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| dFiARD AND UNCERTAINTY IN EXPLORATION PROGR&MS

Introduction

In our precedlng paper ("Tyg Stochastic Models Useful in
Petroleum Explora tion"), we constructed a model to desc“ibe the results
"Tof wildeat drilling. Given the existence in nature of a set of targets
of differing‘cha:acteristics, in'this case groal extent, we specified
the process by which informetion about the targets would be accumulated,
Thé‘ﬁSdel:pefﬁits predicfions sbout the success ratio_aﬁd the size of
discoveries for successive inerements of drilling, Knowledgé of the
probability lews governing the résults of petroleum exploration would
make it possible to characterize the economic risks involved, but this
entails a more eluborate model than the one we have proposed;' It would
: bevneééssary, utiliZing information obtained from wells already completed,
"to specify the joint probability distribution governing the onbirs set

of vﬁriables'”bich determine the ecor mic return to subr equent drilling

Previéns anglyses of explbratory drilling programs have
emphasized particular aspecto of unce*tainty, The variable, size of
roser»onrs, has recelved the most attention. [Aiiéls (1§§;5;”£;;:_;;é N
Roborts’ (1958), Arrington (1960), Kaufman (1963).] Estimates of the
expected value and_standard deviation of reservoir size have been pasﬁally
“interpreted as measures of.the economic reward and the degree of risk,
rggfgéﬁivély, 6f'p§rtiCular exploration programs, The size of reservoir
'fouﬁd4is, of course, only one aspect of the uncert&inty'of exploratory

drilling. Aﬁoné the other variables which have ah'imp&fﬁént'bearing on



the economics of the program are the probability of mmking a discovery,
the depth oi‘ the producino formation, and the productiiwvity of the wells.

In this paper we select a set of variables wiirch ere crucisl
%o the economic outcome of petroleum exploration. Thimse are _treéted
- as ran&om varigbles; the values tbey assumo irdicate the number of
successes that occur in a drilling program and determiine, for a parti-n
cul&r_,dlscovery, the unit productlon cost and net ecamomic retum if that
4 resefvoir is developed. In specxfyinb the joint protmebility law for
these variables, wo are forced to meke extreme and pmﬁbably unrealistic
assumptions. In partlculsr, we assume the differant wandom variables
‘to be indoperdently distiibuted, ard we do not take Imto account chenges
that may oceur in the probability distrlbutiono as msplox*atlon procoeds.
This latter simplification, of courss, ignores the fhrust of our previous
model, ﬁhich deseribes & depletion process where the .T.‘Le.:n'ges’r, pools;
having been found first, ére sused up", and hence .cemse to be possible
. tergstss -‘.'v'e sre cpnscious of, ard suitably pninad Tws. these 1i~mitations',
and ve. s‘(.a.nd. ready to make use of any better datamg_tzxmeré.ting models
that co'mq. aiong..,. _

The values of the independont ratﬁoxﬁ'variabﬁ;‘ms effect the
econo,mi.c return to exploretion in rolatively compliwmisted ways, As a
consequence we. cannot deduce the proba.bility functiems which govern
- the pertinanf economic measures directly‘ from knowlastige of the joinf ,
probability distribution of the physical variasbles. Instesd ve roly on
a Monte Carlo type of simulation procedure., Using }pomulated probability
functions and specified perameters, we gonerate valmes for selected

random verisbles, such as reservoir size, From thizs set of veluesw
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éompute the econoﬁic negnitudes of interest; net return am unit
p?oduction cost., This constitutes a single triel, énd.the procedure
iéifébe§ted many timée The resulting histograms app? orlmate the
: probability density functions of the varlables which cescribe the
economic outcomas of an explor&tory drllling provra““

In.tha next section we speclfy the set of pay51éa1 varigbles
Hﬁ;se values ere critical to the economic succoss or failure of an
exploretion venture, We then present, first, a model which relétes the
exbenditures needed to develop and produce & crude oil resorvoir to
_thié éet éf variasbles, and, socord, & modo} vhich relsatss the output
of the developéa fecervoir t§ certalin of the varibblcs} Utilizing
tha«e models we can compute for the reserv01r unit product*on cost
and total value, or net economic return, the latter conditjonul upon |

“the wellhead price at which the crude can be sold,



A hodel of ths Returns to EXDIOFPthH

In Table 1 we define the variables Chﬁt will be employod in ,
conmputing the returns when a reservoir is discovered, Ve di,tlnoulsh
. among threa classeq of variables: |
(&) physical varlables, which are observable upon completlon |
of the wildoat wells |
(b). cortain cconomic variables which we postulate to be knoun
Hith eert&inty; and | |
(é) Adependent variebles, whose v&lugs we wiil compute; _
_ Tﬁése varigbles teke on & particulsr set of valuegsfor each wildeat
well, -
The eypénditure required to producs a reservolr 1s resolved
into four components, of which %he firgt throe comprise wvhat is usﬁally

termed de»elopmert 1nveot,ent°

»

Il = driliing investmeut;

investment in surface gathering and processing facilitiess

3 = camp investment, reguired in resmole locationsj; and

Iu = capltelized operating cosis.

" Based on F, M. Fisherts investigation of drilling cosis
[Fisher (1964)], we assume that well cost inscreases exponentially
with depth 2nd that:

“to B d : ]
- 12 e :

4 = N Bll (e - 1) + € 1 (1)

where %1 is an error term, In a similar vein, it has bsen shown that

the relation between investment ard capaéity in a chemlical process plant



Tabls 1

DEFINITIONS OF VARIABLES

(&) physicel varisbles

v oil in place in reservoir, barrels
T d . mean well depth, fest
q rmean initiel well productivity, b&rrels per day

s per well

(b) economic varlables
D ~ratio of initiesl developed prcauction capacity of
' reservolr to total proved reserves (or production
decline rate)

p expacted price, assumed constant, dollars per barrel

r discount (intersst) rate
T _ economic time horizon, years

(c) dependent veriables

W ‘ cost of &n exploratory well, dollars

N ngmber of development wells drilled

G gfoss valﬁe of reéervoir, present value dollars
' I toﬁal expendituré require& to establish and

maintain production, development investment
plus opsrating costs; present value dollars

o]

net valus of reservoir, presewmt value dollars

X unit production cost, dollers per barrel



-6 -

- may often be well approxinated by the so-called Msix-tenths factor
[Chilton (19*05, Willsems (1947)1. Fmploy o this we speclfy the

snvestment for surface equipment to be:

621(1\61) +623N+_“é2 . - (2)

The first term on the lefthand side, with 622=O.6, represents investment
which~is“dspendenf on the scale of operations, or throughput, _The

second compqﬁant relates to>expanditures which ave depsndent on the number

of developﬁent wells, such as roads, gathering lin@s, and drilling pads,

:,-all of which are costly undar Arectic permafrost conditions, Assuming

that investment in a fleld base camp is &llocated to 1nd:vidual pools in

proportion-to their developed capacity we have:

n | | ~ ‘

Finally, capitalized opoerating costs are assumed to be represented bys

L
Eq. (h) resclves total operating cosis into & component which depends

on the numbsr of development wells and 2 component which is constant

for the reservpir.



Summing the various investment components we have:

d:

B
(6 12 - 1) + 823 + 8&2]

T=n [B1q
+ 821 (hq ) + 831 (Nq ) + Bul ’ (5)
28 e ¥, 0808,

"We assume the individual error terms compriée over & number of reservolrs
& sequence of mutually independent random variables,.ideniicélly distri.-
~buted aocordlng to a known probsbility law, Writing R ——3, +@ + 63 + 8 N
in Eq. (5) yields: -

© B4
I=N[By (e 7= 1) 58,548y,

B
By (Ng)) P epy (Ma) + By +% . (6)

The output which can be obtained from a given reservqir is
directly related to the volunme. of reserves that can be proved, V .

Postuléting.that the ﬁoﬁn recovery factor,'F, is koown with certainty:

V=Fv (7)

A mumber of'modqls describing the production decline behavior of a
reservoir have been studied, the most notable of which are exponeﬁtial

- decline and hyperbolic decline. We use the former, anticipating that

it describes output over time sufficiently well for our purposes and



gra{efully accepting its mathematical convenrience, consequently,

cunulative production, Q, at eny given time is:

t : t - .
=Dt
Q =j N.qq dt = Nqg f e dt (8)
o 0 '

vhere D is the production declins rate, The term on the éxtreme left
© dncorporates the assumption that installed capacity is not increased
ot later s&ages in the productive life of the pool,

Intégration of Eq. (8) yields:
s TN (9)

If we consider a long period of time, such that proved reserves are

essentizlly recovered (Qt"% V, t=>e¢e ), Eq, (9) beéomas:

Heﬁce, for e speéificd decline rate, D, initial producing capacity
can be relsted to rase#voir size by applying Eqs, (10) end (7):

.

Ng =DFv , (ll) .

In addition, it can readily be seen thet the number of development wells
drilled depercls on reservoir size ard the mean initial capacity (or

productivity) of a well.



N = DF =~ : ©(12)
q, : o

Eq.A(6)'iﬁ conjunction with Eqs, (11) énd (12) releotes the.investment
required ﬂo produce -the crude in a reservoir to the wet of physicél
perameters which describs that reservoir, as.listéd in Table 1,

We can now turn to computation of the ecoromiic return that
will be gained by'developingbtﬁe newly discovere& reservoir, With_;
output a3 described by Eq,. (8) and assuming continuoms discounting;

gross revenue must be:

(%]
1

= px‘lqo]&e'(n*")“ it . -' (13)

o
Integration yields:

e-(D+r)T]
D+r *

G = pNq, [ == (14)

Representing the factor in brackets by A, the expreswion for gross

revenue chomeS s B T e

G = qu§ A L (15)

Net revenue, or the economic return resulting from the discovery of
the reservoir, is the difference between gross revemue and total
investment: | .

se-Y . @
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‘Our basic model»fof the returns to exploration thus consists
of Eqs, (16), (15), (6), (11), and (12). This model relatos tho
economic payoff of & discovery to the set of obsefvable physicgl
parsmeteré in Table 1, When a wildeat is dry, the direct payoff is
Zero., The reguired e;onomic paramete”s, elso shown in Table 1, are
_ assumed to bo dotermined exogenously, to be knouwn wlth certainty, and
to be fixed for sll reservoirs discoversd by a series of wildeat wells,
At the outset of exploratioﬁ in a region (ard: therefore before the
development of aéy producing Qapacity) the vector B of parameters as
wellvés the probability law governing'ﬁ would not be known, These .
would have to be estimeted from sample-data.

‘Before turning to the applications of this model, 5t will be
useful to deseribe the finul deperdent varieble listed 1n Table 1,
unlt production cost, dewoted by X, This will be particularly useful
in our gnalys;s be?ause it is not dependené upon economic'expectations;
spscifically;_it is calculated without reference to expescied wellhoad
price; By focusing on cost.we properly restrict ourselvss to geological
end technical forms of'risk.l We define unit cost, X, as the amount that
musi be realized on each barrel of érude produced in order to recover

the investment in the reservoir, including capitalized operating cost.s.2

1, M, A, Adelmzn (1966) has- distinguished among commercial, geologlecal,
enzineering, and political risks. Changes in seiling price would represent
conmercial risk, narrowly deofined. Our estimatas of expscted return and
varlability of returns neglect the risk of possible changes in selling

price and hence may be misloading, - We have not treated political risk

here, but would do so through the revenus side, for exnmnle, by sp601fying
the probability of gettlny any returns after & glven yoar

2. This measure of cost has been used elsewhers in analyzing crude
oil production. See Adelmen (1966), Bradley (1967).
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In the notation we have used:

~ N
Y I

Nqu (;7).

Since the denominator of Eq. (17) represents discounted, or present
value, output (measured in barrels), unit cost depends on the investment

nesded to obtain production and the resulting pattern of output over

time.

i
1




'Applving the Model to the Arctic

In using tﬁis model to gain insights into the ecoﬁomics of

-Ardtic exploration we encounter formidable problems, At the outset we
noted the need to specify the probability laws governing petroleum
exploration in order to properly use ths dasta which are collected to
" make ihferences sbout the underlying parameters, As & makeshift substie
‘tuﬁé-for & wore comprehensive model we have postulated probability
| functions foxr the iédependent rardom Qariables; In the case of reservoir
size it is ﬁossible to employ a hypothesis which has received considerable
testing in the iiterature;3 in other cases we were corpélled to pesrform
our own rough-tests on the selected probability functions. Oncs the
required probability functions are specifisd, we need éstimates of
paremeters which charscterize the Arctic arsa under study. Since we

have not hed access to information on wﬁich such estimates could be
baséd, Wwe conjecture possible values, It is also necessary to know the
vector of cost parameters which determine investment, denoted B iun the
préviéus sactlons, To meet this noed we have made soms rough. calcula-
tions which employ the_eétiﬁates of anothér panelist, C, A, Norman,

Tho probabiiity functions-aﬁd ﬁarameters for varisbles used

in the simulatioﬁs afe summarized in.Téble.Z. Parameter estimates are
based on data describing petroleum occurrence in the Province of Alberte,
except for initial well productivity where the Albérta data vere not ‘

appropriate to our needs, After inspecting data for Algerian, Iran, and o

3. Two oxumples are G, ¥, Xaufman (1963) and R, G. McCrossan (1969),

4
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“ results of this precedure where the urx der? Jirg n%vSLna‘ and ecoromic . i
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Libya we based our rough estimates of productivity péramexcrs on the
Libyan information, It scarcely nsed be said that our hypotheses

sbout the distributions of the depth ¢ud DYOJUCt]V;ty variables require
further testing, It wouldlbe of great interest to test for possible
correlation between these vériables;” The important figures used in
computing the cost parameters, B, are 71steﬂ in Table 3.

With this information in hand, we return to the model of the
previous section, The outcome of drilling a wildcat well is deter-
mined: (a) by whether the well is a success, that is; whether it finds
crude oil, ana (b) if it does, by the observed values of the variables
vy dy and Q. Considerirg for the prasent only succcsses, ve simulate

wildeat drilling by treating v, d, and 2, as randon Varlachs‘

. . ‘ A I\J' : ' . .
recognizing this distinction by the notation £ d, and q .. A single

2'0

r-!

; . Py .
outcome is evaluated by 7eunrat1ng alues for v, d, amd 9, azcording

to the probability density functions and parameters shown in Table'?,

~-and then by computing -= using Ba (6) (11), (12), (15), an d (]4)

the corresmvording values for the dependent variables 1isted ia taule 1,

o -
{

for each set of conditicns exami reu, 2000 outecomes were aevaluated, The

results were disyl ved in the form of histoprams, tvo of which.are -~ =" -

31lustrated in ihe Appendix. I the next section we describe the = "

parameters were chosen to represent Arctic conditions.
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Table 3

COMPONENIS OF COST PARAMETERS

(Derived from Estimates for the Prudhoe Bay Field)

Investment in preducing wells:

(a2) Drilling costs, per well

(b) Cost increment for slant
drilling of development.
wells, per well

(¢) Cost of drilling pad, per well
(d) Cost of comnecting roads,
per mile

Investment in surface facilities:

(&) Proceséing plant [inc. oil and

gas separation, gas compression
for reinjection]

(b) Cost of injection wells,
. per well

(c) Cost of gathering lines,
~ per mile

-QOperating costs, per well per

year

Camp investment [assumed to serve
seversl reservoirs in field and
allocated to a given reservoir
according to share of field
output over production period,]

# -

d
Cy =813 ~ 1)
vhere Bllz 119,000, 812= . 0002

(cost of drilling only, 9000 ft,
development well, estimated to
be $600,000)

975,000

(eslé

g50,000
g200,000

B,

~ BENTY
Co= By (Nay)
where B,,= 29, Boy™ 0.6

 (cost of plant with 100,000 bpd

capacity estimated to be ¢8,62
nillion),

I, (a,c,d) above,

§120,000
Ef}ﬁngMmedféwm

5'2= 554,000, and N = number of

development wells,

© ¢24,300,000

Y, .., .
?Estlmates of various experditures required to produce crude at Prudhoe Bay

vere made by C. A, Horman, We are not aware of any other estimates avail~
able to the public which are as carefullyﬂq§3%1}3§. In adapting the original
figures to obtain the ones shown here andA3, vie have combined categories ard
made simplifying assumptions for which the author of the originel estimates

should net be held responsible,
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- Simulation Results

For the probabiliﬁy functions specified iu Table 2, the expetcted
values for depth ard well productivity-are, respectively, 5610 feet and 3540
barrels pér well per day, The latter figure is close to ihe ﬁOOO barrels
per well per day postulated in the Nor:an paper; apparen*ly the dlscoverwes
at Prudhoe are degper, however Squose it vere kunown with certainty that
ail Aretic discoveriec would be at about this depth, with wells flowing at
this output rate, The returns in such a situation were simulated in the
method jJust described; with results that are reported in Table 4, Discoveries
under these conditions were hﬁiformly profitable at a wollhead price of one
dollar per barrel,

Looking nore closely at Table Nk, the rows correspond to pro-
gressively mbre optimistic assumptions about the size of reser§§irs; At
the low erd the postulated loghormal distribution of reserQoif sizes yields
pools whése median size is around 10 million barrels (oil in place), a
figure corresponding to experience with the attractive Devon ian reefs in
Alberta, At the high end the postulated distribution yields pools whose
medi#n size i§ about 8 times as big, a very generous assumptién irdeed, Pro-
duction costs vary between 60 and 80 cents & barrel., Yhe principai cause
~of cost variation lies with diseconomies of scale in surface fecilities, This
effcct vould be ctronper, were it not th'* the calculations permitted a shariﬁg
of the costly items incluied under the category of base camp e>pendltures
(camp, airstip, vehicles, power plant, rig mobili Aatlon) wlth other pools
assumed to eoxist in the field, MNet returns ineressed as wauld be expected,
| roughly in proportion to the volume of rsserves discovered,
We now consider the situation where it is not certain thet tﬁe

development wells in the pools discovered will produce initially at
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3600 barrels perAday. We postulate this to be tﬁe expacted rate, but
permit the.dogfee of dispersion in rates which we observed in the Libyan
data., The simulatea autcomes of exploratory drilling are displayed'
in Table 5, A striking feature of this new situation is that now not
211 the discoveries afe cormercial ~--defined under our assumpltions as
being capable of producing profitably at a wellhead price of one dollar
per bérral, The fraction of fields with positive returns is urder 0.5
“for the mos£ couservative assumption'about reservoir sizes, This means
that produétion cost was obsorved Lo be umﬁer one dollar per barrel
less th#n half the time; the corresponding mean production cost is about
_ 91,80, As ﬁquld be expected, the dispersicn of outcomes is much greater
than previously; this is seen by comparing the coefficients of veristion
(defined as the stacdard deviation measured as a percentage of tho mean),

In Table 6 we postulate reservoir size, depth, and well
prbductivity to all be.variable, defined by the cofresponding probability
functions showm in Table 2, The aifferences between,T#blés 5 ard 6 are
not very pronounced. The coefficients of variation in Table 6 are
generélly highér; the fact that they aré not universally higher suggests
that we should increase the numbaf of triels eveluated undsr each set of
,~conditi6ns bsyond 2000; the observed:ﬁments of the outcome distributions
are not yet quite stable, a consequencé of the extreme skewness of the
distributions, The means and stendard deviaiions in the initial row of
Table 6 are computed fromw the his%ograms shovn in the Apperdix,

The resulis just considered were conditionsl ﬁéon the expl&ratory
well siriking oil. To compute expected returns befere drilling begins,

these figures rust bs wodified to take account of the probability that
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" ‘the well will in f&cé tufn out to bs & success, Thig might be done by
treating successes and fallures as Bernouli trials, although this clearly
is an oversimplificétion. It should s&lso Be noted that the net return
.'figﬁres we have computed relate to deﬁelopment investuwent and opefating
costs, and do not include the cost of exploratory wells, which have besn
reported to run from two to three million dollars and higher on the North
'Slope; It therefore appears from Table 6 that with ths figures we have
‘used sowe combination of very favorable success ratio ard large median
reservoir size (high mean of the distribution of V) is needed to make
expacted réturns to & sequence of wildcats positive, Givgn the skéwness
of the distributions, thefe wiil of course be some very profitsble finds
even wvhere tga expected retﬁrn%is Yow., '

. With vegard to the noed to fing large reservoirs, for any
existing distribution of pool sizes in ngbure we might expect the initial
finds to be relatively large, This is the line of ressoning formalized by
the model in our first papef -a-tﬂat the probability of finding a big pool
is higher than the probebility of finding a small one, Against this,
though, 1s the benefit of better knowiedge about the geology of the fegion,
acQﬁired as data accumulate from exploration. This wight permit better. . .
selection'among‘avaiiéble prosﬁects in later periods,

| The results presented in ﬁhis paper are intende& to be suggestive,
Thej cannot be treated as more bocause we have not hed Arctic data from
ghich to derive our paramster estimates, and therefore have relied on
possible siﬁilaritieé>with already develeped basins, We also feel fhat it
will be noecessary Lo make progfass along the lines suggested in the previous
paper before we can confidently characterize.the uncertainties of the

éXploration process,
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