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Preface

The growing inertia of the energy sector and the market
penetrationphenomenonmake long-term (25 to 50 years) energy
forecasting increasinglymandatory. One of the greatestun-
certaintiesis related to the energy demand, i.e. the product
of world population (for which some long-term forecastsdiffer
by plus or minus 50%) and of possibleenergy consumptionper
capita (for which other forecastsvary by as much as 500% or
even more). As an illustration, this paper comparesa basic
(A. Weinberg, 1971) scenario, and regionalizedscenarios. The
broad range of figures obtained--from38 to 300 . 109 kW(th)-
-puts in proper perspectivethe importanceof the transition
period and of the optimum choice among the various long-term
energy alternatives.

Methods for comparing options--or preparingchoices--are
insufficiently developed: cost/benefitanalysis (the most
broadly utilized), impact matrix, preferencefunctions. An
impact matrix, WELMM (for Water, Energy, Land, Materials and
Manpower) is being developedin the Energy Program at IIASA
and is presentedbriefly in this paper. Preliminary results
of comparing land and materials requirementsfor three different
1000 MW(e) referencepower plants (coal, nuclear and solar)
illustrate the interestof a better understandingof the systems
aspectsof harvestingand using energy resourceson a very broad
scale. Moreover, this kind of approachcan be extendedto other
economic sectorsoutside energy and appearsto be a useful tool
for natural resourcemanagementand long term forecasting.
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Abstract

Because-ofthe long lead times in the energy sector and
long market penetrationperiods, decision making must be
preparedearly. But uncertainties,and especially the uncertainty
of future energy demand, make it a difficult task. Among
possiblemethods of comparing energy options, the WELMM approach
has been developed, and is introduced.
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Long Term Energy Strategies

The growing inertia of the energy sector and the considerable
size of financial commitmentsmake long-term energy forecasting
increasinglymandatory, both on a national or regional basis as
well as on a global basis. Improper or untimely decisionswill
corne to bear more and more heavily upon the community as a whole.

Yet forecastsare difficult to make becauseof three major
uncertainties: The possible absolute level of the world
population, absoluteand relative levels of energy consumption
per capita, and the structureof energy demand (energy mix and
possible role of secondaryenergies).

NECESSARY TIME SCALE FOR FORECASTING

The first point is to get an idea of what can be considered
a necessarytime scale fore forecasting: 10 years, 50 years,
100 years? Dependingon the people concerned--industrial,
governmental, or scientific--thereare variations in the acceptance
of the expressionsof short, medium and long term. Generally,
in the Energy Program at IIASA, we consider the three periods
from now to 1985, from 1985 to 2020-2025, and beyond 2025. Of
greatestinterest to us is the secondperiod, from 1985 to 2025,
which does not, however, mean that decisionsdo not have to be
taken before this time. Indeed, they must be taken now or in
the corning years.

Three exampleswill serve to illustrate why we consider 50
years to be a necessarytime-scaleunit for forecasting.

If we considera single-unit commercial pressurizedwater
reactor like those being built today, the time scale extends
over some 50 years: 10 to 12 years from preliminary planning to
start-up, 30 years of operating life (with long term requirements
of natural uranium and enrichementsupply) and possibly 10 to 12
years more for decommissioningand/or possibledismantling.

If we look today at nuclear developmentsas a whole, about
35 years after the first demonstrationof a chain reaction, and
after having benefitted in fact from the impulse of generously
funded military programs and from exceptionally favorable
developmentconditions (which we did not even appreciateat the
time!), nuclear fission now accounts for about one to two per
cent of the world's total energy production and consumption.
However, it is still relatively far away from a completely
succesfulachievementas long as the fuel cycle is not fully
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and commercially implemented. This is clearly illustrated by
Figure 1, which shows the timing of the developmentof the
fission breederover a time-spanof at least 50 years, possibly
more. The same would probably apply to high temperaturegas-
cooled reactors; the temporary commercial successof the General
Atomic line of high temperaturegas cooled reactor raised some
hopes about a possibly faster path, but it now seems that we are
back to an inevitable path of developmentaiming at a minimum
50-year developmentalperiod.

1944

- 1948

- 1955

_ 1959

_ 1965

The principle of breeding, Fermi

Clementine, Los Alamos

EBR1; BR1, BR2

The oxide breeder, LMFBR

1000 MW(e) design studies

- 1965-1975 Fuel and materials testing

- 1972-1980 300 MW(e) prototypes, Phenix etc.

- 1970-1980 Testing, proofing, licensing

- 1980-1990 First 1000 MW(e) stations

> 1990 Commercial operation, fuel cycle

Figure 1. Timing of the fission breeder
development.

How far, in fact, is this inevitable? Or, put another way,
what is the possible shareof "fate" in long-term energy
strategies? This is very interesting to consider in connection
with C. Marchetti's various market penetrationcurves for
different energies [1]. In a broad general study, Marchetti has
analyzedover periods longer than 100 years the market penetration
of various non-energeticcommodities and the mechanismof sub-
stituting an old good by a new one. Examples of this would be
a different process for steel production, the substitutionof
butter by margarine, synthetic fibres, paints, etc. The appli-
cation of this method to various fuels is shown in Figure 2 in
the U.S. economy for wood, coal, oil, and natural gas; the time
necessaryto gain a 50% share of the market (or to lose it, as
in the caseof wood and partially in that of coal) varies between
52 and 135 years.

•
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Figure 2. Fitting of the statisticaldata on primary energy
consumption in the u.s.

This has been applied by c. Marchetti [1] and W. Hafele [2]
to scenarioanalysis in demonstratingthe possiblegrowth
of nuclear energy and its progressivedisplacementby some
hypothetical future energy "solfus" (from solar and fusion) as
shown in Figure 3.

In any event, what is important to realize is that mankind
has this 50 to 60 year lead-time for a massive introduction of a
new fuel technology. This can, however, be used both ways as far
as decision-makingis concerned. First, for planning the intro-
duction of a new fuel technology such as the breederor the very
high temperaturereactor Ｈ ｖ ｈ ｾ Ｇ ｒ Ｉ Ｌ 50 years at least will be needed,
assumingthat all the necessarysteps and sectorsare developed
in time. We know today that more time may be needed if parallel
or following sectorsare relatively underdeveloped: This is the
case in the reprocessingof irradiated fuels, the difficulties
of which have been somewhat underestimated;it is hard to say
now what negative influence this underestimationmay possibly
have on the overall penetrationof nuclear energy.

However, from a general point of view, this penetration
period will be initiated when ti.2 decision is taken to go ahead.
This lead-time, which was not always understoodnor accepted,
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Figure 3. u.s. energy consumptionfrom various sources.

can, however, also be used the other way, when an objective is
fixed in time. For instance, in order to cover a certain
percentageof total energy consumptionthrough a new fuel
technology at a given time, the time for reasonabledecision-
making can be inferred from such a ｬ･｡､ｾｴｩｭ･Ｎ To illustrate
this anotherway, it is worth consideringthe CO2 problem as
an example.

At IIASA we are analyzing the possibility of implementing
coal production and use on a very broad basis, taking into account
the very large amount of world coal resources--whichmay be still
more considerablethan presentlyestimated--andexploring, for
instance, a two-fuel long-term strategybasedon coal and nuclear
fuels in comparisonwith other mono-fuel (all nuclear) or multi-
fuel (coal, solar, nuclear, etc.) strategies. Assuming a ten-
fold increase,or more, of coal consumption, it appearsthat one
of the limiting factors could be the C02 problem, as studiedby
W.o. Nordhaus [3]. PossibleC02 reservoirsare shown, together
with their mutual rates of exchanges,in Figure 4. Dependingon
the acceptableincreaseof C02 concentartionabove existing levels
in conjunction with the risks of dramatic climatic effects, it
can be seen from Figure 5 that a large-sclaeaction to remove CO2

j
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from the atmosphere--orto prevent its dispersionafter
combustion--mustintervenebetween 2020 and 2050. C. Marchetti
has suggesteddumping C02 directly into the deep layer of the
oceans. Other solutions can also be studied, but the main idea
is the following: if it is really decided that coal use be
implementedon a large world scale, it will also be urgently
necessaryto study this C02 problem in more depth becauseit
could take a penetrationlead-time of 50 to 60 years before
one is able to implement the technologicalsolution on the
same large scale.

Incidentally, this would also show that the' fuel cycle
associatedwith carbon can be of major importance, similarly
in some aspectsto the nuclear fuel cycle.

STRATOSPHERE

1970: 2.8

ｾ
2020:29

4.411 4.5

TROPOSPHERE

461 ｾ 46.3

ｾ ｂ ｉ ｏ ﾭ
ｾ Ｍ ｓ ｐ ｾ ｒ ｅ

MIXED LAYER
OCEANS

215.4

DEEP LAYER
OCEANS

3300

MARINE
810-
SPtERE

Figure 4. CO2
C flow
(Data:

'irs and CO2 flow - C contents in 109 t,

ra. in 109 t per year (1970 values)
Ret. [4]).
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Figure 5. Necessarycontrol of fossil energy consumption,
if supplied in the form of coal, to stay below
certain CO2 levels in the troposphere
(After w.o. Nordhaus, IIASA, Ref. [3]).

FORECASTING ENERGY DEMAND

Proceedingfurther, it is clear that the main aspectof the
energy problem is the matching of energy supply and energy
demand with the necessaryassessmentof all impacts, that is
with a clear understandingof the embeddingof energy in the
various spheres:

the atmosphere,i.e. interaction of energy with the
climate;

the hydrosphere, i.e. interaction of energy with global
water resources;

the ecosphere,i.e. interaction of energy with the
environment; and

J



the sociosphere,i.e. interaction of energy with
society, the assessmentof risks
and, still more important, the
perceptionof risks by individuals
or by groups*.

After having obtained some idea of the penetrationlead-time
for new fuel technologies,the secondmost important aspectof
long-term energy strategydesigning and forecasting is the
assessmentof energy demand. And this is the nightmare of energy
planners...

Roughly speaking, energy demand is the product of population
multiplied by averageenergy consumptionper capita. Regardless
of how one handles it, this product seems to be governedby some
modified HeisenbergUncertainty Principle.•. On a national basisf

maybe, the population level is better known than the future
averagelevel of energy consumption. On a global basis, the
population level itself is largely unknown.

Figure 6 gives the latest estimatesof the United Nations,
which level between approximately 12 and 13 billion people after
the year 2100. However, such figures are contestedas being
pithpr rno low, as is done by some "Club of Rome" or "population
eXfJlosion" experts, or else as being too high by, for instance,
the French school of demographers. We know, in any case, that
we cannot do much about this. One point, however, is worth
stating: When study groups select values on the high side, it
does not at all mean that they are enthusiasticpromoters of these
high values, but only that they prefer to err on the safe side
of forecasting.

The second factor is the level of energy consumptionper
capita. Figure)' shows the actual distribution for some nations.
It is well known that there are dramatic differencesbetween the
various countries. But what about the future? Alvin Weinberg [6],
one of the first, if not the first, to introduce such consider-
ations for long-term energy strategies,quoted a very generous
(but perhapsunrealistic... ) averagevalue of 20 kW thermal
equivalentper capita (approximately 26 t.c.e. per capita),
roughly twice the averageAmerican level of today. Presently,
many scenariosare written with lower asymptotic values of 10 kW
or simply 5 kW, which still representan increaseby factors of
3 to 6 compared to the presentworld average.

*Because of its acuity, we should like to quote the
following statementby NoL. Franklin of British Nuclear Fuels Ltd.:

"In view of the inportanceof the issuesinvolved, a careful study
of the reasonsfor the public hypersensitivityshould rate high in national
energy prograrrrres. we should be foolish to continue the presentpolicies of
invest:roont in super-safety,with coIlSa:Jl1el1t increasesin energycosts, without
a substantialeffort to understandthe part played by rejectionof all technology,
by specifically nuclearconsiderationsand by mediamanipulationof news and
a::mment, up:m the public attitudesto nuclear facilities."

Such studies are the main aim of the joint IIASA/IAEA Project
on Risk Assessment[5].

j
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Figure 6. World population growth
(Source: UN World Population Conference,Bucharest,
August 1974-Reportof the SecretaryGeneral).
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Figure 7. Distribution of world energy consumption, 1971
(178 countries) (Compiled from: UN World Energy
Supplies 1968-1971).
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If we look at the world as it is now and consider the next
50 or 100 years, the chancesof a perfect ･ ｱ ｵ ｡ ｬ ｩ ｺ ｾ ｴ ｩ ｯ ｮ of revenues
and/or energy consumptionsseem relatively small. Some nations
will develop or continue to develop, others may stabilize at best
or even fall. For the U.S., for instance, to reach a level of
20 kW/capita, a simple doubling of energy consumption is assumed
(but is it so simple?); this could be achievedwith a constant
growth rate of about 1.4% per year for the next 50 years, or
ｾ ｢ ｯ ｵ ｴ ?7% fo: the next 100 years. However, for the less energy
lntenslve natlons to reach the same level, an almost 200-fold
increaseor a constantgrowth of energy consumptionper capita
of 10% to 12% per year for the same 50 years would be required.

To analyze such factors, we have explored various scenarios
of world popUlation growth and energy consumptionper capita.
Two of them are summarizedin Table 1 and compared to that of
A. Weinberg in 1971. Weinberg's world is highly egalitarian;
unfortunatelyours is not. In the two casesdisplayed here, 33%
or 20% of the world population would consume 48% or 58% respectively
of the ｴ ｾ ｴ ｡ ｬ energy. In the lowest case, the world averageenergy
consumptlonper capita has roughly doubled, but the increaseis
relatively small for 80% of the world population, which itself
has been multiplied by a factor of between 2.5 and 3. But one
of the most interestingresults is the level of total energy used:
135 TW in the highest case, 38 TW in the lowest case; this is
6 times more than today (or 4%/year for 50 years), but 8 times
less than Weinberg's forecast. This shows the range within which
energy plannershave·tobuild up their strategies.

In Weinberg's case, at equilibrium, total world coal resources
of about 8,700 billion metric tons of hard coal equivalent, as
reported in the Survey of Energy Resourcesfor the last World
Energy Conferencein Detroit in September1974 [7], would last
about 20 years. In the lowest case, they would last 160 years.
The difference is not trivial, and we touch here upon another
factor, or let us say anotherdifficulty, of energy forecasting,
namely the energy mix. It is almost a difference in the nature
of the problem whether to meet total energy requirementsof 300 TW
with only one fuel, with coal, for example, or to cover perhaps
20% of energy requirementsof 38 TW with the same coal; the ratio
jumps from 8 to 40, and the lifetime of the resourcesfrom about
20 years to 800 years, with an absolute level which will never-
thelessbe 3 times higher than presentworld production and
consumption.

In the Energy Program we are exploring some "high" one-fuel
scenariosbecausethey are useful in providing us with limits, or
constraints,as already mentioned for the C02 problem related to
a large coal deployment. But of course, it is my conviction that
we are in fact heading toward an energy mix of a few major fuels
or resources,and that such an energy mix will probably differ
largely from country to country. If the total level of energy
supply dependson the final level of the energy demand, the
distribution of this energy supply among various resources
dependsvery much on the final uses of the energy demand and the
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preferred forms. By this we mean the secondaryenergieswhich
will be used in the future: electricity, synthetic natural
gas, methanol, hydrogen; etc.

Table 1. Global scenariosfor energy consumption.

Cases Number In " of Energy Total In % of World
of total con- energy world average

people sump- used total per

x109 tion 109 capita
per

ｫ ｾ Ｇ ｬ (th) kW(th)
capita
kW (th) -

1.5 10 } 33 20 30 22} 48 9

Highest 3.5 23 10 35 26

10 67 7 70 52
-- --
15 135

0.5
1: }

20 10 26 } 58 3.820
1.5 8 12 32

Lowest 8.0 80 2 16 42

-- -
10 38

"Weinberg" 15 - 20 300 - 20
1971

THE TRANSITION AWAY FROM A PURE FOSSIL FUEL ECONOMY

Our developmenthas been basedon an extensiveuse of fossil
fuels. How long it can be continued in the same fashion has
periodically been queried for political, economic or technological
reasons. This question has been in the forefront since the oil
crisis of 1973/1974 for political reasonsas well as becauseof
considerationsabout the final amount of fossil fuel resources,
and especially that of oil, which is the most extensivelyused.
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Due to the inertia in the energy sector, as illustrated
above, such a transition will be a major undertakingwhich can
proceed smoothly if properly planned and organized, or can be
a source of unexpectedtroubles if insufficiently prepared.

To explore this basic problem, a model has been developed
at IIASA by W. Hafele and A.S. Manne [8] (dealing mainly with
the transition from a fossil to an all-fissile economy, the
two secondaryenergiesbeing electricity and hydrogen produced
by LWR, FBR and HTGR). This model was improved and extendedby
A. Suzuki and L. Schrattenholzerto also include solar energy
[9J. A few characteristicsof this linear programming model
are summarizedbelow.

Constraints

1) Meet demand of each sector in each time period

2) Limited resourceavailability

a) Coal
b) Petroleumand gas
c) Low cost natural uranium ($15/lb)

3) Nuclear fuel balanceequations

a) Plutonium
b) U-233

4) Limited annual constructioncapacity
for non-fossil technology

Figure 8 illustrates two possible types of growth for a "model
society" and Figures 9 and 10 show preliminary results.

We are now uSlng this model to explore other kinds of
scenarios,including anothermulti-fuel scenariowith nuclear
and coal as major suppliers. Here coal is used as a raw material
for the production of synthetic natural gas in high temperature
gas-cooledreactors. Compared to hydrogen, this alternative
could be less demandingon the industrial componentsand equipment
for the utilization sector.
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LONG TERM ENERGY ALTERNATIVES

w. Hafele has summarizedthe five presently-knownlong-term
energy alternativesor options for "unlimited energy supply"
(Figure 11) with some assessmentof their technologicalmaturity
and of their possible side effects.

It is clear, as illustrated by Figure 12, that these various
alternativeshave receivedquite different attention and support
in the last 20 years. Although this is progressivelybeing
somewhatcorrected, it is, in fact, very difficult to compare
these various alternatives. These difficulties of comparison
lie at two levels: First, the methodology for comparing
"apples and oranges" [10] is still in its infancy; second, the
knowledge of the technologiesinvolved and the data available
differ widely from one energy resourcearea to the other.
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Technological
Maturity

Mature at present
scale

To be developed
for large scale

Sufficient for
power plants

Not yet suffi-
cient for large
scale fuel cycle

To be developed
for large scale

To be developed

To be developed

Side Effects

Unfavorable work-
ing conditions

Land requirements

CO2 waste and other
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Storageof fis-
sion products

Emission of
radionuclides

Land requirements

Materials require-
ments

Climatic disturbance?

Storageand
transportation

Storageof
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Storageof waste?
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pollutants?

Earthquakes?

Figure 11. Options for "unlimited" energy supply.
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Figure 12. U.S. energy R&D expenditures,
federal and private sectors, 1973 ($ million) .

Comparing "apples and oranges" is a difficult task. Figures
13a and 13b presentthree different methods which are being studied
at the Institute and which are partially used for comparing energy
alternatives: benefit-costanalysis, matrix methods (some examples
will be presentedhereafterfor the comparisonof energy resources
and their harvesting) and preferencetheory.

Concerning technologiesand data, questionmarks for geo-
thermal energy illustrate the nature of the problem. Although
the resourcebase of geothermalenergy--e.g. the latent heat
stored in the top 10,000 meters of the earth'scrust--is very
impressive, how much of this can really be recoveredis a hard
question to answer.

When we restrict ourselvesfor the following to coal (or, on
a broaderbasis, to carbon fuels) fission fuel and solar, it becomes
interesting to compare these three resources. To do this, we
have developeda matrix method called WELMM:
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Methodology Aggregation of Assumptions on Assessment
impacts into desirability
scaler index

Benefit-cost Almost Uses monetary Uses economic
analysis everything units; compares data

impacts in this
unit

Matrix methods Usually not Assumes non- No desirability
comparability assessment

Preference Everything Relationships Assessment
theories explicit and

rigo:r:ously
defined

Methodology Examples Experience

Benefit-cost Benefit-costanalysis Much in U.s.
analysis

Matrix methods Planning balance sheet Some -
Goals achievementmatrix in vogue now
Environmental impact matrix
Factor profile

Preference Indifference surfaces Limited
theories Value functions

utility functions

Figures 13a and b. Methodologies for comparing energy
alternatives.
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. The WELMM approachassessesthe various impacts of energy
deployment on water resources;on land; on the energy balance
(or energy analysis, i.e. the energy expenditureswhich are
necessaryto produce energy, leading to the ratio of net energy
to gross energy contents); on the materialsbalance; and on the
manpower requirements. As far as possible, we considernot only
direct requirementsbut also what we call indirect requirements
(for instance, the energy embeddedin materials) and the "invest-
ment" or "capital" requirements (the energy embeddedin infra-
structureand buildings, for example).

Figure 14 shows a comparisonof the energy content of some
fossil fuels with fissile fuels. The scale covered by fissile
fuels extendsover 10 decades,from pure uranium for the
breeder (the mines of which are the tailings of enrichment
plants... ) to uranium from sea water for the light water reactor.
It is interesting to observe that the Tennesseeuranium shales
(at 60 ppm U content) comparewith coal if used in light water
reactors (LWR's). Presently, uranium ores of Ｐ Ｎ Ｒ ｾ or 2,000 ppm
are mined and used in the world in LWR's. One of the biggest
problems with nuclear development (assumingthat it will over-
come some of its presentdifficulties) is related to uranium
resourcesand their use: How large are the resourcesand how
long will they be used in converters? It is worth remembering
that, comparing uranium mining to copper mining, for instance,
the averagegrade of copper ore mined in the U.S. has decreased
by a factor of 7 (from 4% to 0.6%) in less than 70 years. If
a similar decrease,or possibly a more severeone, were to take
place for uranium, we believe that the mining problem would become
extremely acute. For the time being, the more necessarythe
introduction of the breeder seems the more its future appears
to be clouded or uncertain.
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Figure 14. Gross energy content and mining scale.

Table 2.

Case

U
3

0
8

requirementsfor different reactor mixes.

Cumulat.ive U30 8
consumptionto

year 2020

(thousandsof tons)

1. No breeder, HTGR constrainedto
no more than 25% of total
nuclear capacity

2. No breeder, HTGR unconstrained

3. Delayed LMFBR introduction (1991)

4. LHFBR constrainedto 200 GW(e) in
year 2000, introduced 1988

5. LMFBR constrainedto 400 GW(e) in
year 2000, introduced 1987 (base
case)

'.

6. No constraintson LMFBR or H GR,
LMFBR introduced 1987

7. Total energy demand reduced by 50%
by year 2020; LMFBR introduced 1987

5,726

4,760

3,091

2,878

2,332

2,262

1 ,849

•
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It is interesting to compare uranium requirementsto
uranium resources. Table 2 shows a recent assessmentof
uranium requirementsfor the u.s. [11] basedon various
assumptions,including reprocessingand recycling. There is
a factor of 3 betweenhigh and low values. Figures 15 and 16
show an estimationof U.S. uranium resources[12]. It is worth
mentioning that a much more detailed estimationhas been
launchedby the U.S.A.E.C. NURE program (Natural Uranium Reserach
and Exploration Program), with results expectedfor 1980.

It appearstoday that insufficient efforts have been
devoted to the two ends of the nuclear fuel cycle, reprocessing
(and the problem of radioactivewaste disposal) and uranium
resources,compared to the amount of efforts made with regard to
the reactors themselves. In a sense,we can say that this state-
ment is also generally true for most of the energy resources,
and possibly also for many of our natural resources.

Looking at a general schemeof ｣ ｬ ｡ ｳ ｳ ｩ ｦ ｩ ｣ ｾ ｴ ｩ ｯ ｮ for energy (or
mineral) resources,for instanceat the U.S. Geological Survey-
Bureau of Mines' diagram (often referred to as the McKelvey
diagram) (Figure 17), there are many categoriesof resources
ranging from the proven economically recoverablereservesto the
farthest subeconomicspeculativeresourcesin undiscovered
districts. For industrial purposes,the proven reservesare the
most important. They are the daily ingredient of business,and
they are generally securedon a 20 to 30 year, and at best 50
year, basis compared to the present level of consumption. For
U.S. coal, for example, proven reservesrepresentabout 1.7%, or
50 billion metric tons, on an estimatedtotal of about 3,000
billion tons.

But it is clear that, for long-term energy planning or
strategies,or for the purposeof choosing between two possible
alternativessuch as coal or uranium, our knowledge of the energy
resourcesis far from adequate. For uranium, we do not have even
the slightest idea of possible figures for the total amount,
apart from referenceFigure 16--which does not mean much--of the
abundanceof uranium in the earth'scrust. There is a good chance
that lithe uranium is there" [13]; hut where, in which form, in
which amounts? Recently doubts were expressed--forinstance,
by the O.E.C.D./I.A.E.A. Working ｾ ｡ ｮ ･ ｬ on Vranium--that it can
be found in time to meet the future requirements,and figures
of 20 billion dollars have been mentioned just for exploration
in the coming decades[13].

•
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Figure 17. USGS-USBM reserves/resourcesclassification, 1974.

LARGE SCALE HARVESTING OF ENERGY RESOURCES

No less important than the problem of assessingenergy
resourcesis the problem of harvesting them. We are devoting
a special effort to this topic, especiallywith the WELMM matrix
method, as already mentioned.

As pointed out by A. Weinberg, let us recall that about 80%
of the "demandite" (generic name for all the material which is
mined out of the ground, excluding water) consistsof CHx, i.e.
of fossil fuel; of the remainder, 11% is Si02 and 4% is CaC03;
iron representsonly 1.1% (but 86% of the "avalloy" which is
effectively used by man). Of the total value of metals and
non-metals, thus excluding fossil fuels, 5% only is produced
by undergroundmining methods, and 95% by open-pit mining,
dredging and solution evaporation.

One of the most striking phenomenaof the last decades
has been this developmentof open-pit or surfacemining for
energy resourcesalso, as illustrated by coal and uranium today
and by future plans for oil shalesand tar sands. For example,
in the U.S. in 1973, 70% of the uranium reserveswere under-
ground and 19% were open-pit (the difference is accountedfor
by various other sources); but only 36% of the production came
from underground,and 62% came from open-pit.
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It is probable that world-mining will continue its ､ ｶ ｮ ｾ ｭ ｩ ｣

growth, growing faster than true production becauseof the
harvestingof lower gradesand deeperdeposits--andpossibly
also smaller ones. Only open-pit mining seems able to answer
this growing demand, while we are waiting for new underground
mining methods to be effectively developed. Such methods include
automatization (already very high in some coal mines), remote
control, tele-operation,solution mining or m situ processing
(for coal, oil shales,etc.). The potential of open-pit or
surfacemining can be illustrated by the lignite exploitation in
the Rhine area F.R.G., on sites such as Garsdorf (300 m open pit, in
operation) and Harnbach (600 m open pit planned for 1980), and by
uranium mining in Wyoming, u.S.

Yet open-pit mining raisesmany problems, such as the
disturbanceof undergroundwater equilibrium, land requirements,
material handling, etc.

Land requirementshave been estimated (Figure 18) and used
for a rough comparisonof three energy alternatives: coal, solar
and nuclear (Table 3). A similar comparisonhas been made for
material requirements (Table 4). It is interesting to note that
land and material requirementsare comparablefor the three ｯ ｰ ｴ ｾ ｯ ｮ ｳ

if nuclear developmentslean on the LWR and on uranium ores of
even lower grade, but are changedby one or two orders of
magnitudewhen basedon the timely introduction of the breeder.

10km2

1km2

0.1km2 -

01 SEAM THICKNESS 10

Figure 18. Land disturbed for producing 106 t.c.e.

j
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Table 3. Land requirementsfor a 1,000 ｍ ｬ ｾ Ｈ ･ Ｉ power plant.

Fuel Attribute Specification Area Comment
km2

Coal Strip mine 2 m seam 25
(+high-volt- 10 m seam 5 Temporary
age line)

Solar 4 2 30 PermanentTower con- kWh/m /day
cept n = 0.2

Nuclear Site 0.08-0.05

LWR-U Shale 2 m seam 37 Temporary
10 m seam 7.5

(high-volt- (20) (non-
age line) exclusive)

Table 4. Materials requirementsfor a 1,000 MW(e) power plant.

Fuel Weight of station Total flow Comments
(106 t) ( 106 t)

Coal 0.3 - 0.35 50 Coal (25 years)

0.5 0.6 LWR 2.5 - 75 U 0.2% - U shale
Nuclear - (25 years)FBR 0.04 - 1.2

Solar 0.35 (conversion)
1 30 Mineral ores

(tower) 0.3-3 (heliostat) - (- 5-7 years)

In fact, one does not always realize the possibledimension
of the material handling problem which can be associatedwith
nuclear development. Table 5 illustrates the waste problem
associatedwith using uranium ores of low content, and Table 6
shows what the resulting impact would be for two given scenarios.
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Table 5. Wastes for uranium ores of low content
(in tons, for one ton of uranium).

Ore Overburden

5 x ore wt. 10 x ore wt.

U 0.2% 500 2,500 5,000

U shale
(60 ppm) 16,700 83,000 167,000

U granite
(4 ppm) 250,000 1,250,000 2,500,000

Table 6. "Spoilite" for nuclear scenarios
(109 t).

Nature of Ore Overburden
Resource 5 x ore wt. 10 x ore wt.

World

"Year 2000" U 0.2%, LWR 0.21 1. 05 2. 1
3,620,000MW(e) U shale, LWR 7 35 70

World
10 U granite,10 people

15 kW(th)/cap breeder 30 150 300

OBJECTIVE FUNCTIONS FOR ENERGY SCENARIOS

Becauseit was the simplest, and becausethere was a strong
tendency to stresspurely economic factors, objective functions
have generally concentratedon discountedcosts. At IIASA we
are also exploring possibilities to minimize pollution (i.e.
to internalize this factor in our model) and also to minimize
impact on natural resourcesin the broad sense, that is, to
include not only mineral resourcesbut also water, land, etc.
Of course, the considerationI have developedto illustrate the
problem of harvestingenergy resources--becauseI think that
insufficient attention has been paid to it--can and must be
extendedto the whole energy cycle, from the resourcein the
ground to the final energy use.

j
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In reality, the decision-makingprocessis not limited to
the choice of the primary energy resourcebecausethere are
also various alternativesfor the large scale developmentof
any advancedenergy system, as shown in Figure 19 for nuclear
energy [9]. Bearing in mind the necessityto minimize discounted
cost--andas far as possible, capital requirementsbecauseof
growing competition for capital availability and conceivably
even risks of capital shortage--andalso to minimize impacts on
the environment and natural resources,one important problem is
the considerationof secondaryenergies. With the increasing
cost of energy, some trade-off must be achievedbetween energy
(and natural resource) conservationand the simplicity of final
energy use. This points to the searchfor the most
efficient systems. I think that in this field yet too little
effort has been devoted to the possibilities of directly using
the heat producedby nuclear reactors*, and to the study of
secondaryenergy systemsbasedon direct-heattransportation,
storageand use, as well as on chemical energy sytems [14]. In
this respectI consider that the developmentof high temperature
reactorshas a very high potential. The coming years, even maybe
the coming months, will be crucial for them. Taking into account
the penetrationlead-timesmentionedat the beginning of this
paper, let us hope that we will not "foreclose the option".

ENER GY
PRODUCTIONS

SEC. ENERGY
SYSTEMS:

t-=-==t-- CENTRALIZED.
RESILIENT

Ｂ｟ｾ _ CENTRALIZED.
COUPLED

I---f- CENTRALIZED.
AUTONOMOUS

LOCAL.
AUTONOMOUS

MOS TLY ELECTRIC

ｾＮＺＮＮＮＮＮＮＮＺＮＮ］ＺＮＮＮ［］ＭＭ ....... NO---
?

RELATED ?r-------....;....'---.......;'-------....
TIME

Figure 19. A decision tree for advancedenergy systems.

*notwithstanding the incentive to increasethe efficiency
of electricity production.
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Finally, looking at the future availability of mineral
resources,H.E. Goeller and A. Weinberg [15] point out that
iron ore no doubt is one of the most abundantmineral resources.
If iron ore is associatedwith a low cost energy source they
foresee together that mankind can meet many of its materials'
needswith iron and energy. One scenariocould associatesteel
and·the very high temperaturereactor, which are two typical
Japaneseproducts.
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