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Abst r act

This paper is the final report on a study carried out for the
U S. Department of Energy, concerning the optimal size of the Strategic
Pet rol eum Reserve (SPR). The purpose of the SPRis to dimnish U S.
vulnerability to, as well as to offer protection against, possible future
oil enbargoes. In this study we fornulate the problem of determning
the optimal size of the SPRas a paranetric bimatrix game between the U. S.
and its potenti al oppbnent. The strategies of the opponent are enbargoes
of various intensities and |engths, including of course the no enbargo
option. The strategies of the U S. are various ways of using the reserve.
_The size of the reserve itself is a parameter present in both payoff
functions. Solving the ganme for the rel evant reserve sizes yields interesting
conclusions on the desirable size of the reserve, as well as on U. S
drawdown policies in case of an enbargo. The crucial elenent in the game-
theoretic approach is that, unlike the traditional cost-benefit analysis,
it fully captures the enbargo-deterrent effect of an appropriate SPR W
have solved the gane for over 100 sets of assunptions organized into
scenari os, and have derived qualitative and quantitative concl usions

concerning the appropriate size of the SPRand related matters.
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Sunmary
In the wake of the 1973-1974 oil enbargo, the U.S. Congress has

legislated the creation of a Strategic Petrol eumReserve (SPR), neant to
reduce the nation's vulnerability to simlar supply interruptions. This
study addresses the question about the appropriate overall size of the
Reserve. On the one hand, it seeks answers to this and rel ated questions
under specific assunptions; on the other, it devel ops an anal ytical tool
inplenented in a conputer program and available for further studies under
different assunptions. The programruns on the DOE conputer.

The purpose of the SPRis to reduce the vulnerability of the U. S.
to petroleumsupply interruptions. It can do this by absorbing some or al
of the petroleumshortfall created by a supply interruption, but also by
deterring an enbargo through its nere existence. FEarlier studies concerning
the appropriate size of the SPR have focused on the |oss-absorbent aspect
of the reserve, and have not found adequate means of quantifying the
enbar go-deterrent aspect. This study uses a gane theoretic nodel to
anal yze the optimal SPR size fromthe point of view of |oss-absorption as
wel | as enbargo-deterrence.

Gane theory is a nathematical discipline whose object is the analysis
of conpetitive situations, conflicts, and related phenonena. Since enbargoes
obviously belong to this class, game theory is the nost relevant anal ytica
tool for our problem

The problemof the optinal overall size of the SPRis formulated as
a bimatrix game between a potential enbargoer ("the Cartel') and the U.S.,

in which both sides pursue their objectives expressed in the formof two




payof f functions. W assune that periodically a situation arises, in
which the Cartel wants to force upon the U.S. sone political action that
the US. is unwilling to take. W call such a situation a conflict. In
pursuit of its political goal, the Cartel's objective in the game is to

i nflict maxi numdanage upon the U. S. quickly (danage caused later is of

| esser "value"), with a mininumloss of its own. The U S. objective is to
mnimze the total cost of the potential conflict to the U S., consisting
of the cost of the SPR and the GNP | oss caused by the Cartel's action

The gane is nonzero-sum i.e., one player's gain differs fromthe other's

| oss

The parties to the gane pursue their goals by a nunber of strategies
available to them The Cartel's strategies are enbargoes of varying
intensity and length; while the U S. strategies are the various drawdown
policies. The size of ther SPRitself is a paraneter in both payoff functions.
Sol ving the gane consists of finding an equilibriumpoint, i.e., a pair of
strategies optimal for each player under the assunption that the other
pl ays the game optimally for hinself.

The way to use this nodel for finding the optinal size of the SPR
is to solve the game for all relevant values of the SPR size, and find the
value that mnimzes the total cost of a conflict to the U S. However,
since formulating the player's payoff functions and strategies involves
a nunber of specific assunptions, solving the ganme for one set of assunp-
tions is interesting but not sufficient. |In order to get nore reliable
answers, it is necessary to performsone sensitivity analysis, i.e., to
solve the gane (for all relevant SPR sizes) for different sets of assunp-
tions that seen reasonable, and exam ne the effects on the outcone of

changes in the assunptions.




We have solved the game for over 100 sets of assumptions organized
into scenarios. Apart from the size of the SPR and its filling schedule,
the main parameters defining a scenario are: the level of U.S. oil imports
from the Cartel at the time of the potential conflict; the level of the
Cartel's total oil exports at that time; the level of U.S. daily petroleum
demand; the sensitivity of the U.S. GNP to a cutback in petroleum; the
Cartel's sense of urgency in the pursuit of its goal; the Cartel's sensitivity
to its own losses; the U.S. capacity of economic retaliation. Our main
findings can be summarized as follows.

For small SPR sizes the optimal strategy for the Cartel in case of a
conflict is to impose the most intensive type of embargo made possible by the
level of U.S. imports from the Cartel, either for a full year or for 9 months,
depending on certain assumptions about the Cartel's payoff function. In all
the scenarios, there is a critical SPR size for which the "no embargo"
strategy becomes optimal for the Cartel. This is the reserve size required
to deter an embargo of the maximum intensity made possible by the U.S. import
level. It is also the reserve size that minimizes the total cost of the
conflict to the U.S., hence the optimal reserve size.

The reason for the above outcome is that, as the SPR size increases,
the damage inflicted upon the U.s. economy by an embargo decreases;
furthermore, it takes longer and longer for this damage to materialize,

i.e., the larger the rese~ve, the later the U.S. "feels the pinch" of
an embargo, if it does so at all. Since the utility to the Cartel of a
damage inflicted upon the U.S. decreases with time, while the Cartel's
sensitivity to its own loss increases, there is a point beyond which the

embargo loses its justification.




The total cost to the U.S. of a conflict with the Cartel, viewed
as a function of the SPR size, decreases nonotonically as the reserve
increases fromO0O, as a result of the |oss-absorbing function of the SPR
O the two conponents of this cost, the GNP loss is by far the nore
i nportant one, exceeding several tines the cost of the reserve for every
SPR size up to the critical one. At the critical value of the SPR size
the total cost suddenly drops to the level of the cost of the reserve, as
a result of the enbargo-deterrent function of the SPR  Beyond the critica
reserve size, the total cost to the U S. increases slowy, as the reserve
i ncreases. The shape of the U.S. cost function is shown for 4 different
scenarios in Figures 4, 5 6 and.-7, on pages 51 and 52. °

The total benefit to the U S. fromthe SPR nmeasured as the difference
between the cost to the U.S. of a conflict with the Cartel without a reserve
and with the SPR increases with the size of the SPRup to the critica
reserve size, then it decreases. The narginal benefit, i.e., the benefit
obtained fromincreasing the SPRby 1 unit, is large for a snall reserve,
then decreases as the reserve increases, up to a point close to the critica
val ue. Just before the SPRattains its critical size, the nmarginal benefit
junps to its highest value over the whol e range of reserve sizes, corresponding
to the switch in the Cartel's optinal strategy froma heavy enbargo to
"no enbargo.' Beyond the critical value, the marginal benefit is a snal
negative constant. The U.S. narginal benefi; corresponding to the nost
rel evant SPR sizes for one of the nore probable scenarios is presented
in Table 25 and Figure 8 on pages 57 and 56 respectively.

The critical size of the SPR depends on several of the paraneters

defining the scenarios, first and forenost on the level of U S. oil inports
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fromthe Cartel at the tine of a potential conflict. Expressing the
critical reserve size as a function of this inport |evel, we conclude
that within the range of realistic values for the other paraneters, the
critical SFR size is the equival ent of about 8-10 nonths® of U.S. inports
fromthe Cartel at the tine of the crisis. This suggests the follow ng

concl usi on concerning the appropriate reserve size for various U. S. inport

| evel s:
U.S. Ol lnports Appropriate Size
fromthe Cartel of SPR
(MB/ day) QMB)
3-3.5 750- 1050
3.5-4 840- 1200
4-4.5 960- 1350
4,5-5 1080- 1500

In addition to showing the optinal SPR size fromthe
poi nt of view of both the |oss-absorbent and the enbargo-
deterrent functions of the SPR the gane theoretic nodel also
provi des a separate assessnent of the value of these two functions, i.e.,
of-fhe absorption value and the deterrent value of the SPR  The point of
this distinction is the discovery that while the (loss-)absorption val ue
of the reserve shows up as a direct benefit whenever there is an enbargo,
the deterrent value gets translated into benefits only if the SPRis at |east
equal to the critical size corresponding to the U.S. level of inmports from
the Cartel; otherwise it remains latent. This circunstance hel ps explain
the surge in nmarginal benefits in the nei ghborhood of the critical SPR size:
at that point the deterrent value, latent for snaller reserve sizes

suddenly gets translated into benefits.
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1. Backaround
Fromm d- Cctober 1973 till md-March 1974, the U S. was the object

of an oil enbargo on the part of the QAPEC (O ganization of Arab Petrol eum
Exporting Countries, a grouping within OPEC). Right before the enbargo, U.S.
pet rol eum consunpti on was about 17 MVB/day (mllion barrels per day), of

whi ch about 6.2 MvB/day were being covered by inports. Roughly 227. of these

i mports, or about 1.4 **CB/day, were coining fromthe OAPEC countries. The
enbargo was acconpani ed by a substantial cutback of oil production in the
QAPEC countries, and a quadrupling of world oil prices. Al this had a

nost severe inpact on the U.S. and world econony. In the U S., the GNP | oss
directly ascribed to the enbargo was officially estinmated to have been between

$10-20 billion [1, Appendix AV, p. 288], though other estinmates run nuch higher.

The enbargo has alerted U.S. policy nakers and the public at large
to the vulnerability that our high degree of dependence on oil inports
entails. As a result, in Decénber 1975, Congress passed the Energy Policy
and Conservation Act (Public Law 94-163), which provided for the creation
of a Strategic PetroleumReserve, neant to reduce the vulnerability of the
U.S. to petroleumsupply interruptions and to alleviate the inpact of such
di sruptions, should they occur. The law called for an Early Storage Reserve
of at least 150 MMB to be put in place by Decenber 1978, and for a total
Strategic PetroleumReserve of up to 1,000 MVB. It further specified that
by Decenber 1982 the reserve should reach a level corresponding to the
volume of inports during the 3 consecutive highest inport nmonths of 1974-1975,
sub:sequently deternmined to be about 500 *MB.

The Strategic PetroleumReserve Plan [3] submtted to Congress in
Decenber 1976 recommended an overall size of 500 MMB for the reserve. One of
the early decisions of the Carter Adm nistration was to augnment the size of the
SPR to 1000 *MB. A recommendation to this effect was submtted by the

Departnment of Energy [4] and approved by Congress in 1978. However, current
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budgetary allocations provide oaly for a reserve of 750 MVB, to be put in

pl ace by 1985.

At the end of 1978, five years after the oil enbargo, U.S. dependence
on petroleuminports has considerably increased: of the total petroleum
consunption of 19 MvB/ day, about 8 MvB/ day were covered by inports.
Furthernmore, 3.2 MvB/day or roughly 40%of total inports were coming from
the QAPEC countries, and another 0.9 MWB/day originated in Iran. On the other
hand, the SFR had only 60 MM of oil in place, instead of the 150 MMB required
by the Energy Policy and Conservation Act.

U. S. dependence on inported oil, and in particular, Mddle Eastern
oil, is not a short term phenonenon. Conservation neasures and vari ous
policies designed to replace oil by coal where possible, and to increase the
efficiency of oil usage by notor cars, can certainly mtigate the growh
of energy demand and, to a linmted extent, even reduce petrol eumconsunption.
Al so, a successful policy of incentives can lead to an increase, within
certain limts, of donestic oil production. However, the possibilities in
either of these directions are too limted to be able to bring supply and
demand into equilibriumw thout oil inports.

A rapid devel opnent of nassive oil production in Mexico seens technically
feasible and could possibly make North America self-sufficient in oil for several
decades, but this is currently not the policy of the Mexican Covernnent;
and though a change of policy could possibly be induced by a sufficiently
attractive and inaginative U.S. initiative, sonme sort of Marshall Plan for
Mexi co, nothing of the kind seens to be contenplated at the nonent.

In the longer run, oil supplies will be supplemented by |iquefied
coal. A fewyears ago this seemed to be the nusic of a distant future,
since at 30-35%/barrel the price of liquefied coal was several times higher
than that of oil. But with the world price of oil at $18-20, the ratio is

only 3:2, and the day when |iquefied coal beconmes commercially feasible
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seems much closer than it used to. However, lead times in this area are
such that massive use of liquefied coal in the next 8-10 years is most
unlikely.

Thus, massive oil imports from the Middle East are likely to continue
over the next decade. The vulnerability of the U.S., far from having
decreased since the last embargo, is considerably higher today than it was
five years ago. The recent upheaval in Iran, which brought to power forces
closely allied with the radical Arab regimes, as well as the success of the
radicals in isolating Egypt in the wake of the conclusion of its peace treaty
with Israel, show that another oil embargo against the U.S. is far from
impossible; and that if it comes, Iran might join it.

Thus the need for an adequate Strategic Petroleum Reserve is more acute
today than it ever was, While a petroleum stockpile cannot make the U.S.
independent of oil imports, it can substantially reduce the vulnefability
of the nation to sudden supply interruptions of the type experienced during
the winter of 1973-1974.

There are two ways in which an adequate petroleum stockpile can reduce
U.S. vulnerability. An oil embargo is not a common commercial practice;
it is a tool of political blackmail, meant to force those at whom it is
aimed, into some action they would otherwise not be willing to take. It is
economic warfare, which also entails losses and carries risks for those who
undertake it. Further, to be effective, it requires closely coordinated
joint action on the part of many parties with diverging needs and often
conflicting interests. For all these and other reasons, an oil embargo can
only be imposed under circumstances of acute conflict, as a result of some
international crisis, and only for a limited length of time. Should such an
acute conflict arise, and should an embargo against the U.S. be contemplated,
the existence of a sizeable petroleum stockpile in the U.S. would certainly

diminish, if not abolish, the chances of success of a blackmailing attempt,
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and woul d therefore nake the enbargo a nmuch less attractive policy option

This we will call the (enbargo*)deterrent aspect of the SPR  Should an

enbargo neverthel ess be inposed, the existence of a |arge enough petrol eum
stockpile would enable the U.S. to absorb the oil shortfall due to the
enbargo by drawing on the reserve for a considerable length of time. This

we will call the (loss-)absorbent aspect of the SPR

2. COiteria for Choosing the Overall Size of SPR

What is the nost appropriate overall size for a U S. Strategic
Petrol eum Reserve? One way of answering this question is to performa
cost-benefit analysis of various reserve sizes under assunptions organized
into scenarios for possible future enbargoes.

If we assune that an enbargo will take place some time during the
next 15 years, a good nmeasure of the efficiency of the SPRis the total cost to
the U.S. of the enbargo, as a function of the reserve size. This total cost
can be neasured by the sumof (a) the cost of the reserve, and (b) the G\P
| oss caused by the petroleumshortfall that the reserve cannot replace.

The cost of the reserve is an increasing linear function of the size of the
reserve, whereas the GNP | oss can be approxi mated by a quadratic function
of the percentage petroleumshortfall, where the latter decreases linearly
with the reserve size. As a result, the total cost is a convex function of
the reserve size, which has a mni,num Figure 1 illustrates a case where
the mirfinm total cost occurs for a SPR of about 600 MVB

Thi s approach gives a perfectly correct assessment of the optimal
reserve size if indeed an enbargo of the assuned type occurs at the assuned
time, and no other one occurs. These assunptions, however, are highly

arbitrary. To mitigate the effects of their arbitrariness, one can replace
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Fig. 1. Cost of hypothetical enbargo as a function of SPR size.
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themwi th a nore conplex set of assunptions on the probability of

various types of embargoes. Constructing scenarios for all contingencies
deemed possible and assigning a probability to each scenario, one can weight
the optinmal reserve size for each scenario with the presuned probability of
its occurrence, and obtain this way an optimal reserve size 6orresponding
to these expectations.

A cost-benefit analysis of this type is certainly relevant, and can
yield valuabl e information. It has, however, two weaknesses.

The first one is that the outcone of the analysis depends heavily
on the probabilities assigned to the various scenarios, and there is no
objective basis for the assessment of these probabilities. Thus the results
necessarily reflect to a very high degree the biases of the analyst. This
i nconveni ence can partly be elimnated if one replaces the objective of
finding an optimal reserve size, by that of deternining the 'break-even
probability" of an embargo, corresponding to each reserve size; i.e., that
probability of an enbargo, for which the cost of a reserve of a given size
equals the GNP loss froman enbargo, times the probability of the enbargo
The outcone of such an analysis is |ess dependent on assunptions, but also
| ess conclusive with respect to what is a desirable reserve size.

The second, and in our view, main limtation of the cost-benefit
analysis outlined above is the fact that it treats the probability of an
enbargo as independent of the size of the U.S. reserve. As nentioned
before, an essential feature of the SFRis its enbargo-deterrent aspect:
the larger the U S. reserve, the smaller the chances that the oil bl acknai

m ght work, hence the |ower the probability of an enbargo. This aspect is
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not captured by the above cost-benefit analysis, which addresses only

the | oss-absorbing aspect of the reserve. Thus, a reserve size that is

~ shown optimal by the cost-benefit analysis, which ignores the effect of

the reserve on the probability of an enbargo, may be far fromoptinal from
a point of viewwhich takes into account this effect.

The purpose of this study is to develop a proper analytical tool
for determining the optimal overall size of the SPR viewed under both of
its aspects, as a |oss-absorbent and an enbargo-deterrent. Since the
| oss-absorbent feature has been adequately studied earlier, this study nakes
full use of those earlier results; but adds to thema new di nension, by
i ncorporating the deterrent aspect as a centerpiece of the analysis.

3. A Gane-Theoretic Model

Since any enbargo is the result of a conflict, and since conflict
situations are best anal yzed by the mat hematical discipline called gane
theory, the proper analytical tool that suggests itself for determning the
optimal size of the SPR is a game theoretic nodel, nanely a paranetric
bi matri x game. Such an approach, unlike the traditional cost-benefit analysis
addresses sinultaneously both aspects of the SPR i.e., its enbargo-deterrent
as well as its |oss-absorbent aspects.. Rather than assum ng the occurrence
of an enbargo to be an event independent of the existence and size of the SPR
this approach treats the enbargoes of various lengths and intensities as
possi bl e out cones of the game, whose probability of occurrence in a conflict is a
function of; anong ot her things, the size of the U S. petrol eumreserve.

Ina bimatrix game there are two players, each of whomhas severa
strategies at his disposal. The objectives pursued by the two players are

expressed by their respective payoff functions, given by two mx n natrices,
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A » (aij) and B = O"JJ* T™e jnterpretation of the latter is that if
player 1 uses strategy i and player 2 uses strategy j, then player 1 gains

aij units and player 2 gains bij

or b, is negative). Wen A" -B, like in our case, the game is nonzero-sum

i3

i’e. one player's loss is not the other's gain. |f each player uses a single

units (here "gain" nmeans | oss whenever ai,

strategy, we say that the players have used pure strategies. A nixed strategy
x for player 1 is a nonnegative mvector whose conponents sumto one, and
whose interpretation is that player 1 uses strategy i with probability Xi.'

A mxed strategy y for player 2 is a nonnegative n-vector defined and
interpreted in an anal ogous fashion. Pure strategies are special cases of

m xed strategies. An equilibriumpoint is a pair of mxed strategies (X-,Y),
such that XAy > xAy for all strategies x available to player 1, and XBy > XBy
for all strategies y available to player 2. The essential characteristic of
an equilibriumpoint is that it nmaxi m zes each player's gain (mnimzes each

pl ayer's 1 o0ss), under the assunption that his opponent plays the gane in a

best (for hinself) possible way. EVery bi matrix game has a solution. For a
good non-techni cal discussion of the basic ideas of game theory see [8]. .
To fornmulate the problemof the optinal size of the SPR as a para-
nmetric bimatrix ganme, we assume, based on the experience of the past 30 years,
that a crisis in the Mddle East arises periodically, say every 7-8 years.
A crisis, or conflict, is defined as a situation in which the OAPEC, or
some ot her group of countries, wish to pressure the U.S. into some action
alien to its national goals. Such a situation may, but need not, lead to
an enbargo. Note that this is a considerably weaker assunption than the
assigning of a probability to an enbargo. For each conflict scenario, we
formulate a bimatrix ganme in which the two players are the potenti al

enbargoer, briefly called the Cartel, and the U S. The U S. has a petrol eum
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stockpile whose size is a parameter in the game, i.e., we wish to solve

the game for all relevant stockpile sizes, and determine that range of
stockpile sizes, for which the solutions are most convenient. The
strategies available to the Cartel are the embargoes of varying length

and intensity, including, of course, the "no embargo" option. The strategies
available to the U.S. are the various possible drawdown policies (uniform,
exponential with different rates, etc.).

The objective of the U.S. is to minimize the total cost, i.e., the
sum of the GNP loss caused by the Cartel's action, and the cost of the stock-
pile over the whole period considered. Hence, the U.S. payoff function
(to be maximized) is the negative of this sum. The objective of the Cartel
in a crisis is to pressure the U.S. into some action. The pressure
exerted increases with the damage caused to the U.S. On the other hand,
actions which put pressure on the U.S. also carry some costs for the Cartel
(loss of imports, risk of retaliation, etc.). The payoff function of the
Cartel is therefore increasing in the damage caused to the U.S., and
decreasing in the Cartel's own loss. The model that we are using is thus
not a zero-sum game, in which one player's loss is the other player's gain;
but a more general bimatrix game, in which the two players' payoff functions
are interrelated in a more complex fashion.

A more detailed description of the model is given in the next three
sections.

The goal of the game theoretic model is to analyze various conflict
scenarios with a view of answering questions like these:

- How does the size of the SPR affect the optimal policies of the

Cartel?
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- Does an increase of the SPR create an incentive or a disincentive

for a heavy, long enbargo?

- Can a suitably large SPR deter an embargo, and how large need it
be to achieve this?
- Wat is the optimal SPR size when the enbargo-deterrent aspect

i's considered together with the |oss absorbent aspect, and what are the
factors affecting it?

Gane theoretic models, like all analytical nodels assumng some Kkind
of rational behavior, are often subjected to the criticismthat in rea
life people may act irrationally. While this is certainly a limtation on
the rel evance of all such models, there is little evidence to suggest that
the Cartel's actions are irrational. Shortsighted they may often be, but
that is a different issue. In the light of the enormous profits realized
by the Cartel as a result of the recent quadrupling of oil prices, brought
about in no small part by the 1973-1974 enbargo, one can hardly argue con-
vincingly that the ehbargo was irrational.

4. Strategres—Comsrtered

The actions that the U.S. can take in connection with an enbargo-
prone conflict are of two kinds: actions to be taken in advance of the
crisis, and those that can be taken during the crisis. These two kinds of
actions are handled by the nmodel in two different ways.

Anong the actions of the first kind, the nost inportant ones are
those concerning the level of U S. petroleuminports fromthe Cartel, and

the size of the SPR. The outcome of these actions, in the formof a given
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level of inports and a given reserve size at the time of the crisis, are
handl ed exogenously, as input data for various scenarios. In other words,
in any given run of the game these data are fixed - reflecting the actua
situation that they are the results of earlier decisions and do not
represent options available to the U.S. at the time of a crisis.

The options available to the U S., i.e., actions the U S. can take
during a crisis, have to do first of all with the way the reserve is used.
The various drawdown policies that mght be used during an enbargo constitute
the U.S. strategies in the gane. W consider uniformdrawdown policies, in
which the reserve is used at a uniformrate, to replace the oil withheld
by the Cartel either inits entirety, or dimnished by a "conservation rate;"
and exponential drawdown policies, in which the shortfall is replaced as
above only until the resérve shrinks to the equivalent of 5 day's needs
(where 6 is 'an input paraneter), after which every day 1/5 of the remaining

reserve i s drawn down.

Q her possible U S. actions taken during an enbargo, like vafious
measures of economc retaliation, are considered via their effect on the
Cartel's payoff function, and will be discussed in the next section

The possibility of U.S. military action is not considered in this
nodel .

The strategies available to the Cartel in a crisis are the oi
enbargoes of varying length and intensity, including the "no enbargo"
option. W consider enbargoes directed solely against the U S., as well
as enbargoes directed against the U.S. and the other nenbers of the ISA
(Western Europe and Japan). Each enbargo decision is acconpanied by a

correspondi ng production cutback decision. The enbargoes considered by
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the model are specified by three input parameters: the percentage oil export
cutback of the Cartel, the daily cutback in U.S. imports as a result of the
embargo, and the length of the embargo. The model can also accommodate
quarterly changes in the intensity of an embargo.

0il export cutbacks of up to 50% on the part of the Cartel are
considered. The daily cutback in U.S. imports is essentially limited by
the level of U.S. imports from the Cartel at the time of a crisis; though
in case of a total embargo against all the IEA countries one also has to
(and the model is able to) take into account the possibility that the U.S.
may lose some imports from non-Cartel countries in favor of its IEA partners
who are importing a higher proportion of their petroleum. Naturally, when
the U.S. alone is embargoed, the corresponding scena;ios reflect the favor-
able effect of the IEA agreement, under which our partners are supposed to
share with us a certain proportion of their imports.

As to the duration of the embargoes considered, the model can
accommodate scenarios involving embargoes of any length up to 2 years.
However, the scenarios for which the game was run, all involve embargoes
of 6, 9 and 12 months' length.

5. The U.S. Payoff Function

The objective of the U.S. is to minimize the total cost K of a
given conflict scenario. This total cost is of the form K = C + L, where
C is the cost of the reserve, and L is the GNP loss.

The cost of the reserve, C, is the cost of creating the storage
facilities, plus the opportunity cost of the capital invested in the
reserves, estimated as follows. Each scenario contains a filling schedule

for the reserve, specifying the amounts added each year. For every year of
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the time period considered, the prescribed increase in the reserve is

multiplied by the unit cost of creating the storage facilities. |n addition,

the opportunity cost of the capital invested in the oil that is in place in

the given year, is calculated at a discount rate specified by the scenario

The sumof these two kinds of costs is then present valued and added up for

all the years of the tine period considered. |If y is the unit cost of creating the
storage facilities and rr the price of oil (both in constant dollars), p the discount
rate, R the reserve in place inyear t, and t.. the length of the period

considered (in years), the cost of the reserve (for every pair of U S. and

Cartel strategies) is

t

(1) C= E[YR - R ,) + PTTRI(L + p) -\
t«l * t-i ¢
In this calculation every barrel of oil in the SPRis accounted for

via its annual opportunity cost of pn, present valued and added up for al
the years fromthe tinme it is stored to the end of the period t”.

As for the GNP | oss caused by an enbargo, its estimation is a much
less straightforward task. Several studies, using a variety of approaches,
have proposed enbargo loss estimators. The one used in our nodel (as well
as in the Admnistration's SPRPlan) is due to R G Hol conbe [5], whose
loss estimate is conservative in conparison with nost other studies. It is
based on an analysis of the inpact of the 1973-1974 enbargo on the U.S.
econony, via an 82 sector input-output nodel of that econony. It
derives piecewise linear loss functions for each of the 82 sectors of the
econony represented in the nodel, with |ower and upper bounds on their slopes,

then aggregates these into a GNP loss function that shows the percentage

loss of GNP to be nearly quadratic in the percentage petrol eumshortfall

(2 100 £ . 4( 100 §)'1' x*
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Here D is the demand for petroleumand S the petrol eum shortfall,
expressed in the sane units (say, MvB/day), and therefore 100 SDis the
petrol eumshortfall in percent. Simlarly, Lis the G\P |oss, expressed
in the same units as GNP (say, $ billions), and therefore 100 L/G\NP is the
G\P loss in percent. Finally, the constant or = 0.01736 is a proportionality
factor. The above functional relationship is shown in Fig. 2, where the
point A corresponds to the 1973-1974 enbargo. The |ower bound obtai ned by
passing a straight line fromthe origin through A corresponds to the
assunption that the substitutions which were possible in 1973-1974 for a
petrol eum shortfall of 16% could be increased proportionally for arbitrarily
large shortfalls; whereas the upper bound, obtained by passing a 45° |ine
through A, represents the assunption that no substitution is possible at
all, and therefore an increnental petroleumshortfall of 1% causes an

increnental GNP loss of 1%

Recently, the constant a in the GNP |loss estimator has been reconsidered
by DCE in the light of new information about the 1973-1974 enbargo [6]. On
the one hand, an analysis of the new data shows the actual petroleumshort-
fall during the enbargo to have been considerably less than the 3 MvB/ day
assumed in [5]; on the other hand, a tine lag analysis reveals a 1%/ nont h' s
lag between a change in petroleumsupply and its inpact on the econony. n
the basis of these findings, it is recoomended [6] to apply a corre(;tion
factor to the constant a so as to increase its value by SOX. W represent
this correction by replacing a in the above expression by aj3, where 0 » 1
corresponds to the original Hol conbe function, while the desired correction
is obtained by setting p » 1.5. Wth this correction, Holconbe’s |oss estinator
is still on the conservative side, in conparison with estinmators arrived at by

anal yses using the Wharton and Data Research Institute econonetric nodel s.
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Fig. 2. GNP loss as a function of petroleum shortfall
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Unli ke the cost of the reserve, which does not depend on the

strategy choices of the players, the G\P loss suffered by the U S. depends

on the strategies selected by both the U.S. and the Cartel. |If the Cartel's
strategy i is an enbargo involving a cutback in U.S. inports of Ci *MB of oil per
day for k.. quarters, and if the U S. strategy j involves a dr andown of dP, *t| B

of oil on day t fromthe reserve, then the average daily petrol eum shortfal
in quarter k for the strategy pair (i,j) is

Yy
(3) Sty=e -5 —— qf,

E )

wher e tk * 90k, k* 0,1,...,k" and the (present valued) GNP loss in quarter

k for the strategy pair (i,j) can be expressed, using (2) and (3), as
: sae
(4) £« 10,0 (AP 4)(100-J1) * (1 +p)
where p, as before, is the discount rate, and Y is the nunber of years after

which the crisis occurs.

Thus the total coat to the U.S. of a given conflict scenario, if the

two players choose the strategy pair (i,j), is

(5) K, -C+EIE]
4 k=1

where k™ is the last quarter of the enbargo specified by Cartel strategy j.
The U. S. payoff matrix, that we denote by P * Oﬂf*‘ is the negative of the

cost matrix whose el ements are Kij’ i.e., ?ij » "Kijx ¥ jng*

-
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6. The Cartel's Payoff Function

VW denote the Cartel's payoff matrix by F » (Fij) and we take it
to be of the formF * G- H where Gis an increasing function of the GNP
loss L inflicted upon the U.S., while His an increasing function of the
Cartel's own | oss.

Since conflicts of the kind and gravity that might trigger an enbargo
usual 'y involve fast-noving events, we conceive of an enbargo as a bl ack-
mai | i ng devi ce whose objective is to obtain sone action of considerable
urgency. Therefore, while the function G used in our nmodel increases with
the GNP loss inflicted upon the U.S., it decreases with the length of the
time over which the loss is spread. In other words, we assune that a G\P
loss inflicted upon the U.S. in the first quarter of the enbargo is of "ful
value" to the Cartel, a loss of the sane nmagnitude inflicted in the second
quarter is of somewhat |esser value, etc.; and |osses suffered by the U. S.

a year later are of little if any val ue.

On the other hand, the loss suffered by the Cartel as a consequence
of a given petrol eum export cutback (and of possible retaliatory action
on the part of the U S. and its allies) may be easy to bear at the begi nning,
in view of the sizeable surplus that sone of the Cartel countries possess.

As tine goes by and the surplus is consunmed, the |oss becones felt. It

seenms, therefore, reasonable to be conservative and assune that the function
Hstarts at a level close to 0 and increases slowy with both the size of the
percentage cutback in petroleumexports, and the length of time over which
the cutback is inposed.

| f L:j denotes, as before, the U S. GNP loss in the kf"h quarter of
the enbargo when the strategy pair (i,j) is used, the function G correspondi ng

to the strategy pair (i,j) is
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(6 C.= 2y’

where k™ is the last quarter of the enbargo specified in the scenario, and
the weights Xt satisfy X* « 1, Q< ~_<\_i* X=* 2 .  k°,
The function His independent of the U S. strategy. For the Cartel's

i*hl strategy, it is taken to be
™ =32 z W) e -

where Qis the value of the Cartel's annual exports at the tinme of the crisis

wi t hout an enbar go, pk is the Cartel’s oil export cutback in percent (of the
pre-enbargo export level) during the kﬂl quarter of the embargo, p and Y are

as in (4), and the weights p® satisfy p~ > g"* > °» kw 2....,kr. Thus for

the largest oil export cutback considered (50% and weights (~ ¢ 1, k o I». ..»k*>
one has H':. * —;Q, i.e., the 50%export cutback translates into a 50%1| oss of
export value. For smaller cutbacks the |oss dimnishes quadratically, while

for smaller weighting factors it dimnishes according to the choice of the latter.

Thus the Cartel's payoff function for the strategy pair (i,j) is of

the form

(8) F:f - Gy M H,

wher e Qj and E. are given by (6) and (7) respectively.

The functions F, Gand Hare illustrated in Figure 3, which represents
then as functions of time (nunber of days), for a given stockpile size and
petrol eum cut back (both the cutback in the Cartel's daily petrol eumexports
and the resulting daily GNP loss of the U. S. are assumed to be constant over tinme),

The function Gis equal to the cumulative GNP loss function in the first
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Fig. 3. G Hand F as functions of tinme. for given SPRsjze
and daily petrol eum cut back.

Val ue

. ’ Days
0 90 180 270 360 450
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quarter, then gradually approaches the horizontal line. The function H

is alnost horizontal in the first quarter, then gradually approaches a

line parallel to the cunulative petrol eumexport cutback line. The resulting
function F* G- His first increasing, then decreasing; and its maxi num
corresponds to the optimal (for the Cartel) length of the enmbargo, given

its assumed intensity and the size of the U S. stockpile.

One can, of course, argue about the correct numerical values for

the coefficients defining the functions 6, H and hence F, but the
general shape of these functions reflects the basic features of the

type of conflict situation considered here.

By varying the weights Xg of the function G one can represent situa-
tions corresponding to varying degrees of urgency in the crisis underlying
the enbargo. On the other hand, by varying the coefficients \lg of the
function H one can represent various degrees of sensitivity or lack of
sensitivity to economc |osses on the part of the Cartel.

This latter point deserves sone elaboration. It is often argued that
sorme nmenbers of the Cartel have such enornous financial surpluses that they
could easily withstand the loss of income fromoil exports for a very |long
time. The truth of the matter is that while this applies to a few very
oil-rich and | ow popul ation countries, like Saudi Arabia, Kuwait and Libya,
ot her menbers of the Cartel whose participation is inportant for the enbargo
to have a chance of success, like Algeria, Irag, Iran (a possible future
though not a past nmenber), have |arge popul ati ons, no surpluses, and crucia
inport needs. Even if the surpluses of the sparsely populated oil-rich countries
were pooled with the deficits of the others (not exactly a typical behavior

pattern), such a joint nonetary reserve would not last very |ong.
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Besi des, the sparsely populated oil-rich countries are thensel ves
vul nerabl e to economc retaliation, in spite of their huge surpl uses.
The U.S. has a large nunber of on-going industrial projects in Saudi Arabia,
whose interruption in retaliation for an enbargo woul d cause substantia
damage. The suspension of deliveries of food, arms, spare parts for mlitary
and ot her vehicles, the freezing or seizure of assets in the U S. (currently
nore than 50 billion dollars), and other simlar measures can certainly
cause danmage which is not negligible.

7. Conflict Scenarios

Having fornulated a potential conflict between the Cartel and the
U S as a bimatrix game, we then proceeded to solve the game for a nunber
of relevant scenarios and values of the paraneters defining the payoff
functi ons.

Sonme of the data we used were the sanme for all the scenarios. Thus,
the Cartel was taken to mean the group of QAPEC countries, plus lIran. Further
we assumed that conflicts of the kind that mght lead to an enbargo arise on
the average once every 7 years. A sensitivity analysis to be discussed in the
next section shows that replacing 7 years by 10 or even 20 years produces only
a nvderate_shift in the outconmes. (The reasons for this are discussed in
section 12.) W chose 1985 as the year of the potential conflict, not because
an earlier conflict seems unlikely, but because that is the earliest date for
whi ch one can realistically assune that a reserve of the size to be anal yzed
is in place.

Al'l our calcul ations were nade in 1975 constant dollars, and every-
thing was present valued to 1975 at a discount rate of 10% The U S. GOT
in 1985 was taken to be 2,192.62 billion 1975 dollars, as forecast by the
DRI econonetric nodel (see [2], page B16). The cost of oil in 1985 was

assuned to be $13 (in 1975 dollars), hence the opportunity cost of storing
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oil, calculated at the 107« discount rate, is $1.3/barrel/year. The cost
of creating the storage facilities was taken to be $3/barrel. The U S.
denmand for oil in 1985, at the above price, was assuned to be 20 “WB/ day.

For the rest, we used different input data for different scenari os.
To avoid looking at an excessively |arge nunber of scenarios, we used only
two sets of data for nost parameters, but additional approxinations can
be obtained by interpolation or extrapolation, and of course additiona
runs can be nade at any time on the DCE conputer.

A crucial assunption in our nmodel is the level of U S. inports from
the Cartel in 1985, since it sets a limt to the intensity of an enbargo
by the Cartel. W used two values for this paraneter, nanely 4.2 M B/ day
and 5 MwB/day. In view of the steady increase of U. S. oil inports from
the M ddl e East during the last few years, this is a rather conservative
estimate. It should be renenbered that the Cartel neans the group of
countries that might participate in an enbargo against the U.S., and that
under present circunstances thét group includes Iran, besides the participants
of the 1973 enbargo.

The Cartel's total exports in 1985 were assuned to be 21 MKB/ day
in one set of scenarios, 24 MMB/day in another. For conparison, the 1977
level was 19 Mfi/day, This is a nuch less crucial assunption than the
level of U.S. inports, and it only affects the size of the Cartel's own
| oss froman enbargo

The Cartel's strategies considered in each scenario were:

1. No enbargo

2. An enbargo directed only against the U.S., with a 25% cut back

in exports, lasting 180 days.
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3, 4. Same as 2, for 270 and 360 days respectively.

5. An embargo directed against the U.S, and its IEA partners
(Western Europe and Japan), with a 50% export cutback, lasting 180 days.

6, 7. Same as 5, for 270 and 360 days respectively.

The export cutback is understood to mean a complete cessation of
exports to the U.S., and a uniform cutback in exports to the IEA countries
up to the level corresponding to the stated percentage cutback in total
exports. Thus, a 257 export cutback corresponds to a total cutoff of
exports to the U.S. and & very mild limitation of exports to the other IEA
countries. Since under these circumstances the IEA countries would have
to share some of their imports with the U.S., the actual U.S. shortfall
was taken to be 2.6 MMB/day in case of the lower U.S. import level, and
2.8 MMB/day in case of the higher import level. On the other hand, a 50%
export cutback on the part of the Cartel corresponds to a complete embargo of the
U.S. and a very substantial cutback of exports to the IEA countries.

Since most of the latter are importing a higher proportion of their needs
than the U.S., we might have to share with them part of our remaining
imports. Thus, for this situation the actual U.S. shortfall was taken to
be 4.6 MMB/day in case of the lower U.S. import level, and 5.2 MMB/day
in case of the higher import level.

The U.S. drawdown strategies are expressed in the model via the
conservation rate and the drawdown parameter §. The reserve is
supposed to be drawn down at a uniform rate equal to the daily shortfall,
less the amount to be conserved, until it reaches the level of § days'
requirements (at the above rate); after which every day 1/8 of the remaining

reserve is drawn down. Thus § = 1 corresponds to a uniform drawdown strategy,
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the other values of & define a strategy consisting of uniform drawdown
up to a certain point, and exponential drawdown afterwards. In all our
scenarios the U.S. strategies were defined by drawdown parameters of
1, 45, 90, 135, and 180 (days). As to the conservation rate, in most
scenarios it was taken to be 0, though we also looked at a few cases
with conservation rates of 5% and 9%.

The U.S. payoff matrix P depends primarily on the GNP loss function.
For the latter we used Holcombe's estimator as shown in (5), with the component
1.91 replaced by 2 in order to make the outcomes comparable to earlier calcula-
tions based on this approximation. Two values were considered for the correc-
tion factor B, namely 1.0 and 1.5. The Cartel's payoff matrix F depends on the
weights kk and Fae used with the functions G and H, as shown in (6) and (7).
We used A = (1, .8, .5, .2) and A\ = (1, 1, .8, .5) as weighting factors in the
expression for G, where the two cases differ in the rate at which the utility
to the Cartel of the loss inflicted upon the U.S. declines with time (the &
components of A are multipliers of the quarterly GNP loss for successive quarters
during which an embargo is imposed). As for the Cartel's loss function H, we
used three different weighting factors, v = (.25, .5, .75, 1), v = (0, 0, .25, .5),
and v = (.5, .66, .83, 1). The first of these three vectors represents the
assumption that the Cartel perceives its own loss of income from exports as only
1/4 of what it actually is in the first quarter, 1/2 in the second one, etc.
The second vector expresses the assumption that the loss is completely ignored
for two quarters, is perceived at 1/4 of its value in the third quarter, and
at 1/2 of its value in the fourth quarter. Finally, the third vector corresponds

to assuming a somewhat higher sensitivity of the Cartel to its own losses.

For each scenario, the game was solved for all relevant sizes of the

SPR. Here relevant means from 0 to the reserve size for which the "no
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enmbar go" option becones the optimal strategy for the Cartel. In each
case, the reserve assumed to be in place in 1985 was supposed to have
been built up according to a specific schedule. These filling schedul es
shown in Table 1, were used in calculating the cost of the reserve.

Apart fromthe val ues shown in the 1985 colum of Table 1, the gane had
to be solved for intermediate values in the vicinity of points where a
change in the reserve size inplied a change in the optinmal strategies.

8. Solving the Gane

Wiile in our choice of scenarios and paraneter values we tried to
cover those situations that seemed nost relevant, one of the goals of our
study was to create an analytical tool which can be used whenever the need
arises to consider additional scenarios or paraneter values. This tool
now exists in the formof the conputer programEMA (Enbargo Gane) on the
- DOE conputer. EMGA takes as input the data of a potential conflict between
the Cartel and the U:S. and the values of the paraneters defining the
scenario, and provides as output

(a) the cost of the reserve C

(b) the U'S. GNP loss matrix L * (Lij)
(c) the Cartel's "gain® matrix G * (Gij)
(d) the Cartel's loss vector H» (Fk)
(e) the U S. payoff matrix P = (Pij)

(f) the Cartel's payoff matrix F * (Fij)

(g) all equilibriumpoints in pure strategies.

The properties of the payoff matrices of this particular game
happen to be such that for nost valueslof the input paraneters there is

an equilibriumin pure strategies; i.e., there exists a pair of strategies
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Table 1. SPRfilling schedules used in the scenarios (MB)
1979 1980 1981 1982 1983 1984 1985
200 250 250 250 250 250 250
200 300 400 500 500 500 500
/ "~ 700 700
750 750
800 800
200 300 400 550 700 1 f 850
{ f 900

850 |
] 950
\ \c 1000
¢ 1050

700 900 |

'» 1100
200 300 400 550 * 1150

' 950 {
A 750 i‘ . 1200
>1000 1250
u_1300

( 850 1100 \
1350
(&1400

1150 |
200 300 450 650 <‘W [ 11450
900 < 11500
l 1200 < 1550
\ U—1600
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that is optimal for both players in the sense that none of them can

i nprove his position by a unilateral change of strategy. The relatively
few cases where there exists no equilibriumin pure strategies, usually
correspond to threshol d val ues of some paraneter; i.e., by slightly

i ncreasing the parameter one obtains an equilibriumin pure strategies,
and by slightly decreasing it one obtains another equilibriumin pure
strategi es.

Neverthel ess, the programis equipped to deal with situations where
there is no equilibriumin pure strategies, in tw differént ways. First,
it can be set to find all strategy pairs that woul d represeht an equi li brium
point if differences of magnitude between the el enents of the payoff matrices,
not exceeding a certain tolerance |level, were ignored. The tolerance Ieve]s
can be set separately for each of the two payoff matrices. This devi ce of
finding all pairs of strategies that are near-equilibriumpoints, or equilibrium
points within a certain tolerance level, can also be used to test the sensitivity
of the equilibria to changes in the data.

The second way the programdeals with situations where there is no
equilibriumin pure strategies, is to reformulate the gane as a m xed integer
programwhose solutions yield the equilibriumpoints in mxed strategies.

The m xed integer programitself has to be solved by an integer progranm ng

code (DCE s MFSX package has been used for this purpose). Solutions in nmxed
strategies can be interpreted as probabilities with which the various strategies
woul d be used. While suck solutions often seeminconcl usive when vi ewed by

t hensel ves, they usually make good sense when viewed as threshold situations
between two solutions in pure strategies.

Next we show a typical scenario input and the correspondi ng outcomne
of the gane.

Assume that a conflict arises in 1985, when the level of U S

petrol euminports fromthe Cartel is 4.2 MW/ day, while the |level of the
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Cartel's total oil exports is 21 Mfl/day. Assunme, further, that for the

U S. payoff function we use the correction factor P * 1.5 while for the Cartel's
payoff function we use the paraneters \ = (1, .8, .5, .2) and

p, » (.25, .5, .75, 1). For all other parameters defining the scenario

(discount rate, frequency of conflicts, U S. G\Pin 1985, U. S. dermand

for oil, price of oil, cost of storage facilities), assune the val ues

specified in section 7.

The following strategies are assumed to be available to the Cartel:

1. No enbargo

2. Enbargo against the U.S., with a cutback of 25%on total petrol eum
exports, resulting in a shortfall in U S. petroleuminports of 2.6 MVB/ day,
for 180 days.

3,4. Sane as 2, for 270 and 360 days respectively.

5. Enbargo against the U.S. (total) and the other |EA countries
(partial), with a cutback of 50% on total petroleumexports, resulting in a
shortfall in U S. petroleuminports of 4.6 MvB/day, for 180 days.

6, 7. Sane as 5, for 270 and 360 days respectively. ’

As to the U S. strategies, we consider drawdown policies based on a
conservation rate of 0 and drawdown paraneters of 1, 45, 90, 135 and 180
(days): In ot her words, the following 5 strategies are consi dered

1. Replace fromthe SPR the entire daily petroleumshortfall for
as long as the reserve | asts.

2. Replace the daily shortfall up to the point where the reserve
covers only 45 days® needs; after that, use every day 1/45 of the current
reserve

3. 4, 5. Same as 2, with drawdown paraneters of 90, 135 and 180

(days) respectively.
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Solving the ganme for a SFR of 400, 750 and 960 MMB yields the
results shown in Tables 2, 3 and 4 respectively. These tables contain
the payoff matrices with the equilibriumpoints corresponding to the
optimal strategy pairs for each reserve size. A pair of indices (i,j),
where i stands for a rowand j for a colum, reéepresents an equilibriumpair
of strategies, i.e., is an equilibriumpoint, if and only if the nunber
in position (i,j) of the matrix Fis a maximumin its colum, and the nunber
in the sane position of the matrix -Pis a mnimumin its row The additiona
output (which is not needed to interpret the results) is shown in Table 5
only for R = 960 MSB.

FromTabl e 2 one sees that if the SPR has 400 MMB of oil, the optinal

strategy for the Cartel,‘under the assunptions of this scenario, is 7, which
is to inpose the heaviest and | ongest enbargo avail able as an option (50%
total export cutback, producing a cutback of 4.6 MW/ day in U S. petrol eum
inports for 360 days). The total cost to the U.S. of this scenario (in
terms of GNP loss, plus the cost of the SPR) is 73.69 billion 1975 dollars
(present val ued for 1975).
In the presence of a SPR of 750 MMB (Table 3), the optinal strategy
for the Cartel is 6, i.e., an enbargo of the sane heavi est kind, but for
270 days only. The cost to the U.S. is in this case $28.62 billion
Finally, for a U*S. reserve of 960 MMB (Table 4), strategy 1 (no enbargo)
becones optinal for the Cartel. In this case the U.S. loss reduces to
the cost of the reserve, in this case 3.98 billion 1975 dollars (present
valued to 1975). W chose the figure of 960 MMB since this is the snallest
reserve size for which the "no enbargo” policy is optinmal for the Cartel.
In.TabIe 3, if we ignore differences between entries of the sane columm of the

matrix F not exceeding ep = 0,08, and differences between entries of the sane row
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Table 2. Payoff Matrices for R-=400 MVB

F JCCartd's payoff
matrix)

Cartel's
strategies

@Negative of U.S.
payoff matrix)

Cartel's
strategies

U S. strategies

1 2 3 4 5
1 0 0 0 0 0
2 -0.82  0.13 1.10 1.70 258
3 330  3.04 328 353  4.23
4 3.88  3.57 3.63 372 430
5 19.10  14.02 1427  17.34 © 20.68
6 29.62  23.99 22.54 2456  27.49
7 3033 2468 22.92 /24[§] 27.28
U.S. strategies

1 2 3 4 5
1 241 241 241 241 241
2 318 381 495 5.69 6.57
3 1229 1139 1117 1116  11.73
4 2139 2028 1916 1833 1831
5 3095 2432 2385 2678  30.20
6 59.46 5172  47.87 4868  51.30
7 87.07 8008 7469 17369 7519

Equi | i bri um point:

(7,4)
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Table 3. Pavoff Matrices for R- 750 M\B

®

1 2 3 4 5

1 0 0 0 0 0
2 -0.93 -093 -0.93 -0.92 -0.80
3 -1.87 -185 -160 -1.19 -0.78
4 -1.96 -2.04 -191 -151 -1.13
5 2.93 -151 142 339 5093
6 759 610 {699 796  9.95
7 8.81  6.66 694 {7.887 9.00

1 1 3 4 5
1 356 356 356  3.56  3.56
2 356 356 356 357  3.74
3 356 361 411 502 575
4 932 838 877 939 996
5 458 635 1001 1234 1507
6 33.08 29.04 [2862] 2896 3059
7 6159  56.74 5327 150,99} 50.77

Equilibrium point; (6,3)

Near-Ecmilibrium point: (7,4) (er © 0,08, « 0.22)
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Table 4. Pavoff Matrices for R= 960 MB
1 2 3 4 5
[ B ® @ o o
2 -0.93  -0.93  -0.93  -0.93  -0.93
3 -1.87 -1.87 -1.87 -1.86 -1.74
4 -3.12  -3.09 -2.95 -2.75  -2.53
5 -3.74  -3.72 -2.96 -0.91 0.97
6 -0.86  -0.49  -0.10 1.71 3.45
7 -0.15  -0.22  -0.63 0.65 2.06
1 2 3 4 5
1 [3.981  [3.98] 3.9 3.98 3.98
2 3.98 3.98 3.98 3.98 3.98
3 3.98 3.98 3.98 4.00 4.25
4 3.98 4.11 4.82 5.76 6.50
5 3.98 4.00 4.96 7.51 9.79
6 1721 1794 1815 2023 2222
7 4571 4422 4038 3987 4021
Equilibriumpoints: (1,1), (1,2), (1,3
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c=3.98

Table 5. Additiomal Output for R = 960
1 2 3 4 5
0 0] 0 0 0
0 0 0 0 o]
0 0 0 0.02 0.27
0 0.13 0.84 1.78 2.52
0] 0.02 0.98 3.53 5.81
13.23 13.96 14.17 16.25 18.25
41,74 40.25 36.40 35.89 36.24
1 2 3 4 5
0 0 0 0 0
0 (0] 0] 0 0
0 0 0 0.01 0.14
0 0.03 0.17 0.36 0.58
0] 0.02 0.78 2,83 4,71
6.61 6.99 7.38 9.19 10.92
12.32 12,24 11.83 13.11 14,52

1 0

2 0.93
3 1.87
4 3.12
5 3.74
6 7.48
7 12.46
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of the matrix -P not exceeding €, = 0.22, then the point (7,4) is also an

P
equilibrium point. Such points will be called e-equilibria or near-equilibria.
In the case of a 750 MMB reserve, while strategy 6 is optimal for the Cartel,
strategy 7 is near-optimal, within the above mentioned tolerance level.

As to the U.S. strategies, the optimum in each case is an exponential
drawdown policy, with a drawdown parameter of 135 days (strategy 4) in the case
of a SPR of 400 MMB, and of 90 days (strategy 3) in the case of a reserve of
750 MMB. The reason for the différence is that in the first case the Cartel's
optimal strategy is a 360 days' embargo; whereas in the second case it is
a 270 days' embargo. In the 750 MMB case, while the optimal U.S. strategy

is 3, strategy 4 is near-optimal, with the tolerance level shown above.

9. The Outcomes and Their Interpretation

Before discussing and interpreting the results, we will present a
synopsis of the outcomes for each scenario, as a function of the SPR size.
Tables 6 and 7 contain the relevant outcome data for two typcial sets of
scenarios, and they also explain how the subsequent set of more concise
tables (8-23) was arrived at. In each table, I denotes the level of U.S.
oil imports from the Cartel at the time of the conflict outbreak (1985) in
MMB/day, E denotes the level of the Cartel's total oil exports in MMB/day,
B the correction factor used in the U.S. GNP loss function (5), while
A= (kk) and 4 = Qik) denote the weight-vectors used in the functions G and
H respectively, as shown in (6) and (7). The parameters not listed on top
of the tables are at their values shown in section 7.

Every column of Table 6 corresponds to the SPR size shown on top ot
it. A column marked (i,j) at the bottom represents columan j of the Cartel's

payoff matrix F (top part) and of the negative of the U.S. payoff matrix,
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-P (bottompart). -In other words, having solved the ganme for each of the
reserve sizes shown in Table 6, we then extracted fromeach pair of payoff
matrices the pair of colums corresponding to the optimal U. S. strategy.
In each colum, the entry corresponding to the optinmal Cartel strategy is
enclosed in a box. Thus, for instance, the top part of the first colum
corresponding to the SPR size of 750 MMB is colum 3 of the matrix F of
Table 3, whereas the bottompart is colum 3 of the matrix -P of the sane
table, since 3 is the optinmal U S. strategy. The optinmal Cartel strategy is
6. In those cases where there is no equilibriumpoint in pure strategies,
like for the "transitional ' reserve sizes of 450 and 950 MVB, Table 6 contains
the two pairs of colums corresponding to near-equilibiumpoints. Simlarly,
in those cases where there is an equilibriumpoint, but with a relatively
small tolerance there is also a near-equilibriumpoint, like for the
reserve sizes of 750 and 930 MVB, the table contains both colums. The
correspondi ng tol erances, which describe the "nearness™ of the equilibrium
are shown -at fhe bottom of the correspondi ng col ums.

In reading Table 6 one nust keep in mind that for nmost SPR sizes
it contains only one colum of the payoff natrices, and therefore comnparing
the entries of the colum does not in itself always explain why the entry
inthe box is an equilibriumpoint. For instance, for Re 400, it seens

that (6,4) should be an equilibriumpoint as well, since F.. , * F_ . =24.6.
0,4 7,4

However, a glance at Table 2 will show that -FBs»% « 48.7 is not a m ni num
inits row, hence (6,4) is not an equilibriumpoint.
Table 7 is'analogous to 6, but describes the outcones of a different

set of scenari os.

Tabl es 8-23 are concise representations of the outcomes of 16 different

sets of scenarios. They are extracted fromnore detailed tables, of which only




Table 6.

Comparison of relevant columns of payoff matrices for various SPR sjizes

| = 4.2 MMB/day, E - 21 Mffl/day, X - (1, .8, .2), ji - (.25, .5, .75, 1), B = 1.5
RMMB) 0 250 400 450 750 930 950 960 1000
{ -~ 1 { n ——
1 0 0 0 0 0 0 0 0 0 {01 [ ol jof
2 15.5 4.1 1.7 1.0 0.3 -09  -0.9 .09 -09 -0.9 -09 -0.9
3 19.1 7.0 35 2.6 22 <16  -11 19 -19 -19 -1.9 -1.9
4 19.7 7.4 37 2.7 25  -1.9  -15 .28 -29 -31 -29 -3.0
5 47.6 24.0 17.3 14.7 11.8 1.4 34 .26 -29 -37 -3.0 -3.3
6 581 331 246 215 119.81 [1.0] ‘so [0.7] 16.2; -02 -0.1, -1.0
7 58, , [33.6] [726.8) i2i4, 201 60 DAl %2 -04 01 -06 -1.7
1 0 16" 2.4 2.6 2.6 3.6 3.6 4.0 4.0 :'5.',_'(1} [a.0] (&1
2 18.2 7.7 5.7 5.0 4.2 3.6 3.6 4.0 4.0 4.0 4.0 4.1
3 273 153 112 101 9.8 4.1 5.0 4.0 4.0 4.0 4.0 4.1
4 365 238 183 170  17.5 8.8 9.4 5.3 4.9 4.2 4.8 4.4
5 570 336 268 240 21.3 10.0 123 5.3 5.1 4.0 5.6 4.6
6 855 59.2 487 452 (44.8] [Z8.8] 290 fi8,6: 18.5 {1-9.-_2-'J 16.6
7 L} ['B7) [6s.77 714  53.3 (42,11 40.9 449 403 332
73 (7.3 (7.9 (7,4)* (6,3)* (6,3) (7,.8)* (6,3) (6,3)* (1,2)* (1,3) (1,3)
«*0.08 =0.35 =0.58  (7,3)* «,-0 yO.Il (6,3)*
«p-0 «p-0 €=0.22 Cp-0.46 e,=0.44 e,-0
«=0.61

~Near -equilibriumpoints

-11’-



Tabl e 7.

Comparison of relevant colums of pavoff nmatrices for various SPR sizes

1=5 WB/day, E =24 WB/day, X= (1, .8 .5 2), p, - (.25 .5 .75 1), p- L5
R(MMB) 0 250 500 750 1000 1100° 1120 1250
X L1 [ IR |
1 0 0 0 0 0 0 0 ‘o 0 0
2 17.9 5.4 1.0 -1.0 -1.0 1.1 -1.0 -1.0 -11 -1.1
3 | 222 8.8 2.7 -0.8 -2.1 2.1 -2.1 -2.1 2.1 -2.1
4 | 229 9.3 2.9 -1.1 -3.0 -3.2 -3.5 -3.5 -3.6 -3.6
5 61.3 34.0 19.7 7.9 1.1 -1.9 -3.5 -3.5 -4.3 -4.3
6 | 75.3 46.9 29.0 15.2 5.4 3.6 0.5 0.5 -1.3 -6.6
7 |HOl 477 [30.0 HOI &"*] 3.8 [074] 0.4 -0.2 -5.0
1 0 1.6 2.8 3.6 4.0 4.0 4.2 |4a 0. E3
2 | 211 9.4 5.3 3.7 4.0 4.0 4.2 4.2 4.3 4.6
3 | 317 18.2 11.0 6.1 4.1 4.0 4.2 4.2 4.3 4.6
4 {423 28.1 18.9 11.8 6.6 5.6 4.5 4.5 4.3 4.6
5 {729 45.5 30.7 18.4 10.7 7.0 5.3 5.3 4.3 4.6
6 ]109.8 78.7 57.9 41.4 28.9 [26ViS 21.7 21.7 17.7 8.5
7 |@@57n  [U4.0] o3 [[OF HENES 56.3 49,8 498 54.1 44.0
(7,3) (7,3) (7,4) (7,4) g9 (63*  (7.39*  (L3* (L1 (1,1)
V «0.30 yO.07 e=0.48
¢=0.11 | o e,=0.63  €z=0




Tabl ef t

| - 42, B= 21.0,P=1.5 X- (1 .8 .5 .2), w= (.25 .5, .75 1

SPR (MB) 0 250 450 750 930 950 960 1000 1250
Equi I'i brium (7 (7,3 (7,4)* (6.3 6,3  (1,2* la.nt @D (1,D
points . « ’

(7A) (6,3)* (7.4)* (7.3)* (63)" 3) (1|S) (1,5)
Total cost to U.S. 114 .0 86..7 69. 7* 28.6* 19.4 4. 0% 4.0 4.1 4.6
($ billion 1975) 44 .8+ 51.0* 42.1* 18 6*

*Near-equl l'ibrlum points and associated costs

| =4.2, E«2l., p- l.gx- (1, .8 .5 .2), p = (.25 .5 .75 1)

_.?_

SPR (MB) 0 250 500 80 830 {850 ] 1000 1250
Equi 1i bri um (6,1) (6.3 (63 (63 (L2 [|(L2] (1.1 (L1
poi nt s .

(6',5) 6.3 |(1.3y] (M (15
Total cost to U.S. 57.0 400 289 185 3.8 |38 | 41 46
($ billion 1975) 17. 4




Table 1
| = 4.2, E-21., ~-15 \= (1, .8, .5, .2), p,= (0, 0, .25, .5)
SFR (MB) 0 250 500 750 1000 1250 | 1320 1350
Equi li brium (7,D 7.9 @A) (1Y (7.4 (7.3 | (L2 (1,D(2, D(5, 1)
poi nt's : 2,2 b : .
(719) 52| (1.3)(23)(5'3)
Total cost to U S. 114.0 86.,7 66., 1 50.8 37.8 25.,0 4.9 50
($ billion 1975) '
Tablell
| = 4.2, E-21., p « 1.0, X = (1, .8, .5, .2), \i = (0, 0, .25, .5)
SPR (MB) 0 250 500 750 1000 1150 |1200 1250
Equi | i bri um (7,1) (7.3) (7,4 (7.5 (7.4 (7.3 51,23 (1,1)(2,1)(5, Dy
poi Nt s . 2,2 . . :
0\s) (52|  3)(23)(5,3
Total cost to U.S. 76.0 58.3 45,0 350 265 21.6 4.5 4.6

($ billion 1975)

_w-



Table 12

| - 4.2, E=21.0, B=1.5 X- (1, .8, .5 .2), \i - (.5 .66, .83, 1)
SPR (MVB) 0 250 500 750 870 880 1000 1250
Equi l'i bri um (7,1 (7,3) (7,4)* (6,3) (6,3) (1,2) (1, 1) (1,1)
poi nts . . :

<735) (6, 3)* (1,3) (M
Total cost to U.S. 114.0 86. 7 66. 1% 28.6 22.2 3.9 4.1 4.6
($ billion 1975) 41. 9*
ANear-equi | ibrium points and associated costs

Table 13
I-42 E«21.0, 0- 10, \ « (1, .8, .5 .2), p« (.5 .66, .83, 1)

SPR (M B) 0 250 500 700 750 1000 1250
Equi | i brium (6,1) (6,3) (6,3 (64 [(L2) (1,1) (1,2
poi nt s . .

(6J5) (1,3) ( Q (1°5)
Total cost to U.S. 57.0 40.0 28.9 22.0 3.6 4.1 4.6

($ billion 1975)

in



Table 14

| = 4.2, E-21.0, 8 =1.5, X - (1, 1, .8, .5), p = (.25, .5, .75, 1)
SFR (MWB) 0 250 500 750 1000 1150 1200 1250
Equi | i bri um (7,1 (7,3) (7.4 (7.5 (7.4 (7.,3) (7.3) (1,2
poi nt s .
(7,9 (1,2) |(1,3)
Total cost to U. S. 114.0 86. 7 66. 1 50. 8 37.8 30.3 27.5 4.6
($ billion 1975) 4.5
Table 15
I=42E -210 B-10, A- (1, 1, .8, .5), \i = (.25, .5, .75, 1)
SPR (M) 0 250 500 750 1000 1070 {1100 | 1250
Equi | i bri um (7.1) (7.3 (7,4 (7,5 (7.9 (7.9 {11y| (11
poi nt s (1, 1)
(7*,5) (1,3) a',b)
thal cost to UiS. 76.0 58. 3 45.0 35.0 26.5 24.2 4,2 4.6
($ billion 1975) 4.2

- 9?-



Tableit;
I-4.2, B-21.0, P-15 X = (I, 1, .8, .5), p. - (0, 0, .25, .5)
SPR (M) 0 500 750 1000 1250 1400 |1450 | 1500
Equi i brium (7 (1,4 (7.5 (7,39 (7,3) (7,1 El, 1; (LD, D
poi nt's : 2,1
als) (5,1{ (1.2(22(5,2)
Total cost to U S. 114.0 66. 1 508 37..8 24.8 16..1 53 54
($ billion 1975)
Table 17
| = 4.2, E =210, ~ - 1.0, \ - (1,1, .8, .5), p. - (0, O, .25, .5)
SPR (MB) 0 500 750 1000 1250 1390 1400 1500
Equi I bri um (7,D (749 (7.5 (7.4 (1.3 (7,D [l (1,1(2,1(57)
poi nt s ! Ez,l S
(7,5 50 almaene,»
Total cost to U S. 76.0 45.0 35.0 26.5 18.1 12..9 5.2 54
($ billion 1975)

- Lv-



Table 18

I=24.,2,E=210,8=15,\r=(,1, .8, .5, p=(5, .66, .83, 1)
SPR (MMB) 0 250 500 750 1000 1150 1170 1250
Equilibrium a,1)  (7,3) (7,4) (1,5 (1,4) (7,3) |(,2)] (@q,1)
points : .
(,5) (1,2) 1,5)
Total cost to U.S. 114.0 86.7 66.1 50.8 37.8 30.1 4.3 4.6
($ billion 1975) 4.3
Table 19
I=4,2,E=21,0,8=1.0, A=(1, 1, .8, .5, p= (.5, .66, .83, 1)
SPR (MMB) 0 250 500 750 950 970 1000 1250
Equilibrium (7,1) (7,3) (7,4) (7,5 (@,4) (@7,4) |QQ,D| (Q,D
points . . .
(7,5) (1,3) |Q,8)| @,5)
Total cost to U,S, 76.0 58.3 45.0 35.0 28.3 2 4.1 4,6

($ billion 1975)

7.6
4.0

-817-



Table 20

I1=5.0,E-=240,8=15,\=(, .8, .5 .2), p= (.25, .5, .75, 1)

SPR (MMB) 0 250 500 750 1000 1100 1120 1250
Equilibrium (7,1)  (7,4) (2,4) ((7,4) (@@,4)* (1,3)* |(1,1)]| (1,1)
points) . .

(2,5) 6,3)* (1,3)* |(1,3)| (1,4
Total cost to U.S, 145.7 114.0 89.9 70.5 55.2% 49.8% 4.3 4,6
($ billion 1975) 26.6% 4,2%

*Near-equilibrium points and associated costs

Table 21

I1=50, E=240,8=1.0, A = (1, .8, .5, .2), p= (.25, .5, .75, 1)

SPR (MMB) 0 250 500 750 900 980 1000 1250
Equilibrium 6,1) (6,3) (6,3) (6,4 (6,3 6,3 |a,»| a,n
points : .

(6,5) 1,2) |(1,3)| (1,5
Total cost to U.S. 72.9 53.0 39.1 28.8 23.0 19.8 4.1 4.6
($ billion '1975) 4.0

-617-



Tabl e 22

| =5.0, E- 24.0, B=1.5 \ - (1, .8, .5 .2), \i, = (0, 0, .25 .5)
SPR (MB) 0 500 750 1000 1250 1500 1530 1550
Equi i brium (7,1) (7,4 (7,9 (7,9 (7.4 (7,3) (7,3) 1(1,1)(2,1)(5,1)
poi nt s . (1,D(2,1) (5,D| : :
5) (1,2)*(1,2)(2,2) (5,2) |13 3)(213) (51 3)
Total cost to U. S | 145. 7 89.9 70.5 55,1 40.6 26.2 24.7 5.5
($ billion 1975) 5. 4* 54
*Near-equi li brlum point and associated cost
Table 23
| - 5.0, E=24.0, B=1.0, X- (1, .8, .5 .2), p= (0, 0, .25 .5)
SPR (MB) 0 500 750 1000 1250 1400 1430 i 1500
Equilibrium| (7,1) (7,4) (7.4) (7,5 (7,4) (7.3) a2 e,26,2] (V) (2,005 1)
poi nt's . _
0\5) (1.2)(22(52) [(1,9(2.3(53] A,92,36,3)|
Total cost 97.2 60.5 48.2 38.1 28.6 23.0 5.2 5.4
to U S. 5.2
($ billion
1975)




Total Cost -51-

to U S. _
($ billion 75) Fig. 4. lllustration of Table 8.

114.
1-4.2 MW day

E - 21 MW/ day
X=(1, .8, .5, .2
p - (.25 .5 .75 1)
B» 15

42.1
% 18.6
E 4.6
I
i 4.0
. » — __SPR (MW
0 250 450 750 950 1250
Tot al Cost
oS Fig. 5 Illustrati f Table 9
i i . i [0) apl e Y.
($ billion 75) e ustration 1-4.2 MW day
E - 21 MW/ day
57. \ - (1, .8, .5 .2
V. - (.25 .5, .75, 1)
3» 10
17. 4
4.1 4.6
L._ L ' 3..5’.____.. -
0 250 500 830 ~ 1000 - 1250 SR (MB)




Total Cost -52-

to U S,
($ billion 75) Fig. 6 _1llustration of Table 20.
145.7 | » 5.0 MWB day
E = 24 WB day
X=(1 .8, .5 .2
114, li - (.25 .5, .75 1)
0- 15
i
| _
i N 49.8
|
i 143 4.6
- : * - * . SPR (MB)
0 20 500 750 1000 1120 1250
1100
Toral Cost " 1-5.0 MAB/day
($ bi | 1ion 75) Fie 7. _Illustration of Table 21. E = 24 M day
\ X- (1, .8, .5, .2
72.9: H= (.25 .5, .75 1)
53.0 §-1.0 '
j
| 19.8
!
i 4.1 4.6
; ‘ 4.0 %=
0 250 500 750 900 1000 1950 TR (MB)

980
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two, (tables 6 and 7) are shown here, to illustrate the procedure. Table 8
is extracted fromTable 6. For every SPR size, it shows the correspondi ng
equilibriumpoint and total cost to the U.S. in billions of 1975 dollars
present valued to 1975. These total costs are the boxed-in entries in
the bottompart of Table 6. Sinilarly, Table 20 is extracted fromTable 7
and bears the same relationship to the latter, as Table 8 to Table 6.

Figures 4, 5, 6 and 7 illustrate the outcones for four typica
scenarios, nanely those corresponding to Tables 8, 9, 20 and 21.

Thus, figure 4 is a graphical representation of the last row of
Table 8, i.e., of the total cost to the U.S. of the given scenario, as
a function of the reserve size. Note that Table 8 and Figure 4 contain
two values of the total U S. cost for every reserve size between R = 450
and R = 930. The second set of values corresponds to near-equilibrium
points with the tol erances shown in Table 6

The interpretation of Table 8 (and Figure 4) is as follows. Gven
the scenario defined by the paraneter values listed in section 7 and on top
of Table 8, the optimal strategy for the Cartel in case of a conflict, in the
absence of a Reserve, is 7, i.e., to inpose the heaviest type of enbargo for a
full year. The corresponding cost to the U.S. is $114 billion (1975, present
valued to 1975). This strategy renmains optinmal for the Cartel as the reserve
size increases, up to a SPR of 450 MiB. At that point strategy 7 becores tied
for optinality with strategy 6, representing the sane heavi est kind of enbargo
for 270 days. The corresponding U.S. costs are $69.7 billion (for strategy 7) and
$44.8 billion (for strategy 6). Strategies 7 and 6 remain optinal or near-optimal
for the Cartel up to a reserve size of 930 MMB. Fromthat point on, strategy 7
recedes, and for 950 *ffB strategy 6 shares near-optimality with strategy 1,

the "no enbargo" policy. This nmakes the U. S. costs decrease from$42.1 billion
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or $19.4 billion for a SPR of 930 MMB, to $18.6 billion or $4.0 billion

for a reserve size of 950 MMB. Finally, at 960 MMB strategy 1 becones

clearly optimal, by a margin that increases with the reserve size up to a point

beyond which it renains constant. Accordingly, the total U S. cost drops to the

level of $4.0 billion, representing the cost of the SPR and fromthere on

increases slowy (linearly) with the size of the SPR -
Figure 6 bears the sane relationship to Table 20, as Figure 4 to Table

8. The interpretation of the other tables in the series 823 is the sane,

i.e., they represent the total cost to the U.S. of a conflict with the Carte

as a function of the size of the SIR for different sets of values of the

paraneters (i.e., different scenarios).

10. U.S. Costs. Benefits and Marginal Benefits

As with nmost mat henatical nodels, the nunerical results in thensel ves
are less interesting than the way they change with the paranmeters defining
the scenario. Since every single scenario contai ns some questionabl e
assunptions, the nost interesting features of the outcomes are those |east
affected by changes in the assumptions. |In |ooking over the outcomes shown
in Tabl es 8-23, as meil as their illustrations in Figures 4-7, one finds
the sane general characteristcs of the U S. cost function in all cases:
it is nmonotone decreasing in the reserve size up to a critical val ue of
the latter, at -which the function drops to the |evel corresponding to the
cost of the reserve. Beyond this critical SPRsize, the U S. cost function
increases slightly, linearly with the reserve size. The critical SPR size
is the one for which the "no enbargo" policy becormes optimal for the Cartel.

Since the U.S. cost function attains its unique mni.numfor this critica
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SPR size, the latter is optimal for the U.S. Changes in the various para-
nmeters do affect the critical SPR size, but |eave unchanged the genera
shape of the U. S. cost curve as a function of the SPR size.

The benefit froma SPR of size R can be defined as the savings in
total U. S. costs brought about by a reserve of size R under a given conflict
scenario; i.e., as the difference between the cost to the U.S. of the conflict
wi thout a reserve, and the cost with a SPRof size R In case of the scenario
represented in Fig. 4 and Table 6, for instance, the benefit fromvarious
reserve sizes is shown in Table 24. The entry under R» 250 is the difference
between 114.0 and 86.7, the entry under R* 450 is the difference between

114.0 and 69.7, etc.

Jable 24. Benefits fromSPR of varjous_sizes

| =4.2 *«B/day, E = 21 **@day, \ = (1,.8,.5,.2), » = (.25,.5,.75,1), 0 » 1.5

R QWB) 0 250 450 750 930 960 1000
Benefi t ‘
($ billion 75) 0 27.3 44. 3 63.0 71.9 110.0 109.9

It is interesting to exam ne the narginal benefit obtained fromevery
additional MVMB of reserve as the SPRis increased fromO to its critical size.
Tabl e 25 and Figure 8 show the average nargi nal benefit for every interval between
two consecutive reserve sizes of Table 24. The average margi nal benefit
for such an interval is calculated by dividing the increase in benefit over
the interval, by the increase in the reserve over the sane interval, and
multiplying by 1000 to obtain the results in $/barrel (constant 1975 dol | ars).
Thus, ((27.3 - 0): 250) x 1000 = 109.2, ((44.3 - 27.3): 200) x 1000 * 85.0,

etc.
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Mar gi nal Fig 8. Mirqginal benefit per barrel of SPR
benefit
($/barrel)
1270.0
109. 2
85.0 62.3 49. 4
0 250 450 2.2
750 930

SPR( M\B)

960
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Table 25. Average nmarginal benefits for successive

interval s of SPR size

"1 = 4.2 WB/day, E- 21 MB/day, \ - (1,.8,.5,.2), p, - (.25,.5,.751), 3 =15

R( MvB) 0- 250 250- 450 450- 750 750- 930 930- 960 > 960
Mar gi nal -

benefit 109. 2 85.0 62. 3 49. 4 1270.0 -2.5
$/ barr el

W see that as the reserve size increases fromO0, the narginal benefit
decreases until the reserve gets in the vicinity of the critical size, in this
case 960 MVB; then it suddenly junps, i.e., the last increment in Rrequired to
attain the critical size yields a nuch higher nmarginal benefit than any ot her
increment. Finally, increasing the reserve beyond the critical size brings
negative margi nal benefits.

Whil e the particular nunbers are sonewhat different for the different
scenarios, the general pattern of decreasing nargi nal benefits up to a point
close to the critical reserve size, then a sudden junp to the hi ghest margina
benefit over the whol e range of reserve sizes, and finally negative nargina
benefits beyond the critical size, is the same for all scenarios. The junp
in the vicinity of the critical reserve size reflects the fact that at
that point a relatively small increment in the reserve size causes the no
enbargo strategy to becone optinmal for the Cartel.

11. The SPR as an Enbar go- Deterrent

In our nodel the optimal size of the SPRis determined on the basis
of its loss-absorbing as well as its enbargo-deterrent function. It is

sonetimes useful, however, to evaluate these two functions separately.
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Given an embargo E of a certain length and intensity, the existence
of a reserve of size R reduces the petroleum shortfall created by the
embargo, and thereby the GNP loss caused by the shortfall. If L(E,R) is

the GNP loss from an embargo of type E in the presence of a reserve of

size R, then the absorption value of a reserve of size R relative to an

embargo of type E can be defined as the difference between the GNP loss

caused by an embargo E without any reserve, and with a reserve of size R, i.e.:

Vr(E,R) = (L(E,0) - L(E,R).
On the other hand, for every reserve size R, there exists some number
I(R) such that, if U.S. oil imports from the Cartel do not exceed I(R)
MMB/day, then the reserve is capable of deterring an embargo. If we denmote
by E(I) the heaviest type of embargo that can be imposed when U.S. imports

from the Cartel are at a level of I, the deterrent value of a reserve of

size R can be defined as the GNP loss that would be caused, in the presence
of a reserve of size R, by an embargo of type E(I(R)), i.e., by the heaviest

type of embargo that the reserve R is capable of deterring; that is,

For a given reserve size R, the deterrent value Vd(R) can be readily
found by looking at a table like 6, corresponding to a U.S. import level
that makes R the critical SPR size. For example, Table 6 itself can be
used to read off the deterrent value of a SPR of 960 MMB, as well as its
absorption value corresponding to the given scenario. Indeed, the absorp-
tion value of a SPR of 960 MMB relative to the scenario underlying Table 6,
is obtained by subtracting the last entry in the column under R = 960,

which represents the total cost to the U.S. of an embargo corresponding
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to strategy 7 in the presence of a reserve of 960 MMB, from the last entry

in the column under R = 0, which represents the cost to the U.S. of the

same embargo in the absence of a reserve. This difference is

114.0 - 40.3 = 73.7 $billion. On the other hand, the deterrent value

of a SPR of 960 MMB is obtained by subtracting the top entry in the
second part of the column under R = 960, which represents the cost to the
U.S. of the conflict when the Cartel uses the '"no embargo" policy, i.e.,
the cost of the SPR, from the last entry in the same column, which shows
what the cost to the U.S. would be if the SPR did not deter the embargo.
This difference is 40.3 - 4.0 = 36,3 billion dollars.

The essential point in looking at the two functions of the SPR
separately, is the observation that while the loss-absorbing functiom of the
reserve is exercised in case of an embargo whether the reserve is small
or large, the embargo-deterrent function gets exercised only if the reserve
is sufficiently large to deter the heaviest type of embargo made possible
by the level of U.S. imports from the Cartel. If the level of U.S. imports
from the Cartel corresponds to a critical SPR size of R*, but the actual
SPR size is smaller than R*, then a conflict may result in a heavy embargo
and the deterrent effect of the reserve may be lost. To illustrate,
suppose the U.S. imports 4.2 MMB/day from the Cartel, which requires an
optimal reserve size of about 960 MMB, but the SPR is only 700 MMB. Though
the 700 MMB is enough to deter an embargo if the U.S. imports from the
Cartel no more than 2.5 MMB/day, and has a sizeable deterrent value for

that case, with the actual import level of 4.2 MMB the deterrent value

of the SPR gets lost.
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Thi s phenonenon hel ps to explain the behavi or of the narginal
benefit function in the neighborhood of the critical SPR size, discussed
in the previous section. The deterrent value of a reserve of size R
remains latent as long as the level of U S. oil inports fromthe Cartel
exceeds | (R); and gets translated into actual benefits only when the
import level is less than or equal to | (R). Conversely, for a given level I -
of US. oil inmports fromthe Cartel, if R(lI) denotes the critical reserve
size corresponding to I, then the deterrent value of all reserves snaller
than R(1) remains latent; and it is only when the reserve attains its
critical size R(1) that its deterrent value gets translated into actual
benefits. This accounts for the sudden surge in marginal benefits in the
nei ghborhood of the critical reserve size, shown in Table 25.

12. Changes in the U S. Payoff Function

For each scenario represented in Tables 8-23, the game was sol ved
for the values fJ » 1.5 and g » 1.0 of the correction factor P that appears
inthe US. GNP loss function (4). W have argued in section 5 why p« 1.5
seens a nore realistic assunption than (3 = 1.0. Nevertheless, it is

inportant to know the way in which the size of j3 affects the outcone.

As can be seen by conparing every even nunbered table (8, 10, etc.) with
the table imediately following it, the change in the value of 3 from1.5
to 1.0 reduces the size of total U S. cost by about 1/3 to 1/2, depending
on the particular scenario; but affects the critical value of the SPR size
by only 10-15%in each case. Thus, inportant as it.'i s for the assessnent
of the cost to the U.S. of a potential oil enbargo, the correction factor P
does not play a very inportant role in the determnation of the optimal SPR

si ze.
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Anot her element of the U.S. payoff function whose influence on the out--
come of the gane we tested, is the length of the study period, or the assumed
frequency of conflicts .i n the Mddle East. Since this paraneter determ nes
in our nodel the length of the tine for which the opportunity cost of the
stored oil is added up in calculating the cost of the reserve, as shown in
formula (1) of section 5, its value affects the U.S. cost. In all the runs
represented in Tables 8-23, the length of this period was taken to be
t" = 7 years. To test the inportance of this assunption, we ran the gane
for t~ = 10 years and t~*° 20 years, with everything el se kept the sane as
in Table 8. The effect was surprisingly small: the cost of a
1000 MMB SPR  shown in Table 8 to be $4.0 billion, when calculated with
t" « 7, becomes $5.3 billion and $7.6 billion respectively, when calcul ated
with t* = 10 and t™ * 20. Note that the calculation is based on the filling
schedul e shown in line 10 of Table 1, and that all costs are in constant
1975 dollars ($13/barrel), present valued to 1975 at a discount rate of 10%
The difference between the reserve costs of $4.0 billion on the one hand,
and $5.3 billion or $7.6 billion on the other, is too snmall in conparison
with the difference in GNP |oss caused by the various enbargoes to affect
the outcone of the game in any significant way. |In fact, it reduces the

critical reserve size by less than 5% in either case.

13. Changes in the Cartel's Payoff Function

W exam ned two kinds of changes in the Cartel's payoff function:
those in the vector paraneter A defining the function G and those in the
parameter J. defining the function H (see (6) and (7), insection 6). W

recall that the Cartel's payoff function is of the formF e« G- H
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As can be seen by conparing Table 8 with 14, Table 9 with 15, etc.,
replacing the vector X » (1, .8, .5, .2) with\ = (1, 1, .8, .5 cau;es an
i ncrease of between 9-33%in the critical size of the SPR The vector \
expresses our assunptions about how urgent it is for the Cartel to obtain
its political objective in a crisis. The first set of values of X—K assurmes
that a GNP loss inflicted upon the U S. in the 2nd quarter of the enbargo
is only .8 times as useful to the Cartel as an equal loss inflicted in the
1st quarter, and the corresponding multipliers for the 3rd and 4th quarter
are .5 and .2 respectively. The second set of values assunes that the | oss
inflicted in the 2nd quarter is of equal usefulness with that of the first
quarter, and the nultipliers for the 3rd and 4th quarter are .8 and .5
respectively. The conclusion fromthe above runs is that the weaker the
sense of urgency in the Cartel’s action, i.e., the less immediate the goals
of a potential enbargo, the larger the size of the SPR that the U.S. needs
to protect itself. Since this "sense of urgency" is by and large a matter
of judgnent, rather hard to predict, there is nothing better that one can
do than exam ne the outcones for various hypotheses and be aware of the

di fferences.

O the other hand, changes in t.he vector uy, defining the function H
have a less subjective and nore neani ngful interpretation. Conparing the
Tables 8 and 10, 9 and 11, 14 and 16, 15 and 17, 20 and 22, 21 and 23, one
sees t hat repl aci ng-the vector p* (.25 .5, .75, 1) by » —=(0, 0, .25, .5)
causes an increase in the critical SPR size of 15-40% The vector
H» (0, 0, .25, .5) represents the assunption that the Cartel is conpletely
imune to its own |osses froma potential enbargo for as long as 6 nonths,

and that for another quarter it perceives its losses as dinminished to
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25 of what they actually are, while in the 4th quarter of the enbargo the
perceived loss is .5 of the actual one. This assunes a considerable
ability of the Cartel to coordinate its actions, share its resources, use
the reserves of its richer nmenbers to help the poorer ones, as well as an
alnost total inability (or unwillingness) of the U S. to retaliate econom
ically and in general to inflict pain upon its blacknailers. Far fetched
as these assunptions seem sone people consider themrealistic. The con-
clusion fromour study is that if these assunptions prevail, a considerably
|arger reserve size is warranted, than otherwise. But there is another
inplication of these assunptions: iif the Cartel is conpletely immune to
its own losses for the first 6 nmonths of an enbargo, there is no incentive
for it to use the "no enbargo" policy, even when the U S. reserve is suffi-
ciently large to protect the U.S. fromthe consequences of an enbargo. This
phenonenon shows up in our Tables 10, 11, 16, 17, 22 and 23, in that the
equilibriumpoints corresponding to the critical U S. reserve size involve
in every case, "besides strategy 1 ("no enbargo"), also strategies 2 and 5
corresponding to "short" enbargoés (6 nonths). Under these circunstances
the deterrent effect of a sufficiently large SPR may consist in reducing
the length of an enbargo in case of a conflict, rather than conpletely
elimnating it.

On the other hand, conparing Tables 8 and 12, 9 and 13, 14 and 18,
15 and 19, we find that replacing t* * (-25 .5, .75, 1) by ~* (.5 .66, .83,
produces a decrease of 7-12%in the optinal size of the SPR  This change
corresponds to assum ng a somewhat hei ghtened sensitivity of the Carte

toits own losses, due perhaps to the acute needs of its nore popul ous
«
menbers (lraq, Al geria, possibly Iran), who are highly vul nerable to the

1)
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loss of inports, or perhaps to U. S. econonic retaliation against nmenbers of
the Cartel that depend on the U.S. for inports, construction projects,
mlitary aid, or sinply earnings through investnents in the U.S. The con-
clusion that energes is that if the U S. is able to bring about such a

hei ght ened sensitivity of the Cartel to its own losses, if it is capable
of serious economc retaliation, then a sonmewhat smaller reserve size wll
acconplish the sane thing as the larger reserve needed in the absence of
this capability.

14, U.S. _Inports and the Optimal SPR Si ze

The single nost inportant paraneter on which the optimal SPR size
depends is the level of U S. petroleuminports fromthe Cartel at the tine
of the conflict. By conparing Tables 8, 9, 10 and 11 with Tables 20, 21, 22
and 23 respectively, one sees that an increase in the level of U S. oil
inports fromthe Cartel from4.2 MMB to 5 MMB produces an al nost proportional
increase in the critical SPRsize. Since this relationship is the nost

_obvi ous and direct one, it is appropriate to express the optimal reserve size
as a function of the inport |evel rather than as an absol ute nmagnitude.

For a U.S. inmport level fromthe Cartel of 4.2 MvB/day, the optimal SPR

size varies between 750 MMB and 1450 MVB, depending on the val ues of the

ot her paraneters. These two figures roughly correspond to 180 and 350

days! inports respectively. For a U.S. inport level of 5 MVB/ day, the
optimal SPR size varies between 1000 MWB and 1550 MMB , which corresponds

to 200 and 310 days respectively. If we differentiate between scenarios
corresponding to different values of the correction factor P, the above

two intervals becone 210-345 days and 225-310 days, respectively, for
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0 = 1.5, and 180-335 days and 200- 300 days, respectively, for 0 * 1.0.

As can be seen fromthese figures, a correction factor of 0 » 1.5 inplies
an optinal SPR size slightly larger than 0 = 1.0, but the difference is
only about 10% Since 0 * 1.5 is, according to our present know edge,
closer to the reality than 0 « 1.0, we conclude that the desirable size of
the SPR is somewhere around 8-10 nonths' equivalent of U.S. oil inports
fromthe Cartel at the time of a potential crisis. Translating this into
specific reserve requirenments for various possible future inport levels, we

obtain the follow ng:

U.S._oil inports Appropriate Size
fromthe Cartel of SPR
(MvB/ day) OMB)
3-3.5 720- 1050
3.5-4 840- 1200
4-4.5 960- 1350
4.5-5 ) 1080- 1500

These reserve sizes are close to, but slightly higher than, those
recoomended at the end of 1976 on the basis of a prelimnary study of this
nmodel [6]. The increase is mainly due to the correction factor 0, whose
role was explained in section 5. Besides, the current reconmrendation is
based on solving the gane for nmore than 100 scenarios and exam ning the
sensitivity of the nodel to various changes in the assunptions.

15. Concl usions

The purpose of the U S. Strategic PetroleumReserve is to reduce

the vulnerability of the nation to petroleumsupply interruptions. It

can do this by absorbi ng sone or all of the petrol eum shortfall created
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by a supply interruption, but also by deterring an enbargo through its

mere existence. Earlier studies concerning the appropriate size of the

SPR have focused on the | oss-absorbent aspect of the reserve, and have not
found adequate nmeans of quantifying the enbargo-deterrent aspect. This
study uses a gane theoretic nodel to analyze the optimal SPR size from

the point of view of |oss-absorption as well as enbargo-deterrence. The
nmodel views a potential conflict between the Cartel (a coalition of potentia
enbargoers) and the U.S., as a bimatrix game in which both sides pursue
their objectives expressed in the formof two payoff functions (matrices).

The Cartel's objective is to inflict maxi num danage on the U. S.
over a decreasingly wei ghted sequence of time periods, with a TnnrnTm
loss of its own; whereas the U. S. objective is to mnim.ze the total cost
of the conflict, consisting of the cost of the reserve, plus the U S. G\P
loss. The Cartel's strategies are enbargoes of varying intensity and |ength
the U.S. strategies are SPR drawdown policies, while the size of the SPRis
a paraneter in both payoff functions. Besides the SPR size, the payoff
functi ons depend on many other paraneters. Each set of values for these
paraneters defines a certain conflict scenario.

The gane was solved for over 100 different scenarios,” representing
every conbi nati on of assunptions that seens reasonable, and sone that | ook
unli kely but are not inpossible. Qur conclusions are as foll ows.

1. For small values of the SPR size, the optinmal strategy. for the
Cartel in a conflict with the U.S. is to inpose the heaviest type of enbargo
made possible by the level of U S. oil inports fromthe Cartel, either

for a full year or for 9 nonths, depending on certain assunptions about
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the Cartel's payoff function. Oten both of the above strategies are
near-optimal, and in certain scenarios the optinumshifts slowy fromthe
l-year to the 9 nonths' enbargo as the SPR size increases. In all the
scenarios, there is a critical reserve size for which the "no enbargo"
strategy beconmes optinmal for the Cartel. This is the reserve size required
to deter an enbargo of the maxi numintensity nade possible by the U S
inport level. Wile the "no enbargo” strategy is optinmal for the Carte
with a narrownargin at the critical reserve size, its margin of superiority
increases with the reserve size up to a point beyond which it remains constant.
2. The optimal U.S. strategy in case of an enbargo is a conbi nation
of uniformand exponential drawdown policies; nanmely, to replace the entire
shortfall up to the point where the reserve becomes equal to 5 day's shortfall
after which to draw down daily 1/6 of the current reserve, with 90 £ 6 £ 135.
3. The total cost to the U.S. of a conflict with the Cartel, viewed
as a function of the SPR size, decreases nonotonically as the reserve
increases fromO0O, as a result of the |oss-absorbing function of the SPR
At the critical reserve size, the U S. total cost suddenly drops to the
level of the cost of the reserve, as a result of the enbargo-deterrent
function of the SPR Beyond the critical reserve size, the cost increases
linearly with the reserve.
4. The total benefit fromthe SPR increases with the reserve size
up to the critical size, then it decreases. The nmarginal benefit, i.e.
the benefit obtained fromincreasing the reserve by 1 unit, is large for
a snmall reserve, then decreases as the reserve increases, up to a point
close to the critical value. Just before the reserve reaches its critica

size, the marginal benefit junps to its highest value over the whol e range
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of reserve sizes, corresponding to the switch in the Cartel's optimal
strategy from a heavy embargo to '"no embargo.' Beyond the critical value,
the marginal benefit is a small negative constant.

5. The game-theoretic approach makes it possible to evaluate
separately the two functions of the SPR, i.e., to assess separately the
(loss-)absorption value and the deterrent value of the SPR. The point of
this exercise is the observation that, while the absorption value of the
SPR gets translated into direct benefits whenever there is an embargo,
the deterrent value gets translated into bemefits only if the SPR is at

least equal to the critical size corresponding to the level of U.S. imports

from the Cartel; otherwise it remains latent. This explains the surge in
marginal benefits in the neighborhood of the critical reserve size: this
is the point where the deterrent value, latent for smaller reserve sizes,
suddenly gets translated into benefits.

6. Changes in the parameters defining the U.S. payoff function
affect heavily the total cost of a conflict to the U.S., but only slightly
the critical size of the SPR. Thus, reducing B from 1.5 to 1.0 produces
a decrease of at most 157 in the critical reserve size. Increasing the
length of the study period, i.e., the assumed average time lapse between
two conflicts, from 7 to 20 years, reduces the critical reserve size by
less than 5%.

7. Changes in the parameters defining the Cartel's payoff function
do affect substantially the critical reserve size. A not too excessive
reduction of the rate at which the Cartel's perceived gain G from the loss

inflicted upon the U.S. decreases with time, can increase the critical
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reserve size by as much as 1/3. On the other hand, an increase in the
Cartel's assumed capacity to absorb its own losses can raise the critical
reserve size by as much as 40%.

Furthermore, if the Cartel is completely immune to its own economic
losses, say, for the first 6 months of an embargo, then the deterrent
effect of a sufficiently large SPR may consist in reducing the length of
an embargo from 1 year to 6 months rather than completely eliminating it.
If, on the other hand, the Cartel is sensitive to its own losses, either
because of the needs of its poorer members, or because of U.S. economic
retaliation, then a somewhat smaller SPR size suffices to deter an embargo.

8. The single most important parameter determining the optimal SPR
size is the level of U.S. oil imports from the Cartel at the time of a
potential conflict. Expressing the optimal SPR size as a function of this
parameter leads to the conclusion that the appropriate overall size for the
SPR is the equivalent of 8-10 months' imports from the Cartel at the time

of a potential conflict.
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i ncluding of course the no enbargo option. The strategies of the U S. are
various ways of using the reserve. The size of the reserve itself is a
paraneter present in both payoff functions. Solving the game for the

rel evant reserve sizes yields interesting conclusions on the desirable size
of the reserve, as well as on U S. ‘drawdown policies in case of an enbargo.
The crucial element in the ganme*theoretic approach is that, unlike the
traditional cost-benefit analysis, it fully captures* the enbargo-deterrent
effect of an appropriate SFR W have solved the game for over 100 sets of
assunptions organi zed into scenarios, aad- have derived qualitative and
quantitative conclusions concerning the appropriate size of the SPR and
related matters. '
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