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IV. 1. Preface

Energy submodels are constructed on the technology and environment
strata with intimate linkages to population, economic, emission and
other submodels. In this chapter we shall present the following sub-
models together with their linkages with other parts which intergrate

them into the total world system model:

(a) Energy Resources Model

It is designed to specify the availability of various energy resources
as a function of potential discoveries and changes in ultimate reserves.
It is integrated with the demand and supply submodels into the complete

energy submodel of the total world system model.

(b) Energy Demand Submodel

It is designe& to specify the total energy needs to achieve certain
development objectives as well as to indicate various forms - liquid,
solid, etc. - in which the energy could be used. In addition to the
specification of the model and its construction as a demonstration of
the use of the model the assessment of oil needs in various regions

in the model until year 2co0o and beyond is given.

(c) Energy Supply Model

1t is designed to specify how the energy needs might be met in each of
the regions depending on the technological changes, investment and

development policies, export and import conditions, etc. There is a
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large mmber of alternative policies which can be implemented in this
respect depending on the options selected as to the future energy
supplies system development;as an illustration of the use of this
submodel the consequences of selecting some of the most considered
options for solving the energy crises in North America and Western

Europe are presented.

(d) World 0il Market Submodel

The objective in designing this submodel was to assess the conse-
quences of alternative policies by oil exporting and importing regions.
In addition to the world oil commodity market the submodel after being
interlinked with the total world system model provides for the decrease
in economic and industrial development in any of the regions, resulting
from the oil shortage as well as for the reduction in oil needs due

to the development of alternative sources. As an illustration of the
use of the model, the manners of conflict resolution between 0il
exporting and importing regions as a fumction of price fluctuations

is presented.

Mihajlo Mesarovic Eduard Pestel
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2. ENERGY RESERVES AND RESOURCES
2.1. Energy Reserves and Resources Data
2.1.1 Fossil fuels

General

The energy supplies in the last century were initially based
on wood fuels alone, but in about the middle of the 19th century
coal began to replace wood as the most important energy carrier.

In our century another replacement has occured with the development
of two new energy sources: oil and gas. The rapid expansion in the
use of these new energy carriers has caused coal to be left far
behind in the competition.

Despite the constantly increasing energy requirements the new
exploration methods, improvements in resource development techniques
and rapid advances in geological knowledge have allowed the growing
demands to be met with relative ease up to this time. Furthermore,
the reserve levels have constantly increased. As late as 1968 the
general report in the section National Surveys of Energy Resources
of the World Power Converence contained the following statement:
"World energy resources are practically inexhaustible''.

Since the use of energy has increased very sharply in the last
few years but yet the discovery of new reserves is- increasingly more
difficult, for the first time in the developments relating to energy
reserves a change in the trend can be established - even though” it” is
not large at present. This fact and the slowdown of 0il deliveries
ordered by the OPEC countries in fall 1973 (motivated mainly for
political reasons) has brought to the public consciousness for the
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first time the fact that our fossil fuels, upon which the
lion's share of our energy supplies of today depend, are only
finite. Since the fossil fuels are at the most very slowly
renewablel, mankind is essentially using finite resources, the
size of which are often indicated only by relatively uncertain
estimates.

How does the future look concerning the fossil fuel energy
supply? There has been much interest lately in the answer to
this question. The purpose of the present chapter is to collect
a mmber of more recent statistics on proven reserves and further
possible discoveries. Although no essentially new answer to the
question itself will be given, it is necessary to present a brief
summary of the energy outlook under various assumptions in order
to provide a basis for the construction of the models found in

the other chapters.

In the interpretation of the various statistics compiled on
reserves, particular attention must be paid to the definitions
and a number of basic assumptions. The assumptions underlying the
statistics found in the literature vary tremendously, and failure
to note them can lead to incorrect conclusions. Some of the
assumptions and concept definitions will be discussed below - at

least to the extent that it is felt appropriate now- and more

) For example the oil resources are renewed very slowly, since ever,
at the present time oil is formed in appropriate geological strata.
However, the necessary time is millions of years, and in fact this
renewal rate is negligibly small with respect to the extraction
rate of today.
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detailed descriptions will be given in the later discussions of
the energy carriers. It appears reasonable to follow the
terminology of Mc Kelv_e.y;las far as possible.

Resources are distinguished according to a) degree of
certainty and b) feasibility of recovery. The representation
according to these terminologies 1s given in Fig. (2.1.1),
which was taken from Mc Kelvey. The degree of certainty is
indicated by the terms proven, probable, and possible; these
three classifications together make up the category "identified".
A further category is for "undiscovered' resources. In the case
of coal the terms proved, probable, possible, and undiscovered
are usually replaced with measured, indicated, inferred, and
speculative, respectively. The feasibility of economic recovery
is described by the terms recoverable, paramarginal, and submargi-
nal. Mc Kelvey defined paramarginal resources as those which are
recoverable at prices as much as 1.5 times prevailing prices. As
an example of this terminology provel reserves would be equivalently
classified as proven paramarginal or proven submarginal, etc.

As can be seen in the figure "reserves' must be either proven,
probable, or possible as .opposed to not yet discovered; in addition
they must be recoverable from an economic standpoint. The undis-
covered as well as the paramarginal and submarginal categories will
be referred to as Tesources. In turn we will use the expression
"yltimate 'y' in place", where 'y' can be oil, coal, gas etc., to refer

to the sum of all reserves and Tesources af a given raw material.

L V. E. Mc Kelvey, "Mineral Resource Estimates and Public Policy",
American Scientist 60m No. 1., Jan.- Feb. 1972.
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Coal, Brown Coal and Lignite

For the data on reserves and resources in coal deposits one has
generally gone over to certain physical parameters which influence
the mumbers given. The following parameters are typically applied:

a) seam; for inclusion in the statistics the seams or

coal layers must have given minimum thickness.

b) deposit depth: the economy of extraction depends on this

number.

¢) recoverability; this parameter also depends on the deposit

depth, but in addition encompasses the geological structure
of the strata: lying above the coal.

These parameters are included in the statistical reports from
the various mining companies, so that one is enabled to make uniform
comparisons between individual countries or regions. In the case of
estimates the data depends to a large extend on which conclusions
were drawn from already present geological data and previous explo-
ration activities. Thus for the estimates there is naturally an
influence from more subjective considerations.

For the terminologies used for the individual types of reserves
one can infer the degree of certainty for the data, as has already
been mentioned. P. Averittl, for example, subdivides his "coal
resource estimates" into “hypothetical" and "identified resources’.
The "hypothetical resources" were defined as containing undiscovered
mineral deposits, whether of recoverable or subeconomic grade, that

are geologically predictable as existing in a known district. In our

1 United States, mineral resources, Geological Survey Professional
Paper 820, 1973.
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terminology these would be undiscovered resources, whereas his

nidentified resources" would not mecessarily be recoverable;

in our terminology this would include both reserves and resources

included in the category 'identified" (see Fig. (2.1.1)) which

we write as identified reserves—resourcesl.

Since for the coal data a mumber of statistics from the
World Power Conference (WPC) were taken, the above definitions
have been applied in a manner consistent with their data. The
definitions are applied according to the following scalezz
1. Measured reserves-resources refer to those whose observation

and measurement are so closely spaced and the thickness of the
coal so well defined that the computed tonnage is judged to be
accurate within 20 %.

2. Indicated reserves-resources are estimated partly from
projections of visible data for a reasonable distance on the
basis of geological evidence.

3. Inferred reserves-resources, while still applying to coal
occuring within overall mapped and explored areas, are those
for which "quantitative estimates are based largely on broad
knowledge of the geologic character of the bed or region and

for which measurement of bed thickness are available'.

1 Breaking this down further, the identified reserves-resources in
the U.S. consist of 8 % measured, 27 % indicated, and 65 % inferred.

2 P. Averitt (Coal Resources of the United States, 1967, Geological
Survey Bulletin 1275) provides these definitions of the three
categories of estimates.
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In addition, the tables on coal which will appear later
in the text implicitly contain the following parameter limits:
a) for coal: the seams are at least 30 centimeters and
the deposit depths are 1200 meters or less.

b) for brown coal and lignite: the seams are at least
30 centimeters and the deposit depths are 500 meters
or less.

Exceptions to these conventions will be listed in footnotes
to the corresponding tables, at least to the extent that they
are known.

The data in the tables, with the exception of the data on
Chinal, is taken from:

World Power Conference, Survey of Energy Resources 1968.
Data found in this survey was obtained from reports written by the
individual coal producing countries. The composition and heating
value of the coals in the various reports varied greatly , and
since the terminology used by the individual countries was not
always the same the WPC did not break down the coals into umiform
individual groupings.

The heating values corresponding to both the coal and brown
coal groups actually vary, but since a mumber of countries are

collected together into each region, one can assign an average

1The data for the region China was taken from the book " Die Energie-
wirtschaft der Wolksrepublik China' (Verlag Glueckauf) which was
printed in 1973; this data could thus be more reliable than the

WPC data of 1968.
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heating value to each group.
The quantities of coal given in Table 2.1 as World Coal and
Table 2.2 as World Brown Coal and Lignite correspend to the

identified reserves-resources deposited in the earth.1

The identified reserves-resources of brown coal in China was
taken to be 10 % of the total in this t:,ategory.2 The results in
the colunm four of Table 2 do- not agree line for line with the
sums of columns two and threesince for some of the countries in
the regions considered there was no breakdown into measured, indicated
and inferred reserves-resources although the overall identified
reserves-resources were given.

In Table 2.3 various statistics on the sum of coal plus brown
coal along with their '"life-indices' are tabulated in tce energy
units.3 Altough the table is primarily devoted to the reserves in
the individual regions of the world; the identified reserves-
resources and ultimate coal in place are also included for comparison.
To avoid confusion we mention again that ultimate coal in place
denotes all reserves and resources, whether discovered or not; the
undiscovered partof the ultimate coal in place can of course only be

estimated.

! Consistent with our terminology these quantities are mot necessarily
all recoverable.

2 This percentage is a realistic estimate: see footnote 1 , page 2.6.
U.S. example.

3 tce:1 ton (1000 kg) of so-called tons coal equivalent, which
contains a heating value of 7000 Kcal/kg. The average heating
value of brown coal is assumed to be 3500 Kcal/kg, so 2000 kg is
equivalent to 1 tce.



B 701

"SI939W QpZT FO ITWIT x9yawexed oyl ueys
xodesp ey A9yl 20UTS ‘pApNOUT 30U SISM AUPIIOD UX9ISSM UT TBOD JO SUOY g0T - 000 09T ‘H°M Uoiday oyl up (§
*papnTouT ATuo saxism o5 JO yjdep e 01 dn syeo) :pueyrzemg (¥
*9JBFINS Y1 MOTAQ S913aw QST 03 dn paunsean uvsq ey
SUBIS 9I0UM SSBQUOE JO UOTIAOIX9 Syl YITM ‘3dEJINS 9yl MOTIq SAIISW (0Z] UBY] SIOU JOU POeniIs pue
SSWD[OTYI UT WD (S UBY SS9 30U Jo [eod Sururequod sweas 03 SurpleSax pajeurriss useq aaey siaquny :4°'s's-n (
*9JBIINS Y1 MOTSQ SIIWSU pI6 UBYI SSI] PuB YOTY3 SI0W 10 D §§ JO
speq UT punoad oYyl UT [BOD SPNTOUT SIINOSAI-SIAIISII PALISJUT PUB PIIBDIPUI °*Q2BJANS SYY MOTSq SIdl0u
S0§ UeY} SSOT pue YOTY} AIow 10 WO [/ JO SPag UL punosd 3yl Ul [EOD IPNIIUT SIDANOSII-SIAIISII PaInsedy Vs (Z
*3DULIAFUO) IaMOd PTIOM ‘896T sodanosay AJraug yo Learng (T

0°000 £95 T 07000 L6% T 0°000 0L (01) YNIHD

0°z52 11T 0°S9L 96 0°49% ¢T (6) VISV ISVE HINOS

v 0°€ZT €T 0°29¢ 8 0°19L ¥ (8) VORLAV NIVH
8'STT 0°26 8°€7 (£) LSvH F10AIW

£°S6T LT 6°L1T €T vLL0 ¥ (9) VOI¥BAY NILVI

(€ 0°%90 08T ¥ 0°628 S66 £ 0°SSZ ¥8T (8) gdoung NaFISYH
0°01¢ 68 0°S¢T 6 0°SLI oF (v) @adotaAga 40 1S

0°8¥Z 61 0°S2S ST 0°£2L § (€) Nvave

(s 4°60§ ¥6 87557 9 6°542 88 (Z) Zdoung NUELSIM
(z 07000 T9T T 0°00% 9%0 T 0°009 ¥IT (1) YDI¥EAY HINON
Ty T Ty
T e v 2 swmpen) | sedmosex-soawesar  seomoser-seatesex

S3DINOSAL-SIAIISBL PITITIUSP] POLISJUT PUE PBIEITPUL painsesy




B 702

+99BTINS B3 MOTIQ SAI3BW 009 UPY3 drou jou PRIENITS
pUE SSOW[ITY3 UT a11au T Ueyy SSIT 30U 30 SWeas UT S3DINOSOL-SIAIISIL 0} SISFAL SILUTISI YL retsauopu] (S
*g1ep Po3lodal 8yl UT PIpNIUT 10U SEM

qnq ‘suoy UOTTTTU 000 §§ O PIIUNOUE JUIUSSISSE arny woly pe1dadxd 580IN0SAI-SIAIISAL TEUOTITPPY rpuetod (¥

-aoeyIns Sy} MOTAQ S1ldW g UYL SSIT pud SSW{DTY} UT JIO0W IO SdIIdU

-13ue0 g/ SPAq UT 93TUSTT Spryout 59DINOSOI-53A19SAL PALISFUL PUR PIIEDTPU] 'IDBFINS Y3 MOTSq S5139W §0¢
WEYl SO PUR SSOW{OTY3 UL dI0W JO SIBW 7S°T 3O spaq ur 9TUBTT 2pNTOUT SIDIN0SII-SIALASSI paanses] ysn (€

»4791e1edos S9DINDSII-SIALISIL PAIIIFUL pUe PoIBDTPUT pue painsesu j1odal

10U Op SOTIIUNOD 3WOS BIUTS ‘f PUB 7 WMTOI 3O sums oyl YiTM SUTT JOF OUIT ddide j0u Op § WNMTOD UL s3Tnsay (2
*20USIAFUOD JIMOJ PTIOM ‘§961 SIIIN0SIY A310ug Jo Asaing (1
f51STX9 SIIINOSAI-SOAIRSAL OU - — <uMownjun - N :STOqUAS JO UOTIULFSQ

§20 LTT 2
01z 11 n 71T (0T) WNIHD
s 956 ¥ 1z 156 7 (6) VISY 1SVA HLOS
901 18 o1 (8) VOT¥dV NIWW
. - - (L) isvd FTAAIN
666 6 o¥9 6 Ss¢ (9) VOI¥EWY NILV1
G 97 69 1 790 ZIE T $ST 0ZT (5) ddound N9aISva
986 S6 695 Lt LTy 8Y (#) (3dOTIAZT 40 IST
gsL 1T S6v 1 852 (£) Nvdve
€19 £6 08L LT 66L SL (z) F40UNT NHALSEM
(€ 00T 0%¥ 0S¥ 80¥ 059 12 (1) VOTHSHY HINON
-.-----q-.---m..---c--l----------...--:-w--. - |.-..|--.-..|--|w...---n---------.-.-m--'.:--
------...------.Hm.+N-wmammmwu----.--.----wwwmmmmmwuwwmwwwwm---..-.--- 3RI5831CCCTTTTTTTTTTTTTTTTTTTTT

(z_592Inosd1-S9AJ9SaL POTIIIUSP] . PR

Pt aplerdeupgibbabpatedmpetopy £2.T

ogur pue peyedIPul ... _._......B2I0SEH uotfay yo oweN

(suoy dTI3ewW JO SUOTITTU ug) 93Tudr[ puB TBAD UMOXYE

t STRNOSTY-SIAYASTY TLINOIT QY TVOD NMOUE qoM - 277 STqel



B 703

*23ex yamoa® ¢x (p
*SX9833UT 03 POPUNOI IIB SIITPUT IJTT I0F USATS sIsquny (g
*ST "ON'[ S9TI8S NN ‘0L6T-T96T saTTddng A3roug prioy :woly usyel aie (0z6T) e3ep uorzonpoxd Teod (7
*31%93 A3 UuT uUIATS
ST sIequnu STyl SurieynoTed Jo uotddiidsep pafrelsq "I9yiaSol [eOD UMOIQ PUE TBOD 9TqEd STY] UT suesw Teo) (I

0T SST 0TZ  Z6 SET 281 SLT € 68L 1 880 099 £ 00Z 60€ ¢
T8531N0551-7831 7T T§5A15531"
3TqBIBA0IDI PoTITIUAPT
8TL 8.1 SbZ 90T 85T 91Z 05§ 9 LS € T SIT700878T T 00781978
35 %§ %2 %S 3¢ %2 ooetd ut $3DIN0SIL S91BUTISA
(¢ wmiod) (z wmypod) (¢ wmyod} (z wmiod) TE0D 9yewTll) _-S9AI3SaL T 33TI8AY *d
JTureudp J13ElS PATITIUSPT
8TT $ST 08T Z¢ SS L9 ST LET BYE°60F 2 959 SST + $69 0€€ aTIOM

¥6 L8T  SE A 886 T 68 685°56¢ £0S 982 082 S¢ (0T) WNIHD
2 £€T  S¢ s 9%9 68 59088 S58 95 128 £ (6) VISV 1SVA HINOS
68 SLT 69 fA41 565 1 £95 AxAd 885 9 $8% 7 (8) VOIMAV NIWHW
43 9 zI 21 SL 91 TLL0 85 A (4) Lsvd TIQAIN
8 €91 S L8 PIZ 1 34 wi'6 £60 1T £21 2 (9) VoMWY NIIVT
€0T  £0Z b 0L $66 2 69T 090°128 8¥g LSY 2 9T 721 (S) 340¥nT NIISvA
1L IET 9§ L6 759 £62 ¥64°601 759 89 76T z¢  (p)@EdOTIASA 20 15T
S 16 € 9 £52 <L 65L°6S 150 01 16 T (£) Nvavr
8t 8L St €L ¥8T (429 978" p8S £L9 0L 880 €9 (2) 3doUNT NYALSAM
09 90T°98S_ . _......520 889 _£1 79 (1) VOTEWY HINON

§¢ 82 ﬁmmw-.mm..ww-- ot sgesfrases rreeboneneenn e b

SIAXISIX) mwwﬁwmwﬂv {searssal) wawwmww_wv

(quateatnbe [eOd> JO UOY DTIIAW JOSUDITTIW UT)
a VOO TVIOL - €°Z 91qel



B 704

Of the identified reserves-resources in each country the
fraction which can actually be extracted economically varies
cctnsiderz«;,bly.1 Information on these recoverability fractions are
included in the WPC-statistics, and from these one can conclude
that the world-wide average for the fraction of coal which is
recoverable is about 50 %.2

The data on identified reserves-resources and the ultimate
coal in place along with the corresponding recoverability fractions
were taken from P. Averitt. His estimates were based on the same
physical parameters as the WPC. Consistent with this one can note
that the identified reserves-resources multiplied with a 50 % re-
coverability fraction agrees well with the total of the reserves.
The "1life indices" were calculated for the reserves and also for
the estimates of ultimate coal in place, where in the latter case
both a 100 % and a 50 % recoverability fraction was used. The sta-
tic live index indicates how long the reserves or resources would
last if the production remains at a given level; in the case of
measured reserves this is usually called the static reserve index.

This definition explicitly excludes future changes in the production.

Example:East Pakistan (Bangla-Desh) has huge quantities of iden -
tified coal reserves-resources, of which only 20 % can be extrac-
ted profitably. West Pakistan has less coal, but can nevertheless
extract up to 80 % profitably.

These conclusions were reached by P. Averitt, United States Mineral
Resources,U.S.Govt. Printing Office, 1973, and by. I Darmstadter,
et al, Energy in the World Economy, The John Hopkins Press, 1971.
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For this reason we have also carried out the calculations for
the regions with a 2 % and 5 % growth rate, and again for the
world-wide production with a growth rate of 2 %, 3 %, and 5 %.
One might choose to refer to these results as "dynamic life
indices'" to distinguish them from the "static" case.

At least if one considers the earth as a whole (the growth
in individual well-developed countries such as the U.S. could
eventually saturate), the dynamic life indices should give a
more realistic idea of the lifetimes than the usual static life
indices. The actual differences involve a factor of 10. This
difference is particularly striking in the case of ultimate coal
in place. The static life index is about 3175 years, whereas with
a 2 % growth rate the production could only last 210 years and
with 5 % growth only 107 years.

These estimates contain the assumption that as long as the
supply lasts it can be distributed smoothly to regions where there
is a demand, which cannot be expected to remain true as the future
exhaustion becomes apparent. At that point one would expect that
especially the supplying countries would take measures to project
their own interests, which could include abrupt decreases in
supply exports.

Even a doubling of the ultimate coal in place would only
extend the lifetime from 210 years to about 250 years in the case
of 2 % growth. In the last few years the exploration activity has

decreased due to the declining use of coal, and the estimates given
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from 1968 might no longer be correct. However,even if the esti-
mates were to be increased due to the sudden new start-up in
exploration and corresponding discovery of new deposits, this
example shows that the increase in the lifetime is relatively
small under the assumption of continuing growth - even at the
low level of 2 %.

It is interesting to consider how long a train, each freight
car of which being capable of carrying 20 tons of coal, would have
to be in order to transport the daily coal production of say,
the year 2150. Assuming a 1970 production of 2400 million
tons, and 2 % growth, one obtains a yearly production in 2150 of
88 x 108 metric tons. To tramsport the daily production 12.1
million freight cars would be needed, which in a single train
would stretch out a distance .15 million kilometers - 4 times
around the earth!Although the example is a little far-fetched,
it does indicate that quite apart from eventual energy supply

shortages there would be other problems as well.
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0il and Natural Gas

The definitions of reserves and resources given previously
can also be applied to oil and natural gas. The basic categories
remain, but the scales used to indicate, for example, the degree
of reliability are different than those used for coal. Similarly
the relative importance attached to each category is different.
Also, just as with discussions of coal the same word may be used
to indicate different concepts in the literature; one must 'phere-
fore check the context carefully. We indicate below our usage of
the main terms.

Proven reserves represent a "minimal estimation' of the
reserves found in a region, i.e. there is a fairly high certainty
associated with the estimate. This category coincides with the
proven reserves in Fig. (2.1.1), and is the quantity of oil or
gas, estimated for fundamental geological and technological infor-
mation, which one can with high certainty obtain at currently
competitive prices, from known deposits. The data on proven
reserves are based on both measurements and estimations using
various calculation procedures.

Recently, some doubt has been cast on some of the data
arising from calculations.1 As an example of the uncertainty
associated even with proven reserves, A. D. Zapp mentions the

East Texas oil field which was discovered in 1930. Up to 1935

1 A. D. Zapp, "Future Petroleum Producing Capacity of the United
States", 1962, Geological Survey.
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there had been 19 520 drillings which provided extensive geo-
logical information an the structure of the field. At that

time the statistical numbers reported that the maximum quantity
of recoverable crude oil was 2 1/8 x 109 barrels. However up to
the end of 1957 3 x 10° (billion) barrels had already been
extracted, and in the meantime the estimate of the maximum
recoverable quantity had been moved upwards to 5 X 109 (billion)
barrels. He traced this descrepancy back to insufficient the
calculation procedures which were used.

On the other hand H. Warman1 indicates that once an o0il
field has been discovered and a mumber of drillings have been
made, then one can determine the size of a deposit to a good
approxim:—,ltion2 through measurements of the sample porosity along
with the oil and water content. This was said to be particularly
true for in the last couple of decades, the experience in extraction
from oil and gas fields has been extensive; the quantity of oil
which one can extract3 in the course of just 10 to 20 years,
with today's knowledge, can now be determined to a high degree.
Moreover, he maintains that from a global standpoint there have

been both too low and too high estimates which average out, although

1 H. R. Warman, The Future Availability of 0il 1973, World Energy
Supplies, Conference organized by the Financial Times.

2 Calculation me%lods include D Decline-curve method, 2) volumetric
computations, Material balance calculations, 4) Seismographic-
reflection methods.

5 H. Warman employs the term ''recoverable resources" to include all

estimated oil which can be extracted by known extraction technologies,

whether of primary, secondary, or tertiary nature. They need only
have a significant influence on the recovery factor during the 20 -

30 year lifetime of an oil deposit.
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the trend in the U.S. has been towards higher estimates. Thus
it would be false to claim that all inital estimates would
habe to be increased a factor 5 or so in the course of time.

The comments of A. D. Zapp and H. Warman refer to a large
extent to the experience in North America. There the proven
reserves data is based on established rules, according to which
reserves only indicate what can be extracted with existing
technology and consistent with today's prices. One should keep
in mind also the fact that the oil companies tend to publish
extremely conservative estimates, since this is a saver basis
from their own economic standpoint.

The size of the proven reserves can change for several
reasons. A change in price levels can mean that the boundary
between "recoverable' and "paramarginal" is lowered, thus in-
creasing the proven reserves. Also, as new extraction technolo-
gies come into being, and to some extent with new drilling in a
known oil field, the proven reserves increase.

Although proven reserves will have a central role in what
follows, it is somewhat restrictive. Therefore the further terms
""probable" and '‘possible’, introduced previously, will find some
application. Data indicated by probable or possible are based on
geologica-theoretical analysis, but can have a relatively large
uncertainty. The two expressions ''probable reserves' and 'possible

< s 1
reserves' are often classified together as 'umproven reserves'.

1 Darmstadter, Energy in the World Economy, The John Hopkins Press,
1971, page 45.
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Because of the uncertainties involven in oil and gas it is
difficult to establish clearly the border between'possible
reserves" and undiscovered resources (see Fig. (2.1.1}).
Consistent with the previous definitions ultimate o0il in
place refers to the sum of all reserves and resources;here as
before in the case with coal there are relatively high uncertain-
ties associated with this quantity. It depends mot only on
scientific judgements but to some extent also an subjective
considerations of the person who makes the estimate. For
this reason there are often large differences in the estimates

found in the literature, as the following table shows:
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Table -2.4- Estimates of World Ultimate Recoverable Reserves

and Resources of Crude 0il

From Conventional Sources

Year of Estimate

1942 Pratt, Weeks and Stebinger
1946 Duce

1946 Pogue

1948 Weeks

1949 Levorson

" Weeks

1953 Mac Naughton

1956 Hubbert

1958 Weeks

1959 "

1965 Hendricks (U.S.G.S.)
1967 Ryman (ESSO)

1968 Shell

1968 Weeks

1969 Hubbert

1970 Moady

1971 Warman (BP)

1971 Weeks

1972 Warman

1972 Bauquis, Brasseurand Masseron

1.

x 107 bl

600
400
555
610

-500
.010
.000
.250
.500
.000
.480
.090
.800
.200
.350
.800
.200
.290
.900

950

- 2.100

- 2.000
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One immediately sees two things in this table:

1. The estimates have increased in the course of time
2. The data appears to "settle down' to a value between 1.600

and 2.000 x 10°(billion) barrels.
In all fairness it should be mentioned that the estimates are based
on varying assumptions - even in the case when one person has made
several estimates. For example it is contended that the first esti-
mate made by Weeks took only the land areas into account, but the
later ones also includes offshore oil deposites.

There are not as many estimates of ultimate gas in place, since
gas has only become significant in more recent years, as gas technology
has been more fully developed.1

The tables below contain various statistics on the proven reserves
and the ultimate amounts in place for both gas and oil, broken down

into regions.

0il

If based on proven reserves. and the 1972 production of crude oil
the static reserves index is only 37 years. In the past this value has
been only slightly larger. Thus in the past the oil exploration and
development has only been carried out to the extent necessary to main-
tain a "balanced" relationship between oil production and crude oil
reserves.

For the future, however, one can expect more and more exploration

activity. Since the static reserve index does mot take into account the

) Construction of pipelines, building of ships for transporting natural
gas liquids, etc.
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growth in energy demand, it is more Teasonable to consider when
the reserves wouldbe exhausted with, say, a 5 % growth rate being
considered.1 In that case the depletion of the proven reserves
would occur 16 years sooner (see Table (2.5)).

Now let us go a step further and assume predictions based on
proven Teserves alone are too restrictive. We want to consider an
approximate arswer to the question:'How long could the crude oil of
the earth 1agt?" As in the case with coal, it is perhaps more realistic
to use the ultimate oil in place as a basis in which a future 'possible"
recovery factor is to be used. We have to keep in mind that there can
be a large uncertainty in an estimate of this nature, but on the other
hand the intent is to obtain a result which if anything gives too large
a value (a possible upper limit) for the lifetime.

For this Teason we have used the estimate of ultimate oil in
place from T. Hendricks, which up to the present has been the highest
value given (see Table (2.6}) .2 At the present time the world average
for the recovery factor is about 30 %, and for the future it is believed
that the upper limit for the recovery factor should be about 60 %. Now

under the assumption that production remains constant at today's levels,

1 The growth rate in the world's total energy demand is estimated to be
at 5.4 % annuallymnits 1985. (Study of ESSO, AG: Gegenwaertige und
kuenftige Probleme der Energieversorgung). The oil growth rate is even
faster, so this is a conservative estimate.

2 T. A. Hendricks:Resources of 0il, Gas, and Natural Gas-Liquids in the

United States and the World. U.S. Geological-Survey Circular 522 (1965

(67)). The various regional divisions of the earth are different than

those in the M.P.-World Project
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then with the 30 % recovery factor the lifetime would be 103 years,
and with 60 % recovery it would be 206 years. But with a 5 % growth
rate the lifetimes would be 37 years for 30 % recovery but only
50 years with 60 % recovery.
These lifetimes, we emphasize, are based on optimistic data.
If one considers that the crude oil production growth rate since
1967 has always been more than 7 %, and at times has even reached
10 %,1 then if production were to follow demand alone all exploitable

0il could well be gone before 50 years has gone by.

Natural Gas

For this energy carrier the table has the same form as in the
0il table. The proven reserves would last for 41 years if the pro-
duction were to remain constant on 1972 levels, but only 23 years
for a 5 % annual growth starting from 1972 production levels. Use of
natural gas has only become significant in more recent years, and
its growth rate has been larger than that of oil.Since 1969 the
annual growth has been at about 9 %. The static reserve index, simi-
lar to the case of 0il, has remainded about constant since 1966.

Also for naturalgas an estimate can be made of the largest
"probable" lifetime based on ultimate gas in place; we use again the
data from T. A. Hendricks. Assuming a recovery factor of 0.8 the re-

coverable reserves-resources are about a factor of 8 larger than the

proven reserves. The static life index turns out to be 333 years, based

on current (1972) production,while a 5 % growth rate the lifetime is

shortened to 59 years, and 10 % growth leads to a 37 years lifetime.

1 Future growth rates are now somewhat uncertain due to question about
longer-term Arab intentions, which arose after the fall of 1973.
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Summary: Coal, 0il and Natural Gas

Lifetimes based on constant growth rates and not constant produc-
tion - indicate the realistic time limits for the availability of coal,
0il, and gas. The resulting dynamic life indices, or lifetimes, are
not large and show that the production cannot continue to increase
very long into the future. Therefore fossil fuels might be able to
supply the demand much longer than the so called "dynamic life indices"
show. No definitive criterion, however, is known for where the even-
tual per capita limits to growth might be. In the U.S.A. the per
capita annual emergy consumption lies at about 90.000 kwh and the
growth rate to 1985 is expected to be about 4.4 %.1 The per capita
consumption in Europe lies at about half the U.S. value, and due to
possible demand could have a large growth rate.

A carrying of these energy consumption relationships over to the
entire world population raises more serious doubts concerning adaequacy
of the reserves and resources. Although one cannot expect the con-
sumption of the developing countries to reach the level of Europe or
the U.S.A. in the next decades, the U.S. and European living standards
are held out as an example; from a long-term standpoint a large annual
growth rate for the developing countries should therefore be considered
as a very real possibility.

These considerations of per capity consumption bring other aspects
of the raw materials problem to the foreground, if one keeps in mind

the size of the constantly increasing world population. With a 5 %

1 ESSO Studie 1973, Gegenwaertige und kuenftige Probleme der Energie-

versorgung
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growth of energy consumption over several more decades a number
of technological problems become particularly grave. To mention
a few:
- World-wide ecological burdens due to air pollution,
warming up rivers, climatic changes, etc.
- Limitations of mining and transport capabilities {with
reference with the example given in discussing coal, a
5 % growth until exhaustion of coal resources would require
a daily mining production which is equal to the present
yearly production).
A calculation or model which does mot include effects due to such

factors can only admit limited conclusions.
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0il Shale and Tar Sands

Up to this time in the discussion the possibilities for
obtaining oil from shale and tar sands have not been mentioned.
The total hypothetical quantity of oil in these non-conventional
sources is very large, but the reserves which can be used in the
next ten to twenty years are very difficult to quantify, and
they are perhaps generally overestimated. To give the actual
proven reserves, which by definition indicates the quantity of
0il which is recoverable and proved out to a relativ high degree
of certainty(i.e. economically feasible to extract) is even more
difficult because of large uncertainties concerning the costs,
involved, the large-scale technologies still to be developed,
and the availability of investment funds. The possible ecological
burden is a further problem which increases the uncertainties
relating to proven reserves. Nevertheless, if one adds these un-
conventional oil sources (liquefaction of coal will be neglected
for the present) to the conventional ones, then on the basis of
the total theoretically recoverable quantities one has the im-
pression of a more than sufficient oil supply.

One should not come to the false conclusion, however, that
there is any simple solution to the problem of oil supplies for the
next ten to twenty years. The deposits of tar sands are probably
easiest to develop, but there are still large difficulties involved

in the extracting of oil. The largest Inown deposits are in

North America, among which the largest are the Athabasca Tar Sands
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in Canada; it is assumed that these contain about 300 x 109(billion)
barrels. This corresponds to the size of the reserves in the Middle
East. However to extract the same amount of oil as is produced in
the Middle East one would face immense financial problems. H. R.
Warman indicates that for the most favorably situated deposits the
initial capital investment would be § 5.000 per barrel produced.

To produce an appreciable fraction of the world crude oil, say 5
million barrels per day, one would need to use the deeper and less
favorable sands.This would require double the investment or $ 10.000
per barrel. Thus for the production of 5 million barrels per day

an investment of § 50 x 109 (billion) would be necessary. The pro-
duction costs, also estimated by Warman , would be § 1 to § 2 per
barrel. To cover the total costs would require a price of about

$ 10 per barrel, if the royalties and taxes are not taken into
account. Nevertheless, from the price development which has taken
place since the end of 1973, one can expect this price to eventually
be reached.

Another barrier to this method of obtaining oil is represented
by limited construction capacity. The Canadian economy cannot support
construction of more than about one plant per year with a plant
capacity of 100.000 barrels per day.

The problems associated with the extraction of oil from shale
are significant greater. This is primarily due to its much less
favorable 0il per volume ratio: Roughly a ton and a half of shale is
required for a barrel of oil. Also, the process involved is much more

difficult. In spite of this it is estimated that one could produce
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0il from shale at about § 6.00 per barrel.Z

The National Petroleum Council of the U.S.A. has made the
following estimation of mon-conventional oil production in North
Amos:rica.r1

0il Sands 500.000 - 1.250.000 barrels/day by 1985

0il Shale 100.000 -  400.000 barrels/day by 1985
These quantitiesare not very impressive, when one consideres that
the U.S. demand alone in 1985 will be about 29 million barrels/day.

The North American example has special significance, when
one motes that this is the location of the largest deposits of
tar sands and more suitable oil shale, and furthermore that their
0il technologies are the most advanced in every area.

Apart from technological or economic considerations one
should also note that the volume of rock produced after oil ex-
traction is about 12 % larger, and this presents major disposal
problems.

The shale oil reserves of the world are given in the following

table (units are billions of barrels).

1 NPC: Report on United States Energy Outlook 1972

2 Price estimates vary. In the report "Energy and the Future'' (AAAS,
Washington D.C. 1973) an estimate by A.L. Hammond, W.D. Metz and
T.H. Maugh given to $§ 4.5 per barrek,
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Table 2.9 - Shale 0il Reserves and Resources 4
Regions. Tdentified! Hypotheticr«_ll2 Speculative3

- 25-100 10-25 25-100 10-25  25-100 10-25

gal.p.t. gal.p.t

Africa 100 small Ne Ne 4000 80000
Asien 90 14 2 3700 5400 110000
Australia +
New small 1 Ne Ne 1000 20000
Europe 70 6 100 200 1200 26000
North
America
(excl.USA) small small 50 100 1000 23000
South
America small 800 Ne 3200 2000 36000
USA 418 1600 300 1600 600 23000
Total 678 2421 452 8800 15200 318000

1. Identified reserves-resources: Specific, identified mineral deposits
that may ormay not be evaluated as to extent and grade, and whose
contained minerals may or may not be profitably recoverable with
existing technology and economic conditions.

2. Hypothetical resources: Undiscovered mineral deposits, whether of
recoverable or subeconomic grade, that are geologically predictable
as existing in known districts.

3. Speculative resources: Undiscovered mineral deposits, whether of
recoverable of subeconomic grade, that may exist in unkmown districts
or in unrecognized or unconventionell form

Ne - not estimated
4. Table from Duncan and Swanson 1965, Organic Rich Shale of the

United States and World Land Areas.
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This table gives the ultimate oil in place (from shale) and
was taken from the U.S. Geological Survey, circular 523, (the
definition of the regions is different than in the M. P. World
Model).

According to Bischoff (Energiehandbuch) tar sands amount to
about 350 x 109 (billion) tons of oil, and oil from shale about
200 - 500 x 109(billion)tons of oil. Weeks estimate of tarsands
amount, however, to 900 x 109 tons of oil In Figure 2.1.2. con-

ventinal is compared to unconventional crude oil.
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u
e
a8
L0
[=]
03 | 06 Conventional Crude Oil’
|
|
S| Tarsands’
’O')
identified i hypothetical
reserves + ! resources Oil shale®
resources |
1 1 L 1 | 1 L | | | 1 1 | 1 1
0 : 5-10° 10-10° 1510°
10°b
Fig. 2.1.2 10" barre

Comparison of conventional and nonconventional oil

1 The colum as a whole refers to the recoverable reserve-resources,
assuming a recovery factor of 0.6. Up to the broken line the column
shows the crude oil recoverable with present days technology
(recovery factor 0.3).

The estimate of ultimate oil in place was taken from T. A. Hendricks
"Resources of 0il and Gas". '

2) Estimated by Weeks "Finding Oil in The Sea' 1970. The estimate refers
to recoverable and paramarginal reserves-resources.

3) More detailed information is given in Table 2.9.
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2.1.2 Nuclear fuels
Uranium

In addition to the fossil fuels the fuels for nuclear reactors
have become more important in recent years, as increasingly more
electricity production is accomplished through nuclear power. A
comparison of the energy content of nuclear and fossil fuels gives
an impressive result: The available energy in one gram of uranium 235

0 joules, which corresponds to 2.7 metric tons of coal

is 8.1 x 100
or 13.7 barrels of crude oil.t With such a high energy content in
U 235 it can be economically feasible to mine even low-grade
uranium reserves.
As with the previous energy carriers, uranium can be broken
down into categories indicating economic feasibility and degree of
certainty of the deposits. The cost classification is typically as
follows:
Category 1I:
2 1b U308/short ton uranium ore §$ 10/1b U308
Category II:
.6-2.0 1b U308/ . $ 10-15/1b U500
Category III:
.6 1b USOS/"' $ 15/1b U308
Categories I and II can be included in the "recoverable' classification;
whereas Category III is presently paramarginal and lower.

The largest interest is naturally in the actual "reserves", and

the following table gives an overall view of these:

1 Energy and Power, A Scientific American Book, W. H. Freeman and
Company, San Francisco.
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The table only includes data from the western world, since
the available sources do not have data on the commmist countries.
A typical light water reactor requires .45 to .6 tons of

U308 per Mwe for the initial installation, and about .17 to .19
tons of U308 per Mwe per year for continuing operation. If one
considers the increase in nuclear power application as represented
in Fig. (2.3), then the estimated uranium requirements are as

shown in Fig. (2.4).

From this one finds that the uranium demands will increase by
about 13 % annually. If the light water reactor were to be used in
the future, then with this 13 % growth rate the reserves of
3547 - 10° tons U504 would be exhausted in about 28 years. If one
includes in addition the paramarginal Category III in the calculation,

which amounts to 1790 - 103 tones more 1,

then the lifetime would be
increased to 31 years.

Since a 13 % growth rate past 1980 is perhaps unrealistic for
the sake of argument, as life index for a declining growth rate will
also be calculated as follows. We assume a 13 % growth up to 1980,
10% thereafter until 1990, and after 1990 a growth rate of 8 % (this
latter growth rate in light water reactors is somewhat larger than
the present overall power. plant growth rate). It then turns out that
the lifetime for the first two categories of uranium together is 33

years. Use of the third category then lengthens the total lifetime

to 38 years.

1 Source:Energy and Power, A Sciemtific American Book , W.H. Freeman and
Company, San Francisco
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When one alters the reactor concept and proceeds with
the development and production of breeder reactors, then the
fuel situation is altered drastically. In the light water re-
actor U-235 is the main fissionable material, which is enriched
to varying degrees; the actual degree depends largely on the
actual reactor type.

Now the conventional reactors have in addition to U-235
an amount of U-238 which by absorption of a neutron is convertible
to plutonium 239. This is also fissionable. The ratio of this pro-
duction of fissionable plutonium to the U-235 which is used up,
however, is less than 1. In the breeder reactors this ratio is
larger than 1, so that more fissionable material is produced than
is used up. Thus although the U-235, which anly accounts for
0.7 % by weight of all uranium, is eventually used up, the con-
version of the U-238 isotope to P-239 extends the overall life-
time of the reserves - by several orders of magnitude.

M. K. Hubbert estimates that the lifetime of the reserves
if used for breeder reactors would be several powers of ten larger
than all fossil fuels together - enough to last for thousands of
years. (His estimate also takes account of the thorium reserves,
which can produce fissionable material by a similar- absorption
reaction.)

The possible solution to meeting emergy requirements using
breeder reactors unfortunately has several major disadvantages. The

waste products obtained from the fuel elements contain plutonium,
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90 % of which is P-239. From the fuel inventory or from these
waste products one could obtain large quantities of P-239 without
too much effort; weapons would not be difficult to produce using
this P-239, which in addition is highly poisonous.

Since the plutonium decay time is very long (about 24400 year
halflife), the wastes must be stored in a safe way for hundreds of
centuries. It is difficult to estimate today either the exact
reliability in the operation of breeders or the dangers associated
with the transport of large quantities of waste material; up to
the present time the operation of breeders and transportation of

materials has been on a practically insignificant scale.
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Thorium

In the past there has been no great significance attached
to thorium reserves, since the demand has been small. With the
development of breeder reactors one can expect this demand to

increase. The identified reserves are shown in the following table.

Table 2.11- Identified Thorium Reserves (103 metric tons)

Country Recoverable primarily as Recoverable primarily for Thoj
by product or coproduct. of grade.
0.1 % 0.1 %
USA 42 97 129
Australien 45 -
Brazil 136 13
Canada 526
Groenland - 680
India 408
Kenya 19
Korea 5
Malagasy 9
Malaysia 18
Malawi - 98
South Africa 68
Uganda 2
Egypt 9
Nigeria 14

Sierra Leone

Total 1301 110 818
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Other Energy Forms

Tidal Power: Tidal power is obtained from the kinetic energy of the world's oceans. This
potential source of enmergy can be converted to useful energy by filling and emptying a bay
or an estuary which can be closcd by a dam.

The enclosed basin is allowed to £ill and to empty only during brief periods at high and
1ow tides in order to develop as much power as possible.

There are some promising sites, with potential capacities ranging from two megawatts to
20.000 megawatts each.

The total potentially usable tidal power amounts to about 64.G00 megawatts, which is only
2 percent of the world's total potential water power.

Only one full scale tidal-electric plant has been built; it is on the Rance estiary on the
Channel Island coast of France.

Its capacity at starteup in 1966 was 240 megawatts; an ultimate capacity of 320 Mw is planned.

Solar Sea Power: The power, which can be delivered from heat engines operating in the tropical
oceans Ly using temperature difference between the warm upper layer and the cold deeper water,
may appropriately be called "'solar sea power'.

To extract this emergy specially designed ships would be anchored in a favorable location such
as the Gulf stream, for example. The warm surface waters are passed through heat exchangers
which boil a fluid such as propane or a freon to drive huge turbines “coupled to generators.
Since the overall temperature differences are small the Carnot efficiency would only be about
2 §. Practically, because of many energy requirements in related machinery and because of many
losses, the efficiency obtainable could not be more than about 2 - 2.5 %.

Wind Power: Solar energy sustains the winds.

The power potential in the winds over the continental U.S. and the Eastern Seaboard alone
exceeds about 100 billion kw clectric,

The momentum in moving air ‘can be extracted by wind turbines located in suitable locations

such as plains, valleys and along the continental coastal shelves.

A desireable windpowersystem would include its own electricity storage. Thus it would be able to
supply the users even at times when the wind has temporarily diminished. Substantial advances

in the design of very light-weight aeroturbines indicate that small as well as large scale
wind power generation may be feasible. '
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2.2 Energy Resource Model

2.2.1 Introduction

The total energy model can be broken down into various sub-
models: The demand model attempts to clarify the main interactions
in that sector, the supply model treats the factors determining
which needs are going to be met and in what manner, and the re-
source model is occupied with the main factors influencing the
supply of raw materials. It is the construction of the resources
model which will be the subject of the present section. This mo-
del is still in its preliminary stages; eventually it is to be
integrated into the total energy model.

It was shown in the discussion of fossil fuels in section
2.1. that a small but constant growth rate would lead to their
depletion in a few gemerations. The assumption that a growth rate
could be maintained until final exhaustion of the reserves is, of
course, completely hypothetical, and it was made in that section
merely to give a rough scale of the reserve and resource lifetimes.
Whether one assumes a constant growth rate or in some other way
tries to extend historic trends into the future, the uncertainties
presented by such "static ' methods remain. What is needed is a
dynamic resources model: a model which attempts to describe the
main factors involved in the production of raw materials and which
incorporates the interactions among these factors in such a manner
so that the model remains a good representation of the resources

sector as a function of time. By taking account of the various
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interlocking effects in the resources sector, one might hope to
clarify such detailsA as the following:
1) How technological advandes in extraction methods affect
the reserves and resources.

2) Which efforts should be taken in order to maintain the
production at a given level, or the static reserve index
at a given level.

3) The effect demand, improvements in technology, and the

availability of imports on the static reserve index.

A model of this nature might, for example, be able to clarify
the reason for a particular production maximum, but necessarily
giving also other important details such as which individual oil
reserves and resources are exhausted. With the help of such a model,
particular behavioral patterns of both the producing industries and
of consumers could be simulated in order to determine what the effects
would be.

The model is currently beingapplied to the U.S. oil reserves
and resources; it is necessary to clarify that the model also applies
to other o0il producing regions and to other primary energies. At
this point, though,we can check to see that the principal relationships
have been accounted for properly, and that the behavior of the model
corresponds roughly to reality. The mext step is then to couple the
demand and supply models to the resources model, in order to procuce

the total energy model.
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2.2.2 Subdivisions of the resource model

As shown in figure 2.2.1 the resources model is broken down
into the submodels of the individual primary energies and these
submodels are further broken down regionally; the regions in turn
are connected with one another through imports and exports. The
primary energy submodels themselves have no direct links with one
another. It is assumed that a shortage in a particular primary
energy in one region initially increases the demand for that energy
in the other regions. The demand in a given region consists of
both the demand arising from within the region as well as the
demand which comes from other regions. But this can eventually re-
sult in an increasing demand for the other primary energies in the
first region; thus there can be (and generally are) indirect inter-

actions among the primary energy submodels.

RESOURCES MODEL

COAL OlL GAS NUCLEAR OTHERS

! ! !

REGIONS

10

Fig.2.2.1
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2.2.3 Coordination ‘of demands, production, imports and exports

The coordination which takes place with respect to a given
primary energy is scheduled in such a manner that production,
jmports and exports are initially only influenced by the demand.
Domestic demand directly influences imports and production of
that region, whereas demands from other regions influence that
production through their imports obtained from the given region.

The direction of these influences is shown in figure 2.2.2.

REGION I OTHER REGIONS

PRODUCTION PRODUCT

L

EXPORTS

Fig. 2.2.2

Direction of influences from demand
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For verification of the model this coordination must take
place under the constraint that it remain true to the historical
development and that the historical trade balance remains correct.
Accordingly a region which is a major producer or consumer of
some primary energy can have exports or imports, respectively,
accounting for almost 100 % of the total production - this is
particularly true for products such as oil.

As long as reserves are available in sufficient quantities in
all regions, no limitations are to be expected from the resource
model. It is assumed that no changes occur untess the static re-
serve index falls below a value which is considered '"critical”.
Whether this occurs because of too little exploration or too rapid
increase in the production with respect to reserves is unimportant.
At this point the controlling effects in the resources model begin
to be felt. The production rate is then lowered and, if the region
is already an importer of that product, to achieve the desiered
supplies the lowered production is compensated through additional
imports. If the region is an exporter, however, the lowered pro-
duction decreases the exports.

Based on the assumption of steady state growth, the direction
of the additional influences due to shortages of reserves in one

region, are shown in Fig. 2.2.3.
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The imports, however, cannot simply be increased arbitrarily
since this would cause significant financial burdens for the
region and also since there would be limits to the exporting
capabilities of the other regions, which are determined in the
resource models for the other regions. Now, in the case that
sufficient imports are no langer available, the possibilities for
a decrease in the demand must be examined, whether it be by
through substitution of other energy carriers or by conservation

in total energy consumption.

I

REGION i OTHER REGIONS
I
[

EXPORTS

A

PRODUCTION { PRODUCTIO

IMPORTS

Fig. 2.2.3

Additional influences from recource shortages
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2.2.4 Some comments concerning application of the model to U.S. 0il

There are several reasons to take the U.S. o0il resources as an
example for the demonstration of the resource model:

(1) The United States are still the largest producer of oil in
the world, so that they are relatively independent from
other regions and influences from other regions are felt not
too strongly. This is important, because up to now we have not
developed models for other regions and cannot simulate those
influences from other regions.

(2) The amount of U.S. oil consumption is absolutely as well as
per capita much higher than the amount in any other country
or region, so that the effects due to resources depletion, which
are decreasing domestic production and increasing imports, will
be more strongly felt than in other regions.

(3) U.S. 0il resources are depleted to a further extent than those
of any of the other large producer regions so that shortages
due to resources depletion will probably come earlier than in
other regions and shortages due to proven reserves are already
felt now.

(4) U.S. o0il resources are well examined. Drilling efforts as well
as many additional geological examinations have been made in
previous years, so that fairly good estimates of the resource
base are available.

(5) Excellent statistics are available.
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2.2.5 Some of the main features of the resource model for U.S. oil

The resource model as applied to U.S. oil is concerned primarily
with the production, the proven reserves, and the effects due to
technological innovation in extraction methods as measured by the
recovery factor.These interactions are sketched in Fig. (2.2.4).

The system is actually "controlled" by changes in the various growth
rates. Before describing the variables in detail we will give a brief
summary of the main features of the model operation below.

If the static reserve index indicates that for a given region
there are no longer sufficient proven reserves then it is not assumed
that the production itself immediately decreases; initially only the
growth rate is lowered. Further on it is assumed that greater engineering
efforts are expected to improve the extraction from known reserves, which
results in a higher recovery factor. Also, depending on the size of the
estimated undiscovered oil resources, one increases the explorations in
order to increase the discovery rate.

The effects which are thereby introduced could in principle have
two different consequences: Either the reserves are again built up to
the point that the reserve index reaches a satisfactory level, or a
second problem arises; namely the strongly increasing exhaustion of
further resources. In the first case there are no longer restrictions
due to shortages in reserves so that the production can once again
follow the total demand. In the second case there are several possibi-
lities: (1) One can drastically reduce the production rate in order to

maintain a relatively low production rate as long as possible to take
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advantage of improved extraction methods which develop in the
course of time. (2) One continues the production at a high level
during which time substitution energies are intensively developed
and introduced by the time the oil is exhausted.

Scenarios illustrating these possibilities have been

studied in the simulation runs.

PRODUCTION

Fig. 2.2.4

Main features of the resource model
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2.2.6 Definition of the variables

The labels for the variables were chosen from mnenonic
standpoint, so that the equations and the structural SYSTRU-
diagram of the model of the U.S. oil resources are more easily
understandable. Some letters in the labels, especially the initial
letters, often indicate particular meanings, such as
S — sum, R —- rate, 6 — goal, L —- life-index, D — difference,
Q — quotient.
The variables are divided into two groups, general variables and
control variables. The general variables are general and not specific.
to this model and describe the exact physically variables of the
mode The control variables are chosen by us to compute the growth
rates of production and discoveries and the changing of the recovery
factor depending on the availability of reserves and resources.
It is emphasized that the chosen control variables are not unique;
they represent merely a particular choice.

1. General variables

OIP - original oil-in-place

RPOIP - recoverable part of oil:in-place

POT - remaining part of recoverable part of oil-in place
POTD - potential discoverable part of the recoverable part

of o0il-in-place

PRO - annual production

SPRO - cumulative production

RPRO - growth rate of production

DIS - part of annual discoveries which is recoverable with

actual recovery methods.
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SDIS - cumlative value of discoveries
RDIS - growth rage of discoveries
RES - proven reserves (part of POT) corresponding to definition

given in chapter 2.1.
REC - recovery factor;indicates the percentage of oil-in-place
which is extracted by actual recovery methods

RREC - growth rate of recovery factor

2. Control variables

RL - gtatic life-index of reserves, ratio of reserves to
production

GRL - goal for static life-index of reserves

DRL - difference between GRL and RL

QRL - quotient of RL and GRL

DL - life-time of possible discoveries
ratio of potiential discoveries to actual yearly
discoveries

GDL - goal for DL

DDL - difference of GDL and DL

QoL - quotient of DL and GDL

3, Time indices

0 - initial point of the simulation
t - index for a given year
t—-1 - previous year

t+1 - following year

Symbols which have no superscripts are constants.
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2.2.7 Equations

Initial conditions

OIP ————— derived from several estimates of U. S. geologists

PRO®

SPRO°®

p1s°

Sp1&° > smoothed from historical data
RPRO°

RDIS®

REC°

(1) RPOIP® = OIP * REC®

) po1® = RPOIP®—SPRO®
3 potp® = RPOIP® — spIS®
@ RES® = spIS® — sPROC

Model variables

(5) rPOIPt = oIP * RECT

(6) pRO® = prot™! # (1 + RPROD)

) sprot = sprot™l + pRrot

(8) pist = pist™! = (1 + roISY) * (1 + RRECH

) spist = sprstl «+ prst

(10) porpt = porot = (1 + RRECY) — pIst

(11) REst = Rest! # (1+RRECT)+DTS- PROC+TT * SPROT * RRECT

(12) POT = porpt + Rest



Control variables

(13)
(14)
(15)

(16)
an
(18)

(19
(20)
(21)
(22)

RLt

Rt

qQrut

DL
DDL

QDL

rprot*l

rp1sttl

Rectt!

RRec 1

B

7417

RrESt/prOt

GRL — RLY

RLY/GRL

porpt/pIst

6oL — Lt

pLt/aoL

RPROY — DRI,

RE

= RDIS' — DDL

Ct+1

t

t

/RECt-l

% QDLt % constant

* QRLt % constant

= REC® + DRLY & QDL # constant
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2.2.8 Description of the Model

Initial values

For the simulation process we need a starting point. One could
use the point when o0il production first began in 1860, but for the
initial period only rough estimates are available. Effects of
shortages in reserves and additional resources cannot be studied
for this period.

For this reason we choose a point in time when still only
primary extraction methods were used and therefore the recovery
factor has changed little and can therefore be regarded as constant
throughout the previous period. This is clearly not the case in
reality, but this assumption introduces only a small error in the
whole simulation.

With help of figures 2.2.5 and 2.2.6 we shall explain now how
the variables used in the model were computed at the starting point
of the simulation and why this was done. As already said before, an
estimate of the original oil in place is the basis for further
computations. But in case of o0il it is clear that only a part of the
original oil in place can be recovered and only this part is important
for future production.

We call this the ''recoverable part of oil in place' and compute
it as the oil-in-place multiplied by the recovery factor.

It is evident that this part increase with a higher recovery factor;
these dynamic effects are explained in the next chapter.

RPOIP = OIP % REC o))
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We get the remaining part of the recoverable part of oil-in-place when
subtract the cumulative production, which is that part which has
already been produced in the past.

We call this still remaining and recoverable part POT as it
designates the amount of estimated resources which can be potentially
recovered in the future out of the estimated oil in place using
current recovery methods.

0o

por° = RPOIP® — SPRO® (2)

—produced e—+— remaining —8Fn— ———p

SPRO POT RPOIP

RECOVERY
FACTOR

v

OIP

Fig. 2.2.6

Some of the potentially recoverable resources are already
discovered and make up the proven reserves (RES). In terms of
discoveries and production they are the difference between cumulative
discoveries and cumulative production as long as the recovery factor
remains constant.

Res® = sp1s® — spRo® (3)
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As the proven part of the potentially recoverable resources
is already disconvered, we call the part still to be discovered
potential discoveries, and compute it as difference between the
potential recoverable reserves-resources and the proven reserves.

potD° = POT® — RES° 4

We need such variables as POT and POTD for the simulation
program, because these variables indicate wether there are further
production and discoveries possible, respectively. If these values

approach zere, production or discoveries must approach zero as well.

The initial values of all variables of which exact historical
data are available are listed in the last chapter. They have been
smoothed from the available date. Smoothing seems to be meaningful
since the historical development of these values has not been
continous, so that the samples are a bit random, especially in the
case of yearly discoveries and growth rates. Without smoothing the
simulation results would have been too strongly dependent upon the
choice of the starting year for the simulation. It is clear, however,
that the cumulative values do not vary as much as yearly values or

growth rates, so that they may be taken from historical data.
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«—— proven —p=———unproven ———»

~—SDIS —
|
b—SPRO-»!RES

POTD

RPOIP

OIP

Fig. 2.27 Relation of variables at starting point
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General Variables

Up to now we discussed only the static state at the begimning
of the simulation. We now want to show with the helf of Fig. 2.2.7
how the model responds under the "normal' circumstances of
continuing production, and increase in the recovery factor, and
some new discoveries. The scales of the figure are somewhat
distorted to better show these effects. All variables now carry
time indices. We will show how the variables of a year t are derived
from those of the previous year t-1 and actual changes during the
year t. All actual growth rates and the actual recovery factor of
the year t are computed first as functions of the amount of pro-
duction and remaining recoverable resources, of discoveries, and
of potential discoveries from the previous yer t-1. But as these
functions are better understood after the explanation of the
effects within the model, they shall be described in the following
chapter.

When the recovery factor increases, the recoverable part of
the oil-in-place increases also to the same extent:

RPOTPT = OIP « RECt (5)

The production of a given year is computed in Eq. (6) from that
of the previous year t-1 and the actual growth rate of the pro-
duction. The cumulative production up to an including year t is
obtained as shown in Eq. (7) by adding the current year's production
to the cumulative production up to year t-1.

prot = prot™l & (14 RPROY) (6)

t

sprot = sprot ™1+ PRO® Q)
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The annual new discoveries in the model are calculated by
taking the current recovery level into account. These means that
the discoveries are dependent upon two factors: the actual dis-
covery rate and the development of the recovery factor, as
expressed in Eq. (8). The decrease in the discovery rate can
thus be compensated for by a corresponding increase in the recovery
level. At this point changes in the amounts of the finds which are
also important have not been considered. In the course of time it
generally becomes more and more difficult to discover new resource
areas, or expressed in another way, for a given level of reserves
addes more and more exploration would be necessary and along with
this the necessary costs would also rise more rapidly. The actual
cumulative discoveries, as shown in Eq. (9), are summed up from
those of the previous year and the actual discoveries.

pist = pist™l . 1+ mOIS® (1 + RRECH) (8)
1

spist = sprstl + pist )

As already mentioned, the annual new discoveries always take
account of the current recovery factor, and the potentially dis-
coverable resources must also be consistent with this factor.

To achieve the potentially discoverable resources of year t the
part to those of the previous year t-1 has to be adcied,which comes
from the higher recovery factor. Furthermore,-the annual discoveries
must be subtracted from this value. These considerations are re-

presented in Eq. (10).
porpt = porpt ! & (1 + RRECY) — DIS® (10)
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PRO DIS
Ul 1 L
| |
R
SPRO| [RES!
: | POTD RPOIP
| |
REC t-1 ‘ 0 E—
i
I
REC t i ;
OIP
Fig. 2.2.8

Diagram to show the effectes of the
dynamic recovery factor
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The quantity of oil which one can extract from the already
proven reserves maturally also increases when the extraction
techniques are improved. This value must also include the difference
between the annual discoveries and the production of that year. If
one wishes to obtain a realistic value for the actually existing
reserves, however, one must include a further effect.

In the extraction process a large part of the originally
existing oil is actually left in the ground. However, since the
extraction takes place over a long period of time (it can be 20 to
40 years, and sometimes even longer) a fraction of this o0il which
has been left in the ground is certainly not lost forever; it can
eventually be extracted through secondary and tertiary methods.
With very large oil fields and with increasing depletion of other
sources it is also possible to redevelop areas which are no longer
producing and apply new extraction methods. This means that depen-
ding upon the state of the art concerning new extraction methods a
fraction associated with previous production must be added back to
the actual Teserves. No one can exactly say how large this fraction
should be. But it could lie somewhere between 0.5 and 1.

In Fig. 2.2.7 we show the case where half of the fraction
will be further recoverable. This gives the triangle shown.
Assuming that all of the fraction is still producible, the whole
rectangle below the cumulative production will be counted as addi-
tional reserves. In Eq. (11) the factor representing the fraction
is called TT. In the computer rums, this factor is varied from .5
to 1. to show how this influences amount and duration of the
future production.

Eq.(11) REst = REsT (1 + RRECY) + DIS' - PRO® + TT# SPROSERRECT
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Control Mechanism

Since the total energy model is not yet so developed that
the various sub-models could be coupled together with one another
the task of designing an adequate resources model is somewhat
more difficult; at this point one does not have the advantage of
being able to fall back on experiences which actually apply to
the operation of the overall model.

Scarcities in the supply, as have occured in the last few
years, have clearly not been simply due to actual resource
shortages; instead, they have often been due to economic oOr
political reasons. For example, the difficulties relating to gas
supplies in the United States can be traced back to artificially
low price-levels which prompted no new exploration and therefore
led to supply scardities. As another example the so-called oil
crisis after the fourth Arab-Israeli War can be traced back to
political reasons. This was made clear from the beginning by
the Arab initiators of the oil boycott, and was substantiated in
the weeks following.

Now, although actual limitations as a consequence of long
term resource scarcities have not occured up to now, one is
nevertheless interested in knowing what the effects could be. That
at some time in the future these scarcities will actually occur
there should be no doubt. In order to consider these effects one
mst take account of the averall economic consequences in addition

to considering the availability of reserves and resources. As a
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result one camnot take technological measures which are arbitrarily
large in scope or which increase arbitrarily rapidly; similarly,

in the case of production and exploration increases there are
certainly economic and above all financial ljmitations. One would
need to be blindly optimistic to overlook these factors. However,
there are not only limitations in the case of growth;neither can
negative growth (declines) occur arbitrarily rapidly. Here severe
economic dislocations are to be avoided. Besides the economic limi-
tations there are naturally others which are based principally on
ecological grounds, but which include questions such as the
availability of water and other raw materials. These limitations
are already described in other publications.

Since we have not yet been able to use directly the economic
effects which arise out of the ecomomic model, we have attempted
to include the economic limitations described above implicitly
for the operation of the resources model. Thus, neither the quan-
tities such as the annual production or discoveries nor their rates
are driven directly; rather, changes in the rates are taken into
account. This has the advantage that changes in the quantities or
the rates only begin to take place very slowly and thereby a rela-
tively continuous behaviour is obtained. However, it does have the
disadvantage that the model at least in the present mode of operation
reacts too slowly to critical situations.

The question still remains,'What causes the changes to take

place?' There is not an absolutely clear answer to this question.
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But the experiences in the United States do indicate that the
static reserve index plays a significant role. Therefore, we have
taken the static reserve index to be the decisive control variable
of the model which nevertheless is not completely sufficient by
itself. For example, when the reserves decrease too sharply one
can initially counteract this by either an increase in the
exploration or an increase in the recovery factor. However, if
there are no longer resources to discover then a further increase
in the discoveries has no meaning. Therefore, we have defined a
discovery life index which is derived from estimates concerning
inferred resources and numbers on already discovered reserves.
This quantity is taken to be the second control variable.

Moreover, threshold values were assigned to the control
variables which indicate those points beyond which the control
variables are taken to be critical. Four cases are to be distinguished
depending upon whether there are adequate proven reserves or not
and whether there are adequate existing resources or not.

In the actual simulation the various variables must be initially
set at values believed to be appropriate; these values can be
taken from the historic data. The simulation then runs freely
until the static reserve index chances to go below the previously
set threshold value. The goal is thereafter to alter the production
discovery and recovering factor consistently in such a mamner that
the static reserve index once again increases past its threshold
and remains above this value as long as possible; for our
purposes this is considered to be satisfactory behavior. Here we
are not interested in actually developing an optimal strategy
since it is sufficient if a previously given level of reserves
are available. Abrupt variations have not been admitted to the
similation since this is generally inconsistent with smooth

operation of the economy.
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In principle the control of the system is similar for each of
the four cases mentioned above although the directions and
corresponding strength vary. Let us begin with the case where
the reserve index has fallen below its threshold but there are
still adequate resources. Here the production rate is lowered
but the discovery rate and recovery factor can be increased. The
size of the changes in the production rate and recovery factor
depends upon the difference between the reserve index and the
previously given threshold value. The actual threshold value to
be used depends upon the scenario and must reflect two factors:
the size of the resources, which can only be guessed at, and
the influence of demand. If the difference is large (reserve
index lies far below the threshold) then the control mechanism
has a large influence. However, if there are sufficient resources
then the exploration is simply increased and the control mechanism
does not cause the production rate to be reduced sharply. A large
demand similarly reduces the production rate change. Increases
in the recovery factor do not occur as readily if there are large
possible resources as opposed to smaller amounts which could be
available. We have neglected the dependence of the recovery
factor on demand, since this is normally a very small influence.
The increase in the discovery rate was analogously established
by means of the difference between the discovery life index and
its threshold value; this difference was also weighted by the
ratio between the reserve index and its threshold value. The end
effect is that the discovery rate increase can be fairly large
when the resources are large and particularly so when the reserve
index is much smaller than its threshold or minimum desirable value.

There is an additional constraint relating to increases in
the recovery factor since these camnot continue to increase
arbitrarily; an upper limit must exist which naturally must lie
under loo %. Experts estimate that today the upper limit for
this recovery factor lies at about 60 %. Thus, in our simulations
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we have taken this to be the maximum value and an increase in the
recovery factor was made more and more difficult as the maximum
value was approached. This, of course, simply recognizes the fact
that the initial increases (starting at zero) are much easier to
accomplish than when the recovery factor is already large and it
is difficult to improve the relevant technologies further.

The second case occurs when the reserves have not yet
increased back to the previously given threshold value, and when
in addition the resources have declined to such a point that the
discovery life index also falls below its threshold value. From
this point on the discovery rate decreases, the production is
more sharply curtailed, but the recovery factor increases further.
All of the changes are controlled as previously in the first case,
but more strongly so.

If, however, the reserve index does increase back to its
threshold value but nevertheless the resources are so low that
the discovery life index falls below its threshold value this
means that the discovery rate is sharply reduced but the recovery
factor tends to increase. The production rate will also increase
somewhat because it is assumed that the production depends
primarily upon the proven reserves which for this third case are
large enough for an increase in the production rate. This increase,
however, 1is not very large.

The fourth case - where there are both sufficient reserves
and sufficient resources - should actually be handled in such a
way that the production is only dependent upon the demand and the
available imports. However, since up to now the resources model has
only been tried out for a single region this sort of coordination
has not been possible up to the present time. Instead the parameters
were set so that the historical development from about 1950 until
1972 was roughly reproduced. Under these conditions it turns
out that the chinges in the production and discovery rates are
very small (the initial 1950 production rate was already at a
fairly high level of about 3 % annually whereas discoveries were more

or less stagnated over this 22-year-period of time).
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2.2.10 Computer Cutputs

Commentary on the computer output
The computer output included both graphs and detailed tables

of all important values. The graphs give an overall impression of
the time varying behavior of the frequently occurring quantities
while the tables supplement these by giving the exact values.
All quantities are given in billions (109) of barrels; units
for the life-indices are years, and rates are naturally dimensionless.
The important quantities are plotted against time on each
graph and it should be emphasized that for each quantity different
scales have been used. Regardless of the scales, however, the basic
unit corresponds to ten spaces as can be seen. The basic unit for
each variable is as follows:
production and discoveries, one
billion barrels;
reserves, 20/3 billion barrels;
recovery rate, 10 %;
discovery life index, 3.33 years, i. e.
three basic units = lo years.
To avoid possible confusion we emphasize that the reserves have
been plotted on a scale which is much smaller than the

scale for production and discoveries.
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HIGH RUN

.

Fig. 2.2.11

"~

50

~~

&0
20

w o

W

AL

Fr

4

0 DISCOVEPIES 1
R RESFPVES
L LIFEIROEX

P PRIQUCTIIN
YEAR

ACTJAL valId3LES

AL A2 Al
#5300 <270 2900

Rl
14500

92
«200

Pl bt D=0 bt 0 o ek Bt et e B B 00 B e Ot

21 gt 520 0t 8 et (ot Gt

b oy bt Bt Bt bt 4

e et e e b Bl et bt

ot et bt b b o Bt At

R
L3
R
R

Lo

Pa

ek g ot bt 0t bt bl (e

1950 ==-
1361 1
1952 I
1953 1
1954 I
1855 1
1956 I
1957 1
1958 I
1959 1

AleeDeocmscecrocoResceemtemsenen e e A m e - e mm

1960 ==~

2 0t b el Ot g Bt O Dt

T 0

o ] o
. a
-4 +
L3
L3 o
[
o
a
o o
S R e e
o
o o
a
a
a
-2 o
o o
13 a
SR R e e et
'
o b a .
oo ' a
1 a 1omasaooae
' opo ao
oo Y- 1
¢ o Y-} '
f (=] )
oo [
D - T R R e e i
[=2-1 ' -
o [ - =
a [l <.
oo Paa
e v - v
oo o k) - ol - ]
o | awa ]
[ caw i
a L] &
R L L A b il il ol
ol ade Dd o) dod e d ) o d

e b et e Bt

Bt bt g et g O Bt

1961 1
1962 1
1963 I
1964 I
1965 I
1966 1
1967 I
1968 1
1969 I
1970

1371 I

83

+&00

1972 1
1973 I

1974 T

c1

05

1975 1
1976 I
1977 I

0

O e

0 et et g bt B

Tt bt ot bt el 0t ¢

b b e

4t g et bt e e

1978 1

cz
«200

c3
700

01
«200

bt bt ot od by
o
[ 4
[ 4
-4
o -
0

0t g Bt et e b B et

=

At e B bt g et

EL LT T

>

1879 I
1980 ~e--
1981 I
1982 1
1983 T
1984 1
1985 I
1986 1
1987 1
1988 I
1989 I
1990 «==m=ee

02 ny
«100  9.000

bt b g D et e Ot

4t g B 0t b fd B
aa
a
a
a
a
a

a
L

et b 0t et e et

B R N
-
' o«
[l -«w
1 - -t
] -
-
A
-y N
0t o Dt P 0 bt Bt b0 ] St B Bt 0d Dt WL A e B Bk b 0t et Bl 4 0t
-
-
[
- -
-t
oa -« [l
0 wa + 1
«a ’
- o 1
B e o R e e e
o ]
a
v
ra
[ =}
' s
?
[ o
e e R N e e R Ll ke ke ta o L)
i Buadd ddadead et dodad
S ddd S ad '
' e _ 1
1 aa
[l T
] (=]
“ re
B Ot 0 B 0 e b
i ]
1 1 o
] [l o
[l I Il
i b ] H
i ) (=] ]
) \ 5
] v o1
l ] a
L R
1 1l b 1
t ¢ s
i ] [l
) t 4
t & 1
v ' [
[ ] +
[l 1 ]
1 [l 1
B R R e T T T
MM TN DA RCO UMMM INOR OO O=NMINONDOO
R L L L L L L R R R R e g P ]
R L R L L R R R R T R ]
AN AR A AN N R MU NUNGMNNNONN NN NNN N

a

RDFM RSYOP
«020 0.000

T
1

0t Gt Ot Bt e bt b
[
a

coaanao
5 e bt

bt St Ot it B ot Gt

300

St bt 0nd gt Db bt 00 Bt

PP"II!I!!
LY
[ S
a
&

4 g Ottt bt bt B

St Btk B O g 4t 8

g Dt bt Ot b d Bt D B

94 B e 0t 0 et Ot ot et

—
-
-d

ettt B b

2021 1
2022 1
2023 1
2026 1
2025 I
2025 1
2027 1

I

20

-

4t Bt 2t et e Bt

24t 1t St Bt et 2t 0t

B g B e

LT R

O bt St Bt i bt

o

~
P
-
- L4
- -
ot 5t e bt o e
-
Sx
-
-4
a
oco
cago
(=}
B L
R A W
M R e e
coocoocooo
RNy



5.9

9.8
54.1
5245
§3.8
55.2

57.8

59.4
b8 oY
5i.7
3.0
642
65.5
66.6
67.8
68,5
69.%
70.9
Ti.9
2.8
3.6
Th.3
75.0
5.6
Te.1
8.5
7649
TPt
7.3
77.3
TT.3
7.1
Theo8

6.9
75.5
4.8
Fhel
73.2
2.3
Ti.2
8.1
5.9
$7.7
6.3
(1 ]
62.7
6,9
51.2
457
4.
¥6.1
0.2
2546
21,1
1r.3
$%.7
180.%

5.2
1.9

40.9
43,2
©5.5%
479

$5.6
5843

363.8
3740
37%.4
347.1
395.0
32,8
&10.6
w19.2
6258
633.3
&0.5
7.8
85409
h61.0
446806
752
51,7
438,90
[ X7
$31.%
535,56
S11.0
6158
529,46
£24.5
€24,6
(I
G e
B85
Stn

766

far

229.1
226.%
22445
222.1
2195
217.1
Zlbol
nt.7
208.9
206.0
202.9
199.8
196.6
194.2
192.5
191.0
188.7
188.%
197,21
185.7
1846
182.9
188.9

179.9.

178.4
176.7
175.4
173.%
171.6
169.8
167.9
16648
156,14
162.4
160,.1
158.1
15640
153.3
151.8
3695
147.5
165.3
1u3.1
160.9
138.6
1364
134018
131.9
129.6
127.%
12G.1
122.9
12346
1548.3
116.1
113.3
111.6
109.3
187,14
1048
182.6
100.4%

95.9
93.7
91,5
“89.3
ar.4
96,9
82.7
Al.6
8.4
The2
Thol
rTi.2
(1% 4
5.6
52,3
LI
40.3
5.6
30.5
2649
218
14,0
14,6
$t.6

LYY 4

PaT0

20%.8
200.8
197.7
164.6
191.5
188,3
186,
181.9
178.6
175.3
171.9
168.5
165.0
162.1
159.5
157.1
156.7
152,3
169.9
167,64
168.8
162.1
139,64
136.6
133.8
130.9
127.9
124.9
121.8
118.7
115.5
112.2
109.0
105.5
102.3
94.9
95.6
92.2
88.8
85.4
82,0
T8.6
75.3
T2.0
68,7
85.5
62.3
59,1
56,1
53.0
50,1
67.3
44,5
81.8
39,2
36.7
36,3
32.0
29.¢
2r.7
25.8
239

28.5
18.9

10.7

11.5

RES

300
2300
=309
«300
+300
«300
«39C
+300
300
«300
«300
»300
«300
«301
«303
»305
=308
«310
«313



B 767

2 : LOW RUN

Fig. 2.2.1

ACTUAL VARIAILES
A 2 a3 n 82 03 cL [ (2] o1 b2 D3 RDEW R5TOP 7T
1,532 W27 14000 14532 W202 shll »050 +200 700 200 «100 04000 .620 e300 o530

P O 0 O 0 B e e 1 0 D TR 0 0 0 0t )t 0 0§ b € 2 bt
H
o= [PPSRV FORTIVITIIUY. FUNNTIUTIITOIOTIS FUTORIITTISUTUIOTIY DUTPPOIOTSTEICTUIO) RUTUIUTOISTITOOTSY FCTEIUPOIVTRIOPRE SUTUISTUUIRIOTUIIY T IO O SO SOP OO
@
-~ ot O 0 1 g 1 0 B 0t 0 bt 0 0t G A} 2 e e
M - .
- - Il
reofrroage +
o L P v
a . L3 H
= 'y L 1
. UTUTUYIPUTSYUTUN RUTUTURITUTEIUTUS SUUTURUR “SURCUTON USUSUPOTINUTITOPOR BUPINSTOTUIUL. 2. Pus [ROTOTESOIIOPRIORUE UTCIUTOTOIONNUPUS FUIUITOUIUTOTUNN SOPOOIUUTUPUTUIU FOTUIUTOTOSTURU BTN
™ L4 H '
« ® :
@ " H
v, H
e . o H
e 1t 1 i b o ot It X 1§ et B Dok 1 1 e O 1 0t D 1t o et et g T B O 0t 3
& H H
- wa®® H H
- « o H !
' ¥ @ } '
1 « cpsaadcaaag H H
i = gsg=ee ae®%; 40 o i '
' ' ca a .4 ' '
] £l o - oo PR - - g e ] e [T T ¢ e A T A A AL ATS LT TR
e e e | e - e X ot et o PP AT P bbbl fch fobei Rl
e faw [epeyTrS HeamamBpa mman T :
S | !
| H :
L 1 .
[ - Do AR LR H M
i aaen H |
i 083551 o 1 '
o~ 1 ron n H :
muto 9e3f0acacadna Sodosdasaa IO
ST Pt i H
1 o H H
H n H '
H aa H |
H a Soa |
Y YU s aauaul
iom ; H
i I . H
P bt e e ot et D 4 [STOORR S e
' - ' '
H H H
1] N ' ]
H I H H
PR 1 H
20 ! H
‘ | H
H H f
H | '
- LT L L O B O B R L e T TR R L Lo kel ok el Bl ekl e e bl H et b et et M L i}
| : '
H ae 4 H '
i ! 1
AU o Toa ' . '
SZwd 1°%an H oz i
oENa ' ~n | ' B !
GRNF H ono. H f .
Saml oo H ) Sooo H i b
i | H i cracocéo H :
e BUUSTTUYUYUTUTUS SUVURDTIRURUIURTION BUTUTOTOTUTINUIUTIE SUSUTUTUTUIUIUIUIUN SUPO SISV eI P) RUTSIVIVI ST I VION FUTOIVIDICIUIUPUIDR SUROIPIOTOIUTOIOTOR IUTIE 3ot - 131t AP 4
aous Ty Toanms Focdmmsnnn s "D "
P N L L L L e L N P LT g - pabidalad EA ] MO~ a0 BN B MO B0 P IR D A Nt SR e e Al
Llr).a_’.’ra_,55555666555556?777777'77 B!!!55!’!999“%”””“9!."lﬂﬂﬂﬂﬂ-uﬂll\.lilllllZZZZZZZZ’.Z!JJ]J!J]]]hE&hhk:—khhra.r:
e P L T T LTV P Fe S 4 59 -£-4-84) B e e L R TP P
ey WOCRCsCORa TN Rn0 R0 00n0a0ndaranannaroanalilIOIORIRRCRRRRRRRRARRRRIIRCRRRRARARRRAIRICANNRINRNSISATINRAER




PayY

229.1
226,14
2245
27241
219.4

217.1

2i4ab
211.7
208.9
225,0
202.9
199,8
196.h
133.7
19141

1859
185.1

oL

679
6fa2




B 769

2.2.11 Results

In the present model one can change the strength of the
functional dependence of production, discoveries, and recovery
factors on reserves by varying constant factors in the computation
of the respective growth rates. Thus the difference between
the actual life-index of the reserves and the corresponding goal
results in different changes of the growth rates of production
and of the recovery factor. We have used this feature in several
computer runs to show possible future developments of U. S.
0il production under several conditions. Only some typical runs
illustrating the scenarios discussed earlier will be shown here.
We use one of the runs giving intermediate results as a "standard"
reference, discussing other runs in relationship to this "standard
run'. This notation is not meant to imply that we consider the
standard run any more probable than other rums.

All runs show that discoveries will only grow for a few more
decades and will then slowly decrease to zero. This period will
last some 50 years. The present amount of production approximately
equals the rate of discoveries, and it will surely be higher in
the future. This results in efforts increasing the possibilities of
additional oil extraction from already known and proven oil fields.
All Tuns show this effect of a dynamic recovery factor very well.
However, it should be emphasized again that increases in the
recovery factor mean huge investments for research and development
in advanced recovery methods. The value of such investments can
hardly be debated when one considers the particular advantages
of 0il (and natural gas) with respect to extraction, transport,
storage, handling, and use, and compares them to the respective
properties of competing fuels, such as coal, oil shale, or tar sands.
Besides, petroleum and natural gas will certainly for some time
to come continue to form the basis of chemical industries.

Failing an improvement in the recovery factor, the production
curve would have to follow that for the discoveries. The huge
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difference in the cumlative amounts, as a function of different
recovery factors, is obvious from the print plots (Figs. 2.21o
to 2.212). In these figures, the area between the two curves
represents that difference. It may amount to loo to 200 billion
barrels, depending on the recovery factor and on the extent and
location of application of improved recovery methods. The potential
additional amount form improved recovery methods approximately
equals total cumulative U. S. oil production to the present.

Standard run

In the "standard" run (Fig. 2.2.10) the recovery factor gradually
increases to its maximum value. For the next 5o years a nearly
constant growth rate of the recovery factor obtains; later this
rate decreases as the assumed limit of the recovery factor is
approached.

Production still increases until 1990, then remains constant for
a short while, and then slowly decreases to zero towards the second
half of the next century. The lifetime of reserves increases
somewhat due to better recovery methods and then decreases
somewhat below its goal value until the recovery factor approaches
its limit. As production goes to zero, the life-index increases
again. This effect is to be expected and is inconsequential for
the simulation. As the life-index of reserves remains nearly constant
most of the time, the curve for reserves resembles that for
production. However, the amounts of reserves are approximately ten
times greater than those of annual production. (Note that these
relations are distorted in the print plots due to different scales).

High Tuny

In the "high" runs (Fig. 2.2.11 )}, the factor controlling
the decrease of the production rate when the reserves are below a
desired value is very small. As a result, the production still
increases when the life-index of the reserves is already less
than its goal. In order to reach this goal again, the factor
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which increases the recovery factor is made quite large in this
case, leading to a fast increase of the recovering factor. In
addition the factor TT, which secifies that fraction of previously
exploited reserves which will be reactivated using improved
recovery methods, is set equal to unity, i. e. its maximum value.
These changes result in very high production until the end of the
century, followed by a drop to zero in less than thirty years.
This despite the fact that the most optimistic assumptions with
respect to growth of the recovery factor and utilization of
previously exploited oilfields have been made. If one compares
this course of production with the likely demand, the dire
consequences of a constantly growing demand on the oil resources
of the United States become very obvious.

_Low runs

The results of the "low' runs (Fig. 2.2.12.) show the
consequences if the recovery factor is allowed to rise to only
40 %. The total possible production is then only a little higher
than with primary methods. The peak of production will thus be
less than 4.5 billion barrels, a value which is more than 2 billion
barrels lower than in the standard run, and only reaches
approximately fifty percent of the high runs. Nevertheless, oil
production will again cease at approximately the same time as

in the standard run.
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3. A REGIONALIZED MODEL FOR ENERGY DEMAND

3,1 Introduction

Traditionally, future energy demand is determined by a projection
of historical trends in a procedure which can be termed 'curve projection’
or extrapolation. While this might be reasonable for short temm predic-
tions, use of such procedures in long term assessments is highly question-
able. Indeed, in the context of a larger model such as the world model
such straight projections would likely lead to absurd conclusions which
would in turn certainly affect the total model not simply sectoral demands.
In sum, curve extrapolation is simply not satisfactory for the scenario
assessment approach used in the overall project. A preferable approach
is to determine energy demand, both in the aggregate and in reference to
specific cnergy forms, as a function of other development variables and
subsystems of the total world system. Only in such a way can alternative
patterns of energy demand be assessed as functions of and as determinants
of overall development. Essentially this requires construction of an energy
demand model which is embedded within the total world model; i.e., it is
dependent on the response of some submodels and determines the behavior
of others. Development of such a model is the overall objective of this
effort, Specifically, at the present time we have developed an energy
demand model as a function of the overall economic model and of population,
There were intuitive reasons supporting such an approach and, indeed, the
analysis as reported here bears out the expectations. '"Closing of the
loop" by specifying the submodels which depend on the energy demand model

will not be done here. However, the model is designed so as to enable

its incorporation within a total energy model which will include both
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production and supply efficiency and users technology, resources <evelop-
ment and reserves discoveries, etc.

In this paper we shall only report on the energy demand model on
growth and macro level. On the growth level the energy demand will be
represented as a function of total net regional output, i.e., the gross
regional product (GRP) and the total population level, Specifically,
energy consumption will be related to the gross regional product per
capita. In future work on the micro level, energy consumption will be
specified in terms of primary resources used, i.e., liquid fuel, gas, coal,

hydro, nuclear and others.
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3.2 Data Base

The data sources for the economic and poi:ulation variables and
indicators are described in appropriate reports elsewhere. As the base
for energy data we have used the excellent report by J. Darmstadter,

Energy in the World Economy, Resources for the Future, 1971. On

occasion an independent check of some data points was also made.

The data were aggregated according to the regionalization in our
project. The energy data, both in Darmstadter as well as in other sources
such as the U.N. reports, are given in temms of consumption of primary
energy. That is, they consist of total energy consumption and not of energy
actually delivered to users, i.e. secondary energy. A close relationship
between secondary energy and economic variables is more logical than one
between primary energy and the economy since much energy is lost in con-
version and transmission processes. For instance, the waste heat of
nuclear plants currently satiéfies no industrial or residential consumption
needs, and with a given users technology one cannot expect a reduction of
actual energy consumption simply because there is more energy lost in
conversion processes (unless, of course, this leads to shortages or
higher prices). This effect will be considered in conjunction with the
production and energy use model, The data were converted to a common
energy equivalent unit. Because of the frequent need in both energy
supply and demand statistics for conversion between units, Table I

summarizes conversion coefficients used in the project.
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TABLE 1

Energy Conversion Factors

Fuel Type BTU Value
1. Crude 0il
A, Barrel 5.8 x 102
B. Metric Ton 42.3 x 10
2. Netural Gas Liquids -- barrel 4.35 x 105
3. Natural Gas -- cubic foot 1,032
4, Electricity
A. Kilowatt-hour 3412.8 10
B. Megawatt-year 2,992 x 10
5. Coal -- undifferentiated short ton 26 x 106 6
A, Anthracite -- short ton 25.4 x 106
-~ metric ton 27.9 x 106
B. Bituminous -- short ton 26.2 x 106
-~ metric ton 28.8 x 106
C. Sub-bituminous -- short ton 19,0 x 106
-- metric ton 20.9 x 10
D. Lignite -- short ton 6
. X 13.4 x 10
- metric ton 14.7 x 10
6, Nuclear
A. Uranium -- short ton of Ug0g at 1% theoretical .56 x 1012
-~ short ton of U308 at 80% theoretical 56 x 10
B. Fissionable Material -- gram of U-235; 74 x 106
192 MeV fission
C. Thorium -- short ton converted to U-233 58 x 1012

at 88% theoretical

*
Average of two sources with little difference,

‘Sources: U.S. Department of Interior, U.S. Energv: A Summary Review,
p. 14; Associated Universities, Inc., Reference Fnergy Systems and
Resource Data for Use in the Assessment ot Fnergy lechnologies,

pp. C-1, C-2; OCCD, 1971 O1l Statistics. p. /.
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The data essentially cover the 1950-65 period, albeit with some
gaps which were closed by interpolation. The aggregate energy consump-
tion data for all the regions are given in Table II. For some items,
like liquid fuel consumption and production the data goes back to 1925

although only spottily and with many gaps.
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3.3 Structure of the Aspregzate Enerpy Demand Model

In the absence of a documented theory on the dependence of energy
consurmption on gross economic variables one has to postulate some
plausible relationships and test their validity in reference to the
available data, The data, however, should not be allowed to determine
fully the model comstruction. Rather, the structure of the model should
be based on certain hypotheses where validity is tested by means of
data. We shall assume therefore a set of alternative relationships,
estimate the parameters, and perform a comparative analysis with respect
to historical development as reflected in data.

Two approaches have been investigated:

(1) Region specific models are developed for each of the regions
separately giving energy consumption as a function of gross regional
product. Fach model reflects the specific condition and stage of
development in the respective region.

(2) ‘'Generic' models, which have the stage of economic development
as a parameter (explicit or implicit), have been developed so that one and
the same relationship between energy consumption and gross regional product
can be used for any region and at any stage of development. Obviously,
this type of model captures more of the structural relationships and
technological change in the actual system and provides a much more reliable
basis for future assessments. Actually the two approaches can be considered

two subsequent steps in the development of a more sophisticated model.
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In the analysis of the first (regionally specific) approach, the
seven types of relationships given in Table III have been analyzed. In
the first two approaches the coefficient o is a constant while in
approaches 3 and 4 o« is a function of time, namely a linear function of
time and a growth type relationship. The relationships 5-7 are of an
elasticity-type relating growth in energy consumption to growth of economic
activity, i.e., percentage change in energy consumption to the percentage
change in GRP. Thus an elasticity of 2.0 means that every 1% increase in
GRP is accompanied by a 2% increase in energy demand. In general, more
industrialized regions have lower elasticities than less industrialized
regions, because of the large energy requirements of industrialization and
the lesser requirements of regions who have acquired basic economic
infrastructure and capital stock, and in which services increasingly
dominate the GNP. In relationship 5 the elasticity e is comstant while
in 6 and 7 it is a function of time, The elasticity in 7 is determined
as a "moving -average' over a certain muber of years.

In the second stage (the development of a géneric approach) the
same basic relationships given in Table III are used but the respective
coefficients were not considered as constants or functions of time.
Rather they are treated as functions of changes in the levels of economic
development. In other words, the variable coefficients are endogenized

within the submodel itself. For example, for Model 1 we have

EC = o {(GRPPC) * GRP
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TABLE III

Seven Models for the Projection of Energy Demand

Model 1: ECt = g GRPt
Model 2: ECt = o GRPt + C
Model 3: ECt = o GRPt with a, = a + bt
Model 4: ECt = ut_l(l + pt) GRPt with pp =8t bt
AGRP
. - t,t+1
Model 5: BECta1 T TRt
AGRPt t+1
. = s 3 =
Model 6: AECt,t“‘l Et _—Gﬁ;— ECt with et a + bt
AGRP
; . _ - t,t+1
Model 7: BEC 11 =t o, P

with & = moving average over 5 years.
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while for an elasticity type model, say 5,

sEC = ¢ (cropC) * A8
These two equations are then used for all of the regions both in past
validation and for future assessment.

The difficulty in deriving a "universal™ or "generic" type of
relationship stems from the fact that it depends not only on economic
processes but on political decisions as well. In particular, it depends
on the approach taken in the implementation of development policies and the
adoption of technologies. For example, it is known that in the centrally
planned economics there is a planned, staged process in which the emphasis
in the early stages is on energy intensive heavy industry with the attention
turned to consumption only during ﬂle later stages. On the other hand, the
balance between consumption and heavy industry in the market economies is
more even through the entire path of development. This conclusion is fully
supported by ‘the data as will be shown in Sec. 5. To account for these
differences the energy model for regions 5 and 10 will contain an explicit
policy component. The way in which this component is represented and the
specific types of relationships used for «(GRPPC) and «(GRPPC) will be

discussed in more details in Sec. 5.
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3.4 Estimation of Parameters and Comparative Analysis of Region-Specific

Models
The parameters for the seven models given in Table III have been
estimated from the data using a standard least squares estimation proced-

ure; e.g. for Model 1 the coefficient o is selected to minimize the

expression

. 2
min I (ECt - o ¥ GRPt)

a t

There are, of course, many other ways to estimate the parameters.
In particular, for the elasticity-based Model 5 three methods were tried;
these are given in Table IV, The first of the three computes annual
elasticities, then averages them to find the final elasticity. The
second computes an elasticity factor on the basis of total change in
energy consurption and GRP over the entire 15 year period. The third
determines the total of annual percentage changes of energy consumption
and divides this by the total of annual percentage changes in GRP. . The
advantage of this computational approach is that it guarantees that the
sun of all annual percentage changes in energy consumption is equal to
the elasticity times the sum of all annual percentage changes in GRP,
There are therefore three variations of the Model 5.

The results of estimation aregiven in Table V where the values for
all coefficients are given. Comparison between the models is presented in
Table VI where the sum of the squares of deviations of predicted energy
consumption values from actual energy consumption values over the entire

estimation period are given. The table includes the sum of squares for
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TABLE IV

Three Elasticity Computation Approaches

BEC, ¢,/EC,

Approach At e = (§f —2—— J/N
AGRPt,t+l/GRPt
AEC, ,/EC
Approach B: € )
AGRPI’N/GRPI
AEC AGRP
Approach C: e = ( 3 ---t-’—t:-]-‘-)/(z _t’_til_)
ECt GRPt

each of the five models and the various approaches to computing the
elasticity, as applied to each of the 10 regions. Note that the models
are comparable within each region but not across regions, since scale
factors vary among regions. Below the sum of squares is the ranking of
each method for each region -- the higher the rank, the better the fit
between data and model. At the bottom of each column is the average
rank of that model .across all 10 regions.

Table VI indicates that Model 2 on average best fits the data. It
provides the best fit for all 5 developed regions and relatively good fits
for all others. The difficulty with Model 2 is the variability of C for
which there is no theoretical or logical interpretation. It varies
greatly in magnitude and also changes sign. In three cases (Region 1, 2

and 5) the sign was positive. In the others, it was negative. Model 3
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Region

North America
Western Europe
Japan

Rest of

Developed World .

Eastern Burope

Latin America

Middle East

Africa

South East

Asia
China
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TABLE VI

The Results of Seven Models

1 2 3 4 5a
36,618 12,849 18,058 28,701 171,120
6 1 2 5 9
23,064 8,172 8,602 11,186 24,169
8 1 2 6 9
321.5 275.3 305.1  869.8 5,893
3 1 2 5 9
101.8 79.4 82.5  119.5 357.1
4 1 2 5 9
50,939 5,552 8,892 7,478 41,125

10 1 5 3 9
2,838 408.5 703.9  119.3 1,156
9 4 5 2 7

172.6 85.6 108.0 87.5 120.4
9 2 4 3 6
30.2 8.6 9.8 16.1 27.9
9 il 2 4 8
2,362 119.4 82,2  102.3 1,322
9 3 1 2 8

95,712 59,832 10,385 12,865 273,998
4 3 1 2 10
7.1 1.8 2.4 3.7 8.4
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20,292
3

9,367
3

3,238
8

261.0
8

18,970
7

3,229
10

116.6
5

111.9
10

128.9
4

253,259
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6.7

5c 6
22,659 608,379
4 10
11,272 26,945
7 10
1,043 8,617
6 10
145.1 417.1
7 10
7,744 32,653
4 8
1,192 400.5

-8 3
128.1 83.7
7 1
19.6 26.8
6 7 -
305.9 3,450
6 10
107,673 110,741
6.0 7.5

85,843
‘9,505

780.6
4

128.3
6

9,405
6
1,114
6
162.4

8.

16.4
5

296.4
5

242,171

5.9
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provides the second best fit, But as in the case of Model 2, it encompasses
variations in the coefficients a and b {as shown in Table V) for which no
good theoretical explanation exists at present,

Of the models which focus on the relationship between gross national
product and energy consumption (rather than on the changes in each) i.e.,
1-4, the one which has best balance between data fit, explanation and use in
scenario analysis is Model 1, Graph 1 shows the relationship between the
alphas from that model and the GRP/POP for each region. With two rather major
exceptions, the points are monitonically increasing and the curve is quite
smooth. The alphas appear to level off just below 3.0 in the most developed
economies. Even the exceptions, however, are interesting. Both commmnist
regions have alphas significantly higher than the non-communist regions of
comparable economic development. As mentioned, their economies, with emphasis
on development of heavy industry and economic infrastructure at the expense
of lighter consumer industry and services appear much more energy intensive than
the Western economies. A small proportion of the differences between commmist
and non-communist regions can be attributed to data differences. The net material
product reported by communist countries and used here as GRP data actually exclude
some service sectors which add to the gross mational products of Western regions.
The differences between communist and other regions are, however, far greater than
can be explained by data differences.

It should be pointed out that the fit of the predicted energy consump-
tion values using this model to the actual ones of the 1950-65 period is clearly
not as close as for Models 2 and 3. Fit is not the sole criterion for selection,

however, or even the most important. Naturally Models 2 and -3, with the advantage
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of additional parameters will fit the data better than Model 1 -- but if
that additional parameter has no interpretation, it is highly dependent
on the specific data set used in the regression, and can be very mislead-
ing in future assessment.

Graph 2 illustrates the fit of Model 1 to data. In most cases, for
example North America and Japan, the fit is clearly quite good. In other
cases, such as China, the fit is rather poor. None of the models fit the
Chinese data at all well. The reason is that the 15-20% decrease in
Chinese GNP between 1959 and 1961 (the Great Leap Forward) scarcely slowed
energy consumption growth, Interestingly, energy consumption grew relatively
little between 1962 and 1965, and economic growth began again. This implies
either a time lag before the effect on energy consumption is felt, or poor
data reporting.

Turning to the models which focus on changés in GNP and changes in
energy consumption, the same distinction appears between those with the
additional parameters from regression overtime, and those with single
parameters. There is invariably somewhat better fit in the former case,
although unlike the above class of models, the differences are small.

Of the three methods for calculating time invariant elasticity coef-
ficients, the best is Approach C (see Table IV). This is understandable
because it guarantees that the predicted values of energy consumption in
1965 using Model 5 will be identical to the data value in that year --
that is, the procedure better calculates the real elasticity value of the

period for which we have data.
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2.7v74acF Ny ?.7561%c 0N 4.13552F-02 1.00un0E ab
?.2%3unF N ?.75h176 00 —2.77751k-02 3, 00hadE OR
2.32684F Np 2,73617c 90 7.022056-02 100000 0N
55T = Sal 4 S5H CHefk 551 HEAN UEP
3.07PT12F-01 X,027176-01 U, ununtpF DO 3.02712E-0Y 2.25612E DO
COFFFICI#NY UOF LFTFRMINATION [S Ree2 = 0,0000 THE STANDARD DEVIATIUN IS 1,4705923F-01
. .
ACTUAL CALCULATED BIFFERENCE
4,58170E 01 6.425478 B1 -4,44270E 00
5,1 3%40t M &, 2u3alk 01 =3,AB073E 0D
6 0ROk LY 6.9vas1E D1 9 4aRTAE-N
h ha27nE B A, 3030NE 03 5,3ynGve OO
&,74420E 01 A,75369E G -1,464y5-01
&,84070k Ut 7.37977: 0% =7.,34070E DO
7.H43540E 01 7.9¥3448 01 =1.50083k 60
9.04110E 01 A EU94HE 01 §,31744E 00
9.72750€ 03 9. 06900t U1 6,87895E 00
1,041 336 y? 9, AsHY4E 01 §,74H54E 0N
1.1900%e 82 1,12219E 02 -1,721744c 00
1.¥#p0Se 42 1,3nA75E 02 9 _KO49AE-11
1.894YHE 0P t,3036kE 02 2.13018E 00 .
1.56540E 0P 1,68787L 07 2,R1794E 00
1.73529 42 1,79299E 02 -1.72r45E 00
1. ARKAZE D7 1.R2949E 02 5,A9418E 00

SUM OF SUUARES OF LEVIATIONS = 3.71514E 02

2%p.ong sraernerasrgers CereressisaIaNtII eI ER ST IORblobasbbab a0 .

B R ‘e U cree Caerereateriaer et e er e raeien
240,000 . ‘
FREPLTI
21 0.nen
225.an0
220,000 .
215060 o

216,006
2h5.an0
200,000
195,000
199,600
1%5,000
1RU, DR
175,000
170,000
165,000
140,000
155.000
150,000
145,000
140000
£35.000
1%0.600
125.000
120,000
115,000
110,009

.

zx

2z

L]
"

zx

~
v
e e e e anee LEa s e a s e maas e

. M
. L]
.

1950 1952 1954 1956 1950 1964 1942 1944 1¥Ab 1948

M« WISTOA|CAL MATA DF TOTAL FNEKGY CONSUMPTNR I% MILLVONS OF "é'ﬂlf §ONS £OAL ENUIVALENT
M = HOUFL LATA

ssvsespennerns JAMAN




KEGNESSION HITH ALPHATA COHSTANT assseessas

%0, OF CORFFICEENTS adll ULSEHRVATJONS 1
CUAPUTEL CUFEFICIFNTS
CALLULATED
2. R7 403
P K23
2. 87363

?
2
?
?
?
2
H
?
2

DEPFNDFHT
2.65643F My
2.70322F N
2.67K9KE 00
?2,721%7F 0
?.RNn9/E DU
2.91805F py
2.92017F no

LY
LBNAVAE
CHALELE
SANTHIE
.BOn7LF
L81aDLF
ARV
AT
L9BANSE

“9:7

ni
fy
"o
ny
fny
ao
ag
n
no

1.3%vank-ny

.

ACTUAL

5 ARk
S RIvaNE
& 100s0k
&,22210L
A R INE
7.52n20k
7.79890k
7.0u7zat
B, TS7H0L
B, 7110k
9.0 NS0k
9.4nt50E
R, 75u80L
AR TE
111191k
1. 22745L

1
o
3]
n
(3]
ug
ut
ul
ns
ay
ut
ol
m
u?
U4
u*

?2.H2406 5k
LR TSRS
28780
L PRV AT
2 APN63L

B
P PRI
2, R2dndk
2 2363
. s4n
1,399a6k-01
COEFFILIFGT OF LEIFRMINATIO

.

ne
Wp
ub
nn

s D

un
ol
an

.

N 1S Keep = 0,0000
]

CxLCULATHD

LT RTIN
A, 341390
LI RETITIN
(L CTPIIN
h. 95742
7.78218L
7.5024K(:
769196k
B, yJ44nk
R 6N3G9N
R.OZNGAL
Y,74172¢
a,7uh080
1.n470%t
1.32711h
1.10926k

01
u3
u1
01
vl
ut
o1
01
o1
01
01
(2]
01
uz
02
02

UFVIATION

“1,67)190F=-NY
-1.20dnBE-ng
“l.4h0hn3F-01
~1,02Ln3F =01
«1,4A474F-02

Q. 242nPF=N2
F.66466F=N2
1.,4223/7F-n1
O3tk -Nn2
3.75812F-np

~7.618M0F-03
=4 BANUYE=-N2
=2, %6040F-02

1.26404F-ng
<
U.020006 a0

18

DIFFERENCE

“8.56125E
=7 . AIFHKE
-3.34245E
~7.47104E

[
v
no
un

~3.A1100E-01

2.34267E
2.h6524¢8
XL USRALE
1.83401t
1.14510e
3. R7RS4E
219570k

on
H
e
{H
an
un
[

=P2.h3HY6E-UT

~1,7977RE
=-1.,81942L
5.35%806°E

on
na
uh

SUM OF SHUAKES OF DEVIATIONS = 1,01783E 07

250,000
243,000
24

5.0
230000
?7o.1
270,000
215.010
21t o
ELL LT
2tu. 00
195, ray
1en, nuy
185,000
150,000
115,000
17y, 00
165,000
160,00y
{53,000
150, AuQ
§4%,.1m
t4u.0nu
145,000
130, 0y
179, poe
120,000
119, how
110,000

iny.Ang

100,900

as. noy
op.hun
LEPLIT)
ng, N
75,009

Ay, e
30,000
25000
30,800
15,000
10,000

S.o0y

o.arg

195!

v »
L3 L]

eranseseraneeertatsasiroae

Sasss on

1952

L L
L]

1954

weverasrisstreruresnraencasoavravsoveaanerssaansostos

ions

B 796

2 H2363E

nn

INDFPENDEK

1.nanuoe
f.0nbnte
1, niltonk
1.00000E
1.ra0RAOE
1.hbn0E
1.nunnoe
1. 0ok
1. 0000k
b RIS
1, runnnk
t.unmine
1. 60000k
1. 0000bE
1.0p0pnE
1. 000E
LHEMK aST

un
un
no
an
ao
un
un
ua
ue
un
na
wa
na
n
i
nn

1.3bwdbk-01

. f
" .

1964

"

Region 4

KEAN DNEP

Graph 2.4

2.U2364E 00U

YrZ

THE STANDARD UEVIATION (S

beavannaas

L]

9,5200165E-n2

R R L R R R R R T R P R Ry R T R PN R PSP R TP R PO PR PP T

. '
. " .
. L .
« H .

19he 19k 1954

W = MISTUHICAL PITA OF TOTAL FRERGY COHSUMETICON IN MWILLTONS OF METKIC TOAS CUAL EVUTVALFNT

R = ROULFL DATA

s BESY UF DEY WORLD
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B 797

REGRESSTUN WITH ALPHASA UCUNSTANT seeacenads

Region 5

$0. NF CALFFICIENTS Awl OHSERVATIONG 116
CUMFUTED COFRFICIENTS 4,057y1E 00

LEPFANFHLT CALCHLATED LFVIATION INUFPENRDEL T
4,4FARNE A0 4,099k 00 4.1074RF =01 toounnpk 40
4,34705¢+ Np 4,05791F U0 2.h9142F~01 1.nn000E va
Ay 4,n%791k LN 2.HPraNF=N1 1.6H000F DO
00 4.0n791E L0 2.077FOF-01  V.6DENDE 00 Graph 2,5
oy 4,05791E Q0 2.50575F~01 1. HH000E un
4,203 Do 4,05791 un 1.45%155F-01 1.0u000E 00
4.,.27548F 00D 4,.04791k 40 1.774718-01 1.0un00e 00
4,145k DO 4,020k un 7, H5449F=-D2 1.0unnae dn
4,.01nuAk DY 4,04791F U0 -4, IRENYE-02 1.hufnne G
3.a%atsF a0 4,P57Y1E 0D =2,027n6F-01 L kit 00
3.76850E U 4,057 00 =2, 91480E =11 1.nutinbe 0b
J.6RVILE 0] 4.04791L 00 =3, hbttBE=01 1.cuvofe on
X.76250F D0 4,04791k 6P —2.9F414F =111 j,aun06e A
3.80131F an an749it un =1.nF600E-0] 1,000 U
X,77845F 0 4,0h791E DO ~2.,H1aAINE~01 1.00000E 00
3,7-41F nU 4,nh791L 0o -2.73unsF-01 1.0ut0E 09
85T = SSH e SHH CHECR &SV HEAN DEP
1.U7263F Ny 1.077H1e 00 0.0NUONE DO 1.07281k GD . 4,05791E 00
COEFFILIFNT OF UFTHRE ENATION IS Reay = D,0004 THF STAWDARI! DEVIATION 16 2.674333HE =01

ACTUAL CAYLULATED DIFFERENCE
4,.64115L 02 4,21455L 072 4.26603E 11
S,Mennt; U2 4,082040 02 2.33870E 01
§.391¢ehk: 02 5.644240 02 1.57A15E B
S,78721F U? 5,345260 02 I.ngesk o
6,33955 02 5.970n80 0P 3. 68A99E 01
&,911908 02 6.678150 g2 ?.387unk 01
7.458d5 up 7.98150L 02 X,123876 ut
7.005%0k U2 7.84%9HL B2 1.51117€ 01
H, 44854 02 R,54h430 UP =1.007476 01
ROR9SSAL 0P 9,305k 07 -4.70340€ 11
9,34514k P 1.pyosnl 04 =7.22904k Y1
@, 79381k 02 1.07708k 03 77008 01
1.04706k 03 1.973bkE 03 -8.18142E M
1.12264L 03 1.97071L 08 EY X LCCT bl
1.1872RL 03 1.276090 {3 =f . 89104k 01
1.254%76k 03 1.34634k 08 -§. 05779 U}

SUM OF SUUARES OF LEVIATIONS = 6,NY397E 04

E O R R T T LR L A bbb
2450400 .
Pany niy .
230,000 .
230,000 .
2250.Auu
2200,000
218000 .
21r9,r00
20%0.000
EL LI T T L T
1950000
1900, 000
1850800
1Ran.0nn
17%0.000 .
120n,000
168,008 .
A0y, 0
4550000
190,000
1450, 000
1409000
1350009
1¥00, 000
1754, 000
120, n0g
1150000
1170.060
1050, 059
1000, 00
950,000
|0p.0nn
asp, 0Ny
uep_opn
750,000
700,000
650,000
enn, 0w
§50.004
sen, an
asp, nau
ang, nnp
350,000
Sng,ann
50,9
200,000
150,00y
100, nag
0.r00
R0
195

L}
n "

weeMecscassnereMucnerenatasasnessnanrsversnsannine

a2z
R

PRI ORI PR YRR

1942 1954 3956 1958 1960 1982 1954

W~ HILTORICAL DATA OF TUTAL FHNERGY CONSUMPTIUN [N MILLIUNS UF “ETHIC TONS ©0AL ENVIYALENT
M = MODEL UATA

seenacaseuvees FALTERN EURIPE



REGRESSTIN WITH ALPHA=A CUNSTANY essesssesse

B 798 Region 6

KO. OF COEFFICIENTS AWD DJSERVATIUNS L 16

COMBUTED COEFFILIENTS $.,99540c DN
NEPENYFNT CALCULATEQ Ur-viatloy INUEPENHENT

3.57844F no 1.4y540E 0D =4,14745F-01 1.n000NE 00
1,A1ROYF Ny 1.93540¢ 0N =3, 86 8nsF=N1 1.m)0aRE DM
1 6nAYSE DY LG5 HIE ID =3, 2%460F=N01 Totonuhz .
1.2209%F n) 1.99%408 Jh <2, 7511101 $.uabune 90
1.412v9F p0 1.0954a0 U ~l, 444K 1.0unulie po Graph 2.6
1,920 2F DO 1,994 DI =7.92433F-02 tonuae un
2.,04M46F DU 1,94540L an G, 300402 1.00nuRE OO
2.1474/F o 1.9v54n UD 1,4723%72¢-01 1,¢nndre pa
2.17R41F 0o §935 100 di 1,84a02F-01 1.n09u0e 00
2.1224vE nn 1,44h40k I 2.07 30k =01 1. fnsne Qo
2.17891F Do 1,9y54nk QN 1.99314E-01 1. fludune un
2.A00E ) 1,999490e 0D 1.74302Fw0] 1.000upe DA
72.27154F pU 1.99%apg o 2.1A135E-01 1.000GRE DN

2.10700F Do 1.97%40E 0n M 1.00000E LA
244815 Dy 1,99%40E Y0 1. H7745F-01 1, mynGoe o0
2.1AB63k N0 1.9v540E U0 1,73270E-01 11,0000 08
SuT = SR . San CHECK 85T MEAN OEP
K. 41792F -0t A, 41742E-01 0.o0aNUE o R.281792k-01 1.99540€ NQ
COMEFILIANT UF YFTHERBINATION [S Hes2 = 0,00 THF STANDARD DEYIATION IS 2,3489541F-n1
ACIDAL CALCULATED DIFFERENCF
Ayadme uy cea I R R TTR] |
. .o -, 1wl
U, UL at,qinsd 01
Qybanjes gt 1,094k 0L
1,03062c 07 «,42%45E un
1,ny508E 02 ~4,13158E uu
. 1.14380C y? 8.n4n55 00
1.,20762¢ 07 AALASTE DD
1,20%246 U2 A,58AYSE 00
1,205 1.34059E 01
1. 1.83759E W
1,49739E 02 1.77817E 01
3 .5628 1,69191E 01
1.nlng%c 02 1,57042E 01
1,78919E u? 1,A3639E 01
1.R3577E 92 1.59327€ 01

SUM it SJUAKRES  DF DEVIATIONS s ?.R3AY5E 03

250,000
245,000 . . . .

235.000 .
230,000 .
293,00,
270,000 .
215,00
218,000
209,000
200,000
193, nun
123,000
185,000
1ap,. 00N
72000
720,001
163,000
140,
155,
144, N0y
y45. a8y
180,000
135, map
130,000
179000

L}

x

zz

"

R oy
75,000

.

e deensonsanasteartastansasyosrasninsiattoeransassserevrssetsrionsaatirtetiicaseriarrIsEoTrotstrrnaunarans

40,000 .
5,000
R, 000
25,000
?3.0M0
15,000 ,
10,000 .
LU

9

i e e s s ag et ase s erac st ae e

‘

1958 1940 1942 [LLY] 1948 1¥44

W = WISTURICAL §'ATA OF TUTAL EMERGY COJSUMRTIHN IN MILLIUNS oF METHIG TOWS GOML EUUEYALENY
N = MUDEL DATA )

enessseuseuses LATIN ANEHICA & sssmeosascacen



KFGHESSTUN BITH ALPiIA=A CURSTANT easeencane I{ . 7
egion
B 799 g

WU, OF COEFEICIFNTS AND QuSERVATIONG 1 16

COAPUTED CUFEFICIFATS 1, he4ueE DA
DEPENUENT CALCHLATED UEVTAEION JAdLEPrchENT
1.68211F G0 1.A7A%nk U0 =1,44dn0F =01 1, 000e0E D1
1,420%45 0o 1, A20ynk 04 JHAQ G0 lonpdurk o
1.93540F 10 1, R ntnt Db IR T} 1on0tare 0t
1.491e02F 1l 1828000 (4 ERPRE R TP 0
1,620 4F no 1 MPnLAE U -7, uldykad] un Graph 2.7
1.705a8F A0 1,P20 ek UN “1,1%84k=11 0
1,79920F g 1L,EPRYAL 0N P K ETIYPN B Y 0t
1,annuelE ap VoR2ndse EPRLLRIUEE Ve un
1,974%08 b 1or2nyne b 1,929 18041 ut
Z.tAyHal oy 2. 144 :0%-11 " a0
F.umEASE MDD Zananedlaal i
ELELAETL PIEIRE w
PoDNAREE e 1.atbr 1. ut
ToAUAdnE op U, HARI2E-n2 Vonurant @t
1,87720E 00 1.82047 L b0 PRERIEES Tpnae gy
1.90058 a0 AP ] 7.300712F-02 1.eurone 10y
R nar oy S5 CHENR 35T HEAN DER
b5, 1%37-F-11) G 75vIRkab1 O.angaF na 5,799 ~01, 1.062626E A1
CLEFTILIENT OF OF IR i aTEON [S Hos2 = i nann THE STaNDARD bEVIATION [43 1,999%943r=nt

BesrancamesveReenadIsrennia

TusL CAlCOLATED DIFFereRCr
1,7he00k p1 1.2184n8 M =1,452103% un
1,060k 1M 2.05G3wak 01 “2, 42170 00
Fokn/n0E 224533k 01 =%,45702% g0
1.04n1E vl 2, XuA0NE 01 -4,47000: o0
2.28/00c 1 2,571 N =P AZVHNE yn
2,A2%90E M EFLLLI AT =t MZ13E (h
2.uavnne 0 2, vd34E G =4, 45401kE-01
07440k 01 A Au07skE 01 CPRIRIRTEN S
A espzuk 3. 30891E 11 P,d12%aL 0N
4,085 0k 111 A.6UP7AE 01 4,73744c Pn
4, anvynk 1 V,44601E 01 5,A4H75 85 DO
4. 59K10E 01 4,n22vAE 01 6.75144E va
4,a%4a40E 04 4,34744E 01 4,47%13c un

LASkENE B 4,820303E C1 1.,77067k 0N

L23vsnE 01 5,0 4%03E 01 t,10467c 1N
5.797ynkE Ut 5.56854E 01 ?,74340k B0

SUM OF SLUaKES OF DEVIATIUNS 3 §,72A28E 12

1f0. 000

O T TR LR T TR TR R R AR RN

ebasesdssvsvaestentaatierierTisbItotaT ISR AR YIRS tsenasereenieria
i . .
» .
. . . .
. . .

=
EX)

=

L] L]
" H

cesesPirernaneraantaeneey
H

20 e
16,00y
1h.0un
14,000
12,00
L ALLL
d.00y

FRLI

a.0mp

2.n0u

a,pnn

1951

T Re s e e s ae e s an e

1962 1964 1966 1954

1952 1954 1956 1958

H = HISTURICAL Data OF TuTal ENFHGY CORSUFPTION 1N MILLIUNS UF HETREIC 1CHS COAL EDUTYALFNT
M = HOUTL DATR

sesssensenveny HINULE EAST 7



REGRESSTON WITH ALPHASA CONSGTANT nesacessos B 800

Region 8
0. OF COEFFICIENTS AND NBSERVATIONS 1 16
COMPUTED CORPFICIENTS  6.58713k<01

DEPENBENT CALCULATED UFVIATLON INDEFFNDENT

ONTINE-DL 58701601  -1.67940F-01  1.00000E LA

S ae315E-01  6.58711E-01  -1.37996F-n1  1,00BU0E .00

S ERAZ4E-D1 ALSBTIIE=01  =1.M23k6E-01  1,00000L 00

5.HI155F=-01 A, hB7LIESO1 =7,55%555F~-n2 1.0p0N00 ON

SSaS7IE-01  6.S8711E-01  -2.41379F-DZ  1.000nue 00 Graph 2.8
6.82R43F=-D1 4,58711E=-D1 2.,41376F-02 1.00000E 0D

S UomADE-nL  6.58711E-D1  5.UA4Y6E=N2  1.0ANn0E 0D

7.3202%F-01 A.5871LE~01 7.34144F-02 1.0unne DO

S aeAREon1  A.ad711E-01  4.0R71yF=02 1 00UGE U0

[ PR ALTRIEET b AJBBTLIE-01 2.,UA%+3E-N2 1. pannk 00

ASHNNAF-N] A SHTL1E~D =3.674%4F=03 1,.A0NUDE A0

G 3atenfom 6.56711E-D1  2,10577F-A2  1.000N0E Q0

e.25312k-01 f.587116-0Y 1.%6011F-02 1.manune on

Clangapkonl  A.ed71lE-U)  3.70477F-n2  1,0000nk 00

S IoaesIE-n1 A.SR7IIE-Q1  9,50UAZE-02  1.00RM0E DD

7.84714F-01 &, 54711E-01 1.260Nn4F=-01 1,.q0000k 00

&5T = 55K + S5H CHeCK SST "EIN.DEP

1,00566F-01 t,0056hE-0Y D.00uNOF NQ 1.00586E-¢1 6,5A711E-01
COLEFIC1EN] OF DETEHMINATION 15 Res2 = 0,0000 THE STANDARD DEVIATION IS B.18B0470E-02

ACTUAL CALCULATED QIFFERENCE
&,43440E U0 A,A3570E U0 -?.70120€ 00
7.197uDk wn 9,.p1775E On -1,82075k o0
7,70100E Un Q,42615t 00 -1,46515E nO
R.724n0k 00 @ ,RH431E 0N ~1,13031E 00
Q034008 NA 1.02995E 01 3, F164AE-01
1.11440k Ut 1.07502E D1 3,03R44E-01
4.,70va0E Ul 1.32310E 01 A, 6h69HSE-O1
1.30%20 01 1.17444E 01 1.30719¢8 OO0
1.31450k 0t 1.72714E 01 R,73273E-01
1,32380E Ut 1.28317E 0V 4,06319%E-01
1,33310k Ut 1.34044E 01 -7,17590E-0?
1.40700t 01 1.3641¢t 01 4,36105E=-01
1.48560k 01 1,41425€ 01 3,13485E-01
1.,53v70c 01 1.46A27L 01 7.34342E-01
1,737260E 03 1.51240E 01 ?,720201€ on
1,R9430E 01 1,5%013E 01 I, n4174E 00

SuUM OF SUUAHES OF LEVIATIONS = 3,01659€ 01

R TR e L E T LR LR LR LA LA A vessaetarnevrranen

23.5m
23,009
22,509
22,000
21,500
21.000
20,340
PD.APY Messassnsccaraaresvionsens
19.500 .

19,000 .

18,500
14, Bu0
17.570
11.0m0
18,500
16,000
15,54y
19,000

abasnesusesseanssoretecessuardRrIRsaveratauIaTIerelte

.
.

seasravessasorrersasnanhe

L3 L]
L]

.
.
.
«n
.
.

cteascancevane

P T
L]

L L]
H
H

I Al D I R

3.0
2,500
2.0m0
1.500
1.n00
0.500
p.AnD L.

1950

1944 19606 1v6d

V“é'. 1954 1958 1958

H - HISTUHICAL DATA DF TUVA{ ENERLY CONSUMPTION 1k MILLIOGNS UF HETRIC TONS COAL EOUIVALENT
" = HOLEL DATA

N euseasanssesss HAIN AFRICA




o0, 000
25,000
240000
2xz.0rn
2,000
225.an0
270,00y
215,nra
10,00
2r5.na0
200,000
195,000
190,080
iPs. o0
1%1, 000
175,000
[7a.0nn
1A Pun
160,000

$45,0m0
14y, onan
133,000
sv.any
1?25.000
120.000

115000

o anrn
n

45,00y
40,0
as.ann
Ag.aon
25,000
20,000
1%, 000
1o.non

5,000

0.0

KEGRESSTUN WiTh ALPHAzA CONSTANT o

KO, DF LOEFFICTENTS AVD OLSERVATIONS 1 15
COnPLIED

NEPEAUENRT
9.05772F-n1
9.37n1nE-n}
9, 6RP GE-N1
9,4935K-01
1.02434E AN
1.0%dne QU
1.129au¥ v
1.205KF 80
1.24001F DO
1.7714vF U
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Graph 3 presents the elasticities using Approach C for each region
throughout the 1950-65 period against the GNP/capita of each region in 1958
(the midpoint of the period), There is again a clear relationship, with
the elasticities for the least developed regions approaching 2 (i.e., 2%
energy growth for each 1% GNP growth) and those in the most developed
regions around 1. The major exception to the pattern is China with an
elasticity of 2,66, It is interesting that the Soviet Union and Communist
Burope (Region 5) fit into the curve quite well, in contrast to Graph 1.

The logical explanation is that both Communist regions are more energy
intensive (as Graph 1 shows), but that the pattern is still in the

process of developing in China, while the energy intensiveness of Eastern
Europe is decreasing. The completion of much of the economic infrastructure
and hea&y industry in Region 5, along with the turn towards greater (albeit
limited) consumer production and services, is changing the energy/GNP relation-
ship, Using this elasticity computation, Graph 4 shows the fit of Model 5,
Approach C, predictions to the data, China remains the least certain,

This analysis clearly indicates the importance of major energy consump-
tion increases in the development process. Part of this is data error, as
unmeasured forms of energy, like animal labor and biological fuels, are
feplacéd by fossil energy. Much of the increased use is, however, economically
required. This bodes ill for Africa and Southeast Asia, particularly the
latter, where development of modern economies is in early stages and energy

supplies are short.
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3.5 Generic Demand Prediction Approaches

Although the models considered in the preceding section are of the
same form for all the regions they are also region specific in the sense
thet the values of the parameters are estimated separately for each of the
regions. Whether the parameters are constant or are functions of time,
they are not related to parameters in any other region. That essentially
means that the differences between the regions, with respect to the pattern
of energy consumption, will persist in the future regardless of level of
economic development. However, it might very well be hypothesized that the
pattern of energy consumption is determined to a significant degree by the
level of economic activity and the kind of technology associated with that
activity. If the progress in development of the less developed regions is
based on the transfer of technology from the developed world, there is no
reason to assume that the pattern of energy consumption will be that
different - allowing, of course, for local conditions and minor modifications
as a result of greater awareness of energy conservation importance. To
test the hypothesis that there exist such universal relationships which are
by and large région independent the parameters in the demand models have
to be endogenized, i.e., made dependent on other systems variables so that
the relationship changes with the progress in development rather than
purely with time. Specifically, we shall attempt to identify o and e as
functions of average economic output, i.e., GRP/capita.

We have directed our attention to Models 1 and 5 from Sec. 4 for the
reasons indicated in that section. The problem of developing generic energy

demand relation boils down to identifying the relationships o = o (GRP/POP)
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and € = £(GRP/POP), The difficulty is that they are surely non-linear.

First we have used the average coefficients for a and ¢ as computed
earlier. The values of the parameter o are plotted in Graph 5 against
GRP/POP. The problem of finding the generic o = o(GRP/POP) relationships
has three parts:

(i) Finding a curve for « which approximates reasonably well the trend
apparent in Graph 5.

(ii) Explaining the differences between o from the data and o as
computed by the generic relationships.

(iii) Accounting for apparent differences between the centrally
planned regions, i.e., 5 and 10, and others,

In reference to items (ii) and (iii) the parameter o is assumed to
have two components: ap dependent on economic relationships and Gp

dependent on political decision.
o = uE + uP

Both o and ap are considered functions of GRP/POP.
The economic component, ks has’ been estimated from the data for all
regions except 5 and 10, Two types of functions were used; exponential

and hyperbolic. The best fitting exponential function proved to be:

a=3% (1 o266 GRE/POP)
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No exponential function worked very satisfactorily, and a hyperbolic
equation proved a better fit,
6=3- yp5— uhereX = GNPEC * 1072
zX+1
That function can be seen in Graph 6.

The fit of this hyperbolic function based model to all 10 regions is
in Appendix A. We did not create such an analytic model for elasticity,
for reasons to be given below.

The hyperbolic function fits reasonably well, but not completely
satisfactorily. In particular, its initial slope is too low to capture
the extremely rapid increase in alpha of Africa and Southeast Asia as their
GNPs/capita increase, " The data camnnot easily be fitted with any analytical
function, Thus another approach to the specification of ap Was to use a
table function derived from Graph 1. Because there is a clear relationship
in the gréph between °og and GNP/capita, there is no difficulty in capturing
it in a table function. Appendix B includes graphs showing the fit of that
function to the historic data for all regions.

These curve fitting approaches leave the problem of explaining the
differences between o as computed by the generic relationship and the
initial empirical values of alpha. Either we can treat the differences as
noice or error, or we can treat them as regional functions which cause
slight shifts in the total function for each region. The latter approach
appears undesirable because in regions with high GNPs/capita the parameters
approach "steady state' values which are region independent. For example,
alphas from Model 1 appear to be asymptotically approaching the value of 3.0

as GRP/capita approaches $3000, Similarly, the elasticity factor averages
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.93 for all four regions with GNPs/capita above $600, and all four
regions are very close to that average.

Although the 'steady state" values of o and e might be regionally
independent it is still possible that initial values reflect regional
characteristics.

We thus also experimented with another type of generic relationship,
in which initial differences were treated as regional characteristics
rather than as data noise. These functions allow the alpha and the initial
empirical elasticity coefficients to change linearly as functions of
GNP/capita towards values of o = 3.0 at GNP/capita = $3000 and ¢ = .93

at GNP/capita = $700. The functions are shown in Tgble VII.
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TABLE VII

An Alternative Generic Approach

¢ = o ORP

n

Model 1: EC

(GRP,/POP, - GRP1/POP;)

where o ap * ( 3- aI) x

t (3000 - GRP;/POP.)

if GRP/POP > $3000; ay = 3.0

e, A GRP

Model 5: AEC t ¢, t+1

t,t+l
(GRP/POP,_ ~ GRP/POP|)

where €, = €1 - (eI - .93 ———
(700 - GRPI/POPI)

if GRPt/POPt > $700, e = .93

When these generic equations were used to predict energy demand, they
generally predicted quite similar demand levels, Yet there were always
differences, and these were extraordinarily great for China. Graphs 7 and 8 show
energy demand predictions for China using both alpha and elasticity approaches.
The reason for the major differences lies in the nature of the elasticity
model. It relates percentage changes in GNP to percentage changes in energy
consumption., This gives it the nature of an integrator because it always
builds on present values of energy consumption to predict future ones --

the alpha model uses only the present values of GRP. If the energy consumption/
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GRP ratio is initially large (as it is for both Eastern Europe and China)

and elasticity is éreater than 1.0 (for China it was 2.66), energy consumption
grows very rapidly. Bven a drop in elasticity towards .93 with increasing
GNP/capita does not bring the energy consumption/GNP ratio down to reasonable
levels. A procedure for correcting this fault of the elasticity approach

is implicit in the USSR data -~ elasticity must drop considerably faster and
perhaps even further fbr the commmist regions once industrialization and

the high energy cqnéunption/GRP ratio are reached. In other words, some
political factor would need to be added to this elasticity demand prediction
model,

Although it is possible to add such a factor, .as was done above for the
alpha model, the elasticity approach and the integrating computational
procedure makes correction more difficult. The alpha model avoids the
difficulty and recommends itself for our use., The following section will
use the alpha models laid out above for prediction of energy consumption
through 2025, . '

The predictions of the next section will rely upon both the parabolic
function and the table function approaches to the relationship between GNP/
capita and alpha. Although the table function approach best fits the data, it
will be interesting to compare results of the two approaches. Neither of
them is, of course, completely satisfactory, because there are some regionally
specific factors -involved in energy demand. This is suggested by Graph 5.
That graph suggests, in fact, that the final value of alpha may not be 3, and
there is no logical reason that there should be any final, stable value,
Instead, it appears that each region.may have very rapidly increasing alphas

as it industrializes, and then very gradually decreasing alphas in the post
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industrial era. Note that alphas were generally decreasing in the post W.W.II
period in North America, Western Eurcpe, and Japan, as well as in Eastern
Burope. This was also implicit in the elasticities of less than 1 for those
regions, Each region appears to trace a somewhat different pattern that
may be primarily dependent on the rate of industrialization and the regional
energy resource base. The faster the rate of industrialization, the greater
the increase in and peak of alpha, as both China and Eastern Europe show,
Those regions which reach a higher peak can also be expected to fall from the
peak faster, however, and post-war Eastern Europe bears this out. The
maximm value or peak of alpha and the point at which it is reached may also
be dependent on the regional energy base. Note that Western Europe and
Japan have slightly decreasing alphas at lower GNPs/capita than the U.S. --
they have had to import energy while North America and the Rest of the Developed
World regions were largely independent. The lesser population densities in
the last two regions may be still another factor in the different patterns,
as may be energy saving technology now available to all industrialized
regions regardless of GNPs/capita, but not earlier available,

Because of the good fit of the two generic models discussed above,
especially that of the table function, there is Iittle reason to try to
react to most of the divergencies between data and model. The one exception,
to which future thought and research ought to be directed is the apparent
decrease in aipha of most industriélized regions. The emergence of post
industrial societies with large service sectors demanding somewhat less

energy than industry may be the principal reason. If so, the decreases should
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not continue for long, because the size of the service sector should peak.

If there is to be a post-service economy, perhaps a leisure society, it could
be either more or less energy intensive. Energy demand predictions for the
less developed regions are little affected by these considerations, but
energy demand for the more developed regions will be, and further attention

to these issues is desireable.



B 827

%.6 Scenario Analysis and Assessment of Future Demands

Future energy demand cannot sinply be “predicted." Assumptions
about economic growth, population growth, energy conservation technology
and so on affect that demand. Instead of prediction, we can make "if-
then" statements about the future. The "if" is a. scenario which specifies
values of major economic and other parameters, while the "then" is likely
energy demand.

As an aid to scenario developmgnt in the context of the Mesarovic-
Pestel world model, Table VIII lists the parameters which a model user
should specify. The first. four, GI, GC, GX, and @M, determine investment,
consunption, export, and import needs in the economy of each region.

POPR is. the rate of population growth in the simplest population model --
for the purpose of demand projection, the more sophisticated population
models which specify size of various age groups need not be used.

The last three values in-that table set major parameters in the energy
prédiction model itself. The first, 61, determines the steady state value
of the energy consumption - GRP/capita relationship, i.e., the value of
alpha. This value approached 3.0 for the most developed regions but there
is no reason that it could not climb higher or decrease. The second parameter,
S9» specifies the efficiency of the energy conversion and transmission
system. The efficiency of U.S. energy system 1965 and in 1970 was about 50%.
One fairly standard projection is for this to decrease to 40% in 1985 because
of increasing nuclear electric production. The energy demand model is
theoretically sound only for user energy levels plus a constant proportion

of energy wasted in conversion and transmission. If the system efficiency
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valug increases, primary energy demand should be reduced accordingly, if
the value decreases, primary energy demand ;'Jredictions should be raised.

'I;he final variable in Table VIII sets a limit on the per capita use
of energy.

It has sometimes been argued that there are upper limits upon the
amount of energy which any person can actually use -~ at least in a society
with a specified technology. For instance, a Rand Corporation study
argued that the 10 kilowatt = . continuous power which constitutes the
present average energy consumption of Americans could be increased only
up to 15 kilowatt ¢ even with saturation of the American public with
all energy using devices. Even allowing for hypothetical introduction of
additional energy consuming technology,' a 20 kilowatt . continous power
consumption level seems an upper 1limit in the foreseeable future, Presumably,
world regions with higher population densities have even lower limits in the
foreseeable future, Although there will be no demand limit/capita in many
enérgy demand. scenarios, a model user might like to see the impact of
such limits.

Several scenarios have been examined with the energy. demand model.
These have not used the entire macro economic model of the M-P project,
but only a growth economic model. Thus rather than specifying GI, GC, GX, and
M, only an economic growth rate, YR, was set. A second simplfication was to

assume that no change in energy system efficiency occurs,
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The first two scemarios look at the impact on energy demand at two
different sets of economic growth rates. The first set, YR, corresponds
fairly closely to actual growth rates in 1970, although slightly on the
high side. The second set, YR2, posit more moderate growth for all
regions. The values for all scenario variables can be seen in Table IX.
The results of the projection through 2025 are in Appendix C. That
appendix contains all of the graphs for each region using both hyperbolic |
function and table function energy demand predictions and with both high
and moderate economic growth rates. It also contains the population and
economic projections which underly the demand model. The hyperbolic

function and table function approaches lead to highly similar results

for all regions except China; in fact, the results of the two approaches in

Appendix C are indistinguishable except for China. Hyperbolic projections
for China have no meaning because they do not include the impact of ap =°
the table function projections should be used for that country. Data are
presented as well as graphs throughout this report and in the appendixes.
colums of data counting from left to right, always correspond to the
synbols on the graphs.

Two additional scenarios posited 10 and 20 kilowatt = continuous

consumption/capita upper limits, with the lower economic growth rates.

The

The scenario values are shown in Table X. The table function generic demand

prediction approach was used in the computation of the projections in

Appendix D,
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A final scenario posits an increase in energy system efficiency over
time up to a maximum of 25% in 2025. This efficiency increase could be
of two types. First, it could represent better energy conversion and
transmission processes, i.,e., less loss between primary energy and energy
delivered to users. Second, it could represent increasing efficiency of
final use. For instance, better home insulation and smaller cars could
reduce final demand, This latter case is quite possible as energy prices
increase. Projections of energy demand with increased efficiency are also

portrayed in Appendix D, along with those of the two limited demand

scenarios.



Region

North America
Western Europe
Japan

Rest of Developed
Eastern Europe
South America
Middle East
Africa

Southeast Asia
China

Region
North America

WEstern Europe
Japan

Rest of Developed
Eastern Europe
South America
Middle East
Africa

Southeast Asia

China

Two Economic Growth Based Scenarios
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TABLE IX

Energy Demand Limit Scenarios

POPR

1.1%

1.0

.9
1.9

.8
2.4
3.1
2.7
2.3
2.1

R YR2
4,5% 3.5%
4.5 3.5
6.5 5.5
4.5 3.5
5.0 4.0
6.0 5.0
9.0 8.0
6.0 5.0
6.0 5.0
6.0 5.0
TABLE X

YR POPR
3.5% 1.1%
3.5 1.0
5.5 .9
3.5 1.9
4.0 .8
- 5.0 2.4
8.0 3.1
5.0 2.7
5.0 2.3

5.0 2.1

6
3.0
3.0
3.0

+ 3.0

3.0
3.0
3.0
3.0
3.0
3.0

8

3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0

10,20
10,20

10,20

10,20
10,20
10,20
10,20
10,20
10,20
10,20

none

none

none

none

none

none

none

none

none
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4. ENERGY SUPPLY
Survey

Section 4.1 presents the description of a simulation model
for detailed planning of a regional energy system from the primary
energy inputs to secondary energy distribution to the final user.
The model structure consists of a network of elementary alloCation,
collection, and conversion processes. 13 different primary and 7
secondary energy forms are considered. The model incorporates some
25 conversion processes. All presently conceivable energy forms and
conversion processes are included. Exports, imports, as well as
concentrated and distributed waste energies are accounted for.
Primary and secondary energy costs, capital investment in conversion
plants, and the number of plants, are computed. The flexibility of
the model allows the simulation of a wide variety of possible energy
supply systems. Results are presented in the form of tables and plots.

The simulation model has been applied to compute nuclear and
non-nuclear energy scenarios for the United States and Western Europe,
as well as oil and hydrogen production scenarios for the Middle East
from 1970 to 2025. These results are reported in Sec. 4.2.

Sec. 4.3 presents a discussion of scenario evaluation, with
an application to the results of Sec. 4.2.

A simplified, highly aggregated model of the energy supply system
derived from the full simulation model, is given in Sec. 4.4. This

model can be used for exploratory study and interactive applications.
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4.1 A Simulation Model of the Energy Conversion and Distribution

System

Introdugtion

From extraction or collection of primary energy, through different
conversion processes, and finally to distribution to end users, the
energy system of all but the most primitive societies represents a
complex interwoven net of allocation, collection, and conversion
processes. The net contains allocations and reallocations of energies
in different forms to different receivers, conversions of one form of
energy to other forms, efficiencies of conversion, and energy losses
to unrecoverable heat.

The energy system of a given society has grown to what it is
today by (1) the nature and availability of natural supplies;(2) the
technologies of conversion which have evolved in the course of time;
(3) user demand, This process has been iterative and adaptiVe, and has
until recently worked reasonably well to keep up with the demand of
energy in its various forms. Given unlimited primary energy supplies
and/or an omnipotent technology, and unlimited investment capital,
the System could, in theory, adjust to dny demand rapidly.

In the past, both the actual demand and its rate of growth have
been relatively small, supplies have been plentiful, technology has
been very innovative at moderate cost, investments in the energy sys-
tem have been a small fraction af the gross natiomal product. As a
result, the system has been able to adjust satisfactorily to changes

in demand. The situation has changed in the past few years.
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Today, we are faced both with a demand and a rate of demand
growth which have become substantial. At the same time supplies of
primary energy dwindle, energy technology has become stagnant and
costly, and requires long lead times,and necessary investments in
the energy system constitute a significant fraction of the gross
national product. A merely adaptive, response-to-the-market control
of the energy sector is no longer possible and may lead to crisis.
Anticipative adaptive control with a feed-forward time constant
measured in decades, not months, becomes necessary. The structural
complexities of the energy system and its inherent dynamics almost
preclude the possibility of reaching good or even satisfactory
policy decisions in the traditional way - by exercising crude mental
models behind desks or in smoke-filled committee meetings.

Computer simulation offers a fast and inexpensive way to try
out policies, to learn from mistakes at the mere cost of computer
time and wasted paper, to develop satisfactory policy mixes which
have some assurance of achieving the desired effect, and to keep
ahead of developments by updating the simulation continuously,
projetting likely resulting developments and making the required
policy changes. Obviously, this requires a good model to begin with 1.

In the present paper we describe a tool for the long-range
planning of the energy supply system of a commmity, state, country,

or multicountry region by using simulation on the computer. The model

1 A collection of energy models is found in: Milton Searle, Energy

Modeling, Resources for the Future, Washington, Dec. 1973. The mo-
Jeling approach of the present section is very similar to that in:
Reference Energy Systems and Resource Data for Use in the Assessments
of Energy Technologies, Associated Universities, inc., Upton, New York
1873, an§ in:W.E.Winsche, K.C.Hoffman, F.J.Salzano, 'Hydrogen:Its Fu-
ture Role in the Nation's Energy Economy', Science, 29 June 1973, Vol.
180, No. 4093, p. 1325 - 1332.
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mcludes all conceivable sources of primary energy (from biomatter
to an unspecified hypothetical future source). It ties these sources
to respective specific conversion processes by a detailed allocation
scheme.After a first conversion, somé of the converted energy under-
goes a second conversion by another set of specific conversion
processes. Energy is then collected as secondary emergy in various
forms and allocated to various users, All wastes are accounted for
and recorded.

The model comsists of a complex structure made up of very few
elementary processes:

(1) elementary allocation processes

(2) elementary collection (addition) processes

(3) elementary conversion processes.
The program provides merely a framework. The energy flow through the
system is exlusively controlled by the parameters provided by the
user. In particular, the user must supply (1) all allocation fractions
(0.0 to 1.0) in the different branches of the program, and (2) all
efficiencies of conversion processes. This allows a complete tayloring
af the simulation to any specific setting, whether rural village or
multinational developed region, and the introduttion of specific tech-
nologies and uses. It is thus the user who sets all the valves of the
energy supply planning model himself; nothing, except all physically

possible structural connections of the flow net, has been preprogrammed.
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Overall Structure

The model traces interconnected flows of energy from primary
energy inputs through conversion processes (with their inherent losses
of useful energy) to distribution and allocation to the ultimate user.
The elementary steps in this energy flow net are:

(1) Distribution of energy flows from a particular energy

source to different energy receivers (''allocation').

(2) Summation of energy flows from different sources
("'collection™).

(3) Conversion of energy from one form to several others (useful
energy plus rejected heat;some heat may be recovered).

The model breaks down into several submodels which are traversed
in sequence in the course of the calculations for a given simulated
year (Fig. 4.1).

(1) Distribution of primary energy inputs.

(2) Allocation of primary energy inputs to primary conversion

processes or direct use.

(3) A sequence of one or several conversion processes to convert
primary energy to the secondary energy forms used in the
user sector.

(4) Distribution and transmission (here incorperated into the
conversion sector).

(5) Allocation of secondary or primary energy inputs to the
different users in the user sector.

These submodels are shown in Figs, 4.2 - 4.7 (to aid in understanding

these diagramms, a list of symbols is found in Appendix 4 A).
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Approach

The model has been designed from the outset as a planning tool
for the policy maker. In its present noninteractive version, it requires
simple input in the form of data cards.

The program operates sequentially. For a given year it computes
from the primary energy inputs and the allocation fractions the inputs
to the various conversion processes. Using the prescribed efficiencies,
the waste energy and the useful energy are computed for each conversion
process. Identical emergy forms from different conversion and trans-
mission processes are then combined and allocated to the different
users. New allocation fractions and efficiencies for a mext point in

time are supplied externally by time-series representing scenarios.

Key Features of the Model

The usefulness of any model and its range of applicability are
determined by the variables and parameters included. In order to insure
applicability to as wide a range of conceivable energy supply systens
as possible, especially those of developing countries on one hand, or
those of future decades on the other, we have included a wide range of
possible primary and secondary energy forms and conversion processes.

The primary energy forms presently included are:

- an unspecified hypothetical future energy source EFUT

- solar energy ESOL
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- geothermal energy EGEO

- fusion energy EFUS

- nuclear energy ENUC

- hydrodynamic energy BEHYD

- imported electrical energy EIEL

- energy in wood, wastes, and biomatter of different origin EBIO

- energy in oil shale and tar sands ETSL

- natural gas (domestic and imported) EGS

- imported liquid fuel EILF

- petroleun (domestic and imported) EOL

- coal (domestic and imported) ECL

A part of these primary energies (such as certain percentages of

coal, liquid fuel, and gas) are distributed to domestic or foreign
users without further conversion (exports before conversion:EXBCV).
The remainder undergoes conversion processes. We have included the
following processes:

- conversion of the hypothetical energy EFUT to electrical
energy (conversion efficiency CFUT).

- conversion of solar energy to heat in central plants (for
smelting, district heating, district air conditioning,
refrigeration, etc.) (CSOHT)

- conversion of solar energy to electricity in central solar
‘farms' (CESOL)

- decentralized conversion of solar energy by residential and

commercial users for water and space heating, refrigeration,
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air conditioning, electric power generation, etc.
conversion of geothermal energy to heat in central plants
(for the same purpose as above) (CGEHT)

conversion of geothermal energy to electricity in central
plants (CGEO)

conversion of fusion energy to electricity (CEFUS)
conversion of fission energy to electricity (CENUC)
conversion of fission energy to process heat (CNUHT)
conversion of hydrodynamic energy to electricity (CEHYD)
conversion of energy in wood, wastes, biomatter (EBIO) to
heat in central plants (CHTCB)

conversion of EBIO to electricity in large plants (CECBS or CECBA)
conversion of EBIO to liquid or gaseous fuels (by pyrolysis,
destructive distillation, ets.) (waste fraction: FBIW)
conversion of energy in oil shale and tar sands ETSL to
liquid and gaseous fuels (waste fraction:FTSW)

refining of o0il to liquid and gaseous fuels (waste fraction:
FOLW)

conversion of gaseous, liquid, and solid fuels to non-fuel
use (fractions FCLCH, FGSCH, FLFCH)

conversion of energy in gaseous, liquid fuels to electrical
energy in fuel cells (CEFCL)

conversion of energy in gaseous, liquid, or solid fuels to
heat of combustion for electric power generation (in CECBS,

CECBA)
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conversion of energy in gaseous, liquid, or solid fuels to
heat of combustion for central heat purpose (CHTCB)
conversion of heat of combustion to electricity by standard
processes (steam power plant with an efficiency of approx.

35 percent) (CECBS)

conversion of heat of combustion to electricity by advanced
processes (such as magnetohydrodynamic (MHD) power generationm;
topping cycles, etc.) (CECBA)

conversion of (collection of) rejected heat from electricity
generating processes to useful heat for central heat plants
(CHTRC)

conversion of coal to liquid and gaseous fuels (waste fraction:
FCLW)

generation of hydrogen by using electrical energy (CELH2)

generation of hydrogen by heat processes (CHTH2)

Some of these processes (gasification, liquefaction, refining)

require an external source of energy to run the process, while the energy

content of the energy flow passing through the conversion process may

not be significantly affected. Such process energies are here accounted

for in the industrial sector. Similarly, the transmission losses of

pipelines, or of fuel transportation by ships and vehicles, are accounted

for in the transportation sector, as the energy content reaching the

consumer in not changed. Transmission losses for electricity and heat

are explicitly accounted for, as only part of the energy entering the
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transmission line reaches the consumer. Storage losses, such as incurred
in the temporary storage of heat in underground aquifers, should be
included in the transmission losses.
The model allows for possible export of processed gaseous and
liquid fuels and of electricity following the conversion sector.
Energy leaves the conversion and transmission sector (resp. is
transmitted directly from the primary source) in one of the following
forms:
- waste heat (except for transmission losses, this waste heat
occurs at point sources and may pose environmental problems)
EWTOT
- electricity EELUT
- central heat EHTUT
- solid fuel ESFUS
- gaseous fuel EGSTU
- liquid fuel ELFUS
- decentralized solar heat ESOUS
- nonfuel (for production of petrochemicals, fertilizer, plastics
etc.) ECHUS
- exports of energy after conversion EXACV
In the user sector, the incoming energies in their various forms
(excluding waste heat, nonfuels, and exports) are allocated to either
the residential/commercial sector, to the industrial sector, or to the
transportation sector. In this approach, we have followed the standard

pattern of energy statistics. Eventually it might be advisable to
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develop a somewhat more detailed model which distinguished between
residential and commercial uses, between different kind of industry,
and between individual and mass and freight transportation.

The aggregation used requires the assignment of an overall
efficiency to each of the three sectors to determine useful energy
and wastes. We have used the estimates of two sourc:es2 although
these efficiencies can only be meaningfully determined in the trans-
portation sector and are meaningless where heating processes are
involved (as in the residential/commercial and industrial sectors).
However, these efficiencies obviously play no role as far as the
energy supply problem (treated here) is concerned. The question of
how much energy demand can be reduced by improving user efficiencies
would have to be answered by including efficiencies and saturation

estimates for individual energy-consuming devices.

Computer Program
The essential part of the simulation program ESP (Energy Supply

Planning) is listed in Appendix 4 B. It follows the diagrams of Fig.

4.1 and Figs. 4.2 to 4,7 from left to right. Quantities beginning with

the letter F are allocation parameters. All quantities beginning with

a C are conversion efficiencies. (A full listing with explanations of

all parameters is given in Appendix 4 A.) The parameters F in paren-

n-1
theses are computed by the program by Fn =1-3> Fi’
1i=1

2

Joint Conmittee on Atomic Energy, 'Certain Background Information for

Consideration When Evaluating the 'National Energy Dilemma''',
(Washington: U.S. Government Printing Office, 1973), Stock No. 5270-
01801; Scientific American, Energy and Power (San Francisco: W. H.
Freeman and Co., 1971).
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All energy flows start with the letter E. Generally the energy
flows leaving a branch carry the same name as the respective allocation
parameters except for a change of the initial letter from F to E.
Energy flows are computed by multiplying the input energy flow by the
applicable allocation parameters. Thus, as an example, the energy in
liquid fuel produced by coal liquefaction (Fig. 4.3} is

ECLLE = ECL % FCLGL * FCLLF
Energy flows from a conversion process are computed by multiplying
incoming energy flow by the efficiency of the process; for example
the electrical energy generated from fuel combustion, steam generation,
and subsequent expansion in steam turbines driving electric gemerators
is given by

ELCBS = ECBS # CECBS
This process generates an energy flow in rejected heat corresponding
to ECBS & (1. - CECBS). Some of this heat may in fact be recovered
for useful purposes:

HICBS = ECBS # (1.-CBCS) * CRCBS

The remainder goes to waste:

WCBS = ECBS # (1.-CECBS) # (1.-CRCBS)

The program can use any desired unit of energy flow (i.e. toms of
coal equivalent per year (tce/yr), barrels per day of oil equivalent (BDOE),
British thermal units per year (Btu/yr), megawatts (MW), kilocalories
per hour (kcal/h) etc.). Once the original input has been made in a
given unit, all energy flows are subsequently computed and printed for

the same unit.
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The parameter and variable names are mnemonic and should be under-
standable with the help of Figs. 4.2 - 4.7 and the listings of the
parameters in Appendix 4 A. Some of the abbreviations used are: FUT
(future hypothetical source), SO or SOL (solar}, GEO or GE (geothermal),
FUS (fusion), NUC or NU (nuclear), HYD (hydropower), BIO or BI (wood,
wastes, biomatter), I or IM (imports), E or EX (exports), TSL (tar sands
or oil shale), GS (gas), OL (eil), LF (liquid fuel), CL (coal), SF (solid
fuel), U or US (going to decentralized users), CH (nonfuel use, chemicals),
W (waste), H or HT (heat), P or PR (electric power stations), SY (synthetic
or refined), FC or FCL (fuel cell), H2 (hydrogen), TRA (transmission), E or
EL (electricity), CB (combusion), RC (residential and commercial), IN
(industrial), TR (transportation).

Estimates of capital investment are obtained by applying a cost of
x dollars per kiWe (or equivalent energy flow unit) of installed capacity
to any conversion process (including gasification , liquefaction, thermal
powerplants, dams, etc.). A rough estimate for the mumber of required
plants follows by assuming an average size of 1000 Mie and an average

utilization of 75 percent.
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Use of the ESP simulation model

The ESP simulation model traces physically possible energy flows
in a complex network. The program does not contain any fixed parameters.
The individual flows in each of the branches of the network representing
the energy system of a given economy must be controlled externally by
proper setting of respective parameters. Moreover, many of these para-
meters will change with time, and must therefore be supplied as time-
series. The running of a simulation therefore requires the careful
preparation of "scenarios" prescribing each of the parameters over the
time period in question (here 1970 to 2025) .The preparation of the
scenarios is somewhat simplified by the fact that many parameters are
(approximate) constants and do not change from simulation to simulation
{i.e. conversion efficiencies), and that other parameter time-series
can be used unaltered for several simulations (e.g. a given nuclear
energy scenario).

The input data deck consists of 109 cards specifiying time-series
for 99 parameters, some 23 parameters which remain constant during the
computations, and five labels for the printout of results. The time-
series are limited to 12 datapoints per parameter, corresponding to
5 (10) year time increments for a computation period of 55 (110) years.
Each time-series fits on one data card per format 12F6.2. Data cards are
mumbered to facilitate exchange of individual time series. The preparation

of scenario input is simplified by a special set of keypunch forms.
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The input data are grouped in the following order:
- region label
- scenario label
- units of energy and cost (generally 109 metric tons of coal
equivalent per year and US dollars)
- mmber of data years (present scenarios: 12)
- data yearts (presently:1970, 1975, 1980, ..., 2025)
- net primary energy inputs (13 time-series)
- energy import and export before conversion (11 time-series)
- energy allocation fractions before conversion (33 time-series)
- energy distribution fractions to users (12 time-series)
- conversion efficiencies (24 time-series)
_ user sector efficiencies (5 time-series)
- primary energy prices
- capital investment cost
- secondary emergy prices to users
- region label (for plots)

_ gcenario label (for plots)

Corresponding to these inputs, the scenarios which can be
jnvestigated have the following aspects:
- primary energy inputs
- import/export
- technological
- distribution
- prices and costs.
Generally several of these aspects will have to be considered at the

same time.
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Input scenarios are prepared in a sequence of steps:

(1) General agreement on the aspects to be investigated.

(2) Qualitative outline of the affected time-series.

(3) Generation of the necessary numerical time-series , using
statistical data, general considerations, consistency and feasibility
checks.

(4) Coordination of related time-series (e.g. secondary energy
generation and use, imports and need, etc.).

(5) Preparation of key-punch forms.

Once a scenario has been run, the results from the simulation will usually
suggest changes in the input data. Changes are made in the input data

until the simulation results have produced the required information.

Outplgt
The program provides 17 pages of output in the form of tables and

plots. On the first four pages the input scenario is reproduced; the re-
maining 13 pages present the results of the simulation in time-steps of
one year for the full period of the simulation.

p-_ 1:

Region and scenario labels; units

Net primary inputs into region

Imports, exports and field use contributing to net inputs

.28
Energy allocation fractions before conversion

.3
Energy distribution to users
Conversion efficiencies

. 4:
User efficiencies

Primary energy prices
Capital investment cost
Secondary energy cost to user
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p-__ 5:
Net primary input enmergies (individual energies and total)

. 68
Primary energy inputs(amounts and costs) by groups (coal and lignite;
gas and liquid energies; "ecological energies' (imported electricity,
biomatter, hydro, geothermal, solar); fission and fusion; total)

p. 7:
Plot of energy input amounts (same groups as p. 6)

. 8
Plot of energy input costs (same groups as p. 6)

p. 9
Tmports and exports of primary and secondary energies (individual
energy amounts)

p. 10:
Import and export total amounts and total costs

p. 1i:
Plot of import and export total amounts and total costs

.12
Namber of 1000 MWe energy comversion plants and corresponding capital
investment (annual increment and cumulative)

p. 13:
Plot of number of 1000 MWe energy conversion plants and corresponding
cumulative capital investment

. 14
Secondary energies to user sector: total amount and total cost, and
breakdown by enmergy kind and user sector

. 15:
Plot of secondary energies to user sector by energy kind (electrical,
heat, solid fuel, gaseous fuels, liquid fuels)

. 16:
Plot of secondary energies to user sector by user sector (residential/
commercial, industrial, transportation, total amount and total cost)

. 17:
Overall efficiency of enmergy conversion and distribution and
concentrated waste heat
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4.2 Energy System Simulations

Objectives of the simulations

We report here on simulations undertaken for the enmergy systems
of the United States, Western Europe, and the Middle East. These results
are of an exploratory nature; 'they should not be construed as definitive
and authoritative studies. In some of them, we have purposely focussed
on extreme scenarios in order to demonstrate the latitude of the model,
or to show the (positive or negative) consequences of some proposed
solutions. In particular, we wish to make clear that we are not advo-
cating any of the scemarios we have investigated. All of them have
serious drawbacks. Better solutions would have to be found through the
study of many more scenarios. The few results presented here should be
taken as "food for thought' - steps in a lengthy iterative process at
finding satisfactory long-range solutions for the energy system of a
given region by using a reasonably comprehensive model to aid in the
decision-making process.

The model was validated using 1970 data for the energy system
of the United Statesl. The results of the simulation agreed within a
few percent with those of the energy breakdown given in Ref. 1.
Several different runs, some of them using quite unrealistic assumptions,
were made for the United States energy system, and to study the general

plausibility of the results.

L Joint Committee on Atomic Energy, 93rd Congress, Ist Session:
Certain Background Information for Consideration when Evaluating
the "National Energy Dilemma'. U.S. Government Printing Office,
Washington, D.C., 1973. Stock No. 5270 - 01801.
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Only some of the scenarios studied will be presented and

discussed here, in particular:

United States:

(1) A standard energy scenario (JCAE7) of the Joint Committee
on Atomic Energy. The JCAE scenario is specified to the year 2000,
taking into account the depletion of oil and gas reserves (details
below). The scenario assumes a substantial role of nuclear energy and
an increasing role for coal.

(2) A non-nuclear energy alternative scenario supplying approxi-
mately the same amount of secondary energies to users as the JCAE-

scenario, and making extensive use of advanced energy technologies.

Western Europe:

(1) A standard energy scenario for Western Europe.2
This scenario assumes an increasing role for nuclear energy, and initial
continued availability of oil and gas, modified later by supply limitations.
(2) A non-nuclear alternative scenario which assumes gradual conver-
sions of the Western European economy to synthetic liquid and gaseous fuels
from coal. Fuel imports are discontinued by 2000. No new nuclear facilities

are put into operation, existing ones produce until 1985.

2 See, for example, H. Mandel, "Strukturen der nuklearen Stromerzeugung

in den 70er und 80er Jahren'. Atomwirtschaft, January 1973, p. 18-24.
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Rejected heat from power stations is partially used.The liquid fuel
produced supplies mainly the transportation sector after 2000. The
primary energy input is held at the § kw/cap level. Service equivalent
to the present 10 kw/cap level would result if 50 % overall savings

in user -efficiency could be introduced.

Middle East:
(1) The scenario assumes a gradual build-up of hydrogen production
using solar energy. Hydrogen exports from the region replace and surpass

0il and gas exports after the year 2000.

A note of caution

The scenaricsdescribed on the following pages are not predictions.
Correspondingly, neither do the simulations have any predictive charac-
ter. The scenario inputs are merely assumptions, although we have tried
to use consistent and plausible sets of input data. The purpose of
considering a wide spectrum of scenarios, some of them extreme, has
been to explore a mmber of possible developments of the energy system
and their consequences. It would take considerable and coordinated

control efforts to realize most of the scenarios we have investigated.

Fixed scenario inputs

In reality all parameter inputs to the energy system change with
time: prices and investment costs change, new technological processes
appear, efficiencies improve (or, in the case of consumer products,
decrease), consumption patterns change. These inputs should therefore

be represented by time-series describing likely developments.



B 862

The ESP simulation model requires the specification of some
122 parameters, of which 99 are to be represented by time-series.
While this provides great flexibility for scenario studies, some
simplifying assumptions had to be introduced for the exploratory
simulations which are the subject of this report. In particular,
we have assumed (with a few exceptions)

- fixed conversion efficiencies

- fixed efficiencies of energy end use

- fixed primary energy cost

_ fixed secondary energy cost

- fixed capital investment costs.
These assumptions require some justification.

Efficiencies: Engineering science has traditionally placed
great emphasis on the efficiencies of energy conversion and trams-
portation processes. As a result, the efficiencies of tried and proven
processes have gradually approached plateaus which are only somewhat
lower than theoretically possible efficiencies (e.g. Carnot cycle
efficiency, efficiency of conversion of electrical or hydrodynamic
energy into mechanical, etc.). Improvements have been minor in recent
decades. Exceptions are those cases where different processes are in-
troduced (MHD, topping cycles, supraconductors, fuel cells, etc.).
Under these circumstances we feel justified in assuming fixed conversion
and transportation efficiencies for the scenarios. For processes currently
in widespread use we have used current average efficiencies {see the

briefs on the different processes for details).
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For new processes not yet introduced on a larger scale, we have
generally kept to the conservative side of efficiency estimates
found in the literature (see again the corresponding briefs).

The efficiency of energy use in the end user sector is an
entirely different matter. Very significant improvements in the
efficiency of energy use can here still be had on two levels: by
increasing the efficiencies of the energy using processes or devices
directly, and by "cascading" energy using processes in such a manner
that the rejected energy from one process becomes the input energy
for the next.3 The latter aspect requires a departure from the
optimization of individual units or processes (which usually repre-
sents suboptimization for the total system) to an optimization of
integrated and usually complex energy systems (residential energy
systems, integrated industrial processes). We are only beginning to
think about such aspects of user energy systems.

The former aspect is more straightforward. Improvements in the
efficiencies of many important devices or processes are easily possible
technologically, and corresponding energy savings can be very significant.
Thus energy use for space heating could be reduced by a factor of four
through better insulation and the use of heat pumps; energy use in
individual transportation could be reduced by at least a factor of two
for the same transportation performance by going to smaller cars with

more efficient engines (especially in the United States); energy use in

5 see, for example: Eugene G. Kovach (ed), Technology of Efficient
Energy Utilization. Scientific Affairs Division, North Atlantic
Treaty Organization, Brussels, 1973.
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industry could be reduced significantly by switching to less energy-
intensive processes and materials (examples: energy need of lumber
production is 4 megajoules/kg, of aluminum production 60 - 270 mega-
joules/kg4) and by restricting the production of throw-away products.

In the present ESP simulation model the efficiencies of energy
use in the different user sectors are only of indirect interest. They
have no effect on the results of the computations. No weight should
therefore be attached to the user efficiencies listed below; they have
been taken from the literature5 but appear far too optimistic. The
energy reaching the user sector is supposed to correspond to consumption
need;it is here a function of the assumed primary energy supply scenario.
In a future version of the model, one could introduce service needs as

the driving force, and compute primary energy requirements from

service need

econdary energy need = —— =i ooy
s Ty gy energy use efficiency

secondary energy need
energy conversion efficiency

primary energy need

Assumed efficiencies of conversion processes

The efficiencies used in the simulations are assumed to Trepresent
average values for large- scale applications. More complete information
on the different processes and their efficiencies is found in the
respective briefs. Listed below are only the efficiencies of processes

actually activated in the simulations. In the alternative 'A! scenarios

4 Kovach, op.cit., p. 56

> JCAE report, op.cit., and Scientific American, Energy and Power,
W. H. Freeman, San Francisco, 1971.
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time-series were assumed for an increasing use of rejected heat from
electricity generating processes. Only a qualitative description of these
time-series is given below; the full numerical sequences are

listed in the scenario printouts appended to this report.

- solar energy to electricity; 15 % efficiency (CESOL)
Middle East scenario:20 %

- geothermal energy to electricity: 35 % (CEGEO)

- Ppercentage of rejected heat from this process recovered for
use in a cascaded process: 0 %; resp. for 'A' scenarios:
0 % until 1985, 5 % in 1985, increasing linearly to 45 % in
2025 (CRGEO)

- nuclear energy (thermal) to electrical: 30 % (CENUC )

- percentage of rejected heat from this process recovered for
use in a cascaded process: 0 % resp. for 'A' scenarios:
0 % until 1985, 5 % in 1985, increasing to 60 % in 2025. (CRNUC)

- Hydrodynamic energy to electrical: 90 % (CEHYD)

- transmission of electricity over large distances: 90 % (CETRA)

- combustion heat 0 electricity in large powerplants by present
standard processes: 35 % (CECBS)

- percentage of rejected heat from this process recovered for use
in a cascaded process: 0 %; resp. for 'A' scenarios:
0 % until 1990, 5 % in 1990, increasing to 25 % in 2025 (CRCBS).

- combustion heat to electricity in large powerplants by advanced
processes (topping cycles, MID): 55 % (CECBA)

- Dpercentage of rejected heat from this process recovered for use
in a cascaded process: 0 %; resp. for 'A' scenarios:
0 % until 1990, 10 % in 1990, increasing to 35 % in 2025 (CRCBA).
- fuel energy to electricity in fuel cells: 65 % (CEFCL)
- solar energy to central process heat: 20 % (CSOHT)
- fuel energy to heat of combustion in large plants: 90 % (CHICB)

- heat recovery from rejected heat (from electricity generation
processes): 90 % (CHTRC)

- electrical energy to chemical energy (hydrogen) by electrolysis:
70 % (CELH2)

- heat energy to chemical energy (hydrogen) by heat process:60 % (CHIH2)
- heat transmission over intermediate distances: 80 % (CHTUT)

- nuclear (thermal) energy to process heat: 90 % (CNUHT)
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Costs

In contrast to the relatively stable and predictable values for
efficiencies, energy prices (and to a lesser degree, capital invest-
ment requirements for conversion plants) may fluctuate wildly as a
result of economic or political developments. In view of recent
experiences attempts at price predictions to 2025 seem absurd. We
have therefore run all scenarios with identical and constant primary
and secondary energy prices and capital investment costs. The results
may be interpreted as representing constant 1974 wminflated U.S. dol-
lars and fixed price ratios between competing energies. Variable price
scenarios can be studied after a slight modification of the input
format of the ESP simulation model. However, even the fixed-price
scenarios reported here can be used to study the results of various
price shifts by simply multiplying the computed costs by appropriate
factors.

The prices and costs stated below were used in all simulation
runs. The amounts represent average 1974 data. They are justified on
separate briefs.

Primary energy prices: (tce - ton coal equivalent)

- solar energy: no cost (PESOL)

- geothermal energy:$ 3/tce (PEGEO)

- nuclear fuel (thermal equivalent): $ 8/tce (PENUC)
- hydrodynamic energy; no cost (PEHYD)

- imported electricity: $ 95/tce (PEIEL)

- wood, wastes, biomatter: § 50/tce (PEBIO)

- oil shale and tar sands: § 20/tce (PETSL})
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- crude oil: § 40/tce (PEOL)
- imported liquid:‘fuel:$ 55/tce (PEILF)

- gas (natural or synthetic, incl. HZ): $ 60/tce (PEGS)

Secondary energy prices:

- electricity: $300/tce(PREL)

- central (process) heat: $60/tce (PRHT)

- coal and other solid fuel: $ 35/tce (PRSF)

- gas (natural or synthetic, incl. HZ): $ 100/tce (PRGS)

- liquid fuel: § 80/tce (PRLF)

- solar energy: no cost (PRSO)

Capital investment per installed kilowatt (effective output) of
conversion plant capacity:

- gasification and liquefaction plants,refineries, shale oil plants:
$ 80/kWe (PIEGL)

- electric power plants, all kinds: § 350/kWe (PIEET)
- central (process) heat plants: § 70/kWe (PIEHT)

- hydrogen generation from electricity or heat: $ 80/kWe (PIEH2)
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Energy Scenarios for the United States

Two different energy input scenarios will be discussed for the
United States. The first (‘'standard scenario) corresponds to the
scenario of the Joint Commitee on Atomic Energy (JCAE ""Option
Exercise 7-A" 3-73) to the year 20006. This scenario assumes a
steeply increasing role for nuclear energy. It has been extended
to the year 2025 in a mamner consistent with the trends of the
original scenario and the likely resource availability (Fig. 4.8).

In the second ("alternative' scenario) the primary energy input
is restricted to the (present) 10 kW per capita level. (If a proper
increase in the user efficiencies were eventually introduced, this
could still correspond to a 20 KW/cap. energy service equivalent!).
The primary enmergy imput is provided by a strong and increasing share
of coal, by o0il (including that derived from oil shale and tar sands),
by biomatter, and to a lesser degree by solar and geothermal energy.

The total primary energy demand curves for the two cases are
given in Fig. 4.9. It is of some interest to mote here that both
supply comparable amounts of secondary energy to the user.

The input parameter time-series are 1isted in the scenario
printout reproduced in the data appendix; the major assumptions will

now be discussed briefly for each of the scenarios.

6 JCAE report, op. cit.
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These time-dependent scenario inputs are

- the individual and total primary energy inputs

- primary energy imports and exports

- energy allocations to the different conversion processes

- energy distribution to users
As stated earlier, conversion efficiencies, user efficiencies, the
prices of primary and secondary energies, and the capital investment

costs of energy conversion plants are held constant.

JCAE ("standard') scenario

Primary energy inputs

The total primary energy input of the JCAE scenario is similar

to the demand predicted by the EDP model (chapter 3) for an average
3.5 % growth of gross national product (Fig. 4.9). It is considerably
below that predicted by Felix 7, especially in the last decades of
this century and beyond. Total primary energy input increases from
2.46 billion tons of coal equivalent (Gtce) in 1970 to 6.09 Gtce in
2000 and 9.93 Gtce in 2025. In the later part of the scenario period,
nuclear energy and coal account for the major portions of this energy.
The breakdown of individual primary energies:

Solar energy begins to provide a substantial input around 1990

( .05 Gtce). This increases slowly to .12 Gtce in 2000 and .27 Gtce

7 Fremont Felix, ''The Future of Energy Supply: The Long Haul".
Paper prepared for Tokyo Conference of the Atlantic Institute of
International Affairs, October 1973



B 872

in 2025. Geothermal energy remains on the same scale, but starts
somewhat earlier (.07 in 1985, .2 in 2000, .28 in 2025). Fusion
energy, if it becomes operational, is accounted for under nuclear
energy. Nuclear energy enjoys spectacular growth; providing
approximately two-thirds of the primary energy imput by 2025

(.02 in 1975, 1.9 in 2000, 6.3 in 2025). Hydro energy is built
up to the maximum feasible until the turn of the century (.04 in

1975, .17 in 2000, .18 in 2025). No imports of electrical energy

or use of biomatter as an energy source is considered. The

exploitation of oil shale and tar sands is begun around 1985. It

increases to a point where the extent of (surface) mining operations
reaches the same order of magnitude as coal mining operations
(shale and tar oil: .08 in 1990, .2 in 2000, .4 in 2025).

The input of oil increases jnitially, but then declines with
the exhaustion of supplies of recoverable lower '48 oil, Alaska
o0il, and imported oil (total oil input: 1.12 in 1970, 1.64 in 1985
(maximm), .4 in 2025). In contrast, the coal input climbs to
roughly four times the 1970 level: .5 in 1970, 1.39 in 2000, 2.1
in 2025. The natural gas input increases somewhat initially, but
then falls to zero with diminishing supplies (.8 in 1970, .95 in

1985 (maximm), .04 in 2015, zero thereafter).
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Primary energy imports and exports

The scenario makes the assumption that initially a substantial
portion of the oil and gas demand is covered by oil and gas imports.
The total import peaks around 1995 and drops to zero by 2025 (.29 in
1970, .85 in 2000, .0 in 2025). 0il imports represent the major portion
of imports (.25 in 1970, .65 in 1995 (maximum), .0 in 2025). The
remainder are gas imports (.o4 in 1970, .25 in 1995 (maximm), .0 in
2025). Coal exports represent the only energy exports. They are held
at approximately 12 % of total domestic coal production (coal exports:
.06 in 1970, .16 in 2000, .24 in 2025). It is realized that there will
probably be substantial exports of nuclear fuels to other countries.
As these exports are irrelevant to the domestic energy picture, we

have not entered them into the scenario. The field use of gas decreases

from .08 in 1970 to .03 in 2000 and .0 in 2015 and thereafter.

Energy allocations to the different conversion processes

The energy allocation fractions capture the specific technological
and economical character of the energy conversion and distribution
system and deserve separate discussion. At each distribution point, the
input enmergy is split into several fractions moving on into the energy
system on separate paths.Thus, incoming coal and lignite is assigned to
the production of chemicals, gasification and liquefaction, decentralized
users (residential and commercial, industrial, transportation), and the
production of electric power and central (process or district) heat.
These fractions add up to unity. To avoid errors, the user supplies only

(n-1) of these fractions in the input scenario; the program computes the
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n-th fraction. On the list of symbols, the corresponding fraction
name is given in parentheses. These parameters do not appear on the
scenario printouts.

The solar energy used by the system is initially all absorbed
by decentralized units (mainly home and water heating). Beginning
in 1995, an increasing amount of the captured solar energy is used
for the central production of electricity on solar farms. This
percentage increases from 5 % in 1995 to 30 % in 2025, A smaller
percentage is used for the production of central process heat,
mainly for smelting (2 % in 2000, 5 % in 2025).

Geothermal heat is all used for electric power generation. As
geothermal heat sources are generally located in remote areas, use
for district heating or process heat will not normally be feasible.

Of the recoverable energy in oil shale and tar sands, it is

assumed that 15 % are lost in the crude oil (or gas) extraction process.
This corresponds to the present recovery ratio of 80 to 90 %. Half of
the recovered energy is assumed to appear in gaseous form; half in
liquid form.

Energy losses in crude oil refining are assumed at 5 % of energy
input. Gas production from the refining process is limited to 10 % of
the energy input, leaving 85 % of the input energy for the production
of liquids, mostly fuels.

Only 2 % of coal and lignite input go to nonenergy use (chemicals
etc.). Gasification and liquefaction of coal begins on a commercial scale
around 1980, and increases steadily to 20 % of the coal and 1lignite input

by 2025 (2 % in 1980, 10 % in 2000, 20 % in 2025). The decentralized use
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of coal (mainly in industry) decreases over this period from 41 %

in 1970 to 20 % in 2025. The remaining fraction(about 58 % during the
veriod) ,0f the coal and lignite input goes to central electric power
generation. A loss of 5 % of incoming energy is assumed for the

gasification and liquefaction of coal. Half of the remaining energy

is assumed to be converted to gaseous, half to liquid fuels. All
domestically produced synthetic gas or liquid fuel is used
domestically; there are no syngas or synfuel exports.

The major portion of the (natural or synthetic) gas entering
the economy goes to decentralized users (79 % in 1970, increasing
to 92 % after 1995). Large scale central fuel cell installations
are not anticipated. A constant 3 % of gas energy is needed for
nonenergy products (chemicals, fertilizers, etc.). The fraction of
gas used for electric power generation in central plants decreases
from 18 % in 1970 to 5 % in 2000, remaining constant thereafter.

The greatest fraction of liquid fuels is consumed by decentral-
ized users (residential and commercial, industrial, transportation).
This fraction increases from 80 % in 1970 to 85 % in 2025. The use
of liquid fuels in power plants decreases from 10 % of the liquid
fuel input in 1970 to 5 % in 2025. Again, large scale use of liquid
fuels in central fuel cell installations is not anticipated. Nonenergy
use of liquid fuels (chemicals, plastics) remains at a constant 10 %.
Use of liquid fuels in central heat plants is not anticipated.

The major portion of solid fuels to central heat and power plants

(a constant 95 %) is assumed to be used in electric power plants, the
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remainder in central district heating plants.
It is assumed that initially standard combustion processes

dominate in thermal electric powerplants, but that starting around

1985, an increasing percentage of thermal electric power plants uses

advanced thermodynamic (topping cycles) or magnetohydrodynamic

processes. This percentage increases from 5 % in 1985 to 25 % in 2025.
Almost all of the electricity generated goes directly to the user

sector (100 % in 1970, 98 % in 2025). No electrical energy is exported;

a small percentage is used in the central generation of hydrogen s

in 1995, 2 % in 2025). However, an increasing percentage of centrally

generated heat is used for the production of hydrogen (beginning with

5 % in 1985, and increasing to 50 % in 2025). All hydrogen is used in

the domestic economy; none is exported. Muclear energy is used exclusively

for central electric power generation.

Energy distribution to users

The residéntial/commercial sector remains the dominant user of
electrical energy (58 % in 1970, 59 & in 2000, 62 % in 2025). The share
of the industrial sector decreases from 42 % in 1970 to 37 % in 2000,
and 30 % in 2025 . Corresponding to an increasing role of mass trans-
portation, the share of the tranmsportation sector increases from 1 % in
1980 to 4 % in 2000 and 8 % in 2025.

Centrally generated heat is initjally used mainly for industrial
purposes; this share decreases (95 % in 1970, 80 % in 2000, 50 % in 2025).
Correspondingly, the share of the residential/commercial sector increases

from 5 % in 1970 to 50 % in 2025. Use of heat in the transportation sector is
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not assumed, although the possibility exists.

The proportion of solid fuel consumed in the residential/
commercial sector decreases from 8 % in 1970 to 5 % in 2025.
Correspondingly, the industrial sector increases its share from
92 % to 95 %. Solid fuel use in transportation is not assumed.

An increasing fraction of gas is consumed in the residential/
commercial sector. This fraction increases from 42 % in 1970 to
55 % in 2000. The share of the industrial sector drops from 55 %
in 1970 to 35 % in 2025. The transportation sector takes an
increasing fraction (3 % in 1970, 6 % in 2000, 10 % in 2025).

Due to increasing use of gas in the residential/commercial
sector, the liquid fuel use in this sector drops from 22 % of
liquid fuel input in 1970 to 15 % in 2025. The share of the
industrial sector remains approximately constant (14 % in 1970 to
15 % in 2025). The major portion of liquid fuel is used in the trans-
portation sector (64 % in 1970, 66 % in 2000, 60 % in 2025).

The use of solar energy is initially restricted to the residential/
commercial sector (space and water heating). Industry starts using some
solar energy on a small scale in 1980 (1 % in 1980, 5 % in 2000, 10 %

in 2025). The transportation sector makes no use of solar energy.

Results of the simulation

The full results of the simulation using this input scenario are
given in the data appendix in the form of tables and plots. Figs. 4.10
and 4.11are excerpts.The results Will be discussed together with those
of the next input scenario, which represents a possible alternative to

the JCAE-scenario.
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An alternative scenario

The JCAE (“'standard') scenario describes only one possible
development of the US energy system. Many other = possibilities
exist and should be studied for their merits and demerits, before
decisions are made which inevitably narrow future choices. To
stimulate discussion, we include here a scenario which provides
approximately the same amount of secondary energy to the user
sector using a primaxyenergy mix which differs considerably from
that of the JCAE-scenario. In particular, we have not included
nuclear energy in this scenario. Conversion efficiencies, user
efficiencies, the prices of primary and secondary energies, and
the capital investment costs of energy conversion plants are again
the same as those listed earlier. We shall discuss here the time-
dependent scenario inputs: primary energy inputs, primary energy
imports and exports, energy allocations to different conversion
processes, and energy distribution to users. The scenario input
parameters and time-series are listed in the complete simulation

printout in the Appendix.

Primary energy inputs

The total primary energy input is considerably lower than that

for the JCAE-scenario. (However, due to much better overall conversion
efficiency, the output of secondary energy is similar). The total
primary energy input increases from a value of 2.41 billions of metric
tons of coal equivalent (Gtce) in 1970 to 3.38 Gtce in 2000 and 4.72

Gtce in 2025. An increasing share of this total emergy is taken overby
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coal and lignite,solar and geothermal energy, and energy in biomatter
The breakdown:

Solar energy takes on an increasingly stronger role starting
around 1985. It supplies .01 Gtce in 1985, .06 in 2000, and .4 in

2025 (more than JCAE). Geothermal energy is built up from .01 in

1980, to .08 in 2000, and .20 in 2025 (less than JCAE). There are

no inputs from nuclear or fusion energy. Hydro emergy is increased

from the 1970 value of .04 to .10 in 2005, remaining constant

thereafter (less than JCAE). There are no imports of electrical

energy.

Wastes and biomatter provide substantial primary energy inputs

to this scenario, starting around 1975 with .04 Gtce and increasing
to .38 in 2000 and .6 in 2025. This input consists initially mainly
of solid wastes, later also of field wastes, sewage, and livestock
manure, and still later also of specially grown algae, grasses,
plants or trees. Biomatter and wastes are used partly in combustion
and partly in gasification and liquefaction processes.

The exploitation of oil shale and tar sands begins around 1980
and produces initially .03 Gtce, increasing to .15 in 2000, and .25
in 2025 (less than JCAE)..The crude oil input is kept constant
at 1.1 Gtce from 1970 to 2000, and then drops slowly to .9 in 2025
(total oil input in the period is about the same as in the JCAE-
scenario, but a fast initial rise and correspondingly sharp drop

later are avoided).
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The coal input increases from .45 in 1970 to 1.12 in 2000 and
2.07 in 2025 (slightly lower than JCAE). The gas input decreases
from .82 in 1970 to .40 in 2000 and .20 in 2025 (compared to the
JCAE-scenario, the same supplies are stretched out over a longer

period; see assumptions for oil).

Primary energy imports and exports

It is assumed in the scenario that the total energy imports
decreases slowly from a 1970 level of .29 Gtce to .16 in 2000 and
.14 in 2025. This reflects the assumption that both oil and gas
imports are decreased to about 10 percent each of the total oil,
resp. gas inputs to the economy. Gas imports climb somewhat from
the initial value and then decrease again (.04 in 1970, .07 in 1990
(peak), and .04 in 2025). 0il imports decrease more quickly from
.25 in 1970 to .1 in 1985 and then remain constant at this value to
2025. There are no other energy imports. The only energy export is
coal export corresponding to roughly 12 % of the domestic coal
consumption (.06 in 1970, .15 in 2000, .26 in 2025). A decreasing
amount of gas 1is required for field use: .09 in 1970, .04 in 2000,

and .02 in 2025.

Energy allocation to the differemt conversion processes

The energy allocation fractions are identical with those of the
JCAE-scenario with the exception of a greater amount of coal gasification
and liquefaction, and an additional sector handling the wastes and

biomatter.



B 883

Energy in wastes and biomatter is initially only used in

combustion processes for the central generation of heat and electric
power (100 % in 1975, 70 % in 2000; 50 % in 2025). Beginning 1990
there is significant gasification and liquefaction (pyrolysis,
bacterial decomposition, etc.) of wastes, including perhaps field-
wastes, plus later of specially grown algae, grasses, plants, or
wood (2 % in 1980, 30 % in 2000, 50 % in 2025). The use of biomatter
for decentralized use is negligible. A loss of 10 % of energy content
is assumed in the gasification and liquefaction processes of wastes
and biomatter. Half of the remaining energy is converted to gaseous
fuels, the other half to liquid fuels.

A small fraction of 2 % of the total emergy input in coal is
assumed to be needed for the production of chemicals (nonenergy use).
Significant use of coal in gasification and liquefaction starts around
1980 (with 2 %), increasing to 30 % in 2000, and 50 % in 2025. The
decentralized use of coal decreases from 41 % in 1970 to 30 % in 2000
and 20 % in 2025. Correspondingly, the use of coal in central heat and
electric power plants drops from 57 % in 1970 to 38 % in 2000, and 28 %

in 2025. A loss of 5 % of input energy is assumed for gasification and

liquefaction of coal. Half of the remaining energy is assumed to be

converted to gaseous, half to liquid fuels.

Energy distribution to users

The distribution of the different secondary energies to the

different users is identical to that in the JCAE-scenario.
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Results of the simulation

The fullresults of the simulation for the "alternative' scenario
are found in the data appendix. They will now be discussed together
with the results form the "standard" JCAE-scenario. Figs. 4.12 and

4,13 areexcerpts from the full simulation printout.

Simulation Results for the United States

The simulation results for the two scenarios (''standard" and
"alternative") presented here represent two opposite ends of a
spectrum. We do not advocate either one of them. The results are
merely meant to demonstrate the relatively wide range of possibilities
still open to us. A much more thorough investigation would be required
before these or other simulation results can be made the basis for far-
reaching policy decisions. In particular, we would like to remind the
reader that the simulation results are completely dependent on the
scenario inputs described on the previous pages. These inputs reflect
present knowledge. Some of the imputs (e.g. efficiencies) can be
predicted with considerable certainty, others (e.g. prices and costs)
merely represent current conditions, as any other approach would be
outright speculation. With this understanding, the scenario results
should be taken with a grain of salt. More attention should be paid to
the general tendencies and implications of the simulations than to the
last two digits of the numbers.

The results are summarized in Table 4.1. We shall discuss the
listed items point by point, referring to the printouts in the data

appendix for more detailed information.
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ESP - ISI/SRC January 1974
SUMMARY OF RESULTS
UNITED STATES ENERGY SYSTEM

“standard'' JCAE-scen. ‘''alternative' scen.

(US5) (US3) units
Primary 1970 2.46 2.41 10° tce/yr
Energy 2000 6.09 3.38 "
Input 2025 9.93 4.72 "
Annual 1970 107.80 106.70 10° $/yr
Cost of 2000 156.90 123.80 "
Input Energy 2025 138.10 145.70 "
Cost per 1970 43.8 44.2 $/tce
Unit of 2000 25.8 36.6 "
Input Energy 2025 13.9 30.9 "
Anmual Cost 1970 12.40 12.40 10° §/ye
of Energy 2000 39.00 7.60 "
Imports 2025 0.00 6.40 "
No. of 1970 1571 1535
1000 Mwe 2000 3597 2477
Plants 2025 4692 3636
New Plants 1970 0 6
Per 2000 70 55
Year 2025 33 38
Capital 1970 0 1.97 10° $/yr
Investment 2000 21.83 (5.77) "
Per year 2025 16.61 7.33 "
Cumulative 1970 197.87 192.14 10° $
Capital 2000 656,26 327.52 "
Investment 2025 1239.34 474,14 "
Energy Mix 1970 11/10/38/40% 10/ 9/39/40% %
to User (%) 2000 29/12/23/35 14/13/30/39 %
elec/coal/gas/liq. 2025 59/10/11/24 14/11/38/34 %
Total 1970 1.90 1.87 10° tee/yr
Energy 2000 3.63 2.58 "
to User 2025 4,04 3.57 "
Energy Cost 1970 200.6 197.7 10° $/yr
to User 2000 502.6 279.9 "
per Year 2025 822.8 377.3 "
Cost to User 1970 105.5 105.7 $/tce
per Unit 2000 138.3 108.4 "
of Energy 2025 203.5 105.7 1
Overall 1970 .81 .82
Efficiency 2000 .62 .80
to User 2025 .41 .80
Concentrated 1970 .41 .39 109 tce/yr
Waste 2000 2.16 .58 "
Heat 2025 5.55 .86 "

*
Where percentages do not total to 100, remainder is central heat or

solar energy

Table 4.1 - Summary of Scenario Results for the United States
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Primary energy input

The total primary energy input is a scenario assumption.

The JCAE-input is somewhat higher than the primary energy demand
predicted for 3.5 % annual growth of gross national product (GNP)
(2.46 Gtce in 1970, 6.09 in 2000, 9.93 in 2025). The JCAE prediction
reflects a continuation af historical trends in primary energy de-
mand growth, without paying attention to possible changes in the
energy system structure, e.g. the introduction of nuclear energy on
a large scale. This change would reduce the overall efficiency of
the energy system considerably, and would mean that the supply of
energy on the user side would grow with less than the historic
growth rate.

The alternative scenario supplies a constant 10 kw/cap
throughout the simulation period (2.41 Gtce in 1970, 3.38 in 2000,
4,72 in 2025). This corresponds to the present level of primary
energy use in the United States. This could come about by either a
continuation of approximately the present conditions, or by raising
the efficiency of energy use, and providing more service from the
same amount of energy. Across-the-board energy savings of some 50 %
appear technologically possible, while providing the same amount
of energy service,

The results of the simulations will show that the vastly greater
amounts of input energy in the JCAE-scenario do not result in a
corresponding increase in energy supply to the user. The alternative
scenario, although its primary energy input appears unreasonably low,

"is indeed competitive.
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Annual cost of input energy

The annual cost of input energy isdictated by primary energy
prices and amounts, Both scenarios use reduced amounts of relatively
expensive primary energies (oil and gas) in the later part of the
simulation period. As a result, the cost per unit of input energy
drops in both cases. The large drop in the JCAE-scenario (from :
$ 43.8/tce to $ 13.9 /tce) is a result of the large increase in the
use of relatively cheap nuclear energy. The drop in the average unit
cost of input energy in the alternative scenario is much less
pronounced (from § 44.2/tce to § 30.9/tce}, as most primary energy
forms used in this scenario are relatively expensive. In both cases
the percentage of GNP required for the purchase of primary energy
decreases with time. The total cost of primary energy is comparable
in both cases (standard scenario:$107.8 billion in 1970, 156.9 in
2000, 138.1 in 2025; alternative scenario: 106.7, 123.8, 145.7,

respectively).

Annual cost of energy imports

In the JCAE-scenario, imports initially increase strongly,
reaching a peak of approximately three times their 1970 energy amount
by 1995, and decreasing quickly thereafter, for lack of importable
oil and gas. Correspondingly the anmual cost of energy imports reaches
some 25 % of the total energy input cost by the end of the century

(standard scenario: $ 12.4 billion in 1970, 39.0 in 2000, zero by 2025).
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In contrast, the energy imports of the alternative scenario are
steadily decreased to a level of one half their 1970 level by

2025, when they represent only about 4 % of the total energy input
cost { § 12.4 billion in 1970, 7.6 in 2000, 6.4 in 2025). In the
alternative scenario, energy dependence on foreign sources is never

more than some 12 % and import cutoffs cannot seriously affect the

€conaony .

Number of 1000 MWe conversion plants and capital investment

The increasing amounts of primary input energy must be handled
by an increasing number of conmversion plants. In the JCAE-scenario,
the number of 1000 MWe conversion plants triples in the 55 years;
it more than doubles in the alternative scenario (standard scenmario:
1517 (1970), 3597 (2000), 4692 (2025); alternative scemario:

1535 (1970), 2477 (2000), 3636 (2025) ). The mmber of new plants to
be built each year is similar, although somewhat lower for the
alternative scenario (standard: 70 (2000), 33 (2025);alternative:

55 (2000), 38 (2025) ). However, a very significant difference
appears when capital investment is considered.

In the JCAE-scenario the investment required is increasingly,
and toward the end of the period almost exclusively, for nuclear
electric power plants. These plants, like all electric power plants,
have very high investment requirements per kilowatt of output
energy. By contrast, in the alternative scenario investment is only

partly for electric power plants; the number of new gasification and
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liquefaction plants built is larger. Since capital investment are
lower for this type of plant, the total capital investment required
for conversion plant construction is much lower in the alternative
scenario. It follows that the cumulative capital investment in
conversion plants will also be significantly lower (standard:

$ 197.9 billion in 1970, 656.3 in 2000, 1239.3 in 2025; alternative:
192.1 (1970), 327.5 (2000), 474.1 (2025) ). Throughout the period,
the anmual capital investment for the JCAE-scenario is some three
to more than five times greater than for the alternative scenario
(standard: $ 21.8 billion in 2000, 16.6 in 2025; alternative:

5.8 (2000), 7.3 (2025) ). The simulation does not take into account
the investment required for energy transportation system. These
systems are much more expensive for electricity than for gas or
liquid fuels (pipelines). Consideration of this factor would further

favor a gas economy over an electric economy.

Total energy to user

As a result of conversion losses, only part of the primary energy
input appears as secondary energy input to the user sector. Because of
its emphasis on electrical energy, the conversion losses of the JCAE-
scenario are particularly high.. The total amount of energy reaching
the user sector is therefore not much greater than that of the alter-
native scenario, even though the primary energy input in the JCAE-
scenario grows to more than twice the input of the alternative scenario

by 2025 (standard: 1.90 Gtce in 1970, 3.63 in 2000, 4.04 in 2025;
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alternative: 1.87 (1970), 2.58 (2000), 3.57 (2025) ). In both
cases the amount of energy reaching the user roughly doubles by

2025 over the 1970 level.

Overall efficiency to user

The increasing role of electricity in the JCAE-scemario results
in a very significant decrease of the overall efficiency of the
energy system (energy output on the user side divided by pll'imary
energy input). The overall efficiency decreases from 81 % in 1970 to
62 % in 2000 and 41 % in 2025. By contrast, the efficiency remains

at 80 % in the alternative scenario.

Ammual energy cost to user

The cost of energy to the user roughly doubles in the alternative
scenario; it more than quadruples in the JCAE-scemario {standard:
$ 200.6 billion in 1970, 502.6 in 2000, 822.6 in 2025; alternative:
197.7 (1970), 279.9 (2000), 377.3 (2025) ). The unit cost of energy is
a more meaningful measure of emergy cost increases: This cost remains
practically constant in the alternative scenario ($ 105.7/tce in 1970,
108.4 in 2000, 105.7 in 2025), but doubles in the JCAE-scenario, due
again to increasing share of costly electricity ($ 105.7/tce in 1970,

138.3 in 2000, 203.5 in 2025).

Energy mix to user

Changes in the relative shares of energies reaching the user mean
changes in the number and kind of technological devices and processes

using these energies. With other words: capital investments by the user.
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Not all of this investment is investment which would otherwise
not have taken place. Some of the change-over investments can be
absorbed in the course of necessary replacements of worn-out or
obsolete equipment. In other cases (new homes, new plants), the
investment would have to be made anyway. The user is saddled with
an unnecessary investment burden when some energy form becomes
unavailable and he must replace equipment or processes before they
have been depreciated. In addition, in any changeover he indirectly
has to pay for the conversion of the energy system and connected
production processes to the new energy form.

In the alternative scenario, change-over costs are minimal,
if not nil. The energy mix (electricity/coal/gas/liquid fuel)
hardly changes over the 55 years (1970: 10/9/39/40; 2000: 14/11/
38/34). However, very fundamental changes in the energy mix appear
in the JCAE-scenario (1970:11/10/38/40; 2000: 59/10/11/14).
Electricity becomes the dominant energy form increasing its share
in the user sector more than five-fold. The use of gas is reduced
by almost a factor four, that of liquid fuels by approximately a
factor of three. This has considerable consequences, especially for
transportation technology, The necessary investments connected with
this change-over in user technologies have not beer computed, but

they are presumably significant.
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Concentrated waste heéat

A most significant difference appears when the heat rejected
from the large scale energy conversion processes is totalled up.
This heat must be dissipated in the environment (rivers, lakes,
atmosphere) by cooling processes. In the alternative scenario,
the amount of concentrated waste heat more than doubles until 2025
(.39 Gtce in 1970, .58 in 2000, .86 in 2025); in the JCAE-scenario
it increases by a factor of almost fourteen to a level which is
more than twice the total primary energy inmput in 1970 (.41 in 1970,
2.16 in 2000, 5.55 in 2025)!

Conclusions

Some general conclusions from these simulations will be drawn

in Sec. 4.3 following the discussion of the scenarios for Western

Furope and the Middle East.
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Energy Scenario for Western Europe

We discuss here two scenarios for the Western European region.
One scenario ("'standard" scenario) basically reflects present
Western European energy policy. It assumes a rate of primary energy
demand growth of 5 % until 1980, and 4 % thereafter (which, however,
cannot be met after 1990). Initially this demand is covered mainly
by increasing oil and gas consumption (mainly imported), later by a
strong build-up of nuclear power capacity. Coal production is decreased
somewhat and then remains constant. After 1990 difficulties develop in
securing the required oil and gas supplies, and total energy input
stagnates until around 2010. After 2010 the primary energy supply
again increases sharply due to a strong nuclear power capacity.

The second ("'alternative') scenario assumes that total primary
energy demand is held at the (present) level of 5 kw/cap. Imports of
o0il and gas are gradually discontinued, while a synfuel and syngas
jndustry is built up on a coal base. The liquid fuel produced supplies
mainly the transportation sector after 2000. No new nuclear facilities
are put into operation; existing ones produce until 1985.

The energy demand curves for the two cases are given in Fig. 4.14.

In the following, we shall discuss the time-dependent scenario
inputs, i.e.: primary energy inputs, primary energy- imports and exports,
energy allocations to the different conversion processes, and energy
distribution to users. (Most) conversion efficiencies, (most) user
efficiencies, the prices of primary and secondary energies, and

the capital investment costs of energy conversion plants are again
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input also increase quickly to a peak around 1995 with about four
times the 1970 value, and then falls of to approximately one half
of the 1970 value by 2025 (.18 Gtce in 1970, .78 in 1995, .1 in
2025). The coal input is reduced by one third by 1990, and then
remains at this level to the end of the period (.45 in 1970,

.3 from 1990 to 2025).

Primary energy imports and exports

Before nuclear energy begins to have a major impact in this
scenario, imported oil and gas provide the major share of primary
input energy. The total imports reach a peak around 1995 (three
times the 1970 value), and decrease to two thirds of their 1970
value by 2025 (.98 in 1970, 3.13 in 2000, .69 in 2025). Oil imports
represent the major portion of total imports (.73 Gtce in 1970, 2.14
in 1995, .35 in 2025). Gas imports are assumed to similar climb
and fall again . (.18 Gtce in 1970, .77 Gtce in 1995, .1 in 2025).
Coal imports remain at roughly 15 % of domestic coal consumption
(.06 Gtce in 1970, .04 Gtce in 2025). Initially most of the nuclear
fuel is imported, but the relative share decreases due to domestic
production and the advent of the breeder reactor (.01 Gtce in 1970,

.2 in 2000, and thereafter). There are no energy exports, The field

use of gas is not considered.
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held constant. Their respective values have been listed earlier.

The full input scenarios are given in the data appendix.

The standard scenario

Primary energy inputs

The primary energy input grows at an annual rate of 5 % between

1970 and 1980, and continues at a rate of 4 § after 1980. However,
this rate cannot be sustained due to a drop in available oil and gas
supplies. As a result, the primary energy input remains approximately
constant between 1995 and 2010. After this date it climbs again quickly
as a result of rapid build-up of nuclear facilities. The input in terms
of billions of tons of coal equivalent per year is 1.44 Gtce in 1970,
3.5 in 1990, 3.79 in 2010, and 9.01 in 2025. In the later part of the
scenario period, nuclear power is the almost exclusive supplier of
energy. The breakdown:

It is assumed that there are no significant inputs of solar energy,

geothermal energy, energy from wastes and biomatter, oil shale and tar

sands. Fusion energy, if any,is accounted for under nuclear energy.

Very high growth (around lo % per year) is assumed for nuclear
energy. It increases from .01 Gtce in 1970 to .73 in 2000 and 8.2 in
2025, supplying approximately half of the primary emergy imput by 2010,
and 90 % by 2025. Hydro energy is built up another 50 % from .04 Gtce
and then remains at .06 through the end of the period. The oil input
increases to approximately three times the 1970 level by 1995. 0il
availability then falls off to roughly one half of the 1970 value by
2025 (oil input is .76 in 1970, 2.35 in 1995, and .35 in 2025). The gas
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Energy allocations to the different conversion processes

The energy allocation scenarios for the two Western European
cases are somewhat simpler than the two scenarios for the United
States, as fewer input energy forms are considered. Allocation
fractions not mentioned are irrelevant to the computations.

Energy losses in crude oil refining are assumed at 11 % of

crude oil input. This share includes gases, wastes, tars, heat, etc.
88 % of the input energy is converted to liquid fuels. (These
figures differ slightly from those assumed for the US scenarios

and reflect better information.)

It is assumed that 60 % of the energy in coal and lignite goes

to decentralized (mostly industrial) use. Use of coal for chemical
purposes is not considered, and there is no gasification or
liquefaction of coal. This leaves 40 % of the coal energy input for
use in central heat or electric power plants.

Of the total gas energy, a constant fraction of 9 % goes to
nonenergy uses (chemicals, fertilizer, etc.). Another 16 % is used in
central electric power generation using combustion. The remaining 75 %
are piped to decentralized users.

10 % of the liquid fuel is used for the production of chemicals
and plastics (nonenergy use). Another 12 % is for cemtral electric
power generation by combustion. The remaining 78 % finds decentralized
applications, mostly in the transportation sector. There are no exports

of domestically produced liquid fuels or gas.
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Of the solid fuel going to central heat and power plants,

95 % is used for electric power generation by combustion. No advanced
thermodynamic power cycles are introduced in the scenario period;
thermal electric powerplants are assumed to operate with a constant

efficiency of 35 %.

The scenario assumes no heat recovery from any of the conversion
processes. The conversion efficiencies are otherwise the same as those

given earlier.

Energy distribution to users

In contrast to the United States, the major user of electricity
is the industrial, not the residential/commercial sector. The 1970
relationship is assumed to remain the same (industrial sector: 6Z %,
residential/commercial sector:35 %, transportation sector:3 %).

Centrally generated heat is all used in residential/ commercial
applications (central space heating).

Of the solid fuel entering the user sector, 39 % is used in
residential/commercial, 59 % in industrial,and 2 % in transportation
applications.

Most of the gas (65 %) is used for industrial purposes. The
remaining 35 % enters the residential/commercial sector; none is used
in the transportation sector.

A constant 33 % of the liquid fuel enters the residential/
commercial sector, 39 % the industrial sector, and the remaining 38 %

the transportation sector.
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Results of the simulation

The full results from the simulation using this input
scenario are given in the data appendix. The results will be
discussed together with those of the following alternative
scenario. Figs. 4.15 and 4.16 are excerpted from the full

simulation printout,

An alternative scenario

Primary energy inputs

The alternative scenario assumes a lower primary energy input

corresponding to a constant 5 kw per capita. In the later part of
the scenario period, this inmput is almost exclusively supplied by
coal. The total primary energy input climbs slowly from its value
of 1.44 Gtce in 1970 to 2.96 in 2000 and 3.71 in 2025. The breakdown
of primary energies:

It is assumed that there are no significant inputs from solar

energy, geothermal energy, energy from wastes and biomdtter, o0il

shale and tar sands, and fusion energy. The nuclear plants present

in 1970 operate with a constant capacity of .01 Gtce umtil 1985

and are then phased out. No new nuclear facilities are built. Hydro
energy increases by 50 % from its 1970 level of .04 Gtce to .06 in
1990, remaining constant thereafter.

The oil input into the economy increases slightly until 1980
and then decreases to zero by the year 2000 (.76 in 1970, .80 in
1980).

The gas input doubles initially, but then also falls to zero by

2000 (.18 in 1970, .37 by 1980).
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a significant effect first appears in 1990.The percentage of
standard cycle power plants using waste heat recovery is smaller,
as the majority of these plants is older and the fitting of heat
recovery processes provides more difficulties in these plants.

Thus the percentage of heat recovery from standard cycles increases
from 5 % in 1990 to 25 % in 2025, for advanced cycles from 10 % in

1990 to 35 % in 2025,

Energy distribution to users

The changes in the relative availabilities of different energy
forms, especially of gas and liquid fuels, require certain changes
in the energy distribution pattern to users.

The share of electrical emergy in the residential and commercial
sector is assumed to increase till the end of the century, while that
of industry decreases (residential/commercial sector: 35 % in 1970,
45 % in 1995 and thereafter; industrial sector: 62 % in 1970, 50 % in
1995 and thereafter). The share of the transportation sector (mainly
rail transportation) increases from 3 % in 1970 to 5 % in 1995 and
later years.

Centrally generated heat initially goes almost exclusively to
the residential/commercial sector, but this share decreases strongly
in favor of the industrial sector (residential/commercial sector:

95 % in 1970, 50 % in 2025; industrial sector: 5 % in 1970 to 50 %

in 2025).
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Of the coal going decentralized use, industry takes an

increasing share (residential/commercial sector: 39 % in 1970,
10 % in 2025; industrial sector: 59 % in 1970, 10 % in 2025).
The very small percentage used in the transportation sector

(2 % for railroads) disappears by 1990.

As 1liquid fuel for home and commercial space heating is
partially replaced by gas, the share of gas used in the
residential/commercial sector increases relative to the share
of the industrial sector. Increasingly, gas is also used in the
transportation sector (residential/commercial sector: 35 % in
1970, 55 % in 2025; industrial sector: 65 % in 1970, 35 % in
2025;transportation sector: 2 % in 1975, 10 % in 2025).

As a result of the smaller efficiency of liquefaction
compared to gasification, the liquid fuel use in the residential/
commercial and industrial sectors is sharply restricted in favor
of the transportation sector by the end of the century (residential/
commercial sector: 33 % in 1970, decreasing to 17 % by 2000 and
thereafter; industrial sector: 39 % in 1970, decreasing to 17 % by
2000 and thereafter; transportation sector: 28 % in 1970, increasing

to 66 % by 2000 and thereafter).

Results of the simulation

The full results of the similation using this "alternative
scenario" are given in the data appendix. They will now be discussed
together with those of the '"standard scenario". Excerpts are given

in Figs. 4.17 and 4.18.
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Simulation Results for Western Europe

As in the case of the two scenarios for the United States,
the two scenarios for Western Europe represent only two of a
very wide spectrum of possibilities. Both have their advantages
and their drawbacks. It is the purpose of a simulation model
such as the present one to provide a tool which permits a
relatively thorough investigation of many energy system
alternatives with a relatively small effort. Again, the two
results should only be taken as a basis for further investigations.
The results for the "standard" and "alternative' scenarios
are summarized in Table 4.2. They will be discussed point by points
More detailed results are found in the listings of scenario results

in the data appendix.

Primary energy input

The total primary energy input for the "alternative" scenario
corresponds to a primary energy input of 5 kw per capita, the
present level in the advanced nations of Western Europe. As
efficiency of energy use is increased (a 50 % increase appears
technologically feasible), the energy service provided by the 5 kw
could be substantially greater than today. With other words, the
restriction to 5 kw/cap would by no means represent a stagnation at
present conditions, especially for the lesser developed parts of

Western Europe.
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ESP - ISI/SRC January 1974
SUMMARY OF RESULTS
WESTERN EUROPE ENERGY SYSTEM

tstandard” scen. ‘''alternative' scen.

(WEUZ) (WEUS) units
Primary 1970 1.44 1.44 10° tee/yr
Energy 2000 3.84 2.96 "
Input 2025 9,01 3.71 "
Annual 1970 54.78 54.78 10° $/yr
Cost of 2000 136.84 87.00 "
Input Energy 2025 94.60 109.50 "
Cost per 1970 38.0 38.0 $/tce
Unit of 2000 35.6 29.4 N
Input Energy 2025 10.5 29.5 "
Annual Cost 1970 41.88 41.80 107 $/yr
of Energy 2000 118.40 0.0 "
Imports 2025 22.80 0.0 "
No. of 1970 994 994
1000 Mwe 2000 2838 2486
Plants 2025 3496 3148
New Plants 1970 61 13
Per 2000 -25 (52)
Year 2025 171 36
Capital 1970 6.81 3.37 10% §/yr
Investment 2000 2.94 6.42 "
Per Year 2025 62.75 5.59 "
Cumulative 1970 124.35 124.35 10° $/yr
Capital 2000 366.52 363.31 "
Investment 2025 1119.91 464.02 "
Energy Mix 1970 11/25/13/49 11/26/13/49 5
to User 2000 15/ 7/19/59 23/12/41/18 5
elec/coal/gas/1iq. 2025 82/ 6/ 3/ 9 23/12/40/17 %
Total 1970 1.06 1.06 10° tce/yr
Energy 2000 2.51 1.95 "
to User 2025 2.82 2.53 "
Energy, Cost 1970 102.75 102.72 10° $/yr
to User, 2000 286.56 258.81 "
per Year 2025 782.11 334,23 "
Cost to User 1970 97.0 97.0 $/tce
per “Unit 2000 114.5 133.0 "
of Energy 2025 258.0 132.3 "
Overall 1970 .78 .78
Efficiency 2000 .70 .69
to User 2025 .31 .72
Concentrated 1970 .28 .28 10° tee/yr
Waste 2000 1.04 .79 "
Heat 2025 5.89 .88 "

®
Where percentages

Table 4.2 - Summary of the Scenario Results for Western Europe

do not total to 100, remainder is central heat
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The primary energy input in the "standard" scenario is
substantially higher, beginning with a 5 % annual growth
between 1970 and 1980, and continuing with a 4 % growth between
1980 and 1990. No structural changes are made in the energy
system during this period, as the continued availability of
0il and gas is assumed. Nuclear power is built up at a rapid
pace to provide an increasing amount of electrical energy. This
primary energy input provides the major emergy component after
the turn of the century. When oil and gas become less and less
available to the region near the end of the century, electricity
is assumed to substitute for them. However, the rapid build-up
of nuclear power facilities camnot prevent stagnation of the
primary energy supply around the turn of the century. The
scenario captures some of the ingrediemts of current Western
European energy policy: the assumption of continued, and increas-
ing availability of oil and gas, when in fact the evidence is to
the contrary;the almost exclusive reliance on nuclear energy as
the 'energy of the future'; the assumption of sustitutability of
fossil fuels by electricity; the neglect of long time constants
in the development of new energy technologies.

The results of the simulations show again that the vastly
greater amounts of primary energy input in the "'standard" scenario
only correspond to a marginal increase in the energy supply to the
user. Indeed, the "alternative' scenario delivers more energy to
the user than the "standard" scenario in the years between 2006 and

2022,
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In the "standard" scenario, total primary energy input
increases by more than a factor of six between 1970 and 2025
(from 1.44 Gtce/year in 1970 to 9.01 in 2025). The "alternative"
scenario shows an increase of a little more than two and a half

(from 1.44 in 1970 to 3.71 in 2025).

Annual cost of input energy

In the "standard" scenario, the ammual cost of primary input
energy first increases sharply, and then decreases again, as
relatively cheap nuclear energy takes over the major share of
primary energy input. In the "alternative' case, the input cost
rises steadily. In both cases, the costs are comparable near the
end of the simulation period, corresponding to approximately twice
the 1970 total cost. The unit cost of primary energy declines in
both cases: from $ 38.0/tce in 1970 to § 10.5/tce in 2025 in the
"standard" case (the reason is the increasing share of nuclear
power), and to $ 29.5/tce in 2025 in the "“alternative' case (reason:

exclusive use of coal and hydropower in 2025).

Annual cost of energy imports

In the standard scenario, an increasing amount of primary energy
is imported until 1995, when this share reaches 80 $ of the total
input energy. The decreasing availability of oil and gas and the
advent of nuclear power bring this share down to 10 % before 2025.

The cost of emergy imports correspondingly rises from § 41.88 = 109



B 914

(billions) in 1970 to a peak of 134.44 in 1995, then decreasing
again to 22.80 by 2025.

In the alternative scenario, import costs initially also
rise (from $ 41.88 billion in 1970 to 51.29 in 1975) but then
decline to zero by 2000. At this time the region becomes indepen-

dent of external sources of primary energy.

Number of 1000 Mwe conversion plants and capital investment

In both cases the number of 1000 Mwe conversion plants more
than triples in the time-period considered. However, the pattern
of development is quite different.

Tn the standard scenario, the increasing dependence on oil
and gas requires initially an increase in refinery capacity in
addition to the construction of nuclear power plants. Plant
construction reaches a peak in 1990 with 107 plants per year and
a total ammual investment of § 12.42 billion. Thereafter, the
construction rate declines again. A large part of the refinery
capacity becomes superfluous after 1995, as 0il and gas inputs
decreases. At the end of the simulation period, construction of
1000 Mwe units has risen to 171 per year, at an annual investment
cost of § 62.75 billion. Practically all of these plants are
nuclear power plants.

In the alternative scenario, plants construction rises to
a peak of 93 units per year by 1995, then drops to a low of 17 units

per year by 2015, rising again to 36 by 2025. The annual investment
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requirements are not quite proportinonal :as the relative share

of electric powerplants vs. gasification and liquefaction plants
changes: the annual investment rises to a peak of § 13.28 billion
in 1995 (from 3.37 in 1970), then declines to 2.38 by 2015, rising
again to 5.59 by 2025.

The difference between the two cases is very substantial
especially near the end of the period: by 2025 the annual invest-
ments required in the standard case are more than eleven times
those of the alternative case! A more complete analysis should
also take into account the significant difference in investments
required for the energy distribution systems of the two scenarios:
the high relative cost of electricity transportation and trans-
portation systems would further decrease the competitiveness of

the standard scenario.

Total energy to user

In both cases the amount of energy reaching the user increases
by a factor of approximately two and a half (from 1.06 Gtce in 1970
to 2.82 in the standard case, and 2.53 in the alternative case)}.
The same factor is found in the primary energy input in the alter-
native case. However, to produce this increase in the standard case,
the primary energy input had to increase by more than a factor of

six, reflecting the poor overall efficiency of the mostly electrical

economy .
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After the year 2005 the secondary energy received by the
user is comparable in the two cases (initally higher in the

alternative case, later again higher in the standard case).

Overall efficiency to user

The increasing share of electricity in the standard scenario
is reflected in a substantial decrease of overall efficiency of
the energy system (from primary energy input to the user sector
input) from 78 % in 1970 to 70 % in 2000 and finally 31 % in 2025.
By contrast, the efficiency of the alternative system decreases

only slightly to 69 % by 2000 and 72 % by 2025.

Annual energy cost to user

The amnual cost of energy to the user sector increases by a
factor of more than seven in the standard case, and more than three
in the alternative case (from $ 102.75 billion per year in 1970 to
286.56 in 2000 and 728.11 in 2025 in the standard case, and to
258.81 in 2000 and 334.23 in 2025 in the alternative case). More
meaningful in this connection are the changes in the umit cost of
energy to the user: this cost increases by a factor of more than
two and a half in the standard case, and by one third in the alter-
native case (from § 97.0/tce in 1970 to 114.5 in 2000 and 258.0 in
2025 in the standard case, and to 133.0 in 2000 and 132.3 in 2025

in the alternative case).
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Energy mix to user

In both scenarios there are significant changes in the relative
shares of energies reaching the user. This would entail corresponding
investments to take care of necessary changes in energy use techno-
logy.

The changes in the standard scenario are most extreme. Until
the turn of the century, the changes are minor except for a strong
decrease of coal delivered for decentralized use. Between 2000 and
2025 the user sector has to change to an almost complete (82 %)
dependence on electricity.

In the alternative scenario, the relative shares of electricity,
coal, gas, and liquid fuels change from (respectively) 11 %, 26 %,

13 % and 49 % in 1970 to 23 % 12 %, 40 % and 17 %. The share of
electricity thus doubles, benefitting mostly the residential/commer-
cial sector (see discussion of energy distribution to users). Coal
delivery decreases by one half. The share of gas almost triples. It
replaces mainly liquid fuel previousiy used in the residential/commer-
cial and industrial sectors. The 17 % share of liquid fuels goes

mainly to the transportation sector.

Concentrated waste heat

In the alternative scenario, the heat rejected in concentrated
form from conversion processes triples until’ 2025 (.28 Gtce in 1970,
.88 in 2025). However, in the standard case, this waste heat increases
by a factor of twenty-one, or to more than four times the total primary

energy input in 1970 (.28 Gtce in 1970, 5.89 in 2025)!
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Conclusions

The conclusions from the simulations for the different
regions are similar and related, and they will therefore be
drawn together in the next section following the discussion

of the final (Middle East) scenario.
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Energy Scenario for the Middle East *

Many of the oil producing nations of the Middle East face
a severe long-range dilemma: (1) at present (and constantly increasing!)
rates of exploitation, their oil reserves will only last for a few
decades; (2) except for oil and gas, they have no viable resource base
which could support their economy in the long run. On the other hand,
presently oil-importing regions face the prospect of gradual conversion
to energy systems not based on petroleum. The preceding scenarios have
shown that neither thenuclear-based nor the coal-based energy system are
pretty prospects. The scenario results also point to the advantages of a
gas-based energy system: efficiency and relatively low cost of generation
and transportation, and simplicity, efficiency, and envirommental advantages
of gas use. Hydrogen, in particular, offers significant advantages (see
brief on the hydrogen economy).

Hydrogen can be generated from water by either electrolysis or
perhaps more efficiently by the application of heat in the presence of
catalysts (Marchetti processes). Both electricity or heat can be generated
by collecting and using solar energy - an energy form of which there exists
an abundant and permanent supply in the countries of the Middle East.

The energy density of sunlight is relatively low. Outside of the earth's
atmosphere it amounts to about 1400 Watts/mz . The annual average of solar
energy received on the ground in Middle Eastern countries 'is somewhat better

than 200 Watts/mz. At an overall efficiency of 30 percent for the generation

* the term 'Middle East" here stands for Region 7 of the Mesarovic-Pestel
world model, i.g. the oil-exporting nations of North Africa and the Middle

East.
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of hydrogens, a solar plant with a collector area of some 17 lqn2
(a little more than 4 by 4 km!) would provide a continucus hydrogen
output corresponding to 1000 M¥e. One thousand of such plants would
be needed to produce hydrogen with an energy content equivalent to
1(]9 (billion) metric tons of coal equivalent (=1 Gtce), approximately
the present level of oil exports from the Middle Eastern countries.
These plants would cover some 17000 km2 of land area, or roughly an
area 130 times 130 km square. Distributed over a dozen countries, the
project does not appear infeasible. Cost estimates for such plants
usually run between $ 1000 and § 2000 per kWeg. (In the present
scenario analysis we have applied an investment estimate of $ 430/kWe
of hydrogen produced (§ 350 and $80 in agreement with the previous
investment assumptions)).

In the following scenario it has been assumed that the Middle
East gradually builds up a hydrogen production capacity for export
corresponding to somewhat more than 2 Gtce per year, in 2025. 0il
export is gradually reduced to a fraction of the present level. The
domestic economy remains almost entirely oil-based, however. To simplify
the analysis, energy forms other than solar (resp. hydrogen) and oil
are not considered.

Conversion efficiencies (exception: solar to electricity here
assumed as 20 %, instead of (earlier) 15 %), user efficiencies, the prices

of primary and secondary energies, and the capital investment costs of

8
Walter E. Morrow, '"Solar Energy:Its Time is Near'. Technology Review,
December 1973, p. 31 - 43

? Morrow, op.cit.
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energy conversion plants correspond to the values listed and used
previously. In the following, the time-dependent input scenarios will

be discussed:primary energy inputs, primary energy exports, energy
allocations to the different conversion processes, and energy distribution

to (domestic) users. The full scenario listing is found in the data appendix.

Primary energy inputs and exports

The scenario  assumes that oil production in the region supplies
all of the primary energy demands of the domestic market, and, in addition
foreign markets through oil exports which peak around 1990. Hydrogen pro-
duced in solar plants is exclusively produced for export, entering the
market around 1985.

The crude oil input into the domestic economy follows the demand
prediction for the region, assuming a 9 % annual growth of GNP (see chapter
3 on regional energy demand) over the simulation period. This function is
modified after 2010 by assuming that primary energy demand is then held
at 10 KW per capita. The demand climbs from .09 Gtce in 1970 to 1.3 in
2000 and 2.9 in 2025. The regional primary energy demand is shown in Fig.
4.19.

0il export starts at the historic level and climbs until 1985, then
falling to one sixth of the 1970 level by 2025. (1.i9 Gtce in 1970, 1.64 in
1985, 1.1 in 2000, .2 in 2025).

Beginning in 1985, the intercepted solar energy climbs steeply from
1.3 Gtce in 1985 to 16.7 Gtce in 2025. This solar energy is used with an

overall efficiency of 14 % for the production of hydrogen (note that this
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efficiency estimate is conservative; the overall efficiency could
possibly as high as 30 %19.
No primary energy inputs other than solar energy and oil are

considered.

Energy allocations to the different conversion processes

In the present case the allocation fractions control (a) the flow
of 0il through the domestic economy, and (b) the production of hydrogen.
We have here formally assumed that hydrogen is generated by electrolysis
using electricity from solar plants. This is probably not the best
approach; the direct generation of hydrogen using concentrated solar
heat seems to have significant advantages over the electrolysis approach.
However, theresults would not be much different; they can be used for
both methods.

0il is refined with a 5 % energy loss. 5 % of the input energy are
converted to liquid fuels, the remaining 10 % to gas. 3 % of the gas
produced is used for chemical products.

Of the liquid fuel produced, 40 % is burnt in central power plants,
10 % goes to chemical industry for petro-chemical products, and the
remaining 50 % flows into the user sector. Power plants use standard
combustion power cycles (present technology).

Of the total electricity generated (by combustion power plants and

solar plants), an increasing share is used for the production of hydrogen,

beginning 1985 (40 % in 1985, 70 % in 2000, 80 % in 2025). All of the

0
Morrow, op, cit.
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hydrogen generated goes to export. The conversion efficiency is 20 %

from solar to electrical energy, and 70 % from electrical to hydrogen.

Energy distribution to users

Only three energy forms appear in the domestic user sector:
electrical energy, gas, and liquid fuel.

A constant 60 % of the electrical energy is assumed to be used

in the residential/commercial sector, the remaining 40 % go to the
industrial sector.

50 % of the gas are taken by the residential/commercial sector,
the remaining 50 % go to the industrial sector.

Of the liquid fuels produced, 20 % are used in the residential/
commercial sector, 50 % in the industrial sector, and the remaining

30 % in transportation.

Results of the simulation

The full results of the simulation using this input scenmario are
given in the data Appendix. They will now be discussed in some detail.
Figs. 4.20 and 4.21 are excerpted from the complete data sets. Table

4.3 summarizes the results.
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ESP - ISI/SRC January 1974
SUMMARY OF RESULTS
MIDDLE EAST ENERGY SYSTEM

"solar hydrogen'

scenario (ME2) units
0il 1970 .09 10° tee/yr
Consumption 2000 1.30 B
in Region 2025 2.90 "
Annual 1970 1.19 "
0il 2000 1.10 "
Export 2025 .20 "
Annual 1970 .0 "
Hydrogen 2000 .69 "
Export 2025 2.06 "
Export 1970 47.60 10° §/yr
Revenues 2000 85.41 "
per Year 2025 131.81 e
Number of 1970 116
1000 Mwe 2000 4034
Plants 2025 10288
New Plants 1970 16
per 2000 (291)
Year 2025 192
Capital 1970 1.71 10° $/yr
Investment 2000 (53.89) "
per Year 2025 42,94 "
Cumulative 1970 12.81 10° §
Capital 2000 782.81 "
Investment 2025 2026.70 1"
Energy Mix 1970 17/17/66 %
to Users 2000 36/12/52 %
elec/gas/liq. 2025 31/13/56 %
Total Energy 1970 .06 10° tee/yr
to Users 2000 1.06 "
in Region 2025 2.18 .
Energy Cost 1970 6.82 10° §/yr
to User 2000 170.91 "
per Year 2025 325.71 "
Cost to User 1970 113.6 $/tce
per Unit 2000 161.2 "
of Energy 2025 149.2 "

Table 4.3 - Sumary of Results for the Middle East solar hydrogen
scenario
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The fact that we are here presenting only one scenario for the
Middle East should not be understood as an implication that there
exists only one option. There do, in fact, exist quite a mumber which

deserve attention.This must be left to future investigations.

Energy exports

The oil export of the region increases from 1.19 Gtce in 1970 to
1.64 in 1985, dropping thereafter to 1.10 in 2000 and .20 in 2025.
Correspondingly, the export revenues from oil increase initially, and
then decrease to a low value. Revenues from increasing hydrogen exports
more than compensate for revenue losses from falling oil export. Hydrogen
exports climb from .02 Gtce in 1982 to .69 in 2000 and 2.06 in 2025.

Total exports climb from 1.19 Gtce in 1970 to 1.79 in 2000 and
2.26 in 2025, corresponding to export revenues of § 47.60 * 109 (billions)
in 1970, 85.41 in 2000, and 131.81 in 2025. The reason for the more than

proportional increase in revenues is the higher unit price of hydrogen.

Number of 1000 MWe conversion plants and capital investment

The mumber of 1000 MWe conversion plants in the region climbs
steeply from 116 in 1970 to 4034 in 2000 and 10288 in 2025. Most of
these plants (some 6000 by 2025) are conversion plants of the oil-based
energy system producing for domestic demand (refineries, power stations).
The remainder consists of somewhat more than 2000 solar electric power
plants, and somewhat less than 2000 plants generating hydrogen from

electricity. If these two plants are combined, we would deal with some
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2000 solar hydrogen generating plants of an individual plant capacity
af 1000 MWe. These plants would together represent a capital investment
of same 1000 billion dollars (at the, perhaps optimistic, investment
cost of § 500/KWe). If this generating capacity is built up over 40
years, the yearly capital investment requirements to build some 50
plants annually would be approximately § 25 billion.

Due to the rapid expansion of the domestic oil-based economy and
the solar hydrogen generating capacity, the total number of conversion
plants to be built each year increases from 16 in 1970 to a peak of 337
by 2020 and then decreases again to 192 in 2025. Note again that refineries,
power plants, solar electric plants and hydrogen generating plants are
all counted separately, even though we would probably partly deal with
integrated units combining several functions. Annual investment in con-
version plants increases from § 1.71 billion in 1970 to 56.28 in 2005,

and then decreases again to 42.94 in 2025.

Total energy to user

The secondary energy supply to the regional user increases from
.06 Gtce in 1970 to 1.06 in 2000 and 2.18 in 2025. For this emergy the

user pays $ 6.82 billion in 1970, 170.91 in 2000, and 325.71 in 2025.
The respective unit prices of secondary energy are $ 113.6/tce in 1970,
$ 161.2/tce in 2000, and § 149.2/tce in 2025.

During the scenario period, the energy mix to the user changes
from 17 % electricity, 17 % gas, 66 % liquid fuel in 1970 (estimate) to
36 $/12 %/ 52 % in 2000, and to 31 %/ 13 %/ 56 % in 2025,
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4.3 Evaluation of Scenarios

Introduction

In this section we shall discuss some basic aspects of policy
analysis, evaluation, and selection, using scenario analysis and
sirulation models. These considerations will be applied to the
evaluation of the scenario results given in the previous section.

Some tentative conclusions will be drawn from these simulation re-
sults. We shall also discuss the general approach to comprehensive
scenario analysis and evaluation and apply it to a (subjective) rank-
ordering of emergy policy alternatives for developed and oil-exporting
Tegions.

The general approach to policy evaluation using simulation
models consists of the following steps:

(1) A trial policy is chosen. This may be a "pure" or a "mixed"
policy (examples in the present context are, respectively, an energy
system entirely based on oil as a primary energy, Or one based on a
mix of oil, gas, and coal).

(2) The policy is translated into a scenario input to a simulation
model (this model may have any degree of complexity, from a simple mental
model to a sophisticated computer model).

(3) Certain state variables (“'indicators", 'monitor variables')
are observed during the simulation and recorded.

(4) The scenario results, as given by the indicators, are evaluated
using objective and subjective criteria. A combined measure of (sub-
jective) utility, disutility, satisfaction or dissatisfaction is derived.

(5) Results from the different scenario simulations are compared
and the most satisfactory alternative is selected.

These steps will now be discussed in more detail.
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Option trees

The task of planning (whether regional energy system or oil ex-
ports) requires consideration of different options at various levels
of concreteness; i.e. the study of a hierarchy of options followed by
layers of more concrete strategy options, and finally detailed implemen-
tation options. The distinction between policies, strategies, and imple-
mentation is here merely for the sake of simplifying. the discussion;
generally more layers will have to be considered. As each policy is
usually achievable by one or several members of a set of strategies,
and each strategy by one or several different implementations, the
hierarchy of options has a tree-like structure. Note that the options
are rarely mutually exclusive; very often a satisfactory solution
requires the simultaneous pursuit of several competing paths.

To make matters more concrete, consider the simplified option
trees for developed, cil importing regions (Fig. 4.22) and for deve-
loping, oil-exporting regions (Fig. 4.23). These option trees serve
as framework for scenario design and evaluation.

The objective of balancing energy supply and demand of developed
regions (Fig.4.22) can be attained by pursuing several policy options:
(1) by providing secondary energy in the form of liquid fuels:

(2) by providing gaseous fuels;

(3) by providing electricity, and

(4) by reducing energy consumption.

There are several options and sub-options for each of these policies:
liquid fuel may be provided by importing petroleum, and by liquefaction

of coal, using the heat of combustion of coal and of nuclear reactors.
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Similarly, gas may be provided by importing it, by gasification of
coal (using heat from coal combustion and from nuclear reactors), and
by generating of hydrogen in high temperature nucledr reactors.
Electricity may be generated by thermal processes using combustion of
imported oil or gas, and of domestic coal, and by nuclear reactor heat.
Finally, energy consumption may be reduced by increasing the efficiency
of energy use, and by simply providing less energy.

Note that these options are generally not mutually exclusive
and may be activated simultaneously to varying degrees. This is shown
in Figs. 4.24 and 4.25 for the Western European scenarios of the
previous section. The options chosen in those scenaraios are emphasized
by bands in the option tree; the width of the bands correspond roughly
to the emphasis on this particular option in the respective scenario.
The difference in the two scemarios should be obvious.

The option tree for the oil-exporting regions is quite different

(Fig. 4.23). Here the objective is an oil export rate which insures the
greatest benefit to the region. The policies open to the Tegion are

(in gross simplification):

(1) a high export rate;

(2) a moderate export rate;

(3) no oil exports.

As a consequence of corresponding export revenues, the region in the
firg two cases has the option (a) not to invest in domestic develop-
ment; (b) to invest in development of a domestic industry based entirely
on the domestic (nonrenewable) oil and gas reserves;(c) to invest in its

own industrial development and at the same time development of a
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imparted oil

coal gasification coal liquefaction

Fig. .25 Option emphasis, “alternative “scenario for Western Europe

Fig.4.26 Option emphassis, “solar hydrogen" scenario for the Middle East
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renewable energy resource base, with the options "hydrogen generation
by solar energy" and 'hydrogen generation by nuclear energy'. The
options in the last case are "no domestic development' or "gradual
development by bootstrapping without exports or external help'. The
emphasis in the solar hydrogen scenario studied in the previous sec-

tion is again indicated by bands in Fig. 4.26.

Option trees and scenarios

Note that we have used two quite different option trees as a
guide for designing scenarios which were then computed using an
identical simulation program: option tree and simulation program
therefore are not related. The option tree shows, among other things,
the context-dependence of the scenario.

Following the simplified schemes of Fig. 4.22 and Fig. 4.23,
the number of "pure''scenarios (where one and only one option is
implemented) is twelve for the case of the developed regions, and
ten for the case of the oil-exporting region. In the case of the
developed region, it would be quite absurd to pursue a "‘pure' policy,
relying on only one option to fulfill the objective. Obviously, in
practice a "mixed" policy would have to be pursued, requiring the
study of "mixed" scenarios where several options are activated
similtaneously with varying degrees of emphasis. At any point in
time, a given "mixed" scenario corresponds to a point in 12-dimen-
sional space in the first, and 10-dimensional option space in the
second case. Obviously, the search for an (in some sense) "'optimum''
or even just "satisfactory" solution requires some organized

(preferrably analytical or numerical) search effort. Provided a
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criteria function can be specified, optimization is possible with

the linear ESP-model, but has so far not been applied.

Decision criteria

In either the manual(and heuristic) or the amalytical or
computational search for an input scenario giving 'optimal" or
nsatisfactory" results, decision criteria are required for the eva-
luation. The set of decision criteria is context-dependent and re-
flects the preferences and problem-awareness of the decision-maker.

The set explicitly or implicitly, concretely or vaguely, represents
a desired system state, against which the system state implied by
the monitored state variables of the simulation (monitor variables,
indicators) is measured. The desirability of each scenario is thus
judged in either a qualitative, fuzzy manner (the usual procedure

in decision-making), or in a more quantitative manner using cost
functions or utility analysis. We shall later use the more fuzzy
concept of "dissatisfaction" to derive some qualitative measures for
the relative desirability of different scenarios.

In order to discuss the results of the simulations in a more or
less systematic fashion, we use two different sets of decision criteria
for the developed regions, and the oil-exporting region, respectively
(Tables 4.4 and 4.5). It is stressed again that the selection of these
criteria is subjective: some decision-makers will deal with only a
subset of those given, while others may include other criteria and delete
some of those listed. Most important, different decision-makers in diffe-

rent contexts will attach different degrees of importance ("weight') to
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the different criteria. Discussion of these points and the evaluation

process itself are taken up again later.

Table 4.4 - Decision Criteria with Respect to the Energy System

of Developed Regions

Adequacy of secondary energy supply (volume and mix)
to residential/commercial sector
to industrial sector
to transportation sector

Availability of energy supply
long range resource availability; exhaustion
security of supply: independence or assured Ccooperation

Costs

extraction investments and operating costs
conversion . " " "
transportation
distribution
user technology "

cost of primary energies
cost of secondary energies

" " 1t "
" " " "

Safety
immediate dangers through harmful pollution
risks of accidents and sabotage
long range dangers
synergisms and sumulative effects

Environmental aspects
ecological effects
climatological effects
geophysical aspects

General societal aspects
structural changes: industry, employment, markets
international relations;trade, cooperation
overall system efficiency
special problems

Table 4.5 - Decision Criteria with Respect to the Energy System

of 0il-Exporting Regions

Independence from foreign domination
Present regional welfare

welfare of future generations
Capital investment required
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The two sets of decision criteria for the two cases can be
formally derived as subsets of a much more general set of criteria
covering the decision behaviour of regional decision-makers. The
possibility of this approach is only pointed out here; it will not
be pursued . In deriving sets of decision criteria, one should make
an attempt to obtain "orthogonal" components; i.e. criteria which
are each independent of any of the others. Cluster analysis will
help in this effort, but a clean separation may not always be possible.
No claim of orthogonality can be made for the two sets of decision
critera given in Tables 4.4 and 4.5. Each member of a subcritera set
for a given decision criterion should again be independent of each

other member, within the same subset.

Tentative conclusions from the simulations

We will use the decision criteria of Tables 4.4 and 4.5 as
guidelines in evaluating the results of the simulations for the United
States, Western Europe, and the Middle East. The ESP simulation pro-
gram does not provide indicators (monitor variables) for all of the
decision aspects listed. Indicators on safety, for example, would have
to come from a separate investigation; indicators on environmental and
pollution aspects could be added to the simulation model.

In the following we shall refer to the "standard" scenarios for
the United States and Western Europe as the "nuclear-electric" scenario,
to the "alternative" scenarios for both regions as "gas" scenarios, and

to the Middle East scenario as "solar hydrogen' scenario.
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The simulations undertaken so far with the energy system
planning model (five of which have been reported here) have been of
an exploratory nature. For lack af available information some of the
input data are crude and perhaps inaccurate. Any conclusions drawn
are therefore tentative andmust await further confirmation. Nevertheless,
certain trends seem to emerge which will not be greatly affected by a
more accurate data base. Since the model is a linear one, any error
in the input data will be reflected in a proportional error component
in the output, with a constant proportonality factor. An idea of the
magnitude of these factors can be had from the equations of the aggre-

gated energy system planning model (ESPAG) discussed in section 4.4.

Evaluation of the Scenarios for the United States and Western Europe

Adequacy of secondary energy supply

In all four scenarios the secondary energy supply to the user sector
appears to be adequate. The total amount of secondary energy provided by
both the nuclear-electric, and by the gas scenarios is comparable,
despite vast differences in the amounts of primary input energy. How-
ever, significant differences appear in the mix of energies to the user.
In the nuclear-electric scenarios the share of electricity increases vastly
at the expense of gas and liquid fuels ( to 82 % (WEU), resp. 59 % (US)).
This would imply major structural changes in the user sector, some of
them, like the electrification of persomal transportation, being extremely
unlikely. In the gas scenario for the United States the liquid fuel input
drops somewhat while the input of gas and of electrical energy increase.

In the gas scenario for Western Europe the shift to gas use is much more
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pronounced, even though the share of electricity also increases
significantly. In both gas scenarios the shift to gas is gradual
and only partial, as the gas share increases only to about 40 %
of the total energy input into the user sector. Major dislocations
are therefore unlikely.

Conclusion: A gas-based energy system can supply the necessary
energy amount and mix to the user sector using a much smaller primary
energy input than the nuclear-electric energy system. The latter

system also provides a particular unsatisfactory energy mix.

Availability of energy supply

All four scenarios start with the historic conditions of 1970
- mainly oil-based energy systems - and gradually develop along the
diverging paths of the "standard" and "alternative" scenarios. As a
result of resource limitations the oil-based energy system obviously
can be neither a permanent, nor even a long-range solution (for a
time-horizon of more than three decades). A coal-based energy system
fares somewhat better. The developed regions of North America and
Western Europe have coal reserves which - at moderate rates of
exploitation - could support them for another century. During this
time, transition to a more permanent energy base would perhaps be
possible. A nuclear energy system based on the conventional reactor
would Tun out of fuel by the time the oilwells dry up (see chapter
2 on resources); this again is not a permanent, nor even a long-range
solution. The breeder reactor offers a way out of this dilemma. Of the

major sources of primary energy considered here, it is the only one
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which offers a reasonably long-range solution to the question of
energy supplies. It does so at the cost of some serious and as yet
unresolved hazards (see the brief on the breeder reactor).

In the '"gas" scenario for the United States, solar and geothermal
energy, and the emergy in wood, wastes, and other biomatter play a
small but significant role. The contributions of these renewable energy
sources are potentially great; they could, if properly harnessed, cover
the future energy needs of the world. The engineering effort needed to
develop these resources appears to be smaller than that needed for the
development or safe breeder or fusion technologies.

The question of security of supply can be settled by either a
policy of energy independence, or a policy of reliable long-range
cooperation. Both "gas" scenarios assume eventual depletion of foreign
oil-reserves. Primary energy inputs therefore eventually become inde-
pendent (or almost so) of foreign suppliers. However, until this
measure of independence can be achieved (at most in two to three decades
in the case of Western Europe) cooperation with oil-importing regions is
an essential precondition to reasonably stable economic development.

Conclusions: 0il is mot suited as a long-range energy base; coal
will serve much better; and the breeder offers almost unlimited energy
supplies at a cost. The for all practical purposes equally unlimited
and renewable supplies of geothermal, solar, and biomatter energies

deserve more attention.



B 943

Costs

All electrical energy systems labor under a double handicap:
high costs of electricity generation and transmission, when compared
to other energy forms. In addition, transmission losses are quite
significant (of the order of 3 percent per 100 km in high-voltage
lines). Worst of all, thermal electric power generation is limited
by the laws of thermodynamics to the relatively low efficiencies of
thermal power cycles (some 35 % in the better present-day plant;
approximately 55 % appear possible using advanced thermodynamic
cycles). These limitations explain the poor results of the nuclear-
electric scenarios on all cost counts, with the possible exception
of primary energy costs: nuclear fuel is relatively cheap.

The overall conversion efficiencies of emergy systems avoiding
(as far as possible) thermo-mechanical conversion cycles are considerable
better. As a result, the primary energy input is smaller, the plant
inventory is correspondingly smaller, less energy is wasted, invest-
ments for dissipation of this energy (cooling towers and equipment) are
smaller. For the same output of secondary energy, the capital cost of
necessary conversion plants is smaller by a factor of about four.

Gas generation is more efficient than the generation of liquid fuels.
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Conclusions: The lower costs of primary energy input for
a nuclear-electric energy system are more than offset by significant
cost disadvantages of the electricity generation and transmission
system having overall energy losses of some 65 to 75 %. A gas-based
energy system is significantly more cost-efficient. Future energy
systems should restrict electricity generation and liquid fuel
production to a minimum, and supply gas for all remaining energy

needs.

Safety

Safety aspects are not directly included in the simulations.

Their potential scale can be inferred from the number of the conversion
plants and the magnitude of energy flows of the different kinds. While
safety risks associated with the electrical energy system, with the
liquid fuel system, and with geothermal and solar emergies are minimal,
serious attention must be paid to potential hazards of the gas and
nuclear power systems. Gas systems, including hydrogen systems, have
over decades established a good safety record. A potential problem may
be small hydrogen storage systems.

Nuclear power systems - whether conventional reactor, breeder
reactor, or fusion reactor - pose safety problems of a different order
of magnitude and difficulty. The safety problem here has essentially
five aspects: (1) emission of radioactive gasses (perhaps the least
serious threat, except in the case of radioactive tritium pollution

from fusion processes); (2) possible failure of cooling systems, having



B 945

as a result the melting down of the core and serious radio-

active contamination of the surrounding area; (3) transportation
and storage of spent and unspent fuels and radioactive wastes;

(4) control of all stocks to prevent sahotage, theft, unauthorized
use, and possible nuclear blackmail (9 kg of plutonium, a physics
degree, and a small laboratory suffice for the production of an
atomic bomb; each breeder contains enough plutonium to make several
hundred atombombs);(5) permanent safe storage of radioactive breeder
wastes with a half-life of many thousand yearsl.

Both nuclear-electric scenarios would imply several thousand
breeder reactors per region by the year 2025. The consequences of
such a development are frightening indeed - even if a perfect safety
record is assumed and we simply consider the size and reach of the
control apparatus necessary to maintain this record.

Conclusions: The problem of safety and control is at least an
order-of-magnitude more severe for a nuclear energy system than for
systems based on other energy forms. As the amount of secondary energy
supplied by non-nuclear systems is competitive, at lower overall cost,

the large scale adoption of nuclear energy systems appears unwise.

Environmental aspects

Under this heading we here discuss effects of energy system which
pose no immediate and direct dangers to man, but may significantly

affect the environmentsurrounding him by causing changes in ecological

1
Jon Tinker, 'Breeders:risks man dare not run', New Scientist, March

1973, p. 473 - 476
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systems, the local, regional, or global climate, or in the
natural geophysical or vegetative character of the countryside.

Surface mining of coal on a large scale can alter the
character of large land-areas. This must not necessarily be to
the detriment of the landscape (US strip-mining practices);
restoration of open pit or strip mines to attractive recreational
or agricultural areas is possible and should be enforced by pro-
per laws (West Germany). In both 'gas" scenarios the level of
coal production would have to be increased significantly by 2025
(by a factor of five in the United States, by a factor of nine
in Western Europe). Much of this mining effort would have to be
underground, especially in Western Europe; a significant amount
of coal gasification could probably be in situ,

The large-scale use of coal would necessitate effective
control of sulfur dioxide emissions. This can be done most
effectively and economically during the gasification process.
Transmission of the gas would be in underground pipelines with
a minimum impact on the enviromment.

The disipation of heat generated by large electric powerplants
of any kind poses local environmental problems. Water cooling
possibilities ( rivers, lakes) have reached their limits in many
locations, and the transition to wet or dry cooling towers becomes
necessary. The effects of large cooling towers on the local climate
are as yet not well establisched. A relatively dense spacing of these

cooling towers, as it would be required in a few decades in the
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nuclear-electric economy, could conceivably have adverse affects
on the regional or glebal climatez.

In both nuclear-electric cases, the amount of concentrated
waste heat produced is truly enormous by 2025: in the United States
it has climbed to almost 14 times the (not insignificant) amount
of 1970; and in Western Europe to 21 times the 1970 amount. Apart
from climatological considerations, this evokes the spectre of at
least a twentyfold increase in the number of large cooling towers
(probably more, as many existing processes have fresh water cooling
without large cooling structures, while the fresh water cooling
capacity has now reached its limits in many locations. This implies
an increasing share of (much larger) dry cooling towers. )

Conclusions: Both large scale (open pit) mining operations
required in a coal-based economy and the necessary dissipation of
very significant amounts of rejected heat from the generation of
electricity pose substantial environmental problems. Electricity

generatidn should therefore be kept at a minimum.

General societal aspects

The simulations produce only a few indicators relevant to gene-
ral societal aspects: such as energy costs and primary and secondary

energy priees.Using these indicators, one could speculate on possible

2 H. Flohn, "Produzieren wir unser eingenes Klima?"

Meteorologische Rundschau 23, 1970, p. 161
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consequences. We will here only indicate a few.

All of the scenarios are to a greater or lesser degree
suboptimal. The most serious criticisms are:

(1) Nonrenewable energies are used at a high rate when
competitive renewable energy forms are available. (i.e. present
use of oil, gas, and coal instead of solar, geothermal, or bio-
matter energies).

(2) As the energy requirements of the end user can be
most efficiently served by differentenergy forms, concentration
on one particular energy form ("all-electric economy') is wasteful.

(3) Energy independence of a given region may have to be
bought by inefficient energy use and corresponding problems of waste
heat dissipation (hypothetical case: a decision to achieve inde-
pendence from oil imports by switching to a nuclear-electric economy).
At the same time a region dependingonenergy exports is deprived of
its means of further development.

(4) Possibilities of combined or cascaded energy systems are
seldom considered (example of cascaded processes where each process
uses the rejected heat of the previous process: reactor heat — gasi-
fication of coal —» electricity generation —> space heating;
example of a combined system: waste disposal - sewage plant - water
purification - gas production - electric power generation - space
heating).

(5) The focus is on providing increasing amounts of energy,

not of energy service. It is a fact that the efficiencies of most
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energy use processes can be increased substantially, and that in
many cases different but more efficient processes can be substituted.
(6) The implicit assumption that (especially in the developed
societies) ever increasing amounts of energy per capita must be
provided is certainly fundamentally wrong. There is a point (and it
may be reached soon in some regions) where the marginal utility gained
from an additional unit of energy is more than offset by the marginal
disutilities of increased cost, decreased safety, increased environ-
mental damage, and decreased social and political stability.
Conclusions: The energy system must be viewed as a part of the
complex and dynamic societal system. Every effort should be made to
avoid the pitfalls of suboptimality which always accompany the "simple

solution'.

We shall return to a more formal approach to the evaluation
of the simulation results below. Before doing so, the results of
the Middle East scenario simulation will be discussed in the light

of the applicable decision criteria.

Evaluation of the solar hydrogen scenario for the Middle East

Independence from foreign domination

Independence from foreign domination requires first and fore-
most development of the region to the point where it becomes self-
supporting as far as basic products are concerned. It further requires
a secure resource base which can support the domestic economy in the

long Tun.
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0il export can, over the next decades, supply the revemues
for supporting a high rate of internal development. It cannot
provide a permanent resource base. Exhaustion appears inevitable
later in the next century.

The export of hydrogen could provide a permanent source of
revenues. None of the developed regions has similarly favorable

conditions for this particular energy industry.

Present regional welfare

The interests of the present generation favor a pace of
development which provides quick improvement of the quality of
life of the individual without distupting his social and cultural
enviromment. Achievement of this goal requires high revenue in-

come from exports.

Welfare of future generations

As usual, the welfare of future generations is at odds with
that of the present. A rapid pace of exploitation of oil and gas
resources not only deprives future generations of the region of a
source of income, it also deprives future generations of the world
of valuable hydrocarbons which they will need for their chemical
and pharmazeutical industries. The build-up of a hydrogen resource
base would be in the interests of future generations, as it would
permit the restriction of oil and gas reserves to future non-

energy uses, before they become permanently exhausted.
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Capital investment required

The capital investment required for the build-up of the
solar hydrogen system (around 50 billion dollars per year) will
be of the order of the investment required by each of the developed
Tegions to build up its own energy system if hydrogen import from
another region is not possible. There should thus be sufficient
mutual interest in joint ventures between regions to build up this

energy resource base.

A systematic approach to evaluation

The immense mumber of different scenarios (literally infinite,
as the parameter inputs can vaTy on continuous scales) which can
be investigated with a simulation model such as the present omne,
necessitate some evaluation procedure which would make it possible
to focus on the more satisfactory scenarios. This evaluation would
have to take into account all the decision criteria which are felt
to be relevant to the search. Rarely (as in the case of cost or
physical standards) can objective criteria be applied in this
evaluation; most decision criteria repuire subjective evaluation
of the indicators (monitor variables) from the simulation output.

This subjective evaluation procedure can be formalized by
assigning subjective weights to the different decision criteria,
subjectively quantifying the vdissatisfaction" of the decision- ma-
ker with Tespect to a given decision criterion, multiplying dis-
satisfaction and corresponding weight, and computing the sum of all

weighted dissatisfactions ("overall dissatisfaction'). Scenarios
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giving small overall dissatisfactions are them of greatest interest
to the decision-maker and merit further investigation.

Formally: Let i be the index of the i-th of I decision
criteria, di the respective dissatisfaction, w; the corresponding
weight of the decision €riterion, and D the overall dissatisfaction.

Then

i=1

This procedure has been applied to tentatively evaluate the
options for the developing regions and the oil-exporting region,
using the option “trees of Figs. 4.22 and 4.23, and the decision
criteria of Tables 4.4 and 4.5. The results are tabulated in Tables
4.6 and 4.7. Note that the criteria weights and the individual
dissatisfactions reflect the intuitive "'fuzzy" assessments of a
particular individual; other individuals will arrive at different
assessments. There are no "'right' or "wrong' answers. The dissatis-
faction assessment could probably be considerably improved by
applying a Delphi technique.

The assessment can be refined by disaggregating decision criteria
into (more or less) orthogonal components (subcriteria),splitting the
criterion weight into subweights for each of the subcriteria, and then

applying the previous procedure to arrive at the dissatisfaction d'i*.

* As an example consider the decision criterion "safety" of Table 4.4.
It has the subcriteria "immediate dangers through harmful polluction',
nrisks of accidents and sabotage', ''long range dangers'', and "synergisms

and cumulative effects".



B 953

SUOTJDL PIUOTSA3D JO WS1SAS ASI0US JI0F UOTIBN[BAS OTIBUSDG -

9% 9Tqel
(s10405) (suou)

I cteteeerert g (UOTJORJSTIESSIP
8 1S V9 14 S 9 14 0T L 6 1 ¢ - fuet STqerTEAR
0'T AT3usuewtad syzodut Cy

L o S 8 ¥ S 3 0T | 9 6 1 z ~quexr  pImZ = g
'L 0'v 0°9 AN 0P 0'9 9°'¢ 6°8 89 §'L 8°0 8°T UOT3OBISTIBSSTP JTBISAO
0" A v’ 0 A A A T 9° S* 0° 0" wolsAs A31sus joO
0° A A 0° A 7 Al T 9° G 0° 0° 1 5309dSe TEIUSWUOITAUD
0° 0° 0°2 0° 0° 0°Z vz 0° 0° 0y 0* 0* wo3s4s
0° 0’ gt 0" 0’ S’ 9° 0° 0° T v° 0* b £310us yo A3syeS
9' 't 0°1 9° 8 8° 9 v AR A 9" z° A1ddns A31sus pue
¢ g g* ¢’ 1A A ¢’ L 9* 9 ¢* I z wa3s4As £310ua Jo s3S0D
9 A4 vz 9 /A4 Ve 0° ¥'9 0'v 8° 0’ 0 A1adns A3isus
8" I 1 8 I 9 0" 8" S” 1 0° 0" § | (Arewtxd) yo L3rrIqETTERAR
Z" A ¢” A A A v 0°'1 0'T 0'T A 9°'1 A1ddns A81sus
T 1 T° z 7 7 7 g* g* g1 1 \ g V4 (Axepuodss) jo ALoenbope
“ “ “ " b | il M mﬂs I
L80n P yOTIOR3STIEBSSTN 1y3ToM UOTISTID UOTSTIAP

110
-Q.._.:._”
0
.M&a A3aoud
: $SoT
oprA0Id

£1TOTI109

aonpaa

9911 UOT1dO




B 954

UOTdax JUTIIOUXD [TO JO suorluo ADTfod ABI5US I0F UOTIENTBAS OTIBUSDS - /'t O[4eL

*3SOAUT
‘uwiop ou

[CREVELY (ouou)
T ttcccc' g UOTIOBJSTIBSSTP
uS ul 1 I 1S Y4 Z ¢ S v ~— uer

v 6'T| 8T | Sz | vs 6'T| 61| Sz| s | g% paansse sduspusdepur

6 9 N7 S 8 ¥ z ¢ L T - juel T ™M = a
7°eT G'S £y 6°v U'Tt £y S'¢ v 76 £°e UOTIOBFSTIBSSIP T[B-I8A0
0° £* L* L 0° ¢ L L’ 0* T . paatnbex
v* ¢’ L* L 0° 1 L L* 07 1 1 SJUSUN SSAUT TRITAERD
VT 8" 0° 9° v'T 8" 0° 9° AN TN SUOTIBISULS
L’ A 0* s L’ A 0° gt L] 0 z aImny jo aIejom
0¥ 8" 'T (AN} 0°v 8" (A" [} 0°v '¢ dIBIToM
0°'1 A g" ¢ 0" 1 Z° ¢ ¢ 01 8 ¥ Teuotdoax juasaxd
0°8 0y A4 vz 9°s v'e 9'1 91 0"y 0° UOT}BUTWOp ﬂ.wmwhow
0°1 S’ € <1 Ll 1 z° A m.\ 0 8 WOIF 9OUSPUIUDPUT
1 i | ! I Tptn M L)
| 1 r Ip .ccﬂpuwwmﬂPWmmﬂv_ Wy3Tom UOTJISITID UOISTIP

*3S9AUT

wop ou urddexysiyooq

JJ0UXa ou

9911 UOT3dO




B 955

Formally: Let j be the index of the j-th of J subcriteria of
decision criterion S dij the respective subdissatisfaction,
wij the corresponding subweight of the decision subcriterion.
Then 3

a= ) vy dy
j=1
Note, however, that D =Zdj'. , as the weights have already
been accounted for. This procedure can obviously be repeated
as needed, leading to a 'dissatisfaction hierarchy".

A procedure such as the present one can help to structure
decision problems and make the evaluation procedure more trans-
parent. It should be clearly understood, however, that this is
not an "objective'" evaluation procedure. Such a thing simply
does not exist.

In the evaluation of energy system options for the developed
regions (Table 4.6) the assumption was that, starting from the
present energy system, the future development was almost exclusively
in the direction of each one of the 12 alternatives in turn. With
the subjective weights as given, the ranked order of preference for
the different energy system option was then as follows:

1 - reduced consumption by increased user efficiency (least un-
satisfactory solution)

2 - providing less energy

3 - hydrogen from water and nuclear process heat
gasification of coal using coal for process heat

4-(
liquefaction of coal using coal for process heat
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gasification of coal using nuclear process heat
liquefaction of coal using nuclear process heat
6 - electricity from coal-fired power plants
7 - liquid fuel from imported oil
8 - energy system based on imported gas
9 - electricity from nuclear power plants
10 - electricity from powerplants fired by imported oil

and gas (most unsatisfactory solution)

A very interesting change in this order results by introducing
the Middle East solar hydrogen scenario and assuming that an adequate
supply of imported gas (hydrogen) at reasonable rates will always be -
available. The dissatisfaction with respect to the decision criterion
"availability of energy supply" is then reduced to zero in the column
for the energy system based on imported gas. This changes the first
few entries in. the preference ranking as follows

1 - reduced consumption by increased user efficiency

2 - energy system based on imported gas

3 - providing less energy

4 - hydrogen from water and nuclear process heat(all the

test are moved down by one position,deleting (old)
position 8)

It is interesting to ponder these (thoroughly subjective and

unrepresentative) results in the light of current controversies

surrounding the large scale introduction of nuclear electric poweT-
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plants. Quite obviously different weights are attached by different

groups and individuals to the different decision criteria, and

different dissatisfactions are assessed as a Tesult of proposed

measures.

A similar subjective evaluation of the options for the oil-

producing region (Table 4.7) arrives at the following rank-ordering:

1 -

10 -

"bootstrapping'' (regional development without external
aid and interference); no oil exports (most satisfactory
solution)

moderate 0il exports; investment in regional development
and a solar hydrogen industry

moderate oil exports; investment in regional development and
a nuclear hydrogen industry

moderate o0il exports; investment in regional development only

large oil exports; investment in regional development and a
solar hydrogen industry

large oil exports; investment in regional development and a
nuclear hydrogen industry

large 0il exports; investment in regional development only
no 0il exports; no investments in regional development
moderate o0il exports; no investments in regional development

large o0il exports, no investments in regional development
(most umsatisfactory solution)

An interesting change in this rank-ordering occurs if the concern

about "independence from foreign domination" is assumed not to exist.

The tank-ordering then changes to

1 -

large oil exports; investment in regional development and a
solar hydrogen industry (most satisfactory solution)
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moderate o0il exports; investment in regional development
and a solar hydrogen industry

large oil exports; investment in regional development only
moderate oil exports; investment in regional development only

large oil exports; investment in regional development and
a nuclear hydrogen industry

moderate o0il exports; investment in regional development and
a nuclear hydrogen industry

"bootstrapping''; no oil exports
no oil exports; no domestic development
moderate oil exports; no domestic development

large oil exports; no domestic development (most umsatisfactory
solution)

From these evaluations for the developed regions and the oil-

exporting region the impression emerges that a genuine partnership

between these regions, based eventually on the production of hydrogen

by solar energy by the presently oil-exporting countries, might well

meet the

long range interests of all parties better than regionally

optimized solutions.It is stressed, however, that we have so far only

investigated a limited portion of a rather wide spectrum of possible

scenarios. Further study may reveal more satisfactory alternmative

approaches.
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1. INTRODUCTION

World Energy consumption has been increasing at approximately the
same rate as world GNP--about 5% per year. World oil consumption has
been growing even faster as oil has replaced coal, wood, and other less
easily transported and utilized forms of energy. In 1950, oil constituted
30% of all energy consumption in the world; by 1970 this had increased to
48% with the trend pointing steeply upward. Different regions of the world
have moved with varying speeds toward oil dominated energy systems. Latin
America and the Middle East, endowed with considerable oil reserves and
few other energy resources used oil in 1970 for 65% and 70% of their
total energy needs, respectively. (The Middle Eastern figure is perhaps
lower than one would expect because of considerable and growing natural
gas use,) Western Europe and Japan, with few energy resources, have
responded to the low cost and easy availability of Middle Eastern oil by
granting oil 55,2% and 73.5% of their total energy consumption. Regions
with alternatives to oil, even when blessed with considerable oil reserves,
have maintained more diversified energy systems. North America relied
upon 0il for 41.5% of its total energy in 1970 and Eastern Europe required
only 27.3%.

With the increased reliance on oil within regions, the dependence of
several regions, particularly‘ Western Burcpe and Japan on imported oil
has grown remarkably. In 1970 7.4 billion barrels of liquid fuels were
exported from surplus to deficit regions. Although Western Europe and
Japan are clearly highly vulnerable to oil export limitations as a result

of o0il based energy systems and limited alternatives, Southeast Asia may
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be even more vulnerable. In 1970 that region used oil for 47% of its
total energy and its oil imports constituted 7.4% of its total energy
consumption, The presence of Indonesia in the region makes that import
figure misleadingly small., The economies of the region are fragile, and
increased oil prices are biting deeply. The South Korean economy is one
of the strongest in the region. But the Korean government recently
estimated that oil imports would increase in cost from 10% of total imports
in 1973 to 20% in 1974, and that the economic growth rate would fall from
16.9% to 8%, almost entirely as a result of the increased oil prices.l

There are three major categories of problems in the area of world oil
consumption and production, and these constitute the concerns to be
analyzed in this report. First, oil is a nonrenewable resource and will
eventually be depleted, The date of exhuastion depends on consumption
growth or decline and on ultimate (including undiscovered) reserves. The
second problem is short-term. At any time, as the Arab nations have recently
proved, export limitations can cripple entire importing regions. The
economic impact of supply limitations will depend on the size of the cut-back
and the dependence of the importer. Even if short tem supply limitations
are avoided and ultimate reserve exhuastion is postponed, a third problem
is that the enormous magnitudes of the international oil flows coupled
with the increasing prices of oil pose incredible international monetary
problems.

All three of these problems can be analyzed with the assistance of a
computer simulation of world oil consumption and production. Quite clearly,

the necessary model will need also represent the economies of the world,
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since it is the size of the economy which determines the demand for
energy. Different assumptions about the possibility of continued rapid
economic growth of Japan, for example, lead to different energy demand
levels. Moreover, a principal concern here is the impact on economic
growth of oil or other energy deficits. The model to be used, then, is
not so much a world oil consumption and production model, but a world
economic (and population growth) model in which oil production and
consumption are given special attention. The model is one of a package
developed in the context of the Mesarovic-Pestel World Model project.

Description of the project will not be undertaken herez. Some
characteristics of the project should, however, be noted. First, the
project has regionalized the world. The major differences in world
regions have been recognized and incorporated into the models. Ten
regions constitute the normal division. These are North America, Western
Furope, Japan,- the remaining developed Western nations (e.g. Australia,
South Africa), Eastern Europe and the Soviet Union, Latin America, the
Middle Fast and North Africa, Main Africa, Southeast Asia, and Communist
Asia. Second, elements of the model are being developed in essentially
modular fashion, so that, for example, the economic models for the 10
regions can be easily incorporated into models like the present one.
Third, conscious attention goes to political options and the value-based
decisions which governments can make in efforts to control their environ-
ments.

It is largely because of the uncertainty of governmental policy - making

that no one can make high probability predictions about the future of the



B 976

world; it is not the purpose of this report to do so. It is, however,
possible to make "if-then'" statements with considerable confidence. If
we spell out basic assumptions and regional choices in the form of
alternative scenarios, we can suggest likely implications of such
scenarios,

The basic oil-related problems listed above, and the types of
proposals which have recently been put forward for their solution suggest
several general scenarios which users of a world oil model would want to
explores. These scenarios form central themes around which numerous
variations exist, depending upon specific assumptions. The first scenario,

or set of scenarios, can be called standard or cooperative. This scenario

set posits that no restrictions are placed upen oil exports and that the
capital accumulating regions are as well accepted and integrated into the
international system as Texas is in the U.S. or Scotland is in Great

Britain. That is, capital flows to the oil rich areas, but returns to the
o0il poor areas as expenditure for goods and investment in established capital.
The major variables of interest in this set of scenarios are the price of
o0il, the size of the capital flows (a function of oil prices), and the
proportions of capital which oil selling nations invest in long-temm capital
of other regions and immediate consumption.

The second scenario set focuses on conflict. There are possibilities for
conflictual behavior on the part of both importers and exporters. Exporters
can at any time limit exports, raise prices, and ''squeeze'' importers. Although
we are labeling such decisions "conflict behavior," it should be pointed

out that the intent need not be negative. In fact the Mideast leaders may
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feel that limitations on production are the best for everyone. Although

we naturally think in terms of Mideast supply limitations, if the Soviet
Union or even China become major exporters, other variations on the squeeze
scenario will prove possible. The relative econcmic benefits to exporting
regions of selling 0il now on demand or of limiting production and waiting
until later is a hotly debated issue and is central to the squeeze

scenario. So is the economic impact on importers of supply limitations.

The weapons available to the oil importers are less certain. The possibility
exists of some collective action by oil importers to limit the availability
of goods desired by the Mideast or to raise the prices of such goods.
Although most commentators have rightfully belittled the likelihood of such
action, and events have shown the centifrical behavior of the Western alliance
in crisis, the possibility of such action remains. In particular, the
Western developed region could manipulate sales and prices of capital goods
to the Mideast since they have a relative monopoly on these highly desired
goods - even the Soviet Union looks to the West for high technology capital
goods,

Many other scenarios can be examined with the oil model, For example,
we could focus on efforts of regions to make themselves "independent' in
their energy supply. Clearly, the North American region has the greatest
and most immediate potential for such independence. Its efforts and the
efforts of other regions to increase energy supplies through governmental
policies rather than through market mechanisms have implications for the entire

world system. Other scenarios can be built around technology and various
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energy systems. If fusion were to become a commercial and inexpensive energy
source either earlier or later than the early 21st century, it could change

the 0il demand picture considerably.
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FOOTNOTES FOR CHAPTER 1

1 New York Times, February 11, 1974, p. 53.

2 See the various reports on the project prepared for the special

meeting on the World Model Project, International Institute for Applied
Systems Analysis, Vienna, April-May, 1974. See also Barry B. Hughes,
"Current Status of the Mesarovic-Pestel World Model," Case Western
Reserve University, Systems Research Center, March 1974,

3 Several scenarios are explored with this model in Barry Hughes,
Mihajlo Mesarovic, and Eduard Pestel, "Assessment of the World Oil Crisis
Using the Multi-Level World Model," Systems Research Center, Case Western
Reserve University, April, 1974.
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2. MODEL STRUCTURE

Figure 1 shows the basic structure of the model, Across the top
of that figure is the oil demand determination, across the bottom is oil
supply, and the center contains the reconcilation of demand and supply,
the feedback of deficits to economic growth, and the options or policies
available to importing and exporting nations. Naturally, 0il demand
and oil supply capability are not necessarily equivalent to each other or
to final oil consumption as determined in the middle layer of Figure 1.
Let us look at each of the three levels. Except when noted otherwise,

data for this study come from Joel Darmstadter, Emergy in the World

Economy, Resources for the Future, 1971, and U.N. Statistical Series J.

2.1 0il Demand

Basic to the level of o0il demand for a region is the size of the
economy. The economic model from the Mesarovic-Pestel World Model project
provides a very good base for the projection of economic growth (without
inflation) in each of the 10 regions. Energy demand does not grow at the
same rate as GNP, however, In general, energy demand grows faster than
GNP in less developed regions and slower in developed regions, The less
developed regions require tremendous increases in energy use to create
the infrastructure and basic industry of industrialized economies. Fre-
quently these countries require as much as two percent increases in energy
use for every one percent increase in GNP. In particular, the communist
regions increase their energy consumption during the period of industriali-

zation at a far higher rate than they increase total economic output. More
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mature and service sector oriented economies, increasingly including
Eastern Europe, generally require something less than a one percent
increase in energy use for every one percent increase in GNP. Figure 2
shows the relationship between the economic development of a region's
economy (as measured by GRP/capita) and the ratio of energy to GRP, Note
that the ratio increases dramatically at low levels of GRP/capita, espe-
cially for communist regions. The prediction of total energy demand in any
time period for a region is thus a function of GRP and population.l

Naturally, oil demand is not a constant proportion of total energy
demand, and depends on the relative availability and price of oil and
other energy sources., Figure 3 shows one estimate by J.D. Parent and H.R.
Linden of the future ratio of oil consumption to total energy consumptionz.
That figure is not a simple extrapolation of empirical data. The curve is
based on estimates of total world oil supplies and total world energy
demand, with the assumption that oil will continue to be a more attractive
energy source than other fuels as long as it remains available. Because
the assumptions are reasonable, Linden's curve will form the basis for
projecting o0il demand from total energy demand in the unmodified projection
scenario. Clearly, efforts to achieve independence by any region will
result in modifications, as will oil conservation measures, oil supply
limitations and oil demand elasticity with price. The curve will be
modified for various scenarios.

The shape of the curve in Figure 3 largely describes the pattern for

each region as well as for the world as a whole, Naturally, each region
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had in 1970 (the base year for the model) a different ratio of oil to total
energy consumption than the world value. Thus in order to project oil
demand for each region individually, the world curve was shifted upward or

dovnward to pass through the empirical value for 1970,

2.2 0il Supply

0il supply for any year is equivalent to oil production capacity,
minus any regional production restrictions, OIl capacity in each of the 10
regions has increased at very different annual rates. Although the rate
of oil production capacity increase is a scenario variable, the rates of
the last decade from the basis for the unmodified projection scenario.
Supply elasticity with price will be discussed below.

Naturally, oil production cannot increase indefinitely. Eventually,
reserves of the region will near depletion and rates of oil discovery will
fall. As ratios of known reserves to annual production begin to decrease,
they will dampen investment in energy production capability, eventually
leading to decreases in that production.

The major uncertainty in the process is the level of ultimate oil
reserves, Geologists have repeatedly made such estimates and repeatedly
been wrong. Oil companies are now reprinting advertisements they ran in
the 1930s suggesting the near exhaustion of oil--this, of course, was before
the major Texas oil discoveries. After hearing "wolf" so frequently, we all
treat ultimate reserve estimates gingerly. Presumably, however, the world-
wide oil searches and geological exploration of the last decades do allow

greater precision in our guesses than earlier. That may explain convergence
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of estimates of ultimate recoverable world petroleum reserves within the
range of two to four trillion barrels.s Of this, about 240 billion have
already been used and another 780 billion are proved or known recoverable
reserves4. Reserve estimates depend on assumptions about the efficiency
of the extractive process -- presently only about 30% of the oil in place
is removed. The above projections assume higher priées and better tech-
nology leading to around 40% oil recovery and as much as 60%. Reserve
assunptions also depend on the classification of oil in o0il shale and
tar sands. Now that prices have climbed dramatically, many economic
restrictions have been lifted on the exploitation of marginal oil, and we
will work with alternative reserve estimates in the three to four trillion

barrel range. >

2,3 World 0il Balance

Given the o0il demand and supply projections, each regicn will be
either a deficit or a surplus region. As Figure 1 suggests, the two types
of regions must be treated separately. Any one region can move, of course,
between categories over time, The surplus regions are assumed to completely
satisfy their own consumption needs first. This is not strictly true--for
instance, Latin America is a net exporter of oil because largely of Venezuela,
while some countries in South America import Middle Eastern oil. On the
whole, however, the assumption holds,

After regional needs are met, surplus oil is available for export

(remember that supply limitations are dealt with prior to determination
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of the final oil supply figure). All deficit nations are assumed to

want to import up to the total amount of the deficit, umless as in the
case of an independence scenario, an effort is being made to avoid
imports. If total world import demand exceeds total world export supply,
the unfilled import demand is distributed among all importing countries
proportionally to the size of the import demand. This procedure assumes
no preferential treatment, selective embargoes, or differential ability

to pay in a free market. In so assuming, it significantly and quite
reasonably simplifies the model. If total world export supply exceeds
total world demand, exports are increased at less than maximum rates. The
reduction in capacity or capacity increase is distributed to all exporting

regions proportionally to the magnitude of exports.

2.4 0il Price

It is quite difficult to make accurate statements, much less projections
about the price/barrel of oil, and will remain difficult until the present
situation stabilizes. In less than five years Middle Eastern oil has in-
creased in selling price from a little over a dollar/barrel to over $10
and as much as $15/barrel in private auctions. North American oil has been
significantly costlier to produce and higher priced until recentl --the
price has incareased from about $3.50/barrel to $5.50 in the same period
of time.

In the model computation of oil price, focus has been placed on

revenues accruing to the Middle Eastern nations. Since they will remain
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the dominant exporters, they will largely determine prices. Moreover,

it is their accumulated capital which threatens the international monetary
order, so that we want the best possible picture of that accumulation.
Table 1 shows the revenues accruing to the Middle East per barrel of oil
up to 1972, Table 2 shows the resultant capital flows to the Mideast.

The Middle East has clearly proven that oil price is a manipulable
variable and thus should be a scenario variable. For the ummodified pro-
jection run of the model, oil price for imported oil between 1970 and 1974
is set at the empirical level of royalties and taxes flowing to the Middle
Bast upon the sale of each barrel of oil; after 1974 an annual (non-inflated)
increase of 3% is assumed up to a level which maximizes economic growth
and capital accumulation of the Mideast. An analysis of this level will
be made later.

The "price" of a barrel of oil in 1974 (actually the revenues accruing
to the Middle East) was set at $7.00, This is very much lower than the
$11.65 posted price of Persian Gulf oil at the beginning of 1974. The
posted price, however, means little--it is simply used to calculate
royalties and taxes, The Middle Eastern oil exporters consciously set the
posted price about 40% higher than the market price at the October, 1973
OPEC Conference7. The market price incorporates about §.15 production
costs/barrel, about $.50 oil company profits, and the rest is essentially
royalties and taxes--about $7.00/barrel. Naturally, all prices and revenue
figures are deflated to 1963 prices so that they are comparable to the
economic model. Ownership of the major oil companies lies in the hands of

Western developed nations, so that profits, and a large proportion of
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operating costs returns to those countries from oil expenditures. In
1972 it was estimated that U.S. oil company investments in the Middle
East contributed $2 billion to the U.S. balance of payments, even after
U.S. imports from the region and o0il company expenditures.8

The $7.00/barrel price figure only represents Middle Eastern
revenues, It cannot be used to accurately determine outflows/barrel of
imports for any one region. For the U.S., Britain, and the Netherlands,
the net cost is lower, because their oil companies profit on sales of o0il
throughout the world. Those nations with shipping industries also benefit
from transportation of oil throughout the world. For most regions, par-
ticularly the underdeveloped regions who must pay the $7.00/barrel Middle
Eastern fee, the oil company profits, and transportation costs, the total
drain on resources is significantly underestimated by the $7.00/barrel
price.

In sum, the discussion that follows will focus on price from the
Mideast point of view (taxes and royalties). That price, whether $7.00
or whatever, will be used as a surrogate and reasonably accurate measure
for all per barrel capital flows among all regions. The import of these
flows on economies will be discussed below. The discussion will turn now
to the policies available to deficit and surplus regions and the impact

of these policies on the rest of the model.

2.5 Deficit Regions
Figure 1 shows the 5 policies which deficit regions have available

to them: conservation or demand reduction, accepting an oil deficit,



B 992

importing, striving for regional independence, or retaliation against
the oil exporting regions by raising investment good prices. Let us

look at each in turn.

2.5.1 Conservation

Conservation policies need no explanation. Regions can through
conservation reduce total energy demand without an impact on economic
growth, This has a duel impact on oil demand, reducing it directly, and
freeing other energy for substitution when oil deficits occur. In the
current model some conservation occurs automatically as a result of
unfilled deficits; that is, energy demand is reduced a fraction of the
deficit size. Such conservation is assumed to be short-term, and disappears
with the deficits. More significant reduction of demand for oil occurs
as a policy within regions. The mechanism for introduction of conservation
is manipulation of Linden's curve. A factor for reduction of Linden's curve
can be introduced along with the mumber of years before maximum reduction
occurs. The model then gradually reduces oil demand from Linden's curve
(shifted to represent initial regional differences) until the full impact
of the reduction is felt in the year specified and each year thereafter.
This mechanism can be used also to change the initial shape of the oil

demand/energy demand ratio away from that specified by Linden.

2.5.2 Unfilled Deficits

This is a non-policy or residual policy most of the time, but when
world export supply falls far behind world import demand it can occur in

spite of the efforts by regions to reduce demand or increase supply. It
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has a direct impact on economic growth, The relation described earlier

(see Figure 2) between energy need and economic size is used to compute

the impact of an energy deficit on economic growth, Economic growth is

then reduced to the level allowed by the energy available. The mechanism
for manipulating economic growth is the investment rate and that of course
cannot fall below zero. If the deficit is so large that investment falls to
zero, depreciation of capital in the economy will result in a slight negative

growth rate.

2.5.3 Imports

Imports are the primary mechanism for dealing with oil deficiencies.
When imports are relied upon, a debt is incurred to oil exporting regions.
The payment of this debt will affect the economy of the importer., The im-
pact will vary depending upon the type of repayment requested by oil exporters.
Economists are still struggling with the full implications of the large
monetary and good transfers. Figure 4 may assist in explaining how the
o0il model deals with these transfers. Exporting regions have three basic
choices in using their earnings. First, they can increase their internal
economic investment, which will require significant imports of investment
goods. Second, they can increase immediate consumption, importing consumer
goods. Third, they can invest their money, accumulating external resources
such as land, stocks, gold, etc. Importing regions will be affected in

three parallel areas: the production and use of consumer and investment

goods and the ownership of capital and other resources. The exact impacts

are very complex, however, and do not by any means fall only on the diagonal
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of Figure 4, To simplify somewhat we can break the money flowing from

importing to exporting regions down into two categories.

Importer Economies

g?égﬁz;s gg}x:stumer ?gwj;éstment (G);;grgip of
ST Goods Goods Capital
Consumption Increase
Investment Increase
Buy External Capital

Figure 4

First, a portion of that money will return as demand for goods and
services, either consumer or investment. Thismoney will thus reduce the
domestic availability of goods. The ultimate impact will be to reduce
domestically available consumer goods, whether the exporting region demand
is for consumer or investment goods. If the external demand is immediately
met by reduction of internmal consumption this will clearly be true; if the
external demand for goods is partly met by a reduction in internal invest-
ment, the impact on consumer goods will be less immediate, but greater in
the long run because the economy will not grow as fast, The "strategy' of
payment by importing regions will be in large part a question of the political
acceptability of reduced income and will vary by region. The oil model sub-
tracts a fraction of this reduced good availability from investment and its
complement from consumption of the importing regions. The faction is a

scenario variable.
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The second general category for the money flowing out of importing
regions is money that returns not as demands for goods and services, but
as payment for land, stock, and other "capital." This money does not
compete for or reduce domestically available goods. Its impact on the
availability of such goods might actually be to increase them somewhat
as it involves an internal transfer of purchasing power from those who spend
high portions of their income (0il purchasers) to those (investment holders)
who spend lessor portions. These investments by the Middle East will stand
as long term claims upon goods and services of the importing regions, how-
ever, and eventually may reduce goods available for consumption.

There has been speculation lately that some money taken out would not
return to the oil importing regions, leading even to fears of decreased
total money supply and deflation. These speculations hinge on reports of
Arab purchases of gold and their placement of large amounts of funds in
Swiss and other banks. Yet someone presumably sells the Arabs whatever
gold they buy and someone presumably borrows the funds the Swiss banks loan
out (if greater loan availability drives interest rates down the banks will
invest in higher profit enterprises like oil production), We are not, after
all, speaking of amounts of money which can be accepted in currency, hidden
under a mattress, and removed from circulation. The money flows distort
many menetaiy structures, but the money does not disappear.

The discussion above did not recognize any distinction between demand
by the Mideast for investment goods and demand for consumer goods. The
former is more likely at least in the short run than the latter to reduce

the level of investment in the economy. In the long rum, increased
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production of investment goods, at the expense of consumer goods, could
maintain a high level of investment in oil importing countries, but
consumer political strength may retard such a change in production patterns.
Thus we do differentiate in the model between the two types of Mideast demand,
and our scenarios for economic impact of the monetary transfers assume a
greater impact on investment of demand for investment goods than of demand
for consumption goods.

A major economic impact issue has been ignored here. Importing regions
will be affected differently because the returning capital may not equal
the exiting capital--that is, there will be inter-regional transfers among
o0il importing regions. In this case, for example, inflationary and deflat-
ionary affects are possible. The analysis of this issue will require, how-
ever, a considerably more complicated monetary sector model than is now

available,

2.5.4 Independence Policies

Scenarios for importing regions include movements to increase energy
production. There are three variations of these scenarios.

First, regions may strive for complete independence from external
energy resources. This is clearly most likely in the case of North America,
Second, they may strive not for complete independence, but to increase
production sufficiently to avoid actual energy deficits (o0il demand which
world supply cannot fill). This might be a likely policy for Western
Europe or Japan--it would require relatively moderate investments as long

as Middle Eastern oil was available, but extensive ones during Mideast
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cut-backs or in the 21st Century as Mideast oil runs out. The third
variation of these policies does not focus on a specific output target,
but rather requires an annual investment in energy production of an
amount determined by the region (say §5 billion anmually for Western
Europe). The actual energy produced would depend on the type of energy
system (e.g. nuclear or coal) invested in.

All approaches to increased domestic energy production require a
specification of the energy system desired. It is assumed that parallel
changes will be made on the demand side of the energy system so that
substitution of the increased production for oil will be possible. Our
standard scenario assumes that 10% of the increased production will be oil,
80% coal, and 10% nuclear. A full energy system based on Hartmut Bossel's
energy supply model will later replace this appmac:h.g

The increased investment has a cost. This cost must be balanced
against the cost of crude oil landed in a coastal port, Since such imported
crude oil would need to be refined and transmitted to users, costs of coal
or nuclear generated electricity to users are not strictly comparable. A
bettér comparison is with the fuel costs of coal and nuclear energy plus the
investment cost in generating plants. In other words, operating costs of
the additional plants (coal liquifaction or gassification as well as electric
generating) and fuel transmission costs are assumed to be costs that would
be borne by the economy even if oil were imported: we are interested in
seeing the additional investment costs and balancing these against the costs

to the economies of imported oil,
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Table 3 shows the energy costs per barrel of energy equivalent for
coal and nuclear energy increases, assuming only electric generation
processes and not other energy systems. These costs are from U.S, sources
and characterize U.S. resources. They underrepresent equivalent costs in
most regions of the world. Since North America is the region whose
independence opportunities we wish most to examine, this presents no great
source of error. The cost for increased oil production has been set at
$1.05/barrel. As in the case of other fuel types, life span of such o0il
capacity has been considered in arriving at that fiture. One source puts
the cost/annual barrel of new wells at about $4.11, implying an average
of approximately four years well life.10

All of these costs may seem low, The reader must remember that these
costs are for an energy rich area, the U.5, He must also remember that
these costs are per unit of energy and not for ongoing capacity--thus these
costs are incurred every, year in which increased production is desired. Time
lags for production capacity increase are not explicitly treated here, but are
implicitly handled by restricting the size of annual increases in production.
North America is not allowed to achieve independence at any cost in less than
10 years and may achieve it more slowly.

The costs of increased production, like those of imports, are the
competing demand of that capacity for consumer and investment goods. The

proportions which come from each are scenario variables.
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Table 3: Costs of Additional Energy Production

Coal Nuclear

Fuel costs/ $1.36 $ .86
barrel equivalent

Fuel costs assuming 4.08 2.58
30% generating
efficiency

Investment cost/ 21.00 49.40
annual barrel

equivalent for

electric generating

capacity

Investment cost/ 1.05 2.50
annual barrel

equivalent

assuming 20 year

life

Annual cost/barrel 5.13 5.08
equivalent

Source: Associated Universities, Inc., Reference Energy Systems and

Resource Data For Use in the Assessment of Energy Technologies

(April, 1972).
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2.5.5 Retaliatory Policy

Much discussion of oil consumer cartels has occurred since the
success of OPEC in raising oil prices by a factor of four. Although
most discussions conclude that retaliation of any type is unlikely and
almost certainly unsuccessful, it merits discussion as a potential policy.

Perhaps the spot in the Middle Eastern economy most vulnerable to
feedback from the importing nations is the need to import investment goods.
Other imports (food, raw materials, etc.) can be secured elsewhere in the
world, but high technology investment goods can only come from the
Western developed economies, the principal customers of the Mideast.

If the price of these investment goods became tied to the price of
0il (or was elastic with it), this would greatly affect the growth of
capital accumulation of the Middle East. Such a relationship between the
two prices might be retaliation of a consumers cartel, might come about
by individual action or financially pressed oil importers, or might be a
price distortion as a result of the energy intensiveness of investment
goods, We are not, however, talking about an inflationary rise in invest-
ment good prices, since the model is in constant 1963 dollars. The price
rise would be a relative rise. The implications of such a price relation-

ship will be explored later.

2.6 Surplus Regions
Surplus regions also must make many political decisions. These

include the price of oil, since they are unlikely to leave this to market

mechanisms and see the price fall to $1/barre1.11 They also include
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possible limitations of productive capability, to protect both prices

and reserves. Finally, the oil exporting regions must spend their
revenues. As noted in the previous section, they can invest these in
economic growth, buy consumer goods, and if their revenues are sufficiently

large, they can invest outside of the region.

2.6.1 Price Manipulation

The MIddle East and North African region has very considerable control
over the price it sets for oil. Chapter 3 will analyze the impact on the
Middle East and other regions of various prices. In this section we will
look only at the mechanisms related to price in the model.

Historic prices underly the model's operation up to 1975, The basic
price in 1975 is §$7.21, assuming a 3% increase over 1974, Of course this
is deflated to 1963 prices. After 1975 the price grows at an annual rate
set by scenario, up to an upper limit also set by scenario.

The price of oil underlies all computations of the dollar value of
imports and exports. It affects supply via a supply elasticity supplied by
scenario. Supply capacity in any region equals previous supply capability
plus normal growth and plus supply increases or decreases with price. This
last term utilizes standard elasticity of supply computations where the
percentage change in supply equals the percentage change in price times
the elasticity factor.

The price of oil also affects demand via a similar but different mechanism.

Rather than providing a factor for elasticity of demand, we provide parameters
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which determine a pattern of demand like that shown in Figure 5. The
lines in Figure 5 show us the proportion of normal demand (as specified

by Linden's curve, its regional specification, and any modifications of it
for conservation) which will exist at any price level, Demand is always
"normal" at $5/barrel. This is a price below which demand is unlikely to
be greatly affected and other fuels are essentially uncompetitive with oil.
The line slopes downward from that point to whatever price at whichwe feel
demand will be reduced to only 10% of normal demand.

The reason that a more complicated approach has been adopted for
energy demand elasticity than for energy supply elasticity is that energy
demand elasticity is more complicated. There are at least two elements,
first the overall reduction in oil and energy demand which results from
increased o0il prices and second the shift of oil demand to demand for other
fuels., This last factor, substitution, involves the supply positions of
other energy types and the flexibility of energy use systems. The model
will later be coupled to the energy supply model of Hartmut Bossel, and the

0il demand elasticity will be an important interface,

2.6,2 Production Limitation

This policy needs no explanation. The Mideast region can place any
desired upper limit on o0il production. Use of this as a scenario must be
cautious, because domestic oil demand in the Mideast grows steadily, and a
limit which is too low can result in neglible exports by the early Zlst

century.
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Figure 5. 0il Demand Elasticity
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2.6.3 0il Revenue Expenditure

There is no reason to repeat the discussion of Section 2.5.3 detail-
ing the possibilities for interregional exchange of funds and the impact
of these exchanges on 0il importing countries. We should briefly discuss,
however, the impact on oil exporting countries.

The model assumes that the first priority in the use of oil revenues
is to supplement internally generated investment funds. A limit is placed
on the rate of growth which can be obtained; in normal scenarios the Middle
East is not allowed to grow at more than 9% annually. The more economically
developed and complicated a society is, the more limited an annual growth it
can attain, so the upper limit is reduced with growth in GRP/capita. The
upper limit begins to decline at $1500/capita and reaches 4.5% at $2500/
capita.

0il generated funds available after investment is increased are divided
between immediate consumption and savings. This division is scenario dependent.
Consumption expenditure increases immediate consumption, but has no long
term impact on the oil exporting region's economy. Savings are assumed to
be invested externally and the amount of such investment is monitored. The
investment presently neither grows nor depreciates, and some net growth would

probably better represent its amount.

2.7 Final Comments
The o0il model presented here is more detailed than any other world

model.12 The actual equations can be seen in the listing that follows--a
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variable dictionary supplements the listing. Two areas exist in which

future improvement can and will occur. First, a more detailed monetary
sector is desireable. This will also be necessary for other models within
the world model project, like the food model, The mechanisms of international
good and capital flow should be better represented, Second, no energy type
can be examined outside of the entire energy system, Although conscious
effort has been here made to represent the central elements of the rest of
the energy system, interfacing with Hartmut Bossel's model and future energy

model developments is highly desireable.
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FOOTNOTES FOR CHAPTER 2

L for a full description of the energy demand function and its
derivation see Rolf Banerschmidt, Hartmut Bossel, Nhan Chu, Richard
Denton, Barry Hughes, and H. Henning Maier, Energy Models: Resources
Demand Supply, World Model Report for May 1974 ITASA Conference.

2 J.D. Parent and H.R, Linden, "A Study of World Crude 0il Supplies,"
Institute of Gas Technology, mimeo, undated. Actually, the curve they
present is the ratio of oil production to energy production, with the
assum tion on a world basis that production and consumption will be equal.
See also H.R. Linden, "Review of World Energy Supplies," paper presented
at the 12th annual Congress Mondial An Laz, Nice, 1973.

g One of the most useful discussions of ultimate reserves is in
M. Hubert King, "'The Energy REsources of the Earth," in Energy and Power,
a Scientific American Book (San Francisco: W.H. Freeman and Lo., )
pp. 31-43. See also N.B. Anyol, 'World Energy Requirements and Supplies,
1970-2000, a Dialogue Discussion Paper at the Center for the Study of
Democratic Institutions; Corrado Mazzolini, "Remarks on Liquid Fuel Pros-
pects," Technological Forecasting Dept., Montedison, Milan, Italy; Lewis
Weeks, 'World Offshore Petroleum Resources,' AAPG Bulletin 49: 1680-1693.

4 Parent and Linden, op. cit.

> For the most part specification of regional reserves was taken from
the W.P. Ryman data reported in King, op. cit. These data were supplemented
by various data sources including U.S. epartment of Interior, U.S. Energy:
A Summarv Review, 1972,

6 plain Dealer, December 24, 1973, p. 1.
7 New York Times, October 19, 1973, p. 61.

8 Foreign Policy Association, U.S. Foreign Policy: 1972-1973 (New
York: Collier Books, 1972), p. 37.

% see Bauerschmidt, et. al., op. cit.

10 M.A, Adelman, The World Petroleum Market (Baltimore: Johns
Hopkins Press, 1972).

1 Adelman, op. cit., argues convincingly that the non-monopolistic
price of oil is very Iow.
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12 The heretofore most fully developed world oil model has been that
of Houtthaker and Jorgensen. Although we have not seen a detailed descrip-
tion of that model, the analysis provided in '"The World Petroleum Model:
An Overview" (March 13, 1974) suggests that it does not have as compre-
hensive a data base or as fully developed an economic base as the model
described here. Nor does it focus as explicitly on other energy forms.

A very useful review of energy models is Dilip R. Lirage, Robert Ciliano,
and John R. Shanko, "Quantitative Energy Studies and Models," prepared for
Council on Environmental Quality by Decision Sciences Corporation. See
also Milton F. Seanl, ed., Energy Modeling, working papers for a seminar on
Energy Modeling, Resources for tLe Tuture, Inc., March, 18973,
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APPENDIX A: LISTING OF THE OIL MODEL
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ADDITIONAL DOLLARS INVESTED IN ENERGY PRODUCTION
CUMULATIVE ADDITIONAL DOLLARS INVESTED IN ENERGY PRODUCTION
ADDITIONAL DOLLARS INVESTED IN ENERGY PRODU

ALPHA FACTOR FOR COMPUTING TOTAL ENERGY DEMAND IN MILLIONS
OF METRIC TONS OF COAL EQUIVALENT FROM GRP

INTERCEPT OF DEMAND ELASTICITY FUNCTION WITH PRICE
DOMESTIC REGIONAL CONSUMPTION IN BILLIONS OF 1963 DOLLARS
TOTAL CONSUMPTION OF THE 1ST WORLD

TOTAL CONSUMPTION OF THE 2ND WORLD

TOTAL CONSUMPTION OF THE 3RD WORLD

CAPITAL ACCUMULATED FROM THE SALE OF OIL (AFTER INVESTMENT
AND CONSUMPTION PURCHASES)

CAPITAL ACCUMULATED IF RATE IS 1,5 TIMES NORMAL

CAPITAL ACCUMULATED IF RATE IS 2.0 TIMES NORMAL

CAPITAL TRANSFERRED INTO THE REGION FROM OIL SALES

CAPITAL FROM THE SALE OF OIL USED TO INCREASE INVESTMENT
COST OF COAL INVESTED IN 1963 DOLLARS/OIL BARREL EQUIVALENT
OF INCREASED CAPACITY

COST OF NUCLEAR INVESTMENT IN 1963 DOLLARS/0IL BARREL
EQUIVALENT OF INCREASED CAPACITY

COST OF OIL INVESTMENT IN 1963 DOLLARS/BARREL OF INCREASED
CAPACITY

CAPACITY FOR OIL PRODUCTION

FACTOR FOR REDUCING-01L PRODUCTION AS THE LIFETIME OF
KNOWN OIL RESERVES (SEE OPT) FALLS BELOW 5

SCENARIO VARIABLE FOR INTRODUCING COMPUTATION OF MIDEAST
CAPITAL ACCUMULATION; ALSO INTRODUCES IMPACT OF CAPITAL
ACCUMULATION ON IMPORTING REGIONS (0 WHEN OFF, 1 WHEN ON)
CONSUMPTION/CAPITA IN 1963 DOLLARS

PROPORTION OF GRP WHICH GOES TO CONSUMPTION

CONSUMPTION NEEDED TO ACCOMPLISH GIVEN GROWTH RATE
DEFLATION FACTOR TO CONVERT 1974 DOLLARS TO 1963 DOLLARS
FACTOR FOR DEPRECIATING CAPITAL ANNUALLY

DEPRECIATION FACTOR FOR INCREASED ENERGY CAPACITY

THE CHANGE EXPECTED I[N GRP ; i

SCENARIO VARIABLE FOR REDUCING ENERGY CONSUMPTION NEED
(SEE RECN) WHEN ENERGY DEFICITS OCCUR

ENERGY CONSUMPT]ON NEED

PROPORTION OF TOTAL CAPITAL OF 4 DEVELOPED REGIONS
CONTROLLED BY CAPITAL ACCUMULATED

ECONOMIC GROWTH RATE DESIRED

ELASTICITY OF OIL SUPPLY WITH PRICE

THAT (INCREASING) PORTION OF THE OlL IMPORT NEEDS WHICH
IS TARGETED TO BE MET DOMESTICALLY IN THE MOVEMENT TOWARDS
REGIONAL INDEPENDENCE

THAT PORTION OF OIL IMPORT NEEDS WHICH ARE MET DOMESTICALLY
IN THE MOVEMENT TOWARDS REGIONAL INDEPENDENCE

ENERGY (OIL) DEFICIT BEFORE EXPANSION OR CONTRACTION OF
OlL PRODUCTION BY REGIONS PURSUING INDEPENDENCE

ENERGY (0IL) DEFICIT AFTER EXPANSION (OR CONTRACTION) OF
OIL PRODUCTION BY REGIONS PURSUING INDEPENDENCE

ENERGY INCREASED AS A RESULT OF ADDITIONAL INVESTMENT
PROPORTION OF ENERGY NEEDS WHICH MUST BE MET 8Y OIL IMPORTS
SCENARIO "VARIABLE FOR THE LIFESPAN OF REDUCTION IN ENERGY
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CONSUMPTION NEFD AS A RESULT OF ENERGY DEFICITS

FA OIL INCOME OF THE MIDEAST WHICH 1S NOT USED TO SUPPLEMENT
INTERNAL GENERAL INVESTMENT

FBF SCENARIO VARIABLE FOR REDUCING OR INCREASING IMPACT OF
ENERGY DEFICITS ON GRP

FINDE FRACTION OF THE ADDITIONAL INVESTMENT IN ENERGY WHICH
COMES FROM NORMAL ECONOMIC INVESTMENT (REST COMES FROM
CONSUMPTION)

GMEMAT  INITIAL VALUE OF GMEMAX

GMEMAX  MAXIMUM ECONOMIC GROWTH RATE OF THE MIDEAST

1 R INVESTMENT

INDE SCENARIO VARIABLE FOR INDEPENDENCE AT OTHER ENERGY SUPPLY
MANIPULATIONS (1 MEANS CALCULATE INDEPENDENCE COSTS, 2
MEANS CALCULATE COSTS OF AVOWING ACTUAL DEFICIT, 3 MEANS
CALCULATE ENERGY PAYABLE (SEE ENIN) AT ANY LEVEL OF
INVESTMENT INPUT, 4 THROUGH 6 MEANS CALCULATE AS IN 1
THROUGH 3 AND IMPLEMENT)

INDYE R THE NUMBER OF YEARS BEFORE INDEPENDENCE IS ACHIEVED

IR R PROPORTION OF GRP WHICH GOES TO INVESTMENT

IRN R INVESTMENT NEEDED

IYRRE R NUMBER OF YEARS BEFORE MAXIMUM REDUCTION (SEE ROCKL) IN
LINDEN'S CURVE (SEE OCKL) TAKES PLACE

K R CAPITAL

L1 PROPORTION OF THE OIL INCOME WHICH THE MIDDLE EAST USES
TO SUPPLEMENT INTERNAL INVESTMFNT WHICH DIRECTLY REDUCES
CAPITAL AVAILABLE FOR INVESTMENT IN OIL IMPORTING REGIONS

L2 PROPORTION OF THE OIL INCOME WHICH THE MIDDLE EAST DOES
NOT USE TO SUPPLEMENT INTERNAL INVESTMENT WHICH DIRECTLY
REDUCES CAPITAL AVAILABLE FOR INVESTMENT IN OIL IMPORTING
REG]ONS : v

L3 PROPORTION OF THE OIL INCOME WHICH THE MIDDLE EAST USES
TO SUPPLEMENT INTERNAL INVESTMENT WHICH REDUCES CONSUMPTION
EXPENDITURES IN IMPORTING RATIOS

L4 PROPORTION OF THE OIL INCOME WHICH THE MIDDLE EAST DOES
NOT USE TO SUPPLEMENT INTERNAL INVESTMENT WHICH REDUCES
CONSUMPTION EXPENDITURES IN IMPORTING RATIOS

Ls PROPORTION OF MIDEAST OIL INCOME NOT USED IN INTERNAL
INVESTMENT WHICH RETURNS TO REST OF WORLD AS DEMAND FOR
INVESTMENT OR CONSUMPTION GOODS (1-L5 IS PROPORTION USED
FOR CAPITAL PURCHASE) \

LF FACTOR FOR COMPUTING TOTAL ENERGY DEMAND IN BILLIONS OF
BARRELS OF OIL EQUIVALENT FROM GRP (SEE AL)
LK LIFE IN YEARS OF CAPITAL

MECAPR RATIO OF MIDEAST CAPITAL ACCUMULATED TO TOTAL CAPITAL

MECON PROPORTION OF TOTAL CAPITAL OF 4 DEVELOPED REGIONS
CONTROLLED BY MIDEAST CAPITAL ACCUMULATED

MECON3 PROPORTION OF TOTAL CAPITAL OF 4 DEVELOPED REGIONS
CONTROLLED BY MIUEAST CAPITAL ACCUMULATED [IF SUCH
ACCUMULATION OCCURS AT TWICE NORMAL RATE

oc R OIL CONSUMPTION

0CcK R RATIOD OF OIL CONSUMPTION TGO TOTAL ENERGY CONSUMPTION
(OCKL ADJUSTED BY 0OCKI)

0CK1 R INITIAL RATIO OF OIL CONSUMPTION TO TOTAL ENERGY CONSUMPTION

OCKL TIME SFRIES VARIABLE REPRESENTING CURVE DEVELOPED BY HENRY
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LINDEN TO REPRESENT THE RATIO OF OIL CONSUMPTION TO TOTAL
ENERGY CONSUMPTION ON WORLD BASIS

OCN R OIL CONSUMPTION NEED

0D R OIL DOLLARS (INCOME OR €OST)

ODACC R CUMULATIVE NET FLOW OF OIL DOLLARS

ODACPC R OIL DOLLARS (INCOME OR COST) ACCUMULATED PER CAPITA IN

1963 DOLLARS
ODEF TOTAL WORLD OIL IMPORTS MINUS TOTAL WORLD IMPORT NEEDS

ODERS TOTAL WORLD EXPORTS SUPPLY MINUS TOTAL WORLD IMPORT NEED

0DPC R OIL DOLLARS (INCOME OR COST) PER CAPITA IN 1963 DOLLARS

O0DRY R THE RATID OF OIL DOLLARS (INCOME OR COST) TO GRP

oM R OIL IMPORTS

OMK R THE PROPORTION OF TOTAL WORLD OIL IMPORTS TAKEN BY ANY
REGION :

OMN R OIL IMPORT NEED

OMNH WORLD TOTAL OF OIL IMPORT NEED

OMP R TOTAL PRICE OF OIL [MPORTS

opP R OIL PRODUCTION

oeT R LIFETIME IN YEARS OF KNOWN DIL RESERVES AT CURRENT

PRODUCTION RATES

OR R KNOWN OIL RESERVES

OTHEN R OTHER ENERGY (NON-OIL) PRODUCED BY ADDITIONAL INVESTMENT
TO OVERCOME OIL DEFICIENCY

0x R 0IL EXPORTS .

OXK R THE PROPORTION OF TOTAL WORLD OIL EXPORTS PROVIDED 8Y
ANY REGION

OXNKW OIL EXPORT NEED OF WORLD

oxpP R INCOME FROM TOTAL DIL EXPORTS

0xs R OIL EXPORT SUPPLY

OXSCEN OIL EXPORTS SCENARIO VARIABLE SETTING MAXIMUM PROPORTION
OF OIL EXPORT NEED OF WORLD TO BE MET

OXSHW WORLD TOTAL OF OIL EXPORT SUPPLY
oxXW TOTAL WORLD OlL EXPORTS
P R CUMULATIVE PRODUCTIOQON OF OIL

PICBG PROPORTION OF ADDITVIONAL INVESTMENT IN ECONOMIC GROWTH
8Y THE MIDEAST WHICH IS PAID FOR BY OIL INCOME

POP R POPULATION IN MILLIONS

POPR R POPULATION GROWTH RATE

PRI PRICE OF OIL IN 1974 DOLLARS/BARREL (INPUT)

PRMIX ™ PRODUCTION RATIO MATRIX SPECIFYING PROPORTION OR INCREASED
ENERGY PRODUCTION MADE UP BY OIL, COAL, AND NUCLEAR,
RESPECTIVELY

PRO PRICE OF OIL IN 1963 DOLLARS/BARREL

PROGR. ANNUAL GROWTH RATE [N OIL PRICE

Q CAPITAL TO QUTPUT RATIOD

R ULTIMATELY RECOVERABLE RESERVES OF OIL

RD ANNUAL RATE OF DISCOVERY OF OIL

RECN R REDUCTION OF ENERGY CONSUMPTION NEED AS A RESULT OF DEFICITS

RESFAC RESERVE FACTOR TO INCREASE OR DECREASE OIL RESERVES (0IL
RESERVES = 2 TRILLION BARRELS WHEN RESFAC = ,7563 .2,5
TRILLION AT ,945; 3,0 TRILLION AT 1,157 AND & TRILLION
AT 1.5)

ROCKL R REDUCTION IN THE RATIO OF OIL CONSUMPTION TO TOTAL ENERGY
CONSUMPTION APPLIED TO LINDEN'S CURVE OF THAT RATIO

o
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(SEE 0CKL)
ANNUAL GROWTH RATE IN OIL PRODUCTIUN CAPACITY

SLOPE
UPPER

OF THE DEMAND ELASTICITY FUNCTION WITH PRICE
LIMIT (SCENARJO VARIABLE) ON MIDEAST OIL PRODUCTION

SCENARIO VARIABLE FOR THE INTRODUCTION OF ECONOMIC IMPACT
OF OIL DEFICITS (1 WHEN ON, 0 WHEN OFF)

WORLD
WORLD
WORLD
WORLD
WORLD
UPPER
TOTAL
RATIO
TOTAL
TOTAL

TOTAL OF OIL PRODUCING CAPACITY

TOTAL OItL PRODUCTION

TOTAL OF KNOWN RECOVERABLE OIL RESERVES

TOTAL OF REMAINING UNDISCOVERED , RECOVERABLE OIL
SUM OF ULTIMATELY RECOVERABLE OIL RESERVES

LIMIT ON THE PRICE OF OIL IN 1963 DOLLARS/BARREL
GRP OF THE 1ST WORLD

OF NORTH AMERICA GRP TO OTHER DEVELOPED REGION GRP
GRP OF THE 2ND WORLD

GRP OF THE 3RD WORLD

ECONOMIC GROWTH RATE
INITIAL VALUE OF GRP
GRP/CAPITA IN THOUSANDS OF 1963 DOLLARS

WORLD

GRP
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3. Introduction
There are a great many scenarios which can be examined with the world
oil model.l In this report we want to focus on 2 sets of scenarios. The

first scenario set can be called standard or cooperative. This scenario

set posits that no restrictions are placed upon oil exports by any region
and that the capital accumulating regions are as well accepted and inte-
grated into the international system as Texas is in the U.S, or Scotland
is in Great Britain, That is, capital flows to the oil rich areas, but
returns to the oil poor areas as expenditure for goods and investment in
established capital. The major variables of interest in this set of
scenarios are the price of oil, the size of the capital flows (a function
of oil prices), and the proportions of capital which oil selling nations
invest in long-term capital of other regions and immediate consumption.

The second scenario set focuses on conflict. There are possibilities
for conflictual behavior on the part of both importers and exporters.
Exporters can at any time limit exports, raise prices, and "'squeeze"
importers. Although we are labeling such decisions "conflict behavior,"
it must be pointed out that the intent need not be negative. In fact the
Mideast leaders may feel that limitations on production are the best for
everyone. Although we naturally think in terms of Mideast supply limitations,
if the Soviet Union or even China become major exporters, other variations
on the squeeze scenario will prove possible, The relative economic benefits
to exporting regions of selling oil now on demand or of limiting production
and waiting until later is a hotly debated issue and is central to the squeeze

scenario. So is the economic impact on importers of supply limitations.
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The weapons available to the oil importers are less certain., The possi-
bility exists of some collective action by oil importers to limit the
availability of goods desired by the Mideast or to raise the prices of
such goods. Although most commentators have rightfully belittled the
likelihood of such action, and events have shown the centrifical bheavior
of the Western alliance in crisis, the possibility of such action remains.
In particular, the Western developed region could manipulate sales and
prices of capital goods to the Mideast since they have a relative monopoly
on these highly desired goods--even the Soviet Union looks to the West

for high technology capital goods.
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Footnotes

1 The model itself will not be described here. See Barry Hughes,
"A Description of the World Oil Model," Systems Research Center, Case
Western Reserve University, April, 1974.
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4, Standard Cooperative Scenario

The standard run of the oil model assumes generally cooperative
policies on the part of both surplus and deficit regions. That is, surplus
regions do not limit oil production and exports and do not adopt extreme
pricing policies, Deficit regions do not adopt retaliatory policies in the
pricing of their sales to the oil producers. The standard run also assumes
that no special efforts will be made by oil importers to achieve independence
from external oil supplies; higher prices of oil imports may move some
importing regions towards self-sufficiency as a result of the elasticities
of demand and supply, but this scenario assumes that no governmental inter-
vention will supplement these market mechanisms, The new wealth of the oil
exporters is assumed to allow those regions to grow rapidly and to invest
externally, but to cause no greater conflicts than those between Texans
and other Americans.

We still must turn our attention to oil pricing. Some have essentially
argued that there is no cooperative price--that the lower the price, the
better for importers, and the higher the price, the better for exporters.
Analysis with the oil model very strongly suggests the opposite--that there
is a range of highly satisfactory prices for the Mideast and that this range
is better for the rest of the world in the long run than very low prices.

Moreover, this range is not the highest possible price.

4.1 The Impact of Low World 0il Prices

Let us look briefly at the world future which might” have come had the

Middle Eastern nations not raised their taxes and royalty income from oil
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above the $1.35/barrel of the early 1970s and not restricted production.
0il demand as a percentage of total energy demand has been growing
throughout the world and would have continued to rise with such low
prices. Thus absolute oil demand would have risen quite steeply. Even
with fairly generous assumptions of 2.5 trillion barrels of ultimately
recoverable oil in the world (about four times current known reserves),
exhaustion occurs in the very early part of the 2lst century. Graph 1
shows the resulting pattern of economic growth for the groups of nations
known as the first (Western, industrial), second (communist), and third
(less developed) worlds. The remainder of the twentieth century is
characterized by rapid growth, fueled by Cheap energy, although some
failures of capacity to keep up with demand affect growth in the 1970s.
The exhaustion of oil reserves, although it does not occur all at one time,
or at the same time for each region, has a devastating affect on the
economies of the world, particularly those of the first and third worlds.
This portrayal of the long run impact of $1.35/barrel oil is not a straw
man in which ever growing demand is allowed to crash against a barrier

of limited resources--the demand curve assumes that other energy forms
would be developed and that the proportion of oil in total energy demand
would begin decreasing well before the exhaustion of reserves. Without
the ameliorating impact of increased o0il prices on energy demand and

the spur of such prices to supply, even such foresight would be unlikely
to succeed, Appendix A to this chapter presents some further data on
individual region economies, growth rates, and consumption patterns in the

$1.35/barrel price scenario.
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This discussion does not constitute an argument that the Middle
East has done the world a great favor by quadrupling the price of crude
oil, Clearly, the recent price increases are having and will continue to
have an extremely disruptive impact on the developed economies and a
potentially catastrophic one on the underdeveloped world. The model
does suggest, however, that in the longer run a price of oil higher
than $1.35/barrel will lead to more stable and greater economic growth
in most regions of the world. We will look next at the most desirable
price range for oil from the Middle East point of view and then return to

the impact of such a price on the rest of the world.

4.2 Desirable 0il Prices for the Middle East

There are at least three criteria by which the Middle East can
judge the desireability of oil prices:
1. The implications of the price for long run domestic economic
growth.
2. The accumulation of capital for foreign investment which
results from the price.
3, The impact of the price on the life of Middle Eastern oil
reserves.
Clearly, the last criterion, if applied outside of the context of other
criteria, constitutes an argument for the highest possible oil price.
We will focus here on the first two criteria, realizing that individual
Middle Eastern elites may drive the price higher than the optimm so

determined in order to save the oil for future generations. The first
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two criteria are optimized in very much the same range, since both depend
on maximal sustained capital inflow, For ease of result presentations,
then we will focus on the price structure which maximizes Middle Eastern
GRP in 2025. That is the approximate year in which, according to many
of our scenarios, 0il demand has been reduced to petrochemical and other
non-fuel demand.
The optimal oil price for the Middle East depends on at least four
variables:
1. The rate of increase in price to the optimal level.
2. The elasticity of world supply of oil and other forms of
energy with oil price.
3. The elasticity of world demand for oil and other energy forms
with price.
4, The possibility of a relationship between the price of oil and
the price of the investment goods which the Mideast must import

to achieve rapid economic growth,

It should be noted that all four of these‘varia.bles are scenario dependent.
The rate of price increase is a varible as much under control of the

Middle Eastern countries as is the final price for oil. Demand and supply
elasticity are to some considerable degree economic variables determined

by the size of economies, the existing energy systems, and the technological

and resource alternatives for those systems, They are also greatly affected,
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however, by political decisions on taxationm, investment, and import/

export control. Thus scenarios such as North American independence, massive
efforts to conserve energy, or fairly rapid introduction of inexpensive
fusion power will set the level of supply and demand elasticity.

The fourth variable should not be interpreted as an inflationary
effect. The economic model which underlies the oil model in constant 1963
dollars and price rises in oil are relative and not inflated. Similarly,
an increase in the cost of investment goods would be relative to the price
level of the econamy as a whole. Such an increase could occur in two
ways. First, it might result from a distortion of the price structure as
a result of the sharply rising cost of energy and the energy intensiveness
of certain goods like invstment goods. Second, it might represent a
retaliation of Western industrialized economies for high oil prices, and
take the form of an export tax on goods (primarily capital goods) delivered
to the Middle East. This could come about by collaboration of oil importers
or through individual action to achieve some semblance of a balance in pay-
ments. Under normal conditions we assume that such a rise in the cost of
investment goods is unlikely, but as a possible scenario it deserves
investigation.

We can begin our analysis of the optimal price range of oil for the
Middle East by positing a seemingly reasonable level for these scenario
variables, look at the optimal oil price range in that context, and then
analyze the sensitivity of the optimal o0il price range to the variables.

We will set energy supply elasticity quite high (as most analyses have),

although ultimate reserves and their discovery rate bound the elasticity of
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o0il supply in the short run. We will estahlish a moderate level of

energy demand elasticity, a 3% annual increase in 0il prices up to the
optimal, and an absence of impact of oil prices on Mideast investment good
cost. In other words, our basic scenario is business as usual, in which
regions make little effort to cut energy consumption (lower demand
elasticity), try instead to increase alternative energy sources, and do
not either individually as is camnnot raise the price of investment goods
to the Middle East.

Under these conditions we find the relationship between final price
and GRP of the Middle East in 2025 to be that portrayed in Graph 2. An
optimun price appears to be in the range of prices number 1 and mmber 2,
with the extent of the optimum range considerably greater on the upward
side of the price than on the downward side. Graph 3 shows the relationship
between accumulated capital and the final price of oil. Again the optimal
price appears to be in the same range, with the range lower on the downward
side than on the upward, in contrast to Graph 2.

In this report we are not presenting actual prices, but using price
mumbering system from 1 to 5. There are several reasons for this. First,
we do not wish to overemphasize the accuracy of the oil model by putting
forward an exact price at this time. Second, any price we put forward
now could raise a storm of controversy which would detract from more general
consideration of the model, Finally, some aspects of the analyses with the
world oil model will be retained as proprietary information.

Although the model suggests quite strongly that aside from reserve
life span considerations the optimal price is in the 1 to 2 range, we

naturally want to know how sensitive that finding is to the business as
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usual scenario assumptions laid out above. First, let us lock at the
impact of rate of price increase on the optimal price range. Graph 4
portrays the optimal price when ammual oil price growth rates of 1%, 3%,
5%, and 8% are introduced. Although the tendency is for higher growth
rates to lead to lower optimal priees, a result perhaps comforting to the
rest of the world, the differences are not marked.,

Graphs 5 and 6 show the impact of assumptions about supply elasticity
and demand elasticity on the optimal price. Supply elasticity has relatively
little impact. Thus scenarios positing massive expansions of other energy
sources (which will generally be very expensive) will have quite moderate
effects on Middle Eastern price, although the optimal price will come down
somewhat with greater elasticity. As can be seen from Graph 6, the level of
demand elasticity is especially important, and optimal price is quite
sensitive to it. Thus energy conservation scenarios will be especially
powerful in their implications for the model.

Finally, Graph 7 shows the sensitivity of optimal price to relation-
ships between price and investment good cost. Again, there is no great
sensitivity of optimal price to such a relationship, although the stronger

relationships do lower that price.

4.3 The Impact of Priceson World Economies

With this analysis of price optimality from the point of view of

the Middle East, we can return to implications for the rest of the world.
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Graph 8 shows the economic growth pattern of the three worlds, given the
earlier scenario levels of elasticities, and optimal oil pricing from

the Middle Eastern viewpoint. That is, prices underlying Graph 8

increase at 3% annually to the middle of the 1 to 2 range. A comparison
of Graphs 1 and 8 proves that oil pricing is not completely competitive

or zero-sum, but that the world as a whole can Denefit in the long run from
increased oil prices. We must reiterate our recognition that the sudden
jumps of price in the early 1970s are unfortunately and very significantly
disruptive -- see Graph B. Moreover, they may well lead to a second
disruption of the developed world, especially of North America, in the
early 2000s. The reason is that the sudden increase will lead to dramatic
expansion of supply of oil in that region, at a cost which is competitive
with imports and which impedes reduction of demand. The exhaustion of
North American oil reserves in the early 2000s thus could become a tem-
porarily disrupting factor, ameliorated by the continued availability of
some Middle Eastern supply. Appendix B to this chapter presents further
data from the Middle Eastern optimal price scenario.

Although the 1 to 2 range of oil prices is highly desireable from
the point of view of the Middle East, and proves better than very low
prices in the long run for the rest of the world as well, it might still be
expected that other regions would have quite different optimal price
ranges. Graph 9 suggests otherwise. An analysis of the GRP in 2025 of
the four major developed regions against the final price of oil leads to

the surprising result that Western Europe and Japan, the major oil importers
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will also do better with prices in that same range than with other
prices, The reason is that major exporting regions and major importing
regions both gain by having oil reserves last wntil other energy forms
can replace them, A scenario with rapid introduction of cheap fusion
power or any other major energy source would not require higher oil
prices to elicit oil supply and curb demand, Such scenarios are possible,
but unlikely.

Interestingly, North America and Eastern Europe are characterized
by different price/GRP relations than either the major exporting region
or the two major importers. Eastern Eurcpe's oil reserves are adequate for
internal use but never allow it to be a major exporter. Thus price of
MIddle East oil has little affect. North America has the potential for some
exports after filling internal demand, Thus somewhat higher prices are
desireable for it. Yet this export capability would be exhausted by the

early 21st century.

4.4 The World Monetary Implications of Cooperation

'I;he higher oil prices of the last year have lead to repeated warnings
of the impact on the world monetary system. Estimates of the capital flow
to the Mideast in 1974 have reached $100 b:’.llion.1 The oil model suggests
that although the amounts involved are very substantial, they are not
nearly as large as such panic predictions. Moreover, after investment by the
Middast nations in their own econamic growth, excess revenues available

for external investment or immediate consumption will not even be half so
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large in any year through 1980. Graph 10 shows the accumulation of capital
by the Mideast through 2025, Although the amount is large, 1.71 trillion
1963 dollars, it is not so large in comparison to the developed world
econcmies at that time. In fact, the total amount of capital accumulated
by the Mideast through 2025 will be equal to oniy 21% of the Western
developed world's GRP in 2025, and only 7% of their accumulated capital,
Thus even with considerable Middle Eastern frugality, the world would not
be owned by sheiks in 2025, Graph 10 also shows the proportion of total
Western developed world capital which could be owned by the Middle East
with accumulated oil revenues throughout the period.

Thus a world willing to cooperate on the oil problem would not be so
bad a place. Economic growth for all regions is quite possible. The
Middle East is clearly in a most enviable and powerful position, but
policies pursued in its own self interest are not likely to destroy the
rest of the world., Problems of short term dislocations because of the
rapid increase in oil prices will remain, These will be especially severe
for LDCs, and resources to pay increased oil bills are badly needed by
them, Alternating strength and weakness in the OPEC cartel, with associated
price changes, could also have disruptive results.

Further data on the cooperative scenario can be seen in Graphs 11
through 14, These graphs will form the basis for our comparison of scenarios
and merit explanation, Graph 11 shows the rate of oil production (OP) in
billions of barrels annually for North America (NAM), the Mideast (ME), and

Southeast Asia (SEA), a potential oil exporter. Note the rapid increase
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in North American and South Asian oil production as a result of the higher
o0il prices and their equally dramatic decrease later as oil reserves
dwindle. Graph 12 shows world oil supply situation, either an oil deficit
or surplus (ODEFS), again in billions of barrels. The end of the oil
shortage of the 1970s can be seen clearly, as price rises cause demand to
grow less rapidly and supply to grow more rapidly. A deficit also arises
in the late 1990s when oil in many world regions becomes depleted. Again
in the 2020s a deficit shows up as Mideast oil dwindles. Graph 13 shows
that this last deficit would not deepen significantly if the time horizon
were extended, because the oil consumption demand curve of Linden (OCKL)
is rapidly approaching zero at that point.2 Graph 13 also shows the rise
in oil prices (PRO). Note also ‘the curves for world oil imports (OMW)
and world oil import need (OMWW). TFor the most part these two overlap
because there are no output restrictions and demand does dwindle at much
the same rate as oil reserves., In later scenarios we will see more
separation of those curves. Finally, Graph 14 shows basic economic and
monetary data. It traces the growth of GRP in the first or Western developed
world (Y1234), the GRP of the Middle EAst, and capital accumulated (CAPAC)
by both the Middle East and North America for oil sales, in billions of
1963 dollars.

We turn now to conflict scenarios.
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Footnotes

1 The Houtthaker and Jorgensen model suggests that Mideast
revenues could be as low as $17.7 billion in 1980 and their upper
estimate is only $22.8 billion. See “The World Petroleum Model:
An Overview" (March 13, 1974). Although the $100 billion figure
is unreasonably high, the Houtthaker and Jorgensen range seems
improbably low,

2 For an explanation of that curve and the computation of oil
demand in the model, see Barry Hughes, op. cit.
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5. Conflict Scenarios

The world of 2025 could stand in marked contrast to that of the
scenario in the last chapter. Analysis with the oil model shows that
conflictual actions, by either the Mideast or the rest of the world,
will be damaging to both actor and target (or innocent bystanders). This
chapter will look at the impact of two kinds of conflict. The first is
the possibility of oil production limitations by the Middle East. The
second is possible retaliation of oil importers against higher oil prices
by means of higher prices on capital goods exported to the Mideast, Again
it should be noted that Mideast production limitations, although labeled

conflict here, could be established without malice.

5.1 0il Production Limitations

There are an infinite number of possible oil production limitation
scenarios and the purpose of the analysis here is by no means to suggest a
"likely" or "highly possible" one. Instead, the analysis will suggest the
implications of oil production cutbacks in general. We introduced a
relatively moderate production cut-back by the Mideast region. In 1975
0il production was cut from about 8.5 billion barrels to 7 billion. The
restriction was gradually relaxed until it allowed production of 14 billion
barrels in 2015, a level which was held constant thereafter, Withouta
restriction oh production, that is in the standard run, Mideast oil production
in 2015 would have been 16.7 billion barrels, The production restriction
is thus relatively mild, except in the decade after 2020 when Mideast oil

production without a restriction reaches 23.4 billion barrels. This output
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vestriction scenario thus assumes that the restriction would be greatest
vwhen Mideast oil was most threatened with depletion. The resultant
pattern of oil production for the Middle East, North America, and South-
east Asia (also a potential oil exporter) is traced in Graph 1, The
squeeze prolongs the exploding demand based deficit of the 1970s, deepens
that of the late 1990s, when many of the world regions are exhausting
supplies, and greatly intensifies that of the early 2lst century, when
North American and Southeast Asian supplies dwindle, Graphs 1 and 2

can profitably be compared with the same data from the standard run--

see Graphs 11 and 12 of Chapter 3. Graph 3 shows the magnitudes of the oil
production restrictions in another way. The gaps between world oil imports
(OMW) and world oil import need (CMNW) are much larger than in the cooperative
scenario, especially in the 2020s.

The implications of the restriction for developed world growth are
major. Economic output for the first world in the cooperative scenario
reached $8,5 trillion. In the squeeze scenario it reaches only a compara-
tively modest $7.3 trillion, There is no impact on the size of the Middle
East economy because the exports are still adequate to finance all economic
development which that region is capable of absorbing, and because we are
assuming no economic retaliation by importers in this scenario. The squeeze
does have negative consequences for the Mideast, however, in that very
considerably less capital is accumulated. Graph 4 shows the economic
data and the monetary or capital accumulation data, In 2025 the total
capital accumulation of the Mideast is $982 billion, as opposed to $1788

billion in the cooperative scenario. Naturally the larger amounts of oil
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remaining in the ground must be considered by the Mideast as a factor com-
pensating it for the lower capital accumulation of the oil production
restriction scenario. It may be, however, that the larger sum, invested
in regions which are themselves growing rapidly and which do not dislike
Arabs for denying them oil would appear more attractive than smaller sums
invested in less healthy and more hostile economies.

There is, of course, also the possibility that conflictual actions by
the Middle East would be met by retaliatory actions on the part of importers.
We will turn next to the impact of such retaliation. Since the affects
of it can become difficult to disentangle from the affects of the oil
production limitation, we will look first at the impact of retaliatory
action in a scenario free from oil production limitations. Then we will
return to the more likely scenario, in which both importers and exporters

act conflictually.

5.2 Investment Good Price Retaliation

The basis for this scenario is the possibility of a relationship
between the price of Mideast oil and the price of capital goods sold to the
Mideast, Again it should be stressed that this relationship is not caused
by inflation--the model runs in constant 1963 dollars., Instead the link could
arise from price distortions or from retaliatory action. Retaliatory action
is highly unlikely because it would require an oil consumers' cartel. Never-
theless, it has become a topic of discussion, and its implications should

be worked out. For this scenario we will assume that capital goods prices for
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the Middle East rise relative to oil prices with an elasticity of .5.
That is, capital goods prices will rise one half as much as oil prices.
Graph 5 shows the impact of this scenario on oil production. There
is an impact because the increased cost of capital goods decreases the
Middle Eastern growth rate and lowers its demand for energy. The impact
can also be seen in Graph 6 because the deficit at the very end of the time
period is reduced--since Mideast oil demand is less, its reserves last
longer and better cover world demand in the last few years. The same
phenomenon can be seen in Graph 7, since world oil import need and world
o0il imports are seldom different.
The most interesting implications of the scenario, of course, are
for the economic and monetary variables of Mideast and developed regions.
These are reported in Graph 8. The GRPs of both the MIddle East and the
first world are slightly reduced by the retaliatory scenardo from the
standard cooperative run. In the case of the Middle East this is very
understandable, because they have to pay higher prices and are likely to
buy less, It is more surprising that Western developed region GRPs are
also slightly reduced. The reason is that Middle Eastern
purchases of investment goods reduce investment good
availability in the developed regions and thus reduce growth. Since
investment goods are measured in dollars and not in other units, the
higher cost of investment goods purchased by the Middle East artificially
reduces developed world good availability. If the rise in investment good
prices were a result of price structure distortions (investment goods actually
did rise in cost relative to the rest of the economy) this affect might

be reasonable, because it would reduce developed world investment demand.
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But since we are positing an increase based on retaliatory action (some
sort of export tax), the result is spurious and should be disregarded.
The real burden of the higher capital goods prices would, of course,
fall upon the Middle EAst. Although economic growth would be little
affected, possibilities for capital accumilation are reduced. Instead
of the $1710 billion level of the standard scenario, the Middle East
reaches only a level of $905 billion in the retaliatory scenario. Unlike
the squeeze or production limitation scenario, larger remaining reserves

do not exist to compensate for the lower accumulation.

5.3 Mutual Conflict

Both of the conflict scenarios presented thus far in this chapter
primarily hurt the nonacting regions. There are feedbacks to the actor
which may be undesireable in the oil production limitation scenario
(specifically, lowered capital accumulations). The full range of impli-
cations of international conflict behavior is not, however, developed in
this model. In general, highly interdependent states, as are the major
0il importers and exporters, inevitably find that conflict hurts both actor
and intended or innocent target. The last scenario we will briefly present
here is that of mutual conflict. Graphs 9 through 12 again present the
scenario summary variables. Graph 12, reporting economic and monetary
variables, is adequate to show that such mutual conflict could be very
damaging. Neither Mideast nor first world grows at the potential exhibited
in the cooperative run, Middle East capital accumulation in 2025 is reduced
to $404 billion, less than one-fourth of its potential. Again, one con-
clusion seems obvious: the world as a whole has a stake in a set of mutually

desireahle and cooperative policies.
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