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ABSTRACT

"This papex descrives a model of the life cycle of the petroleum resowrce in United States. Expond-
ing on prior sy3tem dynamic models of petrolewn resources, the model endogenousty generaes the
complete life cvele of the resource. The model treats endogenously the petroleum demand, the
development of echnology for and investment in exploration and recovery, the discovery and
production of petrolewn and the development of petrolewn substitates. With only two exogenovs
wvariahles (GNP and the international petmlevi price), the model is able 10 portray the evolution of
the petrolewin resonxce, and the associated industry, starting in 1870. The comrezpondence betwreen
simulated and actus] data. is exemined through 8 variety of statisticsl messures. The model is used
show how the interplay of technological progress, depletion, and the development of substitutes
creat the lifecycle by sltering the dominance of the feedback processes in the system. A full
docwnentation may be fourd in (Davidsen, 1987). -

The model constitutes the basis for more comprehensive studies in the following areas of concern,
“all related 1o the management of depletable resources:
1. Adaptation of the model to different kinds of depletable resources, and generalizations 1o obtain
a model portraying the genexic structure of the life cycle of a depletable resource.
2. Analysis and evaluation of cument practices in the management of depletable resources.
3. Design and evaluation of altemnative strategies for the msnagement of such resources.
The model seexns furthermore 1o be & promising tool for teaching resource magnagement.

PURPOSE AND OVERVIEW

‘This paper describes a model of the life cycle of petrolewm resouvrces in the United States. Expand-
ing on prior system dynamic models of fossil fuel resources (Neill, 1973; Naill, 1977; Backus et.
al., 1979; Choueri, 1981; Stenman, 1981; Stemsn and Richardson, 1985} the model endogenously
generstes the complete life cycle of this resource. The model synthesizes the perspective of several
specific diciplines , such a3 geclogy, technology and economics. It integrates exploration, produc-
tion, pricing, demand , imports, and the development of substitutes. Finally, the model emphasizes
the impart of delays in both the physical pmcesses and the information ! decision making processes
of the system.

With only two major exogenous variables (GNP and the international petrolewm price), the model
is able 1 portray the evolution of the petmoleum resource, and the associated indvstry, starting in
1870. The correspondence between simulated and actual dem is examined through a variety of
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statistical measures. The model is used o show how the interplay of technological progress, deple-
tion, impons and the developmem of substitutes, creates the lifecycle by altering the dominance of
the feedba.ck processes in the system. The life cycle is characterized by exponential expension of
the petroleum industry, driven by economic growth, developing geological knowledge, and techno-

logical progress, followed by a trensition o decline, driven by depletion, rising real costs of explo-
ration and pmducuon and vitimately to the develupmem of substitutes.

The model is intended to provide a realistic “micro world" in which the geological and technical
parameters are kKnown and can be veried to portray alternative scensrios. The model can then be
vsed for a variety of puposes: _

1. The model will be vsed to generate synthetic data for the modeling and evaluation of resource
estimation methods (Sterman and Richardson, 1985; and Sterman, Richardson, and Davidsen
1987).

2. Integrated and mutually consistent forecasts of production, exploration actmty, and costs can be

developed.

3. Policies regarding e.g. price controls, taxes and import fees can be evaluated in a xich dynamic
environment which represents the feedbacks important in the real system.

4. The model i3 reasonably transparent and offers opportunities to teach resource mansgement,
dynamic modelling , an principles of feedback.

The structure of the model is described, followed by a dlscussmn of the parametyic assumplons,

base case behavior, and potential apphcanons

The petoleum industry began in esrnest in 1859 with Colonel Drake's famous well in Titusville,
Pa.. Amodel, snch a3 the one described here, which portrays the full life cycle over 130 yeass ef
hlsmy and beyond, must meet certain requirements a short tenm forecasting model does not;

Fn.,t, it must be & structural model. It shovld represent the physicel and cevsal stucture af the
processes modeled, as opposed. to a model based on historical conelstions. Non-linearities and
CONStraints may alm the historical comrelations in the future. Physical delays, such a3 the time
required to develop an oilfield or build a synfuel plant, should be represented explicitly.

Seconrdly, it should bea behavmmal model, portraying the information available to actors and the
procedures they use 1 process itand arrive at decisions. The petrolewm system is charecterized by
imperfect information, uncertainty, and distributed decision making. If the model is %o respond to
changes in the environment in the same way that real actors do, this bounded rationality should be
incorporated (Simon, 1947, - 57, - 79, - 82; Hogarth, 1980; Morecmft, 1983; - 89).

'I’hinlly, the model should generate its behavior endogenously. The exploration end production pro-
cess is ughtly interconnecied with energy price, demsnd, import, substitution, and technology. A

- change in one part of the system may have ramifications thmughout A model that relies on exogen-
ous variables is likely to produce inconsistent results as the feedback effects axe ignored. A model
that generates the petroleuin life cycle endogenously constitutes an internally consistent theory that
is subject to analysis, refutation and revision (Bell and Senge, 1978).

In addition to these general considerations, a model of petroleum resources 1o be uged in forecast

evaluation shou include the following specmc features as endogenous components:

1. Demand , impont, snd substibation. Petroleum demand is sensitive to price. As the prices rise, the

. demand for petrolenvm will be depressed, and the production of substitutes {"backstops” (Nord-

haus, 19'?3]), suchas sym’uels will be stimulated. If the price on domestically produced petrol-
eum rises above the import price, impoxt is indicated. The pattern of demand, import and substi-
tution will have 8 strong influence on production and investment in domestic exp!mau’on. Delays
in response of demand and in the development of the backstop industry should be made explicit.

2. Depletion though explopation and production . The total quantity of petroleum initially in-place
is finite. As itis discovered, produced, and consumed, the quantity remaining inevitably de-
clines, and the marginal cost increases, ceteris panbus Thovugh improving technology may off-
set depletmn and cavse the resl price of Petroleum to decline, the limited nature of the resource
base and its dep]euon should be treated explicidy.
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3. Technology. The ultimately recoverable resource depends heavily on the recovery factor. Only
30 -40 per cext of the oil in place can be recovered economically with current technology, but
the fraction recoverable has been rising , and may rise substantially in the futore. Similaxly there
18 adevelopimnent of exploration techology. The effects of mvestmems in technological devel-
opment shovld be weated explicitly.

4. Fropomic incentives; petiwlewm prives. Economic incentives (primarily determined by the
petrolevin prices) play a large role in determining proved reserves, exploration, snd produg-
tion. Petrolewin that is subeconomic at 310 per barrel may be highly profitable at $30 pex
barirel. Regions that were not even considered for exploration may be prime candidates for test
wells at a higher price. Because the price hag & strong influeenice on the incentives for explora-
tion and development, it should be modeled explicitly. The effects of production costs, supply
and demand , market imperfections and impoxts should te incorporated.

The sectors of the model are exhibited in figure 1.

THE MODEL

EXPLORATION AHD PRODUCTION

The model divides the total quantity of oil-in-place into three bagic categories; 83 yet undiscovered
petroleum, identified reserves and cnumnulative prodvuction {figure 2). Within these broad categories,
seversl finer divisions are portrayed {figure 3}. The dissgeregation of the resovrce base follows
standerd resource classification shown in the McKelvey box (USGS, 1976) (figure 4). Successful
exploration shifts the boundsry between identified and undiscovered resources to the right; im-
provements in technology or increages in the real price of oil shifts the boundary betwreen economic
and subeconomic resources towards the bottom. Production shrinks the resexve base.

In this section, the physical structure of the exploration (discovery) and production {recovery) of
the resource, is described. Of major concern are the detenninants of the productvity of investments
in exploration and production.

The productivity of investment in exploration iz negatively influenced by the discovery rate (figure
5): Suppnse the dizcovery rate is increased . Then less remains 1o be discovered with current tech-
nology, and the productivity of further investment in exploration is redweed. Itis sassumed that the
yield from exploration is expomnﬁally decreasing with the cumulative footage drilled, and that the
footege drilled per $ invested is-constant (Hubbert, 1969, - 75; Hall and Cleveland, 1981). The
reduction in productivity feeds beﬂ; 1o the discovery rate mplymg a reduction in the discovery
potential provided by any given level of exploration sctivity.

"The productivity of investment in production is influenced in a similar senner by the rete of pro-
duction {figure 6): Suppose the production rate is increased. Then less remains 0 be recovered.
Thus the productivity of investment in production is reduced, feeding back 1 the production rate 1o
reduce the production potential, provided by the investment in production. The production potential
constitutes an upper limit for the production rete, 8 rate which may thus be reduced. Note that the
technically recoverable resource remaining constitides sn upper limit for the xate of production as
well.

“These undexlying physical structures tend to stabilize the discovery and recovery of petroleum. As
long a3 there i3 a demand for petrolewmn, the productivity of the investments will be exponentially
reduced as more of the resource i3 discovered and moxe of the identified reserve is recovered. The
consequence is 8 tendency 0 slow down the rate of depletion, i.e the rate at which the system
approaches its equilibrium. In addition to demdnd, there are only two more factors that may influ-
ence the development towards equilibxivm in each sector, changes in explorstion effort and chang-
es in technology. Increased investment in exploretion increases the discovery rate. Better techno-
logy improves the productivity of investments by making more of the petrolevm available, - i.e.
discoverable and recoverable.
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These two sectors are interrelated physically since exploration provides the identified reserve,
which constitutes the basis for production. Progress in exploration also has an impact on the pro-
duetivity of investment in production: Suppose that less remains undiscovered due to more exten-
sive exploration. In that case, the production iz allowed to take place in more demanding geo-
structures. Now, if produrction takes place where exploration has recently taken place, the produc-
tivity of the production will then coxrespond to the current productivity of the investment in explo-
ration. The recovery of a field however, normally takes place somewhat after the field has been
discovered. As exploration progresses, the technically recoverable reserve discovered accumulates.
Thus the productivity of investments in production is lagging the pmducuvm of investment in
exploration, conespondmg 10 this reserve. v

INYESTMENTS

Inwvestments are made to build up an exploration potential {capasity) snd & production potential (fig-
ure 7 and 8). These investments.are determined by the demsnd for petroleum and the petroleum
price. In addition, the productivities of such investments, a3 they compare to the market price, play
an important role in the investment decisions.

Investment augments the capitel stock for exploration (dxill rigs). The time required to allocate
funds for, acquire, and conduct the exploration sctivity is represented explicitly. An average lag of
4 years is assumed Once successful exploratory wells have been drilled, there is a further 1 year
averege lag in the development of production wells.

Investments in both exploration snd production are adjusted to the perceived productivities of such
investments, - though have 1o be justifiedby the market price. The breakeven prices required to jus-
tify exploration and producton are therefore compayed 0 the prevailing market price. If the market
“price falls below the required prices, investments will be curiailed. The perceived productivity of
investments in exploration is assumed o lag the resl productivity by 15 years on the average.

TECHNOLOGY

Petrolewn technology may be divided into exploration and recovery technology (figures 7 and 8).
Technological improvements increase the availability of petrolewn thyough explorstion and pro-
duction, and thus improves the productivity of the investments. The current level of sophistication
in explorstion technology is expressed by the fraction of the fotal petroleum resovrce thet can tech-
nically be discovered. The level of sophistication in production technology is expressed by the frac-
tion of the identified reserve that can technically be recovered. Both explomtion end recovery tech-
nology are endogenovsly improved by investments. As these fractions approach their maxima, the
marginal effect of further research and development diminishes (technological saturation).

What may technically be discovered and recovered at any point of time, snd thus the ratis between
gross and net yield from exploration, is determined by the ®chnological development. The net yield
influences the demand for exploration and the calculation of the unit exploration expenditures, upon
which the petrolewn price is based.

The origin of technological progress lies in investments from revenves, i.e. the product of petrol-
eum price and production; A fixed fraction of the revenues is assumed allocated to research and
development. Because of the technological saturation, the marginal productivities of these invest-
ments are declining. There is & 6 years averoge third order delay in technologicsl research and
development. The split of this investment between the two technologies i3 subject to changes over
time (figure 11). Of primary concern is the exploration technology, a3 the exploration creates the
basis for producuon Gredually, a3 this technology approaches its maximum level of sophistica-
tion, the emphasis is shifted from exploration w production techmlogy 30 as 1o utilize the identified
TeseIve.
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Deperding upon the revenues, technologicel improvements allow for exploitation according 1o the
petroleum demsand, while compensating for the decline in the productivites of investments in
exploration and production. Therefore, the stronger the technological progress is, the more aggres-
sively the depletion effect is compensated, - and further investments mede in technology. When, on
the other hand, the production is falling , less is contributed 1 technological development. There-
fore the fall in productivity is compensated less aggressively, promoting a further decline in the
‘production rate.

As long 8s the production is growing, and the price is kept relatively stable by investments in tech-
nology, the production xate predominantly determines the revenues and the investments in techno-
Iogical research and development. If the production levels off , this may be compensated by an
incresse in the petroleum prices, in which case the technological progress is dominated by the
changes in price. Should the production decline, amplified by technological stegnation, then there is
a call for a substantial increase in price 1o sustain the revenues and the investments in technology.

Hote that if the production sctuslly levels off and starts declining, then the impact of a change in
technological compensation is determined by the timing of the peak in production: A laxge impart
may result from production peaking at an early stoge in the techrological development, because
then the contribution from technological development is relatively dominating. When the technolo-
gical saturation sets in, the effect of such a change will be less. Note also that the progress in
exploration technology generally diverges from the progress in production techrology and that the
exploretion cost3 and the production costs ave not the same (exploration costs generally being
substantially higher than production costs), so that the contibution from each of them may differ
significantly. :

PRICE AND DEMAND

The demand for petrolewn is caused by our economy being petroleum intensive and is determined
by the exponential growth of GNP ( figure 10). Domestic exploration arnd production is in demand
0 the extent that substitutes, provided by import of natural petrolevm or production of synthetic
petrolenmn, are not available at lower thed breskeven costs.

The demand for domestic production is complemanted by the tendency to import (the indicated im-
port). A rising tendency, reduces the production pressure. The tendency to import is determined by
the ratio between the infernetional {import) price and the exploration and produrtion experditires.
Note that the unit exploration expenditure is the average exploration cost per banrel assuciated with
the recoverable reserve. Thus the tendency o import is smoothly effected by changes in the produc-
tivity of investments in exploration. The actual impoxt endogenously covers the residual demand,
i.e. the demand not satified by domestic production. - . .

There sre two different ways in which the demand for petrolewm may be influenced by the petrol-
eum price ovey time: First of all the demand is reduced by rising prices causing the energy intensity
of GNP to decline. Furthennore, a synthetic petroleum industry may be justified by higher prices.
There are substantial delays sssocisted with the impact of price on demand: It takes 15 years on the
average 10 adjust the energy intensity, considering the potential for retrofitting existing capital, as

the life of energy consuming capitel is 20 years on the avexsge {Coen, 1975; Steman 1981). To
build & synthetic petroleum industry takes 9 years on the aversge. Synthetics, which represents a
perfect petroleum substitute, is assumed 10 cost $50 per barrel.

As long a3 the domestic petroleum price is not dominated by the intemational price or the price of
synthetics, three factors determine the price {figure 12); '

- the costs associated with the exploration and production of petroleum;
- the demand for petroleum; and
- the supply of petroleum.
Before 1953, the U domestic price is considered dominating the international market, 9o that the
price is endogenously detenmined by the cost of exploration sxd production. Fiom then o, the
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- domestic production is protecied by import quotss until 1972, Yei the prive is gradvally more influ-
enced by the fall in the intexnational price. In 1971 a price control is infroduced. Tlis controliz - -
effective until 1981 contributing t0 awnid a windfall profit from dramatically rising intermationsal
prices. During this period the domestic price approaches the international price from its base level
- which is predominsnily detenmined by costs. After 1981, no controls axe in effect, and the domesm:

o price is completely determined by the international piice.

The impact of the demand on price is relatively straightforwand: Suppose the dermand for domestic
production increases. Then 3o does the petroleun: price because the petrolevwm market terds to
develop towands a sellexs’ market. The impact of the petrolevm supply i3 the opposite one: Suppose
the supply is incressed. The price is then reduced becsuse the petrolevrn msrket tends to develop
towrards a buyers’ mearket. The supply of petrolewm is reprezented by the production potential. Noe
that the effect-of supply and demand on price is relatively limited: The oligopolistic petwolewn
market is characterized by shoxt term adjustments of the potential production {supply) sccording
the demand and the arket price. It is therefore not very common that the price is affected by an
abundant supply. Shortages are primarily & result of depletion, insufficient investmernt in explora-
tion, and insvfficient supply of imports or substitutes. Under a drematic upward pressure on price,
there i3 & tendency to introduce price controls to prowect the petrolewm conzwming ind vstry and

- avoil windfall profits. As the price approaches the internationsl level, such regulations are
abolished.

The demand for petroleum exploration originates from three different requirements (figure 9), ie.
0,

- }Pep up with cwrent prodnction;

- ynaintain a yeserve meoversble, adequate 1 keep up with production; snd

- adjust the current recoverable reserve in sccordance with the expected growih in demsnd.

The amount 1o be produred is simuitaneovsly required substituted by recoverable petrolevm. The
rezerve must be coaected 10 an adequate level, corresponding to the current tate of producton. Any
discrepancies from this level is phased out over a relatively long period of time {15 years on the
average). Purthermore, an adjustment must be made sccording 10 the expected growth in demand.
This adjustmerd is immediate, but is based on the fovecast of & recognized yend in growth. There is
assumed t0 be a5 years aversge delay representing the time %0 observe, perceive, and recognize s
terud , and sn additional 5 vesss to average the tend a3 a basis for forecasting. As the growth tend
iz calculated fropm past demand, theze adivatmen®s of the ezerve 212 both based upon the demand
for production, and the current resexve technically recoverable.

We may conclude that the demand for domestic prodsction, vhen tmnsfomwd into a demand for
exploration, is amplified for two different reasons: First of all the recoverable reserve must be
e3tablished and maintsined. Secondly the ¢ross vield from exploration must be considerably larger
tian the required net yield, duve to the inadequacy of te production echnology.

The price on and demand for petrolewm is determined a3 swmmerized in figare 13 (where the ampli-
fying effect of the inadequate recovery technolagy on expiorstion, the effecis of supply and de-

mand on price, axd the short texm adjustments of investment3 according © productivity and price,

sxe all left ous). The bold part of this figure represents the system considered without a technology
sector. The yemsining represents the impact of echnlogy. Two majoi feedbat,k processes-tend 10
stabilize the system, respectively vis, :

- the influence of exploration and pmducnon cozs on the petmleum pnre and

- the impact of import tendencies on the demand for domestc production. .
Az the urdt costs increase dve 0 depletion, these processes cavse the dernand for petcleurn to smg-
nate. Thus the rates of discovery and production sre moderated. Due %o the delayed, exponential
nature of this effect, its impact is Irddally insigrdficent. Therefore exploration and production mnay
increase with the exponentisl demand created by the growth in GNP. This gives rise to technologi-
cal investments and progress. Provided this progress more that offsets the impect of depletionon .. -
pmductivity, the petrolewm price is felling. This ampplifies the rise in demand , production sxd
technological progress through positive feedback. When the technologicsl saturation sets in, e -
progress can no longer offset the depletion. The rise in costs, price and impoxts, forces the demand



THE 1987 INTERNATIONAL CONFERENCE OF THE SYSTEM DYNAMICS SOCTTY. (CHINA 111

for domestic production into decline. This reverse tendency is agsin amplified by the positivé’ tech-
nological feedback. (Mote that there is & negative feedback, via the impact of the petroleum price on
revenues, that may dominate the technological progress during a transition perind sg the production
levels off).

THE DYNAMIC MODES OF THE SYSTEM

INTRODUCTION

In this section the dynamic behavior of the model will be explsined and related o historic records.
The system exhibits two quite different d ynamdc modes of behavior, both driven by the exponential
growth in the GNP:

One of these modes originates from the physicel consequences of petroleum exploitation, - i.e.;
-~ the discovery of petrolewm, leaving less of the total resource to be identified 3 & reserve in the
future; and ‘
- the recovery of petroleum, ieaving less of the identified reserve for future Yecovery.
The result is an exponential decline in the productivities of exploration and production. If the in-
vestments were kept constant, and there was no technological innovation, this would cause the dis-
covery rate and the production rate 1 approach zero exponentislly. In this case the mode of behs-
“vior is an effective contraction of exploration and production. Under such circumstances ,8nd pro-
vided there are 0o price constraints, the petroleum price would rise according to the declining pro-
dvctivity. Thus the demand would no longer follow the exponential growth in GNP, but gradvally
level off.

To the extent that the price mechanism does notoffset the growth in GNP, there are two different
ways 1 compensate for the contrsction of exploration and production, in order to accomodate the
residnal growth in demsnd created by GNP. That is to increase investments in; :

- exploration axd productiors and in '

- tesedich snd developiment of the two technologies. :
Hote that these two kinds of compensating measures act through very different processes. Direct
investments end 1o incresse the volume of the exploration end production activity, ie. the ram at
which the exploration and prodnction frontier is extended into the geo-structore. Larger investments
therefore tend 0 reinforce the contraction. Investmensts in research and development tend 1 make
exploration and production more efficient. Technological progress may allew for the frontiers to be
extended at 8 lower rate, still with the same net vield Thus 1 compenzate for detrinrating prodne-
1ivities, one may invest in echnology to complement, and even substituty 1us wvesumenes ponise
ing depletion. .

Even stronger iechnologicsl investments may more than cancel ont the effect of depletion and acti-
ally cause the productivities to incresse. In that case, we are facing an expanding mode of behavior

- with the following chamcteristics: The petrolewn price will be falling a3 long as the echrological
development is "on top of" depletion. Note that this in time will reirforce the petrolewn demand, - &
development that will smplify the pressure for echnological progress. To the extent that there i3 an”
‘adequate response to this pressure, the exploration and production may continvally satisfythe” =
demand without incressing unit costs. If the techrological response tuins out o0 be inadequate, then
we expexience the contraction.

The dynamics of the life cycle of the US petrolewn re3ource is characterized bry expansion fellowed

by contraction. There are however a set of factors that tend to modify this behavior. Four of the

most prominent ones are;

- Ui identified reserve, acting a3 a buffer between exploration and production;

- the delay in xecognizing the maxg inal exploration cost, acting as & buffer between cost and invest
ment;
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- the delay in aversging the exploration expenditures, scting a5 a buffer between costand price,
and

- the regulations, acting a3 buffers between the US's and the international petmleum economy.

Thege buffers may mask the transition from expansion. to contraction, and tend eventually to ampli-

fy the contraction. Due 1o its significance, the transition will be designated as a paticular mode of

behavior.

THE EXPANSION (1870 -1945}

The dynsmic mode of the petoleum life cycle is a typical expension, and hag the following proper-
ties (figures 14 t0 23): Historically the petroleum price veried substantially in the beginning (figure
23). But by-and-large it declined with a decressing msxgin until and was fairly stable theveafter
{until after World War II). The demand for petrolewn was determined by the fact that it was pre-
dominantly used 83 a sovxce of light, - only later 1 be recognized 93 an energ’y source suitable for
heating, production, and trsnsporation. Graduaily, petrolewn was established &3 A matuce sowce
of exergy with a relatively stsble market share (1950 - ). "With the increasing maxket penetration that
petrolewn hsd during the firat part of this century, the growih in demand (figuace 213, exploxation
anvl production exceeded the growth in GNP, The produrtion exhibited a gravwth patiern corre-
sponding 1o the demand (figure 22), - and allowed in addition for export. Note that dwring most of
this time, USA wa3 o net expoxter of petrolewn.

The energy intensity in the model i3 calibrated 1 represent the preveiling intensity during the last 35
vears. Therefore an exogenovus factor represents the smooth transition from othex aources of eneryy
% petroleum. This causes the petroleum demsnd w0 grow according 1 the historic demsnd (figure
21), - i.e. faster than the reférence growth for most of thiz pexiod. In sddition © that, tiz growiiis
endogenously amplified by a declining petrolewm price. '

In the model, the production grows exponentially (figure 14, 16) and satisfies the domestic deynand
and the petrolewn export. The growth in net yield from exploration i3 also exponental and satis-
fying during this pexriod (figure i8). The echnically recoverable reserve is developing normnally
{figure 17), according 0 the growing rate of produstion, wntil 1928. Theresftex, & eXcess feseIve
sccumulates over time bringing the poentisl production from reserves well above the actual produc-
tion {figure 16), in spite of the fact that e investments in exploration axe adjusted 10 changes
coste. The sccumulation originates from the substantisd delay in recognizing the decline in unit
exploration expenditures, cavsing overinvestments t be made. Both kinds of technology sre devel-
oped atan exponential ra 30 a3 10 more than offset the impact of depletion on productivites figure
17). The progress ini discovery technology reaches its meximuim effect {the inflection point of the
fraction discoverable) in 1931. The effect of the technologicsl progress in production is consider-
ably more moderate. The technological progress sccounts for an increasing productivity of invest-
ments, causing the petroleum price o decline from its initisl value wotil 1930, when itlevels off
{figure 20) (The price exhibits & fiuctuation which is a litde more moderste than Whst was experi-
enced historically, and i3 systematicelly slighly higher efter 1930 {figure 23)).

In oxder 1o sustin the echnologicsl development thet makes 1t possible 1o ssiis{y dernand , ever
larger investments must be made. Because the technpiogical invegtments are {inanced b3 a frsction

of the revenugs and the price is declining sssymptotically, it is the exponentisl growth in production

that facilitates furthex growth through the positive feedbeck process described under “Technology”.

THE TRANSITION (1945 - 1981)

There axe upper limits as to how much of the petwlemn thet may be discovered and recovered. As
these limits axe approsched, the technological prog w33 i3 charscierized by sstoxation, and the mar-
ginal effects of the investments in iechnology ax «educed. Thus the need for investments in tech-
nology, just to compensate for tis decline, is incressed exponentially. Recall in addition, that the
~partial effect of & constant exploitation is o reduce the productivities exponentially, end that the
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growth in petrolevm demand is also exponentiel. The growth in technology investments should
erefore compensate for a hyper (tipple) exponential decling in the return on these investments.
‘Sooner or later, we may conclude, the technological innovation are not adequate 1 withstand the
effects of exploration and production. Thus we approsch a contraction, primarily chaxacterized by
declining productivities. But before the contraction is fully established a3 a mode of behavior {from
1981 on), & lot happens, - both historically and in the model:

Itis not surprising that the historic records on price, demand and production hardly show any signe
of the oncoming contrection during the transition mode. As alvesdy pointed out, this transition is
being masked by internal and external buffers (delays, reserves and regulationsy. The impoxt{195.

- 73) and price {1971 - 81) regulations axe the only ones that may be:traced empirically. Note that

the effects of the oil-embargo (1973) and the Iran - Irsk war {1978y withitespect o import and -
price, cannot be claimed to reflect domestic exploration and production realities. Itis important to
notice however, that these events coincide with the finsl stages of the domestic transition from
expansion towarnds contraction. What historically happened was the following:

After World War II, the domestic petrolewm price rose by more than $ 4 per barel (figure 23). The
price was then fairly stable, but drifted during the import regulation towands the international price,
which fell below the domestic price in 1950, - and reached a local minimum around $ 6 in 1972.
The price control then prevented the domestic price from rising as lramatically as fhe international
price during the two crises in the '703. As the produced and imported petrolevm reserves were
being depleted, the pressure from the international market forced the domestic price up towards the
international price (which was practically attsined in 1981).

3

The growth in petroleum demand wss exponential until 1973, stagnating only slightly {figure 21).
It was then inflected significantly, leveled off, and started falling. . .

The domestic production initially followed the same trend as the demand, but was supplemented by

a substantiel growth in imports during the import regulation period (1953 - 73) a3 USA tumed from
being & netexporter 1 becoyne a net importer of petroleum (figure 22). The domestic production

was 8130 supplemented by the Alaskan production which gradually grew and amounted o more

than 11% of the total domestic supply in 1986. Consequently, the production in the Jower 46 states
contracted more significanty than the petrolevm demand during this period, and fell substantially
during the period 1973 - 81.

Itis convenient © start off the description of the transition mode of behavior, as portrayed in the
model, by pointing out the early waming indicated by the inflectior of the fraction discoverable in
1931 (figure 17). This represents the first sign that the positive, compensating feedback loop, pro-
moting the echnological development, looses its dominance. Note however that the progress in
production technology has an accellerating effect up vntil 1967, when also the fraction recoverable
inflects due 1o saturation. But because the unit exploration expenditure at this point of tiine is con-
siderably larger than the production costs, the contraction is triggered. One could then expect a con-
troction scenaxio; - with lower productivities, higher costs and price, reductions in demand and
investments and a decline in exploration and production. But it takes & very long time to establish
this mode of behavior: , _

The petrolewn price i3 relatively stable until 1973 {figure 20). It does not reflect the post-war
increase, 83 the model does not represent the price regulations prevailing during the war. The
subsequent import and price regulations are however represented exogenously in the model. They
axe considered t0 be impexfect in the sense that the domestic price in each case gradually adjusts .
wands the internationsl price.

The growth in the petroleum demand follows the historic pattern acewrately (figure 21): Le. it
develops exponentially untl 1973. There is however a slight stagnation during this period |
representing the stabilization of the petroleum market share. As the petrolewm price increases
dramatically during the '70s, the demand inflects accondingly, and drops off with & substuntial
delay duxing the '80s. '
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The petrolewn production satisfies the demand wntil 1950 (fig 14). Gradually the dormestic supply
is less sofficient, even if the Alasken production comes into play. There are two resszons for this:
First of &ll, the import price becomes competitive in the 50's, 2o that the tendency to import petrol-
eum is reinforced. In spite of the import regulation, this reduces the pressure 1 explore domestical-
Iy. Secondly, there is a masked transition into a decline in the productivity of the investment in
explorstion. This is due to the inflection of the fraction recoverable, - i.e. the declining effect of
technological progress. Even though this transition initially (1931 - 53) i3 very simooth, there i3 &
relatively dramatic fall in the net yield from exploration {figures 17, 18), paxtly duve to the delay in
recognizing the current exploration expenditures: So far, the pmductivity has been rising , and the
exploration activity has been oversized. But now, when the productivity is falling, the investment is
systematicly too low. Gradually the effects of technological investments ate deteriorating, only o
amplify the contraction. Hovwever, due to;

- the excess exploration;,

- the laxge reserve that has been built up (ﬁgme 16); and

- the relatively strong progress still characterizing pmductmn technology,

the technically recoverable reserve is inflected atonly & moderate rate (figure 17). And the dramatic
fall in the yield from exploration has no effect on production. Eventually though, thexe i3 a drama-
tic decumulation of the technically recoverable reserve, and this reserve becornes an effective con-
straint on production, so that the dernand can no longer be satisfied. Thus additions to the identified
resexve are no longer sufficient % maintain the required production.

When it eventually tochs ont that the production does not yield revenues, sufficient 1o allow the
technological progress 0 keep up with the depletion, then the productivity of the investments in
exploration dechines. This calls for a higher price to cover the increased expenditures, snd possibly
counteract the echnological stagnation. Incidentslly this is exactly what happens: At this point of
time, the infernational price is incressed, the domestic price is allowed fo follow, and the hich
market price stinwlates investments and revitalizes the exploration. The large investmernts are just-

- fied slso becanse the petrolevn demand responds very slowly to the change in price. This creates a
shortage, previously covered by imponts. But now as the international price goes up, there is anin-
centive 1 discontinue this import {figure 19). It finally turns ont, that in spite of & boost in Alaskan
production, the domestic supply remains insvfficient and one may recognize that 9. contraction iz in
progress. There are seversl factors which cause the massive investment in exploration not to pro-
vide the required reserve, and therefore may explain the subsequent contraction;

The investment i3 not large enough, because the exploration expenditures are vnder-egtimated. The
effect of the investment is delayed snd distiibuted over time. The productivity of the investment is
deteriorating exponentially along with the exploration, - an effect which iz no longer adegnately
matched by the technologicsl development: While 83 the technological progiess 3o far scted 1
amplify the expanzion of exploration and production, throvgh positive feedback processes, it now
promotes the contraction, through the same kind of processes: The declining rate of production,
cavses the revenues to decrease, - while a3 the demand for technologicsl investments is still grow-
ing hyper-exponentially. (Recall the significant delay cerecterizing how dernand respornds o a.
change in price}. Even though the price is rising significantly after 1973, 50 as to contribute to the
revenues the technologicsl consequences axe far from sufficient. Therefore the produrtivities are
still declining exponentially, and effectively slowing down the technological progress even further.

THE CONTRACTION (1981 -}

Historicslly the contraction did not menifest itself in texms of the petrolewrn price or the dewwend for
petrolewrn (figures 22, 23). The petrolewm price weas determined internationally, acd fell suddenty
down 1 & 1986 level that could only be justified by the cos's of the laryeat producers in OPEC.
Because of thiz development, the demand slowly recovered from the price ahock of the *703, sfter
having fallen significantly during a couple of years. The only contraction chexscteristic within the
historic timefrarne ¥793 thus the predvetion teajectory: The production decreased substardially fox
about 10 years. It then lavelled slightly off for the lsst couple of years (figure 22).
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The model reveals what is happening: Investments in exploration and production will be made as
long as the petrolevin price may be raised 0 cover the additional expenditures associaed with the
exploitation. As long as the price considered required to justify investments in exploration and
production, is well below the international {import) price and the price on synthetics, such invest-
ments will be made, - and the domestic price will be adjusted accordingly. Now however, a double
price ceiling is in effect, determined by. the competing petroleum sowrces, - imports and synthetics
(figure 20). When approaching this ceiling, domestic investments are curtailed , exploration and
production is gradually shut down, and the exploitation is substituted by natural petrolewm imports
and Jater on by the production of synthetics (figure 14). With a stable international price, we would
have seen this scenario play ont in the *703. But due 10 the price incresse, & laxge investment in _
exploration is still justified in the shadow of the Iising international price. The slight recovery of the
petrolenm production after 1981 (figures 16, 22) is explained only 83 a delayed respons 1o this
large invest- ment. A3 it tums out however, this investment is insufficient in the long ran, and as
the exploration is extended , the productivity of this investment is declining. Consequently the net
yield is rapidly diminishing, and does not support the required production (figure 18). ’

Hote that some of the major regulating feedback processes in the systern are deteriorating after
1953, and completely dissopears in 1981. This i3 because there are 1o longer regulations that
effectively preserves the relationship between the exploration snd production expenditures on the
one hand and the domestic price on the other. The price is notallowed to follow the iricressing
expenditures, and the demand rernains high, - o

The substantial increase in the fraction of the reserve technologically recoverable {figure 17}, con-
tribute significantly to the production, because the identified resexve that remains unrecovered st
this pointof time, is relatively large (figure 15). But the contribution is far from sufficient o
countersct the depletion. This technological progress handly effects costs because the exploration
expenditures are very dominating until the end of the petroleum life cyle. Gradvally also the -
marginal effect of this progress diminishes. - _ ‘

Predictions must be based upon two assumptions; one about the future economic growth and one
about the price development on the international petroleum market. The base case growth in GHP
exhibihed here, is the middle economic growth applied by the U.S. Department of Erergy (FIA,
1985). (The model contins the extreme DOE cases a3 well). After 1995, linear extrapolations of
the DOE projections are applied. In the base case, the international price iz assumed 10 reach § 20
by 1990 (figure 20). From then on, the price is assumed 10 increase lineaxly by $ 10 per decade.
The termination of the petmoleum life cycle i3 characterized by a rapidly growing difference between
the unit exploration expenditure, and the petroletim price. The incentive 1o invest in exploration is
thereby eroding. The reserve is still being depleted (figure 15), until the unit production cost has
increased beyond the petroleum price, 50 83 10 no longer justify production. Imports sre growing
rapidly during this period (figures 14,19}, and one may find it reslistic 10 assume & more significant -
increase in the international petrolevin price in response t0 the massive U. S. import pressure. In
that case the U. 8. natural petrolenm demand will be more moderate, and there will be & stronger
incentive for the domestic production of both natural and synthetic petrolevm. The model runs until
2050, but by 2020 most of the d ynamics are over. »

APPLICATIONS OF THE MODFL

The most straightforwand vse of this model is as a ol for projecting the charecteristics of the
petrolevim life cycle into the future. This may be done under different scenarios with respect to the
development of the GNP, the international petroleum price, and the price on synthetic petrolewm.

The pupose of such projections would be o understand how the petroleum life cycle terminates

unuler different environmental circumstances. In particular, it will show how rapidly USA devel-

ops a dependency on import and synthetic production, and how large part of the total xesource that
i3 economically recoverable. By changing the investment module of the model, the effects of differ-
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ent investment policies may be evalvated, e.g. w0 limit the cuxeent explorstion and production, and
yield to the impert pressure in the short run, in ordex o mairdain a recoveiable reserve {correspond-
ing 10 a strategic Yeserve) in an aftempt to smooth the long m consequences of future import con-
straints. By changing the price module, the effects of alternative pricing policies could be tried out.
Such a policy.could include a taxation or import fees intended to stimulate energy conservation, and
build up the production capasity for synthetic petrolewmn. .

Hote that the model is based upon the assumption that there is a finite total petolewn resowrce. The
volume of this resource is continuovsly subject to estimation. So is the economically recoversble
part of this resource. The model suggests a way to estimate the resowrce: Provided one by-and-
large can agree upon the other sssumptions represented by the model, it may be possible to identify
a relatively narrow range of values within which we find the actual total volumne of the resouxce.

Moreover, the model may be used to synthetically %est out alternative techniques applied to acquire
the informstion neccessary 10 implement variovs policies. It was indicated that the volume of the
petrolewn resource is subject to estimation. Estimation techniques actually applied, can be de-
scribed by a set of formal models, each of them compstible with the one discussed in this paper. In
that way we can cary out synthetic data experiments, in which the "real data ", acquired from the
petroleum life-cycle model, constitute a consistent besis for the resource estiation, represented by
the additional models. Such experiments may provide a better understanding of the dynamics of
estimates, and stimulate the discussion concerning the desion and utilization of estimation tech-
niques. Experiments of thiz kind, focusing on the Geological Analogy Method and the Hubbert
Life Cycle Method, hes been caxried gut at MIT by J. Stexman, G.Richardson, and P. Davidsen
{Stermen and Richardson, 1985) and (Stexmen, Richardson, and Davidsen, 1987).

Both the petrolevrn model described in this paxticwlar paper, and generalizations made to encom-
pass other depleteble respurces, may tum ot 10 be a promizing tool for eaching resource manage-
ment. Such generic models will provide an understanding of how the life cycle dynemnics of &
resouice is related to the physical, fechnological and econnmical charscteristics of the vnderlving
feedback structure. Models of this kind may be vsed t0 study the particulsr behaviorsl modes
characterizing the life cycle, and transitions between these modes due 0 shifts in the feedback loop
dominance, Based on this understanding, appropriate policies can then be svggested and evslnated
through synthetic experiments, - 30 also mansgerial mfonnanon systems designed 1o support the
implementation of such policivs.
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Figure 20: Petroleum Price (PRICE), Import Price (IPRICE), and Price
on Synthetic Petroleum (SPRICE).
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Figure 21: Historic Natural Petroleum Demand (NPDMNDH) versus Simulated
Demand (NPDMND) .
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Figure 22: Historic Petroleum Production (PRHIST), versus Simulated
Production (PR).
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Figure 23: Historic Real (1982 USD) Price on Domestically Produced
Petroleum (PRCRDPP) versus Simulated Price (PRCDPP).





