs
in the baoiler, t t

amount of stee

=+
. T
ig
in

Tranzlating thess princ'plez into funztional fovmes, he offered the
followinzs velztionships!

(1.7} R T AV IRV (1= V4,000
AR EETTTA N

1.2 F. = p}.!.\,.", ,...-,\./ﬂ>

Li_f'-th& quantity of the phvsiza’l inputz. In the 2uzaopls above, sne of the
inputs could be steet; 9n tonz,
PEthe unit price of u,
V.=the zngiresring charsctzristics of U Ir the e zample sbova, tensile
strangth, thicknezs. thermal properties, 2tc,

than where @ iz the produst fe.g., ks, of steawm/hour) the generatized economs

prur_‘h_ o functicn would bel

(1,

oy —

¥ AE gy )
Substituting Eg. 1.1 into Egq. 1.2 yields the enginzering production
functiony with product az 2 function of the characteriztics of the physics

processes;

13, ibidy po 5175173,



ozt function becomes:

r
T
18]
=
x|
arl
1
g
H(
-
p}
w3
i

Orn the baziz of 1.4 and 1.6y it 95 possible to conduct standard ecorowmic

procesz nts tiwn distinet phas

z of the procezs

zvart to the process and sre hiznce giver to the
e P T S S - e R - - - -
combiration of purchzzed inpets needed o meet

requireaments deterwines n the first siage zre chozen in proportions that

mintmize cost,

production and cost functions n stan

A
. - -~ N2 - - - . e E — .
Marzdeny, &t =7, in 1272 They have demonstrated that it 9 pozzible to baze

y=iz of industrial process on azsampiion: bazed on the technics]
rejationzhips involvec rather than the economic envircnment, Writing in 1275,

4 . . , : 13
Marzdan, &t aly, described thiz philoscophy underlying thiz approach:

14, Jdame=z Marzden, Da\mj Fingry ard Andrew Whinzton, "Froduction
Function Theory arnd & sl Design of Waste Treatwent Facihitizs,”
-7
f

Apphied Economics, vat 4 (]

Janes 4ar~da~n, D. Pingry and A, Whington, "Engineering Foundations
of F'r'c-dur:o.'u. Functions,” Journal of Economic Theory, val, 9 (1374, g, 127,




What we wish tc do iz bresk from tandard: approzch and,

Vigwing th»'a production function aszs 3 techknizcal relationshie
representing the 'waximzal output achisvable from a given =&t of
inputsy’ proffer an alternative derivation wethod based on the

The primatives ar
ta the enginesring

generz] reaction principles of many processes,
this shifted from the economic properties

l'[l

1)

relationships used., The validity of the fina?l production functionzal

forw restz on the accuracy of the engineering relationshipsz uzed
rather than on the precizensss of the econowmic properiies
zsumed,

daopted, the =nginesring variablezs were
i YESEUre, volume in the case of steaw)y 3s

waz the generzl functionzl form of Eaq. 1.1, The situstion s somewhat
differant in the prezent study, but the processzesz are zusceptable to the same
tvpe of anziyziz. Mot al? of the variablez and functicnal form of the
engineering relationshipe are hnown, Moreover, it iz beleved that Egs, 1.1 and
1.6 change asz functions of both twne and cumu’ative production, Here, the

wpley on the capital reguiremenrt 1z to

be determined, Howsver, the derivatiies 91.' a3 h_“ from 2920 1.4 and ] =
viewsd a3z “mpact mueltipliers, giving the margina? effect on product or Cost
a unit changs in 2n enginesring characteristic ~- whether Vs 1z =team Fressure
or reservolr depth,

Berause the precize formes of the constraints posed by physzics? znd
chemica? laws are not known in this caze, the approach developed by Chanery,

Sttt and Marzdan, et aly, will be modifised, The eguationz of Chenary will be

m

vewritien such that product, ¥y i specified not just voRr alternatively U

but = combinztion of bothe

.7

o= 30V,

il
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where,
V = (n = 1 vector of Va engineering and geologic
characteristics of 3 field,
U=1(mx1)vector of Uy rpurchased inputs for the field.
Therefore, Eq. 1.6 can be rewritten as,
(1.8) C = k(V,)

The changss in Egs. 1.7 and 1.8 over cumulative production from a field
or basin and over time will ke ewmpirically examined. Any systematic variation
of the production and cost functions arising from depletion or time will
contribute to their value in signalling scarcity., As mentioned on page 9, it is
felt both that changes in the values of the elements of V are largely
determinant functionz of depletion and that sufficient data exists to
deterwinz (at least bound) their future paths, The time path of cost can then
be found by estimating Eq. 1.7 or 1.8 and substituting values of V (deterwmined
by depletion) and solving for either production at a level of costy, or vice
versa, Both will describe a supply function,

If E3. 1.7 and 1.8 do fully specify the production of crude oil (or ancther
mineral)y then it ic at least possible that economic modele of production baszed
on the standard form of

(1.9 *o= mlU)
are misspecified and their results would be inefficient, and perhaps rositively
or negatively t-w'ased.]E' In their comparison of geclogic and economic models of

the petroleum discovery process, Drew, Attanasi and Root concluded that the

16. Jan kmenta, Elewments of Econometrics, (New Yorlk: MacMillan
Publishing Co. Inc.y 1971), pp. 392-395.




inciugion of physical variables was important to correctly estimate the
quantities discovered per umit of exploratory effort in a basm.}
Additionally, they c=aid that changing characteristice (V) of the newly
discovered fieldzs (they wmentioned size) would influence both cost of
production and ultimate recovery., These relationshipe might not be captured
by wmodels cwitting physical parameters., This empirical proposition can be
addressed if it i= found that V is a relevant variable in Egs. 1.7 and 1.8, and
therefore the source of pozsible inefficiency and bias where it s omitted.
Plan of Research

The body of this dizsertation includes full specification of the functions
which are generally expressed by Eqs, 1.7 and 1.8, description of the data and
statistical methods used to estimate the relationshipsy, presentation and
dizcussion of results. Specifically, the remaining charters will be arganized
a= follows,

In Chapter Z, the cost functions to be used in the study will be derijved.
Thiz will include explanation of the postulated relationshipe between
purchased inputs, and the objectivez of producers. The engineering and
geologic characteristics of the fi=lds thought appropriate for inclusion in V
will be described along with a_priori expectations on theiwr role in production,

Iin Chapter 3, the determination of cost will be explained. The data on
costy production and the ge=clogic and engineering variables will alzo be
reviewed, Limitations on the ctudy impoced by the availability of data or

required manipulations will ke Tisted.

17. Drew, Attanasi and Reot, op cit,



Ir Chapter 4y the technigues for determiring the elements of V,
estimation of the cost functions, 3nd analysiz of the variztion in cast over

time are cutiined., The rezuits of estimations of field and ba=zin cost funchions

will al=o be prezented, This comsists of the partial derivatives from the

ll)

furpctions based on Ea. 1.2 =nd the statistica? significance of the estimates

In Chapter S the resuitzs are analyzad for the nformation they way

cortain about the ecoromics of cruds of) producticn, This approach o unit
cost ansl¥siz 1= alzo reviewsd with vespect to the oriticizme of its uze 33 an



Chapter 2
Elaboration of the Model

In this chapter, the functional forw of the cost functions are developed,
inciuding the elements of veétors U and V from Eas 1.7 and 1.8, In order to
produce estimable functions from those equations, two types of assumptions
are imposed. The first of these relates to the producer's objective function
and how decisions are made at the field level. The second concerns the
technical relationship among purchased inputs. These two sets of assumptions
are explained in the first two sections of the chapter. In the third section,
the engineering and geologic characteristics of the field expected to influence
cost will be introduced. For those elements of V that have already been
invectigated, the information on their influence is given, In other cases, the
choice of variables and expectations on their role in the model will be guided
by general principles of geclogy and petroleum engineering.

The Objective Function of Producers

The type of optimization usually employed in a study such as this
assumes that a price-taking fim chooses the level of output and the
combination of inputs to waximize profit. Though individual producers of oil
are undoubtedly driven by profit, thiz objective function would not be the best
to capture production from a single field. Typically, there are many producers
of a single field. Because petroleum in any field is fungible and finite, an
important externality attends the production decisions of individual firms in
the field. It is that the rate and quantity of production by one firm can
directly affect the current and future costs and production possibilities of
other firms in the field. This includes the ultimate recovery from the field by

all firms.

17



1

nm

To minimize potential physical waste of a finite resource in which there
ig a social interest and to support econowic objectives, government bodies
have regulated production decizions. Ac early as 1907, state regulation began
in Oklahoma te prevent the physical waste of oil. Other producing states

followed zuit over the next twenty vears, relying principally on the goal of

during the Depression to include market considerations. Between the 1920
and the end of Wcﬂd‘\dar 1T, the rcle of the federal government, the Interctate
011 Compact Commission and state regulators becawme pervasive in production
dec:isions.] N

The extent and raticnale of regulation varied by locality. Soladay divided

the eighteen ctates which produced 97% of domestic supply from 1948-1974

-
&

intc three groups based on the nature of regu\at‘ion.] . For the firet aroup of
statez (Texas, Louisiana, New Mexicoy, Oklahoma and Fanzac)y fizld proration
orders were set to weet projected marbet dewmand., For the second group
{Arlzanzas, California, Colorade, Mississippiy Montans, Nebraslka and Wyoming),
production waz Vimited by the the engineering concept, "masimum efficient

am

. 20
rats" (MER) of producticn.”

1€, Far economic analveis of state and federal regulation of patroleum
and natural gas producticn, see Jamez W. Mckie and Stephen L, McDonalds
"Petyoleum Conservation in Theory and Practicey Quarterly Journal of
Econcmice, vol. 76 (1962) pp. 98-1Z0 and Wallace F. Lovejoy and Paul T.
Mowan, Economic Aspects of 01l Conservation Regulation (Baltimcore: Johns
Hopline Unjversity Freze for Fesources for the Future, 19670,

19, Jobn J. Soladay, "Monepoly and Crude 041 Estraction,” American
Econowic Review, vol, 69 (Mavch, 1379 pp. 234~-2349.

20. Scladay, . 235 defines MEF as the rate "ezsentially designed to
maximize the undiccounted stream of curvent and future coil recovery from
reserves.” B.C. Craft and M.F. Hawlins, Appled Fetroleuwm Reservair
Engineering (Enzlewcad Cliffs, NJI Prentice Hall Inc., 1959), p. 197, define
MER az the rate of production "above which there will be a signmificant
reduction in the practical ultimate o1l recovery."
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For the third groug, (I1Tincis, Indiana, Ohioy, Pennsylvamia, Kentucky and
West Virginia), there was no state regulation. It should be noted that the joint
contribution of the last group to total production is very small, and that most
of the important producing states are in the first groug.

Because of the widespread arcceptance in the industry of exploiting
reservoirs as single units, even for the =mall share of production not covered
by state regulations, an annual production constraint will be assumed for
producers of all 1‘1’621civ5.21 Fegulation also covered spacing of wells, production
rates and supervision of pressure maintenance, and recovery enhancement
techniques, The joint effect of mandated and voluntary production practices
was that production goals were established, for which cost would be minimized,

This is the basis for a constrained cost minimization as the oblective
function for this study. Its expression in an equation such as 1.8 can be
developed based on a Cobb-Douglas production function. In the case of a cost
minimizing objective, the following Lagrangian would be minimized:

(2.1) J=wl + vk + 2 - vEALD)
where,

J = Lagrangian form of the objective function,

w = wage rate,

L = labor input.

cost of capital,

Y

k. = capital input.

z = Lagrangian multiplier.

21. LavejoY and Homan, p. 63.
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X = exogenoucsly determined level of production.

ﬂ. sz? ...-vmfm, the vector of phvsical field characteristics,

V= vy

a and b are constants to be determined.

This equation will be modified in the next section, so the wechanics of
optimization and derivation of estimable functions will net be performed at
this point.

For fields from which no natural gas iz produced, Eq. 2.1 captures the
relevant variables involved in the production process at the field level,
However, in most cases, gas ie pregent and 15 either praduced for sale and
may be used as an input in production to enhance either the rate or ultimate
production of oil. If production decisions were made to maximize the joint
production of oil and gas, the objective function would have to be changed.

Between 1950 and 1975, the chare of LLS, net gas production ceming from

01l wells fell from one quarter to one SEVEﬂth.Z Of the gas produced from oil

a

g

[

welle, almost one quarter was used in repressurization in 1975, down from
nearly one half in 1950, With the oil field contribution to total gas suprly so
smally it i appropriate to treat gas revenues ag incidental to oil production
strategies. However, the presence and abundance of ga=z may be an important

member of the V vector, which is examined below.

Because revenue does accrue and must be accounted for where gas is
produced and marketed from a field, 2 modification can be made in Eq. 2.1 for
this case. On the basic the role of gas in the production process, all fields

will be divided into three categories:

22. American Gas Association, Historical Statistics of the Gas Utility

Industry 1966-1975, (Arlington, VA: American Gas Association, 1975) p. 11,




[N

1. Those figlds from which the principal product iz gas, (f.e., where over
90% of the estimated ultimate hydrocarbon vecovery was natural gas), These
fields will be omitted from the study.

2, Thoze fields from which only oil 95 marketed. The wodel for these
fields 15 based on Eq. Z.1.

3. Those fields from which both gas and il are produced and marketed. In
these cz=es, the revenue from gas zales will be treated as a cubsidy to the
cost of producing il Equation 2.1 will be modified in this caze to become:

b)

2L

(2.2) (- *(F'QG)) = wh + vk + 204" - VE
whizre,
F’g = price of natural gas.
G = quantity of gaz produced,
#' = quantity of gas plus ol produced,

Because of the small importance of associated gas in oil production

1y

de.cisin:'ns over the period under study, this treatment iz more accurate than
employing an objective function for joint production. For some producers,
howevery 2 comparison must be made between the value of marginal product of
a unit of gas injected into the reservoir and the warginal revenus derived from
ite sale, which may complicate the model as it has been developsd 50 far,
Equations 2.1 and 2,2 embody the assumptions about the objective
functions of the fields' producers. Az mentioned in Chapter 1 (pp. 11 - 12}
cost minimization was the frawmeworl assumed by Marsdeny, et aly in their
development of engineering production functions., In the case of the crude
production inducstry, there ig regulatory history to support thics assumption.
This complements Marsden's empirical obeervation that production strategy

decisions at the plant level are best reprecentad by cost minimization.
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The Technical Relationship Between Laber and Capital

The form of the cobiective functicns in Egs. 2.1 and 2.2 i based on a
Cobb-Douglas production function. Since theAtechnCvkngy permits Httle or no
factor substitution, Eq. 2.7 can be simplified to one input only, capital.

The implication of this assumption i that capital and labaor are emploved
in fized proportions in the petroleum extraction processz. This does not require
that the ratic of labor to capital remain constant over time. Within any given
year, though, no possibilities of labor/capital substitution exist. This fixed
factor demand arises from the nature of drilling and producticn operations.
Because it iz unlike octher mining processes, the technology of making a 19 inch
hole in the ground inherently allows less labor/capital substitution than
digging shafts and tunnels or scooping cut the surface of the earth., Once a
drilling rig 1= fully manned, additional labor input cannot be employed as a
substitute for any of the drill pipe, bits or any other part of the integrated
capital investment in that well,

In the crvude il and gaz well drilling industry, the ratic of total wages to
capital expenditures remained around 45% between 1954 and 1972.23Dur1’ng the
same periaod, the ratio of total wages to the total value of shipments declined
from 12% 1in the 1950s to 6.7% by 1872. Thece trends suggest that, in the
absence of a strong shift in relative prices, the relationship between labor
and capital ic fairly stable over time, as well as at a given point., The small

and declining role of labor in the cost structure is also clear. Any variation

23. U.S, Department of Commerce, Bureau of the Census, 1977 Census of
the Mineral Industries, Subject, Industry and Area Statistics, (Washington,
D.C.: Government Printing Office, 1979), p. 13C-5.




in labor dewmand between fields, arising from the vector V, is hard to imagine.

If there were ready cpportunity for labor/capital substitution it would
require some change in the engineering production functicn approach. However,
24

Marsden, et al, recommended that,

« + « 0 the wore highly technical proceszes, which are
becoming more and more pravalenty where labor does not enter as

a substitutable input, the engineering forwmulation iz directly

applicable. Indeed, we argue that thiz approach is preferable

zince it provides a baziz for important direct technical analysis.

Adopting the simplification of fixed proportions, in addition to a better
approximation to reality, permits greater attertion to be focused on the
technical costs/derposit gquality relationship. Additionaly, zero elasticity of
subetitution betwsen the inputs obviatez the nesd to allocate costz between
them. Thi= provision 1= a1=0 neceszarY as there are no data that allow the
identification of differences in the Iabor dnput between fieldz, 3z there are in
the case of capital. On this basizy Eg. 2.7 will be modified as follows:

From the assumpticn of zero elasticity of substitution, labor s =
constant proportion of capitaly or L=ek. Then the production function in Eg.
2.1 becomes,

(2,23 ¥o= VR T (=kD

Ry

Simplifying,
(2.4) ¥ = yp3thh
Az there ie now only one choice variable left in the problewm, the

constraint in the objective function represented by Eg. 2.1 can be substituted

out. From Eq. 2.4y capital may be expressed as,

24, Marsden, et aly p. 137.
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(2.5) ko= (L/vely

.
[u]

where,

h={(1/a+h}

Then this expression for capital can be ewployed in a capital intensive
cost function,
(2.6) C = riisveh

Thiz expresses cost as a function of the vector of exogenous physical
characteristice of the field, (V) the exogenously set level of production, (X))
and an exogenously set cost of capital (r)y and the exogenous labor/capital
ratic (s). Taking the natural logs of both sides of Eq. 2.6y where there are two
elements in the vector Vy a Tinear, estimable cost function may be derived:

(1n(v1')) - hf (In{v_ ) - h(]n(sb))

(2,77 In(C) = Inlr) + h{(In(XN - hf 5 2

1

Which can be simplified to,

{2,8) MC) = Inlr) + K(In(x) - hf]ﬂn(v])) - hf2(1n(vz)) - hb(In(s))

Far the case of fields in which gas is produced and warketed, Eq. 2.2
would be modified to,

(2.3) m(c - (PQG)) = Infr) + h(n(xXh) =~ hf]ﬂn(v])) - hfzﬂn(vz))
- hb{Inte))

Eq 2.8y and its modification for the case of asscciated gas, represent
both the cost wminimizing objective function and the zero elasticity of
substitution production function. These form the bases for estimable
functions which will be used in this study.

Phygical Parameters in the Model
A motivating force in employing the engineering production function in

modeling economic processes is exploitation of the information available from

relevant physical and chemical laws. Here, definition of the role of those
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relationships in the production of crude oil i€ a fundamental objective. The
analysis will be conducted through determination of the elements of V and
their functional relationship to cost. There is already some information on
the elements of the V from previcus research, For cothers, however, their
choice and expectations on their role in production s based on general
principles of geclogy or recerveir engineering. In thiz section, 2 priovi
expactations on the elements of V and their functional relationship to cost
will be explained. In all instances, the relationshirs posited below are
hypotheses, the validity of which will be tested in the courze of the research.

There appear to be four principal routes through which physical factors,
V, influence the cost of production:

1. Factors which influence the cost of drilling each well.

2. Factore which determine the number of wells required to exhaust the
field.

3. Factors which influence productien coste beyond drilling.

4. Factors which influence the marginal cost of production from
secondary or tertiary recovery methaods.

Thiz research is limited principally to the influence of the elements of V
on cost, acting through the first two routes. Some of the elements of V may
affect cost through more than one route. Each of the factors expected to
impact cost will be covered according to ite principal means of influencing
cost.

DRILLING COSTS

The cost of drilling and completing production and dry wells comprises
the major portion of the cost of production at the wellhead. There are a

number of parameters which can influence the cost of drilling, the most
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important of which is depth. Though the importance of drilling in total cost
diminishes as more intensive recoveryY effarts are aprlied to a field, now and
for the forezeeahle futurey drilling cost will dominate. The following physical
factors have been associated with impacts on the cost of drilling.

Reservoir depth is unguestionably the most important variable in the

cost of drilling. Inputs to drilling can be divided intc two classes bacsed on
the influence of depth on their demand. For the first class of inputs, demand
rigses Tinearly with depth. This includes cacsingy, drill pipe, drilling wud and
other items consumed roughly on a per foot basis. For the second class of
inputs, demand rizes exponentially with depth. This includes energy, rig time
and perhape drill bits., The demand for inputs of the second class overwhelms
those of the first to yield a long chserved exponential relationship between
the cost and depth of a well.

There are several reasone for the rate of escalation of costs with
depth:

1, The‘rocl-:: at the surface is uzually far lesz indurated then
vrock of the same lithology at greater depth. The harder the rocl,
the more time, materials and energy it takes to penetrate 1t,

2. Because the temperature and pressure in roclk bodies
increase with depthy, special equipment is often required for
drilling and completing wells in a high pressure/temperature
envirgnments., These conditions can cause drilling to slow, an
increase in down-time or both,

3. The capacity of a drilling rig is measured by the depth it

can drill. These capacities do not change in a continuous fashion,



but in a cstep function. The same appliez to many of the well

services.

Some of the differential is based on the warginal cost of
rendering the same service in wells of different depths. Some of
ity however, 1is probably due to the differencesz in elasticities of
demand for well services as depth changes. For exawmple, electric
log and cother formation evaluation servicez are bought to reduce
uncertainty surrounding the decision to complete the well once the
hale ie drilled. The cost of completion increaszez with depths zo as the
amount at risk rizes, the amount paid to insure against the lose rises as
well, Formation evaluation firms have, thereby captured some of the pure
rent to the information they generate, for instance, by doubling the charge
rper foot for wells over 15,000,

The relationship between drilling cost and depth is expected to be
generally the same across fields in the same basin, but variable across
basins,

Geologic and geographical setting can substantially change average

costs between otherwise similar wells. The reasons relatz to either the
economic gecgraphy of the field lecation, or the regional geclogy. Differences
in cost stemming from the former are principally related to transportation
costs. While it is intuitively easy to see why wells drilled offshore, or on the
Alaslk:an North Slope are more expensive; Jocational influences need not be so
profound. Just because of the absence of a local, established industry
infrastructure, frontier areas may have higher average costs.

Drilling costs can also differ over areas because of the nature of the

rocl: between the surface and the reserveoir. Particularly hard formations,
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such ag thoze in Permian Basin of West Texas, can add to drilling cost
through increzzed energy requirements, greater bit failure, and increased
down-time asscoizted with changing bits, On the other handy, hard,
mechanically competent rocks do not a1l nto the well bore az readily,
obyviating the need for some of the stesl cazing, In the Gulf BEazin, where the
roclz are =oft and incompetent even at substantial depthz, the wells are
Hned throughout their depth with cazing, to prevent caving,

Type of completion refers to whether oily ga3= or both iz produced from a

zingle well., The cozt of completing the well iz t'rdr:htmnaﬂ\' reported ms a
part of drilling cost., Additionally, the cost of completion changez at 2
differential rate with depth between o3l and gasz completions,

HUMBER OF WELLE

The total drilling costs a=scciated with development of 2 field are

goverred by the average cost of 2 well and the number of wells required to

(ot
w
m

produce the fizld, Therefore, the number of wells! proaductive or dry, tha
driled ztrongly influences the average cost of production. Th
wmain routes through which differences in the number of wells per geciogic
unit of production can arise, First is through the drilling succesze vatio ratio
of number of zucceszful wells to the total number drilled), A well can be
unsuccesz=ful bpecausze either the drilling targst did not contain the

anticipated hydrocarbons, or becauze some accident forced abandonment of

1Y

.....

of ressrvoir rock drained by each well, Differencesz in well productivity
between fieldz arise from the geonlogic characteristics of reservoir, physical

attributes of the liguids and gases and level of energy in the reservaoir.

[l
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Depth may increase the number of dry wells in a field because it is
harder to hit a target of given size the further away it is. This prablem is
compounded by the fact that genlogic and geophysical information on the
target itself deteriorates with increasing depth, in a discontinuous, perhaps
even exponentizl fashion.

Depth can alsc contribute to the likelihood of accidents forcing the
abandonment of a hole. Thiz risk i not €imply Tinear in depth, but increases
faster at great depths because of the danger of accidents reszulting from
high pressure enviranments. Depth is not expected, in itselfy to influence the
effective area of a well. However, dus to the correlation of reservoir
pressuve and depth, effective areas may be larger in deep fields, reducing
the number of wells required.

Field cize in the first instance wmay evole general economies of scale.
Secondly, it determines the size of the driller's target, hence probability of
succass, Thirdly, the ratio of field area to field perimeter grows with
increasing gize. As the lkelihood of a dry hole on the edge of a field iz

greater than in the center, ceteriz paribuz, the larger the fieid, the fewer

dry holes per unit of ultimate recovery.

Economies of scale in the physical size of a field have been
demonstrated by Arps and Roberts. They found in the case of the
Denver-Julesturg Basin, that ultimate recovery from a field was proportional
to field areay to the 1.275 power. The number of dry holes was proportional to

field area to the 0.345 power, therefore the increase in efficiency and
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decrease in drilling failures generated the savings. This arosze not only from
the relationchir of perimeter size to area, but t:aer:,:-\u's,e:z"f

the larger fields will generally have a thicker oil column, and, in

the case of stratigraphic traps, because of their sizes, will

usually extend further from the pinch-out Tine, thus generally

having lezs shaly, but a better developed section,
Attanasi and Drew have taken the analysiz of differential risk at the
reriphery and center a step further to demonstrate that it influences the
competitive environment of firme operating in those areacs of the same
field. 2

Trap type refers to the geologic mechanizm by which hydrocarbone are
confined to a certain body of rocky or part of a rock body. Traps are
rlassified generally into structural, stratigraphic or combination, diagraims
of which are shown in Figures Z.1.a through 2.1.1.27 Structural traps usually
rely on faulting, folding or both of the reservoir-ceal complex to provide the
required closure and permeability barrier. Structural traps alsc include
instances where hydrocarbons are trapped by the juxtaposition of the
reservoir to a bady of 3%, or crystalline rock (which are impermeablel, as
illustrated in Figures 2.1.d and 2.l.e. Stratigraphic traps form due to a

change in the permeability of rocks within a unit (other than when ascsociated

with faulting). Combination traps encompacs elements of both, Structural

25. Arps and Roberts, p. 2558.

26, E.D. Attanasi and L.J. Drew, "Market Structure and Firm
Performance in 0il and Gas Exploration,”" Unpublished manuscript, 1981,

27. L.W. LeRoyy, D.0O. LeRoy and J.W. Raese (eds), Subsurface Geology,
Petroleum, Mining and Construction, 4th ed., (Golden, CO: Colorade School of
Mines, 1977)s p. 242Z.
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Figures 2.1a -~ 2.1f
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The structural traps in Figs. 2.1a - 2.1c rely on folding for the trapping
mechanism. Fig. 2.1a represente a foldy in which the oil has concentrated at
the crest of the permeable sand. Figs. 2.1b and 2.1c both represent faulted
structures, where the barrier to flow is created when an impermeable shale is
thrown into contact with the sand reserveoir by faulting action. Fig. 2.1b
represents normal faulting, which is common in the Gulf Coast Basin, and Fig.
2.1c represents reverse or thrust faulting, which i common in the
intermontaine basins of the Rockies.

Fig. 2.1d shows a typical field associated with a salt dome. These are
common in the Gulf Coast Basin. Fig. 2.1e shows a regional uphft (anticlinal
fold) created either through the pre- or post-depositional emplacement of a
large crystalline rock body. The oil gathers at the crests of the domed
structures created by the folding. Fig. 2.1 shows substantial block faulting,
as occurs in the Coastal Basins of Califormia.
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Figures 2.1g - 2.11

STRATIGRAPHIC

=] shale-seal sand-reservoir E=d limestone-reservoir
[333] salt-seal BB o) anhydrite-seal
<3 crystailine rock

Figs. 2.1g9 and 2.1h represent stratigraphic traps which arise out of an
unconformable surface between the sand and shale bodies. The o0il has risen
to the highest point in the body, where it encounters the change in lithology
to impermeable shale. Fig. 2.11 represents a reef structure, which is a
common setting for carbonate (h‘mestone). reservoirs.

Figs. 2.1j through 2.11 represent combinations. In ali three cases, the
trapping mechanism is a permeability barrier due to a lithology change. The
structural aspects of the traps arise mainly from the substantial dip of the
beds, particularly in Fig. 2.1k,
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traps represent more radical breaks in the geclogic environment of the
subsurface. As a result, they are easier to locate and define by standard
geologic and geophysical techniques. Because of the subtlety of their
permeability barriers, stratigraphic traps are likely to be deliniated only
after a greater number of wells, on the average. No a_priori expectations are
held an the influence combination traps might have on the production process.
It 45 assumed that they will have the influence of the major trarp type to
which it i= most similar,

Thiclkiness and geometry of productive interval influencees the shape of

the driller's target and, acs mentioned by Arps and Rowu:zvts, economies of
scale in production, If the field is composed of vertically stacled productive
horizone, the possibility existe for producing them successively through the
same well. {These are usually produced from the bottom up). If the field is
areally e:tencive, but has thin reservoirs, or if they are stacked in such a
way that prohibits intersection by a single well, more wells would be required
than in the vertically stacked case.

Effective permeability of a reservoir measures the ease with which

gases and liquids flow through the reservoir rocl. The concept of permeabilty
is based on Darcy's Law, generally stated a’s:28
(2.10) v =~ (li/uldp/d=)
where,

o : 3. .
v = the rate of liquid or gas flow in cm. /sec. across a given area of

rock.

28. Craft and Hawliing, p. 259.

Q
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l- = a proportional constant, the permeability of the rock.

u = the viscosity of the laguid eor gaz flowing through the rocly in
centipoise.

dp/ds = the preszure gradiant taken over the same direction az the
flow, measured in atwospheres per CWhE.

This invelves three dwmportant physical parameters: fluid and gas
viscosityy pressure and rock permeability. Fluid and gas viscosity are given
in a reservoir, The higher the viscosity, the zlower the flow or the shorter
the transport under a3 given level of pressure. Therefore, investment in
greater drilling den=ity or prezszure maintenance e azsumed to be an
increasing function of viscosity. Viscous oil is a main target of ECR
techniques,

Formation pressure is maintained either by the natural drive process
which generates pressure on the hydrocarbons, or through the actions by the
operators to generate more pressure than i naturally present. The source of
the natural energy in the reservoir 15 covered in discussion of the drive
mechanisim below,

The inherent permeability of the rock 15 related to the physical
characteristics of the channels through which Tiquids and gases flow, and the
chemical characteristics of the rock walle of those channelzs, The type of
chann=els available az pathways in the rock 15 usually determined by the
porosity type. Its role will be discuszed under porosity and porosity tVpe,
below. The chemical reactions between the fluids and gases and the rock
iteelf is a function of formation Nithology, and will be covered in that

section.



] =
Sl

Drive wmechanism refers to the sources of the pressure which move the

hydrocarbonz to and up the well bare to the surface, This pressure can b

o
14

generated by the effect of gas expansion - - aither gas dissclved in the oil,
or free in a g3z cap above the oy or expansion of the Naguid dteelf. In aither
eventy the expansion pushes the Tiguid toward the point of least pressure,
which is at the well, Pressure may also be genzrated by the upward migration
of formation waters trapped under the o1l layer in the rocl, As oil s
produced from the topy the water moves up under ity maintaining the flow of
ol taward the well, Frezsure can 3lso be generated by the force of gravity,
The efficiency of these mechaniswms 1= measured by the gquantity of ol
that iz produced from 3 unit reduction in reservoir pressure, Both water and
gac drives, depending on their lonagevity are very effective wechanisms of
primary oil production from a field. The ultimate contribution of the drive
mechanizin can be measured by the quantity of original hydrocarbons in place
o
produced before pressure maintenance was reguired,””

Formation lithology wmay affect the permeability and therefore the

14

ffective area of welle. Of the two principal types of veservoir Hthology:
sandstone and carbonate, the latter is wowe chemically reactive than the
former, Movement of fluids and gases through the pores causes changes in
the chemical eguilibrium which maVy raise the quantity of energy regquived to

move the hydrocarboneg toward the well bore. Because some enhanced oil

Z3. R.C. Craz= and 5.E. Buckley; "A Factual Analysis of the Effect of
Well Spacing on 011 Recovery," Drilling and Production Practice, 1945, (New
Yorl:: American Fetroleum Institute, 1946) discusszed the influence of drive
mechanism, reservoir Tithology and other elements of V on residual oil
saturation after the field was shut down. This is an indirect measurement of
production efficiency, but not wuseful in structural analysis of the cost of
production,
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recovery (EOR} technigues rely on changing the chemical reactions at the
fluid-rock boundary in the poresy lMthology can constrain the choice of EOR

techniques for application to a given field.

Effective Forosity and porosity tvpe refer to the volume of void space

n the rock, itz geometry and the nature of interstitial connection. Paorcsity
iz the volume of void space in a rvock divided by the volume of the rock,
yielding a percent. Effective porosity reduces that number by the percent of
void space ocoupied by substances other than oil or gas (usually wateri. The
voide in the rock are the areas occupied by hydrocarbons, so the volume of
hydrocarbons per volume of vock 4= directly dependent on porosity. The
greater the concentration of il per volume of rock, the greater the recovery
from a well

Intergranular porosity 1z the type that would be present in 3 bow of wet
sand, communication between the pores i usually very gaod. Vuagy poroszsity,
iz the rezult of small cavities being diszolved t-y the action of pora fluids,
later replaced by il and gas. Because these voids were formes in scmetimes
izolated microcenvironments, connection betwesn thew iz often poor, Fracture
porosity oocurz wainly in very brittle rocks, often shale (in the ralatively

rare instance where it ie a2 rezervoir rather than a seall, In thizs case th

w
m

hydrocarbons occupy only the fracture openinges in what is otherwis

m

an
impermeable roclk, Depending on the gize and geowetric orientation of the
fractures, the effective area of a well may be limited to the verv swmall
radius throush which it 15 directly connected by fractures. Therefare, it is

felt that porozity type may greatly influence the number of welle reguired in
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wells required in the field, and impact the possibilities for vecovery
enhancement after primary production ie over,

POET-COMPLETION COSTS

After the wells are completed, costs are incurred in the maintenance of
production eguipment. Though thic is usually the smallest component of
average production costy, there are some physical characteristices of the
fields which may influence post-completion production costs. Post-completion
coste arise generally in one of two ways.

1. They are z=scciated with pressure maintenance. The need

for this operation e dictated by the efficiency of the natural

drive mechanizm n wmobilizing the hydrocarbons toward the well

bore and then to the surface. Factors which adversely effect the

fraction of OIF produced under primary recoveryY will generate

demand for pressure maintenance.

[l

. They are asscciated with preliminary treatment of the
product stream. Theze requiremente relate to the physical and
chemical characteristics of the Tiguids and gases produced at the
wellhead.

Liquids and gases must be separated before transport., 041
and condensates must be separated from water and other Tiquids,
natural 9a= mwust be dried and certain impurities, particularly
hydrogen sulfide (HZS), must be removed., Therefore the surface
production ejquipment requirements are almost fully determined by
field characteristics - - no need for a gas-Tiquid separator if
there ic no associated gas, no demand for "sweetening”" equipment

if there is no HZE‘-.



ENHANCED RECOVERY COSTS

Production of a well under the natural pressure of the rezervoir iz
called primary recovery., About 25% - 30% of OIP 45 recovarsed from an
average field under primary recovery, Secandary recovery usually referz to
techniquez for enhancing flow rate 'm_ recovery by gaz injection or water
flood, The aim of the first method ie to reduce the viscosity of the Hguid in
the welly hence reducing the prezzure regquired to push it to the surface, Gas
can also be imected to wmaintain reservoir pressure. The second method i to
genzrate, or stimuwiate a water drive in the reservoir. Pumping the ol from
the surface zl=c falle into the clasz of secondary recovery technigues,
Secondary technigques can raise uitimate recovery to 30% to 35% or more,

Tertiaryy, or anhanced o1l recovery (EOR) techniquesz refer to largely
experimenta’l production strategies bevond preszsure waintenance  and
pumnping. Currently there iz only a very zwmall percentage of annual domestic
production that comes from EOR. However, the efficienzy of apphication of
mest of the EOF technigues 4z sensitive to the values of the physical

variaklzs emploved in thiz =study.

an

l,u

Currently the five leading EOR techiiques arel’
1. In =ity combustion. Thiz invelves Tighting a fire at one end

of a reservoir and forcing air into the wells to drive the fire

toward recovery wells. Generally apphied to highly vizcous oils.

Z, Steawm injection. There are two variants to thizs method,

cychic steamw imection ("huff and puff') and continuous injection.

30. U.%, Congress, Qffice of Technology Assesswent, Enhanced 0Qil,
Recovery Potential of the United States (Washington, D.C.: Government
Printing Office, 1978), pp.26-31.
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Both rely on the thermal action of the steam to mobilize
viscous oil. Steam wmethods are the only EOR techniques with which
there is substantial field experience,

2. CIC)2 miscible flocd, In this process, the o1l iz dizsclved by
the agent injected intc the reservoir. The dissolved oil flows more
easily than the more viscous that remained in the reservoir after
primary and secondary recovery. Carbon dioxide is the wmost
comman miscible agent used in the U.S,

4., Surfactant/polymer flooding. This processes introduces
chemicals into the reservoir which change the relationship of the
oil to the rock surrcunding ity dincreasing the effective
permeability of the raoclk, The action of surfactants in a reservoir
i the same as soapy water in an oily cloth.

3. Folymer-augmented waterflooding., This invalvez adding
chemicals which change the relationship of the oil to the rock
surrounding it, increasing the =ffective permeability of the rock,

This increases the efficiency of the water in mobilizing the oil

toward the wells,

Becauze sericus conzideration of theze techniques is a
product of the last twelve Years, there has been substantial
investigation of their feacibility and efficiency in raising the
level of recoveryY from already dicscovered fizlds., The wmodel
developed by Lewin and Asscciatez for the Office of Technolegical
Assessment specifically analyzed the technical suitability of each of the

techniques with respect a vector similar to V.



Chapter 3

Data on the Variables

Data on the variables in thecse models are of two types: economic data
on costs and the capital investment in fields, and technical data on the
geologic and engineering variables which enter the V vector. For the economic
variables, not only must data sources be identified, but choices made on the
treatment of capital depreciation and taxation of operations. These
relationships have been simplified in order to concentrate on the role of the
physical variables in production. For the technical data, the problems of
preparation for egtimation lie in the diversity of qualities they represent and
incommensurability of their measures,

The chapter consists of three sections. The first reviews the general
limitations imposed on time and regions by the availability of both econowic
and technical data. The second section presents the economic data, including
measurements of total field production costz, and the stock and cost of
capital. The third section explains how the technical parameters will be
measured,

General Data Limitations

Both principal sets of data come from data bases developed by the

Center for Energy Studies (CES) at Louisiana State University., They are the

U.S. 01l and Gas Field Data Base and Drilling Cost Data Base.d] The former

31, Center for Energy Studies, Lousiana State University, Drilling Costs
Data Base, User's Manual, (Baton Rouge: Louiziana State University, Center
for Energy Studiesy 1984) and Oil and Gas Field Data Rase, User's Manual,
{Baton Rouge: Louisiana State Univercity, Center for Energy Studies, 1984).

40
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contains data; by field, on the technical variables in a file called GEOL. In a
separate file, called PRQD, it contains annual recordes of drilling and

production of oil and gas. The Drilling Cost Data Base hacs been used to

assign costs to the wells recorded in the PROD file.

The 0Qil and Gas Field Data Base is a collection of about 22,000

reservoir records on approximately 3,200 separate 01l and gas fields in the
United States., These fields contain reserves of at least 10 million bble. of
oil equiva1ent.32 The fields were originally identified, and data assembled by
Richard Nehring for his study of trends in U.S, discoveries.33 Though the
Department of Energy currently lists 39,158 fields in the U.S.y the
distribution of resources with respect to field size i= very negatively
slewed. Most of the oil and gas, in a basin or larger regions is usually
concentrated in a relatively small number of very large fields. The fields in
the Nehring study, while comprising less than 10% of the population of U.S.
fields, contained 92% of the 0il discovered in the U.S, as of 1976 (outside the
Appalachian region).

The fields identified by Nehring were chosen az the population for the
study for four reasons:

1. Nehring's study established a standard for definition of the
fields and represented the fraction of fields that is most important

in domestic supply.

32. Combination of the values of 0il and gas in this size evaluation was
made on the basis of the Btu. value of the two products. The ratio used was 6
MCF of gas to 1 bbl. of oil.

33. Richard Nehring, op. cit.
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2, Generally, the availability of field data for academic study
is proportional to field size. Because of regulation and recent
federal interest in petroleum supply, large quantities of data have
been gathered on the most important, largest fields.

2. The importance of the largest fields in regional supply is
not unique to the U.S., but 15 observed world-wide. Because the
center of this research iz examination of the relationship between
the physical environment of production and costy the conclusions
drawn would be more valuable in analyzing costs outside the U.S, if
the group studied was cowmposed of large fields, which are
important in all petroliferous provinces,

4, Large depcsits play a predominating role in many mineral
industries. Analysis of economies of scale and ore "quality"/
quantity relationships could be compared to studies in metals, coal
and other mineral resources.

Because of the standardized form of the Nehring data, and its broad
coverage of the domestic petroleum resource base, extension and independent
analvcis of the findings here can be easily conducted. Additionally, as the
data have been put in the public domain, problems associated with the use of
proprietary data were eliminated. Although these data sets offered the best
available support for this research, several problems arise with their use
which imposze Timitations or wmodifications of the research design.
Specifically, the geographical areas covered and the length of time series
were directly imposed by the availability of data.

The fields from Texas and those offshore were eliminated because of

insufficient quantity or quality of data in the data bases. For the fields used



43
in thiz study, data on complete sets of technical variables were reguired, as
wel]l as complete production and drilling data. The drilling and production
histories in the PROD file were wmade immediately available through a
Department of Energy (DOE) study of production decline curves, which
unfortunately did not include Texas. The loss of Texas from the population is
obviously important, but insuscertible to correction without resort to very
expansive private data bases. Therefore, of the 3,200 fields in the GEOL file,
for the 1,300 fields on which drilling and production data are available (in
the PRCD file)y a1l are outside Texas.

The ehmination of the offshore fields wacs related to problems in the
quality of data on drilling cost for offshore wells. The ultimate scurce for

these data is the Joint Aszczociation Survey of Drilling Costs (JAS), managed

by the Awmerican Petroleum Institute. Fespondante te the JAS reporting
cffshore drilling appear to have misinterpreted instructions and allocated

the costs in large drilling operations in 3 way that diminigshes the value of

34

the data for comparison with onshore operations. The cffzshore is

24, The problem has been reported by Ted Anderson of the DOE/EIA Field
Office in Dallas and Fichard Sparlingy, Director of Statistical Analysie for
the Independent Fetroleum Association of Americay, in Washington, D.C.
(perzonal communications). It arises because drilling platforms often drill
many wellzs from a single location in a program that may last for several
vears., Often, the program is divided into two distinct phasez. During the
firct a3 rig drills a set of directional holes from the platform, each hole 18
evaluated and the rig drills the next hole. In the second phase, after initial
drilling is coinpletey, the productive holes are completed and dry wells
properly plugged and abandoned. This type of operation created the situation
where a single well would be drilledy, then completed one or even two Years
later. Confusion arcse on how to attribute the costs betwesn Years, ag the
JAS is not updated after its release. Because the procedures in estimating
offshore costs varied between operatorsy the summary statistics may likely
be biased below actual costs when drilling costs are rising, and above actual
costs when they are falling. In any event, it seems inappropriate to use the
data when comparing costs with oncshore operations.
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a very important part of the extensive margin in domestic oil production, and
its omission circumscribes the forecasting value of the models developed
here. However, many of the results derived in the present study should be
directly applicable to the offshore, with an appropriate cost premium added.
It is expected that the offcshore environment produces a parallel upward
translation of the cost curves, increasing average costs at all points, but
not significantly affecting the wmarginal influence on cost of technical
variables, depletion or time.

The second hmitation 1mposed by the availability of drilling and
production data ig in time., Annual observations are available on drilling and
production starting in 1942, Therefore, time seriez analysis wmust be
restricted to fields which started production after 1940, The annual records
on drilling end in 1972, As a3 consequence of these considerations, the study
will be Timited to 1942 to 1972, inclusive,

The third limitation was elmination of all fields which were
predominantly gas. Fields were designated gas if over 50% of their estimated
ultimate recovery (EUR) was constituted by natural gas.

Beyond the restrictions described above, statistical estimations of the
models from Chapter 2 required a high degrees of data completeness on the
technical variables. Of the original set of 1,500 fields in the PROD file, 156
fields were chosen for the study sawmple, Theze fields are listed in Appendix
1. The fielde in the sample contain about 4.5% of the EUR of oil from all

fields in the U.S. as of the mid-1 ‘5)705.35

35. U.S. Geological SurveyYy Geclegical Estimate of Undiscovered
Recoverable 0il and Gas in the United States, U.8.G.S. Circ. 725 (Washington,
D.C.: Government Printing Office, 1974).




Data on Economic Variables

In Chapter 2, the general form of the model to be estimated in the
present study, Eq. 2.8, was derived. A variant was also developed to cover
the case of the joint production of gas and oily Eq. 2.9:

(2.8} M(C) = Inl(r) + K{InCXY - Kh(IntV1) - hb(inis))
(2.9) 1n(C~(PgG)) = Infr) + h(IN(X')) = KONtV - hb(in(s)

Estimation of these relaticnships required data on total cost (C) the
cost of capital (r), the labor/capital ratio (s)y, and for fields where 0il and
gac are joint products, the price of gas (F'g). The other variablez involved in
the equations are the product quantities: oil (X), gas (G) and oil and gas
together (X') and the suite of technical variables (V), Data on total cost,
cost of capitaly the labor/capital ratic and the price of g9as will be described
in this section.

For estimation of the models based on Eqs. 2.8 and 2.9, annual total
cost for the field, (C) was taken as the value of the service rendered by the
net capital stock of the field in that year. The grozz capital stocl: of the
field in any Year was taken as the total number of wells drilled in the field
gince initial production. Derivation of the value of zervices from the net
stocl: is explained below. This definition of cost has two implications.

The first is that drilling wells ic treated as an investment in the long
run productive capacity of the field, rather than an operational expense,
which contributes to production only in the year of drilling. In their analyses
of production cocsts, both Bradley and Adelman treated drilling wells as

3

additions to capital stocl:. 6 Bradley measured the contribution in terms of

36. Paul Bradley,s op. cit. and M.A. Adelmany, The World Petroleum Market,
(Baltimore: Resources for the Future/Johns Hopliins University Press, 1972).
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addition to the productive capacity of the field, measured in bbls./day.
Adelman analyzed the return to investment in drilling in the same discounted
cash flow frameworl: applied to many other capital projects.

The second implication iz that this definition of C excludes production
costs incurred in operations beYond the completion of individual welle. These
include the costs of maintenance and field production equipment, and the
costs of secondary and enhanced recovery techniques (EOR), all discussed in
Chapter 2. The contribution of maintenance and production equipment to total
cost is wvery small compared to the capital investment in wells, and
determined principally by the nuwmber of weﬂs.37 Thece and the costs of
secondary recovery and EOR can be treated additively in considering the
influence of V on the total ceost of production.

Determination of the annual cbservations on cost for a field was a two
step process!

1. Computation of the annual value of the gross capital
investment in the field.

2., Estimation of the value of service rendered by the net stoci:
in each Year of production.
The first step required calculation of the cost of all drilling

in the field each vear. These costs were based on data from the

Joint Asscociation Survey of Drilling Costs (JAS) in the Drilling Cost Data

Base. These dats are available from the 1950's by geographic region, depth

37. Bradley and Adelman review the proportion of operating cost to total
production cost and price.
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and type of well (2ily gas and dry), For those Years between 1942 and 1958 for
which annual observationz were not available from the JAS (1942-1952, 1954,
1957 and 1958), estimates were made. From 1948 through 1958, the estimates
were based on the Drilling Cocst Index of the Independent Fetroleum

Association of America; which is alsc in the Drilling Cnst Data Base. The

Index reporte the annual average change in drilling cost from 1948-1982, The
current doNar estimate of costs from 1942 through 1947 were set equal to
the 1948 levely, as no data on drilling costz were available prior to 1948,
Because of war-time wage and price controls in place from 1942 to 19435, 1t
wasz assumed that there were no significant changes in real drilling costs in
that period. However, substantial inflation in 1946 and 1947 followed the
removal of controls. To correct for this, and inflaticnary effecte throughout
the time ceries, all economic variables were adjusted by the GNP Implicit
Price Deflator to a 1960 bacse.

The second part of the determination of C was computation of the value
of the service rendered by the net capital stock each year. This figure was
talien az equal to the amgunt by which the value of all wells in the field
depreciated each Year. Straight-line depreciation, based on an average
useful life of 20 vears for each well was employed to determine this figure.
The average useful life was taken from the U.S. Internal Revenue Code of
1954 (IRS C‘-ode«).:38 Uging this formula, 5% of the initial investment in a well
was imputed as the value of service for the year it wae drilled, and 5% as the

contribution for each of the following 19 vears (after which the well was

removed from the capital stocl:).

38, Internal Revenue Code of 1954 (as amended), Section 167, Revenue
Procedure 62-21 (Bulletin "F").
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Included within this stock were productive and dry wells. Including dry
wells 15 controversial, Under the IRS Code, the cost of dry holes i expensed
in the year of drilling, rather than depreciated. However, the elimination of
dry wells from the capital stock ignores the informational value of the dry
holes, which is not limited to the year of drilling. Specifically, two "products”
of dry holes continue to render a stream of services throughout the life of
the field. First is the value of genearal geologic and engineering information
on the field, which influences exploration and exploitation strategies.
Second, every dry haole condemns a specific three dimensicnal volume of the
driller's target. Therefore, uncertainty is reduced in subsequent drilling and
production operations throughout the field. Adelman, defending the inclusion
of dry hole costs in development investment conc]uded:39

If an o1l operator proposes to develop a known pooly he must
face the odds that some development wells will be dry. Therefore,

toe consider only the costs of productive wells would be to

underecstimate substantially the number of wells and the expenses

needed to develop the depocit,

Annual values for the cost of capital (r) were talen from the annual
average Yield on industrial bonde for those issues having a Moody's Aaa
rating. Thics rate was believed to best represent both the opportunity cost of
capital to the firm and approximately what the firm would have to pay to

borrow the funds, or attract equity investment in production. The data on the

labor/capital ratic were taken from the quadrennial Censug of the Mineral

Industries. Observations for Years between each Census were determined by
linear interpolation between the Census-year values. No data on the

labor/capital ratic were available prior to the 1954 Census, so the 1954

39. Adelman, op. cit., p. 96.
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value of the ratic was used for a1l Years pricr to that Year. For the price of
natural gas (F’g), the average U.S. wellhead price, ac reported by the
Department of Enarsv. was used.40

The models based on Eqs. 2.8 and 2.9 did not incorporate the specific
influence of federal or state taxez on crude production or the cost of
capital, To the extent tax policy allowed spreading of costs between
producing  firms and tawxpavers (3s through depletion allowances and
acceleration of depreciation?y total cost iz unaffected, though its incidence
shifted, To the extent that taxation represented an addition to production
cost (as through severence taxes), it usually was an increase in average
costy apphicable to a2l producers without respect to V. Only after 1974 did
lagislation give preferentiz] regulatory treatment to a share of domestic
production based on field geclogy. Elimination of ta: considerations allowed
closer focusing on the role of physical variatlez in the wodel, without a
significant effect on itz appreximation to reality in the pre-1274,

cost-minimizing environment,

40. Data on Moody's Aza corporate bond yields, the GNF Iwmphcit Price
Deflator and the average wellhead price of natural gas for 1942-1970 come
from the Bureau of the Census, U.5. Department of Cowmmerce, Historical
Statistics of the United States from Colonial Times to 1970, Bicentennial
Edition, (Washington, D.C., Government Printing Office, 1976). Data on the
GNP Implicit Price Deflatnr and MoodY's Aaa corporate bond yields for 1971
and 1972 were taken from the Bureau of Economic Analyziz, U.S. Department
of Commercey Current Business Conditigns. Data on average wellthead price of
natural gas for 1971 and 1272 were taken from the Energy Information
Adwinistration, U.8. Department of Energy, Natural Gaz Annual, (Washington,
D.C.: Government Printing Office, 1982)., Data on the labaor/capital ratic for
the oil and natural gas drilling industry were talken from the Bureau of the
Censusy U.S, Department of Commercey, 1377 Censuc of the Mineral Industry,
Subject, Industry and Area Statistics, (Washington, D.C.: Government Printing
Officey 1979}, table 13C~5.




50
Data on Technical Variables

In Charpter 24 the suite of geclogic and engineering characteristics of oil
fields was described and the rationale behind possibie influences on cost
discussed. In thiz section, the measurement of these variables i= explained.
Some variables are expressed in common units such as feet, acres or barrels;
others though, represent less familiar quantities, such as darcies or degrees
of API gravity., Because of the diversity of wmeasuresy a wethod of
standardizing the obeservations on the variables has been adopted to test the
sensitivity of the models to units of measure.

The variables in Eqs. 2.2 and 2.9 that require definition are the annual
production variables: X and X' and the suite of technical parameters
represented by the vector V. The annual cbservations on crude oil production
for each field (X) was measured in standard 4Z gal. barrels, gas production in
thousands of standard cubic feet (MCF), measured at 14.7 psi and 807 F . The
composite measure of oil and gas production (X') was computed by converting
the gas to its average caloric equivalent to oily 6 MCF of gas @ 1 bbl of il
g0 the measurement of ¥' is in barrels of oil equivalent (BOE),

The suite of technical variables, V, available from the GEOL file of the

01l and Ga=s Field Data Base consisted of ten continuous and four discrete

qualitative variables. Of the 14, all but one reprecent a physical dimension
of the field, The last variable was the Year the field was discovered, which
was included to measure the influence of technical change over time. Because
the purpoce of this was to capture the degree to which capital stock: vintage
influenced costy, where a long period passed (greater than four Years)

between field discovery and initial production, the value of this variable was



changed to the first year of reported drilling in the field. The nine
continuous gecologic variables, are described in Table 3.1.
Table 3.1
Measurement of Continuous Technical Variables

and Study Sample Means and Standard Deviations

_ Variable Sample Std.
Variable Name Measure Mean Dev.
Estimated ylti-
mate recovery EUR BOE 106 48.8 87.9
Depth DEPTH feet 6,7323.1 2,268.9
Surface area ACRES acres 7:189.6 14,074.7
Number of
reservoirs POOLS units a.7 5.4
Aver24ge reservoir
thickness THIE feat 47.3 £3.1
Average reservair
porosity POR percent 17.2 &.1
Average reservoir
permeability PERM millidarcies 224.0 4329.4
Gacs/oil ctandard cubic
ratio GOR feet /bbl. 1,044.4 2,271.0

degrees of
011 gravity ARIGRV AFI gravity 35.6 7.5

The two variables not measured in common units are permeability and
gravity. Permeability was defined in Eq. 2.10. It refers to the absclute
capacity of the reserveir rock to flow a homogenecus fluid of a specific
viscosity at a given temperature and pressure gradient. The rate at which
the oil in the actual reservoir flows to the well is alsoc dependent on the

viscosity of the oily temperature and pressure gradient in that reservoir,
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Because separate pressure and temperature data were unavailable, thece
variables were talen az direct functions of reservoir depth and are assumed
to be captured within the DERPTH variable.

API gravity has been used as a measure of oil viscosity. Gravity and
vizcosity are not the zame thing, but are functionally related in a nonlinear,
inverse fashion for a given temperature and pressure. Therefore, Tow values
of API gravity (in the teens or low twenties!) represent oil which i highly
viscous - it flows relatively slowly through rock of a given permeability with
constant a temperature and prassure gradient.

In addition to the continucus variablez, there are four qualitative
variables which will be represented by a series of bivariate (dummy}
variables, Theze variables are described in Table 3.2.

Table 3.2
Quatlitative Variables

and Their Representation in the Sample

Variable % of Fields in Sample
Variable States Having Characteristic

Sand 60.8
Lithnlogy Carbonate or

Mixed 29.2

Fluid/gacs expansion 60,3
Drive type Gravity 18.5
Water cr Mixed 22.2

Structural 48.0
Trap type Stratigraphic or

Mived 52.0

Intergranular 471
Pore type Intercrystailine 15.0

Other or Mixed 471



These recservioir qualities were described in Chapter 2. Frow these four

gqualitative variablez and their ten possible states, =i duminy variables were

derived:
From Lithology SAMND = Sand
From Drive type EXFNDRV = Liquid/gas expansion and
GFAVDREV = Gravity drive
Frow Trap type STRUC = Structural trap
From Pore type GRAHFOR = Intergranular and

CRYEPOR = Intercrystalline

Part of this research is constituted by testing the feasibility of
incorparating technizal parawmeters i statistical wodels of econowic
procecsses, The seeming incowmimensurability of many of the measures used for
the continuous technical variables represents a potential fnpediment to their
integration into functions whose other arguments are prices and quantities
of purchased inputz. The sericusnesze of the problems caused by thiz is

evaluated in Chaptzr 4.



Chapter 4

Estimation of the Model

In this chapter, the statistical techniques applied to the models based
on Eqs. 2.8 and 2.9 are explained along with presentation of the results of
those analyses. Three classes of analysis were performed with the models
and data:

1. Pre-estimation reduction of the size of the V matrix.

2. Analysis of the cross~sectional variation in cost between fields

based on estimation of Eqs. 2.8 and 2.9 by regreseion analysis.

3. Analysic of the variation in cost over time by wmerging the

results of the cross-sectional study with rates of change over time

in the characteristics of new field discoveries.

Dimension Reduction Analysis

In their matrix form, Eqs, 2.8 and 2.9 mask the large number of variables
which have been offered as having a possible significant relationship to the
cost of production. The V matrix contains ten continuous and five dummy
variables, which with observations on production (X or X'), the cost of capital
(r) and the labor/capital ratio (g) makes a total of 18 independent variables
in the models. For theoretical and pract'iceﬂ reasons, respecifications of the
models which preserved the original information, but required a smaller
number of variables were sought.

There are two theoretical bases for seeking a reduction in the size of
the regressor matrix. The first is the postulate of parsimony: "given two

54
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or more equally compatible models for the given data, the simpler model is

believed to be true."41

The second is that is was believed, a_priori that there
are several essential "qualities” of oil fields captured by combinations of
some of the variables in the V matrix.

There were also two practical reasons for reducing the dimensions of V
in this case. First is that if there are common facters which undelie certain
groups of variables; then the correlation between them would generate
multicollinearity in regression estimations. Second was consideration of a
degrees of freedom problem which arose in estimation of the models over
subsets of the 156 fields of the total sample (e.g., a province), where the
numbers of observations were relatively small.

The method chosen for identifying and measuring the overall qualities
in the V matrix was factor analysis. This technique "assumes that the
observed variables are linear combinations of some underlying (hypothetical

or unobservable) factors."42

Factor analysis cannot be applied to dummy
variables, so the nine continuous geologic and engineering variables in V were
analyzed. Scores derived from the analysis of factors allow replacement of

certain combinations of variables in V, reducing the dimensions of that

matriy, and thereby reducing the rank of the regressor matrix.

41. Jae-On kKim and Charles W. Mueller, Factor Analysis, Statistical
Methods and Practical Issues, (Beverly Hills, CA: Sage Publications, 1982), p.
86.

42. The explanation of factor analysis and its use in this study is
based on kim and Mueller, Paul E. Green, Analyzing Multivariate Data,
(Hindsdale, IL: The Dryden Press, 1978) and George S. koch, Jr. and Richard
F. Link, Statistical Analysis of Geologic Data, (New York: Dover Publications,
Inc., 1974), The statistical estimation was performed using PROC FACTOR of
SAS, and PROC SCORE to generate final factor scores. For the regression
analysic in the next section, PROC REG was used.
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The analytic technique of deriving final factor scores from a (156 x 9)
matrix of raw data proceeded in four general steps:

1. Determination of factors and their loadings. This involved

creation of a (9 x 9) matrix of factor loadings of each of the nine
variables (the rows) on an initial cet of nine factors (the
columns), The first factor is determined by estimation of a
function through the data which, because of correlation, are
clumped along a given axis. This function minimizes the squared
perpendicular distance from each data point to the line. If the
data cluster in more than two dimensions, second and higher axes
are introduced, minimizing the squared deviations of the data
from the function in each dimension. A restriction imposed on the
second and all higher factorz is that each be orthogonal to all
preceding factors. Orthogonality of the factors, in theory,
insures that there 15 no correlation between the factors
themselves.

2. Determination of the number of factore to retain. In the

first stage, nine factors were introduced which accounted for all
of the variance exhibited by the nine variables. For each column
vector of Jloadings (i.e., the factors), an eigenvector and
eigenvalue can be determined, Because of the method by which the
factor loadings are computed, the factor eigenvalues measure
the amount of model variance accounted for by each factor.In
order to lkeep the wmaximum amount of information from the
original data, only the factors which account for large shares of

model variance are retained. Several retention criteria e:ist.



Here, the wmost commonly used criterion was adopted: keeping
factors with eigenvalues greater than one. This method of
determining and extracting the factors is principal component
analysis.

3. Rotation of retained factors to a more interpretable

solution. The hypothesized relationship between the variables
and their factor loadings can be illustrated as follows: The
overall "size" of an o1l field was held, a priori, to be an important
quality of the field. "Size" though, consists of serveral
measurable dimensions. Herey the variables EUR, SURFACE and
POOLS were all believed to join in determining the general size of
the field. If this underlying common dimension does exist, then it
should be represented by a factor on which EUR, SURFACE and
POOLS all have high loadingss and variables not related to "size"
- - such as POR or APIGR, would have very low loadings. Given
this pattern; unigue interpretable factors would be columns
where several logically related varaiables have high loadings,
and all others are very Tow. Row-wise, variables would be
expected to load heavily on their: special one, two or penrhaps
three factors, with very low 10$dings on all others. The pattern
in the factor matri¢ is called "simple structure.”

Where there is more than one retained factor, the factor
matrix produced by principal component analysis is unlikely to
exhibit simple structure. However, these vectors can be rotated

to an orientation which wmakes the loading more clearly

understandable. For the rotation process, the target matrix is
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one which =:xibits simple structure to the greatest sxtent possible,

while preserving the information and orthoganality of the original

a

43 , ) }
factors. The procese of rvotation differentiates factor from
principal component analysiz.

4, Confirmation of factors and generation of factor score

n

From the rotated factor matriyy three factore, 2ach with thres high
variable loadings became clear, interpreted as! the '"size" dimension
(SIZE), described abovey a3 cowposite weazure of poroszity,
permeability (PORFEREM) and an index of the "wobility" of the oil
{QILMOEL}; reprezenting the 3as/oil ratio, AFI gravity and depth,
Even in their rotated pattern however, each factor has zwmall
loadings of the remaining, generally irrelzvant variables. Following
Eim and Mueller, variables with factor loadings below 3 were
deemed insigmificant and their Joadings constrained to zarc«.44 With
these contraints, the factors were resstimated, The result of this
procedure i creation of three single-factor models compozed only
of loadings from variables which were szignificant in the first
ectimation, The eigenvalue each factor measures the guantity of
variance of the original constituant variables retadined by the

factor and ite score.

43, The choice of obligue rotation of the factors also exists, but was

44, tim and Mueller, op. cit., p. 70,

rejected because of the importance of generating final vectors of factor
scores with the lowezt interfactor correlation. Orthoganal rotation of the
factors doec not guarantee orthoganality of final factor score vectors, but
will produce a close approximation than the alternatives offered by obliquse
rotation.
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Factor scores for each observation in the original data matrix
represent the linear combination of the variables included in the factor,
weighted by their factor loadings and correlations. To produce meaningful
factor scores as replacements for the original variables in V, the entire data
matrix was standardized (zero mean, unit variance), as the factor-score
procedure is debilitatingly sensitive to units of measure,

The final factors, SIZE, PORPERM and OILMOBL were introduced into
the regression models estimated on standardized data, replacing the original
v which composed each respective factor. The statisﬁcal significance of
these factors in the regressions serve as the test for the validity of the
combinations the factors represent.

Results of Factor Analysis

Before final estimates of the rotated factor loadings and factor
scores could be determined, decisions on options within the class of factor
analyses were made. The overall conclusion from analyzing the (156 X 9)
submatrix of V with various constraints on the factoring procedure was that
the final results were remarkably stable - - irrespective of the input data
format, sample size and the method of factor rotation. Thic supports the
uniqueness of the solutions and raises confidence that the factors and
loadings identified are real, and not just creations of the estimation
technique.

The models in Eqs. 2.8 and 2.9 specify that the elements of the V matrix
be the natural logs of their raw values. This transformation of the V matrix
changes the correlations between variables, and consequently, has an effect

on the factor solutions. The findings of factor analysis of the raw data and
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the log data are presented for comparison. Table 4.1 shows factor loadings
of the raw data and Table 4.2, the data after log transformation.

There is a choice available in the input format of the data for the
analysis: either the (156 x 9) raw data matrix may be used, or the (3 % 9)
correlation matrix derived from the raw data. The disadvantage of raw data
input is that the analysis is performed only on the observations with no
missing values on any variable among the nine in the analysis (71
observations out of 156). Estimation from the correlation matriz tales
advantage of the information in all observations, but the effects of
performing the factor analysis on a matrix of correlations estimated from
differing sample sizes for each variable are uncertain.

For the three factors retained, among the factor Jleoadings of
significant variables, the average difference in loadings between raw data
and correlation inputs was very small, For Facters 1 - 3 in Table 4.1, the
average difference in the loadings was: 4.9%, 8.0% and 14.3% respectively.
Because of this stability, the solutions were deemed relatively invariant to
both input data formats and sample size. The correlation matrix was used as
the input format, as the solution it produced had been generally confirmed by
analysis of the raw data.

A decision was also required co;'zcerning the method of ‘factor rotation,
Rectricting consideration to orthogonal methods, two leading options were
available: VARIMAX and QUARTIMAX. Both methads were employed, also with
the general result of similar solutions, demonstrating the stability of the
analysis with respect to the rotation method., For the first three factors in
Table 4.1, the average difference between the two rotation methods in the

loadinges of significant variables was: 0.6%, 1.0% and 0.3% respectively. The
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QUARTIMAX method was used because it generated more distinctive factor
loadings of each variable on its factor. This was evpected, as the rotation
algorithm operates on the rows of the matrix.

From the rotated factor pattern, three factors became fairly apparent.
The variables EURy, SURFACE and POOLS have very high loadings on Factor 1
in Table 4.1, and other variables have verYy low loadings on this factor. This
was identified as the underlying SIZE factor, The variables POR and PERM
have verY highy, and nearly identical loadings on Factor 2, which reflects
their high positive correlation and common expression of the amount of void
space 1in the reservoir and its "connectedness." This factor was given the
name PORPERM.

The interpretation of Factor 3 was somewhat less straightforward.
Three variables with the the highest loadings: DEPTH, GOR and APIGR wmay
describe the quality of "oil mobility” in the reservoiry or the net energy
available for mobilization of the oil toward the wellbore and up to the
surface. The greater the depthy the greater the prescsure in the reservoiry
the higher the gas/oil ratioy the greater the amount of gas, the expansion of
which drives oil toward the wells, Finally, the lighter the oil (the higher
APIGR), the Jower the energy required to move it through a reservoir of a
given permeability. The barely significant loading of AVTHIE is attrituted to
a correlation of average reservoir thickness with depth. This factor was
given the name OILMOBL.

There was nc clear meaning distilled from the loadingz on Factor 4, so

following the advice of Fleming to only employ factors with substanitive
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Table 4.1
Rotated Factor Loadings Computed on the Correlation

Matrix Using QUARTIMAX Factor Rotation

Variable Factor 1 Factor 2 Factor 3 Factor 4
EUR 0.858 0.016 -0.003 0.211
DEPTH -0.012 -0.281 0..617 0.083
SURFACE 0.853 -0.178 0.021 -0.084
POOLS 0.616 0.091 0.054 -0.239
AVTHIE -0.019 0.267 0.316 0.827
POR -0.108 0.810 -0.061 0.280
PERM 0.036 0.829 -0.117 -0.035
GOR 0.052 0.040 0.808 -0.026
APIGR 0.186 -0.009 0.499 -0.71

interpretations in subsequent regression analysis, Factor 4 was

disregarded.45

As the speciﬁcat{ons of Eas. 2.8 and 2.9 requirethat the elements of V
be transformed into their natural log values, the analysis was repeated on
the logs of the (9 x 9) submatrix of V., Because the correlations between
elements of V werenot invariant to the log transformation, there were
changes in the final factor solutions. The factor loadings from the analysis
of log data is presented in Table 4.2.

Though the factor order changed as a result of the transformation, all

three of the common factors identified in Table 4.1 appear in Table 4.2. SIZE

45, James S. Fleming, "The Use and Misuse of Factor Scores in Multiple
Regression Analysis," Educational and Psychological Measurement, vol 41
(1981)y pp. 1017 - 1025,
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Table 4.2
Rotated Factor Loadings Computed on the Correlation Matrix

of the Log Data Using QUARTIMAX Factor Rotation

Variable Factor 1 Factor 2 Factor 3 Factor 4
LEUR#* 0.062 0.880 0.266 0.060
LDEPTH -0.155 -0.028 0.015 0.720
LSURFACE -0.398 0.718 -0.285 -0.152
LPOOLS 0.292 -0.585 -0.289 -0.108
LAVTHIK 0.126 ~-0.020 0.824 0.421
LPOR 0.861 -0.0€5 0.106 -0.160
LPERM 0.850 0.112 0.029 -0.137
LGOR -0.177 0.058 -0.006 0.685
LAPIGR -0.086 0.090 -0.762 0.427

¥ The L prefix was added to all variables to indicate the natural logs.

is Factor 2, with no significant changes in constituents or loadings. The
PORPERM factor is Factor 1 in Table 4.2. In this estimation, LSURFACE hac a
low but significant loading attributed to a negative correlation of surface
area with both porosity and permeability. The OILMOBL factor, identified as
Factor 4, was unchanged, except for a higher loading for average reservair
thickness. In Table 4.2, Factor 3 was ihel uninterpretable factor.

The three factors, SIZE, PORPERM and OILMOBL were factor analyzed
independently, using only the variables which had significant factor loadings
on them in the initial estimations. From these reestimated factors, factor
scores were created for each observation in the original (156 x 9) submatrix

of V. The loadings of the three final factors are shown in Table 4.3,
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Table 4.3

Loadings of SIZE, PORPERM and OILMOBL Factors

Variable Loading Variable Loading Variable Loading
LEUR 0.827 LSURFACE -0.441 LDEPTH 0.695
LSURFACE 0.758 LPOR 0.880 LGOR 0.627
LPOOLS 0.862 LPERM 0.862 LAPIGR 0.764

The variance in the three variables captured by their respective factors
were: SIZE, 53.2%; PORPERM, 57.1% and OILMOBL, 48.7%. The loss of
information in the orginal variables in the process of creating common
factors was assumed tc be compenstated by the identification of the main
causes in variation in the variables included in the final factors.

Regression Analysis

As mentioned above, there have been a total of 18 variables cffered,
within the frameworlk of Eqs. 2.3 and 2.9, as having a possible effect on the
cost of crude production. In the last sectiony, three more variables were
created: SIZE, PORPERM and OILMOBL. Though these factors would replace up
to eight variables in V, a total of six to 18 variables still may enter on the
right hand sides of Eqs. 2.8 and 2.9, At this pcint, empirical analysic was
conducted to determine what variables 'were important in these eguations,
their quantitati;/e relationship to cost, and to compare models. Multiple
regression analysis was chosen to investigate these relations. In this
section, the estimable forms of the models are derived, along with an
explanation of the methods of statistically testing the hypotheses based on
th.em. This section iz followed by one in which the results of regression

analysis are presented.
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Because the production of both oil and gaz from a field iz the rule and
production of just oil the exceptiony Eq. 2.9 was considered the gerers) casze,
Eqg., 2.8 i a3 special casze where &G = 0 so the subsidy eguals zero on the laft
hand side, and ¥ = ¥' on the right hand zids,

(2.9 InfC - (F’gG')) = Inlr) + RIn(¥' - hfﬂn(‘-\/]) -

..~ Rt Inly ) - hbinied
T Hl

In this egquation, the parvameters of interecst are by f1. and b, Thizs vector,

Wy must be estimated in a two step process b

g
N

ause the paramstars T'1. and b
appear in Eq. 2.9 multiplied by h. The first step was the 2stimation of the
rarameter combinations, hf, ard kb and the ceesfficient on production, h,

Rewriting E9. 2.9 in matriz notation, the following form was estimated:

(4,11

[}
i
r~
[

whera,

1M

= the vector of dependent variables = In(C - (F’gG)).

I = the matrix of independent regressors = Inlrly, In(x'), 'in(v1j) and Ints),

e
1]

J=the vector of parameters = b, h‘r‘1 and hk,
Eztimates for the vector J were derived by ordinary leaszt zquares, The
zecond step in producing estimates of the vector of original unknowns, W, was
to divide the combined parameter estimates for hT'1. and hb by the estymate for
he The resultant quotients: T'j and by !’wj), reprezsent the coefficients of

interecst, relating the economic and physical variablez in Z to the cost of

ui

producticon.
Because the estimatecs of w, are the product of division of pairs of
estimated valuez in J, the standard statistic for hypothesis testing (the

t-test) muszt be axpanded. Thiz 1 required to account for the

5
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influence of covarianc; between the estimate of h in J and estimates of the

other elements of J which are divided by h to produce the vector of final

estimates; W. The appropriate test statistic 1‘s:d6

(4.2) w. ~

\/ Q'Z_:q

t(n,(a/Ié))

where,

L

q

the variance/covariance matrix from estimation of Eq. 4.1,

a vector of partial derivatives of wi with recpect to the parameter

estimates, 51.

Because a prime objective of this study is to investigate the variation in
cost of production between fields and as a function of depletiony Eq. 4.1 was
estimated for each year of production. Models based on Ea. 4.1 were
estimated from the full cample of 156 fields and from subsamples from the
Gulf Coasty Mid Continent and Rocky Mountain provinces., Separate
estimations for the California fields and the fields of the New Me:ico portion
of the Permian Basin were not made because of insufficient sample size.
These fields were, however, included within the total sample of 156 fields.

To further study the properties of the model embodied in Eq. 4.1 which
mixed economic and physical variables, a comparison was made with what
might be called a "pure engineering" co|s't fum':t.ion, in the sense of Chenery
and Marsden.47 The specification of this function differed from Eq. 4.1 1in
three key respects:

1. The dependent variable was changed to the natural log of

average cost, C#*, where:

46, Arthur S. Goldberger, Ecocnometric Theory, (New York: Wiley and
Son_s, Inc.y 1964}, pp. 122-125.

47. ChenerV, op. cit. and Marsden, op. cit.
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Cx = Inl(C - (PgG))/X')

2. The economic variables, In{r) and In(s) were omitted from
the matrix of regressors, leaving only the level of production, X'#,
and the physical parameters, V¥, all of which were in natural logs.

3. The vector of parameters, B, does not represent the
combination of other estimates, but are directly the partial
derivatives of the C* with respect to the regressors.

Considering these modifications, the competitive function can be written
as.
(4.3) Cx = BO + Q]X* + ﬁizv*1 +.. .0t ﬁ!mv*m
In matrix notation, Eq. 4,3 becomes:
(4,4) Cx = Vg
Models based on Eq. 4.1 are referred to in the discussion of results as
the "mixed" models, after their hybrid combination of ecocnomic and physical
variables. The models based on Eq. 4.4 are referred to as "engineering"
models. Though the "mixed" models are based on the principles of the
engineering production and cost functions, they are the product of standard
economic optimization. This is not so with models based on Eq. 4.4.
Results of Regression Analysis
Results of the regression ana])'sis'repres'ent the main empirical product
of this study. Specifically the following questions must be addressed at this
point:

1. What are the physical variables which have a significant
effect on the cost of production? In definition of the important
dimensions of V, are the factor scores useful in development of

robust models?
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2. Once final forms of the models based on Eqs. 4.1 and 4.4 are
determined, what are the estimates of the coefficients on the
included Qariables? What is the statistical significance of these
estimates?
3. How do the performances of models based on the “mixed"

(Eq. 4.1) and "engineering" (Eq. 4.4) specifications compare when

estimations were based on the total sample of 156 fields and based

on the three province-level samples?

Determination of the variables in V having an important, independent
relation to the cost of production was made by analysis of their correlations
and auxilliary regressions, as well as the factor analysis described above.
As indicated by the factor analysis, there were significant correlations
between depth and four other elements of V. For the total sampley, the
correlation coefficients between depth and the gas-o0il ratio (GOR) and the
API gravity were 0.13 and 0.21 respectively, and all three variables had
gignificant loadings on OILMOBL., Correlations between depth and porosity
and permeability were -0.22 and -0.12 respectively. The locading of DEPTH on
the PORPERM factor was -0.28, bareiy insignificant under the 0.3 criterion.

These were anticipated relationshipsy, but they had unanticipated
statistical consequences. The direct . re]ativcmships between depth and
hydrocarbon gravity and GOR were expected on the basis of the thermal model
of petroleum generation. This theory holds that as burial of a petroleum
deposity, or its source material continues, rising temperature and pressure
cause larger hydrocarbon molecules to crack, producing successively smaller
(lighter) components. Therefore, heavy oils become lighter with depth (raising

APl gravity), and the gaseous fraction also increases (raising GOR). In the
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case of porosity and permeability, as burial continues and pressure builds,
compaction and cementation close the void spaces between the grains of
rock. This reduction of porosity also restricts the channels between the
pores, thus lowering permeability.

On one hand, increasing depth means greater energy in the reservoir
available to mobilize the 01l to the surface under natural precssure (which is a
free input once the well is drilled). This effect is enhanced because oils are
lighter with depth and have a higher GOR, both factors working to reduce the
energy required for mobilization per unit of production. These effects were
captured in the OILMOBL factor. However, an additicnal offset arises from
the positive correlation of GOR and depth. It i that higher gas production
which attends production from deeper fields directly increasec the amount of
the gas revenue subsidyY to the cost of production, Towering the net cost.

On the other hand, the cost of drilling a single well has a demonstrated
direct exponential relationship to depth for reasons given in Chapter 2.
Compounding this effect may be additicnal difficulties (and the cost of
resolving them) which are associated with the detericration of porosity and
permeability with increasing depth.

The problem arcse in segregation of these competing influences. Given
that there are several factors at play Qorkingrin opposing directions, it was
possible to estimate an independent relationship between cost and depth net
offsets, but it was impossible to make quantitative statements abcout the
relative importance of the individual components.

Reducing the number of variables involved in the depth relationship by
introducing the factor scores PORPERM and OILMOBL did nct clarify the

situation. The high correlations between the two factors, (due to the
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correlation of PORPERM and DEPTH), reduced their value as independent
regressors. Because these factor scores did not enhance the identification
of specific relationships between elements of V and cost, use of the factor
scores in further estimation was dropped. The factor analysis did
demonstrate that a large part of the variation in observations on V between
fields could be captured by a small number of salient features rather than
the large set of variables proposed at the outset of this study. One of these
features was obvicusly depth, the factor amalysis indicated that the other
was size.

Estimation of wmodels based on both the engineering and mixed
specifications demonstrated the absence of significant relationships between
cost and porosity type, average reservoir thickness, trap type or the number
of reservoirs in the field. In the cases of average reservoir thickness and
the number of reservoirs, some of the information in thoze variables was
redundant with the physical size of the field (measured in surface acreage).
The correlation coefficient between surface area and number of pools was
0.36. Between the surface area and the average reservoir thickness, there
was a negative correlation (-0.14), suggesting a gecmetric relation of
reservoir thinning with increasing areal extent.

To capture the dimension of field size, ‘two choices existed: surface
area or estimated ultimate recovery (EUR), Statisticallyy, toth performed
comparably in various specifications of both the engineering and wmixed
models. However, there were two reasons for rejecting EUR as a summary
variable on field size., First was because the measure ic invested with an
important economic-technologic component., Assessed at any point in time

(January 1y 1975 in this case)y EUR 15 the sum of cumulative production from
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the field and demonstrated reserves, The latter is the guantity of rescurces
known to exist and be producible 3t current prices and technology., As
observations on a1l cther variablez in V are invariant to changez in price and
technology, surface area waz felt to be more cowpatible with what Vv
reprazents in the wodels. The zecond reazon for adopting surfzce area was
that it 1= 2 dimerzion of size that can be easzily perceived within the cantest
of economies of scz2le in production.

Final forms of the models bazed on Egz. 4.7 and 4.3 to be estimated from

the total sample had the following fovmw for the mixed modell
(4.5 LCOST = fILLERATIO, LHCPROD, LYRDISC, LDEPTH,

LEURFACE, PREZDREV, SAND, LREALINT, MCOH,
GULF, FOCE)

wher e,

LCOST = the dependent variable, as defined in Eq. 4.7,

LLERATIO = the Tog of the labor/capital ratic,

LHCFROD = the log of annual production.

LREALINT = the Jog of the real interest rate.

LYRDISC = the log of the year of field discovery,

MCOM = a dummy variable for the Mid Continent Province.

GULF = a dummy variable for the Gulf Province,
ROLCE = 3 dummy variable for the Focky Mountain Province,

For the angineering wodely the specification is!
(4.61 LAVLCOST = f(LHCPROD, LYRDISC, LOEFPTH, LSURFALCE,
FRESDRV, SAND, MEON, GULF, ROCETY)
where,

LAVCOST = the log of average cost.
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These two specifications were estimated over the total sample of 156
fields. For the three provinces, the province dummy variables were removed
and different specifications tested on the assumption that factors important
at large, or in one geologic setting may not be important in all environments.
Most of the discussion that follows concentrates on the results of the
estimation of the models on the total sample. Findings are presented both
with respect to relative performances of the engineering and mixed
specifcations, and with respect to the individual variables in Eqs. 4.5 and
4.6,

The results of the regression analyses are prezented in two szeries of
plots of parameter estimates and statistics. A1l of the plots are over Year of
production. Though the entire time series ran for 20 years, in all cases,
except the total z=ample, cample size limited estimation to a smaller number
of years of production. This was a serijous Timitation only in the Gulf, where
the time series was reduced to 15 years of production, The first series is the
adjusted st from estimation of Eqs. 4.5 and 4.6 cver the total zample and
three province samples (figure 4.7a through 4.1d), The gecond series consists
of two plots on each variable. The first shows the value of the eztimated
coefficient (w1. for Eq. 4.5 and 181. for Eq. 4.6) plotted over the year of
production. Under that graph is the t:ﬂo‘t of the t-ratio for the associated
rarameter estimate in each Year of production. In the case of the engineering
models, the t-ratio was computed by the division of the parameter eztimate
by its standard deviation. Computation of the t-ratic for mixed models was
conducted using the tezt n Eq. 4.2, On the graph of the t-ratio, there are
two additional lines which indicate the critical values from the t-table which

if excesded lead to rejection of the null hypothesis that the value of the
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parameter 1z ejqual to zeroc. The higher line rvepreszents a .95 level of
significance and the lowsr, a .80 level, Thiz second zeries of plats for the
models estimated on the total sample are prezented in figures 4.23 and 4.2t
through 4.9a and 4,36, The second zeries for models estimated on the three
province samplez are prezented in Appendir 2y in figures A.la and A.lb
through A.Z0a and AZOb, The values for both the engineering and mixed

models are presented in each case, except for the variables Taborscapita)l

ratio (=) and the real interest rate (v} whick only appear in the wized models,

=
’
<

Figure 4,13 zshows the adjusted P = for the two model specification

14

run

mn

an the totsl sample, The values track very closely throusghout the time
geries, indicating that the models accounted fory, on average, scmewhat more
tham halt of the observed variance in the dependent variable. From the
beginning, 1t was realized that factore other than thoze incorporated in the
model could account for variation in the observed costsy the effects of
regulation, taxation, market bottlenecks, eto, 201 play some role in variations
in cost, That over half of the obcerved variation could be accounted for by
both wodels ztrongly supporte the hypothesie that the physical parameters

t o

betwesn th

wr
19

are important determinants of cost. The cloze result
specifications  indicates winor roles for the rezl dinterest and the
labor /capital ratic,

The resultz of estimation of the models from the three province samples
(figurez 4.1t - 4.1d) follow the same patternz as exhibited in the total
sawple. Between the two model specifications, however, the results are
divided. In the Mid Continent, the engineering model had consistently higher
adjusted P.Zs (which wasz the best of all estimates, judged by that criterial,

but thiz was reversed in the Rocky Mountain sample. On the basis of adjusted
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Rz

sy the performance of hoth models was erratic over the short time series
of 13 years.

The parameter estimates themselves generally conformed to
expectations, both regarding sign and magnitude. For the log of level of
production (figures 4.2a and 4.2b)y the mixed model produced a parameter
estimate which remained stable around a mean of 0.402 throughout the time
ceries, This finding means that there are increasing eccnomies of scale with
respect to current production. In the specification of the engineering model,
with the dependent variable changed to average cost, positive economies of
scale would be indicated by a negatively <igned coefficient, with the
magnitude meaczured by the absolute value of the estimate. The coefficient on
production hacs the anticipated sign and an average absolute value (0.6) close
to the estimate from the mized model. Parametar estimates from both models
have a very high t-ratic throughout the time series.

The variable year of discovery {figures 4.3a and 4,3b) was included in
the wmodels to capture the effects of changes in the cost of production
arising out of technological advance. If technolgical changes over time
reduced the cost of production on average, fielde discovered later should

have 3 lower cost (ceteris paribus). Therefore, the expected sign is

negative, which was the case with estimates from both models. This finding
and the data on the statistical significance of the estimates favor accepting
the hypothesis that between two fields which are otherwise alike, the field
discovered later, and incerparating more recent technolegyy, will have a lower
production cost. This chould not be taken to mean that the general cost of
petroleum production s expected to continually decline over time. Though

fields with the same physical characteristices (particularly depth and size)
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could be produced more cheaply the later they were discovered, the expected
value of depth and size in the set of fields discovered each vear is not
constant, but a function of time. This relationship is exzamined in the
following section,

The coefficients on the log of depth (figures 4.4a and 4.4b) had the
anticipated signs (positive) and generally, expected magnitudes. The estimate
of about 1.3 from the mixed mode) indicates the magnitude of the exponential
relationship between depth and cost, net any offsetting influences arising
out of increased gas in the production stream or higher reservoir energy. The
t-ratic indicates that the significance of the estimatec deteriorate after
about 15 - 17 years of production. It was concluded that thic was related to
the time pathk of drilling in the field. Early in the production cycle, a Jarge
number of welle are drilled each year, increasing the total capital stocl: in a
way directly related to the depth of the field, Late in production, when the
total capital stock ic almost complete, current drilling adds only a small
fraction to the existing capital stock, so costs become fairly insulated from
depth,.

The log of surface area (figures 4.5a and 4.5b), taken ac the variable
best representing field size, also, had the é:-:pected sign (positive). The
coefficient on this variable reflects the economies of scale with respect to
physical capacity (as cpposed to current production, the positive short run
economies of scale). A value of the coefficient which ie 7 1, means economies
of scale exist. The parameter ecstimates between the two models both start
telow one, both rise, and the estimate from the mixed model ic > 1 after about
the 14th - 18th vear of production. Given the significance of both sets of

estimates, two conclusions can be drawn. First is that positive economies of

[
WJ
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scale do exist with respect to field size measured by csurface acreage. The
second is that the degree of economy deteriorates over the life of the field.
It is easy to imagine how in a very spatially extensive field with many wells,
in the final stages, 38 large number of low production wells over the large
area would be a greater burden relative to a smaller field.

The dummy variables for pressure drive and sand reservoir lithology
(figures 4.6a - 4.7b) were retained in Egs. 4.5 and 4.6 because they did
produce intermittently significant resulte (at the 0.80 level), they improved
the general performance of the models as measured by adjusted RZ and there
were strong 3 priori reasons for expecting these variables to be important,
as explained in Charter 2. Because of the low t-ratios, it is hard to invest
much faith in the quantities expressed in the parameter estimates. In the
case of both variables, they were found to be more important in the models
estimated over the province samples.

Of the two ecconomic variables, the log of the lakor/capital ratio
{figures 4.2a and 4.8b) was insignificant throughout the time series. The
t-ratio in figure 4.89b on the log of real interest tests the null hypothesis
that the parameter value is equal to zero, which was not rejected. Because
the log of interest enters Eq. 2.9 without an e:-:'ph'cit coefficient, the implhicit
value of the ccefficient on the log of real interest is 1. Testing the null
hypottesiz that this parameter is equal to 1 recsulted in not rejecting the null
hypothesis in many Years over the time series. This supports a significant
vole for the cost of capital in determining the cost of praduction of crude oil.
The fact that the log of interest is simply an additive term in Eq. 2.9 does
mean that though statistically significant, its relative importance in

determination of cost is emall,
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Of the three estimations at the province level, the models for the Gulf
Coast Province (figurez A.la - A.7b in Appendix 2) performed worst of all
measured by adjusted R2, the stability of the individual parameter estimates,
and their statistical significance. The values for the coefficient on the log
of production were close to that for the total sampley though the estimates
from the mixed model were insignificant throughout much of the time series.
Both models produced erratic results for the estimate of the coefficient on
the log of the Year of discovery. Parameter estimates on the log of depth
corresponded to those of the tcotal sample through the 12th year of
production, though the wmi<ed wodel produced an estimate which was
consistantly insignificant, Estimates of the coefficient on surface area were
ingignificant in almost all vyears. The parameter ectimate on the variable
cand was significant during ‘he third quarter of the time seriez, entering
with a negative sign indicating that cost would be lower in csandstone fields
relative to those of limestone or mixed lithology. The findings with respect to
the two economic variables for the Gulf Coast Province were about the same
as for the total sample.

Fecsults for the models for the Mid Continent Province (figures A.8a -
A.14a in Appendix 2) were verY close to ‘thc-se for the models estimated over
the total sample. Farticularly close were the parameter estimates and
significance of the coefficients on the log of production, depth and surface
area. The estimates on year of discovery had the same cign and were of the

‘same orders of magmtude., but the estimates were radically different after
the 20th year of production. The dummy variable for pressure drive in the
reservoir was intermittently significant at both the 0.95 and 0.80 levels. The

positive sign on the parameter means that in fields where reservoir energy
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from Yiquid and gas expansion was not augmented by water or some other
drive mechanism, the expected result would be higher production costs. The
estimates and significance of coefficients on the economic variables was
also generally the same as for the total cample, except that the estimate of
the coefficient on the log of real interest were much more erratic.

The performance of the madel in the Rockies (figures A.15a - A.20b) was
intermediate between what was received in the two other provinces. The
coefficient on the log of production indicated that the economies of scale
with respect to current production in that area were smaller than in the
other two and smaller than the average based on the tctal sample. The
coefficient estimates on the log of discovery year were similar to that from ~
the total sample, except the differences between the fairly stable
engineering model estimate and the highly variant mized model estimate was
more profound in this case. Estimates for the coefficient on the log of depth
varied around zero throughout the time series, and they were consistantly
ingignificant. This was attributed to the fact that the variance in average
field depth in the Rocky Mountain sample wacs the lowest of all four samples
in the study. The parameter estimate for the log of surface area was very
close for the engineering model, but the estim‘ate from the mixed model had
several wide swings. The results with respect to the economiz variables were
about the same as for the total sample.

The results of estimation of the mecdels on all four samples indicated
several conclusions from the regression analysis:

1. The relationships between cocst and the variables included

in Eqs. 4.5 and 4.6 account for an important quantity of the
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crose-sectional variation in the cost of production at the field

Two types of economies of scale in crude oil production
have been dewmonstrated: economies with respect to current
production  and  econoimes  with  respect ta  physical  size
interpreted as a3 long run return to plant size. Additionally, the

conomies  enjoyed early in production on  account of =ize

spparenrtly deteriorate as the field iz depleted,

m
Dal

In addition to surface area, the other clzarly important

variable in 211 areazs waz depth., Though the =average cos

r

increaszed with depth, the higher cast of drilling deeper wellz was
partially offzet by a reduction in the number of wellz reguired for
production,

4. The econowic variables, labor/capital ratio and resa
interest did not play a large role in any of the estimations
Howevery, the importance of real interest wasz greater than the
labor/capital ratio,

Variation in Cost over Time
In the last section, the structural parameters in Eq. 2.9 were estimated,
along with the parameterz for the enginesring wodel described by Eq. 4.6,
Theze data give information on the cross-sectional variation in cost of
production between fields, but do not in themselves =ay anvthing about how
and why variation in the umt cost of petroleum wmay arise cver time. It s the
variation cver time which reflects on the utility of unit cost a= a measurz of

scarcity.

o
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At the outset of the study it was stated that the physical variables
were not the sole determinants of cost., The statistics on adjusted R2
presented in the last section verify that neither the engineering nor mixed
model was a complete specification of the cost of production. It ic poscible,
howevery to draw conclusions about the time paths of those components of
cost related to the rphysical parameters. More generally, this is the variation
in cost over time due to changes in the quality of the resource base., With
these chianges, the influence of technological change must be considered.

Trends in the unit cost of production arising out of changing field depth,
gize or productive capacity can be inferred by combining results of the
cross-sectional study with analysis of the changes in the averags values for
these characteristics among the fields discovered each year. Given the
determination of economies of scale in production and the pasitive
relationshir between depth and cost, if the trend in dicscoveries i toward
deeper and smaller fields, cost would be driven up. If new discoveries were
shallower and larger, the tendency would be to reduce cost over time, az long
acs the trends continued among the newly discovered fields. The effects of
dynamic changes in the resource base, net of the influence of technologic
change, constitute a lower bound to the cost of production, because the time
paths of variables such as depth andl size of new discoveries cannot be
chosen by the firm.

For the tctal sample of 156 fields, and for the Gulf, Mid Continent and
Rocky Mountain provinces, the average depth, surface acreage and EUR were
determined for the field dizcovered each Year between 1942 and 1972. The
rates of change in surface acreage and depth with respect to time are

indicated by the slopes of the regression lines in Figures 4.10 and 4.11.
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Ideally, the field's life-time average annual production should be used to
measure the changes in the average productive capacities of fields. The
life-time averages are; of course, not available. Unfortunately, even if
average production were computed between 1942 and 1972, many fields
discovered in the 1960s would not have reached a level of production before
the end of the time series that would be a meaningful measure of productive
capacity. This would artificially magnify any actua) drop over time in the
productive capacities of newly discovered fieldes.

EUR was adopted as the measure most closely proportional to the
life-time average productive capacity of the field, The change in the average
EUR of discoveries between 1342 and 1972 was used as the change in the
variable average annual production. Data on the average EUR of diccoveries
in the total sample, and the regression of that variable on time are shown in
Figure 4.12, The plcote for the three provinces of these three variables are
ghown in Figures A.21a - A.23c, in Appendix 2.

In the cases of all four samples; the strongest relationcships were
between depth of new discoveries and time. The trends are clearly positive.
In the case of the total sample, the average depth of new discoveries rose
176 feet annually, a rate of 2.4% evaluated in the mean year of the time
seriesy 1936. The null hypothecis that ltm‘s parameter is equal to zero is
rejected at a .99 level of significance.

For the total sample, the trend of surface area of new discoveries was
negative, but only <lightly, declining 21.5 acres/year. Using the t-test, the
null hypothezie that the parameter ie equal to zerc was not rejected. The
trend of surface area in the Mid Continent sample was very close to that for

the total sample. In the Gulf, however, the relaticnship waz significant and
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Figure 4.12
of a greater magnitude (-202.4 acres/Year, for a rate of change in the mean
year of 5.9%). In the Roclies, the average surface area of new diccoveries
increaced throughout the period.

In aNl four samples, the trends in EUR over time fcllowed the trend of
surface area:! negative for the total sample, Mid Continent and Gulf and
positive for the Rockies, The rate of decline for the total sample was 550,000
BOE/year (evaluated in the mean yeary, a 1.1% annual rate of decline). The
increases in EUR and surface area in the Rocles was attributed to the
degree of maturation in that petroleum province. As of the end of 1974, the
U.S. Geoleogical Survey reported that in the Rocky Mountain Frovince, only

41.,7% of the oil estimated to be ultimately recovered from the region had



94
been found and either produced or classified as demonstrated rese’erves.4
That 1isy over half the oil was still in undiscovered fields. For the Gulf, this
fraction of resources remaining to be discovered was only 29.9% and 28.9%
for the Mid Continent. The general pattern of discovery in a region is one in
which field size increases in the early phase, followed by a declhine. The Gulf,
the Mid Continent, and the country as a whole had gone into the decline phase
by the early 1370s, but that point had not been reached in the Roclies,

With the exception of the Rockies, the trends were toward smaller and
lower capacity fields, and in all areas toward deeper fields. Using the
parameter estimates derived from the cross-sectional analysis, it was
poscible to compute the changes in average cost over this pericd arizing out
of these trends in discoveries. Usw’ryg the paraweters from the engineering
modely, estimated over the total zampley, the 2.4% annual increaze in depth
produced a 1.6% increase in average production costs, holding all other
variables constant., The annual decline in productive capacity of 1.1% over
the reriod produced an annual increase in average costs of 0.8%. Change 1in
cost associated with surface area was not computed becauze its rate of
change with respect toc time was statistically equal to zero.

The influence of improving technology be.tween 1942 and 1372 wust te
added to the effecte of deteriorating deposit quality to ecstablish the net
effect on unit cost over time, Capturing this influence was the motivation for
the inclusion of the variable year of discovery in the various models.
However, at least one factor other than technology contributed to the

negative sign and magnitude of the coefficient on the year of diccovery in

48 . U.5. Geological Survey, Circ, 725, op. cit,
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the models. That was the 35.1% real increase in the wellhead price of natural
gas between 1942 and 1972, As gas price divectly determined the value of the
subsidy, a field discovered later would enjoy a larger subsidy per MCF of gas
praduced - - just because the price rose with time, not for reasons related to
technology. Soy this influence was removed from the assessment of impact of
changing technology on cost.

An estimate of the net change in production costs between 1942 and
1972 for the total sample was made by solving the estimated cost function
using the values of the variables for 1342 and 1972. This produced an
estimate that, accounting for technology and changes in deposit quality,
average coste fell at a rate of 1.8% per year, Subtracting the portion of this
which was attributable to the rise in natural gacs prices, the net annual drop
in average production coste was 0.74%. This ﬁnd%ng supports the hypothesis
that over the pericd studied, the increases in cost due to deterioration of
the quality of new sdditicns to the resocurce base (discoveries) were exceeded
by improving technology, to reduce unit cost,

A very important qualification must be added to this concluzion. That is
that the parameter estimates on the year of discovery bacame both very
erratic and statistically inzignificant toward the end of the time series (mid
to late 1960s) in both models and in a1l samples. Both factors cuggest that
the regression regime with respect to this variatle may have been changing
and that the time path after the breal: might be different than during the
study period. In Yight of the instability, forecasting continued net declines on

the basic of the 1942 - 1972 experience cannot be supported.



Chapter 5

Conclusions

At the outset of the study, several goals were defined, The most
important was to investigate the relationzhip between the natural habitat of
crude ¢il and the average cost of extracting it. Incorporation of field
characteristics intoc production and cost functions was adopted to
empirically measure the impact of those parameters on costy and to learn if
information on the time path of unit cost could be obtained which would
enhance it= value as a measure of scarcity.

The physical characteristics found to have clear impacts on cost were
field depthy and surface area. Production costs were 3lso responzive to the
average rate of annual production. Though the productive capacity installed,
and annual production are chosen by producers, the field's maximum capacity
and production are bounded by the "maximum efficient rate” of production and
therefore determined by the field characteristics which are given to the firm,
rather than chaosen.

A nuiber of variablez bevond size and depth were proposed as possibly
influencing cost. The results on those variables fall into two categories, The
first group is composed of the variables correlated with depthi ga=-oil ratio,
AFI gravity, parosity, permeability and generally, the lzvel of energy in the
reservoir. The individual influences of these variables on cost were found to
be wore complex than what the modele and data could segregate. The
estimatad coefficients on depth indicated that field-wide average production
cost increased with depthy but at a rate lowsr than the rate of increase for
individual wells. This means that efficiencies 3ained in the number of wells

96
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required for production frowm deeper fizlds partially offset the expenses of
drilling deeper individual wells, The offset created by a smaller number of
wellg is attributed to the combined influence of o1l which is eazier to wove
because of higher gatc content and AFI gravity and the greater amount of
energy available to move that o1l to and up the well to the surface.

It should be noted that this offset is expected to decline cver time,
because the fields discovered each year were both desper and swmaller. As the
number of wells reguired to drain the field dechines with size, the field-wide
average production cost becomes wore closely tied to the average cost of
drilling individual wells, In the Wmit, when a field only requires one well, the
average cost iz egual to the drilling cost of that well.

For the variables not as=ociated with depth: number of pocls, average
reservoir thickness, 1ithology, drive mechanism and trap type, only two were
found to play roles in any of the saweles (Wthology and drive). Generally, the
finding was that there were no clear relationzhips between these variables
and the cost of production, In some cases, that wmay be all that 15 to be zaid.
In other cases thoughy the relationship wmay have =scaped the data and
method= used here, or the influence could fall at a different stage in the
production process. For instance, trap type i wuch more Tikely to affect
exploration costs than the cost of drilling and production, In the cases of
reservoir thickness and lithology, impacts wmay be clearsr when considering
the efficiency of investment in enhanced oil recavery (EOR) techmiques, Far
the costz of production associated with drilling the fields it wust be
concluded that thecse field characteristice are of Tittle importance.

The effects of depth and size on production costs is not startling.

Fizher had weasured the rate of increace in cost due to increasing depth
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o
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based on naticnzal data and Arps and Roherte wmeasured economiss of =cal
o
arizing out of field =zize in the Denver-Juleszhberg E‘-a«ain.q’ Though they had

not been integrated into a single cost function for a field, their joint effect

was expacted to follow the directions and magnitudes established in these

*r

earlier studiss. However, only by considering the problewm of average cos
fram the fieldy rather than the cost of drilling individual wells, could offsets
to the influence of depth be demonstrated, Though Arps and Roberts
considered field-wide cost, because of the umiforwity of deptns in the
Denver-Julechurg Basing no variation in cost bY depth was reflected in the
Arpz and Roberte study., Az the values of both variables change over time
among newly discovered fields, considering both factors will produce more
reliakle estimations of the time path of costs than extrapoclation frowm the
results that were limited to either individually.

Though decomposition of the cross-zectional variation in cost between
field=z s interesting, the important information 15 its change gver time. What
will happen to cost as the average characteristices of the creosz-szection
change over time - - old fields Jeaving the resource base, and new
discoveriez being added? Thic process is contemporanecus with the advance
of production technology. It i the net influence of changes in depozit quality
and the technclogical responses to it which deterwine the time path of costz,
The qualified finding on that time path for o1l production was that between
1947 and 1972, real average production costes declined in spite of

detericration of deposit quality among the new discoveries,

49, F.M, Fisher, and Arps and Roberts, op. cit,
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Thie finding 1is empirically consiztent with those of Fisher and

1362)

wn

Morgaard, who found drilling costs dropping over time (3= Jate a
despite increases in age drilling dep‘ch.’EI If this trend of lowsr umit
costs in the face of declining deposit quality could be expected to continue,
it would have two amelications. First ie that unit cost cowld clearly be
ejected as a useful sstimator of the physical exhaustion of oil and gas
rescurces, Secondly, continued declinez in unit coszt would allay concerns
about "resource drag’ on economic arowth, or the sacrifice of other sconoamic
grals which are important to sociaty,

Thouah high confidence can be nvested in the empirical finding of a
0.74% annual drop in cost for the total sample over the thirty Years under
studyy evidence was produced which weighs againet the proposition that thiz
trend can be expected to continue. There are two reasonz for this. First s
that, a=z mentioned in Chapter 4, parameter estimates for the cosffizient on
vear of discovery became both erratic and statistically inzignificant at the
end of the time series in all samples, for both models, Though the ectimated
coefficient was valuable for evaluating the function for the pericd 1342 -
1972, it could not be reled on beyond the point where ite consistency and
staticstical significance ended. If a structural bresk in the regrezsion regime
wze cignalled, then the appropriate response is estimation of a separate
wodel starting in the late 1960, Only with data through the 1970 would it be

possible to learn if the instability and insignificance of the estimate waz a

50. Fisher, ibid.,, and R.B. Norgaard, "Rescurce Scarcity and New
Technolegy in U.S. Fetroleum Production,” Natural Resources Journal, vol, 15
(1975) pp. 265-295,
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transient epizod in an otherwise conzistent trend, or if the coefficient had
acutally turned to zero, or reversed signs.

Without the data through the 13708, it ie impossible to confirm a
structural break in the rearession relationship and it iz difficult to
speculate why this may have been cocurring, However, 1970 is coincident with

three turning points which wmay have affected the regression regime. First ig

that in the late 1960s, the rzal cost of capital rose to levels which were
unprecedented in the time series. The second reason is that the pericd
around 1270 waz the beginning of a new direction in energy prices. Both of
these factors are very important inpute in the drilling industry, so the
changes in abeolete and relative prices of inpute may have been sufficient to
create a breal: in the regression relationshipy az it had existed zince 1342,
The third possible rezson for a breal = that 1970 alsc warked the
point where annual production esxceeded additions to rezerves from new
discoveries, Thiz marked the beginning of the declining phase of production
from the LS, az a whole. There iz no theoretica® basiz to beheve that
technological advance would be lesz efficiert in offsetting deteriorating
deposit quality duving the decline of productive region than it was while the
production base was growing. However, the peal: in production and the

recserve~to-production ratic way be indicators of broad phases in the

n

productive cycle, the latter stages of which are characterized by waning
efficiency of investment in production technology.

The second reason for questioning the permanence of the
resource-augmenting role of technology arises from the fact that newly
discovered fields were both deeper and smaller. If all fields werez the same

5ize, their contribution to total supply would he close in any Yeary and thay
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would be expected to produce for similar periods of time. Mo field, or group of
fields with cowmmon cost  structures would dowinate production, or
computation of ite average cost. Homogeneousz field size is not the case
though. Larger fields, discovered early, occupy a larger share of production
for a longer period of time than smaller fields. Therafore, increases in cost
from smaller, deeper figlde added to the resource base at the extensive
margin waz cushioned, The contribution of these new dizcoveries to total
production rewmains low as long a=s the giant fields are producing.

The dizcovery of the nation's largest fields was concentrated in the
1930g, a trend reflected in the total zawmple (Figure 4.12).'J1 FProduction from
the giant fields discovered in the early forties still dominated total
production in the sizties whan new discoveries in the total sawple were
smaller and deeper. By the 13705 and 1980z, the role of the oil giant fields
fad waned, z process that will continue, From that point ony the resource
baze was characterized by a declining mean field =ize, with a smaller
variance, as the fraction of very large fields in the sample were withdrawn
and not replaced by later dizcoveries of the same size. Az this occurs, the
cushion against higher cost dizcoveries shrinks and average production costs
across all fields approaches the cost of replacing reserves at the margin.

The cost of replacing reserves at the extensive margin invelvez three
components. First iz the cost of discovery, second is the cost of primary and

cecandary productions third is the cost of enhanced recovery cperations.

51. J.D. Moody, et aly "Giant Ol Fields of North America," in Michasl
Halboutyy ed.y The Geology of Giant 03l Fields, AAFPG Memoir 14, (Tulsa, OFK:
American Association of Petroleum Geologists, 1370)s pp. 8-18,




Data are not available on discoverY costs, but it 1 reasonable to assume
that as the population of undiscovered fields becomes increaszingly dominated
by deeper and swaller fields, the difficulty of exploration grows. Not enly are
‘there greater costs gesociated with exploratory drilling, but as targets grow
smaller and wmore dizstant from the surface, g=ciogic2l and georhysical
information becomes hardery therefore more expensive to cbtain,

The cost of replacing reserves on the intensive wmargin involves the
costs associated with enhanced oil recovery (ECOR), The study by Lewin and
Azsaciates of EOR potential of the United Statesz indicated that the marginal
cost of 01l abtained by thesze technologies increaze=s at an increasing rate.52
Morecver, some of the wmethods are themselvez snergy intensive, ar wmay
invalve use of wmaterials which are thewmselves in short supply in the
continental U2, (like carbon dicxide). Reserve replacement cost, at either
margin, represents an jimportant area for future research. Determining the
cozts at the extensive margin is nearly impossible as the cost of exploration
je very closely held proprietary information,

The resource augmenting nature of technologic advance over the
period, howevery was clear. 01l cost less to produce in 1972 than 1942 dezpite
the fact that the fields were deeper, smaller and had lower productive
capacity. Advances were made in drilling technolcoay, production technology -
- both working to reduce the cost of drilling, and improvement in geclogic and
geophysical reconaissance, enhanced nformation on the driller's target to

reduce the hlelithood of dry holes,

52. Lewin and Associates, op. Cit.

Fa
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As we now face declining gquantitative and agualitative prospects for
future discoveriesy further resocurce augmentation through technological
advance will rely heavily on the production technigues at the intensive
margin, That is, extracting a3 greater guantity of the original ail in place in
already discovered fields. Though drilling technology iz impartant in this
advanced phaze of a figld's production, the focus i3 shifted to changing the
chemical and physical environment in the rocl: pores to liberate ail which
remained after the natural energy of the rezervair was depleted,

Thiz= prezentz a new level of waterials and energy intenszity in oil
production at a3 point in time when those 3oods thewmselves are wmore expensive
than during the study period. Moreover, the continued reduction of residual
il saturation (the percent of oil left behind when the field is closed) bevond
the point where primary and secondary recoveryY end, would logically seem to
prezent input demands which would escalate exponentially. On a simple level,
just the increace in the electrostatic charge between the oil and the rock
which it coat=s, increases inverszely with the square of the thickpness of the
o1l film. Stripping awsaY successive layers of thics film can be accomplished
onlY with very much higher quantities of eneray delivered from the surface to
the rock pores. There ie no reason to believe that those processes will be
cheaper or a unit basiz than production of oil under primary and secondary
recovery,

What does all of this mean for the value of unit cost as an indicator of
scarcity? If increazing physical scarcity of oil means that annual production
evceeds additions to reserves through new discoveries, then the turning point

in unit cost clearly did not anticipate physical scarcity, which began to
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increase in the U.S, in 1970.53 Our study showes costs continuing to decline
after that point, through 1972, It wust be noted though, that the
inconsistency of the parameter estimate on Year of discovery, which ig
expaected to be the wmost sensitive parameter to this type of change, did begin
glightly before the 1970 turning point in the reserves~-to-production ratic,
Accurately testing the significance of this sign, thoughy would require
extending the analysis through the 1970s.

However, decompozing time changes in unit cost into the components
related to deposzit quality and technological advance did provide conziderably
more information that the =zimple time trend of costs. BY measuring the
importance of deposit quality in determining cost, and studying the variation
in quality of new discoveries, unit cost gained a forward-looking component,
Though the dowminance of the old giant fields muted the effectz of the trend
in discoveries, the conseguences of the eventual withdrawal of the giants
from the resource baze could be seeny, =ven during a peried of overall
declining costs, This information on cost was a leading indicater of the turn
which cccurred in 1270, but it was buried i the time series and not
communicated to the wmarket,

Judged by the cocsts cowmmunicated to producers, and through theim to
consumers, unit cost fell during a period of expanding physical rescurces,
which was a "correct” signaly but it failed to wavn of the turning point, It 1=

a mized verdict, but the analysis hae proved that studying unit cost carefully

53. M,E. Hubbert; "Energy Rescurces," n National Acadawmy of
Sciences/National Resource Councily Resources and Man, (San Francisco: W.H,
Freeman, 13969}, pp. 157~-24Z.
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can provide information on future costs, even though costz observed in the
market may not substantially lead to changes in the physical quantity of
available reszources. To this it can be added that the analysis has shown
that in the case of petrcleum, it i= clear that the amount of physical
resources in situ doez not increase with declining deposit quatity. This
relationship has been suggested to exist in the case of some metals, but even
if the empirical controversy there was rescolved in faver of increasing
tonnage with declining grade, it i= not so with oﬂ.54 Higher cost/lower

guality deposits are associzted with reserveoirs that are not only deeper, but

contain lezs o1l,

The corollary goal to empirical investigation of the cost of production,
was to assesz the utihity of the engineering production/cost function.
Becau=e the prime cbjective was to study the relationship of rphysical and
chemical Jaws at worlk: in oil fielde to the cost of production, the engineering

pecification was indispensible, A standard ecornomic cost function, bacsed

n

for instance on a Cobb-Couglas production function, would have caught the
decling in unit cost ocver time, but would have not produced information on the
impact of the contewporanscus trends in the quality of newly discovered
fields=,

The two alternate specifications of cost enmbeodied in Eqs. 4.5 and 4.6

both represent formes of the engineering production function, as the aemphasis

54, The relationship was first suggested for copper porpheries by Z.G.
Lasky in "The Concapt of Ore Reserves,"” Mining and Metallurgy, vol. 26 (1345),
pp. 471-474. The history of the ewmpirical and theoretical controversy
surrounding the question was reviewed by John H. DeYoung, Jr., "The Lasley
Tonnage-Cummulative Grade Relationship - A Ree:amination, Economic
Geology, vol, 76 (1981) pp. 1067-10820.
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has been shifted to physical parameterz, minimizing the axtent to which the
models rely on azsumptions about structure and performance in the input and
product wmarkets, The close performance between the two specifications
indicatez that the econowic assuwptionz required for the devivation of Eq.
4,5 did not interfere with capturing the role of physical parameters in the
production of crude c«1:1 and added information on the cost of capital that was
logt im the "pure" engineering forw. The engineering concept was found to
provide veryY robust models in thiz investigation, supporting their special
applicability to wmineral extraction processes, which intuitively seewm even
more closely tied to the constraints of physical laws thanm for instance, the
pipeline transmiszion of natural gas, ucsed by Chenery in hiz pioneering

%5
wiorls,

Theugh neither Eq. 4.5 or 4.6 reprecented a full specification of the
determinants of production cost, physical parameters were found teo be
signficantly related to cost in a1l samples studied., This implies that thoze
models of the production procezs which owmit these considerationz are
mizspecified., The effect of this iz most Tikely to be bias in the estimates of
those models which underevaluates the impact of declining deposit quality.

This agrees with the conclusion of Drew, Attanasi and Root that the
omission of physical parameters in exploration meodels would alse bias

o 3
ectimates toward a wore optimistic result than the data warrent.

Empirical measurement of such biases, based on the models developed here

55. Chenery, o cit.

56, Drew, Attanasi and Faoot,y op, cit,
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would necessitate resolving the guestion of the stability of the coefficient

on Year of discoverY, which requires data through the seventies.
ziz of

These findings all support the validity of thiz approach to analy

extracting natural resources., The evidence on the influerce of physical

parameters on production coste and the question about the consistency of
the coefficient on the vezr of dizcovery all warrent cclntinuedrresearch on
the topic using 2 data base that is broader in geographic score and covers
drilling and production records thrvough the seventiez. The substantive
on the time path of petrolzum extraction costs shed sowme light on

results

oit's physical and economic scarcity, but they have opened more doors than

they have closed,
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