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ABSTRACT

"This paper describes a model of the life cycle of the petrolewm resowrce in United States. Expand-
ing on prior sy3tem dynamic models of petroleum resources, the model endogenonsiv generates the
complete life cycle of the resource. The model treats endogenously the petoleum demand, the
development of ®echnology for and investment in exploration and recovery, the discovery and
production of petrolewm and the development of petrolewn substitates. With only two exogenous
warishles (GNP and the internstional petmolewm price), the model is able o portray the evolution of
the petrolewsn resotuce, and the associated industey, starting in 1870. The correzpondence between
simulated and sctusl data is examined through a veriefy of statisticel messures. The model is used 1o
show how the interplay of technological progress, depletion, and the development of substitaes
create the lifecycle by altering 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 10 obtain
a mndel portraying the generic structure of the life cycle of a depletable resource.
2. Analysis and eveluation of cunent practices in the management of depletable resources.
3. Design and evaluation of altemative strategies for the management of such resources.
The model seexns furthermnore 1o be & promising tool for teaching resource management.

PURPOSE AND OVERVIEW

This paper describes a model of the life cycle of petroleum resources in the United States. Expand-
ing on prior system dynamic models of fossil fuel resources (Maill, 1973; Naill, 1977, Backus et.
al., 1979; Choucri, 1981; Sterman, 1981; Stermsn and Richardson, 1985} the model endogenously
generates the complete life cycle of this resource. The model synthesizes the perspective of several
specific diciplines, such as geclogy, technology and economics. It integrates exploration, produc-
tion, pricing, demand, imports, and the development of substitutes. Finally, the model emphasizes
the unpastof delays in both the physical pmcesses snd ﬂm information ! decision making processes
of the 3ystem.

With only two major exogenovs veriables (GNP and the intervational petrolewm price}, the model
is able 10 portray the evolution of the petwoleum resource, and the associated industry, starting in
1870. The coxrespondence between simulated and sctual data is examined through a variety of
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statiztical measures. The model is used 1 show how the inwerplay of echnological progress, deple-
tion, impons and the development of substitutes, creates the lifecycle by altering the dominance of
the feedback processes in the system. The life cstle is characterized by exponential expansion of
the petrolewm industry, driven by economic growth, developing geological knowledge, and techno-

logical progress, followed by a transition 0 decline, driven by depletion, rising real costs of explo-
ration and production, and vitimately 10 the development of substitutes.

The model is intended to provide a realistic "micro world” in which the geological and technical
parayneters are known end can be varied to portray alternative scenarios. The model can then be
used for a variety of puposes:

1. The model ¥ill be used to generste synthetic dat for the modeling and evaluation of resource
estimation methods (Sterman and Richardson, 1965; and Sterman, Richardson, end Davidsen
1987).

2. Inwglgated and mutvally consistent forecasts of production, exploration actmty, and costs can be

dewveloped.

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

4. The model is reasonably transparent and offers opportunities to teach resource management,
dynamic modelling, and principles of feedback.

The structure of the model is described, followed by a d:scussmn of the parametyic a33umptions,

base case behavior, and potential apphcanons

The pewoleum industry began in earnest in 1859 with Colonel Drake's famnous well in Titusville,
Pa.. A model, snch as the one described here, which portrays the full life cycle over 130 yeass oI
history and beyond, must meet certain mqmremenw a shoxt tenm forecasting model does not:

Fiist, it must be a.structural model. It should represent the physicel axd ceusal structore of the
processes modeled, as opposed.to a model based on historical conrelations. Non-linearities and
constraints may alter the historical correlations in the future. Physical delays, such as the time
required to develop an oilfiel or build a synfuel plant, should be represented explicitly.

Secondly, it should be & behavioursl model, portraying the information available to ectors and the

procedures they use 10 process itand arrive at decisions. The petrolewm system is chmcmﬁz‘ed,by
impexfect information, uncextainty, and distributed decision making. If the model is to respond to

changes in the environment in the same way that real actors do, this bounded rationality should be
uu:omomed (Simon, 1947, - 57, - 79, - 82; Hogarth, 1960; Morecmft 1983; - §9).

Thindly, the model should generate its behavior endogenously. The exploration end production pro-
cess is tightly interconnected with energy price, demand, import, substitution, ard techrology. A

- change in one partof the system may have ramifications throughout. A model that relies on exogen-
ous veriables is likely to produce inconsistent results a3 the feedback effects are ignored. A model
that generates the petroleuin life cycle endogenously constitutes an intemnally consistent theory that
is subject o analysis, refutation and revision (Bell and Senge, 1978).

In addition %0 these general considerations, a model of petroleum resources o be used in forecest

evaluation should include the following specn'xc features 5 endogenous components:

1. Demand , impoxt, and substitmion. Petroleum demand is sensitive to price. As the prices rise, the
demand for petrolewn will be depressed, and the production of substitutes {"backstops” [Nord-
hans, 19'?3]), suchas syafu.els will be stimulated. If the price on domestically produced petrol-
eum rises above the impont price, import is indicated. The patiern of demand, import and subst-
tution will have a strong influence on production and investment in domestic explomnon Delays
in response of demand and in the development of the backstop industry should be made explicit. -

2. Depbmn ﬂnnughexphmmn and prodoction . The total quantity of petmleum initislly in-place

is finite. As itis discovered, produced, and consumed, the quantity mnmmng inevitably de-
clines, and the marginal cost increases, ceteris panbus Though improving technology may off-
et depleton and cause the real price of ‘petroleum to decline, the limited nature of the resource
base and its depletmn should be treated explicitly.
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3. Tecbmology. The ultimately recoverable resource depends hesvily on the recovery factor. Only
30 -40 per cent of the oil in place can be recovered economically with cwrrent technology, but
the fisction recoverable has been rising, snd may rise substantially in the future. Similaxly there
is adevelopiment of exploration technology. The effects of mvestmems in technological devel-
opment shovld be tweated explivitly.

4. Peopomic incentives; petindewm prives. Economic incentives (pmmmly deteriined by the
petrolevin prices) play a large role in determining proved reserves, exploration, snd produg-
tion. Petrolewin that is subeconomic at $10 per barrel may be highly profitable at $30 per
barnel. Regions that were not even considered for exploration may be prime candidates for test
wells at a higher price. Because the price has & strong influence on the incentives for explore-
tion and development, it should be modeled explicily. The effects of production costs, supply
and demand , market imperfections and imports should be incorporated.

The sectors of the model are exhibited in figure 1.

THE MODEL

EXPLORATION AHD PRODUCTION

The model divides the totsl quantity of oil-in-plece into three bagic categories; 8s yet undiscovered
petroleum, identified reserves and cwumnulative prodvction {figure 2). Within the3e broad categories,
several finer divisions are portrayed {figure 3). The dissggregation of the resovrce base follows
standard resowrce classification shown in the McKelvey box (USGS, 1976) (figure 4). Successful
exploration shifts the boundary between identified and undiscovered resources to the right; im-
provements in technology or increases in the real price of oil shifts the boundary between economic
and subeconomic resources towards the bottom. Production shrinks the resexve base.

In this section, the physical structore of the exploration (discovery) snd production {recovery) of
the resource, is described. Of major concexrn are the determinants of the productivity of investinents
in exploration and production.

The productivity of investment in exploration is negatively influenced by the discovery et {figure
Sy Suppose the dizcovery rate is increazed. Then less remains to be discovered with current tech-
nology, and the productivity of further investment in exploration is rednced. Itis assvmed that the
yield from exploration is expomnually decreasing with the cumulative footage drilled, and that the
footage drilled per $ invested is constant (Hubbert, 1969, - 75; Hall and Cleveland, 1981) The
reduction in productivity feeds bea_?j; 1o the discovery rate unplymg a reduction in the discovery
potentisl provided by any given level of exploration sctivity.

The productivity of investment in production is influenced in a similar menner by the rate of pro-
duction {figure 6); Suppose the production rate is increased. Then less remains 10 be recovered.
Thus the productivity of investment in production is reduced , feeding back w0 the production rate 10
reduce the production potential, provided by the investment in production. The production potential
constitues an vpper limit for the production rete, & rate which may thus be reduced. Note that the
technically recoverable resovrce remaining constities s upper limit for the rate of production as
well.

“These undexlying physical structures tend to stabilize the discovery and recovery of petroleum. As
long as there is a demand for petrolewm, 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 a tendency 1o slow down the rate of depletion, i.e the rate at which the system
appmwaches its equilibrium. In sddition %o demdnd, there are only tvwo more factors that may influ-
ence the development towards equilibrivm in each sector, changes in exploration effort and chang-
3 in technology. Increased investment in exploration increases the discovery rate. Better fechno-
logy improves the productivity of investments by making more of the petroleum available, - i.e.
discoverable snd recoverable.
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These two sectors sre interrelated physically since exploration provides the identified reserve,
which constitutes the basis for production. Progress in exploration also has an impact on the pro-
ductivity of investment in production: Suppose that less remains undiscovered due fo more exten-
sive exploration. In thatcase, the production is allowed 0 take place in more demanding geo-
structures. Now, if production takes place where exploration hss recendy taken place, the produc-
tivity of the production will then correspond to the current productivity of the investment in explo-
ration. The recovery of a field however, nommally takes place somewhat after the field has been
discovered. As exploration progresses, the technically recoverable rezerve discovered accumulates.
Thus the productivity of investments in production i3 lagging the pmducuvm of investment in
exploration, conespondmg 10 thiz reserve. .

INYESTMENTS

Investments are made to build up an exploration potentisl {capasity) snd & produvction potential {fig-
ure 7 and 8). These investments are determined by the demand for petrolevm and the petroleum
price. In addition, the productivities of such investments, a3 they compare o 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, scquire, and conduct the exploration activity is represented explicitly. An average log 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 and production are sdjusted to the perceived productivities of such
investnents, - though have to be justifiedby the market price. The breakeven prices required to jus-
tify exploration and production axe therefore compared o the prevailing market price. If the market
“price falls below the required prices, investments #ill be curtailed. The perceived productivity of
investments in explorstion is assumed o lag the yesl productivity by 15 years on the averoege.

TECHNOLOGY

Petroleum technolugy may be divided into exploration and recovery technology (figures 7 and 8).
Technological improvements increase the availability of petroleum throvgh exploration and pro-
duction, and thus improves the productivity of the investments. The current level of sophistication
in explorstion echnology is expressed by the fraction of the total petroleun resource that 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 fuxther research and development diminishes {technological saturatiox).

What may technically be discovered and recovered atany point of time, snd thus the ratio between
gross and net yield from exploration, is determined by the ®chnological development. The net yield
influences the demand for explorstion and the calculation of the wnit exploration expenditures, upon
which the petrolevn price is based.

The origin of technological progress lies in investments from revenues, i.e. the product of petrol-
eum price and production; A fixed froction of the revenues is assumed allocated to research and
development. Because of the technological seturation, the marginal productivities of these invest-
ments are declining. There is 8.6 years aversge third order delay in ®echnological reseaxch and
development. The split of this investment between the two technologies is subject 1o changes over
time (figure 11). Of primary concen is the exploration technology, as the exploration creates the
basis for production. Gradually, as this technology approsches its meximum Jevel of sophistica-
tion, the emphasis is shifted from exploration no production neclmology 30 a3 to utilize the identified
TeSEIVE.
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Deperding upon the revenues, fechnological improvements allow for sxploitation according to the
petrolevm demsand , while compensating for the decline in the productivities of investments in
exploration and production. Thexefore, the stonger the echnological progress is, the moxe aggres-
sively the depletion effect is compensated, - and furthey investments made in technology. When, on
the other hand, the production is falling, less is contributed 0 technological development. There-
fore the fall in productvity is compensated less aggressively, promoting a further decline in the
‘production rate.

As Jong a3 the production is growing , and the price i3 kept xelatively stable by investments in tech-
nology, the production rate predominanily detexmines the revenves and the investments in techno-
logicel resesrch and development. If the production levels off, this may be compensated by an
increase in the petrolevin prices, in which case the techinological progress is dominated by the
changes in price. Should the production decline, amplifisd by technological stsgpation, then there is
a call for a substantial increase in price % sustain the revenues and the investments in techuology.

Hote that if the production sctuadly levels off and starts declining, then the impact of a chenge in
technological compensation is determined by the timing of the peak in production: A lsxge impant
may result from production peaking atan early stage in the technological development, because
then the contribution from tchnological development is relatively dominating. When the techaclo-
gical saturation sets in, the effect of such a change will be less. Note also that the progress in
exploration technolog y generally diverges from the progress in production technology and that the
explorstion costs and the producton costs are not the same {exploration costs generally being
substantially hizher than production costs), so thet the contriibution from eech 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 and production is in demand
to the extent that substitutes, provided by import of natural petrolevm or production of synthetic
petrolensn, are not available at lower thed breakeven costs.

The demand for domestic production is complemanied by the tendency o import (the indicated im-
port). A rising tendency, reduces the production pressure. The tendency 10 import is determined by
the ratio between the inzonetional {impost) price and the exploration and production expenditures.
Note that the unit exploration expenditure is the average exploration cost per barel essociated with
the recoverable reserve. Thus the tendency o import iz smoothly effected by changes in the produc-
tivity of investments in exploration. The actual impoxt endogenously COVELS the residusl denmﬂ
i.e. the demond not satified by domestic production.

There sxe two different ways in which the demand for petrolewm mray be influenced by the petol-
eum price nver tme: First of all the demand is reduced by xising prices causing the enexgy intensity
of GNP to decline. Furtheonore, a synthetic petroleum industcy may be justified by higher prices.
There are substantial delays associated with the impact of price on demand: It takes 15 years on e
average to adjust the energy intensity, considering the potentisl for retrofitting existing capital, a3
the life of energy consuining capital is 20 years on the aversge (Coen, 1975; Sterman 1981). To
build a synthefic petroleum industry takes 9 years on the aversge. Synthetics, which represents &
perfect petroleum substitute, is sssumed 10 cost $50 per bamel.

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

- the cost3 associated with the exploration and production of petroleum;

- the demand for petroleum; and

- the supply of petroleum.

Before 1953, the 1S domestic price is considered dominating the intenationsl market, so that the
price i3 endogenously determined by the cost of exploration sed production. From then on, the
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* domestic production is protecied by import quots untl 1972, Yet the prive i3 gradually more influ-
enced by the fall in the intexnational price. In 1971 a price control is infroduced. This control iz
effective until 1981 contributing 0 awnid a windfall profit from dramatically rsing internationsl
prices. Dudng 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 domesns

o price is completely determined by the intemationsl piice.

The impsact of the demand on price is relatively staightforwand: Suppose the demand for domestc
production increases. Then 3o does the petoleun: price because the petrolevm market terds o
develop towards a sellexs' market. The impact of the petroleum supply is e opposite one: Suppose
the supply is increased. The price is then reduced becanse the petrolevn market tends to develop
towrards a buyers’ mearket. The supply of peteolewm is represented by the production potendal. Hoe
that the effect-of supply and demand on price is relatively limited: The oligopolistic pettolewn
maxket is characterized by zhort term adjustments of the pofential production (supply) according ©
the demand and the market price. It is therefore not very common that the price is affected by an
abundant supply. Shorteges are primarily & result of depletion, insufficient inveswnent in explora-
tion, and insufficient supply of imports or substitutes. Under a drematic upward pressure on price,
there iz & endency to introduce price controls o protect the petrolewn conswriing ind ustry and

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

The demand for petroleum exploration originstes from three different requirernents (fixwe 9), ie.
0,

- keep up with cwrent prodnction;

- naintsin a yeserve weoversble, adequate 1 keep vp with producton; snd

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

The anonnt 1o be produred i3 simuitaneously required substioted by recoverable petroleum. The
regerve must be coaected 10 an adequate level, corresponding to the current e of producton. Any
discrepancies from this level is phased out overa relatively long period of tine {15 years on the
average). Furthermore, an adjustment must be. made sccording 10 the expected growth in demand.
This ad justraerd is immediate, but is based on the forecast of & recognized tend in growd. There is
asswned t0 be a5 years aversge delay representing the time o observe, perceive, and recogrize tis
terd, and an additional 5 vears ¥ average the tend a3 a bagis for forecasting. As the growth teend
iz calralated from pastdemand, theze adivstients of the rezerve are hoth based upon the demand
for production, and the current resexve technically recoverable.

We may conclude that the demand for domestic producton, vhen transformed into & demand for
exploration, is amplified for two different reasons: First of all the recoverable reserve must be
established and maintsined. Secondly the gross vield from exploration must be considerably larger
Uian the required net yield, duve to the inadequacy of te production echnology.

The price on and demand for petrolevwm is determined a3 summerized in figure 13 {where the empli-
fying effectof the inadequate recovery technnlsgy on expiorstion, the effecis of supply and de-

mand on price, axd the short term adjustments of investment3 scconding o productivity and price,

axe all leftoul). The bold part of this figure represents the system considered without a technology
sector. The remsining represents the impact of tecknclogy. Two major feedbat,k processes tend 0
stabilize the system, respectively via, :

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

- the impsct of Import tendencies on the demand for domestic production. :
Az the wrdt costs increase due o depletion, these processes cavge the demand for petclewrn 10 mg-
nate. Thus the rates of discovery and production sre moderated. Due %0 the delayed, exponential
natuge of this effect, it3 fmpact iz indtally insigrdficant. Therefore exploration and production may
increase with the exporexdisl demand created by the growth in GNP. This gives rise 1 technologi-
cal investments and progress. Provided this progress more that offsets the impact of depletionon... - .
poductivity, the petrolewm prics is felling. This armplifies the rige in demand , productionsnd
technological progress through positive feedbock. When the technologicel saturation sets in, e -
piogress can no longer offset she depletion. The xise in costs, price and imports, forces the demand
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for domestic prod uction into decline. This yeverse tendency is sgsin amplified by the positivé’ ech-
nological feedback. (Mot that there is a negative feedback, via the impact of the petrolewm price on
evenues, that may dontinate the technological progress during a trensition period a3 the prodoction
levels off).

THE DYNAMIC MODES OF THE SY STEM

INTRODUCTION

In this gection the d yoamic behavior of the model will be explained and related w0 historic wcords.
The system exhibits tewo quite different dynamic modes of behavioxr, both dxiven by the exponential
growth in the GNP:

e of these modes originates from the physical consequences of petrolewn exploitation, - ie;

~ the discovery of petrolenum, Jeaving less of the total resource 10 be identified a3 & resexve in the
future; and ‘

- the recovery of petrolevm, leaving less of the identified reserve for future recovery.

The result is an exponential decline in the productivites of exploration and production. If the in-
vestments were kept constant, and there wes no chnologicsl ianovation, this would cause the diz-
covery rate and the production rafe o approach zero exponentislly. In this csse the mode of beha-
~vior is an effective contrection of exploration and production. Under such circwmnstances, and pro-
vided thexe are no price constraints, the petrolewm price would rise sccording to the declining pro-
dvuctivity. Thus the demand would no Ionger follow the exponential growth in GNP, but graduelly
level off.

To the extent that the price mechanism does not offset the growth in GNP, there are two different
ways o compersate for the contraction of exployation and production, in order to accomodate the
resilual growth in demsnd created by GNP. That is 0 increase investments in; :

- exploration and pioductior; and in '

- resedich snd development of the two technologies. :
Hote that these 370 kinds of compensating measures act throngh very different processes. Direct
investments fend 1o incresse the volume of the exploration snd production sctivity, ie. the ramwe at
which the exploration and production frontier is extended into the geo-structure. Larger investments
therefore tend to reinforce the contraction. Investments in research and development tend 1o make
exploration and production more efficient. Technological progrezs may allow for the frontiers 10 be
exterded ata lower e, still with the same vet virll Thus 1 compenzate for deterinrating prodne-
tivities, one may invest in technology o complement, and even substitule 101 wvesuipis punse
ing depletion.

Even stronger zchnological investments may more than cancel out the effect of depletion and actu-
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 83 the echrological
development is "on fop of" depletion. Note that this in time will reixdorce the petrolewn demnand, - &
development that will smplify the pressure for technological progress. To the extent that there iz &
“adequate response 1o this pressure, the exploration and production may continvelly satisfythe”
demsnd without increasing unit costs. If the technologicel response turns out to be inadequate, then
we expexience the contraction,

The dynamics of the life cycle of the US petrolewn reaource is cheracterized by expansion followed

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

mMo3t prominent Ones are;

- the identified reserve, acting a3 a buffer between explomation snd production;

- the delay in xecognizing the marginai exploration cost, acting as a buffer between cost and invest
ment;

i
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- the delay in averagzing the exploration expenditures, scting a3 a buffex between costand price,
and

- the regulations, scting as buffers between the US's and the international petlewm economy.

These buffers may mask the transition from expansion.to contraction, and tend eventusliy to ampli-

fy the contraction. Dug 1o its significance, the tensition will be designated as a particular yaode of

behaviox.

THE EXPANSION (1870 -1945})

The dynsmic mode of the petroleum life cycle i3 a typical expansion, snd hag the following popsr-
tes (figures 14 to 23): Historically the petroleum price veried substantislly in the beginning (figure
23). But by-snd-loxge it declined with a decreasing margin until and was fairly stable thereafter
{untl after Wordd War I). The demand for petrolewn wes determined by the fact hat it waz pre-
dominsntly used a3 a source of light, - only Iater 1o be recognized 93 sn energy source suiteble for
heating, production, and ransportation. Craduaily, petrolenm was established a2 a matuge sowrre
“of enexgy with a relatively stsble market share {1950 - ). With the increazing inaxket penetration that
petrolewsn hisd during the first part of this century, the growih in devnand (figure 21}, exploration
arvl production exceeded the growth in GHP. The produstion exhibited a growth paterm corre-
sponding 1o the demnand (figwre 22), - and allowved in addition for export. Note that dwing most of
this thne, USA we3 a net exporter of petrolews.

The energy intensity in the model is calibrated 1o represent the prevailing intensity duing the last 35
years. Therefore an exogenous factor represents the smooth transition from other zources of eneygy
¥ petrolenm. This causes the petroleum demand 0 grow according ¥ the historic demsnd (figure
21}, - i.e. fagter than the reférence growth for most of thiz perod. In addition to that, thiz growthiis
endogenously amplified by a declining petrolewm price. '

In the model, the production grows exponentally {figwe 14, 16} and satisfies the domestic demnsnd
and the petrolewm export. The growh in net yiel from exploration is also exponential and satis-
fying during this period (figure 18). The echnically recoverable reserve is developing normally
{figure 17), acconding %0 the growing ra% of production, untl §928. Thereafter, an excess reserve
sccumulates over time bringing the potentisl production from reserves well above the sctual produc-
tion {figure 16), in spite of the fact tat the investments in exploration sre adjusted to changes i
coste. The sccwmnulation originates from the substentisl delay it recognizing the decling in unit
explorstion expenditures, cavusing overinvestnents o be made. Both kinds of technology are devel
oped atan exponrential vaie 30 93 0 more than offset the impact of depletion on productivities figuxe
17). The progress in discovery technology reaches its meximmn effect {the inflection point of the
frection discoverable) in 1931. The effect of te technolbyicsl progress in production is consider-
ably more moderate. The technologival progress sccounts for an increasing productivity of invest-
menis, causing the petrolewin: price o decline from its initisl valve until 1930, when it levels off
{figure 20) (The price exhibits a fluctuation which is a litle more modersie thax what was experi-
enced historically, and is systermaticelly slightly higher after 1930 {figure 23}).

Inoxder 1o sustein e ®chnologicel development that makes it possible to safisly dernsnd | ever
larger investments must be made. Because the echnoiogicsl investiients are financed 33 a fraction

of the revenues and the price is declining sssympiotically, it is the exponential grow: in prodacton

that facilitates further growth taough the positive feedbeck process described vnder "Technology".

THE TRANSITION {1945 - 1981}

Thexe are upper limits as % how much of the petrolenm thet may be discovered and recovered. As
these limits are approschad , the echnological prog ®3s i3 charecterized by sakaration, and the mar-
ginal effects of the investmeniz in lechnology aw «educed. Thus the need for investments in tech-

nology, just o compensate for this decline, is incressed exponentislly. Recall in addition, that the
~partial effect of a constant exploittion is © reduce tie productvities exponentially, and thet the
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growih in petroleum demand is also exponentisl. The growth in fechnology investments shouvld
therefore compensate for a hyper (tripple) exponential decling in the return on these investments.
‘Sooner or later, we may conclude, the echnological innovation are not sdequatke o withstand the
effects of exploration and production. Thus we approach a contiaction, primarily cheracterized by
declining productivities. But before the contraction is fully established a3 a mode of behavior (from
1961 ony, a lot happens, - both historically and in the model:

Itis not suxplising that the historic records-on price, demand and production handly show any signs . |
of the oncoming contrection during-the transition mode. As already pointed out, this transition is ‘
being masked by internal and external buffers (delays, reserves and mglﬂamns) The import{195

- 73} and price {1971 - 81) regulations are the only ones that may betraced empirically. Note that

the effects of the oil-embargo (1973) and the Iran - Irak war {1978): withitespect to importand .

price, cannot be claimed to reflect domestic exploration and productioprealities. It is important to

notice however, that these events coincide with the final stages of the domestic transition from

expansion toeards contrection. What hxsmnca]ly happened was the following:

After World War II, the domestic petroleum price 10se by more than $ 4 perx barrel (figure 23). Thae
Pprice was then fauly stable, butdrifted dwring the import regulation towards the international price,
which fell below the dumestic price in 1950, - and reached a local minimuvm around $ 6 in 1972.
The price control then prevented the domestic price from rising as dramatically a3 the international
price during the two crises in the *70s. As the produced and imporied petroleum reserves were
being depleted, the pressure from the international market forced the domestic price up towards the
international price (which was practically attained in 1981).

The growith in petroleum demmd was exponential until 1973 , Stagnating only sl:ghtly (flgure 21)
It was then inflected significantly, leveled off, and started fallmg

The domestic pmdwmon initially followed the same trend ag the dems.ml but was supplemented by
# substantial growth in imports during the import regulation period (1953 73} a3 USA turned from
being a netexporter 0 become & net importer of petroleum (figure 22). The domestic production
was3 also supplemented by the Alaskan production which gradvally grew and amounted o more
than 1195 of the total domestic supply in 1986. Consequently, the production in the Jower 48 states
contracted more significanty then the petrolewn demand duxing this period, and fell substantially
duxing the pexiod 1973 - 81.

Itis convenient 1o 3tart off the description of the tansition mode of behavior, 83 portrayed in the
model, by pointing out the early waming indicated by the inflection of the fraction discoverable in
1931 {figwre 17). This represents the first sign that the positive, compensating feedback loop, pro-
moting the technological development, looses its dominance. Note however that the progress in
production technology has an accellerating effect up until 1967, when also the fraction recoverable
inflects due 1o saturation. But becavse the unit exploration expenditure at this point of tine is con-
siderably Jarger than the production costs, the contraction is triggered. One could then expect & con-
traction scenario; - with lower pmdw:uvmes higher costs and price, reductions in demand and
investments and a decline in exploration snd production. But it takes & very long time 10 establish
this mode of behavior: , .

The petolewm price i3 relatively stable until 1973 (figure 20). It does not reflect the post-war
increase, a3 the model does not represent the price regulations prevailing during the war. The
subsequent import and price regulations are however Iepresemed exogenously in the model. They
axe considered to be imperfect in the sense that the domestic pme in each case gradually adjusts.
towands the internationsl price.

The growth in the petroleum demand follows the historic pattern sccurately (figure 21): Le. it
develops exponentially until 1973. There is however a slight stagnation during iz period,
representing the stabilization of the petrolewm maxket share. Asg the petroleum price increases
dramatically during the *70s, the demand inflects accordingly, and drops off with a subshntial
delay during the '80s.
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The petolewn production satisfies the demand until 1950 {fig 14). Gradually the domestic supply
iz less sufficient, even if the Alasken production comes into play. There are two yeszons for this:
Firat of all, the import price becornes competitive in the 50's, 20 that the tendency to import petrol-
eum is reinforced. In gpite of the import regulstion, this reduces the pressure 10 explore domestical-
Iy. Secondly, there is a masked transition into a decline in the productivity of the investment in
explomtion. This is due to the inflection of the fraction xecoversble, - i.e. the declining effectof
techmological progress. Even though this transition initially (1931 - 53) is very smooth, there iz a
relatively dramatic fall in the net yield from exploration {figures 17, 18), partly duve 1o the delay in
recognizing the cuirent exploration expenditures: So far, the productivity has been rising, and the
exploration activity has been oversized. Bui now, when the productivity is falling, the investrnent is
systematicly too low. Gradually the effects of nechnologmal investments are deteriorating, only 1]
amplify the contraction. However, due 1o;

- the excess exploration;

- the large reserve that has been built up (ﬁgum 16}; and

- the relatively strong progress still characterizing pmducuon technology,

the technically recoverable reserve is inflected st only a moderate rate (figure 17). And the dramatic
fall in the vield from exploration has no effect on production. Eventually though, there i3 a drama-
tic decumulation of the technically recoverable reserve, and this reserve becones an effective con-
staint on production, so that the demand can o longer be satisfied. Thus additions to the identified
1esexve are no longer sufficient to madntain the required production.

When it eventually tocng ont that the production does not yisld revenues, sufficient o sliow the
technological peogress 0 keep up with the depletion, then the productivity of the investments in
explorstion declines. This calls for & higher price 1o cover the increased expenditures, snd possibly
counteract the echnological stsgnation. Incidertally this is exactly what happens: At this point of
time, the international price is incressed, the domestic price is allowed o follow, and the high
market price stimulates investments ard revitalizes the exploration. The large investments are just-

- fied sl3o because the petrolevm demand responds very slowly 1o the change in price. Thi3 creates a
shortage, previcuzly covered by imports. But now a3 the international price goes up, there is an in-
centive 10 discontinue this import {figure 19). Tt finally turas ont, that in gpite of a boost in Alaskan
pioduction, the domestic supply remaing insufficient and one may recognize that o contraction i in
progiess. There axe seversl factors which cause the massive investment in exploration not to pro-
vide the required resexve, and therefore may explain the subsequent contraction:

The investment is not large enough, because the exploration expenditvres are vnder-estimated. The
effectof the investment is delayed snd distibuted over time. The productivity of the investment is
deteriorating exponentially slong with the exploration; - an effect which iz no longer adeguately
mafched by the technologicel development; While a3 the techrological progress so far scted 1
amplify the expansion of exploration and production, throvgh positive feedback processes, it now
promotes the contraction, through the same kind of processes: The declining rate of production,
cauzes the revenves o decrease, - while a3 the demand for fechnologicel investments is stll grow-
ing hyper-exponentially. (Recall the significant delay cerecterizing how demand responds o a.
change in price}. Even though the price is rising significanty after 1973, 50 a3 0 contribute 1 the
tevenue; the techoological consequences axe far from sufficient. Thexefore the produstivities axe
atill declining exponentially, and effectively slowing down the technological progress even fuather.

THE CONTRACTION {1981 -}

Historically the contraction did not menifest itgelf in terms of the petrolewn price or the demand for
petoleum (fipures 22, 23). The petrolewn price was determined internationally, acd fell suddenty
down 0 & 1986 level thst could only be justified by the cos's of the larzeat producers in OPEC.
Becsuse of thiz development, the demand slowly recovered from the price shock of the '703, after
having fallen significantly during a couple of years. The only contrartion choxscteristic within the
historic timeframe was thus the production tajectory: The production decressed substantially for
about 10 years. It then levelled slightly off for the last couple of years (figure 22).
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The model reveals what is happening: Investments in exploration and production will be nade as
long s the petroleum price may be raised to cover the additional expenditures associated with the
exploitation. As long a3 the price considered required to justify investments in exploration and
production, is well below the international {import) price and the price on svynthetics, 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 petrolevm sources, - imports and synthetics
{figure 20). When approsching this ceiling, domestic investments are curtailed, exploration and
production is gradvally shut down, and the exploitation is substituted by naturel petrolewm imports
and later on by the production of synthetics (figure 14). With a stable internations] price, we would
have seen this scenario play ont in the *70s. Butdue 1o the price incresse, a laxge investmentin
exploration is still justified in the shadow of the rising 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. As it tuns out however, this investment i3 insufficient in the long run, and as
the Pxplorauon ig extended, the pmductmty of this investment is declining. Consequrmly the net
vield is rapidly dummshmg and does mt suppon the required production (figure 18).

Hote that some of the major regulating feedb_ack processes in the systern are deteriorating after
1953, and completely dissapears in 1981. This i3 becavse there are no longer regulations that
effectively preserves the relationship between the explomimn and production expenditures on the
oxe hand and the domestic price on the other The price is not allowed 1o follow the incressing
expenditures, and the demand rernains hxgh

The substantial increase in the fraction of the reserve techrologically recoverable {figure 17}, con-
tribute significantly to the production, because the identified reserve that remains vnrecovered at
this point of time, is relatively laxge (figure 15). But the contribution is far from sufficient to
countersct the depletion. This echnological progress handly effects costs because the exploration
expenditures are very dominating until the end of the petrolevin life cyle. Gmdually also the -
naxginal effect of this progress dnmmshes :

Predictions must be based upon two assumptions; ong about the future economic growth and one
about the price development on the international petroleum market. The base case growth in GHP
exhibihed hexe, is the middle economic growth applied by the U. 8. Department of Energy (EIA,
1985). (The model contains the extreme DOE cases a3 well). After 1995, linesr extrapolations of
the DOE projections are applied . In the base case, the international price i3 assumed 1o reach $ 20
by 1990 (figure 20). From then on, the price is assumed 1o increase lineaxly by $-10 per decade.

The terminstion of the petroleum life cycle is charscterized by a rapidly growing difference between
the unit exploration expenditure, and the petroletim price. The incentive o invest in exploration is
thereby eroding . The resexve is still being depleted (figure 15), until the vnit prodvetion cost has
increased beyond the petrolewm price, o 3 10 no longer justify production. Imports are growing
rapidly dvring this perind (figures 14,19), and one may find it realistic 1 assume & more significant -
increase in the international petroleum price in responze 0 the magsive U.S. import pressure. In
that case the U.S. natural petrolevm demend will be more moderate, and there will be & stronger
incentive for the domestic production of both naturel snd synthetic petmleum The rodel runs wntl
2050, but by 2020 most of the dynamics are over,

APPLICATIONS OF THE MODFEL

The most straightforward use of this model is as a tool for projecting the chasacteristics of the
petolenm life cycle into the future. This may be done under different scenarios with respect to the
development of the GNP, the intemational petroleum price, and the price on synthetic petrolevn.

The pupose of such projections would be © wnderstand how the petroleum life cyele terminates
under different environmentsl 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 resource that
is economically recoverable. By changing the investment module of the model, the effects of diffex-



116 THE 1987 INTERNATIONAL CONFERENCE OF THE SYSTEM DYNAMICS SOCITY. CHINA '

ent investment policies may be avalvaed, e.g. ¥ limit the cuwrent explorstion and production, and
yield 1o the impert pressure in the short mum, in ordex 0 maintain a recoverable reserve {corespond-
ing 1o & strategic yeserve) in an aftempt 1o smooth the long i consequences of future import con-
straints. By changing the price module, the effects of alternative pricing policies could be tied out.
Such a policy.could include a taxation or import fees intended 0 stimulate energy conservation, and
build up the production capasity for synthetic petrolewm. .

Hote that the model is bazed vpon the assumption thet there is a finite total pewolewn resovrce. The
volume of this resourte is continuovsly subject to estimation. So is the economically recoverable
part of this resource. The model soggests a way t0 estimate the resource: Provided one by-and-
large can agree upon the other sssumptions represented by the model, it may be possible to identify
a relatively narow range of values within which we find the actual total volume of the resource.

Moreover, the model may be vsed o synthetically test out alternative echniques applied o acquire
the information neccesssry o implement various policies. It was indicated that the volume of the
petrolewm resource is subject to estimation. Estimation techniques actually applied, can be de-
scribed by a set of formal models, esch of them compsatible 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-cyele model, constitute a congistent basis for the resource estimation, represented by
the sdditionsl models. Such experiments may provide a better understanding of the dynamics of
estimates, and stimulate the discussion concerning the desion and wtilization of estimation ech-
niques. Experiments of thiz kind, focusing on the Geological Analogy Method and the Hubbert
Life Cycle Method, hes been caxried gut st MIT by J. Sterman, G.Richardson, snd P. Davidsen
{Sterman and Richardson, 1985) and (Stexman, Richardson, snd Davidsen, 1987).

Both the petrolevrn model described in this paxticular paper, and generalizations made to encom-
pasg other depleteble resnurces, may tum out 1o be a promizing ol for tesching resource manage-
ment. Such generic models will provide an understanding of how the life cycle dynamics of &
1esovice is related to the physical, fechnological and economical charscteristics of the nndexlving
feedback structure. Models of this kind may be vzed o study the particulss behaviorsl modes
charecterizing the life cycle, and transitions between these modes due W shifts in the feedback loop
dominance, Baged on this understanding , appropriate policies can then be svggested and evaluated
through synthetic experiments, - 50 also mansgerial mfonnanon systems designed 1o support the
implementation of such policivs.
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Pigure 18: Petroleum Production (PR), Potential Production from Reser~
ves (PPR), and Additions to Identified Reserves (AIR).
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Figure 19: Imports (IMPORT) and (Price-) Indicated Import (IIMPRT).
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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 (PRCRDFPP) versus Simulated Price (PRCDPP).





