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FOREWORD

In June 1973 the first scientist arrived at the International Institute for
Applied Systems Analysis. He came, just nine months after the signing of
IIASA’s charter, to work on the Institute’s first major study—the Energy
Project. In the years since, more than 140 other scientists have come from
over nineteen countries to participate in what has become IIASA’s Energy
Systems Program. Under the leadership of Professor Wolf Hifele, they have
carried out a truly comprehensive analysis of the world’s energy future.

This book reports their findings. It is also a “first”—the first complete
report of a major IIASA program. As such, it carries a dual responsibility.
On the one hand, it provides a clear, thorough, and objective presentation
of the results of a large, multifaceted study. On the other hand, it demon-
strates to a wide and interested audience the nature of the contribution that
ITASA can make to a better understanding of major international issues.

Although analysis strives to be objective, it cannot avoid completely the
imprint of personality or the influence of individual and group experience.
Consequently this study, like all others, reflects the character and back-
ground of its authors. Good analysis, however, tries to make these influ-
ences and assumptions explicit, so that the user of the analysis can be aware
of and compensate for them. Professor Hifele and his team have taken
special care in this report to state carefully the assumptions they have made
and to distinguish their ‘“visions” from their calculations.

The Institute, for its part, has provided the environment in which this
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xii FOREWORD

major international and interdisciplinary study could be carried out. And it
has established the procedures for scientific review of the report by an
international group of experts on energy. But the findings of the study are
those of the Energy Systems Program under the leadership of Professor Wolf
Hifele and should not necessarily be ascribed to the Institute, its Council, or
its National Member Organizations.

The global energy problem is so complex that no single study can hope for
complete acceptance. This analysis instead aspires to contribute to the con-
tinuing debate and discussion by providing a globally comprehensive frame-
work and a long-term perspective. Inevitably, there will be those who
disagree with some of its assumptions, methods, or conclusions. They are
challenged to trace the consequences of their alternative views within the
same constraints that everything add up across and over time. The discipline
of quantification and the necessity of coherence are prerequisites for serious
energy analysis.

The global energy problem is so difficult that no nation acting alone can
solve it. Yet for the necessary international cooperation to succeed, there
must be a base of shared understanding of the nature of the problem and its
possible solutions. The ITASA Energy Systems Program has aspired to con-
tribute to the development of that understanding. It has done so both
through its own research and through the creation of an international net-
work of collaborating energy institutions and specialists who share its
perspective and approach. Thus, this book is just one—very important—
dimension of the results of the Energy Program. As it is disseminated and
read, we hope that it will help to enlarge the network of those who have a
common understanding of the global energy problem and, thereby, will help
to establish the basis for wise, successful, and equitable international col-
laboration in its solution.

When the first IIASA scientist began working on energy seven years ago,
the Institute’s aspirations were high, but its prospects for success were
uncertain. This book demonstrates, we believe, that the Institute’s interna-
tional and interdisciplinary analysis can contribute to a better understanding
and resolution of major problems of international importance.

Jermen Gvishiani Roger E. Levien
Chairman of the IIASA Council Director of IIASA



PREFACE

This book presents the findings of the study of the global energy system
by the Energy Systems Program, Phase I, of the International Institute for
Applied Systems Analysis (IIASA). The study, which began in the summer
of 1973, focused for the first two years on understanding and conceptu-
alizing the energy problem. This led to the design of a set of energy models
that were subsequently used for developing two scenarios—the principal tool
of our quantitative analysis. A preliminary draft of our findings was com-
pleted in 1978 and sent out for review. The widespread substantive com-
ments received on this draft were carefully considered in finalizing our
report. This book, which was completed in December 1979, reflects our
work up to this date.

The purpose of this book is not to advance the state of the art of a par-
ticular discipline, although we would be pleased if this were to happen. What
we have tried to do is to look at each of the different aspects of the energy
problem in a new way—to view them as an integral part of an overall pattern.
We therefore suggest that the reader consider this book as a picture or a
pattern and not concentrate solely on individual chapters or subjects.

This book is divided into parts that cover broad areas of research. In Part I
we give some general observations that provide a frame of reference for the
whole study. In our discussion of the various global supply options in Part 11,
and in our treatment of possible constraints on energy strategies in Part III,
we have adopted a somewhat visionary approach. We purposely stretched
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xiv PREFACE

our thinking to the limits so as to provide the reader with the broadest pos-
sible choices of input data and parameters for understanding our quantitative
analysis in Part IV. Thus, this book has an inherent duality—realism and
vision. For our quantitative analysis, we had to be realistic and pragmatic;
otherwise we would not have been able to achieve the factual basis on which
to consider possible longer term solutions. Yet, morally, we regard this
realistic approach as unsatisfactory, since we could assume only modest
growth in the developing countries. In Part V, we give some perspectives that
we arrived at after having gone through such an exercise.

Our aim throughout this book has been to be objective. However, in
adding it all up we recognized the need to take a position and to express the
views we actually hold. Thus, the assessments and implications of our study
for energy policy, presented in Part VI, cannot be defended merely on an
objective scientific basis. They are either evident or not.

ITASA is a small research institution, and the group studying the energy
problem was accordingly small. We did not judge it useful to compete with
the energy research of larger national and regional study groups. Our intent
was to complement their work by providing a long-range, global view of the
problems facing civilization. In particular, we aimed for complementarity
with the Workshop on Alternative Energy Strategies (WAES). Similarly, our
thinking was stimulated by the World Energy Conferences of Detroit (1974)
and of Instanbul (1977) and by our contacts with major groups in the energy
field such as those of the USSR Academy of Sciences and of the European
Community.

ITASA, as a nongovernmental institution, is fortunate to receive the
cooperation and support of its seventeen National Member Organizations,
which span both East and West. The Energy Systems Program has benefited
greatly from the diverse political, social, and economic points of view on the
energy problems in these countries. For a truly global perspective, one must
also consider the dynamics of the developing countries, and we are grateful
for the cooperation received from numerous institutions, groups, and indi-
viduals from these countries. We especially wish to acknowledge the support
of the United Nations Environment Programme (UNEP) in Nairobi, which
helped us to strengthen our rapport with the developing world.

This book was not written by a single author. Given the diversity of con-
tributions and subjects, we felt it would add richness to the exposition if
there were some disparity of style as well as individual formats of exposi-
tion. Thus, in both the technical and literary editing, the individual authors’
viewpoints have been preserved, and the reader may want to take note of our
explanations about authorship below.

We would not have been able to complete the research reported on here
without the help and support of many institutions, groups, and individuals.
In the list below we gratefully acknowledge the help received from these
bodies by means of contracts and cooperative agreements. It would give a
false impression, however, if this list were considered exhaustive. It is simply
impossible to include all here.



PREFACE XV

UNEP awarded us a major contract on ‘“The Comparison of Energy
Options: A Methodological Study,” which covered a major portion of our
work. Thus, to some extent, UNEP could be considered a co-sponsor of this
phase of the Energy Systems Program. UNEP also awarded us a contract on
“A Systems Study of Energy and Climate,” which permitted us to examine
the possible climatic impacts of energy technologies.

The Meteorological Office, Bracknell, United Kingdom, cooperated very
closely with us in our study of man’s impact on the climate system. Spe-
cifically, they provided us with their Global Circulation Model, which served
as the basis of our numerical experiments carried out with the above-
mentioned UNEP support. We are also grateful to the office for providing us
with experimental output.

The Nuclear Research Center (Kernforschungszentrum), Karlsruhe, FRG,
provided us with large amounts of inexpensive computer time for executing
the numerical experiments supported by UNEP and the Meteorological
Office.

For our research on the impacts of solar energy production on the meso-
scale climate, we received the cooperation of the Stanford Research Institute,
Palo Alto, California, United States.

The National Center for Atmospheric Research, Boulder, Colorado,
United States, lent their cooperative assistance to the above-mentioned
climate studies supported by UNEP.

The International Atomic Energy Agency (IAEA), Vienna, Austria,
formed a joint team with IIASA to study risks. This team made important
contributions to IIASA’s work in this field.

The Volkswagen Foundation (Stiftung Volkswagenwerk), Hannover,
FRG, awarded us a contract for studying ‘Procedures for the Setting of
Standards,” which complemented the work of the joint IIASA/IAEA risk
team. The Volkswagen Foundation also gave us a contract for studying
“The Mechanisms of Market Penetration,” which very much expedited our
work in this area.

The Federal Ministry of Research and Technology (Bundesministerium
fir Forschung und Technologie), Bonn, FRG, awarded us 2 major contract
for a “Systems Study on the Possibilities of Intensified Use of Solar Energy
in the Federal Republic of Germany (FRG).” Through this assistance we
were able to broaden our knowledge of developments in the field of solar
power.

The Austrian National Bank (Osterreichische Nationalbank), Vienna,
Austria, awarded us a contract for studying ‘“Capital and Currency Demand
As a Constraint For Future Technological Strategies For Meeting Demand.”
Their support helped us in the development of the IIASA set of mathemati-
cal energy models.

The Siberian Power Institute of the Siberian Department of the USSR
Academy of Sciences, Irkutsk, cooperated closely with us, in particular by
ving us the early version of a computer program that, after adaptation at

IASA, became the economic IMPACT model.
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The USSR Academy of Sciences, through the Kurchatov and the High
Temperature Institutes in Moscow, participated in our study of “The Fusion
and the Fission Breeder Reactor.”

The Electric Power Research Institute, Palo Alto, California, United
States, contributed to our study of ‘““The Fusion and the Fast Breeder
Reactors.”

The Institute of Energy Economics and Law (Institut Economique et
Juridique de I’Energie), Grenoble, France, cooperated with us, in particular
by providing us with a computer program that, after adaptation at IIASA,
became the MEDEE-2 model.

Shell Austria, through the Technical University of Vienna, contributed a
grant in support of our WELMM studies.

We also wish to acknowledge here the close cooperation of the National
Coal Board, United Kingdom; of the United Association of German Hard
Coal Mines (Gesamtverband des Deutschen Steinkohlenbergbaus) and the
Hard Coal Mining Association (Steinkohlenbergbauverein), FRG; and of the
institutions in Poland, the USSR, and the United States that helped us with
our assessment of the coal option.

Additionally, we were greatly assisted in our work by the following insti-
tutions and industrial firms: The Institute of National Planning, Cairo,
Egypt; Siemens, Erlangen, FRG; Kraftwerk Union, Erlangen, FRG; Shell,
Vienna, Austria, and London, United Kingdom; General Electric, New
York, United States; The Organization of Arab Petroleum Exporting Coun-
tries, Kuwait; The Technical University of Vienna, Austria; Gulf Corpora-
tion, Pittsburgh, Pennsylvania, United States; Electricité de France, Paris,
France; Institut Francais du Pétrole, Paris, France; Bureau de Recherches
Géologiques et Miniéres, Orleans, France; Charbonnages de France, Paris,
France; Centre National de la Recherche Scientifique, Paris, France; and
Institut fir Kernenergetik und Energiesysteme der Universitat Stuttgart,
FRG.

Here, a note on authorship is in order. This book is the product of a
closely cooperating, multinational team. In addition to scientists from both
East and West, we were assisted by scientists from the developing countries
who shared with us their first-hand knowledge of energy problems in their
countries. A list of the members of the Energy Systems Program over the
study period is given at the beginning of this book. Each member who was
with us at Laxenburg for more than a month is included, with the average
period of service being between one and two years.

Our team was also multidisciplinary: economists, physicists, engineers,
geologists, mathematicians, psychologists, a psychiatrist, and an ethnologist
gave us their different views of the energy problem. Thus it was impossible
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F. Niehaus, W. Hafele, W. Sassin, and G. Kromer. Chapter 11, “Risks and
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and S. Simpson. Chapter 12, “Constraints on Energy Supply: The Sum-
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Part IV, “Balancing Supply and Demand: The Quantitative Analysis,”
was coordinated by P. Basile. Chapter 13, “The Analytical Approach,” was
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Yu. Kononov, A. Papin, and L. Schrattenholzer. Chapter 14, ‘“Two Scenarios
Defined,” was written by V. Chant and P. Basile. Chapter 15, “Interpreta-
tion of Scenario Projections,” was written by V. Chant. Chapter 16, “Energy
Consumption and Conservation,” was written by P. Basile, A. Holzl, and
A. Khan. Chapter 17, “Energy Supply and Conversion,” was written by P.
Basile, with contributions from M. Agnew, J. Eddington, A. Papin, and
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Revisited,” was written by W. Hifele.

Without the contribution of J. Anderer as science writer and editor, this
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The authorship of the various chapters is indeed diffuse, and the individ-
ual authors cannot be held responsible for their contributions. The final
responsibility rests with the Program Leader.

We would also like to acknowledge with gratitude the wide support re-
ceived from many others. To the editors, draftsmen, secretaries, program-
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Energy Systems Program
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I INTRODUCTION






1 THE PROBLEM

Roughly 70 percent of today’s global primary energy supply comes from oil
and natural gas, and roughly 20 percent of the oil is crude from the Persian
Gulf. Oil and gas are clean, versatile, and relatively easy to use fuels. The
high specific energy content of oil, close to 10,000 kcal/kg, together with
the physical properties of a liquid permit easy storage and transportation at
relatively low cost. Distances of a global scale, 10,000 km and more, can be
traversed relatively easily. Cheap extraction and production of oil from the
Persian Gulf states has resulted in growing imports from that source for
Western Europe, Japan, and the United States. The low price of oil also
stimulated its use in a number of technologies, as a fuel and as a feedstock.

During the 1950s and 1960s, most of the world’s economies had relatively
high GNP growth rates and, related to that, relatively high energy consump-
tion growth rates. A figure of orientation for both is 5 percent per year. This
led to high absolute energy consumptions. Table 1-1 gives global primary
energy supply figures for 1975. Roughly 8.1 TWyr/yr? of commercial energy
and roughly 0.6 TWyr/yr of noncommercial energy (e.g., fuelwood and
agricultural waste) were consumed in that year. Such high consumption at
relatively constant energy prices has led, in general, to decreasing reserve-to-
production ratios for crude oil and natural gas.

*Here and throughout the book we have distinguished between installed power capacity (TW) and
annual energy production (TWyr/yr).
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Table 1-1.  Estimated global primary energy supply, 1975.

Level

Type (TWyrfyr)

Commercial energy
Oil 3.8

Of which oil from Middle East and North Africa (1.6)

Natural Gas 1.5
Other 2.9
Total commercial energy 8.2
Noncommercial energy (e.g., fuelwood, agricultural waste) 0.6
Total energy 8.8

Sources: Commercial primary energy supply estimates are based on data from United Nations
(1978). Estimates of noncommercial energy supply are taken from Parikh (1978).

Until the early 1970s there was no broad awareness of an energy problem.
However, by the early 1970s, a new set of political, economic, and social
conditions had evolved in the world. The oil-exporting countries have been
willing and able to make the price of oil a political determinant, as the price
escalation of late 1973 first illustrated. Also, many of the developing coun-
tries that export raw materials see the case of oil as an example to be emu-
lated for other products. This has led to a greater political unification of the
countries of the South, as has been evident at recent U.N. conferences. The
increasing price of oil has made it more difficult for the industrializing
countries to accelerate their development and for the industrialized countries
to maintain their growing economies.

Since the late 1960s, the impacts of human activities on the environment
are no longer considered small and negligible. Increasingly, the globe is seen
as finite and sensitive to what humanity does with it. This has inhibited the
classical substitution of other resources and technologies for those that have
become too expensive. Specifically, neither coal nor nuclear power has been
deployed at the rates they might have been had the ‘‘energy crisis’ occurred
in, say, 1960.

THE NATURE OF THE PROBLEM

Today’s energy problem is defined by the political and economic stresses
brought about by the availability and price of oil and by the limited substitu-
tion of other fuels because of environmental constraints. If the problem had
arisen in a fairly static world, it might have been solved in time by a com-
bination of efficiency adjustments (e.g., conservation) and substitutions of
new supply technologies.

But the world is dynamic. The population is growing. The workforce is
growing. Aspirations for amenity are growing. National economies are grow-
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ing, and for the populations of the Southern hemisphere, this growth must
be rapid if they are to achieve reasonable living standards in a reasonable
time.

Development takes energy. With existing patterns of national economies
and their growth rates, of development in the Southern hemisphere, and of
related management of resources prevailing, one could indeed expect a
serious energy problem. In fact, the problem already exists. Even if there
were no oil problem now, sooner or later the world would have come to
grips with the finite nature of the principal fuels in use today. Oil and natu-
ral gas are finite. Natural uranium of a quality usable for nuclear power
today is finite. While there is plenty of coal, it too is finite. The more we use
these fuels, the closer we get to running out of supply or, more exactly, to
finding that the remaining supplies are too expensive to use. The world must
cope not only with an oil problem, not only with problems of increasing
demand, but also with the problems of substituting effectively infinite
energy sources for the ones now in use. And here the question is not
whether, but when.

The energy problem cannot be broken down into individual elements
requiring solution; rather, it is the whole pattern of the energy system that
constitutes the problem. It is from this basis that the following elements
must be considered:

® Absolute size of energy demand;

® Rate of annual increase of energy demand;

® Allocation of global resources to countries—features of world energy
trade;

® Buildup rates of technical supply facilities;

® Innovation rates;

® Absolute size of resources;

® Absolute size of environmental and ecological impacts;

® Management of environmental and ecological impacts;

® Societal and political acceptance of technical and economical changes;

® Relationship between energy problems and policies and more general

social problems.

Energy Forms and Levels

In order to clarify the nature of the energy problem, we differentiate here
between energy at various stages of conversion and use. Figure 1-1 is helpful
for understanding this point. Primary energy is the energy recovered from
nature—water flowing over a dam, coal freshly mined, oil, natural gas,
natural uranium. Only rarely can primary energy be used to supply final
energy—energy used to supply energy services. One of the few forms of
primary energy that can be used as final energy is natural gas, which is why
it is a fuel of preference whenever it is available.

For the most part, primary energy is converted into secondary energy—de-
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Figure 1-1. Energy conversion and use.
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fined as an energy form that can be used over a broad spectrum of applica-
tions. Examples are electricity, gasoline, and natural gas; at lesser convenience
(which is why they are declining in their market shares), one could also con-
sider charcoal, sorted and graded coal, and cut and split fuelwood as sec-
ondary energy forms. In order to apply energy without making undue
demands on the consumer, it must be converted into a form that is readily
transported and distributed and that can be used in a variety of devices. The
trend has been toward grids, for obvious reasons—specifically electricity, gas,
and district heating grids. For convenience of storage, portability, and trans-
portability, the trend has also been to liquid fuels, of which gasoline and
diesel oil are the best examples.

Primary energy is converted into secondary energy in several different
ways. Central power plants produce electricity and sometimes district heat.
Refineries convert petroleum, which is not an easy fuel to use at the end
point, to more convenient liquid fuels—gasoline, jet fuel, diesel oil, and
naphtha. When gasoline is not available, coal conversion plants can make
liquid fuels. Sometimes the conversion plant is the end point of a system, as
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with nuclear fission energy (for which chemical conversion, isotopic enrich-
ment, and fuel fabrication all precede the power plant); sometimes, as with
a hydroelectric or a wind generator, it is a simple machine. But, regardless,
there are conversion losses in going with primary to secondary energy and
transmission losses in getting that energy to the consumer. It is wrong to
think of these losses as waste. They represent a trade-off of efficiencies: the
use of energy to transform and transmit energy permits the end user to apply
it efficiently for his purposes. These final steps are the conversion of sec-
ondary energy into final energy—the energy in a motor, a stove, a computer,
or a lightbulb—and of final energy into useful energy—the energy actually
stored in a product or used for a service. It is important to realize that in
providing the service (say, a well-lit room), energy is not merely a stored
entity, but even more an input for the efficient use of other resources—of
labor, of capital, and especially of skill.

THE IIASA ENERGY STUDY AND
ITS OBJECTIVE

We aimed for a new way of looking at the energy problem that would put
the above ten elements of the energy problem into a new pattern. How can
such a problem be approached? What substantive questions should be put to
the forefront? What methods can be employed? During the early years of
the IIASA Energy Systems Program, we conceptualized the problem by
exploring ranges of the parameters involved, by identifying terms and their
mutual relations, and by defining explicitly the objective of the study.

What we were looking for were ways of characterizing demands, supply
opportunities, and supply constraints and ways of matching them all up.
When we tried to define the nature of the problem, we came to grips with at
least six of these ten elements. For three of these—innovation rates, manage-
ment of environmental and ecological impacts, and social and political
acceptance of technoeconomic changes—we cannot claim to have done com-
plete research. And we purposely refrained from dealing with the last ele-
ment of the relationship between energy problems and policies and more
general social problems. IIASA is a small research institute that grew out of
the belief that the problems of civilization would gradually become of a
global nature and would thereby require more and more East-West coopera-
tion. As the relationship between energy problems and policies and social
problems varies greatly from country to country, this topic was therefore
deleted, at least for the present phase of IIASA research. The IIASA
approach was to concentrate on the factual basis of the energy problem.
Political judgment and action, which is indeed an overwhelming problem,
could then be viewed on such a basis.

The approach adopted was ultimately multidimensional. By writing our
results in this book in a linear manner, we cannot hope to transmit the true
flavor of the approach. In a sense, we did everything at once. By doing this,
it was possible to cross-fertilize everything with everything else. In what
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follows, we present our approach in a more orthodox, orderly fashion. It
follows the order in which subjects appear in this book.

Assumptions

A completely comprehensive study of energy problems of the future is
impossible. One would have to list all conceivable eventualities and trace
out their structures and consequences. This is manifestly an infinite task.
Observing then somewhat more closely the objective of our study, we
made a number of assumptions, which helped to reduce the job to a finite
one.

First, we limited the constraints on solutions to the energy problem to
those that are physical or structural. Political and social constraints are
recognized, but were not applied explicitly. This allowed us to explore the
entire range of the possible.

Second, our study assumed a surprise-free future. No major catastrophes
such as wars or large local upheavals were assumed to take place. We also
assumed no positive technological breakthroughs of a nature that cannot
be expected today. This was not meant to exclude such positive unforeseen
breakthroughs, but we did not want to rely on them.

Third, we assumed in general only a modest population and economic
growth. To keep the energy problem manageable, we assumed major energy
conservation and aggressive exploration for additional energy resources. We
also assumed a functioning world trade in oil, gas, and coal such that the
needs of the various parts of the world can be taken care of.

Fourth, we assumed in all evaluations of the study that the U.S. dollar,
and any other monetary unit, has a constant value. This is a more sweeping
assumption; it amounts to decoupling the terms of trade from the side
effects of inflation. In effect, we note that these problems are of a social and
political nature, so that ignoring them is consistent with the first assumption.

We emphasized as much as possible the economic and energy growth of
less industrialized as compared with more industrialized countries. This was
done on a per capita basis as well as on a national or regional basis.

The Temporal Frame

We used a standard time frame of fifty years. That is, we visualized the
scenarios of energy demands, supplies, and potential opportunities up to the
year 2030. There were many reasons for this selection.

Our first intuition was that we would have to imagine the world as it
might be when natural petroleum could no longer be the reference energy
source. This is not a matter of simply guessing when the oil will run out. It
means examining how long it might take to change the current infrastructure
as other things are substituted for oil. Such changes have occurred in the
past; for example, about 120 years ago in much of Europe a real or impend-
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ing fuelwood crisis was mastered by the substitution of coal for wood. From
the time when the crisis was recognized, it took about fifty years before coal
could contribute 50 percent to the then global primary energy demand.

We arrived at our fifty-year estimate in other, less sophisticated ways. For
instance, fifty years is roughly twice the lifetime of a power plant, a char-
acteristic system within the existing energy supply infrastructure. Two such
lifetimes might encompass a major technological change. In order to begin
to penetrate a competitive market, a new large-scale technology must pass
the thresholds of scientific feasibility, of technical feasibility on an industrial
scale, and of commercial feasibility. When all three thresholds are considered
and it is realized that they precede actual market penetration, then fifty
years may be on the short side. Indeed, it is very probable that all of the
technologies in widespread use fifty years from now (at least for providing
energy) have already been applied at some level today. Finally, fifty years
is two human generations, and this is needed to accommodate changes in the
social infrastructure that must parallel changes in the technical infrastruc-
ture. We also considered that fifty years might be required to reach a stable
world population, a point that will be discussed later in this chapter.

For certain aspects of our study, fifty years is definitely not long enough.
This is particularly the case when one looks ahead to the inevitable time
when there really are no fossil resources available. For some of our supply
considerations, we had to look beyond 2030. By extrapolating to the year
2030, we hoped to conceptualize the energy situation of the world after
2030. We expect this post-2030 world to be very different from the present
one, and therefore our temporal frame defines a period of transition. When
might we see the beginnings of that transition?

Several studies, including those of the Workshop on Alternative Energy
Strategies (1977) and the Pestel-Mesarovic group (1974), attempted to
extrapolate from now to around the year 2000. The indications are that the
energy problem will become more difficult, but that the world could “mud-
dle through” by rationalizing and correcting the existing infrastructure. Just
this way of expressing the results suggests that the year 2000 should mark
the beginning of a transition.

It is then appropriate to consider three time phases:

® The present phase: from now to 1995-2000;
® A first transition phase: from 1995-2000 to 2030;
® The ultimate transition phase: from 2030 onward.

The present phase is one of dealing with the oil supply problem as we know
it today, while the first transition phase is that of moving from relatively
cheap and clean oil to one or more different reference energy carriers. The
third phase, from 2030 onward, would involve what we think of as a second
transition toward a sustainable, asymptotic energy supply system.

How our study relates to the present phase can be visualized with the help
of Figure 1-2. The question mark indicates the question, Are the short-range
projections for, say, up to about the year 2000, consistent with the con-
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Figure 1-2.  Time phases of energy.
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The Spatial Frame

We also made some specific assumptions that gave structure to our study.
Clearly, we inhabit a single world; yet various parts of the world have differ-
ent resources, economic systems, and industrial structures. To account for
this, we divided the world into seven, homogeneous groupings. These regions
were selected principally for their economic and energy similarities and not
so much for geographic proximity. Of course, such a definition is to some
extent arbitrary. Nevertheless, we characterized region I, North America, as
a region with a developed market economy and rich in resources. Region II,
the Soviet Union and Eastern Europe, has a developed, centrally planned
economy and is rich in resources. Region I1I, which is essentially the member
countries of the Organisation for Economic Co-operation and Development
(OECD) minus North America, has a developed market economy and not
many resources. Region IV, Latin America, is a developing region with mar-
ket economies and many resources. Region V, Africa and South and South-
east Asia, Is also a developing region, with mostly market economies but not
many resources. The countries of the Middle East and Northern Africa, re-
gion VI, are a special case with their rich oil and gas resources. And finally,
region VII, China and the centrally planned Asian economies, is a developing
region with centrally planned economies, but it is not so rich in resources.
Figure 1-3 gives an overview of these regions; a list of the countries in each
of the seven world regions is given in Appendix A to this chapter.

In considering the seven IIASA world regions, we did not merely add up
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national energy projections and resource production figures. There are a
number of national studies that have done this, and their principal signifi-
cance is to provide short-term (fifteen or twenty year) estimates of how
much oil would be needed. Instead, we examined regional economic growth
patterns and energy intensity trends that, when coupled with population
figures and prices, could provide long-term estimates of energy demand.
Similarly, we used our own definition of resources and estimated them in
units that we judge appropriate to the field, thereby avoiding the idio-
syncrasies that appear in many national evaluations. In any case, it was not
the purpose of our study to describe the energy future of each country to
some approximation. This leads too much into the political domain and
away from the idea of exploring what is physically possible.

Figure 1-3. The IIASA world regions.
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Region V {Af/SEA) Africa {except Northern Africa and S. Africa),
South and Southeast Asia

Region VI {ME/NAf) Middle East and Northern Africa

Region VIl (C/CPA) China and Centrally Planned Asian Economies
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FACTORS AFFECTING ENERGY DEMAND

There are three reasons for energy demand to change—population growth,
economic growth, and technological progress. There is also the associated
change in lifestyles of the people affected by these factors and, related to
that, the problem of urbanization. It is necessary to estimate these factors on
a finer scale than the global one, and even the breakdown into world
regions that we used is not quite adequate. With this caveat, we discuss some
general features of population and economic growth; more specific aspects
of such growth are a major part of the discussion of the two IIASA scenarios
that appears in Part IV of this book.

Population

For our study we relied on population estimates prepared by Keyfitz (1977).
In the course of this book we refer repeatedly to his estimates for the various
parts of the world.

There are four billion (10°) people on earth today; by 2030, the ex-
pected number is eight billion people, as illustrated in Figure 1-4. A condi-
tion is that, by 2015, the average population replacement rate would have
come down to one. Besides leading to eight billion people by 2030, the
population projection means that the flattening of the population growth
curve would have largely taken place by then. Optimistically, one may then
envisage conditions that become sustainable.

Economics and Lifestyles

The population projection leads to different population growth rates in dif-
ferent parts of the world. In particular, it shows more growth in poorer
countries than in richer ones. Since it is always a target to improve the
material standards of the poorest people, this also means that a very con-
siderable economic growth is called for globally.

Changes in lifestyle and in the type of economy being considered can
greatly influence the relationship between economic growth and energy
growth. The major features can be illustrated by examining some overall
statistics on energy consumption per capita. Currently, the global primary
energy consumption average is close to 2 kWyr/yr per capita. But consump-
tion is unevenly distributed. Roughly 70 percent of the world’s population
lives with less than the average, and most of this 70 percent with only
0.2 kWyr/yr per capita of commercial energy consumption; we add to this
number in the developing countries another 0.3 kWyr/yr per capita of non-
commercial energy. Even so, distribution remains extremely uneven, and any
smoothing of this distribution that leaves the high per capita energy con-
sumption untouched would lead to an increase in the average per capita
consumption.
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Figure 1-4. World population. Projections to 2030 based on data from Keyfitz (1977).
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Let us now consider increases in the average primary energy consumption
value from 2 kWyr/yr per capita to 3 and to 5 kWyr/yr per capita. Of course,
such assumptions must be substantiated by looking at the details of energy
demand in each of the seven world regions, as is done in Chapter 17. Taking
the numbers 2, 3, and 5 kWyr/yr per capita and combining them with the
anticipated population growth leads to estimates of 16, 24, and 40 TWyr/yr,
respectively, of total global primary energy demand in 2030. This is shown
in Figure 1-5. From this consideration we selected a range of 16 to 40
TWyr/yr as our study range. This range should not be confused with the
projections of the two ITIASA scenarios that resulted from our middle of the
road quantitative analysis of energy supply and demand (see Part IV). The
range of 16 to 40 TWyr/yr only defines the order of magnitude that we con-
sidered interesting.

Efficiency and Conservation

One other important factor that must be considered is the “real” price of
energy—that is, the price of energy relative to other goods and services. The
use or the nonuse of energy cannot be considered a principal goal; energy
is an input to our lives and work, along with other resources. Depending on
the relative prices paid for all the inputs, one varies their amounts in order
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Figure 1-5. Total energy consumption, 1975-2030: three possibilities. The solid lines
indicate energy consumption; the dashed line indicates world population.
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to produce the results one wants. If the price of energy goes up, we use less
energy and more of other things. For example, in cold climate countries,
more material and labor is invested in insulation and in other measures to
conserve building heat—that is, to save energy. This price-induced conserva-
tion is simply rational economics.

Technological progress tends to decrease energy demand. This arises be-
cause such progress leads to improved efficiencies of conversion from
primary to secondary energy forms and also to improved efficiencies in end
use—in the conversion of secondary energy to final energy and/or energy
services. Of these two roads to energy conservation, the second—the improve-
ment of end use efficiencies—probably has the greater technical potential.
Three examples of improved efficiencies of end use are plotted in Figure
1-6, indicating that such improvements have taken place in the past. In fact,
historical data indicate that the market penetration process appears with
stunning regularity. The very ponderousness of the system suggests that
these evolutions are more than likely to occur.

Evolution of lifestyles can increase or decrease energy demand. There
are some trends that appear to be part of the process of industrial develop-
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ment. For example, as industrialization begins, energy demand increases,
both from the capital goods sectors that are being built up and equipped and
from the individual consumers to whom more goods and services can be pro-
vided. As societies move into a postindustrial era of affluence, increasing
buying power tends to increase energy demand, while the market basket
tends to shift toward less energy-intensive services. The result up to now has
been a decrease in energy demand per unit of productive output as measured
in gross domestic product (GDP) and a continuing increase in per capita
energy demand. Even this latter increase could be slowed or reversed by
societies whose lifestyles become less materialistic. (But the virtues of the
“simple life”” seem to have the greatest appeal only after considerable mate-
rial wealth has already been accumulated.)

We exclude from consideration of evolving lifestyles those changes and
simplifications that are politically imposed on people but are not voluntary
or economically rational. For example, “carless weekends” could be an
appropriate response to an emergency shortage of motor fuel, but would not
be tolerated after the emergency has passed.

Figure 1-6. Historical trends in efficiencies. € is second law efficiency; Aty _5q0, is time
necessary to evolve from an efficiency of 1 percent to one of 50 percent.
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Urbanization and Energy Consumption Densities

In considering the spatial frame of our study, urbanization is an important
driving force. It matters where and how people live. When conducting our
study we discovered, somewhat to our surprise, an apparent trend toward a
constant energy consumption density (as measured in energy per unit area)
in cities. The consumption density of urban areas in advanced industrial
countries is of the order of 5 W/m?. The immediate question is whether this
is also true for urban areas in developing countries.

We should not be too surprised if it turns out that way. All cities today
have a similar infrastructure. There are streets, houses, streetcars, and auto-
mobiles that are all similar in size, and this leads to similar energy consump-
tion densities. What is vastly different is the amount of people that use this
infrastructure. There are indeed large differences between developed and
developing urban areas, with the developing urban areas featuring much
higher population densities. In that sense, development means an increase
of the urban area per inhabitant. With a constant area consumption density,
this implies an increasing per capita consumption of energy.

In Figure 1-7 we plot the expected degree of urbanization evaluated by
the United Nations Population Conference in Bucharest (1974). Accordingly,
one could expect 70 percent of the world’s eight billion people of 2030 to
live in urban areas. For the purpose of a quick orientation only, let us
assume for 2030 a population density in the urban areas of 1000 people/km?
With an energy consumption density of 5 W/m?, one arrives at a figure of

Figure 1-7. Estimated distribution of rural-urban population, 2030. Based on papers
submitted to the U.N. Population Conference, Bucharest, 1974,
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28 TWyr/yr of total energy consumption in the urban areas of the world.
With 30 percent of the eight billion people living in rural areas and with a
population density of 120 people/km? and a consumption density of 0.1
W/m?, one gets an additional 2 TWyr/yr, thus arriving at a global total of 30
TWyr/yr. This is not an unreasonable figure. The salient point is that a
consideration of a spatial quality can lead us to expected energy demand
figures by the year 2030 once the population and the degree of urbanization
for that time have been given. Such a spatial consideration is of a quite dif-
ferent nature than time considerations or the evolution of economic
activities. When they coincide, as they do here in our study, it is reassuring.
The implication is that we have assumed explicitly or implicitly an increasing
degree of urbanization of the kind that was given in Figure 1-7. In view of
the importance that we attribute to such spatial considerations, we have
studied this in greater detail and reported on the results.

This quick orientation is, of course, no substitute for careful evaluation.
These considerations of the quality and texture of the spatial framework
could also spec1fy a range of interest for energy consumption from different
socioeconomic considerations. More detailed studies of energy consumption
densities, urban densities, and degrees or urbanization can be useful for
understanding the nature of the energy problem.

EXPLORATIONS OF SUPPLY SYSTEMS

Let us consider two correct but conflicting statements. On the one hand, in
a physical sense, there is no energy supply problem. There are energy sources
whose production rate and durability could be virtually unlimited. This is
true for nuclear breeders and fusion reactors and for solar power. Similarly,
environmental and ecological impacts of energy supply can be sharply re-
duced, if not totally eliminated, with large investments of capital and skill.
Therefore, again, in a physical sense, there need not be an environmental or
ecological problem of energy supply. Also, the problem of energy demand
can be met in part by the enforcement of strong energy conservation mea-
sures. On the other hand, there is an energy problem, and it is getting worse.
Either there is no visible path for providing the unlimited supplies that are in
principle possible, or no visible way to persuade humanity to trim its de-
mands, or both.

The problem of energy supply is that of realizing the supply potential that
exists globally. This realizable potential is less than what can be imagined on
purely physical grounds because of constraints. In our study we formally
examined some of the major constraints (e.g., market penetration, risk,
WELMM).

Here, let us consider our explorations of supply capabilities. These capa-
bilities are constrained by whatever forces limit each particular technology,
such as public approval for nuclear power, carbon dioxide for fossil fuel
combustion, market penetration, and the economics of central station solar
power. However, virtually every technology will undoubtedly be used at a
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lower level than what we judge to be technically possible. Nevertheless, in
order to give decisionmakers the maximum range of options, we had to
bump up against these limits.

Fossil Resources

Today’s fuel supply is based on estimates of reserves of fossil fuels, but these
reserves are only a fraction of the resources. Reserves are those deposits
that are known and measured and that can be produced at economic costs.
Beyond that point are resources—deposits that are known fairly well, shading
out into those that are known only generally, and continuing into those that
exist only as estimates of what we might find if we looked. In the cost
dimension, resources that are marginally economic, shading out into those
that can only be produced at higher and higher prices. The well-known
McKelvey diagram (Figure 1-8) illustrates the distinction. Resources
become transferred into reserves through discovery and measurement,
through improvements in production technology that decrease production
costs, and through economic changes that increase the price of the product
and therefore the cost that is acceptable in extracting the product.

Figure 1-8. McKelvey diagram for the classification of fossit reserves and resources.
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In order to determine supply capabilities over the next fifty years, we had
to estimate a ‘‘usable” resource base. This involved using our geological
knowledge to extrapolate improvements in extraction techniques and assign-
ing cost categories. We evaluated costs in constant value currency; otherwise,
there would be shifts in and out of cost categories that depend only on infla-
tion or deflation and not on anything tangible.

The salient question we asked was, How much more oil, natural gas, and
coal is likely to be available when we examine cost categories that are more
expensive than the reserves that are currently exploited? The costs that we
considered run up to about three times what we pay today. So we had to go
further and consider unconventional fossil resources—tertiary oil recovery,
heavy oils, tar sands, shale oil, and “exotic’ (i.e., permafrost) coal fields.
These resources are large. Thus, as contrasted with estimates of conventional
fossil resources that tend to be, globally, of the order of 1000 TWyr, the
possibility exists of exploiting additional unconventional resources to bring
the estimate of the global fossil fuel resources to the range of 3000 TWyr.

This makes a difference. Figure 1-9 extrapolates cumulative resource
consumption up to the year 2030, under assumptions of energy consump-
tion rates of 2, 3, and 5 kWyr/yr per capita. The cumulative primary energy
consumption by 2030 runs from 900 to 1400 TWyr. What this suggests is
that the expensive and, because of the problems of their extraction, “dirtier”

Figure 1-9. Cumulative energy consumption for three assumed consumption rates,
1975-2030.
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fossil fuels (coal, tar sands, heavy oils) could be a bridge between today and
the future era of durable and abundant nonfossil energy sources.

Coal

The reserves of coal correspond to 600 TWyr/yr of primary energy, and the
total amount of recoverable coal that might fall within reach of economi-
cally viable technical capabilities considering high cost categories is probably
2000 or 3000 TWyr and perhaps more. On today’s scale of use this seems to
make coal a very large resource indeed. Note from Figure 1-9 that even
with energy consumption at 5 kWyr/yr per capita, only 1400 TWyr of
primary energy would be consumed by 2030.

This makes coal a very comfortable looking crutch for the world’s energy
supply. But is it really? Two things stand out when one takes a longer view.
First, at the highest rates of use contemplated, one would still have to look
for something else before the year 2100; and second, even coal consumption
at 2 KWyr/yr per capita by the year 2030 would call for 16 TWyr/yr of coal
consumption by that year, which is more than seven times as much coal as
is used now. Besides the problems of building up all the mining and trans-
portation capability to handle all this coal, and besides its very large
WELMM requirements, burning so much coal would certainly violate the
qualitative limits that we would like to set on carbon dioxide emissions, at
least until we know better what the carbon dioxide problem really means.

So we must look at coal in a different way. It cannot be the dominant
energy source of a high energy-consuming world. But, it is a large resource
of chemically reduced carbon, and as such it can be used to synthesize
liquid fuels when and if unconventional oils become too expensive. We
therefore devoted most of our coal study to an examination of ways to con-
vert the coal enterprise, stepwise, into a liquid fuel synthesis industry.

Nuclear Power

Central station nuclear power is technically in an excellent position to sup-
plement fossil fuel over the next fifty years. Light-water- and heavy-water-
cooled burner reactors, which are commercial now, are the cheapest source
of electricity in many parts of the world. More advanced systems, producing
heat at higher temperatures both for chemical processing and for more effi-
cient conversion of heat to electricity, are ready for commercialization.
These are high temperature gas-cooled reactors and liquid-metal-cooled fast
breeder reactors, for which the required demonstration units are already
operating.

Breeders are particularly important because they have an extremely
high efficiency rate of use of uranium and thorium, while with the use of
burner reactors only, the resources of high grade natural uranium would be
used up rapidly. One would then be forced into mining rock containing small
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amounts of uranium—a scheme we refer to as mining “yellow coal.” But
by the use of breeders, the “‘good’ uranium would last a very long time, and
even if some ‘“yellow coal” has to be used several centuries from now, the
amount needed would be very small.

All this defines a related set of technical problems. First, one must esti-
mate the magnitude of the uranium resource. And second, one must find a
schedule of reactor construction that satisfies several constraints: it must
not use more natural uranium than the resource base provides, and at a
definite time—for our study, the year 2030—it must be capable of operating
virtually independently at the power level achieved by that time, without
requiring still more natural uranium.

Solar Power

Central station solar power can provide electricity and hydrogen, just as
nuclear power can. It uses much more land and materials, but once installed
an in operation, it is practically risk free, very well accepted, and truly
inexhaustible. Again, comparing it with nuclear power, central station solar
has larger WELMM impacts and larger capital costs. This will doubtlessly
affect the pace at which solar power can be installed, and the realization of
its potential could occur only one or two decades later than that of nuclear
power.

Continuing the comparison with nuclear power, in a competitive situation,
relative economics will be decisive. (Money is a surrogate for the ability to
make investments of human and physical capital and must not, therefore,
be ignored.) For the fission breeder, cost targets exist, starting from con-
siderable experience with pilot systems. Targets also exist for central solar
stations: they are based not as much on experience, but are more readily
derivable from general industrial experience. We can only speculate whether
solar or nuclear will ultimately capture the larger market.

Because of the tremendous thermodynamic quality of sunlight (theoreti-
cally a 90 percent efficiency conversion into mechanical, electrical, or
chemical energy), we have considered the direct use of sunlight separately
from other renewable sources.

Small-scale Solar and Other Renewable Resources

For small-scale solar power installations, considerable investment burdens
are placed on the final consumer, who can neither profit from technical
economies of scale nor invest in as sophisticated a manner. The question is,
If the world improves its efficiency of energy consumption in end use, will
there be a market for small-scale solar devices? For example, conservation-
oriented building designs reduce domestic energy demand for hot water and
comfort heat in temperate climates, and the demand is in any case small
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in tropical and equatorial climates. Most of the solar energy used would be
in “passive’” construction techniques.

A possible exception exists for household photovoltaic systems, which
could provide power for air conditioning at minimum and revolutionize
electric utility service if widely used. How realistic are the hopes for cost
breakthroughs?

Other renewable energy sources must likewise be evaluated—wet geother-
mal energy, hydroelectricity, wind power, and less developed systems such
as OTEC and wave and tidal power. For these, the problems are not only
to evaluate the resources—which are generally far smaller than the energy
coming directly from sunlight—but also to determine how much could be
tapped without interfering with the dynamics of weather, air and ocean
water flow, and the other properties of earth’s machine.

And finally, we must look at biomass. How much is available, how much
can reasonably be harvested, what to do with it? Biomass has a unique
property that sharply differentiates it from all other renewable energy
sources: its energy is stored in chemical form, as chemically reduced carbon.
This means that in the long run it can be thought of as ‘“‘renewable coal.”
Thus, just as with coal, it is important not merely to evaluate the resource
base, but also to consider how these resources can be processed efficiently
into secondary energy carriers.

SYSTEM PROPERTIES AND CONSTRAINTS

The energy problem exists in the context of the continuity of human institu-
tions and the existence of a ‘‘healthy” world. The term healthy refers both
to the human population and to the natural environment throughout the
planet. Because this context limits what can reasonably be done to attack
the energy problem, these considerations function as constraints—be they of
a social, political, or environmental nature.

Market Substitution

We considered as future possibilities some forms of energy supply that are
not in common use today. For example, electricity from solar heat or from
photovoltaic conversion of sunlight is currently a negligible factor in global
energy supply, although there are high hopes. The same might be said for
wind power, ocean thermal power, and tidal power. Even technologies closer
at hand, such as conversion of coal to liquids and gases, or nuclear fission
electricity, or the use of heavy oils, are not yet major components of energy
supply on a global scale. They must penetrate the energy market before they
can become more important.

Market penetration is a phenomenon that has economic and even psycho-
logical components. It can function as a constraint on the growth of a new
energy supply system. We therefore devote considerable attention to the
market penetration factor, building on the logistic model developed by
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Fisher and Pry (1970). While there have been attempts to explain mar-
ket substitution from first principles, at this stage it must be treated
phenomenologically.

Qualitatively, we know that wood was the world’s primary fuel until the
late nineteenth century, only to be replaced by coal, which at a later date
gave way to oil and natural gas. The dynamics of the substitution process,
whatever its causes may be, set limits on our expectations. When we plotted
market shares against time, using as our scale the logistic function—which
amounts to taking as our ordinate the logarithm of f/(1-f) where fis the
fraction of the market held by a particular energy form—a remarkably con-
sistent pattern emerged (Figure 1-10). There are straight lines over sur-
prisingly large time intervals, which implies that the substitution process
follows the S-shaped logistic function. Figure 1-10 also demonstrates that,
globally, it has taken roughly fifty years for a particular type of primary
energy to increase its market share from 10 to 50 percent of the total supply.
This substantiates our choice of a fifty-year extrapolation period as being
necessary to determine the results of new energy sources.

Figure 1-10. Global primary energy substitution. Logarithmic plot of the transforma-
tion f/(1-f) where f is the fractional market share. Smooth lines are model estimates of
historical data; scattered lines are historical data; straight lines show the logistic model
substitution paths.
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Environmental Considerations: WELMM

A considerable amount of work on environmental problems has been done at
ITASA by Foell and his colleagues (see Foell et al. 1979a, 1979b). This work
was performed on a district scale—the state of Wisconsin in the United
States, the Rhone-Alpes area in France, district “X” in the German Demo-
cratic Republic, and Austria. The Energy Systems Program used insights
gained from these local studies to build up a global understanding of the
environmental implications of energy systems.

Some of the environmental problems that arise must be examined as
problems of specific energy sources—for example, energy from biomass and
hydroelectricity have definite ecological consequences. Some are mediated
by the earth’s climate, as will be discussed later in this section. However,
there are some encompassing descriptions that can be very useful. In this
spirit, we examined the total commitments of land, water, and materials to a
specific energy technology. Thus, for a given energy system—fossil, nuclear,
or solar—all the land needed for mining, transportation, processing, and any
other required operations is totaled as a land commitment. Similarly, water
and materials commitments are accounted for. The process can also incorpo-
rate commitments of energy and manpower inputs, and this has been done.
The result is a system called WELMM; the acronym stands for Water, Energy,
Land, Materials, and Manpower. WELMM results are not, of course, a sub-
stitute for a detailed study of environmental impacts, but they give a qualita-
tive understanding of the total impacts of types of energy systems. They pro-
vide a similar view of related impacts as well, the most obvious one being
requirements for capital.

WELMM results were used at several points in our study—for example, to
measure the impacts of recovering uranium from low grade deposits, a
process that, because of its comparability to obtaining the same energy from
coal, we labeled mining “yellow coal”’; to compare what it means to recover
fossil fuels from difficult or exotic deposits, as against today’s “clean” oil
and gas; and to understand the impacts of large-scale central station solar
electricity.

Environmental Considerations: Ciimate

All energy that is used, except for a small share that is stored as chemical
binding energy, is degraded ultimately to waste heat. This heat is dissipated
to water and air, is transported to the upper atmosphere, and leaves the earth
as infrared radiation. Even considering that the quantity of heat produced
by human activities is small compared with what the earth receives from the
sun and reradiates to space, we must examine the implications of these
activities. The disturbances created by gathering, converting, and using energy
(as well as by other activities of humankind) might have catalytic effects on
the ecosphere, the hydrosphere, and the atmosphere, producing much
greater consequences than the rather puny scale of these activities would
imply. Such effects would appear as climatic changes.
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As with other environmental constraints, some of the climatic impacts are
specific to individual technologies and were examined in our study with
references to these technologies. For example, ocean thermal energy con-
version (OTEC) and harnessing power from ocean currents are probably
limited by the effects they would have on the flow of heat in the ocean. Of
more general concern are the possible climatic effects of dissipating too
much waste heat at the wrong locations and of disturbing the carbon dioxide
balance of the atmosphere by burning fossil fuels.

As to waste heat, the question is whether these effects are global. Most
of the impacts appear to be of a local and regional nature. The coupling of
such impacts into the global weather system is nonlinear and inherently
noisy, making the job of modeling the process both untidy and difficult. Are
there places that we can nevertheless pinpoint as poor locations for concen-
trated dissipation of waste heat?

The situation is quite different with the carbon dioxide problem, which is
of a truly global nature. It takes only a few years for a given amount of
carbon dioxide to dissipate uniformly across all the globe’s atmosphere, but
a thousand years or so to dissolve it in the deep ocean. In between, it can
concentrate in the atmosphere. An increase in the carbon dioxide content of
the atmosphere has already been noted over the past one hundred years.
The significance of this is that high carbon dioxide content could lead to
noticeable increases in atmospheric temperatures, through the well-known
greenhouse effect (i.e., the absorption of infrared radiation from the earth).
How this might affect climate, particularly what the net effects might be
when such carbon-dioxide-related effects as those of atmospheric aerosols
are also included, cannot be precisely modeled. However, the information
now available does not rule out the possibility of large-scale climatic changes,
particularly if fossil fuel supplies are burned up quickly.

The effect of large-scale deforestation on the carbon dioxide problem in
particular and on continental weather patterns in general is also still moot.
Even the substitution of silviculture for natural forest growth could have a
climatic effect.

Risk

The management and containment of the stream of energy through the eco-
sphere, the hydrosphere, and the atmosphere requires the establishment of
standards and regulations on a global or at least a regional level. This is be-
cause the uncontrolled use and release of energy presents risks, ecological
and environmental. When we think of risks, we are usually referring to direct
impacts on human health, and it is in that sense that risks were investigated
in our study. The risks that have received the most attention worldwide are
those arising from nuclear power, but one should consider risks of all energy
sources.

There are two levels at which risk should be considered. One is the level
of scientific estimation—of trying to determine how much risk, of what sort,
is presented by specific energy systems. This work has been performed by
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many groups, and it is necessary to evaluate the data. The question that we
must seek to answer is whether any of the energy technologies being con-
sidered can add a significant amount to everyday risks.

There is yet another level at which risks should be considered—the level of
perception and preference. Human beings do not perceive scientific facts;
rather, they extrapolate from experience and information. This adds a
needed critical viewpoint to what is claimed to be “fact’: it also makes it
possible for perceptions to be erroneous. These perceptions are then filtered
through a mixture of value judgments and prejudices that are combined as
“preferences’’; again, something is added (by considering values) and some-
thing is lost (by considering unreasonable biases) in the process.

We are all aware of the mutable nature of perceptions and preferences.
They change with new information, new propaganda, and new paradigms for
viewing the human experience. This makes the study of perception a very
soft science indeed; it is nevertheless an important topic, since perception of
risk, more than risk itself, can limit the deployment of any technology. Spe-
cifically for nuclear power, perceived risks have clearly slowed down the
very high rate of market penetration that was evidenced some years ago.
How to extrapolate from present understanding of the nature of risk percep-
tion is still unknown. Our study could contribute to the reconciliation of
scientific and political realities over the long run and is presented in that
spirit.

SYNTHESIS THROUGH ENERGY SCENARIOS

The topics of energy demands, resources, technologies, and constraints must
be synthesized or integrated into a coherent whole in order to achieve our
goal—a comprehensive understanding of the nature of global energy systems
over the next 50 years. The synthesis is an important piece of analysis in its
own right, but it also interacts, iteratively and reiteratively, with the topics
already discussed.

The synthesis approach that we chose is neither unique nor “best.” But
it does allow us to explore the changing scale of global energy needs—the
central role of large-scale primary energies and the structural changes under-
lying the long-term transition from cheap oil and gas to unconventional
fossil fuels and, eventually, to sustainable energy systems.

The long-range asymptotic target postulated in our study is to reach a
sustainable supply of liquid fuels through the use of the “endowments’ of
nuclear breeders, the sun, and other renewable sources. The question
addressed in the synthesis is, To what extent might the world approach this
sustainable condition by the year 2030?

The analytical approach followed for the synthesis is not necessarily easily
identified. A first criterion for us was quantification. The energy problem is
extraordinarily complex, as we have already noted. One can hope to at least
be clear, if not exhaustive, by relying on quantitative analyses. Our synthesis
of energy demands, supplies, and constraints is a dynamic, quantitative one.
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The aim was to start with the general considerations and then proceed to
the specific. This is true both of quantitative aspects and of the setting of the
procedure: the analysis is global and is meant to provide a setting wherein
national policies can be tested and evaluated.

The particular approach chosen for the synthesis uses a set of mathemati-
cal models. These models are a special kind of tool. As introduction to them,
it may be helpful to distinguish three kinds of models.

The first comprises all laws of nature as incorporated in the natural
sciences, mostly physics. These laws are meant to represent nature precisely
and exactly within a given scope. More, they are seen as the ultimate expres-
sion of the behavior of nature for the type of phenomena in question. The
second kind of quantitative model is based largely on statistical or other
experimental data, without (necessarily, at least) implying the existence of
rigorous laws of nature. Such models are meant to approximate reality.
Examples are economic models that may forecast the development of an
economy for, say two or three years. It is conceded that there can be errors
in these forecasts, but the aim is to project real developments. A third kind
of model is meant to conceptualize a complex and conceivable development.
While such models are also quantitative, here such quantification is meant to
deal with an otherwise unmanageable complexity by providing inherent
consistency and an explicit identification of assumptions and results. In
other words, the third kind of model provides synthesis. The results of such
models are therefore not forecasts or predictions, in spite of being quantita-
tive. This clarification can hardly be overstated.

The models of the kind that we use here provide only a way of examining
the consequences of the assumptions that are made. The use of numbers in
these models is meant only to express qualitative features. In other words,
the numbers are intended solely as a means for expressing patterns. They
are indicative, not accurate and exhaustive.

Data-intensive methods are not very helpful for our purposes. It is, for
instance, not helpful to treat the long-range global energy problem on an
input-output basis. A fifty times fifty input-output matrix requires 2500
coefficients. With seven world regions, this would mean 17,500 coefficients.
Then one must study their self-consistent evolution in time, whereas transi-
tions of the underlying infrastructure are the real focus of our attention.
While giving the appearance of exactness, quite often this only means that
persisting ignorance is expressed in that format. Quite to the contrary, for
more short-term or immediate purposes such as input-output analysis, our
approach is highly valuable. Indeed, we employed an input-output analysis
for the more limited purpose of understanding investment implications of
the scenarios for particular world regions.

The desire for data robustness dictated our decision to avoid an approach
relying completely on prices, although we do not exclude the possibility of
this being ultimately feasible. Instead, we tried to grasp the energy problem
primarily in physical terms. For example, supplies were called for to match
the accounting of specific, technological energy end uses when studying
energy demand.
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Energy prices do matter, of course. They will have much to say about
future evolutions of energy systems. We took up the question of prices and
evaluated our results in that dimension. But future costs and prices are not
unambiguously known quantities. Our cost estimates are best described,
perhaps, as informed estimates. We therefore started from substantive, if not
engineering, analyses and then considered economy and world trade.

We tried to make explicit as many assumptions as possible. And for practi-
cal reasons as well as for reasons of principle, we wrote only two scenarios.
The first, the ITASA High scenario, arrived at average per capita consumption
values that are close to 5 kWyr/yr; the other, the IIASA Low scenario, came
close to 3 kWyr/yr. By writing more than one scenario, we emphasize that
we are not making predictions. There is inevitable uncertainty. And by
having two scenarios, two benchmarks were established that permit inter-
and extrapolation. Therefore, these two benchmark scenarios should not be
considered necessarily upper and lower limits. It is not difficult to conceive
of cases with more than 5 kWyr/yr per capita energy consumption or with
less than 5 kWyr/yr per capita energy consumption or with less than 3
kWyr/yr per capita.

We also considered three alternative cases, although not with the same
degree of completeness as the two scenarios. One of these alternatives deals
with a rigorous case of energy conservation in developed countries: it keeps
the global per capita energy consumption at 2 kWyr/yr. Another alternative
explored the effects of a worldwide nuclear moratorium; a final case postu-
lated a future with as much nuclear power as possible.

The writing of the High and the Low scenarios and the consideration of the
alternatives was done by the use of mathematical models. Originally we were
tempted to have one overall model. Obviously this would become a large and
complex model. Realizing the persisting uncertainty and lack of data, as well
as the need for constant cross-checking and judgment of intermediate results,
we decided to have a set of (sub)models where each model evaluates only a
particular aspect of the problem.

This decision necessitated interfaces among the models where the output
of a precursor became the input of the follower model. This allowed for
human cross-checking and adjustment. Indeed, a judgmental element in the
modeling process was established, and this is intentional. It requires the user
of this model set to have a clear understanding of the problem that he or she
wants to evaluate. In a sense he or she must have understood the problem
beforehand. Donella Meadows, in a seminar at IIASA, called this having a
“mental model.” This is essential; otherwise one is not able to ask intelli-
gent questions.

More than half of the effort of the IIASA Energy Systems Program was
devoted to developing a set of such mental models. Once the situation is
understood, semiquantitatively, by a mental model, the purpose of operating
the model set is to make analysis fully quantitative. This requires a choice of
input and relations for this analysis. Providing a background for such choices
was one of the purposes of the chapters of Parts II and III of this book,
where the exploratory research on the various topics in question is reported.
It is therefore not necessarily so that the full range of findings in these chap-



THE PROBLEM 29

ters of exploratory research is represented in the scenarios. It is possible to
arrive at a different set of input data than that used here in our scenarios—
that is, in the quantitative analysis of Part IV. But by having both—the
exploratory chapters and the quantitative analysis—the full picture should be
visible, and the reader is left with judgments of his or her own.

Along the lines of identifying more precisely the meaning of our quanti-
tative scenarios, it may be useful to list a number of questions that we had
in mind when building our model set:

e How much investment is needed to master the transition for the various
alternatives considered?

® To what extent does the use of unconventional fossil resources ease the
investment situation?

® What are the indirect impacts of these investments?

® Are there circumstances where the economy has to work for energy in-
stead of having energy work for the economy?

® What is the timing of such investments and what is their sequence?

® What are reasonable allocations of resources to the various world regions?

e What is the impact of an energy strategy chosen by one world region on
the other world regions?

® Can the developing countries make it?

® What is the strategic potential of energy conservation?

e How do alternative technologies compare in light of the above questions?

This list is meant to be illustrative but by no means exhaustive. Basically, it
all centers around the question, Do we have enough time? This is a question
of extreme importance, and its nature is broader than the scope expressed
in our scenarios. The exercise of going through our scenarios is therefore
meant to give insights and perspectives. Once that is accomplished, once a
pattern becomes visible, one may well forget the numbers of the scenarios
(eventually).

THINGS TO THINK ABOUT

The supply explorations and the scenario constructions are, in a sense, the
tangible products of our study; from them, insights and new views have
emerged. Yet, any study as comprehensive as our keeps turning up hints
of new things to think about. Many of these seem to us to be insights, but
until they are broadly accepted as such, they are opinions and hunches.

Still, there is no point in keeping them a secret. Perhaps our thoughts
have value. We selected a few of our opinions, ideas, and hunches and have
presented them separately in the book. They follow the supply and the
scenario parts, because the ideas emerged from considering these questions.
They are not conclusions.

We sought to improve understanding of the term ‘“‘energy services’ and
“capital stock services” used throughout the book. If the terms refer to
something immaterial, then what is the precise meaning? This led us to the
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notion of negentropy (i.e., negative entropy increment) and information:
indeed, for a small group of the scientific community this is a well-known
subject. We have tried to explain this relationship and, perhaps even more, to
view it within the context of our energy study as reported here. Some, per-
haps important, generalizations emerged, mostly of a heuristic nature. Never-
theless, they have given greater insight into the notion of consumptive and
investive uses of resources and the related idea of endowments of negentropy
that allow one to receive energy services indefinitely.

A second example is old new technologies. Priorities for research and
development will undoubtedly change when compared with today’s situa-
tion, particularly with respect to development work on unconventional
fossil fuels, longrange transportation of natural gas, energy storage, water
splitting for the generation of hydrogen, and schemes for coal liquefaction.
We examined the numerous preferences and historically based trends in an
indicative manner only. But, given the nature of the IIASA Energy Systems
Program, it was not possible to explore in depth vast technological areas.
There are excellent groups worldwide that are well qualified to do this.
Rather, our goal was to focus on the pattern of which these technologies are
a part and thereby to view them anew.

We also examined the notion of energy densities for both consumption
and production. This has been useful in our consideration of urbanization,
underscoring the importance of spatial considerations as opposed to
temporal ones. Research on energy densities is only at the beginning stage
and will contribute greatly to the understanding of the relationships among
energy, urban planning, and regional development. While this subject is
beyond the scope of the Energy Systems Program, we hope that we have
been able to make a contribution.

Finally, we addressed ourselves to the hotly debated hard-soft controversy.
In fact, this sometimes seems to be the energy controversy. We therefore
did more than our expressed aim of merely providing a factual basis for
political decisionmaking. Again, we recognize the seriousness and dimensions
of such political and societal issues. However, through the exploratory and
quantitative stages of our analysis, we have gained a certain perspective on
the hard-soft controversy that needs to be explained.

ADDING IT ALL UP

Ultimately, it is necessary to synthesize our findings and to define a pattern
for the global energy problem, since it is this pattern—along with other
elements—that will affect the future of individuals and of mankind as a
whole. We have done this in Part VI, in which we have made assessments and
considered the implications of the study findings.

A positive view has emerged: the energy problem can be solved, but at an
expense. It may well turn out that the institutional, societal, and political
problems that have not been dealt with explicitly in this study are over-
whelmingly large and that their solution might be expensive. But by clarify-
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ing the factual basis of the energy problem we hope to have contributed to
their solution.

Throughout the study we have been guided by the belief in the earth as a
“finite” world. Indeed, the fossil resources of the earth are finite; the global
comprehensiveness of our study has shown us this. But the reality of the
situation has led us to view conditions and facts anew and to develop a vision
of how the global energy problem could be solved.

APPENDIX TA: THE SEVEN WORLD REGIONS
OF THE IHASA ENERGY SYSTEMS PROGRAM

Region I: North America (NA)
Highly developed market economies with energy resources.

Canada
United States of America

Region Il: The Soviet Union and
Eastern Europe (SU/EE)

Highly developed centrally planned economies with energy resources.

Albania

Bulgaria

Czechoslovakia

German Democratic Republic
Hungary

Poland

Romania

Union of Soviet Socialist Republics

Region I11: W. Europe, Japan, Australia, New
Zealand, South Africa, and Israel (WE/JANZ)

Highly developed market economies with relatively low energy resources.

Member Countries of the European Community

Belgium Italy

Denmark Luxemburg
France Netherlands
Germany, Federal Republic of United Kingdom

Ireland
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Other Western European Countries

Austria
Cyprus
Finland
Greece
Iceland
Norway

Others

Australia
Israel

Japan

Region IV: Latin America (LA)

Portugal
Spain
Sweden
Switzerland
Turkey
Yugoslavia

New Zealand
South Africa

Developing economies with some energy resources and significant population

growth.

Argentina
Bahamas
Belize
Bolivia
Brazil

Chile
Colombia
Costa Rica
Cuba
Dominican Republic
Ecuador

El Salvador
Guadeloupe
Guatemala
Guyana
Haiti

Honduras

Jamaica

Martinique

Mexico

Netherlands Antilles
Nicaragua

Panama

Paraguay

Peru

Puerto Rico
Surinam

Trinidad and Tobago
Uruguay

Venezuela

Other Caribbean

Region V: Africa (Except Northern Africa and
South Africa), South and Southeast Asia (Af/SEA)

Slowly developing economies with some energy resources and significant

population growth.
Africa
Angola

Benin
Botswana

Burundi
Cameroon
Cape Verde



Africa

Central African Republic
Chad

Congo
Ethiopia
Gabon
Gambia
Ghana
Guinea
Guinea Bissau
Ivory Coast
Kenya
Lesotho
Liberia
Madagascar
Malawi

Mali

Malta
Mauritania
Mauritius
Morocco

Asia

Afghanistan
Bangladesh
Brunei
Burma
Comoros
Hong Kong
India
Indonesia
Korea, Republic of (South)
Macau
Malaysia
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Mozambique
Namibia

Niger

Nigeria
Reunion
Rhodesia
Rwanda
Senegal

Sierra Leone
Somalia

Sudan
Swaziland
Tanzania, United Republic of
Togo

Tunisia
Uganda

Upper Volta
Western Sahara
Zaire

Zambia

Nepal

Pakistan

Papua New Guinea
Philippines

Singapore

Sri Lanka

Taiwan

Thailand

East Timor

West South Asia n.es.

Region VI: Middle East and Northern

Africa (ME/NAS)

Developing economies with large energy resources.

Member Countries of the Organization of Arab Petroleum Exporting Coun-

tries (OAPEC)

Algeria
Bahrain

Egypt
Irag
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Member Countries of the Organization of Arab Petroleum Exporting Coun-
tries (OAPEC)

Kuwait Saudi Arabia
Libyan Arab Republic Syrian Arab Republic
Qatar United Arab Emirates

Others

Iran

Jordan

Lebanon

Oman

Yemen

Yemen, People’s Democratic Republic of

Region VI1: China and Centrally Planned Asian
Economies (C/CPA)

Developing centrally planned economies with energy resources.

China, People’s Republic of

Kampuchea, Democratic (formerly Cambodia)
Korea, Democratic Republic of

Laos, People’s Democratic Republic of
Mongolia

Viet-Nam, Socialist Republic of

APPENDIX 1B: UNITS AND DEFINITIONS
Conversion Factors

The following gives the definitions of units of measure used throughout this
book as numerical multiples of coherent Standard International (SI) units.
The exact definition is indicated by +/; other numbers are approximate to
the number of digits shown.

1 acre = 4,046.8564224 m? Vi
1 bar = 100,000 N/m? Vi
1 barrel (petroleum, 42 gallons) = 0.1589873 m?

1 Btu (British thermal unit) =1055]

1 calorie (thermochemical) =4.184] v
1 electron volt =1.60210 X 10719 ]

lerg =107"] v
1 foot =0.3048 m v
1 gallon (U K., liquid) =4.546087 X 1073 m3

1 gallon (U.S., liquid) = 3.785411784 X 107° m? v



1 hectare

1 horsepower (metric)
1 inch

1 kilopond

1 langley

1 pound force

1 pound mass

1 mile (U.S. statute)

1 millibar

1 nautical mile

1 ton (long)

1 ton (metric)

1 ton (short, 2000 pounds)
1 Wyr

1 yard

Useful Approximations

1 million barrels of oil per
day (1 mbd)

1 Mbd

1 Btu

1TWyr

1 TWyr

Prefixes
Factor

1018
1015
1012 a
10°
108
103
10?
10!
1071
1072
1073
1076
107°
10—12
10—15
10-18

2] TW (terawate) = 1012w,
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=0.0254 m

= 9.80665 N
=41,840 J/m?
=4.4482216152605 N
=0.45359237 kg

= 1609.344 m
=100 N/m?

= 1852 m
=1016.0469088 kg
= 1000 kg
=907.18474 kg
=31,536 X10°]
=0.9144 m

=71 GWyr/yr
= 50 million tons of oil per year
=1k]

= 30 Quad

Prefix

exa
peta
tera
giga
mega
kilo
hecto
deka
deci
centi
milli
micro
nano
pico
femto
atto
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2 FOSSIL ENERGY RESOURCES

INTRODUCTION

Fossil resources play a major role in present energy balances and will con-
tinue to do so during the ultimate transition to the use of nonfossil fuels.
And over the long term, fossil resources will still be needed as feedstocks for
the chemical industry and/or as raw materials for producing substitute fuels,
such as gasoline and methanol.

The cumulative demand for fossil energy resources up to the year 2030
will depend on the absolute level of energy consumption—the larger the total
energy consumption, the larger will be the probable demand for fossil fuels.
Such demand is likely because of the inherent market penetration difficulties
of new energy technologies—as experienced today with nuclear fission. (See
Chapter 8 for a discussion of the market penetration process.)

Shifting too soon or too quickly to more expensive (both economically
and socially) energy sources and structures could harm society needlessly.
Shifting too late or too slowly might also impose inescapable pressures on
some fossil resources. Both actions could result, for example, in soaring
energy prices and consequent damage to economies, as has already been
experienced during the 1973-1974 oil crisis.

The transition from the use of fossil fuels is inevitable. However, the
massive supply infrastructure now in place to use fossil resources—particu-
larly refined petroleum, methane, and coal—will have to be employed during
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this transition from fossil fuel use;in fact, this infrastructure may determine
the kinds of synthetic fuels that will have to be produced over the next
twenty to thirty years. Thereafter, a new infrastructure can be adapted to
different synthetic fuels,

How long this transitional period will last and at what rate it will take
place will be governed by the availability of fossil fuels. Availability, in turn,
will depend upon the real amount of fossil resources and on the physical,
political, and institutional capabilities to supply them.

Knowledge of the amount of fossil energy resources, especially of hydro-
carbons, and of the fraction that could be recovered is unfortunately inade-
quate at present for planning a smooth and optimized transition. Because
access to the geological data depends greatly on governments, such knowl-
edge can be gained only through joint, international effort.

RESERVES AND RESOURCES

A summary of the differences between reserves and resources is given below,
based on the McKelvey classification of resources and reserves presented
earlier in Figure 1-8.

® Reserves are geologically and geographically identified resources that are
economically and technically recoverable and producible under present
conditions or under conditions that are expected to prevail in the near
future.

® Resources can be of two types—identified resources that are presently
considered nonproducible for economic reasons (e.g., oil shale deposits
or uranium from sea water) or those portions of a given resource that are
not identified but are surmised to exist. This latter group can be further
divided into so-called hypothetical resources that occur in areas that are
only partially explored or geologically known (e.g., potential oil fields in
the North Sea) or into so-called speculative resources that occur in prac-
tically unknown or unexplored geological areas (e.g., deep ocean basins).

There are three major ways of increasing reserves.

® By raising the price. Previously uneconomical deposits may then become
profitable. (Of course, we are assuming that production costs will not
increase as much. This happened after the 1973-1974 oil price increases,
with apparently no, or very little, increase in oil reserves.)

® By improving the technology or developing new technologies. The success
of underground coal gasification, for instance, could increase global coal
reserves dramatically; enhanced oil recovery is another example. Very
often, raising the price and improving a developing technology act jointly
to increase reserves.

® By discovery, as a result of exploration. (This includes revisions and/or
extensions to known deposits.) Thus, hypothetical or speculative re-
sources are transferred to the identified category.
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When we say that energy resources are poorly known we mean that there
is generally no reliable assessment of unidentified, undiscovered resources
and/or that our understanding of the possible role of new technologies is too
poor to permit reasonable estimates over the next 50 years. Nevertheless,
a long-term perspective must rely on energy resources and not on energy
reserves. In order to better grasp the resource problem, we present in Table
2-1 a comparison of reserves and resources supplementary to the McKelvey
classification of resources and reserves. Because of the large amount of coal
reserves and the much debated situation of oil and gas resources, we shall
concentrate here more on oil resource problems. However, many of the argu-
ments could be valid—possibly with minor changes—for other mineral
resources.

Interest in reserves has always been very large, since they serve as a basis
for planning industrial production. On the other hand, interest in resources
has been mostly episodic, often on a “hobby” basis and generally lacking
strong official support. The time horizon for reserves is short to medium
term—say, about twenty years—which is sufficient for sustaining industrial
activity. Resources have a longer term horizon, generally fifty years or more.
In fact, in Canada the time horizon for resources is about 25 years, whereas
some Soviet publications mention one hundred years. The World Energy
Conference (WEC) of 1974 refers to a “foreseeable future” and the World
Energy Conference of 1978 to ‘‘some time in the future.” While such time
horizons appear highly uncertain, decisions for the energy sector are binding
for a growing length of time.

Up to now, reserves had to be economically recoverable—that is, profit-
able. Criteria for determining profitability were established by industry,
which, as a result, concentrated mostly on these so-defined profitable
deposits (e.g., giant or supergiant oil fields). Clearly, these criteria should be—
and are being-revised from a more national viewpoint. Resources by defini-
tion are known to be either presently noneconomical or hypothetical (or

Table 2-1. Comparison of reserves versus resources.

Reserves Resources
Interest in Large None in the past, now
emerging
Time horizon 10 to 30 years Long or very long term
Economic aspect Must be profitable Nonprofitable today, ‘‘science
fiction” technology
Estimated by Industry Industrial or governmental
institutions
Data More or less reliable, conservative, Uncertain or speculative, but
‘‘proprietary,” and exploita- scientifically oriented
tion oriented
Methods Industrial work (expensive): Paper or computer work:
exploration, drilling, and “geological,” “historical,”

measurements and so forth
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even speculative) by nature. It is sometimes assumed that they will become
economical in the medium- or long-term future because of a breakthrough
of new technologies, which has the flavor of science fiction when looked at
by today’s industrial criteria.

The crucial problem of resource assessment is posed by the data. Many
countries and/or specialized organizations publish national and international
data on reserves of coal, oil, and gas. But comparing and aggregating these
data are often difficult because of varying definitions. The problem is even
more difficult at the global level. For coal, WEC is making a major effort to
collect national data. However, there is no similar effort for oil and gas, and
many countries generally do not publish data on resources or any related
data that would permit their calculation. Additionally, most of these data
are proprietary .2

Some individuals and institutions—for example, the U.S. Geological
Survey or the American Gas Association—publish periodic estimates of
global oil or gas resources, disaggregated at best into a handful of regional
groupings (and rarely given in detail). Few if any of these estimates can claim
“official value.” Apart from a few recent exceptions, none of them has given
the data used and with which a crosschecking of the results would be
possible. Only a few groups have stated the assumptions or explained the
methodology used, usually in very general terms.

Basically there are two methods for assessing oil resources—historical
statistics and geological analogy—and in many instances both can be used
jointly. A summary of these methods is given in Table 2-2.

Historical statistics became famous with M. King Hubbert (of the U.S.
Geological Survey). The method involves the use of production, reserves,
and mostly, discovery statistics (e.g., the historical evolution of oil dis-
covered according to the drilling footage) to calculate the ultimate amount
of oil to be produced. The method is interesting but relies too much on the
assumed continuation of past trends far mto the future. Moreover, on a
global basis, its main weakness is the scarcity of good historical data for
most countries: the only reliable data are generally those for production.
Statistics on reserves generally do not distinguish between revisions (with
possible backdating to the year of the discovery) and new discoveries. Data
on drilling are poor and generally do not separate exploratory from develop-
ment drilling, for instance. The mathematical treatment emphasizes too
much the logistic type of curve (for cumulative production and discoveries)
and assumes somewhat arbitrarily a negative exponential for the discovery
rate per foot of drilling, placing too much importance on the last recorded
point on which the curve is fitted.

Geological analogy has been used on a broad scale. In its more detailed
and refined version, it has been the favorite tool of oil companies for about a
decade. Major petroleum companies are practically the only ones to own a

AFor petroleum resource assessment, one must also consider the purpose of the assessment and
be aware of any possible bias introduced by those making the assessment. This is also probably true
for coal and other mineral resources.
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Table 2-2. Comparison of methods for assessing oil resources.

Historical Stat/istics Geological Analogy
Principles
Choice of representative statistics, Definition of sedimentary regions
e.g., discovery rate AR/AX or basins
Extrapolation to the future Comparisons with some reference

regions or basins:
Subjective (current method)
Scientific (being developed)

Disadvantages

Requires long statistical history that Poor {and insufficient) knowledge of
only very few countries have unexplored or little explored basins

Biased by political, economic, and No precise experience of ultimate
technological factors recovery in a reference basin (even

in the United States)

large amount of data, resulting from exploration and exploitation. A few of
these companies have such data on a global basis (although the data do not
include comparative figures from most countries with centrally planned
economies). These limitations must be kept in mind when considering the
few published global fossil energy resource assessments.

COAL RESOURCES

In the United States, coal was displaced by oil and gas as a prime energy fuel
shortly before the Second World War; this substitution occurred in the rest
of the Western world somewhat later. Oil and gas are much cheaper to pro-
duce (especially in the prolific fields of the Middle East) and much easier to
handle and to use. However, the international oil crisis of 1973-1974, the
fear of potential oil embargoes, and the feeling that oil and gas reserves and
resources are dwindling have led to renewed interest in global resources of
coal, which are enormous.

Global Coal Resources and Reserves

According to WEC (1978a), global coal resources are estimated at 10,126
billion (10°) tons of coal equivalent (tce)—or more than 1200 years of
today’s total global commercial energy consumption (or almost 4000 years
of present global coal production). This figure does not include coal occur-
rences that are known and exist worldwide; nevertheless, this estimate is
considered realistic by the WEC experts. Although the data given are accom-
panied by particulars of seam thickness and depth, a breakdown of the tables
according to seam thickness and depths is not possible.
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Less staggering are the WEC (1978a) figures for global coal reserves. The
coal reserves currently estimated as technically and economically recoverable
amount to 637 billion tce. (This figure is almost five times higher than the
WEC (1978b) figure for oil reserves and almost one and a half times higher
than the present estimates of ultimately recoverable conventional oil re-
sources.) Moreover, according to WEC experts it is very likely that this coal
reserve figure could double over the next decades, reaching a value of about
1200 billion tce by 2020. In other words, assuming no additions to the
10,000 billion tce of coal resources, only 6 percent of the localized resources
would have to be transferred to the reserves to reach the figure of 1200 bil-
lion tce. Or equivalently, some 0.14 percent of the presently known coal
resources would have to be transferred every year to the reserves in order to
reach the reserve figure of 1200 billion tce in 2020 (plus the amount neces-
sary to compensate for cumulative consumption, of course).

These figures should be looked at in the light of the rate of increase from
1974 WEC estimates: resources increased from 8603 billion tce in 1974 to
9045 billion tce in 1975 and to 10,126 billion tce in 1977—that is, a 1523
billion tce increase over the three-year period or an average increase of 5.9
percent per year. Similarly, reserves increased from 473 billion tce in 1974
to 560 billion tce in 1975 and to 637 billion tce in 1977—that is, a 164
billion tce increase in three years or an average increase of 11.6 percent per
year (mostly because of improved economic conditions due to energy price
increases). Or equivalently, about 0.5 percent per year of the resources were
transferred to reserves (as compared to 0.14 percent mentioned in the
above paragraph).

Evidently this process of additions to resources and reserves is far from
being at an end (Hafele et al. 1976). In fact, the experts of the WEC study
judge that in addition to currently estimated resources and reserves, there
is a considerable “potential behind the potential.”

Resources and reserves have to be looked at dynamically. Nothing illus-
trates better the potential for additions even in a known coal district than
the Selby story: a new coal field of 600 million tons of clean, dirt-free
reserves was discovered in 1972 in the Yorkshire coal region in the United
Kingdom that had previously been explored unsuccessfully.

In contrast to oil, there has not yet been a very intensive search for coal,
mainly because of the convenience of known reserves and the declining use
of coal as an energy source in many countries. Conditions are changing and
new tools and techniques (e.g., seismic exploration adapted from the oil
industry) are opening up interesting possibilities for coal exploration (e.g.,
Grenon 1977; Meyer 1977). These could be of particular importance for
developing countries, for obvious reasons. First, in many of these countries
coal occurrences are already known to exist. There too, manpower can be
made available relatively cheaply. Of course, there as elsewhere pollution
problems cannot be ignored, but they are not considered so imminent as in
developed countries, and solutions therefore need not be immediate. Most
important, even small-sized discoveries could be worthy of special atten-
tion. For a developing country, with energy consumption equivalent at best
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to a few million tce per year (say, at a 50 to 500 kg of coal equivalent per
capita level), a coal deposit of a few tens of millions of tons could be
valuable.

Some additional comments on global coal resources and reserves are in
order here. WEC (1978a) does not give details on the share of strippable
coal resources, which is unfortunate in light of the growing importance of
surface mining (Grenon 1979). Recall that in the 1974 WEC survey of
energy resources, about 23 percent of U.S. coal reserves were estimated
to be economically recoverable by stripping. For geological and geographical
reasons, this percentage is probably too high at the global level.

As mentioned above, the transfer of resources to reserves can occur in
one of three ways—by increasing prices, by technical change, and by dis-
covery (i.e., improving geological knowledge). For coal, technological change
can and will undoubtedly play a major role. The booming importance of
surface mining is a striking example. Surface coal mines in the western part
of the United States now operate at a 10 to 20 million ton per year level.
Garsdorf, in the FRG, has established a record with 50 million tons per
year; a few kilometers away, in Hambach, plans are being made for a possible
100 million ton per year operation by the end of this century. Mines pro-
ducing 50 or even 100 million tons per year are also planned or projected
in Siberia.

But the coal industry, if it wants to survive globally for a long time, will
have to go underground. Not much has been done yet, and surface mining
can only buy time. Of the many possibilities—from robotization to chemical
or bacterial leaching—only underground gasification has been used (mainly
in the USSR) and is presently being explored thoroughly in, for example,
Belgium, France, the FRG, Poland, and the United States® The possible
success of this technology could influence strongly the transfer of resources
to reserves, as well as the addition of new resources. For instance, the
success of the INIEX (Belgium) under pressure coal gasification process
would open up quite new resources—namely, coal deposits located deeper
than 1000 or 1200 meters that are generally not included in the reserves
estimates. (For example, in northern extensions of the FRG Ruhr coal fields
or in offshore coal fields such as those under the North Sea, the limit for
resources is generally at 1800 or 2000 meters.) Considering all these factors,
some experts have suggested that ultimately, total global coal resources
could possibly be two or even three times higher than the presently accepted
figure of some 10,000 billion tce.

However, there are factors that may also lower coal resources and re-
serves. Prices and costs are two such factors. Oil prices could demonstrate
some tendency toward stabilization (in constant money), while coal costs,
on the other hand, may continue their upward trend, thereby reducing pro-
gressively their temporary economic advantage. As a result, reserves could

b1t is interesting to note that sloping coal beds too steep for practical mining actually present an
advantage from the viewpoint of underground gasification—a good example of the influence of tech-
nology on the dynamic evolution of reserves and resources.
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again be shifted back to identified but uneconomical resources. (This hap-
pened in the United Kingdom during the 1950s and 1960s.)

The ability of coal deposits to be mined is also a major open question,
especially for underground coal fields. Some experts (e.g., Fettweis 1979)
have expressed doubt that all “‘recoverable’ reserves are actually mineable
or that they would be mined, because of decreased accessibility, among
other reasons.

Finally, the difficulties and the associated high costs of transporting coal
over long distances (2000 to 5000 km) should be carefully considered in
estimating coal resources and reserves. Major coal fields, such as those in
the western part of the United States or in Soviet Siberia, lie very far from
consuming centers. This problem is aggravated by the low quality of the coal
in these areas (mostly subbituminous coal or lignite). However, coal “refin-
ing” technologies are now emerging and pointing to the possibilities of trans-
forming coal into almost anything—synthetic natural gas, liquid fuels,
methanol, and so forth—although the economic picture is still somewhat less
promising. In Chapter 3, we discuss the use of coal for liquid fuel produc-
tion, presenting a strategy for using coal prudently during the transition
period from conventional fossil fuels.

Regional Distribution of Coal Resources and Reserves

Coal resources and reserves are very unevenly distributed worldwide, as can
be seen from Table 2-3. The three major coal countries—China, the USSR,
and the United States—together have some 8868 billion tce or about 87.6
percent of the world’s total coal resources. These three countries also have
the largest reserves (178 billion tce for the United States, 110 billion tce for
the USSR, and 99 billion tce for China), although their total share of 386
billion tce is proportionately smaller than that for coal resources (60 percent
as against 87.6 percent). This is normal because the smaller the resources, the
greater the efforts to know more about reserves.

Note also in Table 2-3 that the countries of the second category (100 to
1000 billion tce) each have coal resources equivalent to or greater than total
global oil reserves; however, some of them consider themselves generally
“energy poor.” (Such comparisons must, of course, be handled with care,
since resources in the ground are very different from recoverable reserves.)

New exploration is expected to increase the number of countries in the
third and fourth categories shown in Table 2-3, especially with respect to
the developing countries. This would not necessarily change the total global
coal resources appreciably, but it could influence the energy balance of these
developing countries and possibly the potential global energy trade.

Table 2-4 gives the distribution of global coal resources and reserves
among the seven IIASA world regionsc calculated from WEC (1978a) data.

€See Figure 1-3 for a definition of these regions and Appendix 1 A for a list of the countries in
each of these regions.
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Table 2-4. Coal resources and reserves for the seven IIASA regions (in

10° tce).
Coal Resources Coal Reserves

Region Hard Coal Brown Coal Total Hard Coal Brown Coal Total
| (NA) 1286 1400 2686 122 65 187
Il (SU/EE) 4127 892 5019 107 41 148
i (WE/JANZ) 683 80 763 117 29 146
IV (LA) 25 9.3 34.3 49 5.9 10.8
vV (Af/SEA) 179 4.9 184 43 1.9 44.9
VI (ME/NAf) 0.4 0.4 0.2 0.2
VIl (C/CPA) 1427 13.4 1440 99 NA 99
Total® 7727.4 2399.6 ~10,127 493.10 142.8 635.9

aRegional figures do not sum to totals because of rounding.
NA—not available.
Source: Based on data from World Energy Conference (1978a).

In general, we have considered two cost categories for coal—less than $25/tce
and between $25 and $50/tce. It seems that in many regions large amounts
of coal can be produced at these costs. This includes IIASA region III (WE/
JANZ); it is known that some production costs in Europe are already higher
than the upper limit of $50/tce (France and the FRG, minimum $75/tce;
Belgium, $100/tce), but this region also includes South Africa, Australia,
and the United Kingdom, with reasonable to very low production costs.

The ‘“‘economically recoverable” reserves have been put in the first cate-
gory (except for region III, because of the above comments) and part of the
resources remaining to be identified in the second category. For the USSR,
the United States, and China, only 10 percent of resources have been con-
sidered. However, the figures are already sufficiently high so that including
more would not change very much—at least with our time horizon of 2030.
Moreover, for these countries, and probably also for others, the possibility
that some of the reserves may finally appear in the higher cost category is
not excluded, but some of the resources remaining to be identified can re-
place them in the lowest category. These assumptions are not contradictory
to the WEC experts’ assumption of increasing total global coal reserves to
1200 billion tce by about 2020. Because these figures—1200 or 1500 billion
tce—are already very large, we did not make supplementary assumptions
about the ultimate recoverability factor (estimated at 50 percent by some
experts) of total global resources.

Because of the threatening “shortage” of oil and because of the very big
differences in coal resources among various regions and even more so among
various countries, the subject of a global coal market is heard more and more
frequently.d Although it is somewhat outside the scope of this chapter, we

dAccording to WEC (1978a) the existing international coal market was given as 7.7 percent of total
global coal production in 1975. Because at the time of the WEC study no clear trend was apparent
toward a larger world coal market , only small prospects for such a potential world coal market were
given—8.9 percent of total output (i.e., about 788 X 10 tce) in 2020.
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comment briefly on this subject here. One major question relates to the
possible supply role of the three coal giants (the USSR, the United States,
and China), which have tremendous resources but also very large domestic
energy requirements. It is not clear whether these countries would be willing
and/or able to manage additional capacity for an export market, although
this may serve political or economic purposes. Potential customers could also
be reluctant to increase their “energy dependence” on these political giants.
Finally, there are only a few countries that have both large energy require-
ments and few coal resources and as such could be major coal buyers—Japan
and some countries of southern Europe are examples.

Illustrative Coal Production Levels

Figure 2-1 shows the possible coal production curve for the world proposed
by the WEC (1978a) study. For our purposes, the production curve has been
extrapolated according to the following two assumptions:

® From 2020 onwards, production would stabilize at the maximum level
of 8.7 billion tce per year. This level could be maintained until 2065
if proven reserves were to remain at the 640 billion tce level, but it could
be maintained until 2130 if the reserves were to be increased, as sug-
gested by the WEC experts, to 1200 billion tce.

® Production could possibly continue to increase up to a maximum of 12
billion tce per year, which would be reached around 2040, assuming the

Figure 2-1. Coal: possible production and lifetime of global reserves. Solid line based
on data from WEC (1978a); dashed line is Il ASA extrapolation.
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continuation of the previous rate of growth. Thereafter, production of
12 billion tce per year could continue until 2055 with reserves limited
at 640 billion tce or until 2100 if the reserves were to be raised to the
1200 billion tce level.

The various extensions of the production curve shown in Figure 2-1 are
useful for illustrating roughly the possible continuation of global coal pro-
duction, based on present known reserves or on reasonable assumptions
about their potential increases. These extensions are based on estimates of
reserves and resources; the WEC experts were aware of the political, socio-
logical, and environmental problems associated with such production levels.
We do not repeat their arguments here. Also, such production levels raise the
question of a possible carbon dioxide problem, which will be discussed in
Chapter 10.

OIL RESOURCES

Because of the present and future major role of oil, knowledge of “appar-
ently” limited oil resources is of crucial importance. Unfortunately, efforts
to improve such knowledge have not been commensurate with the impor-
tance of the problem. One reason for this may be that although the final
exhaustion of oil resources has been forecasted periodically, new discoveries
have periodically postponed this. As a result, there is popular faith in in-
finitely new oil discoveries.

From Historical to Delphi Estimates

Over the past thirty-five years, there have been about twenty-five estimates
(less then one per year) of ultimate recoverable global oil resources (defined
as past cumulative production and proven reserves plus recoverable oil re-
maining to be discovered). These twenty-five estimates are, in fact, not
independent. M. King Hubbert has contributed two estimates; Moody (from
Mobil Oil Company, United States), three; and Weeks (from Weeks Natural
Resources, United States), eight; and Klemme (of Weeks Natural Resources,
United States), one. Because of the mutual influence of some estimates (such
as the very good one from Moody presented at the Eighth World Petroleum
Congress in 1975 [Moody and Esser 1975]), there are some half-dozen
independent estimates.

In the course of time, these estimates have shown a general trend toward
increasing values; this trend was somewhat reversed in the first half of the
1970s and was followed by some convergence in 1975 and 1976 around
Moody’s estimate (232 billion tons of oil remaining to be produced, plus
about 45 billion tons already produced). It is also interesting to observe that
the dispersion of estimates was about the same between 1945 and 1950 as
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Table 2-5. Historical world oil resource estimates.

Estimate Estimate

Year Name Company (X 10° bbl) (x 10° rons)?
1946 Duce Aramco 500 68
1946 Pogue 615 84
1948 Weeks Jersey 617 84
1949 Levorsen Stanford 1635 224
1949 Weeks Jersey 1015 139
1958 Weeks Jersey 1500-3000 205-411
1959 Weeks 2000-3500 274-479
1965 Hendricks? USGS 1984-2480 272-340
1968 Weeks Weeks 2200-3350 301-459
1969 Hubbert USGS (1350-2000) (185-274)
1970 Moody Mobil 1800 247
1971 Warman BP (1200-2000) (164-274)
1971 Weeks Weeks 2290~-3490 314-478
1972 Jodry Sun 1952 267
1973 Odell UNIV, 4000 548
1974 Kirkby, Adams BP (1600-2000) (220-274)
1975 Moody Moody (1705-2030-2505) (234-278-343)

95% 5% 95% 5%
1976 Grossling USGS (1960-2200- (268-301-

3000-5600) 411-767
1976 Klemme Weeks 1600 219
1977 Parent, Linden IGT 2000 274
1977 Delphi IFP 2200-2500 305-350
1978 Moody Moody 2030 278
1978 Nehring Rand (CIA) (1700-2000-2300) (233-274-315)

3Rrounded figure.
Estimated oil in place. The two values correspond to the two different recovery rates.

that occurring twenty-five years later (between 1970 and 1975), as can be
seen in Table 2-5 and Figure 2-2.

Table 2-5 lists the global oil estimates that we considered, excluding those
not formally presented or referred to as private discussion. Most of the
original values were given in barrels of oil (column 4) and have been con-
verted into metric tons (using 7.3 barrels per ton, column 5). When two
values are given with a slash, they refer to two values actually given by the
estimator, such as Weeks’ two different assumptions on type and value of
recovery. When two or more values are given in brackets, they refer to a
range of values, with or without a proposed average. In the case of Delphi, the
values given are the two averages selected by the estimator.¢ All these values
have been put on the graph in Figure 2-2.

A major oil resources assessment was made in 1977 by a group led by

€1f we take a higher value, 300 X 10% tons remaining to be produced, and add past cumulative
production, we get 345 X 109 tons, or about 2500 X 109 barrels, which is one-eighth higher than the
often quoted value of 2000 X 10° barrels.
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Figure 2-2.  Evolution of ultimate world oil resource estimates.
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Desprairies (1977), under the sponsorship of WEC. Some thirty experts
worldwide contributed to the study, which to our knowledge was the first
time that the Delphi method was used for assessing oil resources. The aim
was to reach a consensus among these experts.f

This Delphi study is undoubtedly one of the best sources of information—
data plus accompanying comments. By making these comments available,
Desprairies has invited those interested to form their own opinion. We have
done just that.

Figure 2-3 interprets graphically the data of the main table of this Delphi
study. An assumption imposed on the participating experts was that produc-
tion costs (excluding taxes and profit) must not exceed $20 per barrel (1976
U.S. dollars) by 2000. (Recall that in 1976 more than 50 percent of the
world’s oil probably was produced at less than $2 per barrel.) With this
limitation—which some experts considered a constraint for deep offshore
and polar areas—it may be seen that the answers covered a broad range,
from a low 173 billion tons to a high 550 to 950 billion tons of oil (averaged
in Figure 2-3 as a single 750 billion tons of oil value). More then 90 percent
of the experts considered that the ultimate resources remaining to be pro-

fThis objective was not reall achieved, as three opinion groups emerged—pessimistic, moderate,
i y P group

and optimistic. Anyhow, consensus is not proof. And history is full of examples where all (or a large

number) of experts were wrong at the same time.
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duced would be higher than 225 billion tons (compared to 1977 reserves
of 88 billion tons); 25 percent of this group predicted that ultimate
resources remaining to be produced would be higher than 300 billion tons;
while the “majority”’ (about two-thirds) estimated resources to be between
225 and 300 billion tons.

Based on the assumption that the recovery rate of the oil originally in
place would increase worldwide from the present 25 to 40 percent toward
the end of the century, Desprairies estimated the ultimate recoverable oil
resources remaining to be produced (as of 1977) at 300 billion tons, includ-
ing deep offshore and polar areas. We note that the author of this Delphi
study has a slight tendency to exclude deep offshore and polar areas
(reducing ultimate resources to 260 billion tons if all of the estimates are
included and to 240 billion tons for the central, majority opinion, which is
very close to the 232 billion tons of Moody'’s value). Nevertheless, we gen-
erally prefer to retain these areas and to keep the 300 billion ton value. Our
time horizon, up to 2030 or longer, is also greater than that of Desprairies
(2020).

The authors of the Delphi study noted that between now and the end of
the century exploration costs may double; development costs would prob-
ably also increase, but at a slower rate than exploration costs. The opinions
(or the “‘educated guesses”) of the experts were that 36 percent of these 300
billion tons of oil could be produced at less than $5 per barrel, 26 percent
between $5 and $12 per barrel, and 38 percent at more than $12 per barrel
(all prices in 1976 U.S. dollars).

Figure 2-3.  Oil resources remaining to be produced. Source: Based on data from
Desprairies (1977).
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Regional Distribution of Ultimate Oil Resources

Whether we consider all of the estimates of the Delphi study or only the
central ones—say, the eighteen answers between 200 and 300 billion tons of
oil remaining to be produced—we can observe very broad variations in the
regional attributions of oil resources, which makes the selection of a single
regional distribution very difficult. For deep offshore and polar areas, for
instance, the experts’ estimates vary from O to 180 billion tons (all of the
experts)—that is, from O to about twice today’s proven reserves—or from
0 to 50 billion tons of oil (the “majority’” of experts). Even for North
America, which is the most extensively explored region (with more than
2.5 million oil and gas wells), assessments still vary broadly—6.2 to 50
billion tons if all estimates are considered and 15.6 to 45 billion tons (which
is still a factor of three) for the eighteen values in the 200 to 300 billion ton
range. These values for North America (which includes the United States and
Canada) can be compared with the values estimated in 1975 by Miller et al.
(1975) for the United States—(minimum) 37.4 billion tons (95 percent
probability); (maximum) 59.6 billion tons (5 percent probability).

Table 2-6 gives the distribution of the ultimate oil resources remaining
to be produced (derived from the Delphi study) among the seven IIASA
world regions and, for comparison, the proven reserves as of 1 January 1978
(International Petroleum Encyclopedia 1978). It can be seen that the share
of the Middle East and North Africa resources (mostly those of the Middle
East) remains very important, although this share is somewhat less than that
for proven reserves.

We judge that the resources of three geographical areas—South America,
Africa, and East and Southeast Asia—have been underestimated in the Delphi
study, considering their prospective areas. Aggregated data according to the
ITASA world regions are also given in Table 2-6, together with total, cumula-
tive drilling activities (Grossling 1976). Prospective areas have been calcu-
lated onshore and offshore up to a depth of 200 meters—that is, they do not
include the deep offshore areas referred to in the Delphi study. We note,
however, that the outline of the prospective area changes with time and de-
pends on the author and the criteria being used.8 The last column of the
table gives the drilling densities or the number of wells per thousand square
kilometers of prospective areas.

There is no doubt that these figures, as pointed out rightly by Grossling,
show a “drilling gap” (i.e., very large differences in the drilling densities for
various regions). Curiously, the two lowest figures are for region VI
(ME/NAf) and for region V (Af/SEA). The two cases differ completely and
illustrate the need for care in addressing world oil perspectives. Region V1
has been drilled very little, but with exceptional success. The area of region
V is very large (12,169,000 km? onshore and 5,560,000 km? offshore, the

EUnfortunately, it is not always easy to distinguish in the statistics between exploratory and devel-
opment drilling. Moreoever, these prospective areas have recently been ““challenged’’ as being too large.
Although interesting, the statistics should be used with caution.
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Table 2-6. Oil resources, reserves, and drilling densities for seven [1ASA

regions.
b Prospective Total Number Drilling Density

Resources” Reserves Areas© of Wells® (total wells/

Region (10°% 1) (10° 1) (X 1000 km?) (end of 1975) 1000 km* )
1 (NA) 28,000 4857 12,928 >2,575,000 202.75
Il (SU/EE) 46,730 10,670 9797 542,325 55.36
1 (WE/JANZ) 16,020 4021 11,030 34,737 3.15
IV (LA) 23,000 5521 12,444 103,359 8.31
Vv (Af/SEA) 21,150 6176 17,729 28,281 1.60
VI (ME/NACf) 109,100 54,363 8212 12,501 1.52
Vil {C/CPA) 12,730 2736 2831 8500 3.00
Total 257,230 88,344 ~75,000 >3,300,000 44.00

3Based on data from Desprairies (1977).
bBased on data from /nternational Petroleum Encyclopedia (1978).
“Based on data from Grossling (1976).

majority of this in the Western Pacific countries). Some of the countries of
region V are among the oldest oil countries (e.g., Pakistan, Borneo), but for
many reasons (very often political ones), they have known only scarce and
irregular drilling activities over the last few decades. The argument that these
countries are not promising in terms of oil does not seem to hold, except
that they have up to now provided a low share of giant fields (almost none
in East Asia and Southeast Asia and very few in Africa, outside Algeria and
Libya).

It is well known that giant fields are the preferred objective of oil com-
panies. But views and attitudes may change, and it is hoped that, along the
lines now explored by the World Bank, more exploration and oil activities
will take place in regions IV and V, which together represent more than 30
million km? of prospective area (almost 50 percent of the 62.5 million
km? total excluding the Middle East). The Delphi study value for these
areas—only 44 billion tons of ultimate oil remaining to be produced (about
30 percent of the expected 148 billion tons total excluding the Middle East)
—probably is too low. In fact, at the end of 1975, less than 0.86 percent of
total world drilling had been performed in region V.

Perspective on 300 Billion Tons of Oil

To put such a figure of 300 billion tons of ultimately recoverable conven-
tional oil in perspective, we shall examine briefly the various possibilities of
downward or of upward revisions. The following observations are made
for possible downward revisions:

® Discovery rates (expressed, for instance, in barrels of recoverable oil dis-
covered per foot of drilling) could decline because most of the giant and
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supergiant fields have already been discovered and are increasingly diffi-
cult to find. (Recall that this seems to be especially true for oil, but not
yet true for gas.) Although current trends of discovery rates are being
debated, there is no evidence that they are decreasing worldwide, if the
Middle East is excluded.

The hopes of increasing recovery rates by 50 percent worldwide—that is,
from 25 to 40 percent—may not be realized.

Exploration and production costs could continue to increase, making oil
too costly and possibly less and less competitive with cheap coal.

The potential of the Middle East and of western Siberia may have been
overestimated.

The international climate may continue to deteriorate, and international
oil companies, which have the know-how, may be progressively pushed
outside the oil business. Thus the tools for oil exploration would be
missing or would be dramatically reduced.

Deep offshore and polar areas may turn out to be very disappointing
with respect to their estimated potential; they may be reduced from 13
percent of the total Delphi estimate to, say, a few percent.h

Possible upward revisions may be the result of the following:

Discovery of a new “Middle East.”” The possibility cannot be completely
excluded (deep offshore, Antarctica, offshore China?). The chances are
generally thought to be very small. Recent discoveries in Mexico (Re-
forma, Campeche, Chicontepec) provide arguments for the optimists.
Deep offshore is a very poorly known area (continental slope and rise).
There could be an agreeable surprise.

New types of deposits. Up to now, 95 percent of oil fields, whether
giants or not, have been found in anticlines (a theory that was laid down
some one hundred years ago). Stratigraphic traps have yielded only small
deposits (except in East Texas).

Progress in exploration, in drilling, and/or in production technology. For
instance, “‘bright spot” techniques have helped to discover previously
hidden (gas) fields; the possibility of changing the drilling head without
removing all the strings may decrease drilling costs; new offshore produc-
tion technology (as explored by Shell at the Castellon’s field off the
shore of Spain) may eliminate the need for expensive platforms, for
example. All of these possibilities point also to a potential growing role
of medium or even small deposits.

Enhanced recovery (which is at its initial phase) may be more promising
than expected. This may be especially true for large amounts of heavy
oil for which thermal methods can dramatically increase the rate of
recovery (from a low 5 percent to a high of 40 percent or more in some

hgome recent studies in 1978 and 1979 point in this direction. Even normal offshore exploration

has given some discouraging results (such as Baltimore Canyon, as of mid-1979). We consider it too
soon for a definite statement.
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cases); many of these resources are not included currently in the reserves
or only to a small degree. Recall that a 1 percent increase in the recovery
rate, say, from 40 to 41 percent for 300 billion tons of recoverable oil is
worth 7.5 billion tons of oil.

® As mentioned above, some of the regional estimates may have been
somewhat underestimated. (In fact, some experts say that the Middle
East is underestimated.)

Unconventional Oil Resources

Critics are fond of saying that unconventional oil resources have been ex-
pected for more than fifty years and always seem to cost $3 or $5 more than
conventional oil, regardless of the cost of the latter. Certainly, unconven-
tional oil is a “difficult” resource and, thus, expensive. But these resources
are very large, and only a very small part of them is presently known.

These unconventional oil resources (which include heavy crude oils, tar
sands, and oil shales) were extensively reviewed during the Second IIASA
Conference on Energy Resources, jointly organized by UNITAR and ITIASA
(Meyer 1977). Most of the results of this conference were accepted and
adopted, with minor modifications, by WEC (1978b), which refers only
occasionally to unconventional oil resources and did not include them in
its study.i

According to recent theories of oil formation and migration, there is an
interesting continuity among the various hydrocarbon categories (see
Figure 2-4). In brief, the burial of organic matter has led to the formation of
kerogen—that is, to oil shale formation. If this were to remain near the
surface, it would form the oil shale deposits that are currently known. But
usually, the organic layers have been buried under additional layers of sedi-
ment and have crossed the “petroleum window” (about 65°C to 150°C)
where the kerogen has been transformed into oil and into gas if the burial
has continued deeper and deeper. Often, the fluid oil has migrated into an
entrapping reservoir. Finally, if this oil were to come back near the surface
through upward tectonics and/or if it were chemically (oxidized) or micro-
biologically altered, it would result in tar sands or heavy oil deposits. The
recent understanding of these dynamic phenomena serves as a guide for
new kinds of oil exploration that could pave the way to new discoveries.

Heavy crude oils and tar sands are very closely related. In fact, there has
not been, to date, any general agreement on their definition. In broad terms,
beavy crude oils have 10° to 25° API densities and can flow (although
possibly very slowly); tar sands have between 7° and 10° API densities and

iAs a followup to this IIASA-UNITAR conference in 1976, UNITAR organized the First Interna-
tional Conference on Heavy Crudes and Tar Sands in Edmonton (Canada) in 1979. Although the dis-
cussions were much of a technical nature, there were no important revisions or updating of the data
on world resources. IIASA, for its part, has launched an independent assessment of world unconven-
tional oil resources.
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Figure 2-4. Continuity of oil resources.

Heavy crude oils
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cannot flow under normal conditions. About 90 percent of the currently
known worldwide tar sand/heavy oil resources can be found in three coun-
tries—Canada, Venezuela, and the USSR. Nehring (1978) has pointed out
that the supergiant deposits of tar sands (Alberta), oil shales (Colorado), and
heavy crudes (Orinoco) belong to an “oil ring” (on the Pangea, 180 million
years ago, before the continental drift) that also contains the giant and
supergiant oil deposits of Alaska, Texas, Mexico, North Africa, the Middle
East, and Western Siberia.

In some respects, the worldwide distribution of tar sands and heavy oils
(and oil shales as well) would seem to resemble that for coal, with a broad
geographical distribution dominated by a few giants:i

® Approximately 300 billion tons of heavy oil and tar sands (oil in place)—
as much as the Delphi study estimate for recoverable conventional
oil—are divided among four giant fields—Orinoco (Venezuela, 100 bil-
lion tons)k; Athabasca (Canada, 86 billion tons); Olenek (USSR, 86
billion tons); Cold Lake (Canada, 23 billion tons).

® Approximately 27 billion tons are contained in eight large fields (two in
Canada, five in the United States, and one in Madagascar).

The technology for recovering bitumen and heavy oil falls into two gen-
eral categories—surface mining and in situ recovery. Only 5 to 10 percent of

JNote that these unconventional oil resources are found in unconventional types of deposits—
namely, stratigraphic as opposed to structural traps for oil.
According to some experts, this estimate is rather low and could possibly be doubled, or more.
And Columbia probably also has very rich deposits.
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the currently known resources are potentially recoverable by the surface
mining method (with a reasonably high recovery ratio)—that is, 15 to 30
billion tons. The remainder would be recovered by in situ techniques (with
an estimated recovery rate of between 30 and 50 percent).

In recent years, progress has been made in the recovery of heavy oil and
tar sands, mainly in Canada, Venezuela, and the United States. The Syncrude
plant (Syncrude Canada Ltd. 1978), with 6.25 million tons of oil per year,
went into operation in 1978, and government incentives are progressively
leading to other plants of this type. A growing number of pilot processes for
in situ recovery are under development in Canada (more than twenty by
mid-1979, most of them to be completed between 1980 and 1982), with the
incentive that each future facility could possibly produce more than 6.25
million tons, which constitutes the present optimum figure for surface
mining and surface processing. (Because surface operations are capital and
labor intensive, it is understandable that the penetration of this new tech-
nology will not start soon.)

More than 420 billion tons of oil shale resources have been identified,
two-thirds of them in North America. Here, also, 5 to 10 percent are consid-
ered recoverable under present conditions. Pilot plants are being developed,
with a growing interest in the Garrett-Occidental modified in situ process. In
mid-1979, oil shales became a major objective of the Synfuel Program pro-
posed by President Carter to decrease U.S. oil imports.

It is difficult, if not impossible, to make realistic forecasts of how and
when these unconventional oils would enter the market. The Delphi study
mentions that they can be progressively phased in after 1990. We share this
opinion. The events of 1979 in Canada and the United States point in this
direction. Production costs for upgraded syncrudes are given (1978 U.S.
dollars) from $12 to $15 per barrel (Orinoco) to $12 to $20 per barrel
(Athabasca) and up to $20 to $25 per barrel (Colorado oil shales), although
these costs could be lowered through price guarantees and government-
sponsored research and development programs.

The Three Paths to Costly Oil

Summarizing and synthesizing these findings, we see that we are heading for
“costly oil.” (By costly oil we mean the cost of producing oil and not the
price of oil.) There are three paths to costly oil, as shown in Figure 2-5.
First, the oil industry, especially onshore, would shift progressively from
supergiant oil fields (larger than 5 billion barrels or 700 million tons) and
giant oil fields (larger than 500 million barrels or 70 million tons) to
medium-sized fields and, finally, to small fields. Note that these supergiant
and giant oil fields are now the most profitable and still account for more
than 70 percent of global oil production. In the United States, small fields
already account for 15 percent of production. As mentioned above, accord-
ing to the Delphi study, most of the oil remaining to be produced (say, more
than 60 percent) could be produced probably at less than $12 per barrel or
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Figure 2-5. Three paths to costly oil.
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with investments of less than $6000 to $10,000 per barrel per day capacity.
We judge that this oil will increasingly be the choice objective of the many
national oil companies to feed their national requirements. This is what we
call exploring the prospective areas “with a fine tooth comb.” Natural gas
would probably also be found and would contribute greatly to regional
industrial development.

The second path to costly oil is from onshore to offshore, and, pro-
gressively, to deep offshore. Technology has progressed considerably (the
North Sea has contributed much to this development), but costs have also
soared. Because of these higher costs, development projects presently con-
centrate on giant fields. Investment costs for offshore can reach as high as
$10,000 per barrel per day capacity and soar to $20,000 per barrel per day
or more for deep offshore. Because of these costs, the associated high risks,
and the advanced technology required, the largest projects are presently
reserved for the biggest international oil companies (and/or consortia of
many companies), who would thus continue to play their role as pioneers.

The third path goes from “good” oil to oil shales, through “difficult”
oil. The trends are the same as for offshore to deep offshore, and invest-
ment levels are comparable, from $15,000 to $30,000 per barrel per day
for tar sands and o1l shales (and production costs between $15 and $20 per
barrel). And also, for the same reasons (investments, risks, and technology),
we judge that this frontier would be reserved initially for the large oil com-
panies, or pioneers, or for governmental organizations. Incidentally, this
points to the important contribution major oil companies continue to make
to future oil supply, assuming that they are allowed, and even encouraged, to
to do so. If this is the case, the physical continuity of oil resources illus-
trated in Figure 2-4 would be matched by the industrial continuity of the
three paths to costly olil, to ensure a lasting oil supply.
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Hlustrative Production Levels

As a means of synthesizing these various considerations, we propose a
production curve derived from the Delphi study, but with a major differ-
ence. We judge that the classical bell shape—popularized by Hubbert but
since challenged—is not necessarily the only solution. Discovery rates could
possibly be maintained—at a cost—at a more or less continuous level for a
few more decades. Moreover, the Delphi curve assumes a constant reserve-to-
production ratio over time for the various regions. It could be accepted that
this ratio would decline slowly for other regions, as it did for the United
States, allowing production to be kept constant over a longer period. Both
factors would maintain a longer production plateau and provide more time
for the progressive phasing in of unconventional oil (Figure 2-6).

The curve proposed by the Delphi study would decline from a maximum
of between 4 and 6 billion tons per year around 1990 to a level of about
2.5 billion tons per year in 2020 and would continue to decline to lower
levels over a long period. In fact, according to such a curve, and starting
from 300 billion tons of oil, some 120 to 130 billion tons of oil would still
remain in 2020 or about 250 billion tons in the early 1990s. Such an amount
could (and must) be large enough to sustain a production plateau for a few

Figure 2-6. Oil: possible production and lifetime of ultimately recoverable global
resources (conventional oil only; 300 X 10® tons). The right side of the figure shows the
theoretical extension of the oil production level and not a possible real production curve.
The semishaded area between the “‘Delphi’ and the “Modified Delphi’ curves represents
a possible stretch of conventional oil production before a planned but delayed decline.
Source: Delphi estimates based on Desprairies (1977).
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decades before the actual decline phase begins. If the growth rate of oil
production and consumption continues to average 3 to 4 percent per year or
less (as opposed to 7 to 8 percent per year previously), and if new producers
come progressively into the market to maintain a “fluid” supply in the next
decade, there is no urgent need to introduce the most expensive unconven-
tional oil resources, except in a few countries and for political reasons. In
fact, this is true for new fuel supplies from Alaska and the North Sea and
would probably continue to happen in the early 1980s in other countries
such as Mexico, Egypt, Brazil, and Malaysia. Penetration could begin in the
1990s, with the cheaper unconventional oil resources. Note that this has
already begun in Canada with Lloydminster and Cold Lake heavy oils and
with the Syncrude project and its followers. Valuable progress can be ex-
pected in these fields over the next ten or fifteen years, as for example the
oil shale projects in the United States.

GAS RESOURCES

There are many similarities between oil and gas resources, but also some
major differences. Until recently, interest in gas resources was much less
strong and came much later than for oil resources. Not long ago, finding a
dry gas field somewhere outside the United States was considered a catas-
trophe. The rapid growth of natural gas consumption really started in the
United States only after the Second World War and in Western Europe only
over the last decade after the discovery of the Italian, French, and especially
the Dutch gas fields. At the least, development has been impressive, so much
so that natural gas now holds the share in Western Europe that was foreseen,
in postwar energy forecasts, for nuclear energy.

Yet despite the very rapid increase in natural gas consumption, the indus-
try is still quite young. Less than 8 percent of total estimated gas resources
have been consumed up to now (unfortunately, a good part of it has been
flared), as opposed to almost 15 percent or more for oil. Gas reserves are ex-
panding continuously through revision of old estimates (of associated gas,
mainly) and through many new discoveries of dry gas deposits. The ability
to drill deeper and deeper is favorable to gas findings more than to oil.
Anadarko Basin and Tuscaloosa Trend are two of the important recent
developments in deep gas discoveries. And there is no slackening of the rate
of finding new giant or supergiant gas deposits.

There is a strong consensus among world petroleum experts that natural
gas consumption and production worldwide will continue to increase
over the next decades, possibly until the beginning of the next century,
because of the attractive properties of natural gas utilization and the grow-
ing sources of supply. However, the developed countries—especially those
in Europe—seem to be approaching a limit for regional gas trade operable
through land pipelines, and they will have to resort either to sea gaslines
(e.g., the project across Sicily from Tunisia) or to expensive and still dif-
ficult LNG (liquefied natural gas) maritime transportation between conti-
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Estimates of ultimate gas resources remaining to be discovered
and world gas reserves for the seven [IASA regions (in 10° m?).

Reserves (as of

Resources Still to

Region 1 January 7977)0 be Discovered?
| (NA) 7763 43,500
Il (SU/EE) 22,654 59,000
1 (WE/JANZ) 5061 14,500
1V (LA) 2695 15,000
VvV (Af/SEA) 3560 12,000
VI (ME/NAT) 21,157 78,000
VIl (C/CPA) 594 10,000
Total® 63,484 232,000

3Based on data from World Oif (1978).

bBased on data from World Energy Conference (1978b).

“The two values do not add up to the ultimate value of 280,000 billion m*® given above because
of differences of dates and of origins of the data.

nents. A balance must be found between these constraints and the large
availability of associated natural gas, mainly in the Middle East, relative
to the high oil production. Rightly, producers, especially from the mem-
ber countries of the Organization of Petroleum Exporting Countries (OPEC),
are exerting strong pressure to avoid technical and/or economical losses of
this precious resource.

There are still far fewer estimates of ultimate global gas resources than of
oil resources, although efforts to improve this situation are taking place.
Estimates of ultimate oil resources and of gas resources differ in several
ways. Because gas recovery is already high (80 to 90 percent), there is not
the same potential mechanism of additions to reserves by shifting from iden-
tified resources. Additions to conventional gas reserves must thus come from
revisions of known reserves and, principally, from new discoveries.

The selected value—adopted by the WEC (1978b) and by the American
Gas Association from an assessment by the U.S. Institute of Gas Technology
(IGT)—is about 280,000 billion m? of gas remaining to be produced world-
wide after 1 January 1976.! A tentative distribution of the gas resources
amng the seven IIASA world regions is given in Table 2-7,™ together with
calculated gas reserves, using World Oil (1978) data (as of 1 January 1977).
According to WEC (1978b), probably as much as 75 percent of these gas
resources could be produced at less than $14 per barrel of oil equivalent
(1974 U.S. dollars) by 2000 or later and the remainder at less than $20
per barrel of oil equivalent.

IThe value given in the WEC (1978b) study is 10,508 EJ or Exajoules—that is, 279,000 billion m>
(assuming 9,000 kcal/m3). This value was derived from the range of values 9960 to 10,395 EJ —that is,
264,000 to 276,000 billion m> of the Institute of Gas Technology.

™M1t was necessary to make some special assumptions for this distribution because the gas regions
considered by IGT and WEC are different from the oil regions.
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During the Second IIASA Conference on Energy Resources (Meyer 1977)
there were extensive discussions of ‘‘unconventional’ gas resources—that is,
gas in geopressure zones, gas in tight formations (sandstone, Devonian shales,
etc.), and methane from coal fields, landfill gas, gas hydrates, and so forth,
not to mention syngas from coal. There was some consensus that these re-
sources are probably very appreciable, each perhaps equivalent to or even
one order of magnitude greater than conventional resources, but that it is
presently impossible to make a global estimate. Because of the youth of the
industry and of gas consumption, and because of the sufficient supply of
conventional gas at reasonably low cost, there has been little incentive to
look for these new, technologically difficult and economically more ex-
pensive, gas resources. The United States is the only country that faces a
possible gas shortage; and indeed, it is only for the United States that pre-
liminary data are available and that the technology is being seriously
explored. (In fact, depending on price policies and incentives, the situation
in the United States could evolve between shortage and excess supply, as
experienced in recent years.)

In Table 2-8 data on additional gas resources in the United States are
given. These are large resources. Experiments are being carried out on
coal bed degasification. Gas in Devonian shale and in tight formations
is being produced on a small scale and is awaiting progress in fracturing tech-
nology. In 1979, a pilot well was drilled in Texas to assess gas in geopressure
zones and, especially, to determine which possible share of estimated volume
in place could be recovered: a low 5 percent would lead to recoverable re-
serves of 4000 to 70,000 billion m?, the latter figure being equivalent
roughly to present total global gas reserves.

Turning to possible production levels, as shown in Figure 2-7, we see that
(adopting WEC assumptions) gas production could increase to a level of
around 3700 to 4000 billion m? per year between 2000 and 2010 or 2020.
With the same reasoning as for oil, we judge that a constant level could be
maintained for a few decades, instead of beginning to decline as soon as the
maximum level has been reached. It is also worth mentioning that the
present reserves-to-production ratio for gas is higher (around a value of fifty
years) than for oil. In the year 2000, the remaining global gas resources
would still be about 160,000 billion m3, a sufficiently high value to allow
constant production to be maintained for a few decades (possibly accepting

Table 2-8.  Estimated additional gas resources, United States,

Estimated Volume in Place

Source (10° m*)
Coal bed degasification 8630-23,100
Devonian shale 14,470-17,260
Tight formations 17,260
Geopressured gas 85,000-1,444,400

Source: Based on data from World Energy Conference (1978b).
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Figure 2-7. Gas: possible production and lifetime of ultimately recoverable global
resources (conventional gas only; 280,000 m3). The right side of the figure shows the
theoretical extension of the gas production level and not a possible real production curve.
The semishaded area between the “WEC” and the ‘‘Modified WEC”’ curves represents a
possible stretch of conventional gas production before a planned but delayed decline.
Source: Based on data from WEC (1978b).
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a progressive decrease of the reserves-to-production ratio) and to provide
time for a progressive phasing in of new, unconventional resources.

OBSERVATIONS AND CONCLUSIONS

Figure 2-8 shows the various fossil fuel production levels proposed in this
chapter. Again, these are possible maximum production levels, assuming that
decisions are taken in time and that there are no political restrictions—that
is, no political embargoes but not excluding a ceiling on future production.
For fossil fuels, a level of about 20 billion tce could be reached in 2020 and
could continue for many decades if necessary—that is, assuming the demand
for fossil fuels will be this high (which seems improbable to us) and/or that
no new, cheap, and plentiful energy source will be available shortly (which
seems more probable to us). This, in our opinion, would allow sufficient
time to achieve a smooth transition from fossil fuel use.

We have shown the “continuity” of oil resources and of the oil industry
(Figures 2—4 and 2-5). We consider it worthwhile to extend such considera-
tions to include fossil fuel resources as a whole, especially within the frame-
work of our fifty-year time horizon, while recognizing the problem of
predicting the future.

Looking back fifty years to around 1930, we see that coal was the prime
energy source: its annual production level then was about 1300 million tce.
Coal technologies have progressed since that time, and surface coal mining
is presently the fastest developing coal production technology.

Oil production in 1930 was about 200 million tons, of which 6.4 million
tons came from the Middle East. The Arabian fields had not yet been dis-
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Figure 2-8.  Fossil fuels: possible production levels and lifetimes. This is a theoretical
curve, aiming to show the potential leveling of fossil fuel production.
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covered; water injection was at a start; and the first offshore platform would
not appear for another twenty years. In 1930, more than 95 percent of the
natural gas was simply flared, with annual production around 50 billion m3.

Because of the progress of coal technologies and especially of oil and gas
technologies, we can view the task facing the fossil fuel industries coura-
geously. In this context, we offer the following comments on the growing
industrial continuity of apparently very different fossil resources.n

Figure 2-9 illustrates some of the technological exchanges between coal
and petroleum industries in the field of extraction. Similar diagrams could be
made for downstream steps, refining, conversion, and so forth. In other
words, any carbon fuel can now be technically converted into any other
(coal = gas = methanol — gasoline — and so on).

As to the extraction process, perhaps over the next few years it would be
simpler to speak of ‘“mineable’ carbon compounds (coal, tar sands, and oil

NNote that physical continuity has been shown by some authors, extending the considerations and
similarities of Figure 2-4 to all carbon compounds.
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Figure 2-9. Integrated fossil extraction industry. Arrows indicate technological ex-
changes between the two industries.
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shales recovered through surface or underground mining) and of “‘drillable”
carbon compounds (oil, heavy crude oils, gasified coal, in situ tar sands or
oil shales, and gas recovered through drilling and fluid handling). Indeed,
this would require a change in the vocabulary of coal people, since they con-
tinue to speak of “bore hole mining,”” “solution mining,” and so forth. Some
of these drilling operations seem to be at hand (e.g., enhanced oil recovery
or steam-driven heavy crude production), while others seem further away,
but all of these will benefit from common technologies (e.g., drilling, fractur-
ing, fluid control) that we believe can potentially be developed by the
year 2030.
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3 THE COAL OPTION

INTRODUCTION

The technically accessible resources of coal are very large and dwarf most of
the other relevant fossil energy resources. In view of likely limitations on the
adequate supply of crude oil and natural gas, we have analyzed the potential
role of coal as a global long-term energy option.

The fact that, compared to oil and gas, coal is a vast resource could tempt
us into considering it an infinite resource. It is not. While solar energy will
last for billions of years and nuclear power for at least millions of years, the
“vast’ supply of coal can be measured in centuries of human use. So as not
to lose the impact of this important matter, our analysis of the coal option
goes beyond 2030, the nominal end point of our energy study, and up to
2100.

Modern energy systems began with coal and made the fundamental tran-
sition to oil and gas as these resources started to compete successfully. The
system infrastructure shifted more and more to an emphasis on amenity and
convenience, using secondary energy forms such as electricity, gasoline,
district heat, and towngas. Thus, if coal is to be used as a principal energy
resource in the future, it must contribute uniquely to supplying these sec-
ondary energy forms. The function of coal must be seen in terms of its
capability to provide the raw input for the production of synthetic liquid
fuels, which, over the next fifty years, could constitute an indispensable
component of the total demand for energy.

71
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However, the reserve and resource situation, as well as the global environ-
mental implications, suggest that coal cannot be exploited again as the domi-
nant source of primary energy, as it was from the early nineteenth century
until the 1920s. This is because such a dominant role could have only a brief
run in the longer theater of history. Only if we are frugal in our use of coal
will it last for many centuries. The fact that the carbon in coal is in a chemi-
cally reduced form makes it an important exception to the generally oxi-
dized state of most of the earth’s carbon. A too rapid release of carbon into
the atmosphere in the form of carbon dioxide, the combustion product of
coal, could have serious global environmental consequences.

Nevertheless, a substantial increase in the existing supply capacity of coal
appears to be a prerequisite for the transition from the use of clean oil and
gas supplies to the use of dirtier fossil fuels and ultimately to the use of non-
fossil fuels (e.g., hydrogen) during the twenty-first century. Therefore, the
possibilities of a coal revival via new coal conversion technologies are ana-
lyzed in this chapter. Two case studies are discussed that demonstrate that
modern coal liquefaction and gasification techniques could serve over the
short term as a basis for the longer term transition.

To repeat a salient point: if a more dominant path for coal were chosen
than that outlined here, the results would be the depletion of the world’s
fossil resources at the same time that an imprudently large amount of carbon
dioxide would be dumped into the atmosphere.

A HISTORIC REVIEW OF COAL

Modern energy systems depend on crude oil and natural gas, yet they have
supported an extension of a technical system that evolved on the basis of
coal. By plotting the share that each of these primary energy forms has
contributed over time to the global energy balance, a remarkably simple
and rigid process becomes visible. Figure 3-1 illustrates the contribution of
various primary energy sources by means of a logarithmic scale that is suit-
able for displaying market substitution mechanisms.

Over the past several decades, oil and gas have expanded their market
shares at the expense of coal. This substitution process followed an earlier
substitution of coal for the renewable energy source, wood. It is tempting
to extrapolate the lines of fate that Figure 3-1 seems to suggest. Before any
projections can be made, however, it is important to distinguish between
causes and effects of the past evolution. We therefore consider the general
conditions of the past within which coal use matured and then gave way
to the uses of oil and gas.

From Wood to Coal
The use of coal dates back some 2000 years, with coal remaining on the

sidelines with respect to energy deployment throughout the Middle Ages.
The depletion of forest reserves in many industrializing countries, giving
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Figure 3-1.  Global primary energy substitution. Logarithmic plot of the transformation
f/(1-f) where fis the fractional market share. Smooth lines are model estimates of histori-
cal data; scattered lines are historical data; straight lines show the logistic model substitu-
tion paths.
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rise for example to the fuelwood crises of the nineteenth century, created
an energy demand that could not be met at a local level. Coal was able to
fill this market gap.

Coal’s potential was realized once a sufficient centralization of demand
in towns matched the possible centralization of supply in mining districts.
Centralization at each end of the supply chain favored long-distance bulk
transportation of coal—a capability readily offered by the railroad systems.
Coal was favored for a number of reasons: the railroads benefited from the
transportation of this new, high quality fuel; more railroads meant more
steel; more steel meant more coal.

Within a period of roughly eighty years (1840-1920), the countries of
the West completed a transition from wood, the age-old energy source, to
coal, the prototype fossil resource. This transition occurred at the same time
as the even more fundamental transition from a civilization based on agri-
culture to one based on industry. Figure 3-2 illustrates this transition for
the case of the nation of Germany during the period 1840-1920. The rapid
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Figure 3-2. Transition to a coal-based economy for Germany over the period 1840
to 1920. Note: The unique growth rate of 3.5 percent per year for both coal towns and

all towns between 1850 and 1900 was possible because of the then available railway
system.
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buildup of the railroad system between 1850 and 1920 coincided with the
increased population concentration in major cities. The rapid rate of popu-
lation growth in the larger towns and cities in the coal districts during the
initial phases of the railroad era and their extended growth after the com-
pletion of that basic transport infrastructure point to the centralization of
both demand and supply of energy that went along with the transition from
wood to coal.

From Coal to Oil and Gas

What led, after such a convincing development in favor of coal, to its stagna-
tion and relative decline in the primary energy market, which began around
1920 on a global scale? Figure 3-3 illustrates the dramatic speed of this
process for Germany. (The market shares are plotted for the nation of
Germany from 1850 to 1945; the figures for the Federal Republic of Ger-

Figure 3-3. Contribution of primary energy sources to the energy balance of the FRG,
1860-1975. Logarithmic plot of the transformation 7/(1-f) where f is the fractional
market share. Smooth lines are model estimates of historical data; scattered lines are
historical data; straight lines show the logistic model substitution paths.
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many are used after 1945.) In this traditional coal country, with an active
coal industry and negligible indigenous oil and gas reserves, coal lost some 50
percent of its primary energy market share during the period 1935-1960.
Although coal’s market decline was delayed during the Second World War,
thereafter coal lost its share of the market at a faster rate than had occurred
at this time in, for example, the United States.

The roots of the shift to oil and gas reach back to the beginning of the
coal era. The evolution of urban lifestyles led to a strong demand for more
sophisticated forms of energy than raw coal could provide. Around 1825,
the first gas lights appeared. Coal was converted into towngas, and pipeline
networks grew—slowly at first, as they had to penetrate already builtup
areas. By 1875, electricity grids offered a more appropriate means for light-
ing towns. Gas grids were used principally for the convenient supply of do-
mestic heat for cooking and heating. District heating appeared at the end of
the nineteenth century. Increasingly, secondary energy forms—towngas,
electricity, and hot water—were supplied by means of grids that in turn
depended on coal; hydropower, when available, was the only other source
of electricity.

When oil and gas began their rally into the energy market sometime
around the turn of the century, they followed a demand for quality energy
that processed coal had stimulated and supported over a period of some
eighty years. The replacement of coal by oil and gas was not a matter of fuel
price, nor was it stimulated by a shortage of coal reserves. Oil was an inter-
nationally available energy form that could be moved inexpensively around
the globe in a way that was not possible with coal; in a sense, oil “deregion-
alized” energy. And of course, the development of oil-based automobiles
and airplanes, and especially of modern agricultural technologies, strength-
ened oil’s position in the market. Gas, which could be supplied by networks,
freed the consumer, both domestic and industrial, from the need to main-
tain a private fuel storage capability and to arrange for periodic resupply.
Towngas was never seriously challenged by oil and was supplanted only by
natural gas, whose network potential was greater. So strong were the con-
venience features of oil and gas that even the electric utilities in locations
far from coal supplies relied more and more on oil and gas: convenience to a
small customer translates into nonfuel economies for a large one—namely,
capital and labor savings, process simplifications, and environmental and
aesthetic benefits.

In summary, the ability of oil and gas to meet increasingly sophisticated
consumer demand, at both the private and the industrial level, is the basic
reason why coal was forced into retreat so quickly. Even the railroad system
switched to other forms of locomotion (fuel oil and electric traction) for
reasons of fuel and labor efficiency and of pollution abatement in urban
complexes.

These patterns describe the rise and fall of coal use in the more indus-
trialized countries, where development took place mainly during the era of
coal dominance. Also, coal was then abundant in these countries. However,
those countries whose industrial development is taking place now are not
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likely to experience a coal era of this sort. These developing economies
depend principally on fuels that can be transported inexpensively over great
distances. Oil satisfies this condition far better than coal and is the fuel of
choice because of practicality and convenience.

A GLOBAL RETURN TO COAL?

The possible limitations on the adequate supply of conventional oil and
natural gas, together with a growing politization of the limitations of nuclear
energy and the economic constraints of large-scale hard solar, cloud the out-
look for adequate energy supplies. It therefore seems appropriate to question
whether coal could make a comeback as a global primary energy resource.
To explore this possibility, we have developed a hypothetical high coal con-
sumption case, which we will describe later in this section. First, it is useful
to examine the various factors affecting the use of coal.

Coal Resources

There are abundant coal reserves in the ground. But how much of it can ulti-
mately be produced? In Chapter 2, we touch upon the difficulties inherent
in the concept of resources. Because of the different genesis of fossil energy
resources and the widely differing technologies for their exploitation, com-
parisons of coal, oil, gas, and other fossil hydrocarbons lead to considerable
ambiguities. But quantitative differences outweigh qualitative and concep-
tual inconsistencies. There is more energy in coal, accessible with demon-
strated mining technologies, than could be obtained from known oil and gas
fields using present and anticipated technologies.

According to data given in Chapter 2, the ultimately recoverable resources
of conventional and unconventional oil and natural gas worldwide are esti-
mated to be of the order of 1250 TWyr. (This estimate includes 420 TWyr of
heavy crude oil and tar sands and 60 TWyr of shale oil.) The resource base
of heavy crude oil is larger than has been estimated here and is very much
larger for shale oil. Nevertheless, allowing for improved technology, this is
all that seems to be producible at prices competitive with coal. This estimate
of 1250 TWyr—which is more than four times the value of the economically
producible reserves demonstrated in 1977—takes into account new dis-
coveries of conventional oil and natural gas, a significant increase in the
percentage of oil and gas that can be extracted from in situ amounts, and a
substantial increase in the cost of production.

By contrast, economically recoverable reserves of coal worldwide have
been estimated at 600 TWyr. This amount of coal could be mined with
present technologies and without substantial increases of production costs.
The 600 TWyr of coal reserves currently account for 6 percent of the geo-
logically prognosticated world coal resource base of an energy equivalent of
10,000 TWyr. Roughly 30 percent of the prognosticated coal resources—
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3000 TWyr—were identified in explored geological formations (Fettweis
1976).

For technical reasons, only a fraction of the 10,000 TWyr of coal re-
sources could ultimately be produced. Nevertheless, further exploration and
development of production technologies might extend the potential of coal
reserves considerably. Even the resource figures might increase. The World
Energy Conference (1978) pointed to the real possibility of a doubling of
world coal reserves of 600 TWyr within the next forty years. It therefore
seems inevitable that longer term fossil energy opportunities are more
dependent on coal than on all other types of hydrocarbons considered
together. But coal, like oil, is not distributed uniformly. Roughly 85 percent
of the resources are in the United States, the USSR, and China or, in our
terminology, in regions I (NA), II (SU/EE), and VII (C/CPA).2 This has
severe implications. It is by no means clear that these regions would assume
a supplier role, as region VI (ME/NAf) does and is expected to do for oil.

Astakhov (1980) estimated the economically recoverable coal resources
at between 2400 and 3700 TWyr. This estimate goes beyond what we have
given for coal in Chapter 2, because Astakhov additionally considered what
is feasible over the entire twenty-first century. However, his range is well
within what we have considered in Chapter 2 and is therefore not incon-
sistent. Here, for our purposes, we adopt the estimate of 2400 TWyr of
recoverable coal resources.

Global Coal Resource Economics

As long as mankind can choose among various energy sources, cost differ-
entials will greatly influence such choices. In order to determine the role
that coal could play over the next fifty years, we assessed the supply costs
for a large amount of coal. Any such undertaking rests ultimately on assump-
tions about technical and political circumstances affecting access to the
physical resources and, equally important, on the supply situation of alter-
native energy forms. Unlike oil, there is currently no global reference price
for coal. Moreover, there are different types of substances referred to as
coal that differ over a broad range of physical properties and in their content
of hydrogen, water, and minerals. These properties in turn affect the use-
fulness of the various coal types for specific applications, their transporta-
bility, and thus their value.

The price of coal is only in part influenced by its recovery cost. As is true
for oil and gas, the price of coal is influenced greatly by the demand for the
product. Thus good quality anthracite—a high grade carbon in great demand
by the metals industries—commands a premium price, far greater than its
recovery cost would suggest. In recent history, the price of coal has followed
the price of oil upward at a discrete differential, maintaining a significant

4gee Figure 1-3 for the definition of the HASA regions and Appendix 1A for the list of the coun-
tries in each of these regions.
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price advantage on a cost per thermal energy content. This demonstrates
that oil remains the world’s reference fuel and that when and if coal achieves
this position, its price would be greatly affected by the history of the oil
domination of the energy market.

Nevertheless, we need a point of reference for the evaluation of coal. We
have considered $20 (1975) per ton of coal equivalent (tce) at mine mouth
as the best orientation for coal fed as a base supply to global needs. Thus
$20 is a price at which the system would accept large amounts of coal. The
cost of producing coal at this price is much more difficult to calculate, since
it is dependent on land values, labor rates, and other factors that vary widely
among regions.

Transportation and Delivered Prices

Again, coal is unevenly distributed, and its transportation is therefore an
essential element of the overall coal picture. The traditional methods of
transporting coal have been by railroad and ship, both of which are labor
and energy intensive; as the value of these inputs increases, their costs gen-
erally escalate. For coal with high water and ash content (e.g., brown coal),
transportation problems are especially severe. The additional weight in-
creases the already costly transportation operation. Unfortunately, most of
the least expensive coal in the world (e.g., that in the northern Rocky Moun-
tains in the United States) falls into this category. Most lignites and brown
coal cannot be transported at all at acceptable costs. The differential be-
tween a price of $20 to $30 per tce for coal at the mine mouth in the
northern Rocky Mountains and a price of about $50 per tce for coal deliv-
ered to an east central U.S. customer (in lllinois) illustrates the magnitude
of the coal transportation problem using railroads (Corey 1977).

Longrange transportation of coal by bulk carrier is also a possibility.
Again, the transportation costs for coal are much greater than those for oil.
Coal cannot be transported entirely by ship; if either the deposits or the con-
sumers are located inland, the coal must be transported by other means
before it can be shipped. The loading and unloading of coal is more labor
intensive than is oil. Since coal is bulkier per unit of energy content than oil,
even large colliers cannot achieve the economy of scale of the supertankers.

One way of reducing transportation costs is by preprocessing the coal at
the mine mouth into more transportable products. For example, coal could
be pulverized, thereby discarding some of the inclusions, and transported by
slurry pipelines. However, this substitutes the cost of a new infrastructure
(e.g., the pipeline) for the greater continuous costs of railroad operation.
Coal slurry pipelines are not without their own problems, since the slurrying
often requires that coal be further processed at the delivery end.

Currently, the easiest and most economical way to convert coal into a
transportable product is to use it for generating electricity at the mine
mouth. Here, the cost of electrical transmission is offset in part by the need
to maintain large-scale transmission networks for balancing continental loads
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and for providing interregional reserve capacity. That is, the capital structure
of electrical networks is not an intrinsic limit. More constraining is the fact
that economical transmission systems have losses—of the order of 1 percent
per 100 km—which limit mine-mouth generation to a regional capability.
And of course, mine-mouth generation leads to problems of environmental
equity, since the population in the mining area must deal with the environ-
mental costs of coal extraction as well as with the added air pollution from
burning coal. The well-known case of the Four Corners Power Plant in the
southwest United States, where the smoke plume was clearly visible by eye
from orbiting spacecraft, illustrates the problem.

A Hypothetical High Coal Consumption Case

For heuristic purposes let us now assume that problems arising from the
geographical distribution of coal resources can be handled successfully.
Does coal become a global primary energy option somehow in parallel to
nuclear and solar power? How large is a potential of 2400 to 3700 TWyr of
coal resources when looking at it operationally?

In order to assess the basic assumptions and limitations of coal as a pri-
mary global energy resource, we consider its role in terms of global energy
demand. The basic method used to calculate the exhaustion time of a re-
source is to divide known quantities of resources by present or expected
future consumption rates; however, this does not take into account the
intrinsic inertia of the energy system. Any return to coal as the main pri-
mary source of energy would be a gradual process. In line with the dynamics
of past market substitution processes (as will be discussed in Chapter 8), we
developed a hypothetical high coal consumption case up to the year 2100,
quantified in Figure 3-4 and summarized in Table 3~1. It is meant to demon-
strate a limiting case for coal.

The following assumptions were made for the hypothetical coal case. The
coal revival begins in 1980, with a market penetration time identical to that
of oil in the global market of the past (see Figure 3-1). A high—40
TWyr/yr—global demand for secondary energy by 2030 provides a target for
deriving total energy demand. This demand is held constant after the year
2030. Primary energy demand is adjusted in Figure 3-4 for increased con-
version losses as the substitution of coal-derived synthetic liquid and gaseous
fuels for oil proceeds; thus eventually more than 40 TWyr/yr of primary
energy is needed.

Based on these considerations, we conceive that the present downward
trend of the market share of coal would be reversed and that coal consump-
tion would increase to 40 TWyr/yr around the year 2080. This level would,
at that time, be some 80 percent of the total primary energy, a share pre-
viously held by coal around 1870. However, the price of this concentration
of primary energy is a significant resource depletion rate. We therefore made
one more assumption to complete the picture: in 2080, an unspecified addi-
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Figure 3-4.  Primary energy consumption in a hypothetical high coal consumption case.

TWyr/yr
50 | Fixed level — e —— —
from 2030 on
40 1+
Adijusted \—=Nonspecified;
30 + 40TWyr/yr additional =
demand primary E=
% \J energy V=
201
10§ ‘! Aggregated coal production
/ said 4. 300TWyr !
0 ] ¥ ¥ ' f
1950 2000 2050 2100 2150 2200

Year

Table 3-1.  Hypothetical high coal consumption case (to 2100).

Assumptions
Coal revival begins in 1980
Secondary energy demand is 40 TWyr/yr in 2030 and thereafter
Primary energy demand is more than 40 TWyr/yr in 2030
Coal consumption is 40 TWyr/yr (or 80 percent of primary energy demand} in 2080

An unspecified additional primary energy source is introduced in 2080 and begins to phase out
coal

Implications
Forty-three percent of stated coal resources required; because coal recovery is only 50 percent
efficient, total coal resource base is used up in 100 years
Oil and gas fill supply gap until 2080; however, oil and gas resources will be used up before 2050
Increased CO, atmospheric levels above prudent level due to coal combustion
Large-scale mining and handling operations

Conclusions

A global energy strategy based entirely or even primarily on coal and other fossil fuels would mean
that these resources would be used up in about 100 years and prudent environmental con-
straints would be violated.
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tional primary energy source is introduced that phases out coal at the same
rate as coal was forced into the global market initially.

A number of systemwide problems were considered in the hypothetical
coal case. Some 4300 TWyr of coal, or 43 percent of the geologically prog-
nosticated resources of coal, would have to be ultimately produced. If only
50 percent of the resource is capable of ultimately being recovered, then
according to our hypothetical coal case, the total resource base of coal would
be practically consumed in about one hundred years. Further, we have
assumed virtually no solar or nuclear contribution before 2080 and the use
of additional energy from oil and gas to fill the gap between energy demand
and supply during the period when coal supply is gradually increasing—that
is, up to the year 2100. In the twenty-first century, the total global energy
needed above and beyond that produced by coal would be about 2000
TWyr. However, the resources of oil and natural gas, including highly specu-
lative unconventional forms (see Chapter 2) amount to about 1350 TWyr.
Of course, if solar and/or nuclear power would be introduced earlier than
2080, they could fill this gap of a complementary primary energy source.

Environmentally, this hypothetical case implies many problems, includ-
ing the potentially serious environmental effects of high atmospheric carbon
dioxide levels. Chapter 10 discusses the carbon dioxide problem in depth;
here, we repeat the conclusions that the present scientific basis does not yet
warrant a curtailment of fossil fuel use, while at the same time policies
emphasizing the use of coal are at present equally unjustified. These state-
ments refer to near-term policies at the scale of current global primary
(commercial) energy consumption, which is some 8 TWyr/yr.

There are other systems problems of producing and consuming up to
40 TWyr/yr of coal—that is, 45 billion to 60 billion tons of coal per year
depending on its average calorific value. Consider the present problems
of mining, transporting, and converting roughly 3 billion tons of coal
(2000 X 10° tce) per year. The difficulties of embedding twentyfold larger
technical operations in the ecosphere of an increasingly populated globe are
enormous. Local pollution and/or social conditions are likely to limit the
deployment of coal on such a scale in those coal countries that have other
energy options, and conservation efforts might constrain coal production
in areas where coal is the only or the main national energy resource.

Here, we recall the purpose of this heuristic exercise—to shed light on
the possibility of a global return to coal. Based on the above considerations,
we conclude that a global return to coal as a primary fuel is impossible.

THE STRATEGIC ROLE OF COAL IN FUTURE
ENERGY SYSTEMS

Having demonstrated a limiting case for coal globally, we now turn our
attention to how this major resource can be used prudently. As we see it,
the strategic function of coal is to fill the liquid fuel gap created by the
transition from clean oil and gas to dirty oil and gas and, ultimately, to
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nonfossil fuels. It is not difficult to foresee in the long run—perhaps beyond
the year 2100—a global energy system in which nuclear and solar power
supply unlimited amounts of primary energy. Still, these primary energies
would have to be converted into a viable secondary energy form. Elec-
tricity and hydrogen are these forms; in Chapter 22 we refer to them as
secondary energies of an ‘“‘electronic’” and ‘‘protonic’ nature. With coal,
the chemical properties of the carbon atom come into play—namely, its
ability to bind and thereby to carry hydrogen. By means of both allothermal
liquefaction and allothermal gasification, exogenously produced hydrogen
from nuclear or solar can be used along with coal to produce methanol or
methane or other synthetic hydrocarbons. Allothermal coal liquefaction,
using, for example, the molten iron bath technique, offers great potential,
and 1s therefore discussed in detail in Chapter 22. Here, we note that allo-
thermal liquefaction, as opposed to autothermal liquefaction, should be the
preferred technology since it requires less coal P

By considering the prudent use of coal, we are turning from a considera-
tion of primary energy to that of secondary energy. This, then, leads us to
a consideration of the existing and the future energy infrastructure.

Coal Within Today’s Energy Infrastructure

Currently, coal is a major energy source for the steel industry and for elec-
tricity production. Based mainly on these two applications, coal provides
some 30 percent of the global primary energy needs. Consequently these
powerful industries worldwide provide the demand for coal mining, coal
transportation, and the continual improvement of coal technologies; most
important, in many countries coal is a socially accepted reality in spite of
its side effects and risks.

Coal industries in many countries face strong competitive pressures. This
is not merely the consequence of cost-price relations. Even after the substan-
tial price increases of crude oil between 1972 and 1974, and in spite of
national policies favoring coal in many countries, the future of coal in the
energy market is unclear.

As mentioned above, labor problems and environmental constraints both
for large-scale mining and for the conversion of coal, as well as the difficul-
ties of transporting solid fuels, make it necessary to view each coal deposit
individually. But these are only a few of the difficulties of embedding in-
creased large-scale coal deployment into the global energy system. Between
the beginning of the oil era and the present, the infrastructure built initially
around coal has been transformed. More specifically, coal as a commodity
has been displaced not so much by oil as by secondary energy carriers. It
is significant that the chief consumer of coal—the electric utility industry—
has carried out this transformation.

bFor the autothermal method, the process heat comes from the coal itself, while for the allother-
mal method the process heat is supplied exogenously.
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The Growing Need for Secondary Energy

Energy systems are linked to our civilization more intimately than the en-
vironmental and resource issues might indicate. This fact becomes clear as
we examine the relationship between primary and secondary energy car-
riers. Indeed, the availability or the nonavailability of secondary energy
carriers is currently a more critical matter than the availability or the non-
availability of a specific primary source of energy. For example, a country
could find itself in great difficulty if its supply of crude oil were suddenly
cut off; given an appropriate time for adjustment, it could cope by switch-
ing to the use of more coal and natural gas, for example. Nevertheless, it
is almost inconceivable for a modern economy to operate without gasoline
and even more so without electricity. Indeed, the secondary energy balance
of a country or a region, rather than its primary energy balance, is a useful
aggregate indicator of individual lifestyles and settlement patterns within
the framework of climatic and environmental circumstances.

Several criteria determine the success or failure of a specific secondary
energy form-—technical suitability for the final consumer; effective conver-
sion, transportation, and distribution systems; and concentration of side
effects at the supplier end rather than at the consumer end. The first cri-
terion was responsible for eliminating most of the “exotic’ forms of second-
ary energy (e.g., mechanical cable transmission and hydraulic grids) in the
early phase of the industrial revolution. The second criterion has been most
actively used throughout the twentieth century and is responsible for the
success of liquid fuels and electricity in the secondary energy market. The
third is likely to be applied more vigorously in the future.

How did the demand for secondary energy evolve? Recent changes in the
secondary energy balance of the FRG are shown in Figure 3-5 in terms of
market shares of secondary energy delivered to the various energy consum-
ers in both solid and liquid forms and through grids. Grid supply comprises
district heat, pipeline gas, and electricity. Energy for the transportation
sector and coke for the steel industry were excluded, since for these specific
markets consumers have no other energy alternative. Similar patterns have
evolved in many other countries, in spite of marked differences in the availa-
bility of indigenous primary energy sources.

Two independent substitution processes took place in the FRG during the
period 1950-1975, as can be seen in Figure 3-5. The first is the very rapid
transition from solid fuels to liquid fuels for heating purposes; this corre-
sponds to the shift during this period from wood and coal to crude oil in the
primary energy balance of this country. A slower, but very distinct, substitu-
tion process that began in the nineteenth century is indicated in the figure
by the ever-increasing share of energy supplied by grids. This reflects the
gradual shift from individual handling of ““dirty” fuels to centralized supply
of clean, automatically controllable forms of energy.

For economic and technical reasons, the buildup of supply grids depends
on sufficiently high energy demand densities and thus on the process of
urbanization. (The relationship between energy densities and human settle-
ment patterns is discussed in depth in Chapter 23.) Similarly, congestion
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Figure 3-5. Secondary energy supply, FRG, 1950-1970. Logarithmic plot of the trans-
formation f/(1-f) where f is the fractional market share. Smooth lines are model estimates
of historical data; straight lines show the logistic model substitution paths; model esti-
mates follow historical data and are therefore not easily distinguishable on graph.
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and local pollution because of urbanization gradually constrain the opera-
tion of less sophisticated individual energy conversion systems based on solid
and liquid fuels. Two independent observations underline this fact. First,
the saturation effect in the market share of liquid fuels (Figure 3-3)
occurred before the oil crisis of 1973-1974, at a time when oil was the
cheapest of all forms of energy available to the consumer. Second, the frac-
tion of secondary energy supplied by grids depends strongly on the size of
towns. In the large urban complexes of the FRG, up to 75 percent of the
stationary energy demand is currently met by the use of grids; this amount
is some 20 percent or less in small towns and villages. Urban planners for
large cities have favored district heating systems on environmental grounds.
The positive effects are well documented by the urban pollution-monitoring
systems. But while the demand for energy supplied by grids will certainly
increase, networks cannot supply all the final energy that will be required.

Within tomorrow’s energy infrastructure, coal must be used prudently—
that is, it must be adapted to suit the specific features of secondary energy
requirements. As we shall discuss below, these requirements center around
the need for secondary liquid fuels.
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Secondary Liquid Fuel Requirements

The demand for liquid fuels is almost irreducible. Globally, some 40 percent
of the secondary energy currently supplied is met by liquid distillates and
derivatives of petroleum (e.g., gasoline, kerosene). In industrialized socie-
ties, some 20 percent of the total demand for secondary energy is for liquid
fuels for transportation purposes. Currently, liquid fuels appear to offer an
indispensable combination of energy density, portability, and direct appli-
cability to the task. In these societies there are also demands from discon-
tinuous operations (e.g., diesel generators for shift operations in industrial
plants) of smaller consumers in outlying districts of urban areas and even
higher demands in small towns and villages. In less industrially developed
countries, liquid fuels are of even greater importance: indeed, in most
countries such fuels are the only forms of high quality commercial fuel
available to consumers, particularly those in rural areas.

Here we estimate that for the world of 2030 and beyond some 10
TWyr/yr of liquid fuels would be needed. Our reasoning is that a low energy
demand world (of about 25 TWyr/yr of primary energy) would not bring
much change in end use patterns from current patterns; 10 TWyr/yr of
liquid fuels is some 40 percent of the current contribution to secondary
energy supply. A high energy demand world (of about 40 TWyr/yr of pri-
mary energy) would involve very different circumstances, and there would
be more opportunities for substitution as a result of both greater innovation
and greater necessity. In this high demand estimate, 10 TWyr/yr of liquid
fuels is only a little more than the amount that would be needed by the
transportation sector. But this 10 TWyr/yr could be supplied from petro-
leum and from allied fuels for only a limited period of time. Thereafter,
liquid fuels would have to be derived from other sources.

What alternatives exist, other than liquid fuels from fossil carbon—from
coal? The only possible competitor appears to be certain heavy oil—for
example, shale oil. However, since these oils must be recovered from rocks
in which there is only a small amount of this material, they may not be as
acceptable, both for economical and environmental reasons, as coal.

So we observe that coal-derived liquid fuels are probably the most appro-
priate means for meeting these secondary liquid fuel requirements, with the
caution that this observation, while plausible, is not absolute. Still it points
to the prudent use of coal.

Environmental Considerations of Carbon-Based
Liquid Fuels

As far as time is concerned, we judge that liquid fuels derived from coal
would be needed for about one-hundred years or perhaps even more. This
period is long enough for us to hope, with some confidence,.that hydrogen
or other noncarbon energy carriers would be able to fill the need for liquid
fuels or that technologies will be developed for deriving carbon from lime-
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stone or atmospheric carbon dioxide. With the exception of the problem of
high carbon dioxide levels in the atmosphere (see Chapter 10), other effects
of carbon combustion appear to be minimal; after all, mankind has been
experimenting with fuel combustion for some time.

As is suggested in Chapter 10, deriving 10 TWyr/yr from the direct com-
bustion of coal might be an imprudent action if carried out over a long
period. On the basis of admittedly limited data and knowledge, it is con-
ceivable that such actions could ultimately cause global climatic changes
too quickly for mankind to adjust to. Using the same data base, it is also
possible to suggest that 5 TWyr/yr of coal combustion, causing a little more
than present carbon dioxide emissions, would bring about changes at a
rate accordingly slower to permit adjustment. Deriving 10 TWyr/yr from
petroleum would thus lead to an annual release of carbon dioxide into the
atmosphere equivalent to that of some 5 TWyr/yr of coal combustion; the
remaining 5 TWyr/yr in this instance would result in the emission of water.
Deriving 10 TWyr/yr from methane would produce the same level of carbon
dioxide emissions as would be derived from 3 TWyr/yr of coal combustion.
Thus, 10 TWyr/yr of energy from liquid fuels—be it a synthetic olefin or
an alcohol—appears to be a prudent approach because it still allows for
adjustments to be made of the coal and hydrogen shares, as well as for
flexibility.

Ideally, what is needed is an asymptotic 10 TWyr/yr carbon-based liquid
fuel supply whose internal energy is not derived at all from fossil fuel com-
bustion. Under these circumstances, the use of coal as a raw material for the
synthesis of liquid fuels would not increase carbon dioxide emissions over
present amounts. In fact, this means recycling and thus investive uses of the
coal resources. (See Chapter 21 for a discussion in detail of investive uses of
resources.) Of course, it will turn out that this approach is probably too cau-
tious. Nevertheless, it is commensurate with the current level of concern
about the problem of nuclear waste management. The adoption of such a
cautious approach to an asymptotic value of carbon-based liquid fuels would
probably make it permissible to exceed the interim carbon dioxide emission
rate for perhaps a few decades, while the asymptotic structure is being built
up.

As already alluded to, the amount of energy stored in carbon atoms is
a related environmental question. The most energy stored per carbon atom
is obtained when the maximum number of hydrogens are bound to the
carbon. Among liquids, the only possibilities are saturated aliphatic hydro-
carbons of medium weight (roughly octanes to dodecanes) and methanol.
These substances are well known. Gasoline is a mixture of hydrocarbons
composed principally of octanes; kerosene is composed largely of dodecanes;
and methanol is so-called ““wood alcohol.” The properties of methanol and
gasoline are given in Table 3-2.

Environmentally, there is little real choice among the three substances.
Kerosene and methanol are less flammable than gasoline, but kerosene can-
not be readily used in automobiles. Conversely, kerosene is the preferred
fuel for jet aircraft. Since gasoline evaporates more easily than methanol, it
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Table 3-2.  Properties of methanol and gasoline.

Properties Methanol Gasoline
Chemical formula CH,OH CyH,; (isooctane)
Molecular weight 32 114 (isooctane)
Specific gravity (kg/l) 0.79 0.72-0.76
Boiling point [°C) 64.7 38-204
Freezing point (°C} -97.8 -40
Specific heat of combustion (kcal/kg) 4800 10,400

{kcalft) 3800 7300

Vapor pressure 33°C {kg, cm?) 0.32 0.6-0.84
ignition temperature {°C) 470 427-510
Solubility in water infinite nil
Viscosity, 25°C (cps) 0.5 0.5
Exposure limits in air (parts per million) 200 1800 (isooctane)

60 (benzene)

is therefore more flammable; but the ignition temperatures of both sub-
stances are similar, making them essentially substitutable for each other in
internal combustion engines. Maximum allowable ambient air concentra-
tions are lower for methanol than for octanes; but in view of the greater
volatility of octanes, the handling methods that are acceptable for one are
generally acceptable for the other. The principal difference is that methanol
is soluble in water, which permits safer and easier flushing of spills and also
probably enhances its rate of biological destruction.

From these points of view, methanol has somewhat better environmental
features than the other two competitive substances. Conversely, methanol
is approximately twice as heavy and twice as bulky as gasoline for a given
energy content, a fact that has environmental and economic significance
for problems of fuel transportation.

COAL OVER THE NEXT TWENTY YEARS

The transition to the strategic role of coal outlined above will not happen
overnight, and coal must therefore survive in the energy market over the
next twenty years. The prices of available natural gas and conventional oil
are, and for many years will be, relatively attractive. Therefore, over the next
twenty years, two criteria have to be applied to coal use—the use of coal
must be economically justifiable; its use must permit an orderly buildup of
the coal industry, and in particular of the coal supply industry, to the levels
required when coal becomes a major source of liquid fuels. Or in other
words, How do we get from here to there?

First, an immediate but limited role for coal as a primary fuel is desirable.
Second, priority should be given to exploitation processes, such as coal lique-
faction, that are compatible with the long-term production of “liquid
coal.”
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Currently, there are wide differences in the situation of coal industries
in different countries. In a few countries, coal production has expanded
considerably in the past and is likely to do so in the future; Poland and the
Soviet Union are examples. Other countries, among them the United States,
have experienced stagnation in coal consumption; and others—for example,
the United Kingdom or more so the FRG—have recently seen a decline in
coal consumption.

In order to identify the best means for using coal prudently, we examined
the short-term possibilities for coal in the United Kingdom and the FRG.
For various reasons, the coal industries in these countries must adapt to
strong competitive pressures from other primary energy sources. We there-
fore concluded that strategies to improve the position of coal in these coun-
tries would most probably work elsewhere.

The in-depth studies were supported by and performed in collaboration
with institutions of the coal industries in the United Kingdom and the FRG
and reported on by a joint task force (Sassin, Hoffmann, and Sadnicki
1977). A rather consistent, yet somewhat unexpected, potential for an ex-
tension of the coal markets for the two countries was identified. Starting
from a projection of the demand for final energy forms, the task force con-
centrated on those coal conversion technologies that would soon be techno-
logically mature, that would offer a competitive secondary energy form in
those submarkets where present sources could be substituted, and that
would focus on sufficiently broad existing submarkets.

According to the task force, the internal trends of the energy market
would not allow for a resubstitution at the final consumer end of liquid or
gaseous hydrocarbons by the solid fuel, coal. Consequently, the prudent use
of coal in the coming decades was not considered a simple return to the pat-
terns of the primary energy markets of the past. Instead, “new coal,” com-
prising both mining and conversion into competitive secondary energy
forms, was defined as a new energy source that must penetrate the future
energy market. It would compete against not only crude oil, nuclear energy,
and other energy sources but even against traditional ways of using coal,
which would gradually be phased out.

The main channels that would be opened for coal within the next twenty
years by promising new conversion technologies are shown in Figure 3-6 for
the specific situation of the FRG. In the figure we specify the various appli-
cations in which four coal-derived secondary energy forms—electricity,
district heat, industrial steam, and pipeline gas—are expected to compete
successfully. It also gives the assumed time periods in which penetration
could begin, as well as the number of years needed for new coal to dominate
the various applications. In determining these penetration times, we con-
sidered the estimates of the economic competitiveness of each of the tech-
nologies as well as the difficulties of competing with other supply channels
and of adapting consumers to a somewhat different supply mode.

Figure 3-7 gives the estimated maximum supply of coal in the FRG up
to the year 2000, assuming the projected implementation of new conversion
technologies. It can be seen that the traditional technologies for the uses of
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Figure 3-7.  Uses of coal by existing and new technologies, FRG, 1970-2000.
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coal (e.g., for steel production and as a feed for existing coal power stations)
are likely to maintain their position, at least up to the year 2000. While
Figure 3-7 does not quantify the most likely development of the coal mar-
ket in the FRG, it does show a conceivable upper limit for development,
provided that events do not override the identified potential.

A similar pattern, but with a time shift of ten to fifteen years, has evolved
for the United Kingdom. The likely delay for the larger scale use of coal in
this instance reflects the discovery and exploitation of the oil and gas fields
in the British sector of the North Sea. Figure 3-8 therefore extends to the
year 2020. The results of the calculations are illustrated in the diagram in a
disaggregated form with respect to projected supply possibilities. A con-
ceivable increase in coal supply is shown for the United Kingdom.

For both studies, it was assumed that coal would begin to be favored—that
is, coal use would be expanded—under one of two conditions: either the
coal-derived secondary energy carrier would command a lower customer
price than its competitors; or the incremental cost of coal would not require
any price increase over existing prices at the consumer level. The second,
less restrictive, condition was usually found to apply: maximum coal poten-
tial is unlikely to be explored under competitive market conditions.

As the data for the FRG indicate, the vigorous stimulation of coal utili-
zation would nevertheless require ten years before new uses of coal would
take on significance. Both case studies have shown that the introduction
of new coal conversion technologies would not have an immediate effect
on energy consumption rates. In Chapter 8 we give other, more conven-
tional examples of market substitution, which prove that consumer’s deci-
sions of the past predetermine the market behavior for quite some time.
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Figure 3-8.  Coal supply allocation, United Kingdom, 1970-2020.
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Furthermore, the rapid increase in the consumption rates of coal, once
“new coal” has been introduced, would necessitate major investments in
indigenous coal production at a time when the coal industries are likely
to be suffering from stagnating sales. The alternative—to resort to massive
immediate near-term coal imports (Figure 3-8)—is not consistent with the
underlying assumption of a vigorous national coal policy from which the
analyses started.

CONCLUSIONS

What general conclusions can be drawn from the analysis of these various
aspects of a potential coal revival? Clearly, there must be a near-term revi-
talization of the world coal industries.c Otherwise, coal would not be able to
fulfill its dual strategic role as a near-term primary energy source and as a
long-term source of liquid fuels that may be needed over the next century
or more. However, these two goals are not automatically harmonious. Given
what we see as the historic and ‘‘natural” evolution of energy industries,
along with all their supporting infrastructures, these dual roles are somewhat

CIn our analysis we have not dealt explicitly with the complex, albeit important, subject of the
global coal trade in the revival of coal. However, we note with interest the ongoing World Coal Study
(WOCA) organized by Carroll Wilson of the Massachusetts Institute of Technology in the United
States.
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in conflict and could give rise to ambiguous signals for those who would
work to activate the current coal industry from its state of relative stagna-
tion. A coal revival therefore needs to be carefully and consciously managed
in ways that would counteract the natural decline tendencies and that would
allow the industry to fulfill what might be regarded as, historically, the
extremely vital transition to the long-term energy future.

In effect, we must revive an industry—actually create a new industry—at
the same time that we do not expect it to exceed certain limits. To do that
will require all the systems-analytic skills at our disposal, as well as keeping a
continual eye on the growth and evolution of the alternative energy technol-
ogies and industries that must be nursed into being to support the lives of
generations of people living long into the future.
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4 THE NUCLEAR OPTION

INTRODUCTION

Nuclear energy? could supply very large amounts of energy for periods of
time far beyond the experience of individuals and society. Even within the
period of this study—up to the year 2030—nuclear could supply large
amounts of energy without requiring novel technology. We examined
nuclear’s potential contribution by constructing a reference case in which
nuclear power is called upon to supply of the order of 17 TWyr/yr of
primary energy by 2030. This would be a major, but not an overwhelming,
contribution at that time to meeting the demands of a high energy demand
world. However, this is more than supply allocations based on purely eco-
nomic considerations.

Nuclear power is peculiar: most nonscientists see it as mysterious and
complicated, but much more is known about it, by and large, than about
other sources of energy. The scientific basis of nuclear fission is well under-
stood: nuclear engineering is established by practical experience, and there is
large expertise in many countries. Even the impacts of nuclear energy (e.g.,

3Nuclear energy refers to both nuclear fission and nuclear fusion. Most of the attention throughout
this chapter is on nuclear fission; nuclear fusion is considered, with its particular capabilities and char-
acteristics, only in relation to the functions of fusion reactors as sources of nuclear fuel for fission
reactors.

95
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the biological effects of ionizing radiation) are better known than those of
most of its competitive sources of energy.

As to its application, nuclear power seems to have been pressed into the
format of merely replacing or complementing an older and long-existing
technology—steam generation in electrical power stations. Today’s nuclear
reactors are designed to raise steam at temperatures of 250 to 300°C, sized
and sited to conform to the requirements of electrical power grids, designed
for maintenance at schedules convenient for electrical demand schedules,
and required to be compatible chemically with the steam to be raised.

Therefore, the question is whether the real potential of nuclear power has
been really understood. One gram of fissionable material yields roughly
3 X 10° times more energy than one gram of carbon. Nuclear power is not
just a replacement for the old coal-fired station, but practically an infinite
energy source. What happens when a source becomes infinite?

First, because of the very high concentration of energy in fissile material,
nuclear fuel can be transported anywhere on the globe, with an infinitesimal
cost in money or energy. Therefore, nuclear power might be better under-
stood when it is put in the context where it belongs—the large-scale, long-
range, and global supply of energy. The attribute “‘global’’ is not an epithe-
ton ornans and thereby incidental; it is essential. It could be the key to the
proper understanding of nuclear power: its potential can be fully appreciated
only when nuclear energy is viewed in global dimensions as a contributor to
the balance of energy supply and demand in the world’s regions.

The global dimension is a spatial category. There is also the dimension of
time. Nuclear power is peculiar in that respect as well. It can be argued both
that nuclear power is too late and that it is too early. It might be considered
too late because it contributed little to overcoming the oil crisis of the
1970s. From our point of view, this testifies to the parochial development of
nuclear power; for, being tied to the electrical sector, which has only 10 per-
cent of all secondary energy, it could do proportionally only that fraction of
the job. Nuclear power might also be considered too early, even with regard
to the theme of this book; the impact of the transition—from today’s infra-
structure using principally cheap oil and gas to an infrastructure using coal,
nuclear, and solar power—has not been really felt. Any urgent need for
nuclear power would lie only in the decades ahead.

This is the broad background against which the potential of nuclear power
should be assessed. By necessity, then, we consider different types of nuclear
systems—and different applications—from the ones that are known today.

The global dimensions and the temporal extensions of nuclear power also
have their negative sides, which have made the technology controversial. The
global dimension was introduced ab initio by the military uses of nuclear
energy. It is widely recognized that the nuclear stalemate between East and
West is the basis for the political order of this planet. Peculiar freedoms for
smaller nations, even including possibilities for local wars, have indeed
evolved over the last decades. This evolution has taken place under the
umbrella of nuclear second strike capability in East and West—the expression
of the nuclear stalemate.
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Also, the implications of handling large amounts of fission products and
plutonium are often, consciously or unconsciously, considered globally. A
number of global political treaties can be seen in this context: the Antarctic
Treaty prohibits both nuclear explosions and disposal of radioactive waste
on that continent; the Limited Test Ban Treaty contains provisions not only
for arms control but also for protecting the world environment; the Outer
Space Treaty provides that even the moon will be kept free of “harmful
contamination.” By contrast, the vexing problem of carbon dioxide con-
tamination of the atmosphere (see Chapter 10), which is aggravated by
large-scale fossil fuel combustion, has received no political attention whatso-
ever. The perception of arms control and environmental concerns as global
concerns is obvious when one considers the existing arms control and dis-
armament agreements as a whole. The fact that the hotly debated problem
of the nonproliferation of nuclear weapons is considered a problem of peace-
ful nuclear energy underscores the global nature of nuclear energy even
further; the explicitly intended Nonproliferation Treaty (NPT) and the Inter-
national Fuel Cycle Evaluation (INFCE) are explicitly global undertakings.

For the temporal dimension of nuclear, one can only point to the long-
term duration of the potential impacts on the biosphere from the release of
fission products and actinides, especially from plutonium activity. While it
can be reasonably argued that this aspect of risk applies a fortiori to toxic
inorganic compounds (e.g., heavy metals) that persist forever, nevertheless
the nuclear risk has received the most attention. Here, we can merely intro-
duce the nuclear controversy. A checklist of issues would include the
following:

Reactor safety. What is a credible accident? Farmer’s (1976) probabilistic
approach and the so-called Rasmussen report (USNRC 1975), as well as
the Lewis committee critique (USNRC 1978), seem to indicate that
serious accidents are very unlikely to occur. What low frequency of acci-
dents can be considered acceptable? Starr (1969) has asked: How safe is
safe enough? What procedure can be used to answer this question? The use
of probabilistic procedures leads to the question: How sure is sure
enough? Hifele (1975) has asked whether new categories of risk must be
considered in view of the global consequences of modern technology. We
may also ask whether basing risk acceptance on public perceptions is
morally defensible (Schaefer 1978).

Radiation effects. What population is affected, and how badly, by radiation?
What are the consequences? Although exaggerated claims of radiation
effects by Gofman and Tamplin (1971) and others have been authorita-
tively refuted, new claims (e.g., Mancuso, Stewart, and Kneale 1978)
continue to draw attention and require refutation (Sanders 1978; Marks,
Gilbert and Breitenstein 1978). What standards of radiation are acceptable
for the general population: the 170 mrem per year set by the Interna-
tional Commission on Radiation Protection (ICRP); the 25 mrem per year
of the U.S. Environment Protection Agency (USEPA); the 5 to 15 mrem
per year of the U.S. Nuclear Regulatory Commission (USNRC); or less?
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On what basis should consequences be evaluated: by comparison with
background, with existing mortality and morbidity rates, or in other ways?
Should workers at nuclear facilities be permitted exposure levels above
those for the general population? If so, how much?

Nuclear waste disposal. What is the nature of the problem? Do we have the
basic information to make probabilistic assessments (Breckhaeft et al.
1978)? Is waste disposal in fact a trivial problem (B.L. Cohen 1977)?
How does the long-term view affect the assessment of the problem: should
we consider morbidity over human generations, centuries, millennia, or
what? Does geological disposal of plutonium aggravate the problem? What
are the risks of handling nuclear waste, including those of the components
of decommissioned facilities?

Nuclear weapons. Issues thought to have been settled by the safeguards of
the International Atomic Energy Agency (IAEA) and the NPT are being
discussed anew. Do fuel reprocessing and national ownership of breeder
reactors increase incentives to avoid or to violate international agree-
ments? Would agreements on nuclear disarmament resolve this problem
or aggravate it? What about terrorism and theft? Is security adequate?
Because of modern experience of international terrorism, of the explosion
of an Indian nuclear device, and of the North-South confrontation, many
observers believe that the nonproliferation problem has not been tackled
yet.

Public attitudes. How much of public opposition to nuclear power is the
result of the transference of fears or hostilities from other problems—for
example, nuclear power as a symbol of nuclear war, nuclear power as a
target of opportunity for opponents of centralized technology? Con-
versely, how much support results from the symbolic transfer of positive
attitudes, such as faith in science or in progress?

The ordering of the issues presented above leads from identified, and to
that extent tangible, problems to problems that open into the broadest areas
of human controversy. Sometimes, it seems as though the nuclear contro-
versy is only the tip of an iceberg—the iceberg being a general and deep-
seated cultural dissatisfaction in Western countries. These concerns and
developments could well lead to a situation where a country (such as
Austria, as of now), or a group of countries, would not explore the potential
of nuclear power. The many extensive studies of policy projection have not
resolved this question. Meanwhile, the nuclear controversy continues and
evolves even further.

Probably the issues cannot be resolved by further head-on studies. If they
really are at the tip of an iceberg, it is the iceberg underneath the water that
is moving the tip and not the forces acting on the tip.

In that situation, it is essential to examine nuclear power within the
broader context of which it is a part. We argued above that to do this one
should have a global and long-range perspective. The following questions
are therefore pertinent: What is the balance of energy demand and supply
over the next fifteen to fifty years in the various world regions, and what
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role will nuclear power play in that balance? What is the alternative to
nuclear power in that context, and what is its price, monetary and
otherwise?

Nuclear power should also be looked at from the viewpoint of technical
opportunity. It has been argued that nuclear power was developed for the
sake of technological innovation as an end in itself rather than for the
amelioration of a perceived energy problem. Yet as a practical matter, not
much is known about the application of nuclear power beyond its use for
generating electricity.

Perhaps the opposition to the further commercial deployment of nuclear
electrical-generating capacity indicates that the most important uses of
nuclear power have not yet been developed. We hope this is the case. We
therefore emphasize later in this chapter those applications and settings for
nuclear power that go far beyond existing practice and, indeed, that cannot
be factored into our supply analysis for 2030 except in the most general
(and therefore necessarily vague) way.

STATUS AND SYSTEMS
The Status of Nuclear Fission Power

Nuclear fission power is not in its infancy. Any new technological develop-
ment must pass the three thresholds of scientific feasibility, technological
feasibility, and commercial feasibility. The workhorse of nuclear fission
power, the light water reactor (LWR)—a class of reactors that includes both
the pressurized water reactor (PWR) and the boiling water reactor (BWR)—as
well as the Canadian CANDU heavy water reactor (HWR), the British ad-
vanced gas-cooled reactor (AGR), and the Soviet Voronezh reactor (VR),
have all passed these thresholds. Besides these reactors, there are new types
under advanced development, such as the liquid metal fast breeder reactor
(LMFBR) and the high temperature reactor (HTR). Table 4-1 lists the status
of fission reactors worldwide. As of the end of 1978, the total capacity of
operating reactors worldwide was roughly 110 GW (e). Through 1993, when
the reactors presently under construction or on order would also be in
operation, this total capacity is expected to be about 390 GW(e).

Operating reactors need a nuclear fuel cycle to serve them. There is a
distinction made between the front end and the back end of the fuel cycle.
The front end comprises uranium mining; uranium processing (milling)
into yellowcake; conversion of yellowcake into the gas uranium hexa-
fluoride; and in most cases, the enrichment and conversion of this gas into
uranium dioxide and fuel fabrication. The status of the front end of the fuel
cycle is shown in Table 4-2. The back end of the fuel cycle comprises inter-
mediate fuel element storage, chemical reprocessing, intermediate waste
disposal, waste solidification, and final waste disposal.

Later in this chapter we shall examine the availability of uranium. For
existing and firmly planned reactors, known resources are adequate. The
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Table 4-1. Nuclear power plants worldwide.?

{nstalled Capacity

Total
Number Installed Average Cumulative Annual
Installed  Capacity per Size Growth
Year? Plants Year (GW(e)) MW(e) Number GW(e) Rate (Percent)
132.93 41 5.443

1966 6 1.719 286.50 47 7.162 31.6
1967 5 1.217 243.40 52 8.379 17.0
1968 7 2.165 309.29 59 10.544 25.8
1969 11 3.384 307.64 70 13.928 3241
1970 6 3.099 516.50 76 17.027 22.3
1971 10 5.755 575.50 86 22.782 33.8
1972 22 11.412 518.73 108 34.194 50.1
1973 15 8.541 569.40 123 42.735 25.0
1974 20 14.544 727.20 143 57.279 34.0
1975 19 14.464 761.26 162 71.743 25.3
1976 14 9.913 708.07 176 81.656 13.8
1977 19 15.160 797.89 195 96.816 18.6
1978 17 14.647 861.59 212 111.463 15.1
1979 44 35.580 808.64 256 147.043 31.9
1980 40 33.013 825.33 296 180.056 22.5
1981 39 34.938 895.85 335 214.994 19.4
1982 36 32.701 908.36 371 247.695 15.2
1983 32 31.974 999.19 403 279.669 12.9
1984 31 30.823 994.29 434 310.492 11.0
1985 23 24.902 1082.70 457 335.394 8.0
1986 14 15.409 1100.64 471 350.803 4.6
1987 9 9.536 1059.56 480 360.339 2.7
1988 1 11.997 1090.64 491 372336 3.3
1989 6 7.190 1198.33 497 379.526 1.9
1990 4 4.226 1056.50 501 383.752 1.1
1991 4 4.880 1220.00 505 388.632 1.3
1992 0 0 0 505 388.632 0
1993 2 2.530 1265.00 507 391.162 0.7

Plants either operable, under construction, or on order (30 MW(e) and over) as of 31 December
1978. Additional twelve power plants with a total of 10,487 MW(e) are not included here since the
expected date of commercial operation is not known.

bActual or expected date of operation.

Source: Based on data in Nuclear News (1979).

other front end steps are also in hand (Table 4-2). Enrichment, once the
most heavily guarded of all the “secrets” of nuclear energy, has been devel-
oped independently in several countries. Indeed, several technologies have
been developed, and more are in the laboratory. Enrichment plants are com-
plex and expensive, so they are not likely to be built on speculation. But as
has been demonstrated repeatedly, they can be built. An enrichment plant
capable of servicing about forty LWRs can be built in about the same time as
it takes to plan and build a LWR in the United States, and its construction
cost is four or five times that of a LWR. Thus, we can assume that enrich-
ment capacity will be built as needed.
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Fuel fabrication also seems to be in hand. Most reactor manufacturers
have either built up their own capabilities for fabricating fuels or made
arrangements for cooperation with independent fuel fabricators. These firms
are numerous, and the ability to erect new fuel factories has been demon-
strated many times. These plants are, after all, essentially special purpose
machine shops. In time, and in particular as radioactive recycled fuels are
used extensively, there will be a need for new processes, remotely operated
and preferably automated. Also envisaged are larger plants, co-located with
fuel-reprocessing plants, built ultimately in nuclear fuel cycle centers. This
arrangement would simplify procedures, decrease costs, and increase the
security of moving fuel materials from one fuel cycle facility to another.

The processes at the back end of the nuclear fuel cycle are the chemical
reprocessing of spent reactor fuel and the ultimate disposal of high level
radioactive waste from this reprocessing. Neither reprocessing nor waste
disposal is an urgent problem at present. However, time is needed to develop
the related facilities and institutions that will certainly be needed before the
year 2000 and probably by 1990.

Reprocessing is required to recover the valuable fuel materials (isotopes
of uranium and of plutonium) that are present in spent reactor fuel and to
simplify and make more reliable the disposal of high level waste. Waste dis-
posal is needed as a matter of simple prudence, to avoid accidents that could
occur during protracted storage of wastes.

As to reprocessing, the problems are not technical. The situation is similar
to that of enrichment. Processes have been developed in many countries,
and more are available from the laboratory. Several plants are operating
with the solvent extraction process, the preferred commercial method. Yet
the number of plants in operation and of those scheduled for operation
in the next decade is insufficient for the volume of activity that is to be
handled. One can therefore anticipate a growing world stockpile of unre-
processed, spent nuclear fuel.

More reprocessing plants could be built. That is not the problem. Again,
as with enrichment, the required time and costs of constructing a reprocess-
ing plant capable of handling the output of fifty to seventy-five LWRs are
about the same as those for constructing a LWR. Thus, there are no over-
riding financial problems. The real question is whether reprocessing plants
will be built. At present, the civilian industry can only call on the services of
the French plant at La Hague, and scheduled additions to world reprocessing
capacity are limited to the expansion of the La Hague plant and to the com-
pletion of a large, rebuilt facility at Windscale in the United Kingdom.
Other countries have chosen to, or have been persuaded to, defer their plans,
pending the resolution of questions raised about reprocessing and problems
of safeguarding. The problem appears to be partly political, too; opponents
of nuclear power are frank about their use of tactics to delay resolution of
these questions with the hope of “choking off nuclear power in its own
effluents.” So here again, it seems that we must look at the part of the
iceberg that is under water.

Nuclear waste disposal is in a state similar to that of reprocessing. There
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seem to be no technical problems of solidifying wastes into forms that are
chemically stable and of emplacing them deep underground, either in mined
cavities or in deep boreholes. Furthermore, the chances of significant leakage
of the wastes back into the biosphere within the time that it takes for most
of their radioactivity to die away are effectively nil, and the concentrations
that might be released after that could only be, at worst, low enough to add
very small amounts to natural radioactivity. These factors are poorly under-
stood by the public.

As with reprocessing, the political impact of opposition to waste disposal
plants has delayed the execution of specific projects in many countries.
Indeed, France and Japan are currently the only countries with definite
waste management projects. The United States, with about one-half of the
nuclear power in the world today, has only one small pilot project, intended
principally for wastes from its military programs, and even that is being
delayed pending political negotiations.

In sum, the front end of the nuclear fuel cycle seems to be in hand and on
schedule. The back end is in hand only in the technical sense and is well
behind the schedule necessary for nuclear power to play an increasing role in
the decades ahead. The resolution of the questions of the back end and the
bringing into being of the necessary reprocessing plants and waste disposal
facilities are the unfinished business of today’s nuclear power.

Burners, High Converter Reactors, and Breeders

The LWR is a representative of a class of reactors that is designed to use one
neutron out of the two to three fission neutrons. The one neutron is needed
to maintain the chain reaction in which one fissionable nucleus after another
is fissioned, thus permitting a steady power production by burning the fissile
atoms. This class of reactors is referred to as burners.b

Apart from burner reactors, there is a second class of reactors, called
breeders, designed to use more than two neutrons out of the two to three
fission neutrons; not surprisingly, this technology is more difficult. Again,
one neutron is used to maintain the chain of fissions. The other neutrons
are used to convert fertile nuclei such as uranium-238 (238U) and thorium
(*3?Th) into fissile nuclei.c A converted fertile nucleus thus replaces the
fissile nucleus whose fission led to the liberation of energy. This is a funda-
mental difference: in effect, the fissile atom is no longer burned. Instead, it
is the fertile nucleus that is being burned. The fissile atoms no longer func-
tion as fuel, but as catalysts for converting fertile nuclei into fuel and for
burning them.

bThese reactors produce some new fissile atoms that can be fissioned. However, this conversion
does not qualitatively alter the fact that burners use, basically, only the fissile atoms that exist in

nature.
CA fissile nucleus is one that can be used to fuel a reactor: uranium-233 (***U), uranium-235

(*¥%U), and plutonium-239 (3* Pu) are the most important nuclei.
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While the difference between these two classes is pronounced, there are
burner reactor designs that approach (but do not achieve) the situation of
breeding. These are referred to as either advanced converters or near
breeders. Examples are special versions of the HWR and of the HTR. But the
LWR can also be made a near breeder (U.S. Congress 1969; Edlund 1975).
Approximating the situation of breeding means increasing the share of
fertile nuclei that ultimately are fissioned while maintaining the character
of the fissile nuclei as fuel to be burned. Currently, with uranium still rela-
tively inexpensive, advanced converters or near breeders are estimated to
produce more expensive power than an economically optimized burner, say
the LWR or the CANDU type of HWR. However, as the real price of
uranium increases, their competitiveness with the burners improves. To
some extent, the future of advanced converters and particularly of near
breeders depends on how economical the breeders turn out to be. If the near
breeders are cheaper to build and operate than breeders, one could envisage
a rather long transition period in which near breeders first capture the
nuclear market and then asymptotically share it with breeders. If the
breeders are cheaper, or as cheap as near breeders, then the market share of
near breeders does not ever become large (for a cheap breeder can easily
be converted into an even cheaper near breeder). We will discuss the opti-
mum use of reactors and breeders later in our discussion of possible strategies
for meeting the requirements of a high nuclear world.

Breeding and Uranium. Natural uranium has a ratio of fertile to fissile
atoms of about 140:1, and thorium consists of only fertile nuclei. Therefore,
orders of magnitude are won by breeding, in terms of ore consumption. And
this acts doubly: by reducing the ore consumption drastically, it is not neces-
sary in the foreseeable future to go to low grade ores. Practically speaking,
one could start by using the depleted uranium that would be left over from
all the isotope separation performed thus far. This uranium has an energy
content of some 600 TWyr, comparable to the economically recoverable
global coal reserves (see Table 2-4). Moreover, we shall see that the planned
evolution of the nuclear power industry would increase this stockpile of
depleted uranium by more than an order of magnitude. Thus, in the near
term and even for several millennia, resource constraints are largely elimi-
nated by breeders.

Stated in another way: Nuclear power thereby becomes nuclear power.
This is so when the resource of fissile nuclei, which nature has given, is con-
sidered a stockpile rather than a mine—that is, when an appropriate part of
nature’s fissile nuclei has been converted, by appropriate nuclear reactions,
to a store of nuclei whose further importance is as catalyst and not as fuel.
Such catalytic uses of resources we would like to call “investive’ uses as
opposed to ‘“‘consumptive’’ uses. In our definition, an investive use implies
that something is put to profitable use, but retains its value; a consumptive
use implies loss of value—using something up. (By arbitrarily adopting these
terms, we depart from accepted usage and trust that inferential meanings
give us concise expressions with which to make an important distinction.)
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The strategic importance of breeding makes it necessary to present this
technology in more detail. The most advanced and proven version of the
breeders is the liquid metal fast breeder reactor (LMFBR). Table 4-3 lists the
major LMFBRs currently in operation or under construction worldwide.
Earlier experimental reactors, which are numerous, were deleted from this
listing. It is fair to say that for LMFBRs both scientific and technological
feasibility have been reached. The target now is commercial feasibility. The
safety of fast breeders is not considered a basic problem; as with the LWR
and with other reactors, they can be designed to meet predetermined safety
criteria. The development and operation of the LMFBRs is a broad and inter-
esting area in itself, with a vast literature (e.g., Hifele et al. 1977).

Besides the fast breeder, there is another class of fission breeders, the
thermal breeder (TBR), in which the neutrons are ‘“moderate’” to thermal
(low) energies. Two versions of the TBR are the molten salt reactor (MSR),
for which experimental units have been successfully operated (Robertson
1971), and the light water breeder reactor (LWBR) (U.S. Congress 1969),
for which an experimental reactor core is now being irradiated. Both of
these reactors breed new fuel at a much slower rate than do the fast breed-
ers, even when one compares the production rate of surplus fuel with the
system inventories. It is often considered that if the MSR and the LWBR
have interesting prospects, they would be in the role of near breeders; they
would be much more economical if not forced literally to produce more fuel
than they consume.

Nonfission Breeders. 1f sufficiently broadly interpreted, there are even
more breeders than the two classes of fission breeders mentioned above.
There is also the fusion D-T (deuterium-tritium) reactor. The neutrons
released in fusion are used to make more of the tritium, which is needed as a

Table 4-3.  Power plants of liquid metal fast breeder reactors, worldwide.?

. Installed Capacity
Construction ————————

Stage Net Cumulative
Year? Country Name (Percent) MW(e) Net MW(e)
1973 USSR BN-350 (Shevchenko) 100 350 350
1973 France® Phenix (Marcoule) 100 233 583
1976 United Kingdom Dounreay PFR (Highland) 100 250 833
1980 USSR BN-600 (Sverdlovsk) — 600 1433
1983 France® Super Phenix (Isére) 15 1200 2633
1984 FRG® SNR-300 (Kalkar) 46 295 2928
1985 Japan Monju (Tsuruga) 0 300 3228
Indefinite United States Clinch River {Oak Ridge) 0 350 3578

aOperabIe, under construction, or planned as of 30 June 1978.

bActual or expected date of operation.

“The construction work in France and the FRG has continued, especially for the Super Phenix
reactor, Therefore the construction stage, as expressed in this table, is more advanced today.

Source: Based on data in Nuclear News (1979).
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fusion fuel. They do this by reacting with tritium. With the neutron energies
available from fusion reactors, one can get somewhat more than one tritium
atom back from lithium reactions. Therefore, the process can be arranged to
breed tritium, since some of the neutrons can be used for other purposes, as
yet unspecified. Deuterium and tritium are made to fuse in a sophisticated
plasma configuration or in a rapidly heated (e.g., by laser or charged particle
beam) pellet. Upon fusion of these nuclei, energy is released. Since tritium
does not occur in sufficient quantities in nature, it must be converted
from lithium, which then acts, together with deuterium, as a fuel. Lithium is
thus comparable to natural uranium (or more precisely to 34U), and tritium
to the fissile material. Deuterium is not a limiting material.

The similarities go further. The fission breeder and the fusion breeder have
an inventory of fissile and fusionable material, respectively, that must be
preserved. Both breeders have a radioactive inventory that must be confined,
and in both cases the radioactive waste must be disposed of. The two breed-
ers have therefore qualitatively very much in common. Nevertheless, when
properly designed, the fusion breeder can have smaller amounts of radio-
activity associated with it. This does not happen automatically just because
fusion is fusion; only the potential exists currently for such proper fusion
designs (Edlund 1975).

More needs to be said here about fusion. So far its development has been
aimed at achieving scientific feasibility—that is, producing more energy by
fusion than is consumed by the fusion devices. This is now expected fairly
soon (CONAES 1978) and obviously is a strong encouragement for the
further development of the fusion breeder. But one should also consider
industrial and then commercial feasibility, both of which are goals that will
not be easily reached. If attainable, the time required is speculative and
controversial. We hold the view that commercial feasibility with an elec-
tricity market share of, say 10 percent, is at best unlikely before 2030. Thus
for the purpose of tis book, we do not take the fusion breeder into account
explicitly. Should fusion be well established before 2030, it would then
share the functions that are assigned to the fast breeder: their operational
features in the broader context of energy strategies are practically the same.
We note also that the resource situations of the two breeders are comparable.
In both cases, the easily available resources are equivalent to a few hundred
thousand terawatt years, so that for all practical purposes, each of the
breeders permits an unlimited supply of energy.

In the more distant future, the fusion reactor could possibly go a step
further, to allow fusion of deuterium with deuterium. Under these circum-
stances, the energy resources would be further enhanced by a factor of
1000; energy supply would then be even “more unlimited.”

Besides “‘pure” fission breeders and “‘pure’” fusion breeders, there are two
ways that fission and fusion may be combined to achieve net production of
fissile material. Both of these consider the use of a fusion reactor as the
central part of the system.

The ratio of energy production to neutron production in the D-T fusion
reaction (17 MeV/neutron) is much lower than it is in the fisson reaction
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(80 MeV/neutron); also, the energy per nuclear reaction is more than an
order of magnitude smaller for fusion than for fission. In this sense, fission is
“energy rich,” and fusion is “‘neutron rich.” One therefore conceives of the
possibility of “adding” the energy of fission to that of fusion by using a
fusion reaction to drive a subcritical assembly that is used as a fission blanket
of a fusion device. At low multiplication, it is easy to construct such a
blanket, which both breeds its fissile material and provides the required
regeneration of tritium for the fusion reactor.

The resulting combination, often referred to as the hybrid reactor, could
conceivably be superior to either a pure fusion system or a pure fission
system. It is, however, also conceivable that the hybrid reactor combines the
disadvantages of both systems.

Bethe (1979) prefers a (nominally) nonmultiplying thorium blanket for
the fusion reactor. The 14 MeV/neutrons from the D-T fusion reaction are
energetic enough so that they can be relied on to produce fission and other
neutron production reactions in the thorium. Again, these neutrons, over and
above those needed to regenerate tritium, can be captured in the thorium to
make 233U. Bethe considers the fusion device to be principally a nuclear fuel
factory, with only such power conversion as can be attached to the system at
minimum cost. Variations of such system concepts have recently been
proposed.

Related to these fission-fusion concepts is the concept of making fissile
material from neutrons generated in accelerators. The chief advantage that is
claimed stems from the absence of any initial fissile material requirements.
However, this process has been criticized as doing little more than could be
done with a well-designed critical reactor, with the accelerator behaving
functionally as an extremely expensive control rod.

In contrast to the fusion concepts, accelerator breeders are technically
feasible today. The key items are the accelerators themselves. Proton linear
accelerators, feeding about 0.3 microamperes of protons at about 1 GeV
energy, could be built with only little extension of present technology.
Cost estimates of fissile material produced from them range from optimistic
values of $40 to $60 per gram of 23°Pu (which is higher by a factor of two
to three than plutonium for normal nuclear reactors) to upwards of $140
per gram (Van Atta 1977).

EXPLORING THE POTENTIAL

Up to now, we have been concerned with the systems capabilities of the
nuclear option. We have seen that there are no constraints because of
technical problems. And by using breeder reactors, resource constraints
essentially do not exist.

Yet nuclear power has had a wave of plant orders and commissioning,
followed by a trough of low demand. This market performance is gen-
erally explained by the uncertainties generated by the nuclear controversy.

A curious feature of this controversy is the discrepancy between the most
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careful scientific evaluations of the problems and the popular perceptions
of these risks. Chapter 11 discusses this situation with regard to risk assess-
ment. Here, we characterize the controversy as appearing to be the visible
part of a larger, submerged entity—the tip of an iceberg. The forces that
move the iceberg are still unknown.

Having said all this, the fact remains that we see no technological, systems,
environmental, or health rationale for not deploying nuclear power. The
controversial issues that are not resolvable are mainly those relating nuclear
power to nuclear weapons. Indeed, we can speculate that the human associa-
tion of nuclear power with Hiroshima and Nagasaki represents a large piece
of the iceberg. The solution to the nuclear weapons controversy must be
political, diplomatic, and institutional. It has not been the purpose of the
ITASA Energy Systems Program to analyze such problems. The fact that
solutions have been proposed is encouraging.

Nuclear power is different, not only from fossil power, but even from the
solar option. Fossil fuels are, sooner or later, depletable; solar and nuclear
are not. Unlike solar, nuclear already has an infrastructure that could permit
it to be deployed on a massive scale during the next fifty years.

Nuclear power is an option. The world may choose to exercise it strongly,
weakly, or not at all. If the world makes one of the two latter choices, the
remainder of this chapter is of academic interest. But if the world chooses to
exercise nuclear power strongly, we must look at the needs and conse-
quences of doing so. In any case, a decision must consider not merely the
risks—which have received attention in numerous publications—but also the
potential of nuclear power. The remainder of this chapter explores this
potential.

Introduction Rates of Nuclear Power

The status of nuclear power is the starting point for considering feasible rates
of the further introduction of nuclear power. Given the complexities of the
energy problem in the decades ahead, time becomes a limiting resource.
Cohen (1979) noted:

What is feasible depends on the frame of reference. In a wartime mobilization, many
things are possible which cannot be accomplished by business as usual. The purpose of
planning, however, is to avoid, as much as possible, the necessity for crash programs
that try to make up for the lack of foresight. We may not be able to attain our goals
by business as usual, but it should be our ambition to depart from it as little as
possible: to make plans which work with and not against normal economic forces
and normal economic rhythms.

In determining what is potentially feasible, we assume that political and
social constraints are to be resolved. The question of whether such resolution
can or will occur is only pertinent to the question of whether this potential
will actually be explored. The problem of determining the introduction rates



THE NUCLEAR OPTION 109

of nuclear power achievable in the near term can be approached in one or
two ways—by looking at the history of reactor commercialization or by
estimating a priori the time required for new developments to be completed
and for a supply industry to be created.

History of the Introduction of LWRs. The development of water-cooled
nuclear reactors for commercial use in the United States had its roots in
technologies and large-scale installations established previously for military
purposes. Plants for the production and purification of uranium, as well as
gaseous diffusion plants for uranium enrichment, were available on a scale
that would not be required by the civilian power industry for roughly
twenty years. To that extent, the early introduction rates of LWRs in the
United States did not follow the usual pattern.

The first commercial commitments of the LWR in non-nuclear-weapon
states was in 1966, most notably in the FRG and Japan, where enrichment
plants did not exist; but the fuel for the reactors had to be imported from
nuclear weapon states, at least at first. We therefore use this year as the
starting point for our discussion (see Table 4-1). The maximum number
of plants worldwide that can be completed by 1990 is nearly impossible to
change in the upward direction in most market economy countries, and in
many of them little can be added to the total before 1993. To the extent
that new projects will balance delayed ones, the period up to about 1990 is
already part of the history of the introduction of LWRs.

In the period 1975-1985, there is a wave of installations corresponding to
a wave of orders ten years earlier. In the peak period, 1979-1984, over 175
GW(e) are expected to be commissioned. The decrease in the installation rate
after 1985 stems from a decrease in orders after 1975. A variety of institu-
tional problems are responsible for this decrease, including political opposi-
tion to nuclear power during this period and slower than expected growth of
electrical supply industries in those countries with the technological infra-
structure to operate many nuclear power plants.

A Priori Estimates of LWR Introduction Rates. The nuclear industry in the
member countries of the Organisation for Economic Cooperation and Devel-
opment (OECD) is operating below its capacity. Almost all manufacturing
firms have experienced a higher level of activity than they now have. In
these countries there are more than a dozen manufacturing organizations,
each of which is capable of supplying at least 8 GW (e) per year, so that the
total manufacturing capability is now of the order of 100 GW(e) per year.
In the United States, 40 GW(e) per year could be handled. The imbalance
between supply capabilities and current rates of ordering is such that unless
orders are resumed, some firms are likely either to reduce their operations or
to leave the nuclear supply business completely. Thus, in 1973 in the United
States, the planned trajectory for LWR installation between 1990 and 2000
was 17 £ 3 GW(e) per year (Atomic Industrial Forum 1973); currently it is
even lower, and it may not be realistic to expand this to more than 30
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GW(e) per year, even if all the special institutional constraints on nuclear
power were removed.d

World supply capability would be increased somewhat by including coun-
tries outside the OECD. These countries do not have specific social con-
straints on nuclear power growth; thus they are markets that are more
predictable, at least statistically, than are the nuclear markets of the OECD
member countries. But for now and for the near future, they are not large
markets.

Considering all these factors, we judge that the nuclear industry world-
wide, if called upon to do so, could supply of the order of 150 GW(e) per
year by the period 1995-2000. This requires a 50 percent expansion of sup-
ply capability during the next fifteen years—an expansion that could be
accommodated either by increased capability of firms already in the busi-
ness or by the entry of a few new firms who are already in the nonnuclear
electrical supply business. On the other hand, we judge that even a strongly
accelerated, worldwide program of nuclear power installation could not
increase the global growth rate of nuclear power stations for the period 1995~
2000 to more than 150 GW(e) per year. In order to put this number in per-
spective, bear in mind that the global annual increment of power plants in
general (nuclear or fossil) is presently only about 100 GW(e) per year. At a
total world industry growth rate of 4 percent per year, such increments
would become 240 GW (e) per year by the year 2000—that is, after twenty-
two years. A figure of 150 GW (e) per year by the year 2000 for nuclear alone
is therefore consistent. Nuclear’s contribution would amount to about 62.5
percent of the new capacity. This is a large fraction, meaning that nuclear
would represent most of the new capacity installed as thermal plants for
baseload operations. Naturally, these numbers represent upper limits. Pro-
jections of growth are significantly lower, as shown in Table 44

Estimates of Introduction Rates of Nuclear Power
Using the Market Penetration Technique

A possible approach to estimating introduction rates of nuclear power is
through price and cost estimates. For the period from now until 2030, costs
must be considered uncertain; so, as with other technologies, we refrain
from too rigorous econometric approaches. Nevertheless, nuclear power is
the cheapest new source of central station electric power in many parts of
the world today, and in that sense, it is already a reference technology.

Here we use the approach of market penetration, as will be explained in
Chapter 8. The salient features of this approach are its broad, long-range time
interval, applied backward or forward in time, and its strength in phenomeno-

dThe number is inferred from the “national commitment” scenario of the Supply/Delivery Panel,
Committee on Nuclear and Alternative Energy Systems (CONAES), U.S. National Research Council.
The information is from Chapter 5 of the panel’s report, which at the time of this writing was in draft;
thus the number is cited as private information, subject to revision.
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logical terms. Of the more than 300 cases investigated at IIASA, all followed
a logistic curve of market penetration with high precision. It seems that these
logistic curves, continuous over long time periods, describe a system’s feature
of market penetration, which is more robust than cost-price optimization at
any given time might suggest.

We now apply this technique to nuclear power. The objective here is three-
fold: first, to see whether the growth rates of nuclear power displayed in the
previous sections are internally consistent; second, to establish a frame of
reference for trajectories in which nuclear power plays a principal role (e.g.,
explorations of what we have characterized as its ‘“real” potential); and
third, to determine whether suggested strategies for supplying nuclear energy
are optimistic or conservative.

Figure 4-1 plots the global market penetrations for coal, oil, and natural
gas. As distinguished from other displays of these data in this book, here
only the fitted curves are shown, rather than the actual data. The “system”
properties of the substitution phenomenon are emphasized. In particular,
the curves for natural gas and oil show the same penetration rate—about a
4.9 percent increase of f/(1-f) per year, f being the market share of the

Figure 4-1. Global market penetration rate of energy sources and considered penetra-
tion rates for nuclear power.
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particular technology. Even the curve for coal indicates a similar penetration
rate (parallel slope) in the ascending part of the curve.

Three points, marked x, for nuclear power are shown on the dashed
straight line marked (a) of Figure 4-1. These are successive benchmarks.
The point for 1975 is taken from actual data. In that year, nuclear supplied
0.119 TWyr/yr (1.5 percent) of the 8.2 TWyr/yr global commercial primary
energy. The point for 1990 is the fraction expected for nuclear in 1990. As
already noted, the projection (Table 4-1) of almost 390 GW(e) of global
capacity in 1990 would be difficult to change in either an upward or a down-
ward direction. Assuming that the nuclear capacity factor is two-thirds and
that the efficiency of conversion of heat to electricity is one-third, this
amounts to 0.78 TWyr/yr of thermal energy. For 1990, we estimate a global
total energy demand of 12.7 TWyr/yr. Thus, f/(1-f) for nuclear in that year
is 0.0654 (6.54 percent). Finally, we have projected an average world
buildup rate of 100 GW(e) per year in the 1990-2000 period, as a result of
setting a 150 GW(e) per year target for the year 2000. This would lead to
1.4 TW(e) installed by the year 2000 and an average production of thermal
energy from nuclear sources at a rate of 2.8 TWyr/yr; based on a high figure
of 19.1 TWyr/yr of primary thermal energy, we arrive at f/(1-f) = 0.172
(17.2 percent) for nuclear power in the year 2000.

The dashed line drawn through these points (Figure 4-1) is a rather good
fit, indicating that the year 2000 “target” does not violate any continuity
principles of the system. The early curve of market penetration often has a
slope that deviates from the long-term one, up to the point at which a 10
percent market share is achieved, and the year 2000 point in particular
shows the influence of stimulation of the nuclear option. If this curve were
continued out to the year 2030, it would project a nuclear contribution of
60 to 70 percent of the world’s total energy by that year. We consider this
barely possible technologically and very unlikely.

Thus, the dotted lines (Figure 4-1) are market penetrations of nuclear
power at the system rate already exhibited by oil and natural gas—4.9 per-
cent per year in f/(1-f). These are drawn from the three benchmark points
marked x. By starting with the year 2000 point, nuclear power would have
about 43 percent of the total energy market in 2030; by starting with the
year 1990 point, nuclear power would have about 32 percent of the market
in 2030. The 1975 benchmark projects to an 18 percent market share for
nuclear power in 2030. The points labeled High scenario and Low scenario
are the nuclear shares of the respective IIASA scenarios described in Part IV
of this book; the point marked S is the market share of the here considered
upper limit of 17 TWyr/yr that nuclear power would have in a high energy
demand world of 36 TWyr/yr in 2030. As we shall describe subsequently,
17 TWyr/yr (corresponding to 10 TW (e) of installed capacity) is the number
we selected to explore the potential of nuclear energy.

A projection is not a prediction, and we cannot draw unassailable con-
clusions from this exercise. Nevertheless, an inspection of Figure 4-1 shows
clearly that if the system behaves similarly for nuclear power as it did for
natural gas and oil, then 17 TWyr/yr of nuclear energy is not an unreason-
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ably high number to use for exploring the nuclear potential. It is below what
the historical market penetration curve would project after a somewhat
stimulated acceleration of nuclear installation in 1990-2000. Moreover,
the IIASA supply scenario allocations for nuclear power in 2030 (see Figure
4-1) are slightly conservative, if the market penetration of nuclear power
beyond 1990 follows historical trends.

Reference Figure for Exploring the Potential of
Nuclear Power

We noted that an accelerated program of nuclear power supply at the end
of this century could bring this energy source into a position where, given
continued normal market penetration, it could contribute 47 percent of all
primary energy by the year 2030. We now explicitly define this projection
as the basis of a high nuclear strategy for exploring the potential of nuclear
power.

Specifically, we have chosen a number—17 TWyr/yr of thermal power—on
the basis of combining a market penetration factor, f/(1-f), of two-thirds,
and a high primary energy demand estimate of 36 TWyr/yr in 2030. Our
logic is simply that the buildup rate required for a high nuclear strategy is
compatible with a world that emphasizes energy supply.

What does 17 TWyr/yr imply for the nuclear system? First, it requires a
buildup of generating capacity to about 1.6 TW(e) by 2000, followed by a
buildup to 10 TW(e) by 2030. This implies a rate of addition in this latter
period averaging about 285 GW (e) per year, a number that is less than twice
that postulated for the year 2000. This seems feasible.

The discrepancy between 10 TW(e) and 17 TWyr/yr is the distinction
between installed electrical capacity and thermal energy generation per
year—that is, thermal power. We have assumed that, by 2030, most reactors
would show advanced thermal performance, so that the efficiency of con-
version of heat to electricity would be 40 percent. High temperature gas-
cooled reactors and liquid-metal-cooled fast breeders already approach this
efficiency. Finally, we assume a capacity factor of two-thirds for the nuclear
system in 2030. That is, mathematically,

average thermal power =

electrical power . 10 2
X capacity factor or 17 ia X 3

conversion efficiency

We emphasize that the designation of 10 TW(e) as the nuclear system
capacity is only nominal. Not all of this capacity would be used to generate
electricity. High temperature and low temperature process heat would be
available as well, to be used in industrial processes. Specifically, nuclear
energy could then be used for generating forms of secondary energy other
than electricity. But by designating 10 TW(e), we indicate the number of
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plants in the nuclear system by 2030—that is, 3000 to 10,000 units of 1 to
3.3 GW(e) capacity.

A Reference Trajectory for a High Nuclear Demand
World and the Related Demand for Uranium

In subsequent sections of this chapter we deal, among other things, with
requirements for uranium resources to meet the demands of a high nuclear
world. For this, we used a reference trajectory for the schedule of nuclear
power installations (Table 4-4). The numbers given for equivalent electrical
capacity do not necessarily refer to generation for distribution in an electri-
cal grid. Also, gross additions include replacements under the ad hoc assump-
tion of a thirty-year service life. Growth rates, however, are net; they refer
to growth after deductions for retirements. For comparison, recent trajec-
tories published by the IAEA and by the World Energy Conference (1978)
are also given.

A comparison of Tables 4-4 and 4-1—the latter having projected some
390 GW(e) of nuclear power by 1990—illustrates why we call this a high
nuclear world. It would take a prompt upsurge in nuclear orders and the
early completion of the new projects to bring the nuclear capacity in 1990
to the range of 500 to 600 GW(e) illustrated by most of the rows in Table
4-4, and the IAEA “high” of 909 GW(e) seems quite unachievable. Com-
parisons of the IIASA trajectory with the IAEA “low” and with the WEC
figures (Table 4-4) shows that up to the year 2000 our thinking is consis-
tent with other sources that are optimistic about nuclear power. Neverthe-
less, we emphasize that our trajectory is a pure construct, whose purpose is

Table 4-4. Trajectories for potential nuclear power installations worldwide

(in GW(e)).
Year
71980 71990 2000 2070 2020 2030

IIASA high nuclear reference trajectorya 160 580 1630 3640 7030 10,000
Annual addition® 24 64 154 305 359 252
Annual growth rate (percent)® 15 11 9 8 4 1
Nuclear capacity, INFCE high 188 698 1654

Nuclear capacity, INFCE low 167 531 1082

Nuclear capacity, IAEA high 207 909 2227

Nuclear capacity, IAEA low 162 558 1403

Nuclear capacity, WEC 152 5219 9543 5033

aEquivalent electrical capacity, not necessarily for distribution on electrical grids,

bIncludes replacement after thirty years of service.

“Net growth rate, after deduction of replacements.

dinterpolated by I1ASA.

Sources: Data for the IAEA figures are from Lane et al. (1977); WEC (1978); and INFCE (1979).
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simply to provide a uniform framework for comparing reactor strategies
under conditions of high requirements for nuclear power.

With the reference trajectory, it is possible to evaluate the corresponding
uranium demand. An upper limit is easily obtained for the so-called “once-
through’ fuel cycle—that is, the irradiated fuel elements from LWRs go into
intermediate or final storage, and no recycling of uranium or plutonium
takes place. A figure of orientation for the specific consumption of such a
once-through fuel cycle is 131 tons of natural uranium per GW(e) per year.
This figure is based on LWR fuel at 3 percent enrichment, irradiated to a
burnup of 32,000 MWd/tU (megawatt days, thermal, per ton uranium) in
a reactor system of 0.31 efficiency of thermal-to-electrical energy con-
version operating at a 0.7 capacity factor. The enrichment process was
assumed to have a tails assay of 0.15 percent 23U, corresponding to eco-
nomic circumstances in which the relative cost of uranium to separative
work is much higher than it is today. Table 4-5 gives the cumulated uranium
demand of the reference trajectory, involving the once-through fuel cycle.

Beyond the year 2030, the cumulative consumption of uranium for the
once-through fuel cycle would continue to grow. The generating capacity
of 10 TW(e) would mean a consumption of some 1.3 million tons of natural
uranium each year.

Uranium Resources

There is an ongoing debate about existing high grade natural resources inside
and outside the United States. This quantity is important, because, as we
shall see, it can be used to determine both the worldwide potential of a
nuclear fission supply system in the absence of breeder reactors and, as a
corollary, the rate at which breeder reactors can or should be built to
achieve a truly long-range system. In essence, uranium resources both define
and constrain the transition period for the fission energy system to move
from burners to breeders.

Uranium resources include deposits that are not economical or are only
surmised rather than confirmed, while uranium reserves are considered as
known, economically recoverable, deposits. At any given time, some of the
resources are considered well known, even though they have not been
delineated and assayed as carefully as reserves. These are called reasonably
assured resources. In addition, some resources can be surmised to exist as

Table 4-5.  Cumulative uranium demand of the reference trajectory.

Year

1990 2000 2010 2020 2030

Uranium demand, including
initial inventory (106 tons) 0.7 2.5 6.7 15.0 27.5




116 ENERGY IN A FINITE WORLD

Table 4-6.  Estimated global® uranium resources (10° tons).

Reasonably Estimated

Forward Assured Additional
Cost® Resources Resources Sum
< $80/kg 1.65 1.51 3.16
(1.75) (1.54) (3.29)
$80-$130/kg 0.54 0.59 1.13
(0.73) (0.80) (1.53)
Sum (< $130/kg) 2.19 2.10 4.29
(2.48) (2.34) (4.82)

aExcluding Eastern Europe, the Soviet Union, and China.

blncludes production costs only; specifically excludes cost of exploration, land acquisition, and
other sunk costs. Prices tend to be 1.5 to 2 times forward cost.

Source: Based on data from OECD-NEA/IAEA (1978). Numbers in parentheses are revised
estimates by the International Nuclear Fuel Cycle Evaluation, given in the draft final report of INFCE
(1979).

undiscovered deposits in existing mining districts or in unexplored but
geologically favorable districts. These are called estimated additional re-
sources. The sum of reasonably assured resources and additional resources
form a total of global uranium resources, which must be used for planning
individual projects or the immediate future of the nuclear industry. The
findings of the joint OECD-NEA/IAEA study (1978) on this matter are
summarized in Table 4-6.

For the purposes of this book, Table 4-6 represents a beginning, rather
than a conclusion, for a2 number of reasons. First, we are interested in those
resources that may be available over a considerable period of time, rather
than those that have been discovered. Second, we are interested in the global
availability of these resources. Finally, there is potential interest in uranium
whose economic recovery price might be well in excess of $130/kg of
uranium. In sum, then, we extrapolate from Table 4-6 to an estimate of the
amount of natural uranium that might be available globally after half a
century of careful exploration and at whatever price might be economic.

The only completely honest answer to the question of what these ultimate
resources might be is: we do not know. Such hints as we have from present
knowledge of the nature of uranium deposits are, at best, qualitative. These
hints are as follows:

® Uranium deposits were formed, for the most part, more than one billion
(10°) years ago. This means that the continental distribution of uranium
today can to some extent be extrapolated back to its distribution before
the latest episode of continental drift. In these terms, some parts of the
world that might be good places to look have not been very well
explored.

® Most of the U.S. reserves consist of uranium in sandstone deposits. They
are characterized by sharp mineralization boundaries, so that the usual
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rule of resource economics—that resources increase rapidly as mining
proceeds beyond the deposits of highest concentration (and lowest price)
—is confounded. Other types of uranium deposits are hydrothermal
veins, for which a similar situation might be expected, and pebble con-
glomerates, for which the normal rules of resource economics should
hold. We simply do not know how much uranium will be found in
deposits that are currently below commercial grade.

A vast amount of uranium exists in shales at quite low concentration (30
to 300 parts per million [ppm] uranium). The technological cost of ex-
tracting it is very high now, but there is always the possibility that new
technologies (for example, in situ leaching) would make it economically
accessible. More problematic is whether the environmental costs of ex-
traction would be acceptable.

An earlier OECD-NEA/IAEA report (1977) gives information both on the

amount of drilling for uranium and—when taken together with the figures
for reasonably assured resources of uranium (specifically, resources pro-
ducible at a forward cost of less than $130/kg)—on the finding rates. These
data are shown in Table 4-7.

The United States, with the largest uranium reserves, has one of the

smaller finding rates (Table 4-7). Perry (1979), among others, draws the
reasonable conclusion that this combination of events does not mean that
the United States is unusually well endowed, but only that it has been rela-
tively well explored. In the absence of any better assumption, and because

Table 4-7. Uranium findings and finding rates.

Finding

Drill Holes Findings? Rates

(10® m) (10° tons) (kg/m)
Australia 1100 345 314
Central African Empire 55 16 290
Argentina 200 42 212
India 306 54 178
Finiand 25 3.2 128
Philippines 8 0.3 38
[taly 74 2.2 30
Turkey 196 4.1 28
Germany, Federal Republic of 205 5.6 28
Spain 638 16 25
France 5151 123 24
United States 82,500 1918 23
Japan 393 7.7 23
Portugal 435 9.2 21
Mexico 723 7.1 9.8

dFindings include all resources producible at a forward cost of less than $130/kg, plus cumulative

production,

Source: Based on data from OECD-NEA/IAEA (1977).
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the United States has a large enough area and a large enough diversity of
geological provinces, it seems reasonable to take it as a representative sample
of the world.

According to the 1977 OECD-NEA/IAEA report, the United States has
some 1.7 million tons of uranium resources at a forward cost of less than
$130/kg and has already produced some 0.22 million tons of uranium,
adding to a total resource base of some 1.92 million tons. It has a land area
of 9.4 X 10° km?, which translates to some 0.20 tons of available uranium
per km? of earth surface. Using Perry’s method, we then estimated global
uranium resoures by taking a figure of 0.18 tons per km? and multiplying
this by the area of each of the seven ITASA world regions considered in this
booke, to arrive at a global figure of 24.5 million tons. These results are also
compared with the values in OECD-NEA/IAEA (1977) (Table 4-8). For
regions IV (LA), V (Af/SEA), and VIIME/NAS), which include most of the
developing countries, the IIASA projection shows very considerable supplies
of uranium. This is in agreement with the results of a procedure proposed
by Alexandrow and Ponomarev-Stepnoy (1974). Using their approach,
Belostotsky (1977) estimated global uranium resources at some 17.5 mil-
lion tons, based on older OECD-NEA/IAEA (1975) data. Updated inputs
would lead Belostotsky to estimate world uranium resources at some 21.5
million tons, which is essentially in agreement with ITASA’s figures, con-
sidering the crudeness of both methods of estimation.

Let us not lose perspective. One can argue that it is impossible to get 24.5
million tons or that it is possible to get more than 24.5 million tons of rela-
tively economical uranium. The point is simply that we might expect to find
of the order of 15 to 30 million tons of uranium when most of the world’s
regions have been explored as completely as the United States.

A comparison of Tables 4-5 and 4-8 leads to the observation that a
nuclear capacity of 10 TW(e) in the year 2030 using the LWRs in a once-
through fuel cycle would use up the uranium resources that we have postu-
lated to be available globally. This statement refers to globally averaged
considerations. In some regions, supplies would be used up much earlier than
2030.

Reactor Strategies and Uranium Consumption

If we continue to rely on today’s LWRs, which are designed for a once-
through fuel cycle, then by the year 2030 we would use up even Perry’s
expanded estimate of uranium resources. Something must therefore be done
before 2030 if our nuclear reference case is to be more than a boom and bust
episode of resource consumption and depletion. Otherwise, the real potential
of nuclear energy will not be brought out. Properly used, nuclear energy not
only can play a major role in energy supply within the next fifty years but

€See Figure 1-3 for the description of these regions and Appendix 1A for the list of countries in
each of the regions.
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Table 4-8.  Adjusted uranium resource estimates.

OECD-NEAJIAEA 11ASA
Area Estimate Estimate
1IASA World Regions (10% km?*) (10° tons)? (10° tons)
I (North America) 21.5 2.53 3.87
Il (Soviet Union and Eastern Europe) 23.5 4,23
11l {Western Europe, Japan, Australia,
New Zealand, South Africa, Israel) 15.5 1.26 2.79
IV (Latin America) 20.6 0.08 3.71
V (Africa except Northern Africa and
South Africa, South and Southeast Asia) 33.6 0.33 6.05
VI {Middle East and Northern Africa) 9.8 0.08 1.76
VIl (China and centrally planned
Asian economies) 11.5 2.07
-V 136.0 4.29 24 .48
Polar regions (including uninhabited islands) 12.5 2.25
World 148.5 4.29 26.73
(14.2-26.4)P

4Excluding regions 11 and VII.
bincluding the speculative resources given in OECD-NEA/IAEA (1977).

could play such a role for a long time thereafter. This durability must be
assured by proper reactor strategies.

There are three ways of continuing the nuclear option beyond 2030: (1)
to exploit more dilute sources of uranium than are currently used; (2) to
rely on improved reactors and fuel cycles; or (3) to head for an asymptotic
solution directly, which involves the use of breeder reactors. We discuss each
of these approaches in the following sections.

Yellow Coal: Exploiting Dilute Sources of Uranium.  Our analysis of global
uranium resources was an extrapolation of the quantity of relatively rich
uranium ores that might ultimately be found—that is, 2000 ppm (0.2 per-
cent) down to perhaps 500 ppm. These ores are economically recoverable up
to a forward cost of $130/kg of uranium considered here. Except for the
uranium produced in small quantities as the by-product of gold and phos-
phate mining, all of the nuclear facilities considered in Table 4-2 work with
uranium ores of this ppm level.

There has been very little discovery of intermediate grades of uranium,
assaying between 300 to 500 ppm of uranium. However, it is known that
many types of shale contain 30 to 300 ppm of uranium, with the average
being 70 ppm. The quantity of shale is vast.

The amount of uranium that exists in these extremely low grade ores is
enough to satisfy the needs of a very large-scale nuclear industry for a very
long time. However, the problems of recovery are at least as forbidding as
the quantity is attractive.

The recovery of uranium at a 70 ppm concentration would take a large
amount of money. The forward cost would increase from $130/kg of
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Table 4-9. Requirements for the operation of a 1 GW(e) power plant.?

Material Handling

Land Mining Involved
30-Year Total Personne/ 30-Year Total
(km?) (man-yrfyr)® (10° tons)
LWR (2000 ppm ore) 3 50 45°
Coal 10-20 500 321d
LWR (70 ppm ore) 33 300 3604

3Corresponds to an electricity chain producing 6.1 TWh with a thirty-year life span.
b1 man-year = 2000 hours.

“Overburden factor: 15 m* per ton (averaged).

dOverburden factor: 3 m® per ton {averaged).

uranium to at least several hundred dollars per kg. But the change from
2000 to 70 ppm has more than just price implications: the requisite mining
operation would be very large.

To illustrate this, we refer to the WELMM concept (which will be pre-
sented in Chapter 9), and indeed specifically to the situation illustrated in
Table 4-9. These WELMM results are for two types of LWR operations: (1)
the LWR using 2000 ppm uranium ore, and (2) the LWR operation using 70
ppm ore. A third type of operation, that of coal mining, was also considered.
The results of a comparison of these three mining operations are shown in
Table 4-9.

Obviously, in terms of land use, manpower, and materials handling, the 70
ppm LWR operation approaches that of coal mining. When envisioning the
use of uranium after our assumed 24.5 million tons of high grade uranium
ore have been consumed, we must also consider the impacts, which are
similar to those of obtaining the same energy from coal. For both the 70
ppm LWR and the coal mining operation, there are societal, environmental,
and land use implications. Putting aside the problem of carbon dioxide emis-
sions from combustion (see Chapters 3 and 10), we see that the 70 ppm LWR
operation is, in fact, more difficult. Almost all the uranium ore taken out of
the ground becomes solid (but not very radioactive) waste, whereas at least
half of the rock removed in coal mining is, in fact, coal. Using very dilute
uranium therefore turns this operation of nuclear power into that of mining
“yellow coal.”

For purposes of orientation, we apply the data of Table 4-9 to our refer-
ence case of 10 TW(e) of installed nuclear capacity. The resulting data,
which are given in Table 4-10, are on a grand scale. The area, 330,000 km?,
is approximately the size of Italy, and three million workers may be 0.1
percent of the total work force worldwide. The approximately 3.6 X 10!2
tons of solid waste and/or overburden is a thirty-year total, corresponding to
approximately 120 X 10° tons per year. To put this number in perspective,
the largest bucket-wheel excavators currently used in open pit mining are
capable of handling about 240,000 bank m?3/day. Roughly, 1100 of such
dinosaurs, each with an operation weight of 13,000 tons, would have to
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work with a 70 percent load factor throughout the year—a large operation,
but not physically impossible.

We can similarly analyze the situation of getting uranium from the sea.
While the resource base of such uranium has been estimated at about 5 X
10° tons, the concentration of uranium in the sea is only about 1.5 X 1073
g/m3 (Weast 1974). The annual demand for 10 TW(e) of the once-through
fuel cycle LWR would be approximately 1.3 million tons of natural
uranium. In order to recover this, it would be necessary to process some
870,000 km? of sea water annually. For comparison, the worldwide runoff—
that is, the flow of all rivers to the seas—is only about 37,000 km?. One may
conclude by observing that this is a large operation and only conceptually

ossible.

P Earlier, we observed that there is the factor of about 3 X 10° between the
energy yields of 1 gram of fissionable material and 1 gram of coal. What a 70
ppm LWR operation does in effect is to reduce this factor to one. Out of the
approximately 131 tons of natural uranium that a single, 1 GW(e) LWR uses
per year, only about one part in 200 (5 X 107®) becomes actually fissionable
because of enrichment plant tails losses and incomplete burnup. Thus a 70
ppm LWR operation means a further dilution of about 7 X 107°. And
indeed,

3X 1068 X5X103X7X1075=1

In sum, assuming, consciously or unconsciously, a LWR once-through fuel
cycle using 70 ppm grade uranium ore means a return to the well-known
scale of operation: it is equivalent to mining coal or, more exactly, to mining
“yellow coal.” We are faced with the old problems of large-scale mining and
the new problems of solid waste, including both residues of rock milling and
radioactive wastes.

The “Stretch Out” Approach. As noted, the use of LWRs of current design
on a once-through fuel cycle would commit essentially all of the world’s high
grade natural uranium during the buildup phase of our reference case. This is

a wasteful use of uranium compared to what could be accomplished, even
without breeders.

Table 4-10. Requirements for maintenance of a 10 TW(e) LWR operation
using 70 ppm ores.?

Mining Material Handling

Land Personnel Involved
30-Year Total (10% man- 30-Year Total
(km? ) yr/yr)b (10'* tons)
LWR (70 ppm ore) 330,000 3 3.6

aCorresponds to an electricity chain producing 6.1 TWh with a thirty-year life span.
b] man-year = 2000 hours.
“Overburden factor: 3 m® per ton (averaged).
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Let us recall that the once-through fuel cycle is just that: no recycling is
allowed. Given the reprocessing of spent fuel and the recycling of uranium
only, the demand for “virgin” uranium could be reduced by about 20 per-
cent; additionally, the recycling of plutonium reduces this demand another
15 percent. This capacity exists in LWRs of today’s design. Also, by using
fueling designs that include thorium and its conversion product, 233U, some-
what less natural uranium becomes necessary. By going to enrichment
schemes that produce uranium tails more depleted than 0.15 percent 23U,
an additional 15 percent of the uranium requirement might be saved. All in
all, it is conceptually possible to run a LWR system, with reprocessing, using
23U and more separative work, which would require about half as much
natural uranium as does the existing LWR system.

Table 4-5 indicates that up to the year 2000 some 2.5 million tons of
natural uranium would be required and between 2000 and 2030, some 25
million tons. If we were to employ all the techniques just mentioned for
achieving a more efficient use of natural uranium, then this 25 million
tons would be reduced to roughly 12.5 million tons. Adding the amount
estimated to be consumed up to the year 2000—about 2.5 million tons—we
get a total of roughly 15 million tons of natural uranium that would be con-
sumed by 2030. This is still not far below what might be ultimately avail-
able, but it perhaps gives some time.

How much time? We recall two numbers. First, 10 TW(e) installed
capacity under reference case conditions would consume some 1.3 million
tons of natural uranium per year. Using the efficient mode of LWR opera-
tions just described, the amount of natural uranium needed would be about
half that—or some 0.65 million tons per year. Second, if we assume that
the world now has about 23.5 million tons of high grade natural uranium,f
by 2030 there would be only about 8 million tons left. In brief, we would
have about ten years left before we are forced into mining “‘yellow coal.”

By employing all possible means—uranium recycling, thorium and ?3%U,
lower enrichment tails—and using reactors that are intrinsically more effi-
cient in uranium use than are today’s LWRs, it is possible to do even better
than that. Heavy water reactors (HWRs) or graphite moderated, gas-cooled
reactors can be designed to use only half as much natural uranium as LWRs.
These are not extreme cases but systems that are simply extensions of exist-
ing reactor designs. Suppose only 7.5 million tons of natural uranium ore
were needed between 2000 and 2030, as a result of switching to these
reactors. Recalling that there are assumed to be some 23.5 million tons of
natural uranium and that some 2.5 million tons are needed up to the year
2000, then by 2030 there might be some 13 million tons left, with perhaps
“only” 325,000 tons of natural uranium being used annually. Thus, perhaps
thirty-five to forty years of nuclear power could still be fueled.

This is not very long on the scale of human history. But this does give us
on the order of one human generation before a permanent commitment to
nuclear power might have to be made.

frhis figure is based on the estimate of 24.5 million tons of natural uranium from Table 4-8, minus
the estimated 1 million tons of natural uranium already extracted.
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A Word About Thorium. Since an input of thorium is required for main-
taining the fuel cycles described in the stretch out approach, comments on
its availability are in order. The OECD-NEA/IAEA (1977) reports 490,000
tons of thoriumé as reasonably assured resources and some 833,000 tons
of thorium as estimated additional resources. These figures parallel the
data given in Table 4-6. There is little doubt that much more thorium will
be found when it is searched for as intensively as uranium has been.
Thorium is three times as abundant as uranium in the lithosphere (Weast
1974), and yet current reserves are more than adequate for the nonnuclear
uses that dominate today’s demand for thorium. There is no thorium in the
sea, but the expected land resources, which for estimating purposes may be
taken as approximately equal to those of uranium, are superabundant even
for a large and durable nuclear fission economy. Thus, we do not see thorium
as imposing any limits on the “stretch out’ approach outlined above.

Breeders: The Asymptotic Solution. Advanced converters and near breed-
ers can stretch out the time over which nuclear power can rely on high grade
natural uranium. But sometime in the twenty-first century, the supply will
run out; if not in 2030, almost certainly by 2070. At that point, a nuclear
option would have only two choices: (1) mining “yellow coal” or (2) using
breeder reactors.

Let us recall a few points already made. Burners have about a 1 percent
efficiency use of the uranium mined. Advanced converters and near breeders
stretch uranium supply by a factor of four or five and use at best 5 percent
of the uranium mined. Breeders, by relying on a stockpile of fissile atoms as
catalysts for burning fertile atoms, use almost all of the energy potential of
uranium and can also be designed to use all of the energy potential of
thorium that can be made available. In other words, if our reference trajec-
tory were based on the use of 23.5 million tons of natural uranium in
today’s LWRs, by 2030 there would still be 23.3 million tons of fertile
atoms that could be burned in breeders, plus any thorium that might be
available. This translates into 60 thousand terawatt years of energy—and this
would be fuel already extracted and separated from host rocks.

And if more uranium is needed a few millennia hence, it would be available.
The factor of about one hundred in efficiency of resource use between
LWRs and breeders brings even the mining of “‘yellow coal’ into manageable
proportions. To quantify this, the results of a WELMM analysis for the 70
ppm LWR operation and for the breeder (LMFBR) operation are compared
in Table 4-11. The land, mining personnel, and material-handling require-
ments are all reduced for the LMFBR by two orders of magnitude. We no
longer have “‘yellow coal”; instead, we have mining operations on a familiar
scale. The environmental improvements are obvious.

In sum, burner reactors are cheap, but lead to consumptive uses of the
stockpile of fissile material that nature has given us. Their use alone leads
quickly to one of two situations—to no nuclear power or to mining “yellow

232 232

ENatural thorium consists of the isotope “>“Th. The symbol “*“Th is therefore used interchange-

ably with natural thorium.
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Table 4-11. Requirements for operating a 1 GW{e) plant’ (6.1 TWh(e)
=1 yr operation at 70 percent capacity factor).

Material Handling

Land Mining /nvolved
30-Year Total Personnel/ 30-Year Total
(km?) (man-yrlyr)® (10° tons)
LWR (70 ppm uranium ore) 33 300 255°¢
LMFBR 0.2 2 1.3¢

3To calculate the requirements for running a 10 TW(e) operation, multiply the listed numbers
by 10*.

by man-year = 2000 hours.

COverburden factor: 3 m® per ton (averaged).

coal.” Near breeder reactors ameliorate the fuel supply problem without
eliminating it. They are somewhat more expensive than burners and could
buy time, if it is needed, for technological development, resource explora-
tion, and perfecting the institutions that might be required to safeguard the
nuclear fuel against being diverted to weapons use.

Building Up a Breeder System

Breeder reactors are essential if nuclear power is to achieve its ‘‘real” poten-
tial. They could possibly be expensive, even compared to near breeders. But
the proper perspective in which to view this expense is to realize the savings
that breeders bring in resource costs—that is, the cost could be reasonable
and justifiable. We now examine three possible strategies for getting from
the present situation (burners and only a few experimental or prototype
breeders) to the situation such that by 2030 there could be 10 TW(e)
installed capacity and no further demands on uranium resources because of
enough breeder reactors. These are the classical reactor strategy, the con-
verter breeder strategy, and the multipurpose strategy.

The Classical Reactor Strategy. Because LWRs dominate the nuclear in-
stallations of today, the standard or what we call the “classical” reactor
strategy has been to consider combinations of LWRs and breeder reactors.
The idea was to make use of fissile plutonium,? which is produced in LWRs,
for the installation of breeders, thus having a gradual buildup of breeders
that would eventually replace the original burners. For instance, 1 GW(e)
LWR of today’s design produces between 150 and 200 kg of fissile plu-

hNot all the isotopes of uranium and plutonium can be fissioned easily. Those that can are called
fissile: for plutonium, the fissile isotopes are 23%py and 241Pu; for uranium, they are 238y and P8y,
When we refer to either fissile plutonium or fissile uranium, we mean the total content of these fissile
nuclei.
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tonium per year of operation at a load factor of 0.7. This plutonium pro-
vides the first core—the inventory—of breeders.

We use the LMFBR as a representative of breeders in general, because it is
the most well known and the most advanced of the breeders. But the argu-
ments below apply qualitatively to other breeders.

Roughly 5 tons of fissile plutonium are required as reactor and fuel cycle
inventory per 1 GW(e) of LMFBR capacity. It is easy to determine the
dynamics of such combinations. Using typical values for the breeding prop-
erties of LMFBRs, Nakicenovic and Perry (1979) computed the distribu-
tion of power between today’s LWRs and LMFBRs and the cumulative
natural uranium demand of the classical reactor strategy. The results are
presented in Figure 4-2. The LMFBR builds up to an installed capacity of
5.7 TW(e) by the year 2030; it arrives at the 10 TW (e) installed capacity by
the year 2040. Thus, by the year 2030 there is still 4.3 TW(e) of installed
capacity supplied by LWRs, but this decreases rapidly.

For the classical reactor strategy, the cumulative natural uranium demand
by the year 2030 is about 13.6 million tons. The asymptotic cumulative
natural uranium demand—some 15 million tons—is reached around 2040, at
which time virtually all the reactors would be fast breeders. The require-
ments for natural uranium were derived assuming uranium recycling. The
very low, steady consumptive demand of the fast breeder reactor (FBR) is
insignificant: the vast amounts of depleted uranium coming from the enrich-
ment of the natural uranium used in LWRs are used up first.

In sum, the classical reactor strategy leads to a one-time consumption of
natural uranium of the order of 15 million tons. This is comfortably below

Figure 4-2. A classical reactor strategy.
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the approximately 23.5 million tons of high grade natural uranium resources
envisaged (Table 4-8); in other words, the 23.5 million tons of natural
uranium considered here are easily consistent with the uranium requirement
of the classical reactor strategy. However, the 4.3 million tons of natural
uranium (Table 4-6), which for planning purposes are reserves, are too small
a quantity to be consistent with this strategy. Thus, unless the expectations
that led to Table 4-8 are fulfilled, the classical reactor strategy is just not
good enough.

Eliminating the Burners. The advantage of the LWR in today’s nuclear
market is its low capital cost. However, the LWR is a relatively inefficient
converter of fissile uranium to fissile plutonium—the most efficient converter
being a breeder. And in fact, if the goal were to minimize natural uranium
consumption, only the LMFBR would be installed from the beginning (Spin-
rad 1979c). Then, the fuel used initially would be enriched uranium (of the
order of 20 percent enrichment); gradually the LMFBR would shift to the
use of plutonium fuel that is self-generated. The Soviet Union seems to be
envisaging, at least to some extent, the use of breeders in this way.

We can put an upper bound to the resource demands of this approach.
This upper bound is the result of assuming that all breeders are fueled
initially with enriched uranium. This approach does not take advantage of
the ability to fuel later breeders with the surplus fissile plutonium from ear-
lier breeders. How much uranium is involved in this upper bound?

We assume that 10 TW(e) are required. If this amount were plutonium
fueled, each GW(e) reactor would require about 5 tons of fissile plutonium
for its critical core and associated fuel cycle inventory. Thus, with 50,000
tons of fissile plutonium, one could endow a 10 TW(e) industry that would
need no further inputs of fissile material.

Although #3°U is not as efficient a fuel as fissile plutonium, in a breeder it
is not a bad fuel. About 1.2 atoms of #*°U are needed to replace 1 atom of
fissile plutonium. This replacement need only be done initially: the plu-
tonium formed from the initial enriched uranium would be recycled and
would therefore be enough to keep the reactor, first, in operation and, later,
in operation as a plutonium breeder. Thus 60,000 tons of #*°U, in the form
of 20 percent enriched uranium, is the approximate endowment for 10
TW(e) of breeders. If this amount of #**U is obtained in an enrichment plant
putting out tails at 0.15 percent 2*U assay, then the natural uranium
requirement would be 10.5 million tons.

We made an approximate calculation of the effects of introducing 10
TW(e) of breeders by building 333 GW(e) of breeders each year for thirty
years, of recycling all the fissile plutonium and 23U, and of introducing as
much virgin *3U as is needed to keep the system operating: the requirement
for natural uranium is about 8 million tons. Further, the breeder system
would become independent of natural uranium requirements before 2030.
Even smaller quantities of natural uranium, 5 to 6 million tons, would be
needed if the demand schedule were relaxed by five years. To this amount
must be added the natural uranium consumption of burner reactors during
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the buildup period, which could be 2 to 5 million tons, depending on
whether advanced converters or today’s LWRs are used.

Up to now, we have considered strategies whose only constraints on the
introduction of breeders were those of providing the fissile fuel to get the
breeders going. But breeders cannot be provided overnight. As with any
new type of technology, one must examine the constraints of market pene-
tration—that is, we must study the dynamics of penetration of breeder
reactors into the market for nuclear power.

Economics and Market Penetration. Reference to Figure 4-2 shows that
the classical reactor strategy is principally a LWR strategy until about 2015,
after which LMFBRs begin to dominate new construction. Resource-efficient
methods of LMFBR buildup can save a great deal of natural uranium as
compared to that needed in the classical strategy, but the early substitution
of LMFBRs for LWRs is necessary if the breeders are to have maximum
impact. It therefore becomes important to ask how quickly LMFBRs might
be able to penetrate the nuclear market.

Cohen (1979) analyzed this question using the method of Peterka (1977),
which postulates that, besides considering the actual cost differential of
power from different sources, high capital requirements must also be consid-
ered, since they, too, inhibit market penetration. Their results, exhibited in
Table 4-12, indicate that LMFBR penetration would be very weak unless,
simultaneously, LMFBRs achieved capital cost parity with LWRs and the
cost of yellowcake became very high. (Yellowcake at $100 (1978)/1b is the
cost equivalent of $260/kg of contained metal.)

Peterka’s method was analyzed by Spinrad (1980a), who showed that the
inhibiting effect of high capital cost in Peterka’s model results from the
assumption that utility system expansion must be self-financed. Removing
this assumption, Spinrad’s model remains mathematically similar to
Peterka’s, but depends more strongly on comparative power cost. But even

Table 4-12. Economic penetration of LMFBRs, by the Peterka model
(1978 3).

Cost of Yellowcake

Capital Cost of LWR

Capital Cost of LMFBR $220/kg $441/kg $661/kg $882/kg

(8/kW) (GW(e)) (GW(e)) (GW(e)) (GW(e))
700/700 410 1490 4210 7500
700/850 100 330 1000 2500
1000/1000 280 710 1720 3600
1000/1200 75 180 400 940
1000/1500 80 160

Assumptions: Total nuclear installation follows the reference trajectory. Penetration period is
1995-2030. Separative work cost is $100/kg-U. Capacity of LWRs in 1995 is 970 GW(e). Capacity
of LMFBRs in 1995 is 10 GW(e).

Note: For details on the Peterka model, see Peterka (1977).
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with this change, and with inflation-free costing (Spinrad 1980b), mar-
ket penetration of LMFBRs begins to occur rapidly only when the price
differential of power strongly favors LMFBRs. This situation occurs only
when prices of natural uranium go beyond $200/kg of uranium. Such a situa-
tion is only likely to be realized well after the year 2000.

A Converter-Breeder Strateqy. We are confronted with two observations.
First, the rate at which LMFBRs can be introduced would probably be
slower than that envisaged for FBRs in the classical reactor strategy. Second,
it seems to be prudent and responsible to envisage eventually only investive
uses of natural uranium—that is, to count on the use of only a finite amount
of high grade natural uranium on the order of 20 million tons. Ideally, we
would like to use less than this amount. This makes the eventual installation
of breeders a prerequisite for large-scale uses of nuclear power. We consider
now a strategy for meeting the 10 TW(e) installed nuclear capacity by the
year 2030 by means of converters and breeders. This is illustrated in Figure
4-3 and explained below.

The slower rate of introduction of breeders can be compensated by the en-
hancement of the neutron balance of burners, which means an enhancement
of their conversion ratio. They must become more nearly near breeders. One
possible way of achieving this is to use **U in advanced converter reactors
(as well as in advanced LWRs); it is then possible to bring the conversion
ratio up to 0.9, whereas present LWRs based on the uranium-plutonium
cycle have values close to 0.55. It is also necessary to consider recycling
uranium (including 233U and 2%U in spent fuel) in advanced converter reac-

Figure 4-3. A converter-breeder system.
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tors. This means spent fuel reprocessing, which is required for breeders as
well as for the efficient use of converters. Because the back end of the
nuclear fuel cycle is already delayed relative to the front end, spent fuel
reprocessing is even more important for the future than for the present.

In order to present a consistent picture of resource efficiency we contem-
plate a change in the tails assay of uranium enrichment plants. Instead of
0.15 percent #*°U tails assay assumed previously, we now consider 0.1 per-
cent #°U. This has its price: the enrichment capacity required thereby be-
comes larger by a factor of about 1.2.

In the converter-breeder system envisaged here (Figure 4-3), the radial
blanket of LMFBRs is the source of ?33U. Schikorr (1979) has shown that
the core characteristics of a LMFBR remain essentially untouched irrespec-
tive of whether the radial blanket is filled with 238U or with?32 Th. Schikorr’s
work supports earlier proposals of a similar nature (e.g., Bragli and Schultz
1974; Lang 1968; Wenzel 1971). We assume slightly improved breeding
ratios by going to v