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Introductory Remarks by the Institute Director

H. Raiffa

On behalf of the Institute, I would like to welcome you to
this Planning Conference on Energy Systems. This is part of a
series of meetings which the Institute is holding to seek
expert opinion in better defining the most promising directions
for Institute research. The Institute hopes these conferences
will provide a frank, open airing of viewpoints, opinions, and
controversies. To encourage such exchange, the minutes of the
conference will reflect the varying sentiments of the parti-
cipants but will avoid attribution of positions without prior
approval of the speaker; however, remarks by the Chairman and
by discussion leaders will be attributed. Any written state-
ments from the participants will be welcome and shall be in-
cluded in the final proceedings. The minutes of the conference
will be distributed among the participants and the Council
members.

Before outlining for you the Institute research plans, I
would like briefly to sketch the history of IIASA. Early in
1967, Mr. McGeorge Bundy, representing the President of the
United States, met in Moscow with Dr. Jerman Gvishiani, Deputy
Chairman of the State Committee of the U.S.S.R. for Science
and Technology. Their discussions dealt with a proposal of the
President "to explore the possibility of establishing an in-
ternational center for studies of the common problems of
advanced societies." That meeting opened a five-year period
of planning conferences and multi-national negotiations held
under the Chairmanship of Lord Solly Zuckerman of the United
Kingdom and convoked with the goal of establishing such a
center,

At the risk of slighting many people who contributed
greatly to the planning for the Institute, it is only just to
mention that major roles were played by Monsieur Pierre Aigrain
of the French government, Prof. Philip Handler of the U.S.
National Academy of Sciences, Dr. O. Leupold of the German
Democratic Republic, Signor Aurelio Peccei of Italy, Dr.
Friedrich Schneider of the Max Planck Gesellschaft, Prof. D.
Smolenski of the Polish Academy of Sciences, as well as by
Messrs. Bundy, Gvishiani, and Zuckerman. A representative
national scientific institution from each of their countries
and, in early 1972, from Bulgaria, Canada, Czechoslovakia, and
Japan were invited to join the Institute, bringing the founding
membership to twelve.



On 4 October 1972, these founding members signed the
Charter creating IIASA as a non-governmental international
institute; at the same time, they selected Laxenburg, Austria,
to be the site of the Institute headquarters. The Austrian
government had proposed to renovate the former Habsburg palace
there, and the first set of offices was completed on schedule
in June, 1973. Work on another wing of Schloss Laxenburg is
in progress and should be finished by the end of 1973. We
expect completion of the first major phase of renovations by
the end of 1974, with a second phase to begin in 1975.

The timetable for development of the Institute has three
overlapping phases: organization of the Institute admini-
stration (October, 1972 through June, 1973); research planning
conferences, of which this is one (July through October, 1973);
and expansion of the research program (already begun and con-
tinuing in the future at an accelerated pace).

The number of scientists in residence will treble between
now and September, 1975, when approximately ninety scholars
will be working in Laxenburg. These scientists will be chosen
with consideration of geographical distribution among the mem-
ber nations. They will be invited to work at the Institute
for short terms or for periods up to three years, with most
coming for one year.

In addition to normal administrative support for the scho-
lars, the Institute is developing scientific support to include
three essential services: an in-house library connected with
libraries in Vienna and abroad, an information distribution
system, and computer facilities. The Institute currently has
time-sharing arrangements with the Honeywell-Bull Mark I and
Mark III systems, using terminals already installed in the
castle. The computer section is presently selecting an appro-
priate mini-computer, and investigating the possibility of
eventually purchasing a large, primary machine.

This gives you an overview of the background and phsyical
structure of the Institute. I would now like to describe the
Institute plans for its research program, and then finally,
to express our goals for this conference.

The Institute has two branches: the Council, which is
responsible for broad policy, and the Directorate, which im-
plements, directs, and administers the research program.
Planning for this program has gone through various stages of
refinement. The Council has determined what the broad areas
of Institute research are to be, and now, using ideas and
suggestions gleaned from the research planning conferences,
the Director, Deputy Director, and other IIASA research leaders
will propose for approval by the Council a more formal research
strategy. In the interim, the Directorate has had a partial
mandate to invite scholars to begin work this year.



The Council outlined ten broad research areas with over-
lapping boundaries. To overcome problems which the breadth of
these areas could create, the Institute chose two approaches.
Its scholars will work on topics with obvious interrelations,
and, in addition to this in-house research, will exploit the
infrastructures of other groups such as the national member
organizations, United Nations groups, and other national and
international institutions engaged in projects related to
ITIASA interests.

However, the Institute will be neither a project-oriented
consulting group, nor merely a data-collecting institution.
Rather, it will attempt to strike a balance between methodo-
logical and applied studies in seeking solutions for real world
problems.

It is further essential that we maintain a healthy geo-
graphic balance across the research team structure. The teams
must be so designed that scientists of different nationalities
supplement each other, communicate, and_learn from each other.
The structure should be such that this occurs naturally, with
guidance from the leadership, but without constant interference.

As important, and perhaps as difficult as the balance of
nationalities, is the balance of disciplines. Applied and
methodological researchers, applied mathematicians and engineers,
statisticians and organizational theorists, social scientists
and operations researchers, economists and decision analysts
have much to contribute to one another. IIASA projects should
be structured so that each group feels vitally a need for the
others. We feel that perhaps the best way to achieve this is
through concentration upon applied projects, as the project in
Energy Systems, in which the disparate disciplines must inter-
act with each other in order to produce concrete results.

During the course of this conference, the Institute expects
you to voice your opinions, to map out alternate designs for
approaching the research, to isolate theoretical research
topies within the energy area, to suggest ways to collaborate
with other groups, and to discuss possibilities for choosing
a concrete problem for analysis if this course appears fruitful.
We further hope that the conference will produce preliminary
suggestions for a basic library in the energy area, and guide-
lines for necessary computer support.

The conference participants should explore the value of
reanalyses by IIASA scientists of current outside projects, or
the desirability of retrospective critiques of past projects.
Here IIASA could bring to bear its wealth of cross-cultural
and cross-disciplinary viewpoints in seeking out lessons from
other projects which could improve its own research efforts in
energy systems.
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We should also discuss what types of experts could use-
fully complement and support the Energy project. For example,
how might the energy project benefit from the contributions of
economists, physicists, biologists, meteorologists, engineers,
lawyers, organizational experts, or geographers?

Finally, the conference participants should identify
points of natural contact between the energy project and other
Institute projects. The question of nuclear plants and the
effects of thermal pollution upon water systems could involve
researchers from the energy, water, and environmental projects
in a joint study.

Valuable suggestions have emerged from our previous con-
ferences. We feel that the discussions in this planning
conference will further identify what we might term "the dis-
tinctive competence" of IIASA. Only then can we shape a
research program for the Institute which will make a unique
contribution to research in the area of Energy Systems.



Augqust 1973

Energy Systems

by
Wolf Hifele

1.) Introduction

Up to the present the production, transmission and distribution of enerqgy
has been considered mostly as a fragmented problem, at best only subsystems
had been considered. Today the scale of energy utilization is increasing
rapidly, and corresponding by, the reliance of societies on energy. Such
strong quantitative increases influence the qualitative nature of eneragy
utilization in most of its aspects. Resources, reserves, reliability and
environment are among the key words that may characterize the change of

the nature of the problem of energy utilization. Energy can no longer be
considered an isolated technical and economical problem. Instead, it is
embedded in the ecosphere and the society-technology complex. Restraints
and boundary conditions have to be taken into account with the same degree
of attention as in traditional technical problems, for example a steam
turbine. This results in a strong degree of interweaving. Further, the
purpose of providing energy becomes more visible, that is, to make survival
possible in a civilized and highly populated world on a finite globe. Because
of such interweaving and finiteness it is felt that energy should be con-
sidered as a system and the term "energy systems" is used therefore. The
production of energy is only one component of such a system, the handling
of energy and the embedding of energy in the global and social complex in
terms of ecology, economy, risks and resources are of similar importance.

The systems approach to the energy problem needs more explanation. This
paper is meant to give an outline on the underlying problems and it is
hoped that by doing so the wide range of sometimes confusing voices or
statements about energy can be better understood. Such confusion starts
already with the term "energy crisis". Is there an energy crisis or not?

_9_
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Much future work is required to tackle the problems of energy systems.
This paper can only marginally help in that respect. But it is hoped that
this paper helps to understand what the scope of the problem is.

2.) The Phasing of the Enerqgy Problem.

It is vital to realize that the problem of enerqgy seems to appear in phases.
During these phases the detailed features of the energy problem will be
quite different, sometimes even of an opposite nature.

One should distinguish the following three phases:

the short range phase, 1970 - 1985

the medium range phase, 1980 - 1995

the long range phase, 1990 - 2050 (?)
The years given above shall be only indicative, the phases are overlapping
and not so clearly defined. In the following a few explanations are given

that may characterize these three phases and can perhaps make their introduc-
tion plausible, see also for this purpose figure 1.

2 a.) The Short Range Phase (1970 - 1985)

In the short range phase of the energy problem there will be certain shortages
and changes in the fuel market, particularly in the market for oil and gas.
Technological developments can help to adjust for this situafion. However,
this requires time, probably ten to fifteen years. Therefore it is just this
lead time that determines the time range of the first phase of the energy
problem as during this first phase only existing technological and economical
tools can be expected to be of help.

The most obvious problem of this first phase is the supply of o0il and gas,

particularly in the United States. Consider for instance the problem of o0il
prospecting. According to M.K. Hubbert /1/ the amount of 0il discovered per
foot of drilling in the U.S. has strongly declined since 1938 and is now only
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35 barrels/foot. Further, Hubbert assumes that the discoveries up to 1965
represent about 82 % of the prospective ultimate total. The situation for
gas is qualitatively similiar, but this is not the case for coal. Other
factors inhibit the easy use of coal /2/. There is not much hope that new
resources for 0il and gas can be discovered easily. An uncommonly large
amount of capital would be required for such discoveries.

Energy conservation will be therefore a prevailing theme in the years to

come. Increased efficiencies of energy conversion, the reduction of wasteful
uses, better heat insulation of offices and homes and other measures will
have continued attention. The existing forecasts for the demand of enerqy
must then be reexamined considering such enerqgy conservation. This will be
especially so in the U.S. /3/ where a change from affluence to conservation
of energy will be experienced. In other countries such change will be less
drastic but it will exist.

Conservation can merely reduce but not eliminate the problem of o0il and aas
shortaqge. During the short range phase of the energy problem the U.S. has
no choice but to import the necessary amounts of oil from the Middle East
which has about 50 % of all oil resources outside the USSR and China. One
has to realize howevar that Japan aqets ~ 80 % and Western Europe ~ 60 % of
its oil supply from the Middle East. The implications of these facts are
outlined in detail for instance by Walter Levy /4, 5/.

Nuclear Power will increase its share in the production of electrical power

but this share will be limited because the lead time for the construction
of a nuclear power plant is steadily increasing. In the U.S. eight to nine
years for such lead time are not unusual. Further, one has to realize that
all electrical power makes up only 25 % of the primary enerqy demand and
only as little as 10 % of the secondary energy demand. Nuclear power will
therefore have a smaller but nevertheless important impact on the overall
energy problem in the short range phase than was expected previously.

There are many existing regulations for the use of energy, import, taxes,
rates. Quite often these regulations have been arrived at from a fragmented
point of view. Suboptimizations have taken place when energy was not yet a
comprehensive problem. An example is the import quotas for oil in the U.S.



-12-

But also in the Federal Republic of Germany for instance it is only now that

a comprehensive plan for dealing with energy as a whole is being worked at.
Additionally, regulations for the protection of the environment are now being
added at an increasing rate. To some extent it was nuclear power that initiated
an awareness for environmental problems. Of course one realizes that nuclear
power fulfilled only a pilot function there, the environmental problems are
much more general. Nevertheless, the complication that the licensing of nuclear
power plants experiences due to actions of environmental groups worsens the
problem of sufficient supply of electrical power. Similarly, rigorous regula-
tions for the emissions of pollutants of combustion engines tend to increase
the consumption of gasoline. Therefore requlations probably have to be recon-
sidered from a comprehensive, systems point of view.

Some observers feel that at present there is overreaction to the environmental
challenges. A particularly sensitive point is the siting of large industrial
installations such as power plants, deep water terminals, refineries, high
voltage transmission lines and others. It is expected that the next ten

years will bring a certain equilibrium between environmental and economical

requirements. Such establishment of a reasonable equilibrium is probably

characteristic for the short range phase of the energy problem.

Also energy prices will be put in equilibrium with the general economy of

the next decade. The installation of new facilities like refineries, enhanced
exploration of fossil fuel resources meeting environmental standards,
research and development for energy technologies, and other requirements will
all tend to increase the energy prices. It remains to be seen where this
equilibrium will occur.

Much has been published on these questions in the recent past. In particular

an article of St. D. Bechtel /6/ helps make necessary distinctions and which
therefore shall be mentioned here.

2 b.) The Medium Range Phase (1980 - 1995)

As mentioned before technology can help society adjust mainly to new conditions
and constraints in the problem of energy. The necessary lead time for the
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implementation of such measures determines the beginning of the medium range
phase of the energy problem. This is the phase where technological adjustments
can be felt. In order to see roughly where such adjustments have to be made it
is important to realize that as a rule of thumb the energy consumption splits
in the rations 1:1:1:1. 25 % of the primary energy demand goes into house-
holds and commercial buildings, 25 % is for industrial purposes, 25 % is for
transportation and 25 % is the primary energy demand for the qeneration of
electricity. Because of conversion inefficiencies this last 25 % constitutes
only 10_% of the secondary form of overall energy demands. Nuclear energy has
been developed almost exclusively with a view to produce electrical power. Even
if nuclear power takes over the majority of electrical power plants (and it
probably will) the problem of providing sufficient energy will prevail in that
period, because it is not readily clear that an all electric economy is a
feasible solution. At least it seems obvious that airplanes cannot fly on an
electrical basis. Fossil fuel will continue to play an important role and
fortunately there is much fossil fuel in the form of coal. The exploitation of
coal has been constant or decreasing in the past. This is largely due to the
present practices of mining but also improved standards and safety requlations
and a lack of research and development contributed to the difficulties that
the coal industries have experiened in the past decade /2/. The technologies
that have been mentioned above will therefore probably attack the problem of
making use of coal by other means than conventional mining, the most obvious
schemes being coal liquification and gasification and the transport of such
fuel through pipe lines /7/. Such a scheme allows for a smooth transition

from the use of natural gas to the substitute of natural gas (SNG). Gasifica-
tion of coal requires process heat. It is therefore interesting to evaluate
the potential of nuclear power for the provision of such process heat. This
could lead to an enhanced development of the High Temperéture Gas Cooled
Reactor (HTGR).

Probably, also the problem of siting could be the subject for significant
technological advancements. The scheme of having a serial production of nuclear
power stations that are placed on floating platforms has to be mentioned here.
This allows for cheaper fabrication under strict quality control provisions

and it helps to ease the ever increasing difficulties of choosing sites for
power plants and other technical installations in crowded areas. But other
developments on the general problem of siting have to be envisaged too.
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Another goal for technological research and development could be abatement
measures for the use of fossil fuels. Also special uses of solar power have
to be mentioned. For instance, local space heatings in warmer climates fall
under this category. Such special use of solar energy is taking place already
today.

More important however will be the major adjustment of the economy and infra-
structures of modern societies to the third phase, the long range phase of
the energy problem. As we will see in the next chapter, fossil fuel resources
are Timited and in the long run one or two of the few existing options for
the practically infinite supply of energy has to be prepared for. This
probably requires adjustments. For instance, it might be necessary to change
the boundary between the electrical and the non electrical form of energy
uses or to consider more explicitly the relations between the availability

of energy and the availability of water. Adjustments of that kind will have
very siqgnificant consequences.

2 c¢.) The Long Range Phase (1990 - 2050 (?))

The main characteristics of the long range phase of the energy problem could
be the following ones:

- One or two of the few existing options to have a practically infinite
supply of energy have been identified and fully investigated for
large scale implementation.

- The size of the global energy demand has béen increased by at least
a factor of ten. The developing nations are among those with the
highest increase of energy consumption.

- Boundary and constraints for the global use of energy have been
identified and modes for the production and use of energy that are
consistent with such boundaries and constraints have been developed.

- The medium range phase of the energy problem has been used for a
smooth transition into this long range phase of the energy problem.
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The emphasis is more on these characteristics than on the particular
date of 1995. Predictions of dates come out to be wrong more easily than
predictions of the characteristics as such.

In the following chapters more will be said about the above mentioned few
options for the practically infinite supply of energy and equally on the
boundary and constraints for the global use of such amounts of energy. Such
a more detailed consideration for the long range phase is important because
the medium range phase is expected to provide a smooth transition from the
short range into the long range phase. We will therefore elaborate now in
greater detail on more specific aspects of energy systems and on the
existing options, boundaries and constraints for the large scale use of
energy and will thereafter come back to considerations of the long range
phase.

3.) Modelling of Demand and Supply of Energy Systems.

In the past it was largely the demand of energy that was the driving force
for the development of energy technology and the evolution of an energy
economy. Other considerations were secondary and it was therefore possible
to consider highly aggregated forms of parameters in the energy field such
as the increase of the demand for electrical enerqgy. Best known is perhaps
the observation that this demand for electrical enerqy doubled every ten
years. Such considerations were also very useful because these high aggreaqa-
tions led to fairly accurate results. Fluctuations in the components of

such aggregation seemed to cancel out each other.

Now one faces a situation that changes. In the short range phase of the
energy problem the supply of certain kinds of fuels cannot meet the demands
so easily any more. Ecological and other constraints as outlined above come
into the picture too and can no longer be considered to be of secondary
importance. It is therefore mandatory to come to more detailed evaluations
of less aggregated parameters. This leads into the mathematical modelling
of demand and supply of energy.

It seems possible to observe three aspects of such modelling:



-16-

sensing, optimization and forecast
There are several things that must be sensed by modelling. It has been
mentioned earlier that requlations in the energy field have been sometimes
arrived at from a fragmented view point, subsystems have been considered.
Model1ing now should lead to a more comprehensive point of view: What happens,
i & C— It should be possible to evaluate certain policies and requlations
by such procedures. This may be particularly true for the establishment of
environmental and economical considerations, as has been mentioned earlier.
But also, and in relation to that, the complex problem of technology assess-
ment can probably be brought in. This way it might be possible to evaluate
priorities for research and development. Undoubtedly there is a preoccupa-
tion in the community of science and technology for the production of energy
while probably the handling and embedding of energy is more urgent in the
long run. This could be more clearly assessed by modelling. Further, the
impact of energy conservation could be better evaluated up to the problem
of Timited economical growth or no growth.

Optimization is an obvious objective for mathematical modelling. The best

and timely distribution of fuel supply, optimal inter fuel substitution

and the optimal provision of capital come into the picture. Up to now the
objective function was simply arrived at by economical considerations of
monetary prices and costs. It will be important by now to incorporate
multiple objectives in the objective function that account for economical
values as well as for environmental and social values. This leads into the
much more general problem of comparing such values. Sometimes this problem

is referred to as comparing "apples and oranges". More methodological work is
obviously required here.

Forecast is the third aspect of modelling. The problem of forecast shall

not be explained in greater detail. It is a widely recognized problem. Later
in this paper we will elaborate on "system problems". Therefore the observa-
tion shall be made that the forecast of such system problems will be of
special interest if one wants to understand energy systems. A typical
example for the modelling of energy demand and supply has been presented

at a recent MIT Conference on energy modelling by Schweizer, Love and

Chiles of the Westinghouse Corporation /8/. These authors consider a fuel
allocation model as described in fiqure 2. A model for demand of energy and
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its growth for various types of fuel in various regions and market sectors

is used. The energy demand model is combined with a model on the various
partial elasticities to serve as an input for a linear proaramming allocation
algorithm. The same is done for a model of the supply, its qrowth and the
elasticities involved. The linear programming algorithm then allocates demand
growths to supply growths for a given objective function. The result is an
energy strategy of meeting the demand growth with the connected price changes.
Such an approach implies certain fuel interchanqgebilities. This leads to the
field of energy conversion and the related models for that. New technologies
have to be considered here, but equally, also models for energy policies

that are under consideration. The over all model as described in figure 3

can help to assess priorities for technological R + D work, for evaluating
the consequences of considering other objective functions than just minimum
price and they can help to evaluate the impact of certain policies.

A brief outline of the mathematics that is involved in that model is given
in table 1.

The process of designing such a model and the numerical playing with such a
model can help to understand better the inherent features of the reality to
which that model is applied. Of particular importance may be the identifica-
tion of possibly existing various levels of the considered system and the
degree of coupling between these levels. For instance, the construction of

a new power plant is a part of the electricity supply system of a considered
region. Such an electricity supply system in turn is part of the general
supply system for all forms of energy and so on. Now it may be interesting

to consider for instance the problem as to whether a change in the boundaries
of the system in question influences the various conc]usibns that can be made,
or in other words: the degree of coupling of a considered system with systems
of higher levels /9/.

A remark must be made on data input. Mathematical models are of value only
if the necessary input data are available. Evaluations for the asymptotic

solution of the energy problem require global considerations. The type of

data that are required for this must be identified. It is then the problem
to make the degree of aqggregation of raw data compatible. Furthermore the

required data may be available for the domain of economy, but of equal
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importance are data for pollution, thermal waste heat, sociological data or
in other words data that allow for the more general objective functions that
have been mentioned earlier.

4.) Long Range Energy Demands.

In the following we will deal with large amounts of energy. It is therefore
useful to introduce the unit of Q = 1018 BTU. In table 2 the equivalent of
Q in several units is given.

In table 3 a few fiqures are aiven that characterize the consumption of
energy. It should be noted that the world consumption of energy in 1970 is
rodgh]y 1/4 Q/year whereas the consumption for the year 2050 could be 6 Q/year.
This is a factor of 25 larger than the value for 1970. The fiqure of 1010

for the population is an unsophisticated straight forward gquess and can be
heavily debated. It should be realized however that this fiqure does not

imply exponential growth. A key figure, on the other hand, is the value of

20 kW/capita. This figure has been introduced by Weinberg and Hammond /10/
after having studied in somewhat greater detail future conditions of a civi-
lized society. A break down of that figure is given in table 4. Again it
should be noted that also in the KW/capita fiqures no exponential growth

of any kind has been assumed. The point that has to be made here is that

we have to consider the life conditions of future decades when the population
is high and recycling of resources and in particular water is probably nec-
essary. In order to better understand such future life conditions sophisticate
scenario writings and life style descriptions are required. But the argument
goes further. Figure 4 /11/ demonstrates the fact that at present the use of
energy is very non uniformly distributed over the globe. Contrary to that

any consideration of asymptotic solutions of the energy problem must start
from the assumptions that the provision of'power per capita will be equal

for all of the world population and further, the actual value of that figure
will correspond to the highest fiqure in question, for instance the fiqure

for the U.S. It is impossible that a non-proliferation of high power installa-
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tions per capita can ever come into effect. Eventually the same comfort for

all of the world population must be feasible and accessible, at least
potentially, and that means that any asymptotic solution of the energy problem
must be based on that assumption of equality. On the basis of these few con-
ceptual considerations alone one can see that the demand of energy as compared
with today's values will be significantly larger, at least 10 times but probably
more.

In a previous chapter a time scale for the three phases of the energy problem
has been given. The third phase, the long range phase, has been characterized
by the fact that one or two of the few options for practically unlimited fuel
supply was chosen for implementation, fossil fuel cannot be employed in a
large scale any more. As we will see in the next chapter this happens when
the energy consumption reaches a few Q/year. This in turn depends largely

on the size of the world population and the rate at which the developing
nations are keeping up in their standard of civilization. This may happen
sooner or later than 1995 and the long range phase of the energy problem

will then appear sooner or later accordinqgly. The date of 1995 is therefore
only indicative as has been mentioned above.

The relevance of such considerations can be felt if figure 5 is considered.
It demonstrates the linearity between the enerqy use/capita and the aross
national product/capita and the continued linearity if the recent increases
in these figures are evaluated. There is debate today as to what extent this
linearity is a necessity and this in turn leads again to mathematical
modellina. Much work has to be done there.

One more observation must be made. The linear relationship of figqure 5 seems
to underline a simple scheme that is given in fiqure 6. The circle of fuel
supply and its price levels shall indicate a constraint but otherwise there
appears only enerqgy and the gross national product. This was a reasonable
scheme as Tong as the previously mentioned restraints and boundary condi-
tions were of secondary importance. But this changes now.

5.) Energy Resources.

The fuel that has been exclusivly used up to now is fossil fuel. In view of
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future phases we have to compare fossil fuel resources with those from other
sources.

5 a.) Fossil Fuel.

Widely different figures for fossil fuel resources are being reported and
discussed today. The reason for these discrepancies is the simple fact that
it is difficult to clearly define an obvious upper limit for declaring
deposits as resources. Earl Cook /12/ makes the observation that there

are three methods of forecasting the availability of resources. One is

the economic method that simply projects historic trends and demand
elasticities together with technological trends and simply concludes that
if under such conditions one would look for fuel: it will be there. This
was perhaps a reasonable approach in the past when the scale of energy
production was small if compared with global yardsticks. Here we are con-
cerned with a different order of magnitude of the energy problem. The next
method is the geologic-analogy method which is supply oriented and not
demand oriented as is the economic method. Extrapolations are made on the
basis of geological considerations. The third method is the exploitation-
history method of M.K. Hubbert /13/ that takes into account the history of
the production curve, the proved - reserve curve and the curve of discovery
per foot of exploratory drilling. The last two methods seem applicable for
our considerations here.

In table 5 we present information that was given by V.E. Mc Kelvey and

D.C. Duncan /14/ and M.K. Hubbert /13/. The large difference between the
lower and the upper limit in the case of the McKelvey-Duncan data and the
data of ".K. Hubbert that are in between illustrate the above given remarks.
It should again be noted that the upper values are no limit in a physical
sense. In the case of coal, for instance, the figure refers only to resources
above a depth of 1800 m.

0i1 resources are somewhere between 2 Q and 20 Q. It was outlined in the

last chapter that consumption rates of a few Q/year must be anticipated in the
not so distant future. The figures in table 5 therefore indicate that such
consumptions cannot be based on o0il, it must be coal instead. There the
resources are larger by a factor of ten or so. It is therefore indeed
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reasonable to possibly make coal a corner stone for the medium range phase
of the energy problem. It could last for a few decades if simple minded
straight forward algebra would be applied. One has to think however on the
conditions that would characterize such harvesting of coal at a large scale.
It requires world wide major operations. As we will see in the next chapter
this leads into system problems, that is, side effects that were secondary
when the harvesting of resources were modest will become first order effects.
For illustration the problems of. surface mining could be mentioned. Similar
remarks should be made also for the case of shale oil.

Much effort is required to identify such system problems. It is not sufficient
to simply point to a single and yet not so large resource figure. The time
period during which one can rely on coal might be therefore more Timited.

This underlines the explanations of the chapter on the phases of the eneray
problems saying that the medium range phase should be primarly a phase for
smooth transition.

5b.) Uranium and Thorium Resources

The remarks on the difficulties of having meaningful estimates of fossil fuel
resources apply equally also to resources for nuclear fission reactors, that
is uranium and thorium. There are many publications on this question. In the
middle sixties the question of uranium reserves was heavily debated /16/.

It should be realized however that all the figures on that time referred to
known deposits or deposits that could be discovered with a high deqree of
certainty. Further, only uranium prices of up to 30 3/pound of U308 were
considered. In order to appreciate this one has to realize what the ore
costs per KWh relative to the busbar costs are for the vérious types of
power plants. They are given in table 6. An increase of ore prices from

10 g/pound to 30 3/pound would increase in case of a light water reactor

the busbar costs by about 1 mill/KWh. Such consideration were setting the
1imits in the discussions of the sixties. However, in that time the main
consideration was the commercial competition between nuclear and fossil
power. In the context of todays energy considerations in aeneral and this
paper in particular this is not the only valid view point now. Therefore in
table 7 we have also given estimates for higher uranium prices. At

100 3/pound the cost increase for electrical power from L{R would be at
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5 mi11/KWh and the resources would still be only a few hundred Q. These are
quantities that are comparable to fossil resources. Nuclear power on the
basis of present nuclear power plants does not differ from fossil fuel plants
so far as fuel resources are concerned. The picture is qualitatively differ-
ent for the breeder reactor. Its near term importance is the fact that
increases in prices for uranium ores are practically not felt in the

busbar costs of a breeder power station. Prices of beyond 500 #/pound of
U308 can be afforded. Therefore vast amounts of resources become accessible
and those resources are better converted to energy by about a factor of 100.
Table 7 therefore indicates that the energy resources that are accessible
through the nuclear breeder reactor are practically unlimited and this is
the long term importance of the breeder. M.K. Hubbert /13/ gives the example
for uranium deposits that become meaningfully accessible by the breeder
technoloqy: In the U.S., the Chattanooga shale spreads out along the

Western boarder of the Appalachian Mountains. This shale has a uranium rich
stratum, which is 5 m thick and contains 60 g per ton. This is a value far
below what is considered interesting under todays circumstances. The energy
content of this shale per square meter would be equivalent to that of 2000
metric tons of coal or the energy content of an area of 13 kilometer square

would be equivalent to that of the world resources of crude oil (2-1012

barrel)!
The distribution of thorium on the various parts of the qlobe is different
from that of uranium and this will have regional consequences. For instance
India has not much uranium but vast amounts of thorium. India therefore

must look for special ways and means for the use of these resources. Al-
together however the energy equivalent of the thorium resources only slighly
exceeds that of the uranium resources. One is essentially correct if one
assumes that these equivalents are equal. For further details we refer

to McKelvey and Duncan /14/. Energy through the fission of the uranium and
of the thorium atom by the use of the breeder reactor provides therefore the
first option for a practically unlimited supply of energy.

One has to realize that the development of the breeder reactor is far
advanced. The most advanced version of the breeder reactor is the liquid
metal fast breeder reactor. It is developed by the USSR, France, the UK,
Germany together with Belgium and the Netherlands, the USA and Japan.

Large scale developments like that of the fast breeder reactor have to pass
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three thresholds:

the threshold of scientific feasibility
the threshold of industrial feasibility
and the threshold of commercial feasibility.

A present large industrial prototype reactors in the 300 MiWe class are being
built or put into operation by the USSR, France, the UK and Germany together
with Belgium and the Netherlands. In the USA and Japan such construction is
expected to come soon. That means that the second threshold, that of industrial
feasibility is being passed now. The commercial feasibility is expected for the
middle eighties /17/. Further, the Tiquid metal cooled fast breeder reactor
has back-ups. The helium cooled fast breeder provides such a back-up solu-
tion. Certain key problems of this reactor type are being investigated. But
also the thermal breeder /18/ and especially the molten salt breeder as

pursued by Oak Ridge Nat. Lab. in the U.S. backs up the development of the
liquid metal fast breeder reactor. The point that must be made here is this:
already with the technology of the seventies and the eighties we have by the
fast breeder reactor one industrially feasible option for practically unlimited
supply of energy, even if in the not so far future energy consumption of a

few Q/year have to be envisaged. Figure 7 summarizes the situation for fossile
fuel and nuclear fission reactors /11/ and illustrates how one cannot have

one single figure for energy resources.

5 ¢.) Lithium and Deuterium Resources.

Besides fission there is fusion as another form of nuclear power. It is

known that fusion reactors have not yet passed the threshold of scientific
feasibility, but it is not unlikely that this will happen in the next ten or
fifteen years. Whatever the answer to the scientific and the other feasibilities
might be, it is worthwhile to have a look on the fuel resources. By far the
most probable scheme for fusion is the D-T reaction. This requires lithium

as a fuel in addition to deuterium. It turns out that Tithium is the limiting
factor for the fuel supply. In fact such a reactor is fairly precisely a
fusion breeder /19/ as lithium is bred into tritium similarly to the breeding
of U-238 into Pu-239. If a technical fusion reactor is envisaaed then it has
been found that 1 MWd/gram of natural Li (7.4 % Li-6 and 92.6 % Li-7) can be
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produced /20/. That is the same amount as for uranium or thorium in fission
reactors.

Also here Tow figures for Li have been reported /14/. This is obviously the
case because formerly there was no incentive for adequate prospecting. But
the amount of the lithium in the oceans alone is indicative: 2.7 - 1011
which corresponds to 2.2 - 107 Q if all 1ithium could be extracted. If we

again assume a factor of ~ 3 - 10-2 for extraction we obtain ~ 7 - 105 0.

A fusion reactor on the basis of the D-D reaction would be still another
thing, no lithium is required in that case. One should realize however that
this is significantly more difficult than a D-T fusion reactor and as pointed
out earlier even its feasibility remains to be proven. In any event, the
deuterium content of the ocean is equivalent to ~ 1010
of 3+ 1072
3 - 108 q.

Q, or if again a factor
for extraction is applied we end up with the equivalent of

[t is obvious that fusion would be a second option for the practically
unlimited supply of energy if it eventually can be made a technically
feasible scheme.

5 d.) Geothermal Sources.

The use of geothermal sources for the supply of energy at a large scale is

a comparatively new aspect. In the past only in Italy, New Zealand and the
U.S. geothermal power stations have been operated. The scale was modest, a

few hundred MW at best. The expected lifetime of these stations is in the
order of a few decades /13/. It was on this basis that this source had not
attracted much attention when question for energy at a large scale were

under debate. More recently the question has been reexamined however. Donald
E. White /21/ has estimated that the world's ultimate geothermal capacity

down to a depth of 10 km is roughly 4 - 1020 Wsec. ot counting any conversion
factors etc. this equals 0.4 Q. It is obvious that this is a negligible

amount of energy in the context considered here.

However, there are also other voices. Recently R.W. Dose /22/ has made the
statement that by making more rigorous use of the existing qeothermal sources
in the U.S., sources with a lifetime of more than 1000 years and with 105 MW
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could possibly be explored. This would correspond to 3 Q in the U.S. and
could therefore be crudely compared to the U.S. 0il resources. Details for
such estimates were not given.

A different order of magnitude comes into the picture when the heat content
of the earth's crust is considered. The temperature gradient is on the order
of a few tens of degrees C per km depth. If the earth's crust underneath the
continents is considered down to a depth of 10 km then the heat content is
in the order of 5 * 105 Q. Conversion losses have to be taken into account
and only a fraction of the crust underneath the continents can possibly be
exploited. A few thousand Q may be in principle available that way. But this
is not more than a quick and unsophisticated estimate.

The argument about geothermal power goes further. Besides the continents
there is the ocean. The upper 200 m of the ocean is warmer by ten degrees C
or so. Again taking all of the surface of the oceans one arrives at a figure
of 3000 Q or so. Here the conversion losses will be considerable because the
temperature difference is only 10°C and only a fraction of the oceans can
possibly be exploited. A few dozen Q may be in principle available that way:

The question whether geothermal energy is exploitable at a large scale is a
very open question. No real conclusion can be drawn here. It is not really
clear whether geothermal power can be considered an option for large scale

energy supply.

5 e.) Water and Tidal Power

Water and Tidal power resources of the world are in the order of few tenths
of a Q /13/. Those power sources may be of regional interest but are definitly
not an option for the large scale supply of energy.

5 f.) Solar Power

The supply of solar power as such is infinite. It is rather a problem of
power density. The solar input above the atmosphere averaged over day and
‘night and all zones of the globe is 340 N/mz. Roughly 47 % reach the surface
of the globe, that is 160 w/mz. The net value of the outgoing infrared
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radiation is ~ 70 w/mz. We therefore have
2 2 2
160 W/m = 70 W/m + 90 W/m
visible 1light infrared radiation heat balance.

Figure 8 gives the energy balance in somewhat greater detail. The heat balance
is used in turn to drive the water cycle in the atmosphere by evaporization

of rain water, to heat the ground and the lower part of the atmosphere and

to provide the power for biological processes.

The determining consideration for the harvesting of solar power on the surface
of the globe is then obviously the question to what extent this energy balance
may be distorted. This is of course an extremly complex problem of a systems
nature and more will be said about it in the next chapter. A straight for-
ward estimate for the global average value for harvesting solar power may be
20 w/mz. It should be noted however that regionally considerably higher values
could be acceptable. This will then be of regional significance accordingly.
Here in this context we are interested in the question of global large scale
energy supply. A value of 20 w/m2 makes it obvious as we will see later that
not the supply of power but land use is the determining factor for the collec-
tion of solar power on the surface of the globe.

But it is not necessarily so that solar power must be harvested on the surface
of the globe, it could be harvested in outer space. A recent proposal of
P.E. Glaser elaborates on that /23, 24/.

It becomes clear that solar power is in principle an option for the large
scale supply of energy.

We can summarize this chapter by concluding that at least in principle there
are three (four) options for the large scale subply of energy. Large scale
means a few Q/year for thousand years or much more. These options are the
followings:

1.) Energy by nuclear fission

2.) Energy by nuclear fusion

3.) Solar power

4.) Energy from geothermal sources (?)



-27_

It should be clearly noted that the one option that is feasible with certainty
is energy from fission. Other sources of energy like fossil fuel, water,

tidal etc. do not fit in that category. Their local importance may be never-
theless significant.

6. System Problems

If there is more than one option for having eventually large scale supply of
energy: What is the problem? According to figure 6 there should be none.

Fission energy is the one option that is feasible already today. More than
that, it is being installed now at such a rate that the impact of nuclear
energy begins to be felt even in the over all picture of enerqy. By the end
of this decade a number of countries expect to have nuclear power produce
about 30 % of all their electricity. In the U.S. more than 150 GiWe are today
in operation, under construction or firmly ordered. In the FRG the fiqure

is 13 GWe, in Japan 15 GWe, that for the whole world 254 Gie. But even so it
is not pure pleasure to be a promotor for nuclear energy today. There is much
objection against nuclear power. The arguments that can be heard are about
the following:

a) The operation of nuclear power plants imply a certain radiological
burden

b) Nuclear power plants could lead to major radiological burdens in
case of a major accident. Especially in the focus is the problem
of emergency core cooling systems (ECCS).

c) The operation of nuclear power plants necessitates the long term disposal
of radioactive waste.

d) The large scale handling of Plutonium in the fuel cycle will unavoidably
lead to losses of such Plutonium into the biosphere.

e) Fissionable material is potentially dangerous as it can be used for
military purposes and the illegal diversion of such material by thefts
or groups must be taken into account.

f) Large nuclear power plants release large amounts of waste heat and
lead to a distortion of the biosphere by the warming of rivers and lakes.

g) Nuclear power plants require large amounts of land.
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h) We do not need the power from nuclear power plants.

A few years ago the objection concentrated on single nuclear power plants.

Today the trend is more toward the installation and operation of a large nuclear
fuel cycle. How many transports of irradiated fuel elements are required?

What about the superposition of the various releases? And what about plu-
tonium in principle?

To a certain extent the above given questions are legimate. They were originally
contemp]atéd and answered when nuclear energy was in its infancy. Now that
nuclear power is becoming mature the questions come up again for reconsidera-
tion. This statement however shall not be interpreted to the end that all
objections to nuclear power that are heard are considered legitimate /25/.

Let us now take as an example the question of the radiological burden that
is due to the operation of nuclear power plants. The Gofman-Templin debate
in the U.S. is deeply interwoven to that problem. Together with other
influences it led to a standard for acceptable radiological burden that is
as low as 5 mrem/year (light water reactor).

The central question now is this: What are the alternatives? In a recent
publication of the nuclear research centers of Karlsruhe und Jiilich in the
Federal Republic of Germany a comparison of alternatives was attempted
/26/. 1t was assumed that all the electrical power of the FRG would be
produced alternatively by coal, lignite, gas, by pressurized water reactors
or by boiling water reactors. It is of course a problem to compare a burden
that is due to SO2 with a burden that is due to radioactivity. To that end
the existing standards for each of the relevant pollutants were taken and
the values of ambient dose rates (obtained from an admittedly crude meteoro-
logical model) were normalized by these standards and the normalized values
were then added (see Table 8).

The methodological problems of such a comparison are obvious. For instance,
no synergistic effects are taken into account nor is it clear that the
various standards were derived by similarly rigorous procedures. We touched
earlier on the problem of comparing "apples and oranges". This is one of the
key problems of systems analysis.
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Even with these reservations in mind it seems fairly obvious that each of
the alternatives has a higher pollution load than nuclear energy. So the
problem of pollution burdens is much more general. It is not a specific
nuclear problem but it became visible and known to the public with the
advent of nuclear power. The real problem is: The size of energy produc-
tion. It is an unprecedented dimension of experience and together with it,
concern.

Let us move to the second example. The risk of nuclear accidents is
exceedingly small but it exists. In the past such extremely low risks were
not «plicitly considered but after having gone through the exercise of
nuclear power also other risks are being evaluated. Recently Ch. Starr,
M.A. Greenfield and D.F. Hausknecht compared the risks of a nuclear power
plant to that of an oil fired plant /27/. Figure 9 gives one of the results
of this comparison. Again there are methodological questions because
qualitatively different things are being compared. The argument here is
not so much the details of this comparison. They may chanqge back and forth
when the comparison becomes more sophisticated. But the arqument is that
such a comparison is now imminent. Again, the question of risk is not a
special one for nuclear enerqy, it is a general problem that comes now to
the forefront because of the mere size of energy production.

A further example is the waste during power production. The data given in
table 9 shall point to that. In case of fossil fuel ordinary pollution

will not be considered. Ideally abatement measures may have taken care of
that problem. But the production of CO2 is an inherent characteristic of
that type of production of energy and the amounts of CO2 are so large that
it has to be released to the atmosphere. At the present rate of world enerqy
production this leads to an increase of 5 ppm by weight/year. An energy produc-
tion that is 25 times higher leads to accordingly higher values. The short
remark "unrecycled" in table 9 refers to the fact that atmospheric 002 is

in a dynamic equilibrium to the CO2 content of the oceans and the biosphere
and the actual values are therefore smaller by a factor that is somewhere
near 2. Such values for the increase of the CO2 content have to be weighted
against the natural CO2 content of the atmosphere. In 1950 this was 450 ppm
by weight. There is considerable concern that the infrared radiation from
the earth back to outer space is upheld by an increased CO2 content due to
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the so-called green house effect /28/. At present the effect is definitly
small but it is not clear today how large an increase of CO2 in the atmosphere
can be accepted. Much more work is required here.

But also nuclear power produces waste. Due to the famous factor of 2.5 ° 106
(energy output per gram fuel in the case of nuclear power as compared with
fossil power) this waste is small in volume and can, contrary to the case
of COZ’ be contained. This of course establishes the task to do this reliably
and for very long times and this is a large problem. But the right question

is not: Do we want to have this problem or not? Rather it is the question:

What is more acceptable, to have an impact on the climate (which at present

is still to be better understood) or to have a long term waste problem of

small volumes? Again completely different categories have to be compared, a
typical systems task that is oriented toward the understanding of interweaving.

In the case of waste heat disposal it became obvious even in the public
debate that this is a general problem of the production of energy. It is
two-fold: In the conversion of energy there are sometimes very large Tlosses
and further, all useful energy finally ends up as waste heat (except the tiny
fraction that goes into binding energies). We will devote a whole chapter on
this problem. There in particular we will see that this was a secondary
question so far but because of the mere size of the production of energy it
now becomes a primary question, probably even the limiting one. Once energy
is produced from binding energies it remains and does not disappear (except
for the tiny fraction that goes back to binding energies). The stream of
energy eventually goes to outer space by infrared radiation and this stream
of energy must be embedded therefore in such a way that the deterioration of
the natural conditions of the globe remains within acceptable Timits. It is
obvious that the investigation on the problem of acceptability is an inteqgral
part of the systems problems.

It is not the purpose of this chapter to deal with all system problems of all
forms of energy productions. Nor is it intended to indicate that only fission
has system problems. Fusion for instance has system problems too /19/. The
same is to be expected for solar power or energy from geothermal sources.
Geothermal sources may for instance require considerations on potential
earthquakes. The study of system problems is a tremendous task that requires
many, many years and remains to be done in the next years. The point here is
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rather this: We more and more realize that nuclear power took on a pilot
function for all energy production schemes in detecting the fact that there
are system problems if the mere size of energy production becomes large. The
yardsticks for evaluating such sizes are still to be better elaborated but
it is clear that nature itself and the conditions of the finite globe do
implicitly provide these yardsticks. These yardsticks that must be made
explicit refer more to the handling of energy, to the embedding of energy
and to the problem of acceptability than the problem of energy production

as such, contrary to the situation of the past.

7.) The Task of Systems Analysis in the Case of Enerqgy Systems.

It is now more easily possible to spell out what the task of systems analysis
is in the case of energy systems. It is probable that a proper generalization
could lead to an understanding of the nature of system problems beyond that
of energy systems. The task has the following subtasks:

a) It is necessary to identify and understand all system problems that are
inherent in the various options for large scale energy supply. This will
be a perpetuating task and will probably never be completed as energy systems
expand further and further. This task is not a matter of algorithm. It is
rather a matter of technoloaical and sociological substance. Scenario
writings and life style descriptions will probably be among the tools for
accomplishing this task. It will be in particular important to identify
the various interweavings that become important with the increasing size
of energy production. This requires to some extent disciplinary oriented
work but only to the extent that is necessary for the identification of
the discipline oriented questions. From then on it is the task for the
various scientific disciplines to pursue the so identified questions in
connection with the systems analysis.

b) In the case of energy systems the predominant system problem seems to be
that of embedding, not the production of energy. Such embedding is
required in view of the function of the globe. There must be embedding
of energy into:

- the atmosphere
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- the hydrosphere
- the ecosphere
- the sociosphere

c) It is then necessary to identify and evaluate alternatives, options for
large scale implementation. There seem to be the following options for
large scale energy supply:

- energy by nuclear fission

- energy by nuclear fusion

- solar power

- energy from geothermal sources.
While system problems of energy from nuclear fission have been identified
to some extent in the past it will be necessary to do the same for the
other options. For the task of comparing the various options it will be
necessary to have not only cost/benefit procedures but cost/benefit/risk
procedures in a special and a general sense.

d) Finally it will be necessary to minimize the system problems. This leads
into severe methodological problems. We mentioned the comparison of apples
and oranges several times. More scholarly expressed, it leads into the
methodology problem of multiple objectives and decision under uncertainty.

Such systems analysis work has to permanently accompany the technological
and sociological evolution of energy systems.

8.) Embedding of Energy into the Atmosphere.

Much emphasis has been given above on what may be called embedding. It seems
to be necessary therefore to give more substance to that. As a first step
let us consider the embedding of the stream of energy into the atmosphere.
For that it is helpful to consider the distribution of the solar power
input as given in figure 8.

The solar input is 340 Watt per square meter of the spherical upper surface
of the atmosphere averaged over day and night and all zones of the globe.
Roughly 34 % of that value is reflected immediatly, 19 % is absorbed and
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transformed into heat already in the atmosphere and 47 %, that is then

160 w/mz, reach the surface of the earth. Out of this 20 % of 340 W/m2

make up for the difference between outgoing infrared radiation and the’
infrared radiation that is back scattered from the atmosphere down to the
surface of the earth. 22 % is used to drive the rain cycle. This amount

of power evaporizes the water of the rain cycle. By this evaporation the
water is lifted to the middle parts of the atmosphere, condensation takes
place there, and the condensation heat goes to outer space. 5 % is used

to heat the lower part of the atmosphere. A1l heat given to the atmosphere

is eventha11y radiated away to outer space and therefore a balance is
maintained between solar power input and heat power output. The temperature
of the earth and the atmosphere is such that it permits this balance exactly.
We therefore have a yardstick of power densities on the surface of the globe.
Table 10 gives a number of such natural power densities in a convenient form.
It should be noted that the fiqure of 55 W/m2 is not the global average, it
refers to wetter parts of the continents.

A few observations must be made:

- the energy balance is a delicate one, it results from a difference
between large quantities (in the visible spectrum and in the
infrared spectrum). One must therefore carefully evaluate the
various influences on the energy exchange mechanisms, for
instance the effect of an increased CO2 concentration in the
atmosphere or changes in the various albedos involved.

- the recycling of water in the mechanism of vaporization and
condensation is intimately coupled to the energy balance

- the yardstick of these natural mechanisms is given in terms
of power density.

For reasons of comparison we now consider man-made power densities. Orienta-
tion figures for that are given in table 11. Today the global average of

man-made power density is certainly too small to create a problem but the
previously considered 20 kW/capita at a level of 1010
completely different picture. A value of 1.35 w/m2 on the continents compares

already with the global average of the power density for wind, waves, convec-

people gives a

tions and currents.
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But it is certainly insufficient to consider only global averages. Man's
activity is not equally distributed on the globe. Already today, in the

case of the Federal Republic of Germany, we have roughly 1 w/mz. In the

more distant future one has to consider highly industrialized areas that
give values between 17 W/m2 and several hundred W/mz. The question whether
such values lead to adverse effects to the atmosphere and the climate is
essentially open today. It is obvious that one has to approach this problem
in steps.

The first level of an impact of such man-made power densities could be on the
pattern of the rain cycle. Already today there is indication that the number
of heavy rainfalls changes over industrialized areas. Industrial areas
however do not only produce waste heat but also particulates and pollutants
and one has to consider the whole impact. This is complex. If the industrial
areas become larger such change of the pattern of the rain cycle could be
more than just of local significance.

A second Tlevel of an impact of man made power densities would be one on
climatic patterns over larger areas while changing only slightly certain
climatic averages. One has to bear in mind that there may well be instabilities
in the atmospheric equilibrium. The question therefore comes up whether there
are areas on the globe that are sensitive (or insensitive) to the production

of waste heat.

A still more rigorous level of impact of man made power densities would be
on the global climate as a whole. It would lead also to an increase of the
average temperature. One should bear in mind that climatic temperature
changes of 1-2 C are already very significant. .

These questions are very difficult ones. They lead into the area of methodo-
logical and climatological modelling. This requires very large computer
facilities. Of equal importance are the input data. But also adequate
understanding of the physics of the highly nonlinear equations that govern
the atmosphere still require much work. In the past years these problems
have attracted more and more attention /28/. Names like Budyko, Smagorinski,
Manabe, Washington, Lamb, Fortak, Bryson, Kellogg and others characterize
such work. For 1977 the world meteorological organization and the inter-
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national council of scientific unions plan "The First Garp Global Experiment"
of a Global Atmosphere Research Programe (GARP) /29/. But also the observational
branch of climatic sciences must be employed and promoted. There the CLIMAP
program maps the climat of earlier ages and provides therefore the opportunity
to test the capability of large climatic computer programs.

Earlier in this paper reference was made to possible system problems if solar
power would be harvested at a large scale. From tables 10 and 11 we realize
that the required power densities for purposes of civilization in certain
industrialized areas will be similar to or larger then nature's power densities.
The industrially significant employment of solar power involves therefore

large areas on the globe. So the involved changes of albedo and the
redistribution of energy lead into the same questions that have been mentioned
above in the context of waste heat.

One has to put forward the question whether it will be necessary to bring

into phase the relevant research and development work in the field of
atmospheric sciences and in the energy field.

9.) Embedding of Energy into the Hydrosphere.

We now will investigate the embedding of energy into the hydrosthere. F jgure
10 provides the necessary background for that. The average rainfall on the
earth is 101 cm/year totalling in an amount of 513’103 km3/year. The same
amount necessarily evaporizes. But the ratio of evaporization and rainfall
is not the same in the case of the oceans and the continents. Rain water is
transported from the oceans to the continents. This feeds the run-offs, that
is, rivers and creeks. The total run-off is 35-103
terizes water consumption. Contrary to a wide spread belief,it is irrigation

km3/year. Table 12 charac-

that makes up most of the water consumption today. But for the year 2000

this is expected to change. Lvovich /30/ has estimated the consumption in the
year 2000 to be roughly 13 000 km3/year or roughly 1/3 of all the run off's.
It should be noted however that global averages are in most cases not
adequate. The regional picture may differ drastically. In the case of the
Ruhr area, already today 0.63 km3/year of industrially used water is lost
through vaporization or an equivalent of 14 cm/year or roughly 1/3 of the
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local run-offs. These considerations do not relate yet to energy but give

a yardstick for evaluating relevant relations.

A first relation is desalination. It has been estimated that 32'106 km2 of
land could be cultivated. (The total area of the continents is 148-106 kmz.)
Roughly 20-106 km2 are arid and sufficient amounts of water must be provided
for. In table 13 it is indicated that an amount of water equivalent to

200 cm/year of rainfall is required because that makes up for the difference
between arid areas and cultivated land in areas that were originally arid.
200 cm/yeaf for 20-106 km2 gives 40 000 km3/year. From figure 10 it is
obvious that such an amount of water can be provided for only by desalina-
tion. Today this requires roughly 50 Kwh/m3 thus leading to 7 Q/year. This
more or less doubles the previously considered energy consumption of

20 kw/capita and 1010 men, thus leading to a total of 7 + 6 = 13 Q/year.
These are of course considerations of orders of magnitude only.

It is obvious that land use by cultivating arid areas, water use and energy
use go together here.

But there are more connections between energy and water. In fact, the density
of rainfall limits the production of electricity: The difference between the
rainfall and evaporization which is on the average at 40 cm/year feeds the
run-offs and the amount of run-offs is therefore proportional to the rain-
fall if properly averaged over sufficiently large areas. One can now ask

for the amount of waste heat that can be taken away by all the run off's
either for the case of once through cooling or by wet cooling towers. Table
14 gives information on that. Due to the connection between rainfall and run-
offs also here the limits are in terms of power densities. This refers
inherently to land use. If all the run-offs are heated by 5°C, only 0.25 w/m2
can be dumped. This admittedly crude consideration leads sometimes to
surprisingly good results. In the Federal Republic of Germany for instance
roughly 30 GW of electricly production rely on once through cooling. This
leads to roughly 60 GW waste heat or 0.24 w/m2 and this then indeed leads

to a situation where the heating of rivers and lakes becomes a legitimate
concern,

That is what happens today in the FRG.

Wet cooling towers help for some time, but one must realize that only a
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fraction of the run offs can be used for consumption in wet cooling towers.
If one compares then the densities with those of man-made densities of
tomorrow one realizes that again there should be a problem. This is indeed
the case. More detailed investigations in the Federal Republic of Germany
come to the conclusion that wet cooling towers probably help only for the
next fifteen years or so /31/.

A third connection between water and energy has been mentioned previously.
It is the feedback of waste heat to the pattern and the amount of rainfall.

Fiqure 11 tries to make these interweavings between water, energy and weather
more obvious. It is kind of a summary of chapters 8 and 9.

Most of what has been said before refers to water on the continents. But
there is also the vast reservoir of water in the oceans. Heat dumping there
is feasible so far as the heat capacity is concerned but leads to questions
of ecology and the dynamics of ocean currents. It might be necessary to
identify areas in the oceans that are stable and insensitive to the dis-
charge of large amounts of waste heat. This then would lead to a decoupling
of the heavy interweaving of water, energy and weather as outlined in fiqure
11. Installing (nuclear) power parks by the ocean or in the ocean then leads
to the problem of energy transport over larger distances. In order to

fully appreciate this problem one should realize that today there is no
transport of electrical energy over really large distances. In the case of
the Federal Republic of Germany large amounts of electricity are transported
not more than 150 km (average) or so. Most of the high voltage lines
essentially only stabilize area oriented distributions of electrical energy.
There are a number of technological options for energy transportation at a
large scale: Ultra high voltage lines, superconductive cables, hydrogen pipe
lines and others. In the past most of the large scale technological R+D
effort has gone into the problem of energy production, for instance the
development of nuclear power. However, under the scope of considering energy
use, land use and water use as one comprehensive problem it appears that the
technological problem of energy transport may be more important than the
development of another energy source.
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10.) The Embedding of Energy to the Ecosphere.

Embedding the use of energy into the ecosphere leads among others to certain
environmental problems. Not all of the environmental problems come into the
picture this way, of course. A reasonable first step is probably the study

of accountability systems. Power plants, urban areas, vehicles are emitters
of pollutants. Such emissions lead to ambient concentrations. Simple or
sophisticated meteorological and hydrological models could establish the
relation of the emissions with the ambient concentrations. The design of
monitoring-systems could help to establish an experimental background for
such relations and thus verify the validity of such models. Parallel to that
it might be possible to establish the relation between the production of
industrial goods and certain emissions thus leading to the relation: qoods -
emissions - concentrations of pollutants. Eventually it will be possible this
way to establish an overall accountability for the flow of pollutants. This
would give inherently the possibility of managing such pollutions. In order
to fully appreciate this one should realize that the establishment of a truly
global accountability system for nuclear materials that is now implemented

by the International Atomic Energy Agency /32/ comes out to be the key for
the secure handling of nuclear materials. The universality of the approach
poses also certain managerial problems. It is proposed to study this aspect
of universality. In so doing it should be recognized that systems analysis
did play a major role in the design of the present IAEA safequard system /33/.

To draw certain conclusions from the results obtained by accountability systems
standards are required. The establishment of standards may allow for instance
for the design of certain levels of actions. Incomplete knowledge in the field
of toxicology, decisions under uncertainty, public acceptancé, the legislative
process and other aspects come into the picture there. The debate on appropriate
standards for radiotoxic dose rates that took place in the U.S. and elsewhere
in the recent years may be an example for that. The phenomenon of the Gofman-
Templing affair, the rule making process for "as low as practicable" doses
rates, the function of public hearings in the decision making process and
other events of the recent years should be more thoroughly understood from

this point of view.

Figure 12 briefly illustrates this problem of environmental accountability
as discussed above.
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11.) Embedding of Energy into the Sociosphere, Risk and Reliability.

A thorough reflection on the problem of pollution leads also into the domain
of reliability control and risk evaluation. For that it is useful to study
table 9 again. Besides of embedding energy into the atmosphere one is led

to the problem of risk.

Such risk has two components: The risk component that is due to the lack of
knowledge that in principle is obtainable and the risk component that even
in principle cannot be determined /34/. This second component is due to the
fact that the strict application of deterministic scientific models requires
complete knowledge of initial and boundary conditions even if the laws of

nature are fully known. In many cases it is impossible to acquire such complete
knowledge, it would require a "Laplacean Demon".“Then a risk of the second
kind evolves.

The relase of CO2 into the atmosphere together with that of other pollutants
establishes a risk of the first kind. In principle it should be possible to
understand whether an increased CO2 content will affect the climate or not,
but at present this is not possible.

Nuclear energy leads to a risk of the second kind: It is possible to produce
energy without touching the environment at all, at least in principle. The
reactions in the domain of the atomic nucleus result however in the produc-
tion of radioactive elements. (This is also true for power from technical
fusion reactors that use the D-T process /19/). Due to the factor 2.5-106
between nuclear and fossil power the radioactive elements are so small in
volume and weight that they can be contained, contrary to the problem of the
release to the environment of reaction products in the case of fossile power
as has been pointed out above. Containment, now, is an example for a
technological measure. All technological measures can fail and this con-
stitutes the risk.

While the risk of the first kind can be eliminated in principle the risk of

the second kind remains in principle. But the risk of a technological measure
can be made smaller than any given small number, the residual risk limit. This
leads into the domain of reliability control. Space research, electronics and
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more recently nuclear energy have been the areas where methods of reliability
control were developed and applied. The principal tool of reliability control
is the establishment of a failure tree. The top of a failure tree represents
the undesired accidental event. The use of logical symbols helps to represent
the logical structure of the reliability of a given technological device.
Figure 13 shows an emergency power supply system for the German-Belgian-Dutch
fast breeder prototype reactor SNR 300 and figure 14 shows the failure tree
that was used for the evaluation of reliability of that supply system. Having
established the failure tree in question, it is then possible to evaluate the
failure rate of the considered technological system by computer simulation
using among others, Monto Carlo techniques.

However, a number of methodological problems remain: In most cases there is

a lack of input data (the failure rates of the various components of the
technological systems), it is difficult to make sure that the considered
failure tree is sufficient for the purpose in question, confidence levels
must be evaluated, etc. On the other hand it is necessary to have reliability
control procedures in most of the technological projects to come because
society has to rely on technology to an ever increasing extent.

Even if the methods of reliability control are fully mastered it will not

be possible to make the reliability of a given technological device exactly
one. The limit for the residual risk will always be different from zero,

albeit very small. So it will be necessary to establish design Timits for

such residual risks in the same sense as it was necessary to establish
standards for the evaluation of accountability systems for pollutants.

Such establishment of design limits can only come from the evaluation of
existing risks. Risk evaluation as a scientific disciplin is only in its
beginnings and it is in particular the work of Ch. Starr and Erdmann at the
University of California, Los Angeles and H. Otway (Los Alamos, University

of California, Los Angeles and IAEA) that must be mentioned here explicitly.

In table 15 a spectrum of existing risks is given. Ch. Starr /35/ was able

to evaluate a number of quasi laws. For instance there seems to be a difference
between voluntary risks and involuntary risks, that differ by a factor of

103. Further, for voluntary risks there seems to be a relationship between
expected benefits and risks. That is illustrated in figure 15. Figure 16
indicates an approach to rationally answering the question: How safe is safe
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enough? It is obvious that the general problem of systems analysis, the
problem of quantification, becomes particularly virulent in the case of
risk evaluation. More work is obviously necessary in this field. This could
result in more established procedures for the assessment of risks.

12.) Energy Systems

It should now be possible to give a first order approach on the meaning of
the term energy systems.

Already before we made it obvious that the simple relationship of figure 6

is insufficient. As we have seen, in the more distant future the production
of large amounts of enerqy is not a constraint. There is sufficient eneray.
But there are other probably severe constraints. One such constraint is the
amount of cooling water if power plants are to be built on the continents.

As we have seen, it is the power density that is limited. Also the acceptable
heat load to the atmosphere is a limit that is given in terms of a density.
In the case of pollution load this is also true at least for a long time to
come, although there may also eventually be absolute limits. The case of

C02 could be a tentative example for that. Having focused the attention on
the term density one realizes that probably also risk puts its limit as a
density. The whole discussion on reactor siting points to that. For instance
an airport, a chemical factory and two nuclear power plants all in one place
are sometimes considered too much of an aggregation. A spread out is then
required.

Figure 17 is an attempt to illustrate what the term energy systems could

mean. In dashed lines we have the traditional understanding of fiqure 6.

The circles indicate constraints. Each constraint refers also to acceptability
and therefore to the sociological part of the constraints. Within these con-
straints energy can be produced. An optimization process now should lead to

an adjustment of densities for risk, power and pollution. The means that

allow for that are technological development, the spread out of all relevant
installations and the transportation of energy and water over larger distances.
A generalized objective function as discussed in chapter 3 will be employed

in such an optimization. Econometry becomes thereby a more general discipline
than previously. It is obvious that other factors have to be taken into account
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on that level of an approach for long range policies. For example communica-
tion, data processing, general transport requirements and other thinqs come
equally into the picture. But the scope is now broad enough to describe the
impact so far as energy is concerned and to provide for a proper integration

of energy systems into a supersystem. The result of such an optimization is

a scheme for land use. Only through the use of land can energy result in a

gross national product. Land use then is one of the major interweavings between
energy systems and other large systems of an infrastructure of a modern civiliza-
tion.

13.) More Remarks on the Long Range Phase of the Energy Problem.

Earlier in this paper the observation was made that a smooth transition through
the medium range phase into the long range phase of the energy problem should
be achieved. For that it is necessary to have a conceptual understanding of
asymptotic solutions of the energy problem. After the remarks on embedding

it is now more easily possible to elaborate a little bit further on one
example for an asymptotic solution of the energy problem.

We have seen that the concept of having large nuclear parks could lead to a
certain decoupling of the interweaving between water, energy and the weather.
To that extent it might be necessary to identify certain areas in the oceans
that are particularly insensitive against the release of large amounts of waste
heat in terms of meteorology as well as in terms of ecology. Large meterological
and ecological modelling is probably required for that. Such nuclear parks
should be large enough to incorporate the whole nuclear fuel cycle. This means
that a minimum size of 30 GW thermal or so is required. A concentration of

the nuclear fuel cycle would eliminate a number of concerns about nuclear
power. For instance all the plutonium would remain in one place and the
operators could be highly trained and highly effective due to the concentration
of facilities. An upper limit of such nuclear parks is probably given by
considerations of the security of enerqy supply. As we have seen earlier the
production of electricity is only one aspect. It is not necessarily so that

an all electric economy is an optimal solution. We therefore envisage the
production of hydrogen in high temperature reactors. Conversion efficiencies

of 75 % can be expected there. In a more or less stable future economy the
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breeding gain of large fast breeder reactors must not necessarily be obtained

as plutonium, also U-233 could be produced and this U=-233 could be used to

allow for the operation of high temperature gas cooled reactors. The transporta-
tion of electricity and hydrogen should be not too large a problem. We have
mentioned earlier new technological aspects for that. Hydrogen could be

pumped into the pipeline system of the medium range energy phase when gaseous
hydrocarbons were the secondary fuel. A very smooth transition could then

take place.

Electricity and hydrogen are both very clean secondary fuels and hydrogen is
feasible also for all forms of transportations and the use in industry. Probably
only very minor pollution impacts are to be expected.

Much work is required to study in detail all aspects and in particular the
systems problems of such a scheme of an asymptotic solution of the energy
problem. The remarks that are made here should only give an example for what
could be an asymptotic solution. Other options have to be studied too. For
instance the Peter Glaser scheme to harvest solar power in outer space /23/
should be pursued and its systems problems better understood.

This paper is not meant to accomplish already a certain part of that task.
It shall only help to understand what the scope for the problem of energy
systems could be.
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Table 1 Dynamical Energy Allocation Model

6P - Zk 0P, OPjc = Growth of prices of K-TH fuel to be paid by I-TH industry
i
Z dyje = 6Py = 2 Bik - ~ Py 06D; = Growth of minimum of total fuel consumption
of 1-TH industry
By = 6[? ik 6:“‘ = Partial elasticity (known from elasticity models )
ik ik
Sik : .
OSy= X i 0Py = ZY,k P » OGPy, O6Sk = Growth of maximum of total supply of K-TH fuel available
P : .
Yiek = OSik / 6 ik = Ppartial elasticity (known from elasticity models )
Sik Pik
P'k = Pik- Qik " Pik = Supply costs of K-TH fuel to I-TH industry

LP - Problem : Minimize growth of total prices P with respect to variables &P;, and constraints D; and Sy

Note : Criterion of optimiziation could be different ( E.G. Growth of pollution );
Additional constraints could be considered ( E.G. Resources )

-8".



Energy Equivalence

Table 2

1@ =10 BTU =
Table 3

USA 1970
USA 2000
World 1970
World 2000
World 2050

2.52 x 1017 kcal

1.05 x1021 joule

2.93 x 10" kWh (th)

1.22 x10'0 Mwd (th)

3.35 x107 MW year (th)

0.07Q/a

0.16 Q/a

0.24 Q/a
2.1 Q/a

6 Q/a

Energy Consumption

(4 x109 people, 2kW (th) /capita)
( 7x10% people, 10kW (th) /capita)

(10x109 people, 20kW (th)/capita)
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Table &4 Energy Budget for a Steady - State

Civilization ¥

kW (th) /capita

Present U.S. level 10.0
Adjustment for the future

Steel , Aluminium and

Magnesium production 0.1

Recovery and recycle of

scarce elements 20

Electrolytic hydrogen 25

Water by desalting (100 gal/day ) 0.3

Water transport to cities 0.1

Air conditioning to cities 0.3

Intensive food production 0.2

Sewage and waste treatment 0.5

Total adjustments 6.0
Contingency 4.0

20.0

* (Weinberg , Hammond , Global Effects of Increased

Use of Energy, Geneva , September 1971 )




Table 5 Energy Content of the Worlds Supply of Fossil Fuel
in units of @ = 10'8 BTU

According to According to

V.E. Mc Kelvey and D.C. Duncan [12] M. K. Hubbert [13]

Known recoverable | undiscovered and | eventually recoverable °/o

for marginal

Coal 17.3 320 192 88.8
Crude oil 1.73 23 1.1 5.2
Nat. gas 1.95 20 10.1 4.7
Nat. gas liquids 0.21 32
Tar - sand oil 0.23 6.3 1.7 0.8
Shale oil 0.87 77 1.1 0.5
Total 225 Q 450 Q 216 Q




Table 6 Busbar Cost Sensitivity to Ore / Fuel Costs

50 cent
million BTU

Fossil fuel 0.5 (at ~

Light water reactor 0.1
(at =~ 10$ /pound of U30g )

Breeder reactor 0.001



( Figures are taken from or are consistent with V.E. Mc Kelvey and D.C. Duncan

Table 7

Uranium Resources

in units of @ = 1018 BTU

Known deposits Unappraised and undiscovered
resources
b.) c) b.) c.)
Light water Breeder Light water Breeder
reactor reactor reactor reactor
a) d) d)
up to B .
10 $ / pound 47 70 =30 ~3000
of U30g
t a.) e) e)
up to ) L
100 $ /pound - - (2-10)x102 | (2-10)x10
of U30g
i a) d) d.)
up to L
500 $ / pound = e 5x 10 5x106
of U30g
g) f) f.)
Ocean 1x102 1x 104 3x103 3x10°

[12] , exept if otherwise indicated )

a.)

b.)

c.)

d.)

e.)

f.)

g

US $ values of the late sixtees

assuming a conversion factor of
1short ton of U30g =7x101 BTU

assuming a conversion factor of
1short ton of U30g =7x1013BTU
( 1short ton =907 kg )

making reference to note d.)

of table 4 in [14])

not necessarily consistent

with [14]

assuming a technical extraction

factor of 3x 1072

it has been estimated that the
extraction of uranium from the
sea could be done at 25 $ /pound

of U30g [15]

[
W
N

1



Table 8 Relative Pollutions in case of FRG Using Different

Electric Power Sources (1970 )
after Ref [26]

S0, Dust NO, Fluorine Xe Kr Total *
Anthracite 0.94 0.45 | 0.7 0.75 — - 2.31
Brown coal 1.20 0.86 0.28 1.65 e — 3.99
oil 1.16 0.22 0.20 0.06 = . 1. 64
Nat. gas 31 x10"% — 0.16 - - — 0.16
BWR - - - — 1x10°3 1 %1073 2x10°3
PWR - — — — 3x107% 1.4 x 1073 1.7x 1073

-ng-

* _ . . . . w4
This means only pollution caused by electrical energy production is included
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Table 9

Fossil Energy

C +0p —> COy + 97 Kecal

!

1g C —> 3.4 x 104 Wsec

Nuclear Energy

Fission of 1 atom U ——> 200MeV

1L

1g U —> 1MWd = 8.6 x 100 Wsec

/

(1g Li —> 1MWd )

19 U (Li) 86 x10'0 Wsec

= 2.5x106

D

1g C 3.4x10% Wsec

Fossil :

0.24 Q/year —> 2.5 x1020 Wsec / year

= 5ppm CO32/year, by weight
(unrecycled )

Nuclear :

0.24 Q/year —> 8 x 109 MW

- 8x 100 - f Curies/year

1085ec | 10105ec | 101 sec

[10'1



Table 10 Nature's Power Densities

Heat balance on the surface of earth ( Average )

Latent heat density of rainfall on the continents

Sensible heat density for 1°C of rainfall water on the continents

Winds, waves, convections and currents ( All globe )

Photosynthesis

100 W/m?2

55 W /m?2

01 W/m?2

0.7 W/ m?2

0.075W/ m?2

1=



Table 11

Man Made Power Densities

Consumption

Today Tomorrow
. -3.3x109 -1010
Global 1.5KW/cap - 33x10%cap _ o 0o 20KW/cap -10 "cap _ ..o\ m2
average 1.48x101% m?2 1.48 x10%4m 2
. i . 7
FR. LKW/cap - 6x107cap _ .\ 20KW/cap - B¥Ieap | oy 2
Germany 25x 101 m2 25x1011 m?2
: 6 100K - 108
| 18 KW /cap - 6x10%cap _ .\ 2 Wicap -107¢cap  _ 000 w/m2
Industrial 6.5 x 109 m?2 1010 m?
area
(Ruhr area)
Production

Large nuclear power parks 30000 MWe ——> 100000 MWt

7x 1010 Wih (waste)

35 x 106 m?2

= 20000 W/ m2




Table 12 Water Consumption ( after Lvovich 1969 ) and Water Resources

Water consumption

1965

Consumption Wastes Evaporation

2000

Consumption Wastes Evaporation

Urban supply 98 56 42km3/a 950 760 190 km3/a
Irrigation 2300 600 1700 4 250 400 3850
Industry 200 160 L0 3000 2400 600
Power plants 250 235 15 o 4 500 4230 230
Total 2848 1051 1797 12700 7790 4910 -




Table 13 Representative Values for the Heat Balance in Egypt

( after Flohn 1971 )

b) Vaporization heat

c) Sensible heat + remainder

1.7W/m2 21°/, ofQ

99 °/o of Q

Arid Cultivated land
Global radiation input 280 W/m? 280 W/m?2
Albedo 25 °/o 10 °/e
Black body radiation, net value 32.5W/m?2 38 W/m?2
Net balance Q 170 W/m? 205 W/m?2
a) Evaporization 2 cm/a 220 cm /a

176 W/m? £ 86°/, of Q

14 °/o of Q

Sensible heat

Bowen ratio :
I Latent heat

104

0.16



Table 14 Limits for the Production of Electricity due to Waste Heat Disposal

Total water run off o—o0 40 cm /a

A) All run offs heated by AT :

N
% = 0.054 - AT W/m?2
( for instance AT = 2°C > NFth -0.1W/m2)
B) All run offs evaporized ( wet cooling towers )

.N_Fth. - 40 W/m?2

—:’)9_
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Table 15 Fatal Accidents USA 1967

Probability
. Total
Type of accident of death per
deaths

person per year
Motor vehicle (M.V.) 52. 924 2.7 x 1074
Falls 20.120 1.0 x 10~4
Fire and explosion 7.423 37 x107°
Firearms 2.896 1.5 x 1072
Aircraft 1.799 9.0x 1076
Railway accident
(exept M.V. ) 997 5.0x 1076
Electric current 376 1.9x 1076
Lightning 88 4.Lx 1077
Explosion of pressure
vessel (2 2.1 x 1077
Streetcar (exept M.V.
and train collision ) 5 2.5x 10~8

( National Safety Council , Chicago 1970 )




Fig.1 The

Phasing of the Energy Problem

Short range Medium range Long range Thereafter
1970 - 1985 1980 - 1995 1990 - 2050(?)
Energy prices New technologies for Fast breeder In addition

Oil import

Security of supply

Conservation

Capital funds

Siting
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LWR at a large scale
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Fig.2

( after Schweizer, Love,

-H 3=
Energy Allocation Model

Chiles, Westinghouse Electric Corporation)
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Fig.3 Computer Energy Model

( after Schweizer, Love, Chiles, Westinghouse Electric Corporation )

Conversion
industry
models

End use
demand

Primary fuel
demand

New energy Energy New
policy model allocation technology
e.g. NEPA model model

Out put
model Initial
data

-4Qg-



Energy consumption [KWh /day/capita]

Fig.4 Growth in Energy Demand
Source : Ch. Starr [11]
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Energy consumption (106 BTU/ year / capita |
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Fig.6 A Relationship between Fuel, Energy and

Gross National Product
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Fig.8
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Fig.9 Nuclear vs. Oil Fired Power Plant

( after Ch. Starr et al. )
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Fig.10 Water Cycle of the Earth

(after Lvovich 1970 )
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Fig. 11 Interweaving between Water, Weather and Energy

Waste heat at conversion

.

Pattern of evaporization (cloud formation) Pattern of evaporization (cloud formation)

Energy balance of the atmosphere

Pattern of condensation (rain) CO2, particulates




Fig.10 Water Cycle of the Earth

(after Lvovich 1970 )
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Fig. 11 Interweaving between Water, Weather and Energy
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Fig.12 Environmental Accountability
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Fig.13 Power Supply System of SNR 300
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Fig. 15 Mining Accident Rates vs. Incentive

( Ch. Starr, Benefit - Cost Studies in Socio - Technical Systems,
April 1971 )
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Fig.17 Energy - Land Use - Gross National Product

Acceptable load
of atmosphere

Acceptable
Pollution load

Pollution density Power consumption

Production density

Available amount
of cooling water

Acceptable
risk load

Power production
density

Risk density

Other
factors

s

Gross

/ Fuel resources \

- o Energy ~—=—z~~—> national
\\ Price level ,/ I product
/ |
S ] JAN
Econometry
Adjustment of densities \
Risk Power |Pollution
Tech. Energy / water
R+D transportation
>
Spread out
Other factors :/V Land
—D

Communication use

Data processing, /V

General transport ,etc.




Discussion

One of the participants asked for a definition of systems
problems. Mr. Haefele responded that, in this context, systems
problems mean those problems that arise from placing many
different pieces in one large picture. Some problems are not
taken Into account when each piece is looked at separately.

Another delegate asked what is done with errors arising
from GNP. Mr. Haefele replied that this topic would be
covered in his afternoon presentation. The delegate asked
whether the first slide referred to a research and development
effort. Mr. Haefele replied that that was only partly true;
administrative and legal elements were also involved. The
delegate questioned the inclusion of coal and the HTGR in the
medium range category. In the first case, we could do the
necessary research and development, but probably could not
modify the supply system in less than twelve years. In the
second case, we could perhaps get a working machine, but it
was unclear that we should move so quickly. Mr. Haefele
agreed with these comments, remarking that the divisions into
short, medium, and long range were not meant to advise to
decision makers but only to identify the problems and their
phasing. One could envision decisions not to put technologies
into effect as soon as they are available. The same questioner
commented on the magnitude of Q. He agreed with the desirabil-
ity of having a common unit, but felt that one with higher
resolution would be more useful. He also thought that the
factor for increase in heat extraction when going from the
LWR to the FBR was 40, rather than 130, and noted that thorium
is another potential large source of energy. Finally, he
cautioned against the misconception that countries near the
top of the band in a graph of energy versus GNP per capita
are using energy inefficiently. Rather, efficiency seems to
remain constant across countries; the distribution in the
band is a function of sociological and natural conditions.

Mr. Haefele agreed.

Another participant then made several remarks. First,
he noted that the 10° Q figure for the uranium content of the
earth represented a cutoff price of perhaps $200 per 1lb. for
the price of uranium. If one made a similar calculation with
a figure of $5000 per 1lb., which would represent minlng to a
depth of several kilometers, one would get 6 x 10 13 tons of
uranium, resulting in close to 10 19 or 10! Q. Mr. Haefele
responded that he was trying to be conservative in his talk.
The participant next commented on the Starr computation,
noting that one must be cautious in quantifying relative risks.
At a recent American Medical Association meeting, some evidence
was presented that SOz has no medical effect unless it is
already mixed with particulates. One man there claimed that
fossil fuel could be made medically innocuous with little
effort. Finally, the speaker remarked that

_79_
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Messieurs Raiffa and Haefele were making the basic assumption
that the methcds of systems analysis were equal to this task.
Only nine years ago these techniques would probably not have
been sufficient to foresee the environmental concerns of
today. He asked for comments on the fact that "we are not
smart enough to see the future."

Mr. Haefele agreed with the point. Not all developments
are foreseeable. Systems analysis must be a permanent and
constant effort with continual readjustments. Mr. Raiffa
concurred. Optimization is easy when everything is given and
you are sure that nothing has been excluded, but we have seen
cases where assumptions have changed, yet master plans have
remained rigid. It is vital to build flexibility and feedback
into analyses.

Another participant seconded this point. He mentioned
that in his country there is a large and unanticipated public
resistance to nuclear energy which must be taken into account.
One cannot make a complete model including value systems as
these cannot be quantified. Thus, one should make an objective
model and use practical, applied feedbaek for its implement-
ation.

One delegate had two questions. First, he asked whether
the Westinghouse group's model discussed by Mr. Haefele
applied to the long or to the medium term. Secondly, he
repeated the earlier question on what constitutes a system.
As a first step, one could accept Forrester's definition.
One of the aims of IIASA would be to define "energy systems."
Mr. Haefele responded that he gave the example of the Westing-
house group's work not because he necessarily believes in it
but to indicate the general nature of such models. He had
understood this model as referring to the near term. Secondly,
he thought that economic modelling would be enlarged to include
ecological objectives.

A delegate inquired how generally accepted- for example,
in the U.S. - is the idea that the FBR would provide unlimited
energy. Mr. Haefele said his impression is that the vision of
an unlimited source is not very clear, in large part precisely
because there is no feasible upper limit yet discovered for the
FBR. There are a number of different guesses; perhaps one of
ITASA's tasks should be to evaluate these.

Another participant returned to the role of modelling and
systems analysis. He said that the purpose of systems analysis
is not to say that "if we do this, then that happens," but
rather to indicate what will happen if we do nothin. "No
decision is also a decision." Systems analysis sketches the
consequences of present policies and strategies continued
into the future. Secondly, one can identify pockets of our
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current society already experiencing the life of the future.
Identification of these pockets helps us see where problems
will arise and decide how to deal with them. Such identifica-
tion would be an important job for IIASA.

Yet another delegate agreed and added that IIASA should
identify subsystems in the environment appropirate for
discussion. For each subsystem, it should identify important
variables, develop sensors to measure them, and report the
results to social planners and policy makers. Economics has
progressed precisely because it has done this.

It was urged that history be used as the laboratory to
check systems analysis models. Someone else noted that
predated forecasts usually compare poorly with what actually
happens. However, we are not trying to determine the
consequences of today's decisions in the sense of really
expecting those consequences. Instead, we are trying to see
the effect of our decisions upon our options in the future.

We do not determine our future but only to change our options.
Mr. Haefele added that this is especially true in a finite
environment.

Another speaker brought up the question of disposal of
nuclear power plants. Mr. Haefele noted that this is a very
important sub-aspect of the waste disposal problem.

Mr. Raiffa commented that he had not spoken enough about
the methodological research of the Institute in his opening
comments. The Institute had already decided to study
optimigzation of very large systems. The problems of multiple
objectives and trade-offs and of technological forecasting
seem to arise frequently and may be studied. These areas
interact with the energy problem, and such interplay will be
continuous in IIASA's work. He asked the conference partici-
pants to consider which methodological problems in this field
IIASA might tackle.

The third questioner returned to his original query,
noting that a concern for the environment has only explicitly
entered energy discussions within the last ten years. He
asked IIASA to examine the process by which this happened in
order to learn what types of people, contacts, and frameworks
encourage the identification of such problems.

The discussion continued after presentation of the
second half of Mr. Haefele's paper.

The first speaker pointed out the importance of consider-
ing the distribution of risks among people rather than just
the overall level of risk.
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Another participant remarked that inclusion of environmen-
tal concerns in an objective function, especially if health is
used as an indicator, requires medical specialists. The data
has been paid to the low level effects of radiation than to
those of fossil fuels. Secondly, the reliability problem
intensifies as components are linked. This raises questions
about the desirable level of diversity in the agricultural,
ecological, and energy systems. Interdependencies present
methodological problems. Mr. Raiffa replied that IIASA would
have research in the bio-medical area; those scientists will
interact with the energy project scholars.

Mr. Raiffa replied to the second point to say that the
problem of probabilistic dependencies (e.g. common failure
modes) plagues all of technological forecasting. In this
case, there is an additional problem. If, after performing
a fault tree analysis, people are asked to estimate the
probability that an accident occurring during an absence of
theirs had appeared on the tree, they tend to choose a low
probability. This phenomenon seems to be a function of
probabilistic maturity; insurance people are better at such
exercises. Someone else presented an example to illustrate
this point. Several months ago at the Millstone Point reactor
in the United States, sea water accidentally entered the main
circulating system and corroded most of the monitor thermo-
couples. The control experts said that they would not have
included corrosion in a fault tree analysis. The moral is
that these analyses require a wide variety of knowledgable
inputs. A second example is that the 7Q figure assumes that
200 cm are required to take care of evaporation--2000 gallons
per person per day for 25 gallons of fuel. Agricultural
experts would say that one could do 20 times better, thus
implying a much less important feedback.

One participant asked how many cubic meters of air are
required per kilowatt hour (kwh) in a dry cooling tower. In
other words, how many cubic meters of air would stream into
a power park two kilometers in diameter. Mr. Haefele said he
was not sure, but he did not think this factor would be a
constraint. The questioner also asked whether the project
would be regionalized because of the great differences in
problems, options, time scales, and technological means from
place to place. Dr. Haefele agreed with the point but was
uncertain whether the separation of time and space domains
should be done in the first step of the research.

After a coffee break, Mr. Letov urged exploiting the
close overlaps between the IIASA projects. In particular, he
suggested imaginatively using the waste heat put into water
used for cooling. For example, the warm water could be used
for agriculture in cold regions and seasons.



One scientist suggested using solar power for production
of hydrogen via microbial photosynthesis. Mr. Haefele asked
an expert in the use of hydrogen as an energy source to
respond. He said that one can do the same thing without algae.
Chlorophyll decomposes water with two photons; one could also
use titanium dioxide for this process. The questioner also
asked where the production of methane from organic gas
materials by the use of solar energy fits into the time scheme.
Mr. Haefele said that this was an additional subject. The
schema was not meant to be complete but merely to show the
scope of the problem.

One scientist asked about energy storage. Mr. Haefele
responded that this is critical and is reflected in the
importance placed on the hydrogen economy. It is very diffi-
cult to store electricity and much easier to store gases.

The hydrogen expert added that it is easy to store hydrogen
under pressure. It can be kept for a few days in aquifers as
natural gas is now. Dr. Haefele added that, although the
superconductivity people speak of storage of electricity,
they can only store up to 1000 mega watt sec, and that this
is very expensive.

Another scientist mentioned the potential climatic
effects of using solar energy. Blackening the Sahara might
change both climate and the heat balance of the earth. There
mignt be regional and distributional effects as well.

Mr. Haefele agreed that although solar energy seems to be
clean, this is only true when it is used on a small and
local scale. It is a widely distributed thin form of energy.
Thus, to get significant amounts of it, a large area is
required, creating changes in the heat balance and in the
climate. We therefore need climatological research and
systems evaluations.

One participant returned to the social question, calling
the risk approach objective and interesting. He pointed out
that some fears are social phenomenon which must be understood
by means of social psychology. For example, some of the fear
of radiation is due to the fact that it is unknown compared,
for example, to SO,. One can compare nuclear and conventional
power stations, but public acceptance is a different phenomenon
requiring use of social science to understand it. Mr. Haefele
said that risk is multiplied by a profile of acceptance. It
is unclear whether we understand the link between objective
risk and subjective acceptance. It is also unclear whether the
public understands 10-° or can compare it to 10-°. Moreover,
it is questionable whether the numeric approach is the most
reasonable. Someone commented that research is being done on
the difference between risk as quantified and as perceived.

In one case, people were compensated for their perceived,
rather than real, risk, and this solved the acceptance



-84

problem. Someone else noted that one problem with the
"public" is that "the public" does not exist. Instead, there
are many groups of people, none of which wants a nuclear plant
in its own backyard, while the rest of the public wants the
energy.

One participant made two comments. First, discussions
of time scale depend sensitively on the energy production
assumptions made. The estimates cary widely and are often
taken more serieusly than they deserve to be. He feels it is
more probable that we have over-estimated rather than under-
estimated energy demand. Secondly, qualitative factors may
cast the-entire quantitative analysis in a different light.
In particular, the siting of nuclear plants is proceeding as
though reactors were merely replacements for boilers. The
current policy of putting plants everywhere is irrational and
may lead to a catastrophe. He mentioned the exceptional case
of Sweden where reactors are now restricted to only four sites.
The siting problem is an important task for IIASA to consider
undertaking.

The next speaker made numerous comments. He agreed with
Dr. Haefele that the development of nuclear energy is the main
path to be followed. He also underscored the vital role of
technology in energy systems and their importance in energy
modelling. Thirdly, he stated that the rate of energy transfer
or conversion is as important as the density of energy. For
example, in the case of geo-thermal energy, it might take
millions of years to restore the heat balance of the earth
once it is tampered with. Photosynthesis and the diesel
engine both operate on the principle of oxidation, but they
proceed at very different rates. Fourthly, there are two
different types of energy accessible to us. The first comes
from the fact that the planet is moving; it is analogous to
the electricity generated in a railway coach by a train's
movement. Geo-thermal and solar energy and photosynthesis
belong to this group. The second type is the limited
resources analogous to the stores on an ocean liner -
including fossil and nuclear fuels.

The speaker went on to note that energy problems must be
studied in environmental, economic, and technological contexts.
Thus, a program oriented and systematic approach is required.
Second, the energy problem does have the characteristics of a
systems analysis problem. It can be divided into a number of
subsystems, including energy from gravity, fossil fuels,
electromagnetism, and photosynthesis. Each of these should
be examined from the same angles: availability, accumulation
possibilities, and transportability. Third, the possibility
of realizing the potential of one or another energy system or
subsystem is a function of social norms, legislation, and non-
technical decisions. Fourth, ecological requirements imply a



need to produce and to consume clean energy. In this, thermal
pollution seems especially dangerous; it is a global problem
which can effect climatic changes and may require alteration
in the pattern of using energy resources. Preserving the cold
points on the planet is a near term problem. These ecological
requirements imply that a systems analysis view of the energy
problem is necessary. The speaker noted parenthetically that
the amount of energy we consume as food equals half of the
amount we produce in power stations. Fifth, water is an
important element. We should think of all water in terms of
its energy producing capacity, both directly with gravitational
forces and indirectly as a medium for energy or heat transfer.
Sixth, the success of technological processes affects the
system. Seventh, there already exists an extensive literature
on some energy systems. It is time to examine it to determine
the state of our knowledge. IIASA should look at one, two, or
three systems (work is particularly required on atomic and
geo-thermal energy, and less on fossil fuels) to determine
what we know. Finally, we know how to produce energy far
better than we know how to use it. There will be a gap at the
end of the century before breeder reactors are widely used.

It is important to learn how to use energy most efficiently
and to pride ourselves on using less.



0il and the Energy Crisis

W. E. Barratt

I do not know who coined the term "Energy Crisis." It
has had such widespread and common usage in recent months,
however, to assure its continuation as a catchy phrase in
discussion on almost any incident involving energy use or
production that comes to public attention.

If you regard a crisis as a simple turning point, in
which conditions which have prevailed for some time are
undergoing significant change, then you could say that the
whole world is currently in the stages of an energy crisis.
A description of these changes, which are fundamental and
long range in both cause and effect, and some analysis of
the worldwide challenges arising from these changes, will,
in fact, be the main theme in my comments to you.

If you take the view, however, that a crisis is more
than just any ordinary turning point, but reflects, in a
sense, a condition in which the patient will either live
or die, then it would be incorrect, in my view, to use the
term energy crisis to describe what is going on today. This
is the case whether we are looking at the world situation,
the Canadian situation, or even that in the United States.
It is true that the United States is in the midst of a special
short-term energy problem--one of their own making and one
which has significant implications and messages for other
countries. I am referring to highly publicized events in
that country over the past few months, which have included
gas curtailments and heating o0il shortages closing schools
and factories for short intervals in some cities, and more
recently, some curtailments in motor gasoline shipments to
service stations, serious enough to cause the periodic
shutdown of hundreds of these outlets.

Of these two situations, that is, first the fundamental,
long-range, worldwide transition in energy conditions, and
second, the shorter range U. S. energy supply situation, I
have no difficulty in selecting the first of these as the
most important in terms of eventual significance. In other
words, if energy crisis is an appropriate term to use at
all, which I personally doubt, then it applied to the longer
range challenges facing all of us, and not the highly visible,
highly publicized short-term position that the U. S. has
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gotten itself into. Later on, I will talk in more detail
about this short-term position. This is mainly because I
think we all can learn from the many mistakes that the

U. S. has made in managing its energy affairs in recent
years.

One thing that Canada can be thankful for to the U. S.
is that they, and not us, were first to stub their toe badly
in not fully recognizing the importance of the underlying
changes taking place in the worldwide energy scene. This is
because even in retrospect it is difficult, as well as
debatable, to try and pick out any starting point for this
transition. For this reason, some of my first slides go
back in time for twenty years or more in order to understand
some of the reasons for the changes that are taking place.
We will be looking first at some supply/demand data for
Canada, which is typical of the pattern for "market economy"
countries of the world.

Slide 1

This shows comparative data for 1952 and 1972. The
amount of primary energy used, that is before production,
conversion, transmission, and distribution losses is shown
on the top line of the table in terms of BTU's times 10!°%,
The increase, 1972 versus 1952, is 140%, or equivalent to
a compound annual average growth of 41%. This, in turn,
is representative of the kind of growth experienced in other
developed countries in the world over this period. About
half of this change is due to Canadian population growth
which went up by around 50% over the period, the other half
due to more intensive energy use per capita.

Slide 1. Changing Canadian Energy Pattern

1952 1972
Energy Use
BTU's x 10!'° 2.4 5.8
% from 0il 38 54
Gas 3 25
Coal/Wood 50 10
Hydro (output) 9 10
Nuclear - 1

Electricity Production
BTU's x 10!'° L 22 «TT
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The second feature that you will note is the dramatic
shift over time in supply contribution with oil and gas
shares growing at the expense of coal, even though oil and
gas prices, per BTU, in major markets, were well above those
for coal. This shift to higher priced energy by the consumer
is shown also in the bottom line of the table, by the fact
that electricity production was higher, 1972 versus 1952, by
a factor of 3}.

Slide 2

This shows more historical data for Canada in total for
the years 1952 and 1972. Because of the distorting effect of
inflation, the dollar numbers for 1952 have been recalculated
to put them in terms of 1972 currency value. The top line is
an estimate based on average prices paid by final consumers in
all market sectors. These cost estimates include all forms of
taxes that are built into consumer prices.

Slide 2. Energy Costs Historically
(Low & Stable - '72 Dollars)

1952 1972
Energy Costs - $ Billion b,2 8.8
Per Million BTU's - $ 1.80 1.51
% of GNP 10:5 8.5
$/Capita 293 Loo

You will note that when we divide these total costs into
the primary supply numbers which I showed on an earlier slide,
the cost per million BTU's, in 1972 dollar terms, declined
from $1.80 in 1952 to $1.51 in 1972. You will note also that
when we express these overall energy costs as a percent of GNP,
we get 10.5% of GNP in 1952, declining to 8.5% in 1972. These
features are remarkable in view of the shift over this period
by energy users to higher price energy fuels. On average,
individual energy fuel prices went down significantly relative
to prices on other goods and services in the economy.

One of the consequences of energy price stability in the
1950's and 1960's is that there was little opportunity to test
demand elasticity (that is the variation in total energy use
to changes in price) for any specific use at any location over
any suitable time frame. With the outlook now for rising
energy prices, we have no historical experience therefore
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to call on that tells us what to expect to happen to
market volumes in circumstances of changing prices.

One thing that we know for sure is that, in relation
to value, energy has been and continues to be a tremendous
bargain for Canadians. The last line of the table shown
here expresses energy costs on a per capita basis. This is
higher in 1972 versus 1952 simply because of the much higher
per capita use; in other words, Canadians have become very
adept at finding more and more ways of exploiting this
wonderful energy bargain.

Let's take a closer look at this 1972 figure of $400
per capita to elaborate on this last point. This works out
to $1.10 per day per person. This $1.10 a day bought every-
thing that commercial energy did for Canada in 1972, everything
that 1it up for us, everything that got hot or cold for us,
and everything that moved for us--that is, payments for all
the energy in 1972 for our homes, cars, trains, ships and
airplanes, all the factory used energy for our clothes,
buildings, furniture, and other material possessions--all
this, including gasoline and all other taxes, for $1.10 per
day per person.

Slide 3

This is the first of a series of slides that places the
energy scene in Canada within the broader context of world
patterns. As you would expect, there is a very high correlation
between economic well being and energy consumption. This lies
in the fact that energy can be economically substituted for
human effort.

This slide compares three countries in terms of changes
in per capita energy use over the past twenty years, using
the Canadian 1952 experience at 100 units as an index.

Canada (typical also of the United States) even by 1952,
relative to other countries, had developed skills, technol-
ogies, and attitudes that permitted sophisticated energy
usage. Note, however, that even at this stage in our develop-
ment, we still continued to expand per capita usage, in effect,
using more intensive energy use as a springboard to maintain
economic growth.

Japan is a unique case. Per capita energy use in 1952
was one-eighth of the level in Canada. But look at the
remarkable change in twenty years. Here is a country that has
emerged from out of nowhere to become a major economic and
strategic world force. And this graph would suggest that the
way in which Japan exploited the energy bargains that have
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prevailed in the past twenty years, has provided the funda-
mental basis for this phenomenal economic growth.

Even in 1972 Japan's per capita consumption was below
that of our own in 1952, and is about half of Canada's
current level. There will be a tendency for per capita
energy use in Japan to continue to expand therefore, tempered
by the feature that energy costs will likely be relatively
higher for Japan over the next twenty years than they were for
Canada at a comparable stage of per capita energy usage.

The example of India further demonstrates the close
linkage between economic well being and the ability to take
advantage of energy usage opportunities. In a more general
sense, nations develop beyond the subsistence level only
when individual effort can be supplemented by inanimate
sources of energy.

Slide 4

This is a long-range historical plot of energy use in
"market economy" countries of the world. Japan makes up
much of this line labelled "other," accounting for 35% of
the total in 1972. Note the flatness of the curve until 1940;
that cost of the total increase from 1940 to 1950 occurred
in North America, that is, in the United States and Canada;
that all developed regions experienced an upsurge of demand
between 1950 and 1960; and that this demand growth pace was
stepped up even more between 1960 and 1970. One of the basic
foundations for the tremendous growth in wealth of developed
countries in the postwar period has been the availability of
very low cost energy coupled with the social, political,
cultural, and economic capabilities to exploit this wonderful
bargain.

Up to now, this all sounds a bit like a fairy story.
And while fairy stories may not always have a happy ending,
at least, they have a predictable one. This is where the
resemblance ends then between the energy scene and a fairy
story, as we will see in the next few slides.

Slide §

Here we show the same historical portrayal of total
energy usage (in black) in "market economy" countries as was
shown in the previous slide. In this slide, however, we have
plotted the econtributions to energy usage by primary source.
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The outstanding feature that this slide demonstrates is
that most of the growth in world energy over the past 30 years
has been supplied by oil and gas production from conventional
reservoir deposits, with the rate of growth accelerating in
recent years. The oil and gas contribution is combined in
the dotted line on this slide. This recent burgeoning in oil
and gas production is a function both of inherent desirable
qualities in the market place (cheapness, convenience, clean-
liness, etc.) and of restraints placed on the contribution
from other energy alternatives: with hydro limited by economic
site availability; coal primarily by more strict sulfur emission
standards; and nuclear power by a combination of public concern
over plant design, location, and operational and technical
problems in plant fabrication and construction.

Keep in mind also that within this total for oil and gas,
the share contribution from natural gas has been recently
declining, because of the topping out in gas production in
the U. S., which is the largest producing country for that
commodity. Over the ten-year period from 1962 to 1972, world
production of o0il (from market economy countries) by itself
grew at an annual compound growth rate of 8%. In other words,
0il consumption in 1972 was more than double what it had been
just nine years earlier. Even to an old-timer like myself
in the o0il business, this is an amazing phenomenon--to have
demand for something as vital as oil doubling in size in this
recent nine-year period. The absolute volume dimensions are
enormous. The total oil production rate in 1972, 45 MM barrels
per day, equates to an annual consumption of over 16 billion
barrels. This annual amount is greater than all discoveries
to date in Canada of conventional reservoir crude oil.

Slide 6

This slide shows an extension into the future assuming
total energy demand continues to expand at recent growth rates
and that world oil and gas production continue to pick up most
of the burden for satisfying this growth. At the pace implied
in this projection, o0il production by itself will double again
from the 1972 figure in another eight to nine years, in the
"market economy" regions of the world.

But will energy demand continue to grow at recent rates?
Keep in mind that tremendous bargain prices have prevailed for
energy during the 1950's and 1960's. But most energy prices
since 1970 have been rising much more rapidly than in earlier
years. In addition, there is much greater public awareness
of the changing energy supply/demand outlook and much more
concern in terms of efficient energy usage. So, any
projection for total energy demand-is subject to some new
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variables that we forecasters have not had to contend with in
the past. Another key feature to keep in mind is that oil and
gas from conventional reservoir deposits just cannot keep
expanding indefinitely to meet added energy growth. The next
four slides deal with this feature with respect to oil.

Slide 7

This slide shows the dominance by a handful of countries
of the remaining proven reserves of conventional reservoir
crude oil. Almost two-thirds of "market economy" reserves are
in Middle East countries, bordering the Persian Gulf, about
one-quarter in Saudi Arabia alone. Another one-fifth is in
Africa.

Slide 8

Here we have plotted the crude oil production rate for
three of the major producing regions from the period beginning
with 1965. Despite apprehensions expressed earlier about
forecast variability, the plotting has been extended out to
1975 since we are pretty well buffered from the influence of
any significant changes to supply or demand patterns in this
short time frame.

The burden of filling the growing demand for oil will
continue to be borne, in large part, by Middle East countries.
Note that their combined production approximately matched the
U. S. in 1965 and is now growing at a rate that almost equals
a "new Venezuela" every year. This is truly a phenomenal
response to the world's need for oil.

'Slide 9

This slide shows what has been happening generally to
world oil prices by plotting the F.0.B. price of a represen-
tative Persian Gulf crude oil up until January--i.e., more
recent changes have been made, but are not included in the
plot. The important features of this graph are that prices
have been rising sharply since 1970, and are continuing to
rise, but are still well below those prices necessary to make
it attractive, on a large scale, to invest in oil substitutes.

Let me draw your attention to another feature of the
0il marketing scene that is behind the numbers from which
this graph was developed. In the Persian Gulf and in other
overseas countries, oil is produced as a result of arrangements
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Slide 8

RAPID_EXPANSION IN PERSIAN GULF PRODUCTION TO KEEP
PACE WITH WORLDWIDE DEMAND GROWTH
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on concessions negotiated between private companies, mainly
major international oil companies, and the government leaders
of each country. Since 1960 when it was first formed, the
Organization of Petroleum Exporting Countries, or OPEC for
short, has attracted most of the overseas country govern-
ments into its organization. OPEC has proven to be an effec-
tive coordination, communication, research, and, most important,
common front mechanism for actions by individual producing
country governments in their negotiations with concession
holders. Over the ten-year period from 1960 to 1970, the unit
selling price for oil by the producing companies declined
significantly, as shown in the slide here. However, average
government take per barrel actually increased. For Middle
East countries, their average increase was eight cents per
barrel, which represented a 10% improvement.

If individual countries could pack this kind of wallop
in negotiating better concession terms during a period of
declining world prices, it is no wonder that they have been
so effective in these same kinds of negotiations in recent
years, as the burden for meeting growing world energy needs
has fallen for the most part on oil reserves underlying these
concessions. Not only has most of the increase shown here
since 1970 in F.0.B. price gone to the producing countries;
many of these countries have negotiated substantial direct
ownership participating in the o0il reserves within their
boundaries.

Slide 10

This is a listing of major challenges, worldwide in
nature, arising from the transition period, in energy matters,
which we are going through, and which I have tried to portray
to you in previous slides.

Slide 10. Challenges in Meeting Growing Energy Requirements
(Worldwide in Nature)

. Appropriate priority on energy supply continuity
Better understanding of energy use/cost characteristics

Accept inevitability of higher energy costs

Avoid inhibitions to development of higher cost sources
Develop substitutes to conventional reservoir petroleum

Find necessary mechanisms for orderly development

~N O U1 &= W N

. Capitalize on opportunities as changes occur
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The first item on our list of challenges is to place
appropriate priority on energy supply continuity. This is
because of the essential link between energy usage and
economic well being and all the options that are opened up
as wealth increases. In my opinion, failure in the U. S.
to place an appropriate priority on energy supply continuity,
reflected in the attitude that they could continue to enjoy
an infinite fingertip supply of dirt-cheap energy, is directly
behind the short-term energy mess in which that country is
now involved.

The second challenge is another way of saying that we
have to stop taking energy for granted and must learn more
about how and why it is used. I am not talking here just
about feel conservation departments that many companies have
formed already in order to help combat higher costs. I am
talking about the advantage of having all users better informed
on how to use energy more efficiently. As prices rise, there
are things we will all be able to do to conserve energy, that
will make economic sense, without involving governments in
onerous control or allocation decisions.

The next item on the list is directed to those who are
not aware of the transition zone we are in with respect to
energy and who may be mixing up recent price increases for
energy with price increases on almost all other commodities.
The key factors that will set energy prices in the future are
not inflationary cost pressures, although the latter pressures
will also have to accommodated. In the short-term future,
that is over the next two to five years, the major factor in
0il price setting will be whether the strength of the govern-
ments of oil producing countries can be maintained in negoti-
ations on government take on oil production. In the longer
term, energy prices will tend to be set by the cost of
marginal supplies of alternative energy forms. In this re-
spect, there are all kinds of energy supply substitutes to
conventionally produced oil and gas with the caveats that they
are more expensive, long lead times are required, and, in
some cases, acceptable technology has not been developed.

The fourth and fifth items on the list relate to the
positive side of energy price increases, that is that higher
prices do call forth new supplies. I have already stressed
the importance that I think we should place on energy supply
continuity. Also, we would recognize that there is a limit
to our very low cost energy resources. For that reason, it
is prudent not to let the fear of higher prices stand in the
way of extending our resource base in higher cost regions,
such as the Arctic, or for higher cost energy sources such as
those derived from our coal and oil sand deposits.
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The development of substitutes to conventional reservoir
petroleum, point five on the list, is of critical importance
for two reasons. First of all, even the vast oil and gas
reservoirs in OPEC countries will someday be physically
incapable of matching ever-growing demands. Secondly, the
demonstration to OPEC countries that oil buyers are rapidly
developing legitimate alternatives to oil produced in their
regions is the best protection, in fact, may be the only
protection, against escalating prices for this o0il, as well
as the best insurance for oil supply continuity.

The sixth point on the list is perhaps the most difficult
of the challenges facing many countries in the world--that is,
to find the necessary mechanisms between the different insti-
tutions involved, i.e., government, the private sector, etc.,
in bringing about an orderly development of new patterns in
both energy supply and demand.

The seventh point is particularly appropriate to countries
like Canada, who, as a result of extensive fossil fuel
occurrences, are in a position to capitalize on energy oppor-
tunities arising as a result of changing world circumstances.

Slide 11

As promised at the outset of my presentation, or perhaps
threatened would be a better word, I have some comments to
offer on the current U. S. energy scene. This is because of
the public attention that this situation is attracting and the
natural tendency for people to attach the handy catch phrase
"energy crisis" to popularized current issues. As I have
stressed earlier, the significant energy challenges facing us
and the rest of the world need to be cast in the longer-range
context.

This is why I have titled this slide "Special U. S.
Short-Term Problem" and the material shown here is the first
of a three-part analysis of that problem, which will be
covered in this and the next two slides. The first part,
covered here, lists four background factors contributing to
the current U. S. situation.

The first point on this slide relates to natural gas
pricing. Natural gas, in many ways, is the key to the U. S.
energy problem. This is because it is so easy to convert
to gas for almost all energy uses, except transportation.

Its rapid market growth in the U. S. over the past twenty
years has been stimulated by artificially low prices, con-
trolled by the Federal Power Commission on behalf of Congress.
Between 1955 and 1970, the share of the U. S. energy market
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Slide 11. Special U. S. Short-term Problem

These factors

Gas price controls

2. Overly ambitious environmental protection
program

3. Uncertainties on - o0il import policies
- trade policy changes

- price freedom for energy
suppliers

4. Production shortfalls by nuclear plants

going to gas went from 23% to 33%, largely a result of prices
lower than those for competing fuels. This occurred at a
time when energy prices around the world were at the kind of
bargain levels which I described earlier.

A by-product of the low regulated prices for gas in the
U. S. was to discourage exploration for new reserves. By
early 1972, gas production had peaked in the United States
with two concurrent consequences--first, a denial to some
traditional buyers of the gas they wanted, and secondly, a
scramble for substitutes such as imported liquefied gas at
several times the wellhead price of flowing gas.

The second factor on the list refers to various U. S.
actions in environmental protection programs. The key words
here are "overly ambitious." No one would deny the need for
more precise and stringent standards than those in effect
ten years ago for clean air, water, and land, related both
to new plant design and siting, and to existing manufacturing
plant operations. There has just not been an appropriate
balance between the introduction of these standards in recent
years in the U. S. and to other important goals of that
country such as energy supply continuity and orderly pricing.
Here are just a few examples of how energy supply/demand
balances have been adversely affected. One effect has been
to impede the use of coal to help meet energy growth; another
to frustrate location decisions with respect to nuclear and
fossil fuel power plants and petroleum refining capacity;
another to severely limit the use of high sulfur fuel oils;
and still another to reduce gasoline engine efficiencies.
With respect to this last mentioned feature, those of you
fortunate enough to own a standard-sized 1973 North American
produced automobile will experience an 11 to 24% increase in
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gasoline consumption per mile, according to a recent DuPont
estimate, compared with pre-emission control cars. This
penalty is predicted to double if controls meeting the 1976
standards mandated by the Clean Air Act are used.

The third item on this list of factors refers to the
negative effect on investor confidence of government policy
uncertainties, particularly related to the location of new
petroleum refining capacity. The effects can be illustrated
by comparing recent growth in demand for the refined petro-
leum products with changes in plant capacity. To start with,
we must recognize that U. S. demand for petroleum products
in the last few years has been inflated by the inability of
other energy forms such as gas, coal, and nuclear power to
take up an appropriate share of total energy growth, and also
by lower conversion efficiencies, stemming from new emission
control and other environmental protection standards. In
fact, the 1973 demand for oil and oil products in the U. S.
will be greater than that estimated for the year 1975 by a
Cabinet Task Force, who prepared their estimates just three
years ago.

The rapid growth in U. S. oil demand, from 1970 to 1973,
had added nearly 23 MM barrels a day to their requirements.
This o0il growth increment over three years is around half
as much again as consumed in total in Canada. Compared with
a growth in demand of 2} MM barrels a day, refining capacity
in the U. S. has grown by only 1 MM barrels a day, or only
40% of the demand growth. I attribute this feature to factors
(2) and (3) listed on this slide.

The fourth factor on the slide relates to production
shortfalls by U. S. nuclear plants, which tend to add to oil's
burden in meeting energy growth. Part of this shortfall I
have already referred to, in terms of licensing delays and
other legal impediments to new capacity additions imposed by
eager environmentalists, and by other forms of delays in
actual constructions time versus forecast. Another significant
contribution, however, has been the lower than expected per-
formance of completed U. S. nuclear plants.

Most economic studies that led U. S. utility companies
to go to nuclear plants assumed reliable delivery of 80% or
more of a plant's potential power. A few projected 90%.
In contrast, the President of Consolidated Edison was recently
quoted in the Wall Street Journal as follows:

The eighteen longest running U. S. nuclear plants
averaged only 61.9% of their potential output
through last September 30th.

As noted earlier, any nuclear plant shortfall means either
more use of o0il or less production of electricity. The U. S.
has experienced both.
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Slide 12

This is the second part of the analysis of the current
U. S. situation. Because of the four factors, previously
discussed and listed again at the top of this slide, the
U. S. is experiencing a variety of disconcerting pressures.
These are listed here and I will comment on them one at a time.

Slide 12 . Special U. S. Short-term Problem

These Factors ...
* Gas Pricing * Environmental Program

* Policy Uncertainties * Nuclear Shortfalls

Have Produced These Results

Burgeoning demand for certain types of oil
Heavy drawdown of finished product inventories

3. No short-term solution in sight for needed U. S.
port/refining facilities

4, Recurring & growing shortages of gasoline/heating
0il to at least 1975

5. Similar shortages/curtailments for gas & electricity

1. One effect is the burgeoning oil demand, particularly
for certain oil types--more specifically, for finished products
of all kinds and for tanker delivered oil of low sulfur content.

2. Another effect is the heavy drawdown in finished oil
product inventories. Normally, as demand grows, so does
inventory. In contrast, in 1972, stocks of gasoline, heating
oils, and other finished products in the United States declined
by around 70 million barrels.

3. There is no short-term solution in sight for the
needed U. S. port and refining facilities. While one of the
features of the recent energy message by President Nixon was
to provide incentives for domestic refinery construction, it
takes time to construct such facilities and perhaps five to
ten years for the U. S. to catch up for the construction
shortfall in recent years--all assuming that the essential
resources such as capital, engineering manpower, skilled
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construction craftsmen, and equipment fabrication capacity
can all be effectively marshalled for the task.

4, We can expect, therefore, recurring and growing
shortages of gasolines, heating oils, turbo fuels, etc., in
the United States through to at least 1975.

5. We can also expect similar shortages and curtail-
ments in parts of the country and to certain classes of
customer for other energy supplies such as gas and electricity.

Slide 13

This slide rounds out the analysis of the U. S. short-
term energy problem by citing the consequences of what is
taking place there. This listing is in the bottom part of
the slide.

Slide 13. Special U. S. Short-term Problem

These Factors ...
* Gas Pricing * Environmental Program
* Policy Uncertainties * Nuclear Shortfalls

These Results ...
* Recurring Shortages of Gasoline/Heating 0il
* Continuing Curtailments for Gas & Electricity

With These Consequences

. Contingency planning with emergency overtones

Growing pressure for quick solutions
Mounting concern in other countries

= W
L]

. Confusion between short and longer-range
energy situation
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The first item notes the rush to contingency planning
with emergency overtones. Since their price control program
has limited their options on how to cope with scarce petro-
leum supplies, the U. S. is very busy now considering other
allocation mechanisms.

Also, almost all energy issues have become newsworthy
these days. We can expect, therefore, as noted in the second
point, pressures for government action, with good media coverage,
in almost all instances of customer dissatisfaction in price
or supply terms on his energy transactions.

The third point extends the notion that continuing and
highly visible breakdown in normal energy supplies in the
U. S. will cause people in other countries to ask with
repeated frequency--can it happen to us?

Finally, there is bound to be confusion between what's
happening today in the U. S., which is really a product of
their own making, and the longer term fundamental transition
in energy that is taking place, that is a worldwide and not
just a U. S. phenomenon.

Let me go on now to talk about the effect of these events
on the outlook for o0il and oil prices. A good starting point
is to keep in mind that up until a few months ago, in Canada
and the United States and in most other countries, many people
believed that there would be a continuing, unending supply of
energy at the low prices to which they had become accustomed.
This is at least six years after the first evidences of
fundamental changes occurring with respect to energy costs,
prices, and availability. As we have come to learn, the
policy makers in the OPEC countries were alert to these
evidences.

There is another marketing feature of petroleum to which
OPEC countries had also become very sensitive. This is that the
total demand for motor gasoline, which is the principal
finished product of raw petroleum which, in turn, has become
the principal energy fuel, does not vary appreciably with
changes 1in price. Here the reasons have been very low costs
in relation to value for the product, combined with the absence
of any competitive substitute. This explains why very high
road taxes prevail on motor gasoline around the world.

Very substantial tax sums on petroleum are collected,
therefore, by governments in the oil consuming countries.
On average around the world, they have amounted to around
five dollars per barrel of total raw petroleum. To oil-pro-
ducing countries, who had struggled very hard to get their
tax take-up to one dollar per barrel, this five dollar tax
collected by far-away governments became a very sore point.
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As soon as their bargaining power permitted them to do so,
OPEC countries were bound to go after more of the prize,
feeling that consuming countries had already put a much
higher value on the refined petroleum product.

Well, as I have said, OPEC bargaining power has shifted
in their favour in recent years. And this relates to two
features: changes in the supply pattern to meet the rapidly
growing demands, which I have outlined earlier to you; and
secondly, the ability of oil-producing countries to pack a
wallop in negotiating new terms with oil concession holders.

You will recall my earlier reference to the increases
in average per barrel tax take during the 1960's in Venezuela
and the Middle East countries despite the significant reduction
in selling prices realized by the oil companies. The extent
of the ability of producing countries to command a much bigger
share of the pie became first evident in 1970.

I am referring to Libya's actions in the spring of that
year, just eight months after a revolution in that country
had converted them from a monarchy to an Arab republic, and
just two weeks after a Syrian bulldozer had ruptured one of
the principal overland pipelines to loading ports on the
Eastern Mediterranean. In this instance, Libya imposed
production limits on some of the concession holders. The long
tanker hauls around Africa to replace the pipeline movement
caused tanker rates to soar and Libyan crude oil became much
more valuable, because of its closer location to key markets.
But instead of allowing the valves to open, Libya called on
concession holders one by one for higher taxes and royalty
rates, threatening production shutdown as an alternative.
Something had to give and it was the o0il companies, beginning
interestingly with an independent newcomer and not one of
the majors.

It was this particular showdown in 1970 that, in my
opinion, heralded that we were really in a new era in the
relationships between the oil countries and concession holders.
For this event led to a succession of negotiations, involving
all OPEC countries, in the latter part of 1970, with ever-
escalating demands on the o0il companies, that culminated in
the Tehran and Tripoli agreements in 1971. Subsequent tax
changes in Venezuela and in direct ownership participation
steps by some Mid-East countries are a continuation in these
escalating demands by these oil-producing countries.

Analysts, journalists, civil servants, and others around
the world are still attempting to total the financial con-
sequences of the new deals that have been made over the past
2} years, which have so dramatically increased the OPEC
countries' take. If the bargaining position of the oil-
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producing countries is not impaired, the higher per barrel
figures on o0il company production will be only part of the
story. Total government take will be further increased

from the greater production expected in some countries,
notably Arabia, and by some direct government ownership

of concession crude oil. One leading bank economist has
noted that the predicted flood of dollars into the oil-
producing nations will represent the number one problem of
the world monetary system during the next decade. From their
0il trade with the United States alone, the State Department
estimates that Eastern Hemisphere governments will be gaining
12 billion dollars annually by 1980, or over ten times the
rate in 1970.

That is where we stand today then in terms of changes in
the o0il trade outlook and the financial consequences. The
implications of the current setting, however, go well beyond
that of the effects of the accrual of large dollar amounts to
oil-exporting nations.

I am going to spend the balance of my presentation in
exploring some of these implications. While there are a very
large number of important implications for the major actors
in this scene, I will be presenting only the top three, or
main points, as I see them with respect to each of these
three major parties of interest--the oil companies, the over-
seas producing countries, and the o0il importing countries.
Also, to provide a reasonable basis for subsequent discussion,
I will present these implications in the form of challenges
facing the major parties.

Slide 14

Starting first with the oil companies, I see three
major challenges.

Slide 14, Major Challenges - 0il Companies

1. Adapting to shift in bargaining power
2. Adjusting to new business role
3. Explaining changes to public
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The first is how to cope with the recent dramatic shift
in bargaining power vis-a-vis host governments in the OPEC
countries. This challenge has two dimensions. The first is
to optimally preserve the companies' stake in the oil reserve
assets in OPEC countries in which they continue to have a
large financial interest. The second is to provide continuity
in supply of essential petroleum products to consumers around
the world on terms that are demonstrably better than alter-
native institutional arrangements, such as those that might
stem from direct dealings between governments of consuming
countries and those of the producing countries.

A second challenge to the oil industry is to satisfactorily
carry out its intermediary role between the governments of oil-
exporting nations on the one hand and oil-importing nations on
the other, and still generate sufficient cash outflows from their
operations to help underwrite the exploration, development,
refining, marketing, and other capacity additions required to
meet expanding product demand.

The third challenge, and perhaps the most important, is
to communicate better to appropriate consumers and producers

the essential role played by oil companies in meeting world
energy needs.

Slide 15

The next main group that I will pose challenges for are
the host governments in OPEC countries.

Slide 15. Major Challenges - OPEC Countries

1. Maintaining bargaining strengths
2. Managing curreny inflows
3. Coping politically with new economic powers

The basis for my selection of three major challenges for
this group all relate to the question of how they will cope
with the dramatic shift in bargaining power, which has occurred
in their favour over the past few years. One challenge will
be to maintain this effective bargaining strength vis-a-vis
0il companies with one of the threats of dilution coming from
pressures generated within the group itself. In this respect,
a number of OPEC countries are coming into possession of some
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of their own crude oil for sale as a result of recent
participation settlements. Will this feature create new
competitive pressures between countries and, if so, how
will individual countries respond? A good question.

A second challenge will be how OPEC countries manage
the expected buildup in their dollar inflows. Without specu-
lating in numbers, you can see that these amounts will be vast
by any sort of measure.

The Saudi Arabian 0il Minister has recently proposed
investment by his own country in U. S. refining and marketing
0il operations. His proposal is being seriously considered
in the context that the o0il industry by itself may not be
capable of providing the needed funds for such facilities.

If enough promising investment ventures outside their own
countries cannot be found to absorb these funds, then one or
more may decide to limit their income and keep their oil
underground.

A third challenge to OPEC countries is how they will
cope politically with the changes in the power base that will
accompany both their wealth accrual and the growing dependence
by consuming countries on their oil resources. There are
many dimensions to this challenge because of the many differ-
ences that exist between OPEC countries: in terms of internal
political stability of the group in power in each country;
in terms of each country's relationships with other OPEC
countries; in terms of their relations with other developing
nations who will not have the wealth buildup of OPEC countries,
but rather will be underwriting part of this buildup; and in
terms of relations with major consuming countries, some of
whom are continuing to extend financial and other support to
Israel.

Slide 16

Now let's take a look at the challenges facing the major
oil-importing countries around the world. Here also there
are many economic, political, social, and other differences
that will provide different overtones to the three challenges
that I have selected to present to you.

One challenge is to cope with the outlook for increased
costs of energy in all forms. Here the main difficulty seems
to be one of abandoning out-of-date attitudes with respect
to energy costs and availability. By that I mean that there
must be clear recognition that higher prices will bring out
new alternative supplies of clean energy and that even at the
required price levels energy will still be a bargain. It is
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Slide 16. Major Challenges - Importing Countries

1. Facing up to higher energy costs
2. Developing alternatives to OPEC oil
3, Coping with new political pressures

resistance to higher prices which, in my opinion, has been
chief contributor to the so-called energy crisis in the

United States--which is not really an energy crisis as much

as it is a crisis in contradictory policies. As a result

of these contradictions, the continuity of energy supply in
the United States has been seriously jeopardized. The same
thing can happen in other countries, if a new set of attitudes,
consistent with recent fundamental changes in energy outlook,
are not adopted.

A second challenge to oil-consuming countries is to
develop, more rapidly than they have, alternative energy
supplies. This is really an outgrowth of the more general
challenge of out-of-date attitudes which has just been
discussed. Alternatives to purchases of oil produced in
OPEC countries are obviously the best protection against
escalating prices for this oil, as well as the best insurance
for energy supply continuity. Even the vast o0il reservoirs
in OPEC countries will someday be physically incapable of
matching ever-growing demands. It is this feature that
helps provide the impetus for development of new Canadian
energy resources.

The third challenge on my list for oil-consuming
countries is to cope with the new political pressures arising
from recent fundamental changes in energy outlook. Some of
these, such as Mid-East policy and the problem to low income
nations of higher energy costs, will be similar to the polit-
ical challenges faced by OPEC countries. There will be many
others that will be distinct to consuming countries, such as
the attitude to possible major trade dealings in energy with
the Soviet Union and even perhaps China, and the repercussions
from possible introduction of new trade barriers by individual
countries in order for them to cope with the negative balance
of payments implications of higher prices and larger volumes
of imported crude oil.

That completes a quick coverage of the implications of
the current world oil and energy outlook as seen in the form
of challenges to the major parties of interest. The
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overriding conclusion that emerges is that the recent
changes in the oil setting, which have been reviewed with
you today, do fit into an energy situation that has some
very significant global economic and political implications.
It will take considerable skill, wisdom, and some luck on
~the part of the world political leaders to reorient their
"policies to accommodate the new energy situation.



The Near Term Energy Situation
Supply of 011, Gas, and Coal

R. Janin

My talk this evening is directly related to that of
Mr. Barratt. Moreover, I will be obliged to deal with a
certain number of remarks previously made today, but I will
try to present them in a different form by showing in passing
where systems analysis could be useful.

My goal is to emphasize above all the most important
factors which will help shape the energy situation around
1985 and during the decade now ahead of us. In this period,
only techniques now known will have a tangible effect upon
the energy picture. This is, furthermore, a feature of the
period as defined for us by Professor Haefele.

I will adopt from the outset Professor Haefele's
conclusion of this afternoon: "We have sufficient energy."
This is completely valid until 1985 1f we consider the
potential resources. A world-wide energy shortage, if one
eventually appears, will not come until far beyond the
period I will portray tonight. However, this does not mean
that we will not have to be concerned with the problem of
resources, particularly at the end of the period. I will
return to this point.

I must begin by reminding you that the world consumption
of energy in 1970 was about five billion equivalent tons of
oil. (E.T.0.) For the past few years, the growth of total
energy demand has been on the order of five per cent annually,
which, with the population increase of about two per cent
annually, brings the annual increase in per capita consumption
to three percent. This progression is likely to continue up
to 1985, and everyone--with only minor differences among the
experts--appears to agree that the rate of five per cent will
continue up to that date. With this five percent annual
growth, which corresponds appreciably to a doubling in
fifteen years, we arrive at a forecast on the order of
10 billion equivalent tons of o0il by 1985. This consumption
will not pose problems in quantative terms if we are content
to compare it with the substantial potential reserves which
we listed with Professor Haefele today.

But let us examine the breakdown of primary forms of
energy at the 1970 consumption rate and for a reasonable
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forecast for 1985.
1970 1985 Increase
Billions % Billions % Billions
E.T.0, E.T.O. E.T.O.
0il 2w Ly 5.1 51 2.9
Coal 1.6 ne 2l 22 0.6
Gas 1.0 20 LoT 17 0.7
Hydro-
electric 0.2 Y 0.3 3 0.3
Nuclear - - Quf 7 0.7
5.0 10,0 5.0

These figures immediately suggest a few remarks:

1. By a large margin, oil will remain in first place
for the world supply; its percentage will even tend to
increase during the next fifteen years, assuring by itself
about half of the world energy consumption. Furthermore,
consumption will have more than doubled between 1970 and 1985,
which represents an annual increase of seven to eight percent.

2. Hydroelectric power will increase slightly in absolute
terms, but its weight--although important for some countries--
is minor in the overall picture. I will not speak further
about this form of energy whose resources are, .for all
practical purposes, "exhausted" in the industrialized countries.
We can count only upon the progressive development of these
resources to the extent that the need grows in countries with
large potential resources far from the consumption centers.

3. We notice for the rest that each of the other forms
of primary energy (coal, gas, nuclear) will grow in terms
substantially equal in absolute value (twelve to fourteen
percent of the global increase).

4y, This is insufficient for maintaining the current
position of coal and gas in the overall balance. In particular,
we will see the continued decrease of the role of coal, which
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assured ninety percent of our needs at the start of this cent-
ury but only twenty-two percent by 1985.

5. It follows that nuclear energy deserves particular
notice. As we said this morning, it will assume a progress-
ively larger role in the energy picture, but, from now until
1985, it will still occupy only a limited place. We should
note further that practically all the production will come
from thermal neutron reactors. Even if we think the preceding
forecast is pessimistic for this energy form, it remains clear
that nuclear energy can by this date satisfy no more than ten
percent of world needs. Its influence will be greater by the
dynamism of its growth than by its absolute value during this
period. We have seen in reverse the role it will come to
play afterwards. I will thus not dwell further upon nuclear
energy in describing its impact upon the world energy outlook.

I would like to examine in more detail a few problems
posed by coal, oil, and gas which are not directly apparent in
the global balance.

Coal, despite its continuing decline, will still play an
important role. But we should note that its market tends to
become "regional," not global, in spite of the enormous world
reserves available. Thus, while there are forecasts for
increases in consumption in the U.S. and in the U.S.S.R.,
there will still be a reduction in absolute consumption in
Western Europe. Without a doubt, coal is easily transported
and often over long distances; but intercontinental transport
is basically weak for transfer of energy.

This holds essentially for long distance transport costs,
and perhaps even more for distribution costs to the end user,
so much so that the increase in consumption of this primary
energy contributes to a great extent to the development of
large coal-using industries which by their nature escape the
high costs of distribution. It follows that, as in the past,
these large user industries will in general have an advantage
in being located near the mines.

Gasification processes envisaged at this time--in the U.S.
as much as in Europe--aim to overcome the handicap of trans-
port and distribution costs. But, in the period from now
until 1985, we do not foresee that these will become widespread.
We notice, moreover, that following the depletion of the
European mines, gasification processes can at most only slow
down the decrease in coal consumption; this excludes the
development of mines whose extraction costs will, in any case,
be high.

Contrarily, oil forms a genuine, largely open world
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market; a glance at the map illustrating the oil transport-
ation network verifies this. This is even more true as the
Middle East role in oil production has grown considerably,
with that region supplying nearly all areas of the world.

The global aspect in the oil market comes from the
considerable progress achieved in transport, as much from
pipeline technology permitting exploitation of wells far from
the coast as from sea transport. Mr. Barratt already mentioned
the strong decrease in oil costs over the last twenty
years. We see therein the results due as much to technical
progress in prospecting and exploitation of the oil beds as
to technical progress in transport.

The whole "oil system" has thus been able to offer lower
prices because 1t has available all at the same time larger
reserves, better tools, wider markets, and, as a corollary, a
more efficient organization as a result of the increased
competition in the world market.

During the period up to 1985, the problem of exhausted
reserves should still not overly influence the market, even
toward the end of the period, as this perspective indicates.

Given the progression in the demand for oil, we will
have to discover between now and 1985 oil reserves equivalent
to the entire present Middle East reserves. This necessitates,
of course, important explorations, but little compared with
the efforts which will be necessary afterwards to find the
equivalent of two Middle Easts between 1985 and 1995, and
four between 1995 and 2005.

Thus in the world oil market we cannot totally exclude
that the prospect of exhausted reserves will begin to play
a role towards 1985. This might be expressed by noticeable
price increases, if only to ensure financing of the invest-
ments necessary to double production, investments representing
in the order of 1,000 billion dollars from now until 1985.

We must also emphasize the great disparity between the
allocation of reserves and the allocation of needs. The table
below shows this eloquently:

Consumption Reserves
North America-Western Europe-

Japan 70% 9%
Eastern Countries 16% 12%
Rest of the World 14% T9%*

*of which 58% are reserves 100% 100%

in the Middle East — s



-118-

Here the deficiency of o0il reserves in the western indus-

trialized, countries appears clearly while, as we_ have seen, it
is essentially towards oil that energy needs will develop

from now through 1985.

Natural gas--in common with oil--has also become a world
market. And, as for oil, progress gained in transport has
completely altered the market to give it a worldwide character.
Movement of energy by sea transport of liquified natural gas
is becoming significant on a world scale. We should, however,
point out that the reserves of gas appear better divided among
the consumer nations, and that the three groups of countries
seen above (western industrial countries and Japan, socialist
countries, and the rest of the world) have essentially the
same quantities of reserves at their disposal--one third for
each group of countries. It follows, however, that the "rest
of the world" has relatively low energy consumption, and will
export largely to the most industrialized countries.

This brief sketch of the energy situation for the next
ten years shows that, in the end, there are fairly numerous
problems which the world balance does not reveal. It is at
this level where we see the appeal of decomposing the energy
sector into systems, each having some constraints. I would
now like to emphasize specific points which could prove
particularly important for the future.

l. First, we are struck by the importance which energy
exchanges will have in the exterior trade of the Western
industrial countries and of Japan. The disequilibrium which
in all certainty will appear in the trade balance of certain
countries seems grave; it will certainly have serious conse-
quences for the international monetary systems.

We can calculate, for example, that toward 1980, the
income of the 0il producing countries will amount to 55 billion
dollars annually. Thus, a country like Saudi Arabia will have
at its disposal considerable foreign currency reserves,
estimated to be twice the current monetary reserves of the
United States. This situation permits us to foresee changes
in the balance of political power by the possibilities it
could create for pressure or for blackmail.

2. Under these conditions, we can see the difficulty of
elaborating sure hypotheses for the evolution of the world
markets and even of their structures. This is a subject in
which systems analysis could be helpful. In effect, when
we are content to perform optimizations calculations upon a

riori hypotheses, we assume that a certain number of relation-
ships will be maintained--for example, there will be no break
in contractual agreements. In fact, if we examine certain
energy systems--and notably those of Western Europe during
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this period--the weakness in the security of supply could
bring about either behavior or limitations which an optimiza-
tion model could not reproduce. Another approach must be
found.

3. Nevertheless, it would not be appropriate for IIASA
to deal with this burning question, the political nature of
which is evident. However, this problem merits analysis
from the methodological aspect of the contribution which
systems analysis can make in dealing with a complex problem.
In this respect, we should mention that the usual methods of
forecasting can generally be criticized when we apply them to
periods longer than ten years. It would thus be appropriate
to make not "forecasts" but "prospective inquiries." The
essential difference is that the prospective method obliges
judgment of the future in coherence with itself, not with
today. Rather than follow out, by inertia, current tend-
encies, we seek to learn how a given scenario is compatible
with what a given year will be. We then look for the means
of passing from the future scenario to the current situation.
In the energy area--whether for 1985 or for 2000--it is
important to have this "prospective" attitude to read in the
facts of today what could be the evolution of tomorrow.

In this context, the recent past and the immediate
future clearly point out the roles played by a certain number
of actors. We can list those who appear to be the most
important at present:

a) Consumers, who seek the greatest possible supply
of energy at the least cost:

b) 0il Producing Countries, whose game in principle
1s to profit maximally from the revenues of the
situation available to them; if the needs of the
"poor" countries are immediate, those of the
"rich" countries can be longer term, which can
cause them to behave differently;

c) Transporters and Equippers, on one hand, and

d) 0il Companies, on the other, who are the real
actors 1n the international market;

e) "Citizens," meaning social groups which express
choices--notably about the environment--and
thereby create constraints which occasionally
ignore the consumer role of members of their
group. Fundamental incoherences clearly could--
and do in fact--exist between the two viewpoints,
i.e. that of "consumer" and that of "citigen" for
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single individual; a fortiori the same situation
obtains when we think of social groups;

f) States, whose mission is to support the social
groups and thus constitute a reality, if only
by the collection of taxes;

g) Public Services, which by nature are more or
less linked to the actions of the State; and

h) Industries, whether they manufacture the
material for energy production and transport,
or whether they produce the material for
utilizing this energy.

This is not a classical game, and is, moreover, non-zero
sum. My goal is not to describe it is detail but to show how
the complex relationships between the actors are born and,
from there, to create constraints.

A first grouping of relationships occurs at the level
of the consumers: competition among the different forms of
energy. This competition is indispensable for the proper
functioning of the group. It is essential that the consumers
be brought by the play of the price structure to choose the
most efficient--and thus least costly--energy sources. Here,
I would like to point out that in Professor Haefele's presen-
tation, the part of electricity remained only 25% in the final
consumption. I think that we could go even further: elec-
tricity has no specific application and is perhaps the sole
form of energy amenable to assuring directly any type of use
(heat, motive force, electrolysis, etc.). Use of electric
power certainly creates efficiency losses, according to the
second law of thermodynamics, but this handicap is compen-
sated on the economic level by the low distribution costs.
Thus in France today we see a rapid development of "all-
electric" housing units. This leads us to think that by the
end of the century, electricity will account for about forty
percent of the total end uses.

Another case of competition merits mention: the compe-
tition between fuel o0il and nuclear power. Over the past ten
years we have noticed a simultaneous decrease in the drop of
prices for fuel oil and atomic power. It is well known that
the drop in oil prices delayed until recently the start of
the first nuclear projects. What is less brought to light is
that the recent upswing in the price of oil seems brutal, as
though oil, spent from efforts to remain competitive, has
finally abandoned the game now to seek only to benefit from
the revenues of its position.
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In this description, we are far from the classical
competition among products with similar prices. This can no
doubt be explained by the relationships among the different
actors of the systems involved.

Another set of relationships among the actors is formed
by the price system. I have already underlined the role
played by the drop in transport costs. Inversely, a rise
in prices of primary energy (conceivable outside of nuclear
energy) would act to modify energy needs and would perhaps
influence the price system as a whole. At the extreme, this
could affect the very rhythm of economic growth.

At the level of the citizens, the "quality of 1life"
plays an important role. If, on one hand, the quality of
life seems to base itself more and more upon energy norms
(one is poor if he does not have at his disposal a certain
quantity of energy), it appears, on the other hand, increasing-
ly necessary to take care that energy consumption and, more-
over, all human activity, do not diminish what we can call the
quality of life. Many factors intervene to define it--not
only temperature, air quality, and noise, but also the
esthetic environment. It is not impossible that, between now
and 1985, factors secondary today will come to play an
important role, at very least in the most industrialized
countries: for example, will we accept noise as we do today?

Social behaviors constitute a group of relationships
among the actors defined above. These behaviors concern
widely diverse problems. Here we find, for example, the
sensitivity which changes in the price structure can have
(expressed in economics by demand elasticity), but we know
how much an idea which the consumers form collectively can
act upon the very price mechanism itself. We also find, as
previously mentioned, the public reaction to certain attacks
upon the environment (e.g. construction of new factories, no
matter what their nature). We must further add the acceptance
of a certain from of distribution of income and, in a general
manner, the sharing of revenues, without overlooking the
burden of taxes. Finally, we must not forget the increas-
ingly large role played by the "mass media" in the reactions
of public opinion; here we could speak of social embedding.

We have shown above how the political and economic
organization can come into play in a particular case. In a
general manner, economic theory shows poorly--and this is not
its role--the consequences of situations in disequilibrium.

But, it is clear that, if the scarcity of products
brings in revenue for their owner, this scarcity can also
give him a type of power. Conversely, a stubborn will can
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prolong the life of solutions of debatable profitability.

It would seem that systems analysis could permit analysis of
the current constraints of this type which can exist in the
energy sector. Might systems analysis not also show future
constraints which will subsequently appear?

Conclusions

1. We should first inquire about the interest in
developing the above ideas. How can they help us in our
daily actions? A reply is evident: we have the duty of
preparing the future, the duty to promote the technical
progress which will make available cheaper, more abundant
energy. We must also be able to choose what efforts to
undertake as it is clear that humanity cannot allow itself
to make enormous R and D expenditures for all potential
energy sources at once (fusion, solar, geothermal). Before
starting out, it is appropriate in particular to assure that
none of the conditions of some type of energy is inacceptable
for whatever reason. For example, if we expect to economize
by increasing the size of machines, we must ask if this size
increase is compatible with the quality of life desired
elsewhere (will we continue to tolerate cities congested by
large trucks?).

2. Among the actors we have listed (without seeking
to be exhaustive), quantitative relationships exist, but
also, we have seen, non-quantifiable relationships playing
upon the structures of the problems. These relationships
are, finally, numerous, and as in any complex system, the
degrees of freedom are ultimately limited. We must be aware
that we are moving towards a progressive reduction in these
degrees of freedom because the progress of knowledge reveals
the existence of "laws" which, even if they existed, were
not previously perceived. The day Einstein pronounced the
famous equivalence between mass and energy, with the same
blow he put a ceiling upon the world energy supply.

An incompatibility between the "desired" and the
"possible" may one day appear in our economic analyses, and
this could be particularly true in the energy area. Systems
analysis permits us to envisage other outcomes, to change the
conditions linking a given system to others, in sum, to show
at once the need and the possibility of innovations and
mutations. The oil-nuclear competition seems a good example
to examine from this angle.

3. Before we can arrive at that point, it would seem
particularly helpful to be able to employ the matrix of
reciprocal influences of a certain number of characteristic
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events. This examination--at which, to my knowledge today,
we have had only timid attempts--would permit more precise
definition of homogeneous systems upon which we could base
a precise analysis.

IIASA could play a large role in facilitating the
development of all the studies I have mentioned, studies
which appear necessary to assure the harmonious increase of
world energy consumption. Even more, IIASA could help
prepare the long term future of this sector so important for
the future of mankind.



Discussion

The participant who opened the discussion observed that
Mr. Barratt had spoken about the challenges of the short term
energy crisis. He commented that it would be useful for the
group to discuss to cope with these challenges and to decide
which options should be kept open for the medium and long
terms. Second, there is a dilemma in deciding whether to
treat short or long range problems with systems analysis.
With short term problems one cannot globalize but must
disaggregate to capture the players, options, and frames of
mind. However, there are no technological surprises, although
one must build up the technical capacity to have options open
for the long term. In long term analyses one can aggregate
and still get meaningful results, but in this case one must
take account of surprises. The challenge is to do both forms
of analysis. If one starts with long term problems, short
term problems require beginning the research effort completely
anew. Moreover, IIASA will be measured in ‘its first decade by
its successes in short term problems. Thus, IIASA should
start with the short term and go to middle and long term
analyses with the accumulated knowledge of available options.

Another participant commented on Mr. Janin's discussion
of the oil market to say that the distinction between light
and heavy fuel o0il is important. In Great Britain, oil
companies use their monopoly position to price heavy fuel oil
below the coal price in order to influence the installation
of new plants. As oil prices rise, coal will have a temporary
advantage because of the low elasticity between coal and
nuclear energy. The transfer to nuclear energy will be slow
and will probably last until 1985 or 1990. Coal might be the
controlling factor in the intermediate period.

Mr. Janin mentioned that some Belgians have suggested
opening new coal mines. Nuclear energy seems to him a better
and cheaper solution for most of Europe because the coal
industry is declining. His questioner agreed that the coal
solution is probably possible only for the U.K. and Germany.

Mr. Janin made a final point on the value of systems
analysis in this context. The investment required for
extension of petroleum production is very large. Systems
analysis can show constraints that we could not see if we
only made forecasts and did not divide the problem into sub-
systems.
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Mr. Haefele opened the Wednesday morning session by
inviting written comments from the conference participants.
One of them asked that more time be allowed for discussion to
formulate what IIASA should do. Rather than just "ventilating"
viewpoints, the group should make concrete recommendations and
thus facilitate the director's task of choosing a research
program. Energy is already being studied by several
institutions. The conference should select aspects that have
global significance and should consider in what form they
could be studied, that is, what form the IIASA research should
take. Two criteria should govern these choices:

a) absence of duplication of ongoing national
activities and

b) an appropirate organizational form.
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INTRODUCTION
.« The Enerpy Model Group was formed in 1967 by the Ministry of Power (now part of
‘he Department of Trade and Industry). It now constitutes a branch of one of the
six Economics and Statistics divisions of the Department of Trade and Industry and
thich is concerned with Energy and Steel statistics. On energy matters the division
services the four main policy divisions concerned with coal, oil, gas and electricity
s well as advising the Atomic Energy division énd the Fuel and Nationalised Industry
'olicy division, With the addition of one further division, Energy Technology division,
.t can be seen that a total of eight full divisions are resvonsible in various ways

‘or advising the Minister for Industry on energy policy decisions.

. The problem of co-ordinating the work of such a large group poses problems, not
sast of which is that of ensuring that the effect.of decisions in one sector on the’
ther sectors is realised and accounted for. It was in this climate of interacting
cactors that the idea of the Energy Model was conceived. The scale of the area being
>delled is large, covering 13% of the total domestic expenditure and 8% of the
ross domestic fixed capital formation, and is second only in size to the modelling

f the national economy by the Treasury. Further, since the model is expected to
>ntribute to individual decisions in each sector, the modelling system has to

serate at the micro as well as the macro level of analysis. Whether this can be
hieved within a unified system of modelling must be judged from the results reported

2lowe

[ OBJECTIVES

., The long termaim of the Model Group is to produce a computable model of the UK
1ergy economy that balances supply and demand by fuel in each market in time. By

Lme we mean‘future time and we expect the model to resolve the srstem for current

* single year ahead problems, in the medium term (from now to 5 or 10 yvears ahead)

5 well as the long term (from now to 30 years ahead). A single modelling system may
>t be found to perform all these functions efficiently so that if different strﬁctures
‘e specified for the different timescales then the results from them must be compat-

yle in the broad sense that one result may be interpreted in terms of others.
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L, A statement of the objectives should not be passed without identifying the nee
that they are intended to satisfy. One of these has already been mentioned -

co-ordination of fuel industry policy. Anofher is the reconciliation of the invest
proposals of the energy industries - making sure that the sum of the parts does not
exceed the anticipated totall investment in energy and determining where any‘adjustm
is needed., The re-alignment of national and corporate interest is required from ti
to time when. perhaps some national economic or social development makes it necessar:
to modify the commercial judgement of one particular industry. This can sometimes °
achieved indirectly by the manipulation of some regulator such as a tax, thus conse:

ing the freedom of commercial judgment of the industries concerned. At other times

W

¢ue to the lack of a suitable regulator, direct intervention can be justified in the
national interest. The effect of such variation may be demonstrated with a suitable
model structure by modifying the basis of the data set-used and /or objective funct

to suit the specific need and then evaluating an optimal solution obtained by the us

“ one data set in terms of mnother data set,

T1I STRUCTURE OF THE MODEL

9, For the purposes of the supply side of the energy sector is regarded as compri;
ing four main inijustries - coal, petrol@um, electricity and gas - which either
1ndividually or in combination take primary energy in the form of coal, oil, natural
gas, nuclear ruel, hydro power, etc and sell it to final consumers Lln the forim

of the fuel products that they require. The flow of fuels from their primary sourc
direct or through the secondary processing industries to the final consumers is
illustrated in Figure 1. There the outer ring represents the primary fuels, the nes
ring the conversion to products in the rejuired form and the inner circle the final
consumers., Costs can be regarded as building up in the same directions as fuel proc
meve, whilst expenditures flow in the opposite direction.

6., The current experimental version of the integrated model of the energy economy

consists basically of five sub-models,that is a demand sub-model and four supply
models; one for each of the main fuel industries. Demand for energy devends mainly
on relationships outside the energy sector such as growth of t“e national economy,

industrial nroduction and consumer exvenditure. The share for each fuel depends
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principally on the price asked, and this in turn depends on the cost of supply and
is affected by the scale of protection for indigenous fuels in the form of taxes,

subsidies and import controls.

7 The supply sub-models calculate the unit costs of meeting the demand in terms of
the capital expenditure, operating costs and manpower required. To do this, they

are provided with general information as to the prices of materials, the level of
wage rates and the costs and performance of various factors of production that might
be used to meet the demand. It will be seen that the operation of the energy model
is in the form of the closed loop illustrated in Figure 2 and the interchange of
information between the demand and supply sub-models is the essential feature of the
balancing process so that either the sub-models have to be used simultaneously or

sequentially in iterative fashion to obtain a solution,.

8. Our approach has been to build the model in sections (the sub-models) each with
its own project group enabling the work to proceed on a broad front and using a sixth
project group to develop the control and integration side of the model work as a
whole. The gas, electricity and coal supply models have been developed in considerable
detail. The o0il model is still in a rudimentary state and is used with simplified
models of the other industries in the integration experiments. The form of development
adopted has a number of advantages:-

(i) it enables the overall timescale for construction to be shortened;

(ii) it induces expertise in the project group in one of the fuel industries as
well as in the modelling techniacues used;

(iii) whatever the outcome of the integrated 2nergy model research we have created

with the detailed sub-models a worthwhile analytical capacity for the
individual industries concerned.

IIT A THE DEMAND SUB-MODEL

9. The demand sub-model is the main link with the national economic variables which
are exogenous to the energy model. It is a regression type model and a technical
description is given in Appendix 1. The original conc=vt of the demand model was one
in which an assumed growth in the national economy as a whole could be intervreted by
means of a set of activity indicators into total energy demands in each sector of the
economy. This unified approach has not vroved satisfactory and currently total energy

demand in each sector is projected individually by the method “ound to be best suited
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to the historic behaviour and the data available which is not consistently good. Thixs
"bottom up' approach is then checked against forecasts using the macro indicators suct
as GOP for consistency before arriving at the final values to be used. The second anc
third parts of the model are the determination of desired market shares and the laggec

relationship between desired and actual market shares.

IIT B THE GAS SUPPLY SUB-MODEL

10. The gas supoly iniustry consists oftwelve virtually autonomous Area Boards.* In
1971 nearly 90% of the gas sold was natural gas, mainly from the North Sea, entering
the country through only a few terminals. The production side of the industry is

represented by a single geogravhical area or point model.

11l. The modelling technique used is linear programming.

The model considers mainly the activities of the Gas Council
such as the purchase, transmission and storage of gas %ﬁd goes as far as the bulk
supply points to Area Boards. The distribution costs are taken into account by adding
2 cost per therm to the other supvly costs. The industry has major choices that it
can make, for instance in building more pipeline, storage facilities or capital-intens
gas plant to meet the winter peak. The cost of each individual activity (such as
building a plant, running it, buying gas from the North Sea producers or elsewhere)

is known or assumed, as are the quantitative relationships between the constraints on

these acuivities,

12. More detailed local distribution and service activities of the Area Boards are
represented by a separate regression type model. These activities are characterised
by a large number of individual investment decisions, each one leading to an exvpendi-
ture on a much smaller scale than any in the production model described above, althous
they add up in total to € of the total cost of supply. The local distribution
expenditures are rclated to apvropriate levels of activity in the industry (such as
annual demand, peak demand and the number of consumers) as well as the available data
will allow. These costs are not as clearly defined or as easily estimated as those

in the bulk vproduction model.

*From the end of 1972, the Area Boards' resvonsibilities have been combined
in the Gas Corvoration.
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[(II C THE ELECTRICITY SUPPLY SUB-MODEL

3. The Electricity Supply Industry consists of twelve Area Boards which supply
sonsumer service and distribute electricity purchased in bulk from the Central
ilectricity Generating Board (CEGB). Our model represents the CEGB and covers the
zenerating of electricity in England and Wales. It is basically a linear programming
nodel and there are two versions of it, one modelling investment decisions, the other
nodelling the detailed operation of the system in a single year., The essential differ-
:nce is to be found in the type of problem it is intended to resolve. Investment
1ecisions are essentially long timescale decisions involving plant lives of 30 years

»r more so that some detail on the system definition can be sacrificed for detail in
che time dimension. Thué the investment model is a single geographical area or point
10del seeing in the time dimension one coal supply area and a crude grouping of

yower stations by fuel type, efficiency, etc whereas the operations mcdel (called the
Jlectricity, Coal, Transport or ECT model) sees 15 coal supply areas, a larger number
»f power station groups which allows for grouping by geographical location, and a
:ransportation matrix to connect them. A technical description of the investment model
.5 given in Appendix 2. The two models interact in such a way that a system descrip-
.ion has to be determined before the EZCT model can be used and this may be generated

)y the investment model. Conversely, the ECT model can be thought of as producing
ross-section data for the investment model provided that they work in dimensions

'ssentially orthogonal to one other.

ITI D THE COAL 3UPPLY SUB-MODEL

L4, The coal supply model is a straightforward data processing program which unbundles
he latest available cost structure of the National Coal Board (NCB) and then
‘eassembles the data for a future year with new projected productivity values obtained
xogenously. This type of programme is conditioned by the contraction of the industry
n that the dependant parameters are the productivity and the latest tranche of output
ue for closure. This type of analysis is done for each area, 15 in all, to produce
upply tranches for the ECT model. The electricity generating industry currently
ccounts for over 50% of the total consumntion of coal so that the view is taken that

lectricity generation takes all marginal coal. Other markets of domestic and coking
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coals are taken as prior demands on the industry tobe met first before general

purpose coal is made available to the electricity industry.

IIT E THE OIL SUPPLY SUB-MODEL

15. The o0il model has not yet been developed to the same extent as the sub-models
previously described for the following reasons. The previous three sections describe
supply models for fuels which are indigenous to the UK and as such national fuel pol:
determines the framework within which the industries overate. For oil, the supply ic
determined by international markets and the price of crude oil ruling in them at the
time. Until recently, the combiration of crude oil price and charter rates kept the
landed price of crude oil steady enough for us to employ a simple 'tap' supply model
in which it is assumed that unlimited quantities of o0il are available at the ruling
market price. Changes in the international oil scene although controlled by re-
negotiable agreements between participants at regular five-year intervals make longer
term estimates of oil prices more uncertain and the tap model less credible so that
an improved representation of oil supply is now necessary. Until the new model is
available, the results from our energy sub-models are therefore very dependent on the

quality of the advice on the oil price and gquantity available fed to it exogenously.

IV INTEGRATION

16. Given the sectoral basis of the models, our first approach to integration

was a modular one., A system was designed to run the various sub-models in turn start
with the demand module and transferring information on prices aﬁd quantities between
them after each sub-model had been executed. At the end of a complete pass through al
the sub-models, the price generated by the gas model, for example, will be Adifferent
from the price assumed by the demand model, when it was executed. An additional cont:
module was devised to chose a new price which would try to reconcile the difference o1
the next pass. Similarly, thé other supply sub-models have generated prices which wil
need to be reconciled with the Demand model. The gombined effect of these will requir
an alteration to the mavket shares in the Demand model. A complex multidimensional

search problem is thus created.
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17. There are two major problems with this method of integration:

(a) will it converge?

(b) the expense of running it to convergence.
Vo guarantee can be given that the technique described will reach a solutien which will
satisfy the demand and supply models jointly. It would appear plausible given the
inbuilt sluggishness in the reponse of demand to price changes that such a solution
vould exist but this is not certain. On cost, a large number of what may be very

sxpensive iterations could be required before a satisfactory solution is obtained.

18, A pilot.study of this area was undertaken with very simplified supply models which
shed light on both these problems. The main objective of the study was to examine
properties of various convergence strategies which attempted to select improved values
for the prices. Even with simplified supply models, the system took over ten iterations
to converge to anything approaching a compatible set of quantities and prices and was
found to be an expensive system to run. With more revresentative supply models, the

system may take even longer to settle down.

19. At about this time, a new system for building LP models (the matrix generator/
generator became available which encouraged the team involved to look at the possibility
of producing an integrated fuel sestor model within the framework of a single LP. The
1ifficulty in achieving this centred mainly on the problem of formulating the demand
nodel in IP termns. The first approach was Yo tranche the demand curves and ~ive each
:ranche a fixed preference for the four fuels. This approach has many difficulties, not
least the problem of developing a price difference tranche structure for a price ratio
rodel, Attempts to resolve this problem led to a parametrised separable vrogram in
vhich a parameter in the model is adjusted until an equilibrium is reached. However,
.f the demand model could be expressed in price differsnce terms as opposed to price
‘atio terms, the parameterisation would be unnecessary. The full development of this

.atter model is still not yet comnlete.

20 Linear programming has the disadvantage that the models are relatively comvnlex,
:hey are expensive to run and the results can be difficult to explain. A simnler
tpproach is the econometric or projective type of model in which the optimising vower

f LP is abandoned during the course of the interactive run.,
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2%, The supply equations used must reflect the resource allocations that are to be
made but these may be computéd externally to the integrated run by means of a survey
of the possibilities so that the cost, quantity, time space can be represented by a
small number of parameters. This approach would be valid for problems that involved
the normal market priece mechanism, even ith regulators provided they overated across
the board as is usually the case, but clearlyv distortions caused by differential
subsidies on tranches of supply could not be rerresented without carryving out 2 sneci
survey. It seems li"ely that such a macro econometric model would recuire a special
set of 'interpretive' runs on an LP model to generate the precise implications of the

macrc-model solution.

22, There is lLittle doubt that the construction of an integrated model of the
energy economy is feasible. The component sub-models have been developed to the
point of being used sevarately by policy makers on analytical work in aid of policy
decisions, Our exveriments on modular interration thouszh successful in achieving
convergence lead us to believe that at the level of compnlexity of the develoved
sub-models the cost of execution is too ~igh for it to be used widely. The integrates
LP has emerged as a result of findinsg this out but further work is required bhefore .
we will know whether the resolution of the si=vlified structure is ade~uate for
policy determination. ‘e propose to press on ''ith the development of an econometric
tyve macro-model as this holds out the home of dealing with the major technical

obstacle-size and therefore the cost of oweration.

s A WORLD IZNZRGY MODEL

25 The balance of the world supply and demand for different fuels forms an
essential backgrouni of the consideration of national energy policies. It is the
purpose of the model which is being constructe? to null together the various »stirate-
vhich ~r2 r~a7e from tir~e to time ~hount “he av-ilavility of fuel suoplies -nd the
dem~nds likely to be nlaced on them. The model is a means of setting out in a formal
and sy .tematic war the inter-relationships which exist in the world energy economy,

and of illustrating the effects of particular trends and changing assumotions.
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24, Althouznh the structure of the model has been kept as simple as possible it
contains a very large mass of data much of which isg based on assumptions and knowledge
which are inevitably speculative. Some of the types of problem that can usefully
be examined using the model are changes in the world pattern of consumption caused
by:-

(a) changes in the proved reserves of fuels;

(b) changes in vroducer take (OPEC cartel effects);

(c) changes in import/export‘restrictions, taxes and political constraints;

(a) the impact of investment in nuclear vower;

(e) changes in cost relativities.

25, For the ourposes of the model the world has been divided into fifteen regions
as shown in Figure 3. The countries have been grouped on the basis of geogravhy,
energy significance and with due regard also to political considerations. The model
concerned with the supply and demand for five primary fuelst coal, oil, gas, nuclear
and hydro power. The standard unit measurement used throughout is 1C? thérms per

annum., *

26. Within each region estimates are made of the availability of each fuel in terms
of extraction costs and guantities. These estimates are based on the best information
which is to hand, but of course the numbers may be changed in the light of new
discoveries or technological knowledge. There are thus 75 region and fuel combinations
each of which is revpresented by a '"'sunnly curve'" which shows the amount of the
particular fuel available in that region at ten svecified levels of cost in vence

per therm. Intermediate coste znd quantities are read by interpolation. A typical
availability curve for oil in the North America region is given in Figure 4.,

Similar schedules showing the costs of various tranches of the reserves exist for the
other four fuels in North America and for each of the fuels in each of the other

fourteen regions.

NOTE: * 1 million tons of coal
1 million tons of oil
1 terawatt hour

0.2% x 'IO9 therms
0.42 x 10° therms
0.034 x 107 thoms

nnn
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27. The next major element in the data input consists of the patterns of actual
production and consumption of the fuels in each region. The starting point for these
is taken as 1970, the latest year for which fully comprehensive international data

is available, and this therefore forms the base line for the model. It is assumed
that regional consumption of energy will grow from year to year in line with the
growth of GDP which is projected forward on the basis of past trends. This increas-
ing demand cén be met by increased production of particular fuels or by substitution
between them. In each case there are techmnological limits to the extent to which suct
expansion or substitution can take place and these constraints have to be apnlied to
the model. For initial working purposes upper limits have been imposed of 10%

ver annum as an expansion rate for productidn and 15% per annum as an upper limit

for substitution between fuels, Lower fipures than thése can, of course, arise
within the model as a means of matc-ing suvply and demand but if the upper limits are
reached, then a deficiency may arise which would have to be met (as in the real world.

in other ways.

28. There are a number of other characteristics of the world energy economy which
are included in the model. First of all, since the method of the model is to meet,
demands in each region at the lowest possible cost, it is neceséary to include
transport costs between varticular regions and not merely the extraction costs in the
country of origin. This is achieved by a cost of transportation matrix which comes
into operation when fuels are assumed to be transported from one region to -another
and which affects their comnarative costs. Second, in the real world there are
zupply constraints between particular areas which may arise for political or other
regions, These can be simulated by a sunply constraint matrix which can be adapted
to permit or forbid transfers between varticular regions., For example, an oil
surplus arising in Zastern Iurope might or might not be available to meet a deficiency
in the VYest, Thirdly, on similar lines, constraints imposed by contract quantities
can be added. Fourth, cost levels are also affected by consumer taxes and these too

are identified and taken into acccunt within the model.
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29. Having assembled all the data on the lines set out above, the first therm
costs of each of the 75 combinations of regions and fuels are sorted and arranged in
ascending order of cost and the fuels are allocated to particular regions, working

down the list, according to certain decision rules described below.

30 The model begins to work by selecting a tranche of suvply from the supply curve
containing the lowest cost level out of the 75 assorted combinations. This is
represented as a certain quantity of therms from the availability curve. The model
attempts to allocate this fuel indigenously first, and then, having satisfied home
consumvntion, if there is any outout remaining, attempts to exvort it. This process
soes on through all the tranches of supply until all consumvtion demands which can be
met are satisfied. At this point a report is produced which shows the way in which
the allocations of fuel have been made and where any deficiencies exist. This pattern
of allocations becomes the data base for meeting the demands arising in the following
year. The model moves forward year by year with demand growing according to the
earlier growth assumptions, and the supvly being provided from the situation depicted

by the availability curves.

31, It is necessary to return, however, to explain the rules governing the alloca-
tion process in some greater detail. The tranche of suvply of the particular fuel
(i.e. so many therms of it at a certain cost), is "offered" to the oroducing region's
home market by the posing of three questions:-

1. Can this amount of the fuel be produced? This is answered by reference
to the maximum produc ion potential in the region, i.e. vroduction in the
base year increased bv a growth factor with an upper limit (we have
assumed 1053

2. Does the market need this quantity? This is tested by reference to total
energy requirements i.e. consumntion in the base year increased by a

growth factor with a limit related to the growth of GDP;

3. Can the market consume this quantity of this fuel? This is established
by reference to the substitution limits,

'he replies to these questions may set a2 limit to the quantity allocated, but if the
replies to questions 2 and 3 suggest that needs and consumption are less than produc-

tion the surplus is offered for exvort.
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52 When such a quantity of fuel production is in surplus and available as export
potential, preference is given for contracted guantities before offering the quantity
for sale. Assuming this point is reached, the model simulates the operation of an
auction in order to allocate the exportable surplus. Some bidders may be excluded

by the supply constraint matrix which represents political as well as commercial
vetoes., For each accepnted bidder, the one for which the cost of the auctioned fuel
offers the gréatest margin over the cost of the highest cost tranche of fuel availabli
to them is judged successful and gets the supnly. This is logically consistent with
the buyer deriving the maximum utility from the purchase and thus being able to

outbid the other competitors., Having identified the purchasing region, the same set

of questions (para 31) is asked and an allocation made. If there is still residual
output from the producing region the auction is repeated on the remaining tranche

of vroduction.

33, The various constraints in the system, e.g. on costs and sunvlies, are dynami-
cally updated as the calculation proceeds so that eventually so far as possible each
region's consumntion and production targets are satisfied within the limits of the
assumntions made. The calculation ends for the year with a few regions with surplus
capacity for exvort. The lowest marginal cost for these supplies is given in the
world summary table at the end of the report generated - these are equivalent to a

world 'spot' cost for each fuel.

34, The model is dynamic and can be run up to the year 2000 as it is at present
set up. So far the allocation logic and theability to set up and execute the next

year's allocations correctly has been tested.
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Appendix 1

Technical Descrivntion of the Demand Sub-Model

The total final demand for energy to final users is broken down into
nine sectors:-

Domestic

Iron and Steel

Other Industry

Public Administration
Miscellaneous and Agriculture
Transport - Rail

Transport - Road

Transport - VWater

Transport - Air

Demands for primary fuels to be converted to secondary forms of energy
are not considered.

Choice of HModel. The form of model used has been larg=ly dictated by the
following considerations about the nature of the problem:

1 The determinants of the behaviour of fuel consumers are not
known. The method used to investigate them is basically an,
empirical one. It is assumed that at least part of this
behaviour of consumers will give some useful information about
the nature of the processes involved and that this information
can be applied directly or extrapolated for useful application
in the future.

2 It is further assumed that the systematic aspects of consumer
behaviour can be described by a mathematical model zand that
this model can be chosen on the basis of its capacity to

represent those features believed to be important in the
field.
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The form adopted for the model has been further influenced by the
nature of available data. All relevant historical data available on
a consistent basis is highly aggregated although it is disaggregated
as far as the principal sectors of the fuel economy - Domestic,
Industry, Commercial, Public Administration, Transport. Differences
between these markets as regards fuel purchasing behaviour are expected
but they are thought to be differences of degree rather than in the
underlying mechanism. To represent this, the structure consists of
models of identical form for each sector but with parameters varying
between sectors. For technical reasons the Transport sector and the
Iron and Steel industry cannot be represented satisfactorily by the
selected model form.

Although the estimation of models of the type used is based on
consistent time series data, reliable estimation of any parameters by
alternative means will tend to improve the remaining estimates (1),
The possibility of such alternative estimation using census data such
as that obtained by the Family Exnenditure Survey has been examined
and the initial indications are promising although results from this
approach have not yet been adopted,

The Model, The model is in three parts.

Initially, the total energy demand within a sector, E, is expressed as
a function of an activity indicator, A, for the sector, the average
price of fuel, P, calculated as a weighted average and the temperature,
T. In addition, any time trend in the total energy series is estimated
by the use of a trend variable, t, whose value increases by 1 in each
successive time period. t is also used as a suffix to indicate the
time period to which any particular observation en any variable
relates, The form used for the total energy demand equation is .then

E_ =a. A P T e 1)
which is preferred to the linear alternative

Et =b_+ b At + b {2 (2)

6 * By oFy + bgT, + B,

partly on intuitive grounds.and partly because empirical investigation
suggests that it tends to perform better. (The a; and bi are constants
varying only between the sectors. e is a known constant = 2,7183)
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‘The second part of the model examines the unrestrained or ideal choice
of fuel for given total energy. This is distinguished from the actual
choice of fuel and represents the choice which consumers would make

if they were able to adjust their purchasing behaviour immediately,
without the lag imposed in practice by considerations of buying and
installing equipment. The model form suggests that the quantity of
any fuel, q.*, which would be purchased is determined essentially

by the pricé of the fuel, p., with reference to a price response
factor, 6, which is assumed the same for all fuels,
-0

UGt = A Ty (3]

The constant A. represents the effect of non-price factors., The
importance’ of tertain of these to the work done with the model and
the possible cpportunity for improving explanation in terms of
measurable variables has suggested removal from this term of

economic activity for the sector measured by a suitable indicator,
I_, and any time trend present in q.*., The A. continues to represent
tﬁe effects of advertising, taste, tonvenieneéd and other factors and
equation (3) becomes

. 6 _b, t
Ge* = Ap Py Tl (4)

with the responses to activity and time assumed to be fuel specific.

Changes in q. _* will be constrained by changes both in total energy
demand and in demands fo:r other fuels. These effects are incorporated
by transforming the relationship (4) to that determining the

corresponding market share,

If total ideal demand is Qt’ then

= %
Q kg,
all i
. q. *
and r*it = 6££- where rit is the ideal share of fuel 1 at
time t. t

Equation (4) then becomes

-0 bi t
A. p. I C.
r't - 1 it - tb i - (5)
1 > e s
ZA. p. I c.,
J th E < J

all j
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‘Ideal shares are not obscrvable and their behavicur must be deduced
from that of actual shares. To do this the third part of the model
is brought into use with actual shares, r., in time periods t and
i
t-1 assumed related by
¢ & y1-¢
1 Gy %) (6)

B (rit-

Tit
vhich implies that purchasing behaviour is adjusted towards the
ideal share but at a rate determined by the parameter ¢ which allow
for the fact that only a certain proportion of consumers will change
their fuel-using equipment in any one year. An alternative

“mechanism which has been experimented with is

. +Q-9) r,, Q)

r. = r.
¢ 1

) t-1

but this has been found generally less useful than (6). In the
remainder of the discussion (6) and (7) are referred to as Model 2
and Model 1 respectively,

¢ 1s assumed to be the same for each fuel and

T T % Topn Ere =1

all 1 all i all 1

Units. Use of market shares means that fuel demand data must be
prepared in terrms of common units and those used are useful therms,
calculated from censumptions measured in original units by use of
thermal contents and efficiencies., The thermal contents are physical
constants but efficiency factors depend upon assumptions about the
population of fuel-using appliances in each sector and the conditions
under which they work. A future application of the model will be
improvement of the approximate efficiencies used at present.

Regression. The technique used for the analyses is multiple linear
regression., This is described extensively in numerous sources,
e.g. (2), (3), and is not explained here.

Linearisation. The use of multiple regression requires linearisation
of the modr. functions and addition of a stochastic term to the

speci fied relationship to allow for non-systematic variations in the
dependent variables. In the case of relation (1) this can be done
directly by assuming a multiplicative stochastic effect and expressing
the relation as a linear structure in logarithms. If the stochastic
term is represented by u, then (1) becomes

E = aA P ° T “e u (8)
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and in logarithms this becomes

log Et = log aj + a; log At +a, log Pt *+ag log Tt

+a, t + logu b

4 t
3 . . *

in following the same procedure for equation (6), r. must be removed
since it is not measurable. This is done by substituting equation
(5), giving

' [ Ai Pi¢ t i
log r. = ¢ log Tt (1-¢9) log -

ZAj pjt It je
all j

vhich is not linear in the logarithms of the observed variables. To
overcome this relation (11) is constructed as a log ratio of the
shares of any two fuels in the form

log 125 = ¢ log [ 4+ (1-6) 1og [fi | = 6 (1-¢) log [Lif]
rk; -1 By Pre

c.
+ (bi - bk) (1-¢) log It + (1-9) log [Ei~]t (i1)-

and a stochastic term added to this,

Such a transformation cannot be made directly in the case of relation
(7) and the equivalent reformulation of this used is

-¢ r. A, P
1l - log[-i] - 0 log [-25]

By Prt

Tit

Pee ~ ¢ Tpeg

log (

{23
+ (b - b)) log I_+ log [Ei- 1t (12)

in which one unknown parameter (¢) appears on the left~hand side,

In estimating this relation regressions are carried out for each of
a number of ¢ values and the '"best'" value of ¢ and the other
coefficients deduced from a consideration of the various statistical
measures,
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Estimation. Consideration of relations (11) and (12) shows that for
any number of fuels there will be only a limited number of ratios from
which valid information can be derived. For the 4 fuels examined in
our studies, only 3 ratios will yield independent results. Further, if
as assumed, the parameters ¢ and £ are the same for all fuels, their
values should be obtained more efficiently by pooling the data for all
3 ratios in the estimation of these nuantities. For estimation by
regression special variables must be constructed to allow for the fuel~
specific responses to the other variables.
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Appendix 3

Technical Descrivtion of the Electricity Investment Sub-Model

INTRODUCTION

1 The Electricity Generating System exists to meet the demand for
electricity, This demand varies in time, fluctuating from hour to hour, and
growing over the years, The short-term variations in demand are met by having
sufficient capacity in the system to meet the peak demand. To meet increases
in demand for electricity in the longer term, additional power station
capacity must be built, There is a choice of types of station which can be

built at any point in time, and a choice of the type of fuel used.

2 The Investment Model of the electricity generating industry represents
the principle investment decisions that have to be taken by the industry,
namely the choice of plant mix to be built, to meet growing demands for
electricity. For each type of new station, there are variables in the model
representing

a the capacity of the station; (MW so)

b the use made of the stations over their lifetime;

and ¢ the fuel used by the station

Given data about the capital cost of the capacity, the running cost of the
station in generating electricity, and the cost of the fuel used, the total
cost of adding any new capacity to the system is evaluated. From among all
the possible combinations of plant which could be used, the model chooses
that plant mix which minimises the total cost of meeting the demands made

on the system,

3 The mathematical form of the model is a mixed-integer programme which
minimises the total discounted system cost over the period studied. Certain
approximations are made in representing the system. It is a "point'" model,
in that no representation is made of the geographical distribution of energy
and fuel supply. The power stations are combined into groups on the basis

of thermal efficiency and broad geographical location, These groups of plants
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are associated into fuel groups. The supply curves representing the cost of
each fuel can be approximated by up to five price levels. The transport and
handling costs are included in the running costs for each plant group. The
representation of the system through time is approximated by modellihg the
system operation in "snapshot" years, and interpolating the variables and

costs for the intervening years.

4 In order to define the characteristics of the system within which the
minimum cost program is found, the following main assumptions and data must
be specified i~
a The future load and pattern of demand to be supplied by the
generating system.
b The existing and contracted capacities of all types of plant,
c For each plant type to be considered the following physical
characteristics are required:
Fuel used - coal, o0il, gas, nuclear;
Thermal efficiency
Maximum and mean availability (within a year)
Development pattern of availability (of a new set)
Physical and accounting life
Any limitations on capacities which can be built
Earliest commissioning date of each type of plant
Any predetermined order in which plants.must be built
eg the early development versions must be built before the
later versions
d The cost information required by the model consists of
Capital cost of new capacity (either varying in time or on
capacity constructed)
Running costs of each rlant grouvo
Fixed costs of each plant group

Fuel costs
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e Additional data required are

Discount rate to be used

Depreciation pattern to be used for valuing plant at the end

of the study

Planning margin on SMD

Any minimum or maximum constraints on the quantity of fuel used.
f For plant types producing and using plutonium, the production and

refuelling rates are needed, together with the initial fuel

requirement,

Different types of plant are distinguished by different combinations of these

characteristics.

5 In choosing the minimum cost plant mix, the model ensures that various
physical constraints and relationships are satisfied. These constraints are
as follows:

a The demand for electricity must be met at all times and for all
yéars.

b The use made of any plant must be less than or equal to the stated
available capacity of that plant.

c The total capacity in any year must be greater than the ACS peak
demand in that year, by the margin deemed necessary to ensure the
desired level of risk of plant outage.

d Some plant types are inflexible, in that they are unable to follow

rapid changes in load, and are therefore restricted to base load

operation.
e The amount of fuel taken at & given price may be restricted.
f The total amount of any fuel may be restricted either to a minimum

or a maximum level.
g The total stock of plutonium must be in positive balance at all times;
ie before fast reactors are introduced to the system, there must be

sufficient plutonium available to fuel them, produced from thermal

reactors.
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h Whenever conventional and nuclear main sets are built, auxiliary
gas turbines are also brought into the system to a stated level,

i If required, prespecified plant programs can be introduced into the
system. In this case the remaining plant program is chosen and
operated to minimise costs.

hi Any order imposed on the introduction of plants is satisfied.

6 The results produced by the model:

a the new plant built in each year studied

b the electricity generated by each plant type in each year

c the quantities of fuel used in each year

a the capital and operating costs in each year

e the production and consumption of plutonium between each snapshot
year

b i estimates of the marginal costs of different patterns of load
increment

g the availability of the system in each year

VARIABLES USED IN THE MODEL

7 The values of the variables represent the operation of the different
plants in each year, the amount of new plant commissioned in each year, and
the quantities of each type of fuel used in each year. The degree of detail
used in the model is defined by the following quantities.

NPLANT : the number of plant groups represented, indexed by p.

NYR

the number of snapshot years considered, indexed by i.

NINST 3 the number of snapshot instants used within each year,
indexed by 1.
NFTYP : the number of fuel types used, indexed by k.
NFTNCH : the number of tranches of each fuel represented, indexed by t.
NSTAP s number of types with several development stages, indexed by q.
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NSTAGE $ maximum number of development stages, indexed by s.
The variables used in the model can now be written down as follows,
npi s defined for Pp=1, 2, esey NPLANT,

| 1 =1, 2, eee, NYR,

representing the capacity of new plant of type p commissioned between

snapshot years Y5 -1 and Ve

zpli s defined for P =1y 2y eesy NFLANT,

i=1 2y seey NYR,

1

]

-
-

ny
-

oesy NINST,
representing the increase in use of plant p, between snapshot

instants 1 and 1 + 1, in year Yo

fkti : defined for k = 1, 2, eoogq NFTYP'

t

n

19 24 osey NFINCH,
i=17,2, eeey NYR,
representing the quantity of fuel type k taken from tranche t in

snapshot year yi.

P 5 defined for 1= 15 25 sees NYIR,

representing the stock of plutonium at the start of snapshot year y..
e

aqis : variables used in arranging the different development stages
of new types of plant into order. These variables are formed
into 8pecial Ordered Sets within the UMPIRE system, and are

used to introduce the necessary integer programming in a

compact manner into the model.

The interpolation of these variables between snapshot years is illustrated in

Figures 1 and 2,



-153-

Y/

$MD a7 |n,.
(Aes) LP

e
W
s A [l i i 2 iy A (] s Y 14 2 4
L A 3 & 5 & y€ s s
Figure 1
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"The use of the increments of use, zpli is primarily for reasons of efficiency
in the linear program. A consequence of this representation is that the duratic
curve of each plant is taken to be monotonic. This means that the representatic

of plants with an interruptible supply of fuel will require some modificaticn.

8 The energy sent out by the station is represented by the area under the
curve, which can be divided into sections associated with each increment zpli
as indicated by the shaded area in Figure 2., Given the location of the
snapshot ‘instants 1, the evaluation of these areas, and thus the energy sent
out by the plant, is very straightforward. Similarly, the quantity of fuel
used by the plant is directly related to the energy sent out, and thus the
total quantities of each type of fuel used, The purpose of the variables

fkti is to represent the possible variation in the price of fuel with the

quantities taken, as shown in Figure 3,

ryte

P ! therm

I
/»/ 2

Quant
Figure 3

RN

;Zuel,k | mn. therms

The shaded area indicates the cost of a quantity of fuel 9, represented by
. f f ¢ : .

the three variables fk1i’ K2i and K31 these variables essentially define

quantities of fuel type k distinguished only by differences in cost to the

industry.
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DATA AND ASSUMPTIONS REQUIRED BY THE MODEL

9 The environment within which the industry will have to operate is defined
by the demands for electricity to be met by the industry, the physical and

cost characteristics of the generating plants available for meeting the demands,
and the thermal and cost characteristics of the fuels available to the

industry. This section describes the elements of data required as input to

the model in order to define this environment of the industry.

DEMAND - DATA
10 NYRNOi ] The snapshot years to be used by the model.NYRNO1 is
the first year of the study, NYRNONYR the last.

HRl 3 The hours from peak, defining the snapshot instants
at which demand is represénted within each year.

DEMli 3 The demand rate relative to peak demand in year NYRNOi
at duratiop HRl. This pattern defines the load
duration curve in each year, and implies the load factor
of demand assumed in that year.

PKFACi 3 The planning margin to be applied in year NYROi.

SMDALL(3) The peak demands to be met in all years of the study,
the index j running from NYRNO1 to NYRNONVR.

SMD3 5 The peak demand in year NYRNO;

The pattern of peak demands is used to interpolate activities between the

snapshot years used,

The interpolation of variables between snapshot years is defined in terms of
weichts to be applied to the model variables associated with the snapshot years.

Denoting values in all year by capitals, and values of snapshot variables by

lower case, we define:
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NYR
X.= T W, x,
J L=1 & 2

where j is an index running over all years,

The weights wji are such that

NYR
I W, =1
L=1 Ji

In the implementation used in this model the weights are defined as

SMDALL(j) - SMDALL(NYRNO, )

W, = =1 ,
ji
SMDAIL(NYRNOi) - SMDALL(NYRN01_1)
Wji_1= 1-Wji (]
for NYRNO, , < J sNYRNO,;
W.. = 0o otherwise,
ji

In matrix notation, these interpolation formulae can be written as
LAl
and are applicable to variablesrepresentive cumulative, or total activities

in each year,

For variables, such as the new plant building variables, which represent the
increment in a total quantity between years, a different, but related, set of
weights are used. These weights are denoted by in, and in matrix notation
we have

N -Vn,

the elements Vji being defined as

_ SMDALL(3) - SMDALL(3-1)

ji
SMDALL(NYRNOi) - SMDALL(NYRN01_1)

for NYRNO,
i-1

<3 «NYRNO,

<3
1]

L o otherwise,
ji
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In the formulation of the model, the general form of these interpolation
formulae is used; so that any change in the particular weights required will
be straightforward, and will not affect the constraints or objective function
of the linear program., Interpolating between values of variables within the
year is different in kind, since it is continuous rather than discrete. The
principle is however the same, in that the shape of the load duration curve
is used for interpolating between variables representing activities at
snapshot instants. In this present formulation, the load duration curve is
approximated by a polygon between the demand levels at the snapshot instants;
that is the interpoclation shape between each pair of snapshots is a straight
line. Given this fact, any required interpolation can be easily worked out.
In particular, to evaluate the total energy supplied by plant p in year i, we
have to evaluate the areas shown in Figure 2, The data values HRl denote
the distance of the instants 1 from the peak., It is then obvious that the
shaded area is given by

%(HRu + HRs) 254

and the total energy produced is given by

NINST
z HRS. z_.

121 1 “pil
wnere

HRS) = %(HRI * HR1+1) for 1 =1, 2, eee, NINST
with HRnInsT + 1 = PRninst
These weights HRSl are used for all plants,
PLANT DATA
11 ACAPPi 3 The existing and contracted capacity of plant p in

year NYRNOi. Included in this figure are the existing
capacity at the start of the study, the additions to
capacity by new building during the study period already
contracted for at the start of the study, less the

capacity scrapped by year NYRNOi.
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LACCNT _,

pi
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p

HRMIN .
pi

EFF

GLPER
P

BMIN .
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BMAX
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NOST
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The fuel used by plant p, identified by a fuel group
nuinber.

Availability of plant p in year NYRNOi, on-peak and off-
peak respectively.

An index defining the first off-peak instant.

Development pattern of availability for plant p,

defining the availability of new capacity relative to the
final availability after t years of operation.

Physical life of capacity of plant type p built between

years NYRNOi_

and NYRNO_.
1 i

Accounting life of capacity of plant type p built between

years NYRNOi_ and NYRNOi.

1
First year in which new capacity can be commissioned.

Last year in which new capacity can be commissioned.

The minimum number of hours which plant p must be
operated in year NYRNOi. This is used to constrain
plants to operate above a required load factor, ie
restricting their ability to follow rapid changes in load.
Thermal efficiency of plant p.

Proportion of auxiliary gas turbine capacity associated
with new capacity of plant p.

Lower and upper limits on the new capacity of plant p

that can be built between years NYRNO and NYRNOi.

i-1
The number  development stages for new type q.

Plant number corresponding to stage t of type q.
Capacity of stage s to type q which must be built before
stage t + 1 is built,

Initial plutonium requirement for new capacity of plant

p, associated with fast reactor stations.
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PRDRATp 3 Plutonium production rate for plant p, associated with
thermal and fast reactors.

REFRATP $ Plutonium refuelling rate for plant p, associated with
fast reactors.

REFRATP g Plutonium refuelling rete for plant p, associated with

fast reactors.

These items of data define the characteristics of the plant type made
avajlable to the model, An important characteristic is the fuel group number,
identifying the fuel burnt by the plant type. As currently implemented, the
existing stations are represented by two nuclear, four oil, 12 coal, two gas
and one gas turbine group. Within these fuel groups, the main difference is

in thermal efficiency, and the associated difference in operating costs.

FUEL DATA

12 FTMAthi : The maximum quantity of fuel k available in year

N i T e
NYR.Oi at price COS Fktl

Upper and bwer limits on the quantity of fuel k taken in

FMAin

FMINki year i.

PSTOCK

se

Initial stock of plutonium at the start of the study.

Using the tranches of fuel FTMAthi with the associated prices, supply curves
for each fuel can be represented, together with changes in fuel prices over
time. A modification is being considered which will enable any shape of supply
curve to be approximated. The present formulation will only represent

curves in which the cost of the fuel increases with quantity.

COST DATA

13 COSTZp : The operating cost for plant p, in units p/kWh, the
components being the fuel handling costs, fuel handling
repair aﬁd maintenance, and % of the other R & M costs,

together with delivery costs,
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COSTCpi Capital cost of new plant type p built in year NYRNOi.
This cost includes the construction cost, the interest
during construction, and thé initial fuel charges in

the case of nuclear plant. The interest during

construction represents the compounding forward to the

time of commissioning of the stream of cash spent during
construction. Units are £/kW,

COSTFkti s The cost of fuel type k, from tranche t in year NYRNOi
The units used are p/therm, and these costs are taken to
be the fuel costs at pit-head, or ex-refinery.

FC

p
FCp(t) over the lifetime of plant p, are part of the avoidable

e

Fixed costs for plant p, and the pattern of fixed costs

costs of any new capacity built,

These four items are used to cover all items of avoidable cost. Modifications
are being considered for the representation of fuel costs, to cover the
possibility of a fuel supply curve which falls with quantity. In the
representation of capital costs, the representation of the necessity of
building high cost stations of a new type before constructing later stations
at lower cost, is included in the facility for ordering stations, using the

variables quoted by a . .
qis

RELATIONSHIPS AND CONSTRAINTS

14 Before the values of the variables described in paragraph 4 can be
considered to be representing the generating system, they must satisfy
various constraints and relationships which define essential characteristics
of the system. In this section the relationships in the model are listed,
together with their mathematical forms which have been included in the

model.
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14,1 Demand Constraint
The demand for electricity must be met at each instant, in each year. This
is expressed in the model in the form that the increase in the total load supplied
from one instant to the next must be greater than the increment in the demanﬁ
between these instants.

z -
il St (PR PPMgas rsMD,

for 1

1, 2, oee, NINST

and 1 = 1, 2, seey NYR

14,2 Capacity Constraint
The use made of any plant at any instant must be less than the available
capacity at that instant. These constraints are defined for each plant in
each year at two levels,; an on-pezk and an off-peak level ov availability.
The mathematical forms defined below are modified in the programme its f for
technical reasons which improve the efficiency of the linear program.
On-peak:

NINST i

lz= 1 Z03 < AVPEAKpi é/gsAppi + j 51 °<pji n-pj/7

1y 2, oee,NPLANT,

=
(o)
s ]
o]
]

and 1= 1' 2, -oa,NYR,

NYRNO

R A _ 3 * i *
vwhere i, = T ij COMPp(l k+ 1) TRFOIpki
k = NYRNO + 1
j-1

the proportion of plant built between years yj_1 and yj
which is available in year i, taking account of the
build-up of availability of new capacity

and TRFOI ,, = 1 if i <k + LPHYS .
pki P

= o otherwise,

thus scrapping new capacity after the physical life.
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Off-peak
NINST i
z z_. . < AVOFF . /;CAP.+ I K n 7
1=NFINs P 2V L 3E S 57
for p =1, 24 oo, NPLANT,

for i = 1’ 2, XX XY NYR.

14,3 Inflexibility of Operation
Plants may be restricted to operate above some minimum load factor. The
purpose of these constraints is to model the inflexibility of some types of
plant, particularly early nuclear stations, which cannot be switched on and
off within short periods of time,

. ms, 5. > mum, Jism s+ 2 B, P17

121 1 “pli i/ pi 3=1 pji i

for p = 1, 2, oo, NPLANT

and i = 1, 2, esoy NYR

: NYRNO,
where = V, ., TRFOI . .
Py - NYRNO, , + 1 kd picd
and TRFOI ., =1 if i< k + LPHYS

pki pJ

o otherwise,

At present care is necessary in setting the data for this constraint since

it may conflict with the availability constraints 14.2

14,4 Security of Supply
Sufficient total capacity must be planned to ensure that the peak demand can
be met with the desired level of risk. This requirement may be expressed in
several ways eg
a Total nominal capacity must be equal to a fixed margin above expected
peak demand, When system availability is changing systematically,

this constraint will result in a changing security 1level,
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b Total available capacity must be equal to a fixed margin above
expected peak demand, resulting in a fixed security level of supply.

c Total available capacity must be greater than a given margin above
expected peak demand. In this situation, the security will be at
least as high as a specified level, but if economically beneficial,
more capacity can be built resulting in a higher level of security
than necessary.

d Total available capacity must be equal to a given margin over peak
demand, unless other constraints on the capacity which can be built
conflict with this requirement, in which case the margin must move
to accommodate them.

These various alternatives are built into the constraint used in the model,

the particular constraint used being selected by éhe data supplied at execution
stage. The two major alternatives (nominal and available capacity) are shown
separately,

Nominal Capacity
i

z /;CAP .+ 2 B n_. 7 + 8l. - sh. = PKFAC. *SMD.
.Z. Pl j=1 PJ1 P_,l/ 1 1 o 8 1
P

Available capacity

i
r K

T AVPEAK . /, T,
pi /ACAP_. + pji "pj,/ + sl, - sh, = PKFAC, *SMD,
p ' pi 521 = i i i i
for i = 1’ 2’ OIQ’NYR
where X B . are defined in 14.2 and 14.3 above.

pji' pii
The "slack variables', sli and shi, allow the equality to be broken in either

direction, the preferred direction being controlled by the costs associated with

these variables in the objective function.
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14,5 Fuel Balance
The amount of each fuel supplied to the system must be equal to the amount of
that fuel burnt by the system. At present this constraint is a simple balance,
but it can be modified to take account of stocks of fuel held within the
system, It should also be possible to take account of lighting up oil used

by coal fired stations by modifying the conversion factors Kp.

: NINST NFTNCH
K HRS. =z = A
repg, P 1=1 1 P 4.4 kil

for 1. = 1, 2’ eco0y NYR, and k = 1’ 2’ o0y NFTYP,

1
where Kp = EFFP %

29300

a conversion factor from MWh to million therms andT® Kk is the group of plants

using fuel k.

14 46 Fuel Supply Limitations
The amount of fuel taken from each tranche (ie at each price) must be less
than the quantity of fuel available in that tranche,

<€
Lopg © FOMAK,

for k = 1, 2, ecoy NFTYP,

t

1, 2, +ee, NFTNCH;

and i = 1, 2., 000y NYR.

14,7 There may be minimum and maximum limits on the total quantity of

each fuel which can be supplied, in each year

NFTNCH
7
o
FMIN, , & = flpq S FMAX

for k = 1, 2' eocoy Nmp

and i = 1, 2, 000y NYR.
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14,8 Building Constraints
Limitations on the amount of new plant built between snapshot years can be
introduced, either in the form of equality constraints, to fix a particular
plant program, or as minimum or maximum constraints, representing
respectively a minimum level of orders to maintain a manufacturing capability,
and a maximum possible construction capacity for any type of plant.

BMIN . € n_, € BMAX
1 p p1

for p = 1y 2, esey NPLANT,

n

B..ndi=1’ 2‘ 6o0ey NYR.

14,9 Auxiliary Gas Turbines
With any modern large set there is associated an auxiliary gas turbine, which
is used in starting up the station, and in emergencies. Under normal
operation, these auxiliary gas turbine plants are available for meeting peak
demands. The proportion of capacity which forms the auxiliary gas turbine
is supplied for each fuel group, and the constraint is applied to all plants
within the gas turbine group, FGT,

I n. 22 GIPER n_.
peraT Pt p p P

for i = 1, 2, eceoy NYR.

14,10 Plutonium Balance
For a system which includes thermal and fast reactors, there may be a
constraint imposed on the operation of the system because of the need to
have sufficient plutonium available to fuel the initial programme of fast
reactors. After some time enough plutonium will be produced by the fast
reactor program to be self-sustaining. This restriction is modelled by
requiring the stock of useful plutonium to be positive. It is expressed in

the form:-
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Decrease in stock between two years

plutonium used for initial fuelling of new plant commissioned at start
of second year

4

plutonium used for refuelling fast reactors during the year

usable plutonium produced from thermal and fast reactors

The last term covers the fact that, after being pfoduced in a reactor, the
plutonium must be cooled and refabricated before it can be supplied to the
system, a process which takes about 9 months., The mathematical form given
below expressed the constraint between snapshot years NYRNOi. It may be

necessary to introduce the constraint for all years,

= - I
pi pi"1 FULRATP npi + c000c0c00000 (
P
NYRNO, -2
=8 & 2 GPRDRAT HRS T W
p 1 j=1/ p 1 k=NYRNO, , -1 kj
NYRNO,
+(1 (PDRAT - REFRAT ) HRS z W. /z..
- oLy = NYRKO, , ki, pld

for i = 1, 2, 00y NYR
(When the stock at the start of every year is modelled, the stock variables

@k are indexed by k which will run over all years. The constraint is then of

the form
pk = pk_,1 - & }i I"'UI..RA'I'p Vki npi
p i
EE 2 e &
+ p1i HRSl é (0.75Wk_ei + 0'25wk-1i) PRDRATP - wk-il REFRATRJ/ zpli

The form of the matrices W and V will in practice reduce the number of

variables appearing in these constraints)

14.11 Launching costs of New Types
A groupof different plants may be constrained to be built in a given order
in time. In particular, if the plants represent development stages of a
new type of plant, each stage may not be built unless a given capacity of
the previous stage has been built. Such a situation can arise when the

developed forms of the type may be economically attractive, although the
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early versions are not. The questions then arise as to whether the combined
programnme is viable, and, if so, in the context of the complete system, vhen
it should be built., The following constraints impose the required arrangement

on the group of plants denoted by NSETQq t = 1y 25 seey NOSTq.

t’

The variables aqis are constrained by the equation
NSq
’ Bais ©
s=1 a
where NS = NOST + 1
q q
These variables are related to the new plant building variables npi by the

equalities

= QCAP

NSq
z (a

n . =a ., .
p..i qis qi-is

qt g

s t + 1

for t = 1, 2, coey NOSTq, and where pgt = NSETth.

When an additional condition is imposed on each set of the variables

gaqis’ B ATy By wasy qu; that at most two may be non-zero, and these two

must be neighbouring elements of the set, the above constraints result in the

required arrangement of the plants into order,

14,12 Smoothing of Plant Building
In some studies, it may be desirable to restrict the pattern of building of
some types of capacity over the period of the study to follow & smooth path.
That is, from one period to another the rate of addition of capacity should
not oscillate too violently. To enable such restraints to be imposed,
constraints can be added to the model which limit the building on one year

to within specified ranges of the amount built in the previous year.
14,13 The basic form of the constraint is

< fir
g%x %p i+1 > gz:npi - O
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where()(and ;g are set to give the required growth or decay rates from one
year to the next and X is the group of plants being restricted. To cater for
the situation where the snapshot years are distributed in time, the constraints

take the form

( )
L Doiv §Bl(ﬁk-1 ) I o Bp 4 K /'Bl(ﬁk-‘l) 7
Pe x ( 1 )PEX - ll ("—"'-"_')—k
gl _ 1 B_ 1 O L
where 1 = (NYRNO, - NYRNO, .)
i i-1
and k = (NYRNO, - NYRNO,)
i+ 1 i
When B = 1, this reduces to
Enpi+1z-‘15 Enpii"ék(k+1)
¥Ex PEX

Varying the values ofC<,fg enables more of less restrictive limits to be

applied as desired.

THE OBJECTIVE FUNCTION

15 Any set of values of the variables which satisfy the relationships and
constraints defined in paragraph 14 represents a feasible method of operating
the generating system over the period considered. The model is completed by
specifying an objective function., By choosing that set of values of the
variables which satisfies the constraints, and which "extremiges" the
objective, we determine the method of operating the system which the industry
will use to meet its objective. In the present formulation, the objective
function used in the model is the total discounted system cost of operating

the system over the period studied.

The total system cost, present-valued to the start of the study is composed
of three components as at present implemented. These components are the
capital and fixed capacity related costs, the operating costs, including

transport and handling, and the fuel costs. The mathematical form is



TG

£ ICON ,n . +2 X ZcCOZ2_, 2 + & LI COF . f ..
p i pi pi p 1 i pli “pli k t i kti "kti

The coefficient of npi' representing capital and fixed costs, is given by

NYRNO,

CON , =cosTc_., < * v.. 89 = 1 DEPREC
pi PL 5 - nymvo 4+ 1 3% pJ
i-1
NRYNO kmax
-1
+ FC z V.. Tosk T rep (k- g4
P 5 =NYRNO + 1 9% k=3 ° 4
i~
where S = 1 , gilves present value effect,
1 + DISC
K + 1
EP 1.8
e -———;:Ef:—T y, gives fraction of capital depreciated in
1 =
period of study,.
K = min (IACCNTpi' NYRNOp o = § + 1),
L = LACCNTpi,
and kmax = min (j + LPHYSpi -1, NYRNDNYR).

The operating cost coefficient is given by

CO%_.. = COSTZ_EHRS., CSTRUN, CONV2Z
pli p 1 3
NYRNO) v ’ 55 - 1

where CSTRUN, = -
> 3 =1 33

and CONVZ = 0,01

conversion factor to give £'000 in the objective function,

The fuel cost coefficient is

COFkti COSTFkti CSTRUNi CONVF

where CONVF 10

conversion factor to £'000,

Additional terms are added to the objective function to deal with the slack

variables introduced in the constraints in section 14,4, These terms are
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NYR /T NYRNO, ._1)( )
z /C §* V.. * 59 ) (CSL; * 81, + CSH, * sh, |
L=1/ (3=NmNo+1 I ) o *

i-1

Setting different values for the 'costs" CSLi and CSHi has the effect of

modifying the type of inequality appearing in the peak demand constraint 14.L,

OUTPUT OF RESULTS

16 The values of all the variables are available on the completion of any
computer run. However, to obtain useful results, a certain amount of
processing is required after the linear programming. A brief description of
the present output analyser is given below. As use of the model develops, it

will be straightforward to add further analyses to this program,

17 The Output Analyser is a program that analyses and prints the results
from the solution file outout by the linear programming investment model of

the electricity industry.

The MGG created routines of the output analyser read the solution file, called
the unravl” file, from unit 8 and either re-read the MG data from unit 5 or
read a dump of common (unit optional) taken at the end of the MG and then call

subroutine REPORT, the user-written Fortran routine that controls the analysis.

18  REPORT
This routine organises the calling of other routines that:
1 Read the data required by the output analyser only, from unit 5.
2 Perform basic calculations to obtain values which are required by
more than one routine,
3 Perform calculations on the matrix generator data and optionally
print out the data and calculated values in tabular form,
L Perform calculations on the solution results and optionally print

out the calculation and solution results in tabular form.
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19 CONTENTS OF DATA TABLES
I Demand Data Table - Option 11
The maximum demand for each year and the load factor, energy supplied, planning
margin and demands at snapshot instants for each snapshot year.
ITI Plant Data Tables = Option 12
1 Capital cost table
The cost of installation of each plant in each snapshot year.
2 Existing capacity table
The existing and contracted capacity of each plant in each snapshot
year,
3 Plant life table
The physical and accounting life of each plant built in each
snapshot year.
L Minimum running time table
The minimum running time of each plant in each snapshot year.
5 Peak availability table
The peak availability of each plant in each snapshot year.
6 Off-peak availability table
The off-peak availability of each plant in each snapshot year.
7 Plant installation and running table
The first and last snapshot year for installation, cost of running

and thermal efficiency of each plant.

JII Fuel Data Table - Option 13
The minimum and maximum quantities of fuel for each snapshot year and the
tranche size and fuel price for each tranche for each snapshot year. A block

for each fuel group.

20 CONTENTS OF RESULT TABLES
B 8 Plant operation and installation table - Option 1.

The existing, new and total capacity, generation, load factor,marginal



II

III

Iv

VI

VII

VIII

IX
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running cost, fuel savings and system saving for each plant for each
snapshot year,

Plant usage at different load levels table - Option 2

The total capacity and plant usage at different percentages of peak
demand for each plant for each snapshot year.

Plant‘building and capital cost table - Option 3

The amount of each plant type being built in each actual year and the
capital cost for that year.

Fuel consumption and costs table - Option &

The capacity, generation, load factor, fuel used, fuel cost and other
costs for each fuel group in each snapshot year.

Simple summary table - Option 5

The existing and contracted capacity, plant building and generation at
each load level, for each plant for each snapshot year.

Marginal cost table - Option 6

Prints out the array of weights applied to the shadow prices and the load
factor and load pattern of the increase in demand for each consumer tyve.
This is followed by the actual table of the marginal cost of meeting a
unit increase in demand for each consumer type for each year.

Plutonium table - Option 7

Prints initial fuelldng, production and refuelling rates and the initial
stock of plutonium and initial fuelling. This is followed by the opening
stock for each snapshot year and the initial fuelling, production and
replacement fuelling between snapshot years.,

Availability Table - Option 8

Prints out annual figures of nominal and available system capacity,
together with the margins of spare capacity over system maximum demand.
Analysis of Objective Function - Option 9

Prints annual breakdown of future avoidable costs, giving capital costs,

fixed costs, fuel costs, andother variable costs.



Discussion

The question session began with comments on the

electrical model. Linear programming models have been used by
EdF for the last twenty years. Over time, the models have

been getting larger and more complex as they become more
realistic. The questioner agreed with Hutber upon the necessity to
consider a long time scale, such as thirty years. As the
problem grows, non-linear programs apparently allow for

cheaper and more realistic representations. (Hydro-stations
and load curves can be included with fewer variables.) Two
years ago, however, they found that they could not deal with
storage stations in the same way. Cost of energy and order

of operations were unknown. A new approach is needed. Perhaps
sub-optimizing by use of control theory inside a non-linear
program will work. Large models are required to represent the
electrical system realistically. Plutonium, for example, will
require a separate model.

Mr. Hutber agreed that it is difficult to represent pump
storage. His model only considers the number of power stations
rather than named ones, although this suppresses site differ-
ences. Pump storage is grafted onto the model through the gas
turbine component. The plutonium question is built into the
model by requiring the fast thermal reactor to balance with
respect to plutonium.

His questioner agreed that specification of pump storage
is not so important for a general model, but felt it could
become important if nuclear energy is used for more than just
a base. He added that at EdF linear and non-linear programs
generate economic values for the engineers who must make the
choices. Mr. Hutber responded that his group does the same
thing.

The question arose whether the basic assumption of the
model is that all oil and gas will be burned, and that there-
fore the only question is how quickly this happens, or whether
instead the underlying idea is that we must find new technical
processes which conserve petroleum, in which case these should
be integrated into the model. He urged IIASA to focus on
conservation and on means for better using o0il and gas.

Mr. Haefele responded that first we must know the present
state of the art used by current energy managers before we can
increase the level of sophistication and incorporate long-
range technical concerns. He asked Hubter whether he had
described what he can do today.

Mr. Hutber said yes. He added that, although the model
is based on a market economy, one could distort prices, the
producer take, the tax structure, or other features to see the
effects of policy changes. He went on to describe the kind of

=173~
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model he hopes to achieve. Econometric models provide a
convenient way of simplifying the world with explanatory
variables. The aim is to build a model with a non-linear top
line describing the macro situation and a linear programming
base to produce supply curves to feed the econometric model.
This will avoid the problem that a linear program tends to re-
estimate an entire system even if You only alter a relatively
isolated portion of it. Thus, it will allow you to design
only that portion which you want redone.

Someone else commented that he understood the model as an
allocation model of primary energy that would be useful on the
strategy -level. Once a policy had been chosen, this linear
program would help in formulation of a strategy to implement
it. Thus, the job is enormous. This program is already large
and complicated, but it is just a subroutine. Heuristics and
satisficing are other possible ways of choosing strategies.

He went on to say that therefore he disagreed with a previous
speaker; this type of model is relevant to IIASA as a very
important subroutine. The basic point is the fashioning of
systemic tools to deal with the broader questions of policy
and then to determine strategy.

Mr. Raiffa commented that two econometricians with
interest in the energy problem, Tjalling Koopmans and Allen
Manne, will be coming to IIASA. They will bring with them
knowledge of the work being done in the United States. The
methodological problems with the extensions of linear
programming is one of the areas already picked as an IIASA
project. He agreed with a previous speaker that long range
models become increasingly sensitive to uncertainty. These
models are primarily designed for short range phenomena. He
agreed with another speaker that IIASA must stress its
"peculiar role as an international organization." It would be
lovely to find problems where IIASA could make a significant
contribution on the global level. Secondly, IIASA definitely
should be a conduit for exchange of ideas on handling problems
replicated in all of the countries, such as siting. One
possibility would be for IIASA to sponsor conferences in such
areas as short run modelling.

Mr. Hutber endorsed Mr. Raiffa's remarks. He noted that
good links between the scientific work in different countries
do not yet exist, although the U.N., for example, is trying
to foster such ties in Geneva. However, these are governmental
links one thus gets national stances which inhibit scientific
exchanges. True technical exchanges are easier to get in
small groups like this conference.

One of the participants thanked Mr. Hutber for mentioning
the U.N., noting that the U.N. has never discussed the o0il
problem. He objected to the context in which the OPEC countries
had been discussed in the proceedings up to then and urged that
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ITASA not forecast prices or the political behavior of OPEC
countries. It would be wiser not to study the energy problem

from the point of view of prognoses, forecasting, price changes
or political and economic influences. If these factors were
discussed, one must also try to understand the point of view

of the exporting countries, and IIASA is not the proper place
for this. Rather, it should base its modelling on conservation
and the substitution problem and focus on technological rather
than political forecasting.



Comments upon the Discussion of F. Hutber

R. Janin

For the past twenty years, Electricite€ de France has
been using optimization models to define its production
investment programs. We have gone through different and
progressively more complicated stages.

In the beginning, we used a very simple linear program
which finally proved rather unrealistic in its results.
The production function was, in effect, poorly represented
by linear functions.

We then sought to make these functions more complex to
make them closer to actual management. But in reality, the
French system of production is very complex, and we soon
realized that it was preferable to represent operating costs
by non-linear functions. We thus developed a group of
programs widely used at this time to define the marginal
costs upon which the value estimates for production equipment
are based.

However, pump storage stations are not easily represented
by the technique which has been used up to now. We have been
working for some time on a final stage which consists of
using control theory to represent satisfactorily the manage-
ment of a production plant including pump storage stations.
Moreover, control theory makes it possible to use powerful
optimization algorithms developed to economize on the volume
of calculations.
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A Unified Framework for Energy System Planning*

Kenneth C. Hoffman

ABSTRACT

A linear programming model of the nation's energy
system was developed to provide a framework for planning
and technology assessment. The model encompasses the
entire energy system and reflects the full feasible range
of interfuel substitutability. It includes both electric
and non-electric energy forms and focuses on the technical,
economic, and environmental characteristics of the energy
conversion, delivery, and utilization devices that make
up the energy system. The analytical approach, in its
general form, considers n alternate supply categories
and a set of m demand categories, providing n x m possible.
supply-demand combinations or paths. The solutions ob-
tained indicate the optimal supply-demand configuration of
the energy system within the constraints on resources,
demands, and environmental impacts that are specified
exogenously. The model may be formulated on a regional
or national level for some future planning year by
specifying, along with the appropriate constraints, a
cost coefficient, supply efficiency, utilization effi-
ciency, and set of environmental impacts for each feasible
supply-demand combination. The load-duration character-
istics of electrical demands are also incorporated in the
model. The optimization may be performed with respect to
cost, or alternatively, with respect to an environmental
effect or some arbitrary combination of such effects.

The model, in its current form, has 13 supply
categories and 15 demand categories, and the impact of
several new technologies has been evaluated using a set

*

Taken from the dissertation submitted to the
Faculty of the Polytechnic Institute of Brooklyn in
partial fulfillment of the requirements for the degree
of Doctor of Philosophy (System Engineering).
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of supply and demand constraints estimated for the year
2000. The technologies that were evaluated are a high--
performance, non-electric air conditioner, an electric
automobile, and fuel cells.

Possible extensions of the model and the input
data requirements for this planning technique are out-

lined. The current availability of data in the required
format is reviewed.

INTRODUCTION

The nation's energy system may be usefully though of
as consisting of an integrated set of technical activities
operating within a complex private and governmental insti-
tutional framework. The technical activities involve the
exploitation of a wide range of energy resources to provide
various energy forms to all sectors of the U. S. economy.
This system strongly interacts with the social and
physical environment. It is a vital element of the
nation's economy while, at the same time, it produces
environmental effects that adversely affect the quality of
life. Serious analysis of the nation's eneré& system and
the development of short- and long-range strategies for
its future development requifes a comprehensive framework
within which technical, environmental, economic, and

policy constraints may be expressed and alternate
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strategies evaluated. The linear programming model
described here was specifically designed to contribute
to such a framework.

Much of the energy system analysis and modelling effort
presently under way is devoted to specific sectors of the energy
system for special-purpose studies such as the determination of
the mix of generating facilities employed to satisfy a specified
level of electrical demand,(l) estimation of the demand for

(2)

and the evaluation of

(3)

and/or the production of oil or gas,
nuclear reactor concepts and fuel cycles. Such activities
treat these individual sectors in much more detail than is
feasible in a more inclusive energy system model and provide
essential input data to such a model.

The linear programming model presented here is directed
at the evaluation of technologies and policies and includes the
full range of interfuel substitutability, including substitution
between electric and non-electric energy forms. It encompasses
the entire energy system including all resources and demand
sectors. Since the range of interfuel substitutability that
is feasible depends on the supply and utilization technologies
that are available, the model is constructed around these
technologies. The technology related parameters which appear

explicitly in the model are the efficiencies of energy conversion,
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and utilization devices; the emissions or environ-

mental effects produced by the devices; and their cost.

model

The important characteristics of the linear programming

may be summarized as follows:

1.

The model encompasses the entire energy system in-
cluding all alternate resources and both electric

and non-electric demands.

The full feasible range of interfuel substitutability
is reflected.

Technical, economic, and environmental characteristics
of energy conversion devices (both supply and utiliza-
tion) are incorporated.

The load-duration characteristics of electrical de-
mands are included. (This is a very important element
that is frequently ignored in energy system modelling.)
Supply, demand, and environmental constraints are
specified exogenously.

Optimal supply-demand configurations are indicated by
the model. The optimization may be performed with
respect to cost, resource consumption, or environmental
effects in a given planning year, or with respect to
some arbitrary combination of these factors. It should

be noted that the optimization is performed on the
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basis of annual cost in the planning year rather

than a minimum present worth over some number of
years or over é planning increment. The two objec-
tives do, however, correspond under certain restric-
tive assumptions. Inclusion of the optimization over
a planning increment feature is feasible but would
enlarge the size of the linear program and

would complicate the interpretation of results and
sensitivity analyses.

7. The model may be applied to regional energy planning
or at the national level using national average param-
eters. The physical siting of power plants is not
considered in the model, although population density
in the vicinity of a class of power plants may be
reflected by appropriate weighting of the environ-
mental effects.

The intent in establishing the scope of the model has been
to include the technical elements that are felt to be of major
importance in a framework that is as simple as possible.
Simplicity is felt to be a requirement if all assumptions are
to be evident and the results easily interpreted. The decision
concerning which features should be included and which should
not is, of course, a matter of personal judgment and some

rartionale should be given for excluding specific elements.
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Certain elements have been excluded from the model simply be-
cause they are not compatible with the analytical approach while,
in other instances, they have been left out only because they .
are not sufficiently quantifiable or are of limited interest
except for special purpose studies.

The more significant elements that are not included ex-
plicitly in the current verSion of the model are dynamic features
of the energy system and energy demand elasticities. Dynamic
characteristics of the energy system may be introduced by apply-
ing the model sequentially to a series of incremental develop-
ment periods, with growth of demand and equipment turnover spec-
ified exogenously. Demand elasticities have not been included in
the model as the basic energy demands are specified exogenously.
It should be noted, however, that the demand constraints are
not expressed-in terms of the quantity of fuel used but are based
on, for example, the number of households to be heated, the num-
ber of passenger miles of automotive travel required, and the
tons of iron to be produced. Alternate systems, with different
efficiencies and, most probably, different costs may compete in
the optimization process to serve that demand. The allowance of
such substitution of fuel demands does acéount for'part of the
demand elasticity. Production functions for various energy

sources also have not been represented, but may easily be
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included as alternate supply categories representing a step-

like function.

DESCRIPTION OF THE ANALYTICAL MODEL

The energy system, on a regional or national level, may
be represented in a network format as shown in Figure 1. The
network in this case is quantified with the energy flows for
the year 1969 from alternate resources through the various
energy conversion and delivery activities to specific end uses.
Each link in tﬁe network represents a process or mix of processes
used for a given activity such as the refining of crude oil.
Costs and environmental effects may be assigned to each link.
Similar energy system diagrams have been developed for the pur-
pose of technology assessment for selected future years.(4)
Examination of the energy demand sectors at the right-hand side
of the diagram indicates the degree of disaggregation that is
required in the demand sectors. To evaluate the potential bene-
fits of a high-efficiency air-conditioner, for example, it is
necessary to define the demand level for this specific end use
and to estimate the degree of implementation of the improved sys-
tem whether such implementation comes about purely from competi-
tive market forces or from a policy or regulatory decision. It
is also necessary, particularly in the example of the air-

conditioner, to establish the electrical load-duration characteristics
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of the demand sectors, as the type of generating equipment in-
stalled to serve that demand depends strongly on the load factor.
It is possible to develop energy system diagrams by
specifying the fuel mix and technology mix at some future point
in time on the basis of available forecasts and trend analysis.
In view of changing prices, demand levels, and fuel supplies
it is desirable to have at hand an analytical model that will
indiéate optimal fuel mix configurations within the resource,
environmental, and demand constraints that operate on the energy
system. The linear programming model provides this function.
Rather than using a network algorithm for further analysis and
optimization, the energy system diagram may be transformed to
a simpler structure. Figure 1 indicates that a given resource
may be converted to electricity and one, or in some instances
several, general-purpose fuels. Rather than to reflect these
in a network structure it is convenient in the linear program

to consider them as alternate supply categories subject, when

appropriate, to a single resource constraint.

THE ANALYTICAL MODEL
The linear programming model is formulated about the
classical transportation problem of dete:miningvthe optimal
routing of a product, in this case an intermediate energy form,

from a set of n supply nodes to m demand modes where a cost and
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set of environmental impacts are identified for a unit of energy
passing over each of the n x m possible paths. The typical
linear programming representation of the transportation problem
is modified by the inclusion of efficiency coefficients in the
supply and demand constraints and is augmented by additional con-
straint equations reflecting the environmental factors as well

as certain technical features of the energy system. A graphical
representation of the basic model and a definition of terms is
given in Figure 2.

The n supply nodes and m demand nodes can include all
supply and demand categories. To provide_a feasible path between
a supply and demand category, both a supply and utilizing tech-
nology must be identified. For a given path, j, a resource Su
is converted to intermediate energy form, xj, at an efficiency,

e .. In turn, the intermediate energy form is used to satisfy

uj

demand DV at an efficiency dvj' A cost cj and set of environ-
mental effects, included in ?j' are also defined per unit of
intermediate energy form.

The mathematical formulation of the model is as follows:

Minimize
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subject to
- X, S8 u=1,n,
e . j u
J uj
z x. =D v=1lm,
R 4 I | v
J
Y f x. £B w=1,614
. Wi j w
]
and
x:. =2 0. (1)
J

The summation in each constraint equation is over only
those indices j that represent admissible ‘intermediate energy
forms for the supply category, demand category, or other con-
straint. The full linear program array thus has k = n+m+{ con-

straints and these may be represented as:
P
L a,.x, $b, i=1,k, (2)

where the a,. include e ., d ., and £ . in the previous formula-
1] uj v3] w]
tion and the bi correspond to the Su' Dv' and Bw' This problem

may be solved by the application of any of several algorithms.

(5)

For a complete discussion of these techniques see Dantzig and

(6)

Wagner.

The £ equations that augment the supply and demand con-

straints include the environmental constraints and equations
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that constrain certain energy flows to reflect technical fea-
tures of the energy system. The latter group of equations in-
clude:

1. Off-peak constraints that specify the maximum amount

of energy available from each central station electric
source to serve off-peak electric or thermal demands;

2. enerqy balance constraints that specify the amount of

by~-product energy available from specific sources to
serve other demands;

3. storage balance equations that ensure equality between

the amount of energy supplied to storage and that de-
livered from storage including losses;

4. endogenous demand constraints by which portions of

central station electric demands can be reassigned
internally to categories with different load factors;
and

5. special constraints on individual intermediate energy

forms.

To illustrate an off-peak constraint equation consider a
central station supply category, such as a gas-turbine generator
operating on fuel o0il, which can furnish electn cal energy to
two demand categories, a pealk electrical demand with a load factor
of 0.5 and an off-peak electrical demand that can use energy at

any time that it is available. If these demands were the only
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ones that could be served by this supply category, a peaking
constraint equation would be required to ensure that the in-

stalled power capacity to deliver an amount of energy X3 to the

peak demand was not exceeded by the power involved in supplying

amounts of energy x, to the off-peak demand. For every unit of

2

energy X up to that same amount can be supplied in the ideal

ll

case as x, and the off-peak constraint equation would be of the

form

-x. + <
X X, 0. (3)

If in a solution, x, were equal to x the installed power gener-

1 2'

ating capacity would be base-loaded.

The general expression for an off-peak constraint equation

for clectric supply category Su where the off-peak demands have
no time restriction and the supply plant can operate with a plant

factor PF for the annual period is:

T a,.x, s 0, (4)
. 13 ]
J
where
LF., - PF
ai. = -—%Er-——- for electric energy delivered to
] j peak demands with a load factor
LF, < PF,
3
a,. = 1 for electric energy delivered to
J of f-peak demands,
alj = euj for thermal energy delivered to off-

peak demands.
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Additional correction factors may be applied to the coefficients
to reflect other time restrictions on the use of off-peak power.
I1f both scasonal and weekly peak and off-peak demands can be
satisfied by an electric supply category, then an off-peak con-
straint equation is required for each period.

An enerqy balance constraint is required when by-product

heat is available from an electric generating device to serve
other demands for thermal energy. If the conversion efficiency
of such a device is e, the load factor of the thermal energy de-
mand LF, and a fraction a of the waste power can be used ef-

fectively, then the constraint is given by

where Xy is the amount of electric energy produced and X, is
the intermediate energy form, heat, supplied to another demand
sector .

When provision is made for the storage of by-product or
off-peak energy for use in other demand categories, the storage
medium is defined as both a demand category that can accept that
anergy and a supply category that can, in turn, deliver the

-

energy to other demand categories. A storage balance equation

is required to ensure the proper balance, allowing for any in-
efficiencies that may be involved, between the energy supplied

to storage and that supplied from it.
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The endogenous demand constraints are developed in the

following manner. Let demand category v, with a demand con-
straint Dv' be served by two alternative central station electric
supply categories, which deliver intermediate energy forms

X, and X and by a decentralized supply category delivering

energy form x Further assume that the primary load factor

3°
for Dv is 0.5 but a fraction g of the intermediate energy form

used-at the primary load factor is used at a load factor of

0.1. Also, letfx4 and Xc represent intermediate energy forms

delivered at a load factor of 0.1 from two sources that could

even be the same type of plant that delivers energy forms Xy

and X, Clearly,

where EV is the amount of energy required by demand category v
at the primary load factor of 0.5. The exogenous demand con-

straint in this case, for d =d ., is
vl v2

d ., (l+g) x, +d (1+g) x

+ =
vl ] v2 dv = B (7)

2

and the endogenous demand constraint is

gx, + gx, - x, - X, = 0. (8)

Any portion of the demand Dv that is satisfied by the intermediate

energy form x_, does not involvé any reassignment of energy to the

3

endogenous demand category. This is because, unlike the case
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with central station electric sources, no other equipment can
be used to furnish the low load factor portion of the demand.
The cost coefficients for variable Xy in this instance must be
based on the composite load factor.

Only one endogenous demand constraint is required for a
given load factor category and portions of any other demands
that have a component with that load factor may be assigned to
this category in the same equation.

The following example will illustrate the complete formula-

tion of the model in a simple case.

Illustrative example: Consider three supply. cate-

gories (Sl,Sz, and S3), the first two of which are
central station electric sources, and two demand cate-
gories (Dl and Dz). Let D1 be a peak demand with a
primary load factor of 0.5 but with a fraction g of
that primary component required at a load factor of
0.1. Further, let D2 be an off-peak demand with no
time restriction and assume that all evj and dvj are
unity. Finally, let cj be the cost and aj the air
pollutant emission coefficients for variables xj.
Formulate the linear programming model for this prob-
lem.

Solution: The problem may be put in supply-demand

matrix form as:
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D
1 Endogenous
: D
(primary demand 2
LF = 0.5) (LF = 0.1) off-peak
Supply: central station, S1 X, X, X4
central station, 82 x4 x5 x6
decentralized, S3 x7 x8

(The subscripts of variables in this example bear no

relationship to those used in previous illustrations

of constraint equations.)

The solution to this problem is given by:

xl + x2 + x3
x4 + x5 + x6
(1+g)xl +(1+g)x4 4
%3 v B
-9x, * X, —9x,  * %,
—xl —9x2 + x3
~X, -9x5 + Xe
- (1+9g9) / (1+g
alxl + azxé + a3x3 + a4x4 + asx5 + a6x6 + a
clxl + c2x2 + c3x3 * c4x4 + csxS + c6x6 + ¢

RS

)x7

Y

77

A

A

S (9)

s, (10)
S, (11)
Dl (12)
D2 (13)
0 (12)
0 (15)
0 (16)
0 (17)
B, (18)
min z (19)

This example illustrates the supply and demand constraints

(egqs. 9 through 13), the endogenous demand constraint (eq. 14),

the off-peak constraint (eqs. 15 through 17), the environmental
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constraint (eq. 18), and the objective function (eq. 19). Note
that variables X, and X represent energy delivered to Dl at the
low load factor. 1In a larger problem, each of these variables
could represent energy delivered to a number of demand "sectors.
Any electric generating capacity installed to handle this load
is also available for off-peak demands and this is reflected in
the off-peak constraints for each central station supply cate-
gory.

If the value of BS' the environmental constraint, is set
high, then eg. 18 will merely serve to sum up the emissions.

The value may be set lower, however, to constrain the solu-
tion within some total emission level.

The coefficients in the objective function (eq. 19) would
reflect the capital cost of the facilities used in the energy
supply system as well as fuel and other operating costs. Social
costs, or externalities, may also be included if these can be
quantified. The capital and operating cost of utilizing de-
vices such as home furnaces, air-conditioners, automotive engines,
and blast furnaces may also be included. The typical cost co-
efficient is therefore made of the sum of at least two cost
elements; a capital recovery cost, Cur and an operating cost,

Cf.
The capital recovery cost, when the intermediate energy

form is electricity, is calculated using the following relation-

ship:
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Y - (crF) - 10°

¢ T 3413 . 8760 - (PF)

(20)

where
c = capital recovery cost, $/106 Btu (electric),
Y = capital cost of supply and/or utilizing faciiity,
$/kW (electric),
CRF = capital recovery factor, and

PF

plant factor.

The plant factor will generally be taken to be equal to
the load factor so long as that provides for any plant shutdown
period that may be required. However, if the load factor is
1.0 or even near that value, the plant factor may be reduced be-
low the load factor by whatever margin is desired.

The operating cost includes the annual cost of fuels and
resources comsumed as well as the cost of other operations such
as fuel transport and distribution. 1In general, the fuel cost
will include the capital recovery cost of any fuel extraction
and treatment facilities that are required.

It is important that the cost coefficients be defined in
terms of the intermediate energy form represented by the variable
that they operate on. When the intermediate energy fofm is
electricity, for example, the capital recovery cost of central
station electric plants will be defined properly using eq. 20,

but the fuel ecosts must be multiplied by the inverse of the supply
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efficiency so that they refer to the electrical output rather
than to the energy input to the plant.

The capital recovery cost for an electric supply category
is a function of the plant factor which, in turn, depends on
the load factor of the demands that are served. When energy is
delivered to a peaking or base-load demand category, the full
capital cost of the generating capacity required to produce that
energy is recovered and some additional capacity margin may even
be included to account for plant shutdown periods that may be
required. Thus, within the off-peak constraint that is specified
for this generating capacity, off-peak energy may be delivered
to other demand sectors that can utilize this energy form, with
no capital recovery charge. The appropriate fuel cost is re-
covered, however, in both peak and off-peak demands. The alloca-
tion of costs in this manner does not imply any rate structure
but merely ensures that the full costs of the energy system are re-
covered. Thus, in the illustrative example, the cost coefficients

and c, would all include fuel costs. The coefficient c

Sy Bage 3 3

ll
would include no capital recovery cost element. Coefficients
=N and c, would include the capital recovery cost, calculated
for each case using the appropriate plant factor.

In an optimal solution to the linear programming problem,

each central station electric supply category is assigned to
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serve a specific demand or combination of demands. The electrical
cnergy supplied from these sources, howcver, is a common product
and the only significance to be attached to a specific assign-
ment is the combined load factor of the demands that are scrved.
Examination of the optimal solution will indicate which central
station categories are base-loaded and which are employed for
intermediate and peaking service.

It is clear that there are no implicit assumptions built
into the model :egarding objectives or continued growth of energy
demands. The analysis simply indicates the optimal configuration
of the energy system within the constraints that are defined for
a particular analysis. The annual cost of the overall energy
system is minimized in each analysis. There will be cases where
some individual demand sectors may bear a higher cost for ser-
vice in an optimal solution than they would in some non-optimal
assignment. The overall optimality condition, however, ensures
the existence of an internal rate structure that can redistri-
bute costs such that some or all parties will be better off, and
none worse off, than they would be with some non-optimal alloca-
tion.

The linear programming model has the capability of very high
accuracy in determining an optimal solution; higher, perhaps,

than is justified by the accuracy of the parameters that are
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defined. 1In particular, if the planning horizon exceeds 15 Years
or so, the constraints and technological coefficients will be
speculative. This indicates the need to recognize possible solu-
tions that may be near optimal and to perform extensive sensi-
tivity analysis in the planning process. In any event, the
value of the particular analytical technique selected for this
framework is not in its capability for high accuracy; but is in
its ability to capture the essential structure of a complex sys-
tem, such as that involved in the supply and utilization of
encrgy, in a simple format where the assumptions and constraints
are quite accessible. The admission of an objective function

for optimization is another important factor in the selection

of this approach.

The detailed quantification and formulation of the model
for a given planning task depends, of course, on the specific
objectives of that task. It is important in any case to include
all alternative energy resources and all demand sectors that
compete for scarce resources at a reasonable level of detail;
however, individual sectors, such as transportation or industry,
can be included at a greater level of detail for studies directed
specifically at these sectors.

The level of disaggregation of supply and demand categories

is optional and will, of course, determine the size of the linear
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programming problem. Table I outlines a set of supply and

(7) ¢

demand categories that were defined for a general study
alternative supply—demand‘configurations of the energy system

in the year 2000. Note that only one endogenous demand .cate-
gory, with a load factor of 0.1, and one storage concept, pumped
storage, have been included in this formulation. The ehvironmental
Co, SO

factors included in that study were CO ,Nox, particulates,

2’ 2
long-lived radioactive waste, and waste heat. The supply and
demand constraints used in this sample analysis are given in
Table I along with the numerical values representing the optimal
intermediate energy form flows, in units of lO15 Btu, from supély
categories to demand categories. The other output information
on cost and environmental effects for this sample case are
given in Table II.

The linear program for this year 2000 study had 58 rows
excluding the objective function, and 165 variables excluding
slack variables. This is a relatively small linear program by

any standards and further disaggregation of supply and demand

categories may easily be accommodated.

APPLICATIONS
The model is sufficiently general, that it may be applied
to regional energy planning with imports and exports of fuels

fixed as exogenous supply and demand categories, or to energy



_199_

system planning at thg national level. In some respects the
analytical model can be quantified with more precise costs and
environmental constraint§ at the regional level, although re-
source constraints are more easily defined at the national level.
The appropriate area to be addressed in a regional study depends
on the planning objective, For air pollution studies the air
quality region will be the area of interest while for other pur-
poses a river basin, megalopolis, or city might be the preferable
region.

Both near- and long-term planning horizons may be addressed.
In the near term, the model would be applied to indicate the
optimal configuration of the new supply and utilization systems
installed over, say, a 5-year period. The optimization would
be performed with respect to either total cost or annual cost
in any given year. The growth of demands and the turnover of
existing equipment would be considered in developing the supply
and demand constraints that would operate in the planning year.
For long-range strategic planning, the model may be applied to
analyze optimal configurations of the energy system in say, the
year 2010, where it may be assumed that all existing systems
will be obsolete.

The mcdel has been developed in its current format at a

level of detail appropriate for the evaluation of new energy
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technologies. A base case is first established in which the
introduction of new resources or technologies is limited. Alter-
native resources, encrgy conversion systems, utilization de-
vices, and environmental controls may be introduced into the
model and the cost level at which they will be competitive deter-
mined by sensitivity analysis. The benefits of full implementa-
tion of a technology, regardless of cost, may be determined by
assigning a low cost coefficient to the system that is to be
introduced so that it will show up in the optimal solution to

the extent permitted by other constraints. The resource con-
sumption and environmental effects in this perturbed solution:
may then be compared with the base case indicating the effect

of the new technology.

For other evaluations or planning applications additional
detail may be required in specific categories. Imported oil or
gas could be distinguished from domestic resources by cost or
sulfur content, for example. The analysis of alternate energy
policies may be performed through their impact on demand, supply,
environmental effects, or cost.

A general series of economic studies may be addressed by
progressively constraining resources and/or environmental ef-
fects and determining the shadow prices of the constrained ele-

ments. In such an analysis it is important to ensure that all
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of the feasible technological alternatives are included in the
model. To determine the shadow price of SO2 emissions from
central ntation powor plants, for instance, all altornative 507

control schemes should be included along with the option of low

sulfur fuel.

EXTENSIONS OF THE MODEL AND DATA REQUIREMENTS

The most straightforward extension of the model that can
be accomplished is an enlargement to include additional supply
and demand categories. Supply categories may be usefully expanded
to include imported products, additional storage techniques, and
perhaps several regional coal resources so that some distinction
may be maintained on ash and sulfur content. In the demand
categories, the miscellaneous electric and thermal categories
may be further disaggregatéd. It would be particularly de-
sirable to disaggregate the thermal category by temperature at
which the energy is reqﬁired. This is an important considera-
tion in evaluating dual purpose power generating facilities
where the waste heat or low temperature steam is utilized along
with the electricity. The inclusion of additional endogenous
electrical demand categories with different load factors would
allow more flexibility in the assignment of load-duration struc-
tures to specific demand categories. Additional environmental

impacts such as solid waste, land use, and fatalities may also
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be added so long as they can be related to energy flows through
the causative activity.

A substantial amount of detail can be added to the model
by the aforementioned steps without excessive complication of
the analysis. Some other extensions may be feasible, but would
dictate a more complex analytical procedure.

An extension that would couple the energy system model
to a more general model of the U.S. economy involves the use of
input-output techniques to develop the demand constraints for
the energy model. To accomplish this it would be necessary to
express the energy requirements for various sectors of the
economy in general terms in the input-output matrix and leave
the assignment of energy technologies and fuels to be determined
by solution of the linear programming energy model. This implies
the extraction from the input-output matrix of the technological'
coefficients associated with energy conversion and utilization.

Another useful extension of the model might involve the
inclusion of pricing strategies once a cost optimal solution
is determined. The demand constraints could be modified to
reflect price elasticity effects and the revised problem solved
again for the cost optimal solution. The process could be re-

peated until satisfactory convergence is achieved.
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The information needed to evaluate a new technology con-
sists of the energy forms that may be utilized and delivered
by that technology, as well as its efficiency, environmental
effects, and cost. Much of this data can be provided by those
responsible for the development of the new system, however, in-
dependent economic analyses are generally needed. Policies to
be evaluated must be expressed in terms of their impact on sup-
plies of specific resources, demands, and environmental or ec-
onomic constraints. Here, some of the more specific econometric
models that are under development will provide useful inputs.
For either technology or policy analyses, likely ranges of
variations of the parameters of interest should be specified
and sensitivity analyses performed with the linear programming
model.

Other input data required for the linear programming model
is not readily available in the required form. The need to
address specific end-use categories, the technologies employed
in them, and the possibility of substituting other energy forms
required detailed definition on the load-duration structure and
the demand in each category. Most energy demand forecasts and
utility load studies deal with aggregated demand sectors such
as residential, commercial, industrial, and transportatien.

Thus, the requ:rred data are not directly available, although
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reasonable approximations may be made in most cases. There
are some sources of data in the detailed and disaggregated form
required here. Among these are the studies by Schurr and

8 and Stanford Research Institute.(g) Appareéntly

Netschert
this type of data format is not as useful for demand forecasting
as are the more aggregated formats, however, some research

should go into reconciling aggregated forecasts with the more

detailed view of the end-use activities.



-205-

REFERENCES
K. B. Cady and J. Hass, Electric Utility Optimum Mix
Model, Paper No. 71-3, Cornell Energy Project, Jan. 1971.
P. W. MacAvoy and R. S. Pindyck, An Econometric Policy
Model of Natural Gas, Presented at the Winter Meetings of
the Econometric Society in Toronto, Canada, Dec. 1972.
Potential Nuclear Power Growth Patterns, U.S. Atomic
Energy Commission, WASH 1098, Dec. 1970.
Reference Energy Systems and Resource Data for Use}in
the Assessment of Energy Technologies, Associated Uni-
versities, Inc., AET-8, Apr. 1972.

G. B. Dantzig, Linear Programming and Extensions, (Prince-

ton University Press, Princeton, N.J.), 1963.

H. M. Wagner, Principles of Operations Research,

(Prentice Hall, New York, N.Y.), 1969.

K. C. Hoffman, The United States Energy System--A Unified
Planning Framework, Unpublished doctoral dissertation,
Polytechnic Institute of Brooklyn, June 1972,

S. H. Schurr and B. C. Netschert, Energy in the American
Economy, (Johns Hopkins Press, Baltimore, Md.), 1960.

Patterns of Energy Consumption in the United States,

Stanford Research Institute, January 1972.



15

TABLE I  OPTIMAL SOLUTION FOR BASE CASE (T-1), 10 > Btu
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BYDRCELECTRIC * 1,09 * 0,58 -e 10,73 .- 3.0/0.21
GEOTHERMAL ELEC 0.20 - - 1.0}0.40
COAL STEAM ELEC [1.25(1.00| * |2.72 * | x| =* -- lo.41 -- |77.1]90.0
LWR ELECTRIC * | * |1.13]8.57 3.00] * | = - % -- 35.0/0.05
LMFBR ELECTRIC 1.20] * * |1.00[1.78 -- 12,27 15.0/0.09
GAS TURB ELEC 0.48 - -- 147.6]50.0
PUMPED STORAGE s | ws ss Tl ss] =5 ] =s ws " - 1.0[1.32
OIL PRODUCTS 8.50 30.17 6.79 50.0/0.05
NATURAL GAS * 18.18| * 20.0/0.18
SYNTHETIC FUEL 50,0/50.0
COAL GAS & €OAL [13.38 * 29,07| * 5.00|1.75|4.28|14.2[90.0
SOLAR 2.30° 0.34 2.00]50.0(54.6
TOT ENERGY SYST 0.25 [0.20 |0.14 se] sl s ] 2a ] =s ] = BAL] s= | e | e 1.0]1.19
DEMAND SLACK 49.1
DEMAND
CONSTRAINT 12.2]3.9] 2.7 13.0 2.6|50.0) 2.7137.8| 1.7| 3.0] 6.1] 2.0] 1.4]10.5

* - Indicates that variableeyould enter the optimal base with a cost reduction
of less than 0,10 $/10 Btu,
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TABLE II. COST AND EMISSIONS SUMMARY FOR SAMPLE ANALYSIS

Base casc

Objective, minimized cost

Annual cost, $109 213.1
Efficiency,a % 43.5
C02, lOll 1b 305.0
co, 109 1b 37.0
NO_, 102 1b 25.9
soz, 10° 1b . 27.3
Particulates, 10 1b 9.6
Hydrocarbons, lO8 1b 50.9
Radioactive waste, 108 curies 65.0

015

Thermal energy,b 1 Btu 213.1

aHydropower and solar energy are excluded from this calculated
efficiency.

bMay also be interpreted as consumption of exhaustible re-
sources.
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Supply constraints, u=1,n

Demand constraints, v=1,m

Quantity of intermediate energy form j delivered
from Su to Dv; j=1,p where p=n-m

Supply efficiency for energy xj

Utilization efficiency for energy xj

Other constraint equation coefficients for variables
xj,constrained by E. Both Es and B are column vectors

of dimension £

Cost per unit quantity of energy xj

Graphical representation of linear programming model



Discussion

The discussion began with a question about the basis for
Mr. Hoffman's assumption of a U.S. demand of .2Q (20 KW per
person in a population of 300 million). Mr. Hoffman responded
that the demand constraints were developed for each identified

demand sector on the assumption that people will live much

like they do today except for saturation effects, for example,
from everyone having an air conditioner. Problems arose in the
industrial estimations where some data were unavailable. The
questioner then asked who would be involved in the generation
of more refined estimates. Mr. Hoffman said that various
social scientists and futurologists would attend a summer
session for refinement of the model.

Another participant asked about the sector division
chosen., Mr. Hoffman said that the traditional economic sectors
had been disaggregated into end-use categories. His questioner
remarked that every specialist would come up with a different
set of categories, depending upon his field. He suggested
developing standard sets of categories at each level of
disaggregation to facilitate inter-disciplinary studies, and
asked Mr. Hoffman if he would be willing to re-interpret his
data into such categories. Mr. Hoffman agreed and added that
the data base itself contains many discrepancies. He suggested
that IIASA might concern itself with recommending common
terminologies for data.

Someone seconded Mr. Hoffman on this point, noting that

the methodology for assessment of resources varies across
countries, It would be important for IIASA to generate common
terminology not only for resources but also for needs and
demands. Moreover, it is important to distinguish real demands
from invented ones. For example, we wear clothing made from
artificial substances. These require energy to produce, and,
the more profound the chemical conversions are, the more
energy they require. Will we have such conversions in the
future, or rely on what is produced by nature? Another
example is the automobile, which is a metal monster from an
energy point of view. It is one and a half tons used to
carry a load of seventy kilograms; its thermal efficiency is
two or three percent. Thus, we must look at the demands of
the future. Urbanization and globality can also change the
pattern of energy consumption. We will require different
things from energy, for example, elevators instead of cars.
These developments will disturb our impressions and prognoses.
Regional developments will also change the demand pattern.
For example, there will be more movement of software and less
of hardware. Such changes in energy demand should be studied
at IIASA. Finally, it is unclear in what context the medical
aspects will be studied. In the past, it has been for
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economic assessments, such as number of lost working days,
rather than for biological or medical reasons.

It was mentioned that the new auto-emission control
standards in the United States reduce gas mileage by three
miles per gallon. They were imposed because of air pollution
which, even in the most affected areas, has not demonstrably
caused a significant number of illnesses or deaths. The
reaction is psychological rather than physical. There is
clearly enough energy for basic needs in any country, as seen
by the fact that people still live. The question is whether
the rapid acceleration of an automobile is worth a certain
amount of fuel consumption. Psychological experiments have
indicated that if consumption is limited people will adjust.
When controls are imposed the level of expectation is higher
than reality. However, the level falls to meet reality, and
eventually people are just as happy as they were before controls.
There is great psychological flexibility.

Mr. Hoffman said that the case he presented corresponds
to one particular life style being taken as the upper bound.
He would like to develop alternative demand constraints and
to see what they imply for energy. This would require an
interdisciplinary group. More research is needed on health
effects, especially on the low level effects of such fossil
fuel pollutants as SO,, These may be carcinogenic, perhaps
even more so than radiation. Blocking nuclear plants would
mean the construction of more conventional fuel ones. Thus,
research is needed for the incorporation of morbidity and
mortality into the model.

Mr. Raiffa commented that IIASA could help facilitate
exchange of information about the relationship between
pollutants and morbidity. His own bias is that the physical
effects will probably prove minor relative to such psycho-
logical effects as a desire for clear skies. These are hard
to incorporate in a model but are important. He asked whether
there are aspects of the modelling, such as data collection
techniques, which could be transferred to an international
setting, in particular, to IIASA. If so, how could it be done
and by whom? Would it be worthwhile to maintain copies of all
publications and software ?

Mr. Hoffman said that the general modelling techniques are
appropriate for different countries. Another modeller noted
that it takes a great deal of money to do this type of work.
Groups would like to build on experience obtained elsewhere.
For example, people have come to look at his models (although
none have yet requested the programs). The data are clearly
peculiar to each country, but exchanges like the present one
permit learning about what others are doing. If there is
interest, bilateral contacts can follow. Mr., Raiffa suggested
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that IIASA might work on the methodological problems of data
collection, i.e. how is the data collected and verified. The
modeller doubted that this could be standardized. Even within
a group as relatively homogeneous as the EEC it has been
difficult to standardize the data.

Mr. Raiffa went on to pose two technical questions to
Mr. Hoffman. First, how does the model, designed to optimize
in a single year, relate to the orthogonal model representing
the time flow of money, the stream of investments ? Second,
how does Mr. Hoffman deal with the time distribution of capital
investments ? Mr. Hoffman responded that the model he present-
ed dealt ‘with the year 2000. Presumably, all of the current
capacity would be obsolete then, and thus he was freely able
to reconfigure the power system as though it were all built
in the year 2000. In the dynamic model with yearly optimiza-
tions, facilities are assumed to retire at the end of 25 years.
Some utilizing devices, such as transformers, could have a
shorter time scale, but the frame for basic structural changes
is 25 years. The model starts with the current configuration
and adds new and replacement installations each year. Capital
costs are included in the cost elements as annual capital
charges at a 10 percent fixed charge rate. Optimization in
the dynamic model will be based on estimated fuel costs.

Someone else agreed with an earlier point on the distinc-
tion between apparent and true needs. However, he noted, if
one wants to determine what must be done most urgently, it is
important to know what would happen if things continue as
they are. Thus, a model based on projections of current per
capita energy use is valuable. He asked whether the
distribution of demand is available in addition to the mean
demands. It was said that regionalized demand data is
available for the United States. Mr. Hoffman said there is
also data broken down by income group. The speaker explained
that this is important because the international argument
that other countries will want to catch up to the U.S. consum-
ption level applies within the industrialized countries as
well. Those at lower consumption levels will want to rise.
Mr. Hoffman agreed that it is important to know whether the
seven percent growth in demand for electricity in the U.S. is
caused by people with low standards of living catching up or
by those with a higher standard raising it even more.

Another participant remarked that, in his country,
interest focuses mainly on short term studies, especially
those relating the increase in energy prices to the national
economy. This, however, is not something IIASA could under-
take as it is very country-specific. However, there is also
great interest in his country in methodology and in how well
different models work. IIASA could serve as a clearing house
for comparing methodologies. Workshops, perhaps a few months
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in duration, on the level of the actual functions and soft-
ware would facilitate the exchange. Secondly, IIASA should
not serve as a data base, but could ease the data problem by
determining what data is needed and trying to promote
provision of it. Thirdly, in the long term, all of the
national decisions will influence all of the actors. IIASA is
a good place to do the work of logically and non- ideologically
considering the relationships of long term technological
changes, changes in the world energy situation, and changes in
life style. This would be a very long term continuous
analysis.

Someone agreed with these comments and then made several
points with respect to price and the market system. First,
he said that prices are essential for making comparisons both
within the energy system and between it and the rest of society.
Moreover, in order to determine asymptotic energy consumption
per capita, it is important to know energy costs relative to
other economic activities. This is lacking in Meadows's
study. Second, the rate structure can cempletely alter the
shape of the load curve. Third, there are great gaps in the
data on costs of new techniques. The figures assigned to
these costs are in some sense random. Fourth, these models
generally assume a perfect market, that is, that the user
will choose the cheapest source of energy. In practice, this
is not true. For example, few people choose the form o} space
heating they live with. It is important to recognize that the
system of decisions is not formed by users but is an industrial
system. In this respect, there is not so much difference
between the socialist and non-socialist countries.

One participant made several proposals for IIASA research
topics. First, he proposed working on global models. He noted
that two models developed in his country, E = f(t) and E = f(t,D,J)
where

E = global demand for energy .,

= time ,

&
D GDP , and

J = industrial production ,

produced fits of five percent and three percent, respectively,
to the actual 1970 figures. Thus, one can get very good

results from very simple models. Secondly, he proposed invest-
igating the asymptotic limit to the growth of electric energy
consumption. He had co-authgggg a model which produced a 50

percent error in 1970: E = e where bt was taken as constant.
However, we now know that it is not constant. (Fig. 1)
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| % KWh/capita

Figure 1

Hence, we have the question; what is the value of the
limit L, or, what is the 1limit to the growth of electric
energy consumption? There is an estimate in his country of
C, as 55,000 KWh per capita, C2000 as 10,000 KWh per capita,
and Cz29000 in the U.S. as 30,000 KWh per capita. In his
latest book Mr. Felix estimates a UJ.S. demand of 150,000 KWh
per capita in the year 2150, One could study where the limit
really is. The third investigation in whether or not there
actually is a linear relationship between energy and GNP.
Perhaps we are only looking at countries on a linear portion
of the curve shown in Figure 2, i.e., at points where the
abscissa is greater than C. Finally, there is the problem

° 1

ol ——g—

Figure 2
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of prices and the elasticity of demand. Elasticity is
defined by

lim AE . A

$ =X = n

Ap»0 E T Tp '

He used the regression function in the form

which is particularly useful for considering connections to
other systems. It is unclear that it is possible to calculate
elasticities based on the data. When the change in price is
great, estimation of elasticity is theoretically impossible.
When price changes considerably, there are new demand curves
and one cannot estimate elasticity.



Energy System

Econometric Modelling, Demand and Supply:

An Opinion of the Program of the
International Institute for Applied Systems Analysis

P. Zvetanov

In his paper, Prof. Haefele outlines the basic problems
before the International Institute of Applied System Analysis
in dealing with such a complex problem as energy systems. Also
formulated are the tasks of econometrics which must optimize
not only the complicated process of energy supply and demand
but also pollution and the risks taken. The range of these prob-
lems is enormous. The question arises how IIASA will develop
its detailed program for the project on Energy Systems. Un-
doubtedly, the complex should be developed according to the
meaning of the term, "Energy System," introduced in Fig. 13 of
Prof. Haefele's paper. Furthermore, in the long run it should
have a global character, i.e. be valid for the whole planet.
Obviously, development will proceed in this order: national
models, international models grouping together certain coun-
tries, continental models, global model.

For energy we may assume that currently the majority of
the nations have their own national models for development.
In our opinion, development of the international models should
be the first stage in IIASA work on the project in Energy
Systems. I will present below some considerations in the de-
velopment of such models.

Conditions for Developing the International Models

The conditions for developing the international models
are:

1) the increasing interrelation among the national power
systems and the necessity to analyse and forecast the
repercussions of the evolution of the European and the
world fuel market on the energy policy of the nations;

2) the existence of national models in a significant num-
ber of countries; and

3) the development of international cooperation in setting

up international statistical records of the various
energy carriers and the energy sector as a whole, thus
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permitting coordinated energy and fuel balances to be
made. For example, UN General Statistical Bulletin on
Energy for 1967 contains information according to ener-
gy carriers and sectors as stated in Appendix 1.

Functions of the International Models

The national models should be integrated on an interna-
tional basis. To this end, all export- and import-determining
factors of the countries should be defined, quantitatively
assessed and integrated as internal factors into the national
models jointly with the planners of these models.

Certain difficulties should be overcome in connection with
the eventual conclusion that the hypothesés adopted thus far
in the various national models are incomparable. It will be
necessary to construct hypotheses or exemplary models for coun-
tries lacking them but, despite this, influence energy supply
and demand.

When developing the international models, the decisions
based on the national models may have a combined (total or com-
pensating) effect on the estimate of world resources and prices.
At present this effect is rather obscure.

The governments need analyses and forecasts more accurate
than those available now about the state of energy generation
in the various regions. The need arises to explain more pre-
cisely in terms of quantity the internal mechanism and the
eventual structures. To this end, the problems of more general
character should be stressed to clarify in terms of quantity
the components of energy supply and demand according to groups
of consumers and energy-generating regions. Thus the interna-
tional models could build up a system with a rather original
concept based on a selection of parameters and directed toward
an analysis of forecasts of the links between these models.
The international models thus developed will serve as basis
for setting up the global model of energy systems.

Criteria for Grouping Together the Countries Within the
Framework of the International Models

In our opinion it would be unrealistic to begin with the
development of econometric models covering vast regions--
e.g. Europe-- containing all energy carriers, the large num-
ber of consumers, the short-term, the medium-term and the long
-term perspective plans, and the basic elements of the energy
balance (generation, exports and imports, internal reserves,
transformation, total demand). Now the problem arises for
rational grouping of the various countries.
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Grouping of countries in sub-regions might follow these
criteria:

Close features of general structure of economy
(planned economy, market economy, mixed economy)

Uniformity of prime resources of energy (countries
highly dependent on coal or on water power)

Uniformity of energy consumers (highly industrialized
nations, developing nations)

Céuntries with highly developed fuel trade

Countries with comparatively similar geographic and
weather conditions .

Countries whose statistical records are standardized
from the viewpoint of energy state analysis.

However, none of these criteria is fully satisfactory.
Thus the group of nations with a planned economy includes -
countries with enormous differences in their sizes. Uniformity
of prime energy resources and the active trade links in the
field of fuel are suitable for models of the energy resources

but in

sector.

role.

A

no case can be applied to models of the entire energy
Climatic characteristics do not play a determining

suitable solution might be perhaps the combination of

these criteria. In the case of Europe the follewing division

may be

made:

Highly industrialized countries in Western Europe
(Austria, the Common Market nations, the United Kingdom,
Switzerland)

The countries of Eastern Europe (Bulgaria, Hungary,
the German Democratic Republic, Rumania, Czechoslovakia,
Poland)

Scandinavian countries (Denmark, Finland, Norway,
Sweden)

Countries around the Mediterranean Sea (Spain, Greece,
Italy -- also included in the West European Countries --
Portugal, Yugoslavia, Albania, Turkey)

USSR



_219-

Results of Aggregation and Disaggregation When Developing
the International Models

In principle, thwo methods of constructing the internatio-
nal model are possible: indirect connection between the national
models, or direct calculation of regional coefficients, choice
depending on statistical and economic considerations. We might
suppose that at the present stage of international cooperation
in statistics, when, with some exceptions, no global data about
the various energy-consuming industries are available, the
direct method will face considerable difficulties. A comparable
compilation of international statistics on cost and price of the
various fuels is also lacking. Price formation is purely national
in character, and the establishment of regional price indexes
would only encumber studies. This gives us enough grounds to re-
sort to the indirect method of disaggregation where data coming
from the separate countries will be summed up (coefficient of
growth, expenditures for each kind of fuel, etc.), and the
national model will be connected through the exports and the im-
ports. The adoption of the disaggregation method would not only
avoid excessive simplifications but would also allow the consi-
deration of a number of national features whose significance in
both the national and the international aspect cannot be ignored.

Degree of Specification of the International Models.
Choice of Determining Factors.

The international models should describe energy supply and
demand as well as the mechanism of balance established between
supply and demand by means of prices or plan targets. The degree
of specification of the international models according to energy
carriers, regions and demand branches can differ. In our opinion,
the breakdown used in the UN statistics given as appendix to this
paper can be successfully applied.

The basic illustration factors used in the national models
are:

1) In models of the demand: price of energy carriers,
figures giving the growth of the consumption branches
and in particular the basic energy-consuming industries,
consumption expenditures, installed equipment,
input/output relations, time.

2) In models of the supply: composition of the national
energy products, production costs, equipment costs,
time.

3) In models of the balance of supply and demand:
stores, prices, decisions on planning and orientation.
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However, these factors are subject to certain limitations, e.g.
production capacity, available manpower, commercial and finan-
cial constraints.

Experimental Model

In our opinion IIASA should develop from the very begin-
ning an experimental model simultaneously with methodological
study of the general problems of creating an international
model. The model should cover a group of relatively homogenous
countries for which relatively full statistical data on inter-
national level are available. The model will permit a more de-
tailed specification of the requirements toward the basic data,
and, for international models, will define the general trends
in establishing their form, content, methods used, and limits,
as well as requirements they should meet.

Conclusion

Proceeding from the exceptionally complete account by
Prof. Haefele of complex Energy Systems I have attempted with-
- in the framework of the section on Econometric Modelling -
Demand and Supply, to put forward an opinion about establishing
a preliminary program for IIASA work on this problem. Such a
program-- which includes a study of the national models, treat-
ment of the general problems of setting up international models
and treatment of an experimental model for a group of countries
combined with the work on the remaining parts of the complex--
could serve as basis of IIASA's project in Energy Systems.
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Annex:

Information Contained in UN Annual Bulletin of Energy Statistics

I. Production of Energy by Form
1. Solid Fuels

Primary energy hard coal, brown coal(inclu-
ding pech coal and lignite),
fuel peat and other primary
solid fuels

Derivate energy coke-oven coke, gas coke,
brown coal coke, patent fuel,
brown coal briquettes, dried
brown coal, peat briquettes

2. Liquid Fuels

Primary energy crude petroleum, natural
gasoline produced at crude
petroleum and natural gas
sources

Derivative energy aviation and motor gasoline,
jet fuel, kerosene, naphthas,
gas (diesel) oil, residual
fuel 0il from distillation
or reconstruction,
refinery fuel

3. Gaseous Fuels

Primary energy natural gas,-liquefied petro-
leum gas produced at crude
petroleum and natural gas
sources

Derivative energy gasworks gas, coke-oven gas,
blast furnace gas, liquefied
petroleum gas (excluding that
produced at crude petroleum
and natural gas sources),
refinery gas
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4y, Electric Energy

Primary energy geothermal electric energy,
hydro-electric energy (ex-
cluding that resulting from
pumping), nuclear electric
energy

Derivate energy thermo-electric energy,
hydro-electric energy re-
sulting from pumping,
energy produced by self-
producers

5. Steam and Hot Water steam and hot water from
geothermal sources, steam
and hot water from public
thermal power plants for
combined generation of
electric energy and heat

II. Breakdown of Consumption by Energy Producing Industries

1. Primary Energy Industries coal and brown coal mines,
crude petroleum and natural
gas wells (including sepa-
ration installations),
hydro-electric, geothermal
and nuclear power plants,
excluding pumping stations

2. Energy Conversion Industries patent fuel plants, brown
coal briquettes and brown
coal coke plants, coke-oven
plants, blast furnaces,
gas works, petroleum refine-
ries, thermal power plants
for production of electric
energy only, thermal power
plants for combined genera-
tion of electric energy and
heat

3. Final Consumption industry and construction
(excluding energy producing
industries), iron and steel
basic industry, chemical
industry, transport,
household and other consumers.



Application of Economic-Mathematical Methods for

Optimization of the Power Industry of the GDR

H. Knop

In the German Democratic Republic, economic-mathematical
methods have for a long time been successfully used for op-
timizing the economic partial systems of the power industry.
We start from the knowledge that, on the one hand, the power
industry belongs to the economic spheres which essentially
influence the development of the national economy and the
growth of revenue of the country. On the other hand, the
power industry itself consists of elements which are closely
interconnected with each other by object and time, and are
influenced by a multitude of economic, technical-technological,
and especially politico-economic and political factors.

This variety of relationships can no longer satisfactorily
be mastered by traditional methods. By applying economic-
mathematical methods and by consistently using the systems
approach in a close relationship to actual practice, it
becomes possible to analyze and to understand the essential
factors of influence as well as the marginal conditions
specified for the particular case. For this reason, economic-
mathematical models and systems of models are increasingly
being used in the power industry of the GDR.

Main Model

The central model of the power industry is representative
of all models used in the GDR for optimizing the structure of
plants and energy carriers. In this model, power industry is
not shown as an administrative unit. But instead, all the
important plants for energy demand and energy transformation
and the import and export of energy carriers over a longer
period are considered independently from their administrative
incorporation. The minimal social expenditure is used as
economic aim function. It comprises all substantial components
of investments and current expenditures according to their
different temporary evaluation (actualization for a specific
moment). Societal demand for a surplus of products is taken
into consideration by an accumulation factor for investments
as well as by a consumption factor for the earned income.

The actualization is realized by using the accumulation factor.
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Thus,
AW, = ; I'J.q_‘j + % IJ.q-j+l + % qu7j+l
j=-1 j=1 j=1
n n 3
ag D ) Uj + ) (lJ.qk + mj) g9
F=l j=1
where
AW, = Cash value of social expenditure |,
Ij = Investments in the year J ,
lj = Wages in the year j ,
m, = Expenditures on material andother costs
J without wages and amortization, in years j ,
q = Accumulation factor ,
Qe = Consumption factor ,
n = Time of utilization (Time of amortization) ,
d = Time of construction up to the beginning

or production .

We use the linear optimization method. With a concrete
model of the system, it is possible to achieve a temporarily
and partially mathematically dynamic behavior. In the model
the following aspects can simultaneously be considered over
a longer period:

1. Development of demand through time

2. Sequence of investments

3. Varying configurations of investments and operating
costs

4, The different use of plants in successive periods
according to needs

5. Economically necessary early shutdown of existing
plants

6. Change of economic-technical characteristics over time.
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7. Development of techniques in successive periods;
continuous simple and expanded production according
to the recent level of modern techniques

8. The mutual influence of plants and processes existing
at any given moment or of plants and processes chosen
from a finite number of variants. Thus, the plants
and processes existing at the beginning of the time
period considered influence projected future plants
and processes, and the plants and processes being
planned for an earlier period in turn influence
those being planned for a later time. We thus
observe a temporary economic-dynamic choice of
plants and processes, i.e., the system itself
accomplishes a forward and backward account in a
cybernetically simultaneous way.

L
System System System
t =1 t =2 t =3
e d

Figure 1. Principal scheme of a system orientated
towards a corresponding period of time

(t = time)

9. An appropriate concentrated representation and
formation of groups of plants for receiving and
for transforming raw energy as well as existing
sources of energy in the country.

10. Interconnection between the plants of the whole
power industry

11. The main restricting conditions by the national
economy including the possible imports of energy
carriers,

In this connection, it is of great importance that the
whole power industry be considered as a uniform operating
system also in an economic aspect. This is done by neglecting
the direct evaluation of intermediate and final products
exchanged between the partial plants, as well as the method
of distribution of costs.

The expenditures for invested products, for labor and
for materials directly taken over from other systems are
completely comprised under the consideration of inter-
connection. For an energy model, expenditures on fuels



=226~

appear only in connection with the import of energy carriers,
while the receiving and distributing costs of the raw energy
carriers from their own resources are proved directly by the
necessary investments, by the materials and capacities
accepted from other systems as well as by the demand for
manpower, and indirectly by necessary expenditures of other
partial plants of the system. Thus "optimal prices" are
practically formed continuously for any plant, and, upon
reaching a barrier, more unfavorable conditions automatically
arise for the process which already shows the greatest
ineffectiveness before reaching the barriers. The selected
model does all this based upon using existing variants. and
conditions independently, without any necessity to formulate
separately the single relationships. This type of model is
designated as optimization model for several years, charac-
terized by a real optimization of spaces of time.

Model System

As already mentioned, the principal ideas described for
the optimization model have already been used in power
industry of the GDR for some years. On this basis, in
addition to the model of the whole power industry, a number
of economic-mathematical models for the several partial
spheres were created. At present, the following optimization
models are used for elaborating middle-term and long-term
plans: '

- a central model which represents the power industry
in a highly aggregated form;

- optimization models for the spheres of extracting
and processing of coal, generation of electric
energy, generation and transmission of gas, primary
refining of crude oil;

- a model for optimizing the demand of large industrial
energy consumers which is to be substituted.

On the same basis, two other types of models were elaborated.
These permit a long-term balancing of energy demand of macro-
and microterritories as well as an optimization of the
structural development of the territorial power industry
after a corresponding economic evaluation. All these
economic-mathematical models are, of course, primarily
concentrated upon the conditions and interests of a corres-
ponding production process which is taken into consideration.
Thus a mutual influence and coordination of the single
structural variants is not possible or can only be realized
by a temporarily expensive balancing or additional accounts.
That is why the single models of the power industry of the



=~227=

GDR are being connected with each other. As it is prac-
tically impossible to construct and to use a supermodel, the
connection of the single models in the GDR is realized by.an
economic-mathematical system of models. In this model system,
all the single models mentioned above are directly coupled
with each other without resulting in a "super-model."

The structure of the system of models is shown on
Figure 2. The aim of applying such a system of models is
to determine a structure of development for the power industry
which will require the minimum social expenditure. We should
note that the users of energy do not by any means have at hand
such energy carriers which produce the most economical results.
Only such a structure of energy carriers is considered to be
an optimal one which is equally effective for both generation
and use of energy. This aim can only be reached if the
individual results of optimization are coordinated with each
other. This demands a direct coupling of all single models.
For this purpose the following conditions must be fulfilled:

- Complete analysis of all the essential processes of
generation and utilization of energy.

- Clear delimination of the single spheres of power
industry.

- Application of the same method of optimization,
including the method for calculating the goal
criterion.

- Consideration of the same space of time with
uniform division into sections for several years.

In order to master the system of models, this task has been
and will be solved gradually.

Stage O of construction: Application of the central
model and coupling with the
model for optimization of
large industrial energy
consumers.

Stage 1 of construction: Coupling of the central model
with models of the spheres of
electric energy, extraction
and processing of coal,
generation and transmission of
gas, primary refining of crude
0oil and with the model of power
demand of large consumers which
is to be substituted.

Stage 2 of construction: Integration of territorial
energy models into the model
system.
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In the first stage of construction, territorial aspects are
essentially not taken into consideration. The territorial
demand is given as a restriction which is to be fulfilled.

The selected procedure of gradually building up the
model system has the following advantages:

1. The expenditure of work can be mastered by the
available manpower.

2. Accelerated integration of scientific results
into practice.

3. Practical proof of theoretical results of research.
Thus it is possible to build up the following stage
of construction in a shorter time and to avoid
possible errors.

A further important task of the first stage of construc-
tion consists of elaborating an appropriate economic-mathe-
matical coupling algorithm. This coupling algorithm must
correspond to the following conditions:

a) It must reflect the demands of the planning system
of practice without contradictions and guarantee
a complete interconnection of all spheres generating
and using energy.

b) It must be possible to introduce it into practice
and to reach the result without many iterations.

¢) It must make possible, both economically and
technologically, the realization of all the
intermediate and final solutions.

d It must permit a variable use of single models.
Each model must be applicable, without any
additional expenditure of work, both as a separate
individual model and as a component of the model
system,

e) It must correspond completely to the cybernetic
relationship, "man-made-machine."

The basic idea of the coupling algorithm developed in the
GDR consists of using the substitute optimization model for
large energy consumers to calculate demand variants for a
bindingly accepted structure of the non-energy production.
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These economically evaluated demand structures will be
integrated into a central model. The central model comprises
the plan for energy generation in a highly aggregated form.
According to its structure, it is a model of coefficients.
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Considering certain central restrictions, i.e.,
possibilities of import, etc., as well as the demand which
is not subject to optimization research, we first determine
an optimal structure of energy demand and provision. Because
of the high degree of aggregation of the central model,
detailed calculations of the partial models will be necessary.
The application of these models is based on calculations of
the central model. Furthermore, it is possible to calculate
additional variants by using the partial models derived from
the research and conceptions of the several spheres of the
power industry. The range of decision in which the optimal
solution will be accepted is delimited by these calculating
operations. To coordinate all calculated variants a central
model is again used. In comparison with the above-mentioned
model, this central model is a vector model.
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With this model, an optimized variant is being calculated
for each sphere, including the consumers of energy. These
variants are exactly defined or reified in the partial models.
For this aim all variants already calculated are incorporated
into the decision range of the optimization model. The
variants are estimated according to their economic valency in
the total system. For this purpose, the "reduced costs"
of the central model are used.
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These calculations can help improve structure in a considered
sphere. Simultaneously, it may occur that the optimal solution
determined by the central model cannot be realized in a tech-
nological or in an economical respect. This may be observed
when two (or more) variants are mixed.

If the ealculations of partial models show results other
than those of the central model, the process of iteration is
continued by repeating the calculation of the central model
until the central and decentral solutions correspond to each
other. Calculations already completed have shown that this
process of iteration is characterized by a quick convergence
which can further be increased by preliminarily balancing
possible ranges of variation of the structure of energy demand.

The above model system in its first stage of construction,
including the described coupling algorithm, has already been
used successfully for practical calculations of optimized
structural variants. Thereby it became evident that the
model system is of great practical importance for planning
purposes, if the calculations of optimization are accompanied
by operations of evaluation and stability research done on
computers. Simultaneously, valuable results have been obtained
for further improving the efficiency and conclusiveness of the
model system in doing the first calculations. This especially
concerns the necessary information flow between the single
models. At present the model system of the power industry
has reached a level of development in its first stage of
construction where it can be used directly and immediately for
calculations of structure. It is, however, necessary that the
inputs be very up-to-date in any case.
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The present and future work being connected with the
model system consists of the successive incorporation of
territorial energy models into the model system. The con-
ception for completion of the model systems first provides
for the analysis of the most important energy territories by
models. The territorial models which may be coupled are
incorporated by the same coupling algorithm already used in
the first stage of construction.

The construction of the model system and the algorithm
used for the coupling of models are characterized by a
further essential feature: The principal solution represented
is not restricted to the power industry. It may be used 1in
a similar form for other spheres of the national economy if
the models of these systems are designed correspondingly. It
must be guaranteed, however, that the goods produced in the
corresponding branches, are not characterized by an excessively
large variety. The branches of engine-building are probably
unsuitable for an application of such a model system. More
concrete results, however, must still be obtained by further
detailed investigations.

On the mathematical-methodological side, it is quite
possible to combine homogeneous systems of some countries to
a model system in this way. For example, we could imagine
applying a model system which couples the power industries of
some countries with the aim of using effectively the existing
resources of energy carriers. The difficulties of realizing
such a plan are above all to be considered with regard to
content, i.e., they are to be attributed to the existing
economic conditions in the different countries.

With the progress of socialistic economic integration,
there will arise more favorable conditions for such couplings
in the frame of the Council of Mutual Economical Aid.
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Explanations of formulas

aij1t

ikt

itv

(o7

it

Jj1lt

kt
it
ista
Eitu
i

it
Tit
pu"”s,wu

qrtu’qrstx

Specific consumption of energy carrier i of
technology j for fulfilling the task of generation
and supply in the year t

Specific consumption or generation of energy
carrier in the plant of energy transformation k

in the year t

Demand of energy users for energy carrier i in the
year t, variant v

Demand for energy carrier i in the year t which is
not subject to optimization

Specific social expenditure of technology j con-
cerning the task of generation and supply 1 in the
year t

Specific social expenditure of the plant of energy
transformation k in the year t

Specific expenditure on the import of energy
carrier in the year t

Delivery or receipt of energy carrier i in the
year t by the energy partial system s, variant A

Resources of energy carrier i in the year t,
variant v

Import of energy carrier i in the year t
Restriction of import of energy carriers

Factors of valuation (O < p,y < 1)

Use of the central restriction r in the year ¢t

by the energy users (q ) or by the energy
partial system s; varisﬁgs v or A

Restriction of the central condition in the year t

"Reduced costs" of the central model; variant v

Throughput of the plant of energy transformation
k in the year t

Limitation of throughput of the plant of energy
transformation
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Throughput in connection with the utilization of
the technology j of the task of generation and
supply 1 in the year t; variant v

Rate of the task of generation and supply 1 in
the year t

Total social expenditure of the optimized variants

Limitation of the technology j of the task of
generation and supply 1 in the year t



Discussion

The discussion began with an example of the importance
of social and psychological factors in determining energy
needs. Altering the normal living space temperature greatly
alters energy demand. The speaker also indicated a social
problem related to education. People are becoming more and
more educated, but our requirements for workers have not
changed comparably. We have established a division between
education and work. An important question for the future,
and perhaps for IIASA, is what to do with well-educated
people.

The speaker also stated that prices can be treated
either as data or as results. If one develops a linear
programming model, duality provides prices as a result. In
this case, hypotheses are the data. When a decision maker
is introduced, prices are not just taken from the linear
program. A good systems analysis subject is the interface
between decision maker, price system, and user or supplier
subsystem.
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Discussion

The representative of WMO emphasized the importance of
determining who should pay for energy. He suggested that
ITASA establish the potential of different sources of energy
and urged that someone study how energy uses affect the
climate. He noted that man changes the climate both
unintentionally, as by-product of his other activities, and
deliberately, to create "artificial" conditions. Finally, he
suggested cooperation between IIASA and WMO.
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Translated from Russian

ENERGY PROBLEMS AND THE UTILIZATION OF POWER SOURCES

K.V. Ananichev

Energy is one of mankind's principal necessities. Without the
expenditure of energy and the utilization of power sources no economic,
technical or environmental question can conceivably be resolved.
Moreover, the availability and exploitation of power sources are
essential to coping with the problems arising out of the relationship

between man and nature.

In recent years, questions associated with energy and the utilization
of power sources have been considered increasingly both in the context of
environmental protection and in that of the predicted development of mankind
over the next 50-100 years. It is quite obvious that, if mankind does not
ensure itself an adequate supply of energy, all development forecasts and

all plans for overcoming the ecological crisis will be pointless.

Almost all the forms of energy on our planet have, as we know, a single
primary source — the energy radiated by stars, and in particular by the sun,
our closest stare Qur planet receives from the sun 40 000 000 million
kilocalories of energy per second; of this about half is dispersed and
absorbed in the earth's atmosphere, while clouds, dust and other solid
particles reduce the fraction of solar energy reaching the earth's surface
to approximately 40%. Thus, the surface of our planet receives

16 000 000 million kilocalories of solar radiation per second.

Part of the solar energy reaching the earth is reflected and escapes
into space in the form of short-~wave radiation. A further part is absorbed
by the earth's atmosphere, hydrosphere, lithosphere and biosphere. The
absorption of energy by the atmosphere and the hydrosphere gives rise to
evaporation, atmospheric precipitation, winds, waves and — to some extent -
ocean currents and other phenomena. Through photosynthesis, the energy
absorbed by the biosphere becomes incorporated in the biomass of plants and
animals on land and in the sea. The energy absorbed by the lithosphere
re—-emerges as thermal, chemical and nuclear energy - including hydrocarbon

fuels, witich result frem the decomposition of living matter.

-238-
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As a result of evaporation, atmospheric precipitation, the movement
of ocean waters, the respiration of plants and animals, and the combustion
of hydrocarbon fuels, part of the solar energy accumulated by the earth

is also returned to space in the form of long-wave radiation.

These processes — the radiation of solar energy to the earth, its
absorption by the atmosphere, the hydrosphere, the lithosphere and the
biosphere, and its subsequent escape into space - occur steadily and

without interruption.

There are also power sources, however, which are not directly linked
with solar radiation - they include the earth's internal heat and tidal
movements. These forms of accumulated energy result from gravitational

forces, the earth's rotation, electromagnetism and various other phenomena.

Man has four forms of energy at his disposal: solar energy; the
kinetic and potential energy of the earth's gravitational system; the
earth's internal heat; the energy resulting from the earth's rotation

and the circulation of the earth's atmosphere.

Although there are many forms of energy associated with the earth's
gravitational system, for simplicity of analysis it is best to confine one-
self to the energy of rivers and tides. On the other hand, besides the
energy contained in organic matter (accumulated solar energy), an enormous
amount of solar energy is locked up in the myriad chemical compounds which
were formed during different geological periods in the course of the earth's

formation.

Power sources can be divided into two major categories: non-renewable
and renewable. Non-renewable power sources include hydrocarbon fuels (coal,
0il, natural gas, bituminous shales, peat, etc.) and nuclear fuels
(i.e. materials which can release energy through nuclear disintegration and
thermonuclear fusion). Renewable power sources include photosynthetic energy,
directly utilized solar radiation, water power, the energy of tides and waves,
the energy of evaporation and precipitation processes, wind energy, energy
based on the temperature difference between the atmosphere and land and water

surfaces, and geothermal energy.

In general, man uses only a few of these many energy forms, preferring
above all hydrocarbon fuels. Until quite recently (120-150 years ago) human
and animal muscle and wood fuels were the main sources of power. They were

then supplemented by coal and later by oil and gas, which in recent years
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have also been followed by nuclear fuel. Although there has been widespread
use of water power, its role in the world's energy balance is only a minor
one. The use of the energy of hot underground waters (geothermal energy)
and of waters under great pressure is still in an early stage, as is the

use of solar radiation, tidal energy and wind energy.

Power generation is at present based mainly on hydrocarbon fuels
(coal, oil and gas), about 6000 million tons coal equivalent (heat value
7000 kcal/kg) being extracted each year. This is equivalent to an average
of two tons coal equivalent per human being. However, there are considerable
differences between countries; for example, the figure for the United States
is 10 tons and for India 0.2 tons (50 times less). Upon being burned, each
ton coal equivalent releases 7 million kilocalories of energy, so that the
energy derived from the hydrocarbon fuel extracted each year amounts to

42 x lO15 kilocalories.

There is a great deal of contradictory information about how this
energy is used. In some publications, for example, it is stated that 25-30%
of the fuel in question is used for transport, 30-35% is burned at thermal
electric power stations, 30% is used in industry and 5-10% goes to domestic
users. According to other authors, however, 23.9% is used for transport,
24.7% is burned at thermal power stations, 30.7% is used in industry and
20.5% goes for everyday domestic uses. Despite such discrepancies, there

is clearly a steady increase in the power demands of industry and transport.

It is very important to know both how much of each form of fuel is
consumed in a year and for what purpose. The figures in the following table

relate to the world consumption in 1964.

Power source Amount Fraction
(Type of fuel) (in millions of total
of tons coal (%)
equivalent)
Coal 221 36.57
0il and derivatives 1867 30.46
Wood 974 15.90
Natural gas 880 14.36
Hydreelectric and nuclear energy 105 1.71
Fuel of animal origin 61 1.00

6128 100.00
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Almost two thirds of the power from these sources is lost, only

about 35% being used in the form of heat, mechanical power and electricity.

Let us now consider how power consumption is spread over different
sectors of the economy, taking by way of example the world's most highly
developed capitalist country - the United States of America. The following
table (based on United States statistics) shows the share of five basic

sectors of the country's economy in power consumption.

Sector -of the economy Fraction (%)
Industry 32
Electricity utilities 25
Transport 24
Communal and domestic users 14
Commerce 5

100

In this table, the figure for "Electricity utilities" indicates not
power consumption but the conversion of primary energy into electricity
which is then supplied to the consumer; 63 of the electricity produced
by the utilities is used in industry and commerce, the remaining 32% being
used by the population at large for domestic purposes. Thus, the final
distribution among users is as follows: industry and commerce - 54%;

transport — 24%; communal and domestic users - 22%.

"Transport" breaks down into two roughly equal parts. Private auto-
mobiles and other private means of transport account for slightly more than
half of the figure given in the table. The other half ié accounted for
by the air, rail and road transport of freight and by passenger transport
sexrvices. Thus, private means of transport and communal and domestic
users account for one third of the total power consumption, while business
activities (industry and commerce) account for two thirds. The relationship
between business and the private sector as regards power consumption is

important for planning and predicting the development of power sources.

Let us consider power consumption in different sectors of the economy,
comparing figures for 1970 with predictions for 1985 (the figures are based

on computations performed by the Chase Manhattan Bank).
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In the "transport" sector a 71.2% increase in power consumption is
expected during the period 1970-85. However, the fraction of total
power consumption accounted for by transport is expected to fall from

24% in 1970 to 21% in 1985.

Form of transport Fraction of Increase
total power in power
consumption consumption

in the by 1985
"transport" (in %)
sector

(in %)

Private automobiles 53 T2:7
Trucks and buses 22 53.1
Passenger aircraft 13 137.0
Agricultural and other machines 5 35T
Ships and boats 4 25.0
Railways 3 19.0
Total 100 T2

All means of transport in the United States will burn liquid fuel, with

the exception of a very small number of coal-burning ships.

In "industry", power consumption is expected to increase by 57.T7%h during
the same period, the fraction of total power consumption accounted for by
industry also deelining (from 32% in 1970 to 26% in 1985). As can be seen
from the following tables, there will in addition be a change in the power

supply structure.

Type of fuel Fraction of total (%)
1970 1985
Coal 22 18
0il 29 46
Natural gas 49 36

Totals 100 100
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Fraction of total (%)

1970 1985
Fuels used
= for combustion 67 61
- as raw materials 33 39
Totals 100 100

It should be noted that more than half of the oil and coal consumed
at present is used as raw materials (i.e. not for combustion). As regards
natural gas, a little over 10% is used as raw materials, the remaining

90 being burned 1n i1ndustry.

In "commerce", fuel consumption is expected to increase by 73% during
the period 1970-85, the fraction of total power.consumption accounted for
by commerce remaining the same. The power supply structure will also remain
virtually unchanged, the share of natural gas increasing from 60% in 1970

to 62% in 1985 (the rest of the demand for fuel is covered by oil derivatives).

In the "communal and domestic" sector, a 50% increase is expected, the
fraction of total power consumption accounted for by this sector declining
from 14% in 1970 to 11% 1n 1985. The power supply structure will change only
slightly; for example, the share of natural gas will increase from 52% to
56%, while that of o0il will decline from 45% to 43%h. There will also be a
decline in the share of coal - from 3% in 1970 to 1% in 1985.

In the field of electricity generation, great changes are expected in the
United States during the period 1970-85. For example, the per capita con-
sumption of electricity is expected to more than double. The use of
electricity is increasing faster than that of primary power sources, and there
is a growing trend to use electricity instead of other forms of power. The
consumption of primary power in the generation of electricity is expected to
increase from 25% in 1970 to 3T in 1985.

In the field of electricity generation there are also expected to be
pronounced changes with regard to primary sources of power, as can be seen

from the following table.
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Power source Fraction of total (%)
1970 1985
Coal 49 29
Natural gas 24 11
Hydraulic power stations 15 8
0il and o0il derivatives 11 17
Nuclear fuel i 35
Totals 100 100

During the period 1970-85, electricity consumption will increase by
189%, the annual rate of increase being 7.3. It has been estimated that
electricity consumption will be almost three times  higher during 1970-85
than during the 15 preceding years. There is a striking increase in the
figure for electricity generation by nuclear power stations, which by 1985
will account for more than a third of the electricity generated in the
United States.

The figures in the following table indicate, as a percentage of the

figures for 1370, the increase in power derived from different sources by

1985.

Power source Iucrease by 1985 (%)
0il and oil derivatives 105.1
Natural gas 23.2
Coal 62.4
Hydroelectric power stations 44.7
Nuclear fuel 659.5
All power sources 93.2

As can be seen from this table, o0il and nuclear fuel consumption will
have increased most by 1985. The reason for the substantial increase in
oil consumption lies in the fact that oil is such a universal fuel and raw
material and that the development of transport has resulted in a higher
demand for oil. The relatively small increase in natural gas consumption

is due not to reduced demand but to the shortage which is expected to make
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itself felt during the next few years. Without this shortage the
increase in gas consumption would be much greater. The relatively
large increase in coal consumption has two causes: the shortage of
natural gas and a possible increase in oil prices; increased pro-
cessing of coal both in metallurgy and in the production of liquid and

gaseous fuels.

As regards the expected increase in the consumption of hydroelectric
power,. this is a natural reaction to the growing "power famine'", it
may also be attributed to the trend in the United States towards '"clean"
energy which does not affect the environment. The very large increase in
electricity generation by nuclear power stations is attributable not only
to the future shortage of hydrocarbon fuels but also to the energy strategy
of the United States.

World power generation is increasing steadily. During the period
1860-1956, the average annual growth rate was 3.75% - with occasional
annual growth rates of 5-7%. The growth rate increased considerably
during the period 1958-61, reaching 19% per annum between 1961 and 1964.
This continued during subsequent years. In the United States, for
example, a sharp increase in power generation began in 1967. Among the
reasons for the increased growth of world power generation are the develop-
ment of power-intensive industries, the further electrification of production
processes, in the service industries and in the home, and accelerated

industrialization in many countries - including developing countries.

The rapid growth of power generation in recent years on the basis
mainly of coal, 0il and gas has led in turn to a rapid increase in the
extraction of these hydrocarbon fuels, the reserves of which - considered
inexhaustible not long ago - are now increasingly attracting attention by
virtue of their "finiteness" and the possibility of their being exhausted
in the relatively near future. Moreover, the proven reserves are increasing
more slowly than power consumption. In view of these facts, estimates have
recently been made of the world's power sources - and especially of the

reserves of hydrocarbon fuels.

Many different - but on the whole fairly similar - estimates of the
world's economic reserves of coal, o0il and natural gas have been made on
the basis of known deposits and geological predictions. One such estimate

is presented below.
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Type of World reserves Extractable reserves

Fusl Amount in 1000 Fraction Amount in 1000 Fraction
million tons (%) million tons (%)
coal equivalent coal equivalent

Coal 11 240 90.44 2880 82.66

0il 743 6.00 372 10.68

Gas 229 1.85 178 5«1

Total 12 394 3484

If it is assumed that 6000 million tons coal equivalent of these
three types of fuel were extracted in 1970, then 0.15% of the world's
economic reserves were extracted in that year. If one goes on to
assume that the rate of extraction doubles every 20 years, one can
estimate when all the economically extractable reserves will be
exhausted; on the basis of the above figures this point will have been
reached by the year 2050 - i.e. in 80 years' time. Lastly, if one
assumes that further geological exploration and a higher extraction factor
will lead to an increase in reserves by.a factor of - say - eight, then
the world's hydrocarbon fuel reserves will be exhausted by the year 2110
rather than 2050 - in 140 rather than 80 years' time.

According to American data, the economic fuel reserves of the United
States will be exhausted in 75-100 years' time and its total potential
reserves in 150-200 years' time.

Thus, in the foreseeable future mankind will be faced with catastrophe -
the exhaustion of the world's hydrocarbon fuels, which also constitute
chemical raw materials of great value. The situation is particularly acute
with regard to oil and gas, which are representing a largerand larger fraction
of the fuel burned in the course of power generation and now accounting for

at least 70% of the total.

With hydrocarbon fuels constituting the basis of mankind's power supply,
the situation which is developing as regards gas, oil and coal can only be
regarded as an approaching power famine; +this is the essence of mankind's

energy problem.
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To this one must add that the burning of hydrocarbon fuels is
accompanied by serious atmospheric pollution and by the release into
the atmosphere of enormous quantities of carbon dioxide which give

rise to a "hothouse" effect.

Mankind must therefore switch to new power sources for the following

reasons:

(a) The possible exhaustion of reserves of hydrocarbon fuel

(especially gas and o0il) in a few decades;

(b) The need to use oil, gas and coal as raw materials in

the chemical industry;

(¢) The danger of atmospheric pollution owing to the release
of enormous quantities of carbon dioxide and other com-

pounds resulting from the combustion of hydrocarbon fuels;

(d) The increasing demand for power and the growing social

costs of power generation.

These conclusions are probably valid even if fuel consumption increases
at a somewhat different rate and the power consumption pattern is different.
For example, according to data presented at the 8th World Power Conference,
the gross world production of economic power increased from 6140 million tons
coal equivalent in 1928 to 6650 million tons coal equivalent in 1970, which
means an average annual increase of 4.9%. In 1970, the share of oil in total
world power consumption reached 46% and that of gas 20%, while the share of

coal had fallern from 51% to 31% in the course of ten years.

It was estimated at the World Power Conference that, if the average
annual increase during the decade 1970-80 was 4.5%, total annual power
generation would be about 10 000 million tons coal equivalent by 1980,
approximately two thirds being attributable to oi1i and gas and the share of
nuclear fuel remaining at 4-7%. Total world power generation in the year
2000 may, according to the data presented at the World Power Conference, exceed
20 000 million tons coal equivalent, oil and gas accounting for slightly over
three fifths of the total and nuclear fuel for up to one fifth; the remainder

will be attributable to solid fuels - mainly coal.
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Whereas, for example, Academician N.N. Semenov assumes doubling
of power consumption every ten years (which is supported by, in particular,
United Nations data for 1958-68), a much longer doubling time is used in the
calculations of the World Power Conference. The marked discrepancy in
assessments of how power generation will develop durihg the period up to
the year 2000 are quite understandable if one thinks of the large Jdiscrepancies
in many national assessments. In the United States, for example, the Battelle
Memorial Institute estimates that mean annual power consumption will increase
at a rate of 3.2% during the period 1970-2000, whereas other experts assume
a growth rate of 4.35% during the period 1970-80 followed by a reduction in
growth rate to 3.5% during the period 1980-90: the demand for power will
increase during the period 1970-2000 by a factor of 2.56% according to some

estimates and by a factor of three according to others.

Despite their diversity, the various quantitative estimates all indicate
rising world power consumption and declining fuel resources - especially
hydrocarbon fuel resources. The American experts Hottel and Howard have
correctly pointed out that, over and above all accepted quantitative pre-
dictions, there is a commonly held view that by the end of this century
the demand for power will be enormously large by current standards. This
confirms what has already been stated regarding the need t> find reliable

new forms and sources of power.

Let us look at the energy systems (or power sources) which are being or
could be used by man, corsidering separately the group of systems based on

renewable power sources and the group based on non-renewable power sources.

As the first energy system within the first group we take the action of
gravitational forces, the earth's rotation, molecular motion (the temperature
difference between atmosphere, lithosphere and hydrosphere), tides and waves,
air movement (winds); geothermal energy also belongs to this system. Man
has been making use of these power sources for a very long time, converting
energy from one form to another. For example, the energy of the winds has
been used to propel sailing ships and turn windmills and mills linked up with
electric generators and pumps; the gravitational forces represented by the
water masses in rivers regulated by dams are used to drive hydraulic turbines
connected with electric generators; gravitational forces are also the basis

of tidal power stations.
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A major advantage of these power sources is that they operate
continuously and are virtually inexhaustible over time. Moreover, their
exploitation by man does not have any serious ecological consequences —
with the exception of hydroelectric projects, which can give rise to
environmental disturbances (the flooding of land, changes in the hydro-

meteorological conditions, etc.)e

Their main disadvantages are that they are not distributed uniformly
over the earth's surface and that they cannot be relied upon to be available
whenever and to the extent required. Moreover, although the world's hydraulic,
tidal, wave and wind energy resources are substantial by present standards,
they are totally inadequate for meeting the demand for power in, say, the year
2000. It has been estimated that all these power sources together could meet
only 6-10% of mankind's demand for power at the end of this century, so that
there is little hope of using them as the basis for solving the future world energy
problem. Nevertheless, one should not ignore the possibility of using these

power sources in specific regions and under specific conditions.

A subject which deserves special attention is geothermal energy, the
possibilities of which were either played down, or even totally ignored, until
quite recently. We know that the predicted reserves of géothermal energy aré
tremendous, but for a long time the chances of using them appeared to be very
limited. The literature contains frequent references to the fact that geothermal
energy can be used only in certain parts of the globe, mainly in areas of
volcanic activity. Yet recent studies in a variety of countries, and in particular
exploration sponsored by the United Nations, have shown that geothermal energy
can be utilized virtually everywhere, the only difference being that in some
regions of the globe the geothermal waters and high—pressure cavities are close

to the surface while in other parts they are a long way below ite

Current opinion with regard to the possibility of utilizing geothermal
energy to produce heat and electricity is based on a more exhaustive study of
such resources and on the progress achieved in deep boring techniques, including
the sinking of bore-~holes in the lithosphere by means of directed atomic
explosions. There can be no doubt, of course, that the drilling of geothermal

bore-holes, particularly under high-temperature conditions, is still an extremely
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difficult matter, but the latest achievements in metallurgy, production of
special materials and cooling systems warrani greater optimism in assessing

the prospects of using geothermal waters and geothermal superheated steam

for power prouduction purposes. Scientific theories developed over the last

few years indicate the theoretical possibility of using volcanic activity as

a source of heat energy. Pumping water into hot magmatic layers of the lithosphe
could in principle provide a tremendous amount of boiling water or steam for

subsequent use in heat engines.

On this account there has been renewed activity over the last few years in
the area of heat engines working with low-temperature gradientse. This normally
refers to two—circuit engines in which the geothermal water is used as the workir
fluid in the first circuit, and the vapour of low-boiling specially—prepared

liguid mixtures is used for the second circuite.

According to calculations made by American research workers, the developmen-
of geothermal energy in the United States is highly promising. For example, it
is reckoned that the potential output of American geothermal power stations will
be 750 MW by 1975, 132 000 MW by 1985, and 395 000 MW by the year 2000. As will
be clear from these estimates, by the end of the present century geothermal
power may account for a substantial proportion of the United States energy balan:
Right now, of course, it is difficult to say for certain exactly how realistic
the prospects of geothermal power are, but studies conducted over the last few
years suggest that within the context of the first energy system which we discus
geothermal power is the one solution to the energy and power resource problem
offering the greatest promise. It should be stressed in this connection that

practical harnessing of this form of energy is not far off.

The second energy system in the first group involves the vital activity of
living organismse It includes the utilization of solar energy in the process of
photosynthesis by vegetation and the vital energy of micro-~organisms. Sunlight,
solar heat and, possibly, cosmic rauiation are the prime sources of the energy
processes taking place in living matter. Utilization of this energy system take
the form of nourishment, application of muscular strength in man and animals,
fermentation and microbiological action in industrial and agricultural processes

and also the production of heat when fuel of vegetable or animal origin is burne
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Like the first energy system, this one is virtually inexhaustible,
self-restoring and renewable. This is its main advantage. The muscular
strength of a living organism has a fairly high degree of efficiency. Food
energy is converted into muscular energy by slow, flameless oxidation within
the organisme. A living organism can in theory carry out a momentary trans—
formation of one form of energy into another with a relatively high degree
of efficiency. In actual systems, however, living organisms, like energy
sources, are characterized by a number of shortcomings. These include, first

and foremost, high heat energy losses during metabolism.

The second energy system, just like the first, involves indirect rather than
direct nutilization of solar energy. In the first case the energy is utilized
and transformed via non-living matter, whereas in the second instance the
process takes place via living organisms, i.e. the biomass, in which the chemical
transformation of solar energy into the energy of growth, movement and muscular

activity takes place.

Until quite recently living matter was not taken very seriously by scientists
as a means of conversion of one form of energy into another, or as a source of
energy on the earth. This was simply because of the presence of a large quantity
of residual living matter that had not gone through the oxidation stage, in the
form of oil, gas and coal. Today, however, increasing numbers of investigators
are looking more and more persistently at living matter as a converter of energy
which may hold promise for the long term and as a storer of energy that might

once and for all solve the problem of the world's energy and power resources.

It is estimated that the overall productive capacity of photosynthesis
throughout the world per year — in extremely approximate terms - is 80 000 million
tons, or some 14 times more than the amount of fuel recovered every years. The
question is, can we induce photosynthesis outside of liﬁing organisms and is
it possible to find an artificial way of transforming solar into chemical energy
with a fairly high degree of efficienéy? Over the last few years many prominent
gscientists have come to the conclusion that this way of producing energy is
theoretically possible. Among others, Academician N.N. Semenov has suggested that
it might be possible, by some such mechanism, to increase the efficiency with
which solar energy is used to 20% i.e. to double the "biological' efficiency of
photosynthesis in plants. It is interesting to note that towards the end of his
life, Jean-Frédéric Joliot-Curie, who played a leading part in laying the
scientific foundations for the utilization of nuclear energy, attached major

importance to the idea of harnessing the energy of the sun.
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The third energy system is taken to mean the direct utilization of
solar energy in photochemical, photoelectric and thermoelectric processes.
By means of this system, man can produce thermal or electric power based on
electrochemical reactions and on the focusing of the sun's light rays by

optical means.

The advantage of the third energy system is that it can be used for
direct transformation of solar energy into thermal or electric power. Its
more positive aspects include the possibility of storing the energy (on a
comparatively small scale) by biochemical or electrochemical means. The

impossibility of utilizing the system on a large scale is its main disadvantage.

This energy system has long been a subject of interest to investigators
because of its apparent simplicity, yet all attempts, even the latest and most
serious efforts, to construct efficient solar batteries have run into
insuperable difficulties associated with the very large size of such batteries
or the high cost of the transforming elements in them. It must be assumed that
even in the future, direct conversion of solar energy can only be of a limited
nature. It is true, of course, that solar cookers, small boilers, pumping unite
and other such devices have already been constructed and operate efficiently,
but there can hardly be any serious grounds for expecting a major breakthrough'
in the direct conversion of solar energy either in the foreseeable or even the

distant future.

The fourth energy system comes under the second group of systems based on
non-renewable energy sources. This system is understoad as the production of
energy by burning hydrocarbon fuels such as coal, o0il, natural gas, bituminous
shale, and so forth. The generation of thermal and electric power from the
combustion of hydrocarbon fuels is at present the best known and most efficient
way of meeting man's energy requirements. Here we can only single out some of
the specific features in the development of machines operating on hydrocarbon

fuels.

First and foremost, it should be mentioned that the last few years have
been marked by vigorous attempts on the part of a number of research workers
and designers to perfect the internal combusion engine, which has now been
around for three quarters of a century. These attempts have been geared towards

eliminating reciprocally moving parts and replacing them by rotating partse.
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Gas turbines and engines of various designs with a rotating piston (or pistons)
have in one or two cases already taken the place of the classical piston engine,
But neither gas turbines nor the new rotary engines have solved the main problem,
which is to improve efficiency. It has even been the other way round - in a
number of instances the efficiency has been reduceds We may assume that attempts
to perfect internal combustion engine design will go on and lead to some

positive results, but the yardstick by which to assess the success of any such
attempts is whether or not the engine is more efficient in terms of the
consumption of liquid fuel, the world reserves of which are diminishing with

every year that passes.

One of the major advantages of the fourth energy system is the possibility
of conveniently storing, transporting and controlling the sources of energy
involved, namely the hydrocarbon fuel. The principal disadvantages are the
high heat consumption and operational cost, together with pollution of the
environment by the combustion products. And finally, a fundamental drawback
is the shortage of fuel, already discussed, and the need to conserve it as

metallurgical and chemical raw material.

The fourth energy system is the one chiefly employed by man to meet his
power requirements. As we have already pointed out, hydrocarbon fuels proviae
for almost all human requirements at the present stage. In view of the signs
that a power crisis is approaching, this energy system will continue to be the
centre of attention. The main goal will be to attain the highest possible
efficiency and economy in power plants using fuel of this type. No less a
problem will be to find ways of saving fuel through reduction in the consumption
of power by industry, and the power supply per production unit in industrial

plants and in the transportation sector.

The shortage of hydrocarbon fuels which is beginning to develop and, on
the other hand, the very great advantages to be gained from using this type of
fuel, especially for transportation purposes, have led scientists throughout
the world to make further improvements in existing types of heat engine operating
on the principle of the fourth energy system and to seek new ones. In addition
to making improvements in the classical internal combustion engine (both
carburettor and diesel models) and seeking new rotary engine designs and more
efficient steam— and gas—turbine engines, scientists in a number of countries
of the world are working out newer and more effective ways of utilizing hydrocarbon

fuel so as to obtain thermal, mechanical and electrical power.
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As one of the more promising trends we can mention combined turbine
plants operating on a gas—steam cycle and possessing an efficiency of more
than 40%. Another interesting line of development is the magnetohydrodynamic
plant, in which fuels of this kind are used to form a high—temperature plasma
intersecting a magnetic field and generating an electric current. Mention
should also be made of the continuing efforts in the field of fuel elements
in which the hydrocarbon fuels may theoretically be used with an efficiency

as high as 80%.

The fifth system includes methods of obtaining energy by use of intra-—
nuclear processes. Within this system thermal and electrical power can be
obtained through fission of the atomic nucleus as well as through thermo-

nuclear fusion.

The chief gdvantage of the fifth energy system is that it affords a
means of siting a power plant in any region of the globe, once it has been
provided with a long-term supply of the requisite amounts of specially prepared
nuclear fuel. The disadvantages of nuclear fueled plants include the high cost
of their production and the fuel for them, the need for a costly radiological
protection system, and the difficulties involved in radioactive waste disposal.
The most serious problem is that of the nuclear fuel, as the uranium oxide and
other types of nuclear fuel used at presenf are, strictly speaking, materials
in very short supply. Furthermore, the cost of uranium is going up every year

on account of increasing demand and decreasing reservess

Another drawback of the fifth energy system is the fact that it is
virtually unusable for means of transportation, particularly road vehicles,
railways and aircraft. For the time being nuclear energy can, for the most
part, be used only to provide heat and electricity. Unfortuqately, we have
not yet built nuclear energy storage batteries of sufficient capacity and
reliability for installation in all means of transport. Moreover, at the presen
juncture we still cannot consider the swing towards nuclear propulsion in ship-
building as advisable on account of the high cost of the nuclear power plants

involved and the difficulties inherent in operating them.
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Calculations show that with the wide—scale use of nuclear reactors of
the present—day design to generate electricity, the world's uranium reserves
will very soon be used up. For this reason the development of nuclear energy
throughout the world is being conceived more in terms of the design and
operation of what are known as fast-neutron breeder reactors. Theoretically
it is quite possible to build such reactors and the problem of nuclear fuel
would thereby be solved for a very long time; once it had been placed in the
reactor, the fuel would last for a very long time. What is more, scientists
are also working to bring about controlled thermonuclear fusion, which is an

even more promising idea than the process involved in the breeder reactor.

But the central and most practical problem facing scientists in the field
of nuclear power production is still the development of the breeder reactore.
At present the following three types of breeder are being studied: first, the
liquid-metal fast—neutron reactor, in which liquid sodium transfers the heat
from the reat¢ttor to the poiﬁt where steam is generated; second, the fast-neutron
reactor with gas (helium) cooling. Both systems involve the use of breeder
reactors in which the nuclear fuel can be doubled in eight or nine years. And

finally, a third type is the breeder reactor with a molten salt.

In all three cases there are still a large number of unsolved problems.
At present many scientists are showing a preference for the liquid-metal breeder
reactor, but its construction entails a series of difficult problems. Liquid-

metal reactors are now being developed in the United States, Britain and France.

Generally speaking, the development of breeder reactors of the different
designs reguires a tremendous financial outlay. The scale of the expenditure
incurred is shown, for example, by the fact that not even the United States is
able to work on all three breeder reactor types at the same time, as this would
require a tremendous amount of money. It is worth pointing out that the first
liquid-metal breeder reactor is being constructed by United States Government
bodies as well as a number of private firms, the project being co—financed by
the State and the private ~ompanies. Further devel<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>