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FOREWORD

IN APRIL 1968, a group of thirty individuals from ten
countries—scientists, educators, economists, humanists, indus-
trialists, and national and international civil servants—gathered
in the Accademia dei Lincei in Rome. They met at the insti-
gation of Dr. Aurelio Peccei, an Italian industrial manager,
economist, and man of vision, to discuss a subject of staggering
scope—the present and future predicament of man.

THE CLUB OF ROME

Out of this meeting grew The Club of Rome, an informal
organization that has been aptly described as an “invisible
college.” Its purposes are to foster understanding of the varied
but interdependent components—economic, political, natural,
and social—that make up the global system in which we all
live; to bring that new understanding to the attention of
policy-makers and the public worldwide; and in this way to
promote new policy initiatives and action.

The Club of Rome remains an informal international asso-
ciation, with a membership that has now grown to approxi-
mately seventy persons of twenty-five nationalities. None of its
members holds public office, nor does the group seek to express
any single ideological, political, or national point of view. All
are united, however, by their overriding conviction that the
major problems facing mankind are of such complexity and
are so interrelated that traditional institutions and policies are
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FOREWORD

no longer able to cope with them, nor even to come to grips
with their full content.

The members of The Club of Rome have backgrounds as
varied as their nationalities. Dr. Peccei, still the prime moving
force within the group, is affiliated with Fiat and Olivetti and
manages a consulting firm for economic and engineering
development, Italconsult, one of the largest of its kind in
Europe. Other leaders of The Club of Rome include: Hugo
Thiemann, head of the Battelle Institute in Geneva; Alexander
King, scientific director of the Organization for Economic
Cooperation and Development; Saburo Okita, head of the
Japan Economic Research Center in Tokyo; Eduard Pestel
of the Technical University of Hannover, Germany; and
Carroll Wilson of the Massachusetts Institute of Technology.
Although membership in The Club of Rome is limited, and
will not exceed one hundred, it is being expanded to include
representatives of an ever greater variety of cultures, nationali-
ties, and value systems.

THE PROJECT ON THE PREDICAMENT OF MANKIND

A series of early meetings of The Club of Rome culminated
in the decision to initiate a remarkably ambitious undertaking
—the Project on the Predicament of Mankind.

The intent of the project is to examine the complex of
problems troubling men of all nations: poverty in the midst
of plenty; degradation of the environment; loss of faith in
institutions; uncontrolled urban spread; insecurity of employ-
ment; alienation of youth; rejection of traditional values; and
inflation and other monetary and economic disruptions. These
seemingly divergent parts of the “world problematique,” as
The Club of Rome calls it, have three characteristics in com-

10



FOREWORD

mon: they occur to some degree in all societies; they contain
technical, social, economic, and political elements; and, most
important of all, they interact.

It is the predicament of mankind that man can perceive the
problematique, yet, despite his considerable knowledge and
skills, he does not understand the origins, significance, and
interrelationships of its many components and thus is unable
to devise effective responses. This failure occurs in large part
because we continue to examine single items in the problema-
tique without understanding that the whole is more than the
sum of its parts, that change in one element means change in
the others.

Phase One of the Project on the Predicament of Mankind
took definite shape at meetings held in the summer of 1970 in
Bern, Switzerland, and Cambridge, Massachusetts. At a two-
week conference in Cambridge, Professor Jay Forrester of the
Massachusetts Institute of Technology (MIT) presented a
global model that permitted clear identification of many spe-
cific components of the problematique and suggested a tech-
nique for analyzing the behavior and relationships of the most
important of those components. This presentation led to initia-
tion of Phase One at MIT, where the pioneering work of Pro-
fessor Forrester and others in the field of System Dynamics had
created a body of expertise uniquely suited to the research
demands.

The Phase One study was conducted by an international
team, under the direction of Professor Dennis Meadows, with
financial support from the Volkswagen Foundation. The
team examined the five basic factors that determine, and there-
fore, ultimately limit, growth on this planet—population, agri-
cultural production, natural resources, industrial production,

11



FOREWORD

and pollution. The research has now been completed. This
book is the first account of the findings published for general
readership.

A GLOBAL CHALLENGE

It is with genuine pride and pleasure that Potomac Associates
joins with The Club of Rome and the MIT research team in
the publication of The Limits to Growth.

We, like The Club of Rome, are a young organization, and
we believe the Club’s goals are very close to our own. Our
purpose is to bring new ideas, new analyses, and new ap-
proaches to persistent problems—both national and interna-
tional—to the attention of all those who care about and help
determine the quality and direction of our life. We are de-
lighted therefore to be able to make this bold and impressive
work available through our book program.

We hope that The Limits to Growth will command critical
attention and spark debate in all societies. We hope that it will
encourage cach reader to think through the consequences of
continuing to equate growth with progress. And we hope
that it will lead thoughtful men and women in all fields of
endeavor to consider the need for concerted action now if we
are to preserve the habitability of this planet for ourselves
and our children.

William Watts, President

POTOMAC ASSOCIATES

12
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INTRODUCTION

I do not wish to seem overdramatic, but
I can only conclude from the information
that is available to me as Secretary-
General, that the Members of the United
Nations have perhaps ten years left in
which to subordinate their ancient
quarrels and launch a global partnership
to curb the arms race, to improve the
human environment, to defuse the popu-
lation explosion, and to supply the
required momentum to development
efforts. If such a global partnership is
not forged within the next decade, then
I very much fear that the problems |
have mentioned will have reached such
staggering proportions that they will be
beyond our capacity to control.

U THANT, 1969

The problems U Thant mentions—
the arms race, environmental deterioration, the population ex-
plosion, and economic stagnation—are often cited as the cen-
tral, long-term problems of modern man. Many people believe
that the future course of human society, perhaps even the sur-
vival of human society, depends on the speed and effectiveness
with which the world responds to these issues. And yet only a
small fraction of the world’s population is actively concerned
with understanding these problems or secking their solutions.

HUMAN PERSPECTIVES

Every person in the world faces a series of pressures and prob-
lems that require his attention and action. These problems

17



INTRODUCTION

affect him at many different levels. He may spend much of
his time trying to find tomorrow’s food for himself and his
family. He may be concerned about personal power or the
power of the nation in which he lives. He may worry about
a world war during his lifetime, or a war next week with a
rival clan in his neighborhood.

These very different levels of human concern can be rep-
resented on a graph like that in figure 1. The graph has two
dimensions, space and time. Every human concern can be
located at some point on the graph, depending on how much
geographical space it includes and how far it extends in time.
Most people’s worries are concentrated in the lower left-hand
corner of the graph. Life for these people is difficult, and they
must devote nearly all of their efforts to providing for them-
selves and their families, day by day. Other people think
about and act on problems farther out on the space or time
axes. The pressures they perceive involve not only themselves,
but the community with which they identify. The actions they
take extend not only days, but weeks or years into the future.

A person’s time and space perspectives depend on his culture,
his past experience, and the immediacy of the problems con-
fronting him on each level. Most people must have successfully
solved the problems in a smaller area before they move their
concerns to a larger one. In general the larger the space and the
longer the time associated with a problem, the smaller the
number of people who are actually concerned with its solution.

There can be disappointments and dangers in limiting one’s
view to an area that is too small. There are many examples of
a person striving with all his might to solve some immediate,
local problem, only to find his efforts defeated by events
occurring in a larger context. A farmer’s carefully maintained

18
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Figure 1 HUMAN PERSPECTIVES
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Although the perspectives of the world’s people vary in space and in time,
every human concern falls somewhere on the space-time graph. The
majority of the world's people are concerned with matters that affect only
family or Iriends over a short period of time. Others look farther ahead in
time or over a larger area—a city or a nation. Only a very few people have
a global perspective that extends far into the future.

fields can be destroyed by an international war. Local officials’
plans can be overturned by a national policy. A country’s eco-
nomic development can be thwarted by a lack of world demand
for its products. Indeed there is increasing concern today that
most personal and national objectives may ultimately be frus-

trated by long-term, global trends such as those mentioned by
U Thant.
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Are the implications of these global trends actually so threat-
ening that their resolution should take precedence over local,
short-term concerns?

Is it true, as U Thant suggested, that there remains less than
a decade to bring these trends under control ?

If they are not brought under control, what will the con-
sequences be?

What methods does mankind have for solving global prob-
lems, and what will be the results and the costs of employing
cach of them?

These are the questions that we have been investigating in
the first phase of The Club of Rome’s Project on the Predica-
ment of Mankind. Our concerns thus fall in the upper right-
hand corner of the space-time graph.

PROBLEMS AND MODELS

Every person approaches his problems, wherever they occur on
the space-time graph, with the help of models. A model is
simply an ordered set of assumptions about a complex system.
It is an attempt to understand some aspect of the infinitely
varied world by selecting from perceptions and past experience
a set of general observations applicable to the problem at hand.
A farmer uses a mental model of his land, his assets, market
prospects, and past weather conditions to decide which crops to
plant each year. A surveyor constructs a physical model—a
map—to help in planning a road. An economist uses mathe-
matical models to understand and predict the flow of inter-
national trade.

Decision-makers at every level unconsciously use mental
models to choose among policies that will shape our future
world. These mental models are, of necessity, very simple when

20



INTRODUCTION

compared with the reality from which they are abstracted.
The human brain, remarkable as it is, can only keep track of
a limited number of the complicated, simultaneous interactions
that determine the nature of the real world.

We, too, have used a model. Ours is a formal, written model
of the world.* It constitutes a preliminary attempt to improve
our mental models of long-term, global problems by com-
bining the large amount of information that is already in
human minds and in written records with the new informa-
tion-processing tools that mankind’s increasing knowledge has
produced—the scientific method, systems analysis, and the
modern computer.

Our world model was built specifically to investigate five
major trends of global concern—accelerating industrialization,
rapid population growth, widespread malnutrition, depletion
of nonrenewable resources, and a deteriorating environment.
These trends are all interconnected in many ways, and their
development is measured in decades or centuries, rather than
in months or years. With the model we are seeking to under-
stand the causes of these trends, their interrelationships, and
their implications as much as one hundred years in the future.

The model we have constructed is, like every other model,
imperfect, oversimplified, and unfinished. We are well aware
of its shortcomings, but we believe that it is the most useful
model now available for dealing with problems far out on the
space-time graph. To our knowledge it is the only formal
model in existence that is truly global in scope, that has a

* The prototype model on which we have based our work was designed
by Professor Jay W. Forrester of the Massachusetts Institute of Tech-
nology. A description of that model has been published in his book
World Dynamics (Cambridge, Mass.: Wright-Allen Press, 1971).

21



INTRODUCTION

time horizon longer than thirty years, and that includes im-
portant variables such as population, food production, and pol-
lution, not as independent entities, but as dynamically inter-
acting elements, as they are in the real world.

Since ours is a formal, or mathematical, model it also has
two important advantages over mental models. First, every
assumption we make is written in a precise form so that it is
open to inspection and criticism by all. Second, after the as-
sumptions have been scrutinized, discussed, and revised to
agree with our best current knowledge, their implications for
the future behavior of the world system can be traced without
error by a computer, no matter how complicated they become.

We feel that the advantages listed above make this model
unique among all mathematical and mental world models
available to us today. But there is no reason to be satisfied with
it in its present form. We intend to alter, expand, and improve
it as our own knowledge and the world data base gradually
improve.

In spite of the preliminary state of our work, we believe it
is important to publish the model and our findings now. De-
cisions are being made every day, in every part of the world,
that will affect the physical, economic, and social conditions
of the world system for decades to come. These decisions can-
not wait for perfect models and total understanding. They will
be made on the basis of some model, mental or written, in any
case. We feel that the model described here is already suffi-
ciently developed to be of some use to decision-makers. Fur-
thermore, the basic behavior modes we have already observed
in this model appear to be so fundamental and general that
we do not expect our broad conclusions to be substantially
altered by further revisions.
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It is not the purpose of this book to give a complete, scien-
tific description of all the data and mathematical equations
included in the world model. Such a description can be found
in the final technical report of our project. Rather, in The
Limits to Growth we summarize the main features of the
model and our findings in a brief, nontechnical way. The em-
phasis is meant to be not on the equations or the intricacies of
the model, but on what it tells us about the world. We have
used a computer as a tool to aid our own understanding of the
causes and consequences of the accelerating trends that char-
acterize the modern world, but familiarity with computers is
by no means necessary to comprehend or to discuss our con-
clusions. The implications of those accelerating trends raise
issues that go far beyond the proper domain of a purely scien-
tific document. They must be debated by a wider community
than that of scientists alone. Our purpose here is to open that
debate.

The following conclusions have emerged from our work so
far. We are by no means the first group to have stated them.
For the past several decades, people who have looked at the
world with a global, long-term perspective have reached sim-
ilar conclusions. Nevertheless, the vast majority of policy-
makers seems to be actively pursuing goals that are inconsistent
with these results.

Our conclusions are:

1. If the present growth trends in world population, industrial-
ization, pollution, focd production, and resource depletion con-
tinue unchanged, the limits to growth on this planet will be
reached sometime within the next one hundred years. The
most probable result will be a rather sudden and uncontrol-
lable decline in both population and industrial capacity.
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2. It is possible to alter these growth trends and to establish a
condition of ecological and economic stability that is sustain-
able far into the future. The state of global equilibrium could
be designed so that the basic material needs of each person on
earth are satisfied and each person has an equal opportunity
to realize his individual human potential.

3. If the world’s people decide to strive for this second out-
come rather than the first, the sooner they begin working to
attain it, the greater will be their chances of success.

These conclusions are so far-reaching and raise so many
questions for further study that we are quite frankly over-
whelmed by the enormity of the job that must be done. We
hope that this book will serve to interest other people, in many
fields of study and in many countries of the world, to raise the
space and time horizons of their concerns and to join us in
understanding and preparing for a period of great transition—
the transition from growth to global equilibrium.



CHAPTER 1

THE

NATURE

OF
EXPONENTIAL
GROWTH

People at present think that five sons
are not too many and each son has five
sons also, and before the death of the
grandfather there are already 25
descendants. Therefore people are
more and wealth is less; they work
hard and receive little.

HAN FEI-TZU, ca. 500 B.C.

A\l five elements basic to the study
reported here—population, food production, industrialization,
pollution, and consumption of nonrenewable natural re-
sources—are increasing. The amount of their increase each year
follows a pattern that mathematicians call exponential growth.
Nearly all of mankind’s current activities, from use of fertilizer
to expansion of cities, can be represented by exponential growth
curves (see figures 2 and 3). Since much of this book deals
with the causes and implications of exponential growth curves,
it is important to begin with an understanding of their general
characteristics.

THE MATHEMATICS OF EXPONENTIAL GROWTH
Most people are accustomed to thinking of growth as a linear
process. A quantity is growing linearly when it increases by a
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Figure 2 WORLD FERTILIZER CONSUMPTION
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World fertilizer consumption is increasing exponentially, with a doubling
time of about 10 years. Total use is now five times greater than it was
during World War II.

NOTE: Figures do not include the USSR or the People's Republic of China.

SOURCES: UN D of E ic and Social Afairs, Statistical Yearbook 1955,
Statistical Yearbook 1960, and Statistical Yearbook 1970 (New York: United Nations, 1856,
1961, and 1971).

constant amount in a constant time period. For example, a
child who becomes one inch taller each year is growing lin-
carly. If a miser hides $10 each year under his mattress, his

26
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Figure 3 WORLD URBAN POPULATION
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Total urban population is expected to increase exponentially in the less
developed regions of the world, but almost linearly in the more developed
regions. Present average doubling time for city populations in less de-
veloped regions is 15 years.

SOURCE: UN Department of Economic and Social AMairs, The World Population Situation
in 1970 (New York: United Nations, 1971).

horde of money is also increasing in a linear way. The amount
of increase each year is obviously not affected by the size of
the child nor the amount of money already under the mattress.

A quantity exhibits exponential growth when it increases
by a constant percentage of the whole in a constant time
period. A colony of yeast cells in which each cell divides into
two cells every 10 minutes is growing exponentially. For each
single cell, after 10 minutes there will be two cells, an increase
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Figure 4 THE GROWTH OF SAVINGS
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If a miser hides $10 each year under his mattress, his savings will grow
linearly, as shown by the lower curve. If, after 10 years, he invests his
$100 at 7 percent interest, that $100 will grow exponentially, with a
doubling time of 10 years.

of 100 percent. After the next 10 minutes there will be four
cells, then eight, then sixteen. If a miser takes $100 from his
mattress and invests it at 7 percent (so that the total amount
accumulated increases by 7 percent each year), the invested
money will grow much faster than the linearly increasing
stock under the mattress (see figure 4). The amount added
each year to a bank account or each 10 minutes to a yeast
colony is not constant. It continually increases, as the total
accumulated amount increases. Such exponential growth is a
common process in biological, financial, and many other sys-
tems of the world.
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THE NATURE OF EXPONENTIAL GROWTH

Common as it is, exponential growth can yield surprising
results—results that have fascinated mankind for centuries.
There is an old Persian legend about a clever courtier who
presented a beautiful chessboard to his king and requested
that the king give him in return 1 grain of rice for the first
square on the board, 2 grains for the second square, 4 grains
for the third, and so forth. The king readily agreed and or-
dered rice to be brought from his stores. The fourth square
of the chessboard required 8 grains, the tenth square took 512
grains, the fifteenth required 16,384, and the twenty-first
square gave the courtier more than a million grains of rice.
By the fortieth square a million million rice grains had to be
brought from the storerooms. The king’s entire rice supply
was exhausted long before he reached the sixty-fourth square.
Exponential increase is deceptive because it generates immense
numbers very quickly.

A French riddle for children illustrates another aspect of
exponential growth—the apparent suddenness with which it
approaches a fixed limit. Suppose you own a pond on which a
water lily is growing. The lily plant doubles in size each day.
If the lily were allowed to grow unchecked, it would com-
pletely cover the pond in 30 days, choking off the other forms
of life in the water. For a long time the lily plant seems small,
and so you decide not to worry about cutting it back until
it covers half the pond. On what day will that be? On the
twenty-ninth day, of course. You have one day to save your
pond.*

It is useful to think of exponential growth in terms of
doubling time, or the time it takes a growing quantity to

* We are indebted to M. Robert Lattes for telling us this riddle.
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double in size. In the case of the lily plant described above,
the doubling time is 1 day. A sum of money left in a bank
at 7 percent interest will double in 10 years. There is a simple
mathematical relationship between the interest rate, or rate
of growth, and the time it will take a quantity to double in
size. The doubling time is approximately equal to 70 divided
by the growth rate, as illustrated in table 1.

Table 1 DOUBLING TIME

Groswth rate Doubling time
(% per year) (years)
0.1 700
05 140
1.0 70
2.0 35
4.0 18
5.0 14
7.0 10
10.0 7

MODELS AND EXPONENTIAL GROWTH

Exponential growth is a dynamic phenomenon, which means
that it involves elements that change over time. In simple
systems, like-the bank account or the lily pond, the cause of
exponential growth and its future course are relatively easy to
understand. When many different quantities are growing
simultaneously in a system, however, and when all the quan-
tities are interrelated in a complicated way, analysis of the
causes of growth and of the future behavior of the system
becomes very difficult indeed. Does population growth cause
industrialization or does industrialization cause population
growth? Is either one singly responsible for increasing pol-
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lution, or are they both responsible? Will more food produc-
tion result in more population? If any one of these elements
grows slower or faster, what will happen to the growth rates
of all the others? These very questions are being debated in
many parts of the world today. The answers can be found
through a better understanding of the entire complex system
that unites all of these important elements.

Over the course of the last 30 years there has evolved at
the Massachusetts Institute of Technology a new method for
understanding the dynamic behavior of complex systems. The
method is called System Dynamics.* The basis of the method
is the recognition that the structure of any system—the many
circular, interlocking, sometimes time-delayed relationships
among its components—is often just as important in deter-
mining its behavior as the individual components themselves.
The world model described in this book is a System Dynamics
model.

Dynamic modeling theory indicates that any exponentially
growing quantity is somehow involved with a positive feed-
back loop. A positive feedback loop is sometimes called a
“vicious circle.” An example is the familiar wage-price spiral—
wages increase, which causes prices to increase, which leads to
demands for higher wages, and so forth. In a positive feedback
loop a chain of cause-and-cffect relationships closes on itself,
so that increasing any one element in the loop will start a
sequence of changes that will result in the originally changed
element being increased even more.

* A detailed description of the method of System Dynamics analysis is
presented in J. W. Forrester’s Industrial Dynamics (Cambridge, Mass.:
MIT Press, 1961) and Principles of Systems (Cambridge, Mass.: Wright-
Allen Press, 1968).
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The positive feedback loop that accounts for exponential
increase of money in a bank account can be represented like

this: /_\

interest added
(dollars per year)  (4) m°“‘::::l :':;Oum

Pé \—/
interest rate
(7%)

Suppose $100 is deposited in the account. The first year’s
interest is 7 percent of $100, or $7, which is added to the
account, making the total $107. The next year’s interest is 7
percent of $107, or $7.49, which makes a new total of $114.49.
One year later the interest on that amount will be more than
$8.00. The more money there is in the account, the more
money will be added each year in interest. The more is added,
the more there will be in the account the next year causing
even more to be added in interest. And so on. As we go
around and around the loop, the accumulated money in the
account grows exponentially. The rate of interest (constant
at 7 percent) determines the gain around the loop, or the
rate at which the bank account grows.

We can begin our dynamic analysis of the long-term world
situation by looking for the positive feedback loops underlying
the exponential growth in the five physical quantities we have
already mentioned. In particular, the growth rates of two of
these elements—population and industrialization—are of in-
terest, since the goal of many development policies is to
encourage the growth of the latter relative to the former. The
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Figure 5 WORLD POPULATION
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World population since 1650 has been growing exponentially at an increas-
ing rate. Estimated population in 1970 is already slightly higher than the
projection illustrated here (which was made in 1958). The present world
population growth rate is about 2.1 percent per year, corresponding to a
doubling time of 33 years.

SOURCE: Donald J. Bogue, Principles of D aphy (New York: John Wiley and Sons,
1969).

two basic positive feedback loops that account for exponential
population and industrial growth are simple in principle. We
will describe their basic structures in the next few pages. The
many interconnections between these two positive feedback
loops act to amplify or to diminish the action of the loops,
to couple or uncouple the growth rates of population and of
industry. These interconnections constitute the rest of the world
model and their description will occupy much of the rest of
this book.
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WORLD POPULATION GROWTH
The exponential growth curve of world population is shown
in figure 5. In 1650 the population numbered about 0.5 billion,*
and it was growing at a rate of approximately 0.3 percent per
year.! That corresponds to a doubling time of nearly 250 years.
In 1970 the population totaled 3.6 billion and the rate of growth
was 2.1 percent per year.® The doubling time at this growth
rate is 33 years. Thus, not only has the population been grow-
ing exponentially, but the rate of growth has also been growing.
We might say that population growth has been “super”-
exponential ; the population curve is rising even faster than it
would if growth were strictly exponential.

The feedback loop structure that represents the dynamic
behavior of population growth is shown below.

-

births _y deaths
per year (+) population (-) parIser
average MM \—/m\mge nTorlallty
(fraction of population (fraction of population
giving birth each year) dying each year)

On the left is the positive feedback loop that accounts for
the observed exponential growth. In a population with constant
average fertility, the larger the population, the more babies
will be born each year. The more babies, the larger the popula-

* The word “billion” in this book will be used to mean 1000 million,
i.e. the European “milliard.”

1 Notes begin on page 201.
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tion will be the following year. After a delay to allow those
babies to grow up and become parents, even more babies will
be born, swelling the population still further. Steady growth
will continue as long as average fertility remains constant. If,
in addition to sons, each woman has on the average two
female children, for example, and each of them grows up to
have two more female children, the population will double
each generation. The growth rate will depend on both the
average fertility and the length of the delay between genera-
tions. Fertility is not necessarily constant, of course, and in
chapter III we will discuss some of the factors that cause it
to vary.

There is another feedback loop governing population
growth, shown on the right side of the diagram above. It is a
negative feedback loop. Whereas positive feedback loops
generate runaway growth, negative feedback loops tend to
regulate growth and to hold a system in some stable state.
They behave much as a thermostat does in controlling the
temperature of a room. If the temperature falls, the thermostat
activates the heating system, which causes the temperature to
rise again. When the temperature reaches its limit, the ther-
mostat cuts off the heating system, and the temperature begins
to fall again. In a negative feedback loop a change in one
element is propagated around the circle until it comes back to
change that element in a direction opposite to the initial
change.

The negative feedback loop controlling population is based
upon average mortality, a reflection of the general health of
the population. The number of deaths each year is equal to
the total population times the average mortality (which we
might think of as the average probability of death at any age).
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An increase in the size of a population with constant average
mortality will result in more deaths per year. More deaths will
leave fewer people in the population, and so there will be
fewer deaths the next year. If on the average 5 percent of the
population dies each year, there will be 500 deaths in a popula-
tion of 10,000 in one year. Assuming no births for the moment,
that would leave 9,500 people the next year. If the probability
of death is still 5 percent, there will be only 475 deaths in
this smaller population, leaving 9,025 people. The next year
there will be only 452 deaths. Again, there is a delay in this
feedback loop because the mortality rate is a function of the
average age of the population. Also, of course, mortality even
at a given age is not necessarily constant.

If there were no deaths in a population, it would grow
exponentially by the positive feedback loop of births, as shown
below. If there were no births, the population would decline

population

to zero because of the negative feedback loop of deaths, also
as shown below. Since every real population experiences both

population
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births and deaths, as well as varying fertility and mortality, the
dynamic behavior of populations governed by these two
interlocking feedback loops can become fairly complicated.
What has caused the recent super-exponential rise in world
population? Before the industrial revolution both fertility and
mortality were comparatively high and irregular. The birth
rate generally exceeded the death rate only slightly, and popu-
lation grew exponentially, but at a very slow and uneven rate.
In 1650 the average lifetime of most populations in the world
was only about 30 years. Since then, mankind has developed
many practices that have had profound effects on the popula-
tion growth system, especially on mortality rates. With the
spread of modern medicine, public health techniques, and new
methods of growing and distributing foods, death rates have
fallen around the world. World average life expectancy is
currently about 53 years® and still rising. On a world average
the gain around the positive feedback loop (fertility) has
decreased only slightly while the gain around the negative
feedback loop (mortality) is decreasing. The result is an
increasing dominance of the positive feedback loop and the
sharp exponential rise in population pictured in figure 5.
What about the population of the future? How might we
extend the population curve of figure 5 into the twenty-first
century? We will have more to say about this in chapters
III and IV. For the moment we can safely conclude that
because of the delays in the controlling feedback loops, espe-
cially the positive loop of births, there is no possibility of
leveling off the population growth curve before the year 2000,
even with the most optimistic assumption of decreasing fer-
tility. Most of the prospective parents of the year 2000 have
already been born. Unless there is a sharp rise in mortality,
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Figure 6 WORLD INDUSTRIAL PRODUCTION
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World industrial production, relative to the base year 1963, also shows a
clear exponential increase despite small fluctuations. The 1963-68 average
growth rate of total production is 7 percent per year. The per capita growth
rate is 5 percent per year.

SOURCES: UN Department of Economic and Social Affairs, Statistical Yearbook 1956 and
Statistical Yearbook 1969 (New York: United Nations, 1957 and 1970).

which mankind will certainly strive mightily to avoid, we
can look forward to a world population of around 7 billion
persons in 30 more years. And if we continue to succeed in
lowering mortality with no better success in lowering fertility
than we have accomplished in the past, in 60 years there will
be four people in the world for every one person living today.

WORLD ECONOMIC GROWTH

A second quantity that has been increasing in the world even
faster than human population is industrial output. Figure 6
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shows the expansion of world industrial production since 1930,
with 1963 production as the base of reference. The average
growth rate from 1963 to 1968 was 7 percent per year, or
5 percent per year on a per capita basis.

What is the positive feedback loop that accounts for expo-
nential growth of industrial output? The dynamic structure,
diagramed below, is actually very similar to the one we have
already described for the population system.

investment  (+) '"c‘.’:::" (=) depreciation
(capital added (capital discarded

per year) J, < A p-rTmr)

Imrutmok lndu-mal average lifetime

of capital

With a given amount of industrial capital (factories, trucks,
tools, machines, etc.), a certain amount of manufactured out-
put cach year is possible. The output actually produced is also
dependent on labor, raw materials, and other inputs. For the
moment we will assume that these other inputs are sufficient,
so that capital is the limiting factor in production. (The world
model does include these other inputs.) Much of each year’s
output is consumable goods, such as textiles, automobiles, and
houses, that leave the industrial system. But some fraction of
the production is more capital—looms, steel mills, lathes—
which is an investment to increase the capital stock. Here we
have another positive feedback loop. More capital creates more
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Figure 7 ECONOMIC GROWTH RATES
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The economic growth of individual nations indicates that differences in
exponential growth rates are widening the economic gap between rich and
poor countries.

SOURCE: Simon Kuznets, Economic Growth of Nations (Cambridge, Mass.: Harvard Uni-
versity Press, 1971).
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output, some variable fraction of the output is investment,
and more investment means more capital. The new, larger
capital stock generates even more output, and so on. There
are also delays in this feedback loop, since the production of a
major piece of industrial capital, such as an electrical generat-
ing plant or a refinery, can take several years.

Capital stock is not permanent. As capital wears out or
becomes obsolete, it is discarded. To model this situation we
must introduce into the capital system a negative feedback
loop accounting for capital depreciation. The more capital
there is, the more wears out on the average each year; and the
more that wears out, the less there will be the next year. This
negative feedback loop is exactly analogous to the death rate
loop in the population system. As in the population system,
the positive loop is strongly dominant in the world today,
and the world’s industrial capital stock is growing exponen-
tially.

Since industrial output is growing at 7 percent per year
and population only at 2 percent per year, it might appear
that dominant positive feedback loops are a cause for rejoicing.
Simple extrapolation of those growth rates would suggest that
the material standard of living of the world’s people will
double within the next 14 years. Such a conclusion, however,
often includes the implicit assumption that the world’s growing
industrial output is evenly distributed among the world’s
citizens. The fallacy of this assumption can be appreciated
when the per capita economic growth rates of some individual
nations are examined (see figure 7).

Most of the world’s industrial growth plotted in figure 6 is
actually taking place in the already industrialized countries,
where the rate of population growth is comparatively low.
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Table 2 ECONOMIC AND POPULATION GROWTH RATES

Average
Average annual
annual growth rate
growth rate GNP of GNP
Populati f populati per capita per capita
(1968) (1961—68) (1968) (1961-68)
Country (million) (% per year) (US dollars) (% per year)
People’s Republic
of China® 730 15 90 0.3
{7 [T | R 524 25 100 1.0
USSR* 238 13 1,100 5.8
United States . 201 1.4 3,980 34
Pakistan .. . 123 26 100 31
Indonesia . .. 113 24 100 0.8
Japan 101 1.0 1,190 9.9
Brazil s 88 30 250 16
Nigeria: o 63 24 70 —03
Federal Republic
of Germany 60 1.0 1,970 34

The International Bank for Reconstruction and Development qualifies its estimates
for China and the USSR with the following statement: “Estimates of GNP per
capita and its growth rate have a wide margin of error mainly because of the
problems in deriving the GNP at factor cost from net material product and in
converting the GNP estimate into US dollars.” United Nations estimates are in
general agreement with those of the IBRD.

sounce: World Bank Atlas (Washington,DC: International Bank for Reconstruction
and Development, 1970).

The most revealing possible illustration of that fact is a simple
table listing the economic and population growth rates of the
ten most populous nations of the world, where 64 percent
of the world’s population currently lives. Table 2 makes very
clear the basis for the saying, “The rich get richer and the poor
get children.”

It is unlikely that the rates of growth listed in table 2 will
continue unchanged even until the end of this century. Many
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factors will change in the next 30 years. The end of civil
disturbance in Nigeria, for example, will probably increase the
economic growth rate there, while the onset of civil disturb-
ance and then war in Pakistan has already interfered with
economic growth there. Let us recognize, however, that the
growth rates listed above are the products of a complicated
social and economic system that is essentially stable and that
is likely to change slowly rather than quickly, except in cases
of severe social disruption.

It is a simple matter of arithmetic to calculate extrapolated
values for gross national product (GNP) per capita from now
until the year 2000 on the assumption that relative growth
rates of population and GNP will remain roughly the same in
these ten countries. The result of such a calculation appears in
table 3. The values shown there will almost certainly noz ac-
tually be realized. They are not predictions. The values merely
indicate the general direction our system, as it is currently
structured, is taking us. They demonstrate that the process of

Table 3 EXTRAPOLATED GNP FOR THE YEAR 2000

GNP per capita
Country (in US dollars ®)
People’s Republic of China ... 100
India ... 140
United States : oo cooe 11,000
PalIon wocanmp s s s e 250
Indonesia — 130
AP i s 23,200
BEFL s e e 440
Nigeria 60
Federal Republic of Germany 5,850

* Based on the 1968 dollar with no allowance for inflation.
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economic growth, as it is occurring today, is inexorably widen-
ing the absolute gap between the rich and the poor nations of
the world.

Most people intuitively and correctly reject extrapolations
like those shown in table 3, because the results appear ridicu-
lous. It must be recognized, however, that in rejecting extra-
polated values, one is also rejecting the assumption that there
will be 7o change in the system. If the extrapolations in table 3
do not actually come to pass, it will be because the balance
between the positive and negative feedback loops determining
the growth rates of population and capital in each nation has
been altered. Fertility, mortality, the capital investment rate,
the capital depreciation rate—any or all may change. In pos-
tulating any different outcome from the one shown in table 3,
one must specify which of these factors is likely to change,
by how much, and when. These are exactly the questions we
are addressing with our model, not on a national basis, but
on an aggregated global one.

To speculate with any degree of realism on future growth
rates of population and industrial capital, we must know
something more about the other factors in the world that
interact with the population-capital system. We shall begin
by asking a very basic set of questions.

Can the growth rates of population and capital presented
in table 3 be physically sustained in the world? How many
people can be provided for on this earth, at what level of
wealth, and for how long? To answer these questions, we
must look in detail at those systems in the world which pro-
vide the physical support for population and economic growth.



CHAPTER 11

THE

LIMITS

TO
EXPONENTIAL
GROWTH

For which of you, intending to build a
tower, sitteth not down first, and
counteth the cost, whether he have
sufficient to finish it?

LUKE 14:28

What will be needed to sustain
world economic and population growth until, and perhaps
even beyond, the year 20007 The list of necessary ingredients
is long, but it can be divided roughly into two main categories.

The first category includes the physical necessities that sup-
port all physiological and industrial activity—food, raw mate-
rials, fossil and nuclear fuels, and the ecological systems of
the planet which absorb wastes and recycle important basic
chemical substances. These ingredients are in principle tan-
gible, countable items, such as arable land, fresh water, metals,
forests, the oceans. In this chapter we will assess the world’s
stocks of these physical resources, since they are the ultimate
determinants of the limits to growth on this earth.

The second category of necessary ingredients for growth
consists of the social necessities. Even if the earth’s physical
systems are capable of supporting a much larger, more econom-
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ically developed population, the actual growth of the economy
and of the population will depend on such factors as peace
and social stability, education and employment, and steady
technological progress. These factors are much more difficult
to assess or to predict. Neither this book nor our world model
at this stage in its development can deal explicitly with these
social factors, except insofar as our information about the
quantity and distribution of physical supplies can indicate
possible future social problems.

Food, resources, and a healthy environment are necessary
but not sufficient conditions for growth. Even if they are abun-
dant, growth may be stopped by social problems. Let us assume
for the moment, however, that the best possible social con-
ditions will prevail. How much growth will the physical system
then support? The answer we obtain will give us some esti-
mate of the upper limits to population and capital growth,
but no guarantee that growth will actually proceed that far.

FOOD

In Zambia, in Africa, 260 of every thousand babies born are dead
before their first birthday. In India and Pakistan the ratio is 140 of
every thousand; in Colombia it is 82. Many more die before they reach
school age; others during the early school years.

Where death certificates are issued for preschool infants in the poor
countries, death is generally attributed to measles, pneumonia, dysen-
tery, or some other disease. In fact these children are more likely to be
the victims of malnutrition.*

No one knows exactly how many of the world’s people are
inadequately nourished today, but there is general agreement
that the number is large—perhaps 50 to 60 percent of the
population of the less industrialized countries,’” which means
one-third of the population of the world. Estimates by the
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Figure 8 PROTEIN AND CALORIC INTAKE
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Daily protein and calorie requirements are not being supplied to most
areas of the world. Inequalities of distribution exist not only among
regions, as shown here, but also within regions. According to the UN Food
and Agriculture Organization, areas of greatest shortage include the
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“Andean countries, the semi-arid stretches of Africa and the Near East,
and some densely populated countries of Asia."” Lines indicating calories
and proteins required are those estimated for North Americans. The as-
sumption has been made that if diets in other regions were sufficient to
allow people to reach full potential body weight, requirements would be
the same everywhere.

SOURCE: UN Food and Agricult Organizati Provisional Indi World Plan for
Agricultural Develop t (Rome: UN Food and Agriculture Organization, 1970).

UN Food and Agriculture Organization (FAO) indicate that
in most of the developing countries basic caloric requirements,
and particularly protein requirements, are not being supplied
(see figure 8). Furthermore, although total world agricultural
production is increasing, food production per capita in the
nonindustrialized countries is barely holding constant at its
present inadequate level (see figure 9). Do these rather dismal
statistics mean that the limits of food production on the earth
have already been reached?

The primary resource necessary for producing food is land.
Recent studies indicate that there are, at most, about 3.2 billion
hectares of land (7.86 billion acres) potentially suitable for
agriculture on the earth.® Approximately half of that land,
the richest, most accessible half, is under cultivation today.
The remaining land will require immense capital inputs to
reach, clear, irrigate, or fertilize before it is ready to produce
food. Recent costs of developing new land have ranged from
$215 to $5,275 per hectare. Average cost for opening land in
unsecttled areas has been $1,150 per hectare.” According to an
FAO report, opening more land to cultivation is not econom-
ically feasible, even given the pressing need for food in the
world today:

In Southern Asia . . . in some countries in Eastern Asia, in the Near

East and North Africa, and in certain parts of Latin America and
Africa . . . there is almost no scope for expanding the arable area.
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Figure 9 FOOD PRODUCTION

regional average food production index (1952 - 56 = 100)

Africa Near East
140 140 P
N LT
120 — 120 |
/\/ —
100 | 100 —
80 80
1958 1960 1962 1964 1966 1968 1870 1958 1960 1962 1964 1966 1968
Far East Latin America
" p—
140 // 140
/""-/ /
120 P 120 -—
/ ——
100 = " 100 e ™ s
80 80
1958 1960 1962 1964 1966 1968 1970 1958 1960 1962 1964 1966 1968

= total food production mmm per capita food production

Total food production in the nonindustrialized regions of the world has
risen at about the same rate as the population. Thus food production
per capita has remained nearly constant, at a low level.

SOURCE: UN Food and Agriculture Organization, The State of Food and Agricullure 1870
(Rome: UN Food and Agricullure Organization, 1970).

. . . In the dryer regions it will even be necessary to return to perma-
nent pasture the land which is marginal or submarginal for cultivation.
In most of Latin America and Africa South of the Sahara there are
still considerable possibilities for expanding cultivated area, but the costs
of development are high and it will be often more economical to inten-
sify utilization of the areas already settled.?

If the world’s people did decide to pay the high capital costs,
to cultivate all possible arable land, and to produce as much
food as possible, how many people could theoretically be fed?
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Figure 10 ARABLE LAND
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Total world supply of arable land is about 3.2 billion hectares. About 0.4
hectares per person of arable land are needed at present productivity. The
curve of land needed thus reflects the population growth curve. The
light line after 1970 shows the projected need for land, assuming that
world population continues to grow at its present rate. Arable land
available decreases because arable land is removed for urban-industrial
use as population grows. The dotted curves show land needed if present
productivity is doubled or quadrupled.

The lower curve in figure 10 shows the amount of land needed
to feed the growing world population, assuming that the
present world average of 0.4 hectares per person is sufficient.
(To feed the entire world population at present US standards,
0.9 hectares per person would be required.) The upper curve in
figure 10 shows the actual amount of arable land available
over time. This line_slopes downward because each additional
person requires a certain amount of land (0.08 hectares per
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person assumed here*) for housing, roads, waste disposal,
power lines, and other uses that essentially “pave” arable land
and make it unusable for food production. Land loss through
erosion is not shown here, but it is by no means negligible.
Figure 10 shows that, even with the optimistic assumption that
all possible land is utilized, there will still be a desperate land
shortage before the year 2000 if per capita land requirements
and population growth rates remain as they are today.
Figure 10 also illustrates some very important general facts
about exponential growth within a limited space. First, it
shows how one can move within a very few years from a
situation of great abundance to one of great scarcity. There
has been an overwhelming excess of potentially arable land
for all of history, and now, within 30 years (or about one
population doubling time), there may be a sudden and serious
shortage. Like the owner of the lily pond in our example in
chapter I, the human race may have very little time to react
to a crisis resulting from exponential growth in a finite space.
A second lesson to be learned from figure 10 is that precise
numerical assumptions about the limits of the earth are un-
important when viewed against the inexorable progress of
exponential growth. We might assume, for example, that no
arable land is taken for cities, roads, or other nonagricultural
uses. In that case, the land available is constant, as shown by
the horizontal dashed line. The point at which the two curves
cross is delayed by about 10 years. Or we can suppose that it
is possible to double, or even quadruple, the productivity of
the land through advances in agricultural technology and in-

* Aerial surveys of forty-four counties in the western United States
from 1950 to 1960 indicate that built-on land ranged from .008 to .174
hectares per person.®
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vestments in capital, such as tractors, fertilizer, and irrigation
systems. The effects of two different assumptions about in-
creased productivity are shown by the dotted lines in figure
10. Each doubling of productivity gains about 30 years, or
less than one population doubling time.

Of course, society will not be suddenly surprised by the
“crisis point” at which the amount of land needed becomes
greater than that available. Symptoms of the crisis will begin
to appear long before the crisis point is reached. Food prices
will rise so high that some people will starve; others will be
forced to decrease the effective amount of land they use and
shift to lower quality diets. These symptoms are already appar-
ent in many parts of the world. Although only half the land
shown in figure 10 is now under cultivation, perhaps 10 to 20
million deaths each year can be attributed directly or indirectly
to malnutrition."

There is no question that many of these deaths are due to
the world’s social limitations rather than its physical ones.
Yet there is clearly a link between these two kinds of limitations
in the food-producing system. If good fertile land were still
easily reached and brought under cultivation, there would be no
economic barrier to feeding the hungry, and no difficult social
choices to make. The best half of the world’s potentially arable
land is already cultivated, however, and opening new land
is already so costly that society has judged it “uneconomic.”
This is a social problem exacerbated by a physical limitation.

Even if society did decide to pay the necessary costs to gain
new land or to increase productivity of the land already cul-
tivated, figure 10 shows how quickly rising population would
bring about another “crisis point.” And each successive crisis
point will cost more to overcome. Each doubling of yield
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from the land will be more expensive than the last one. We
might call this phenomenon the law of increasing costs. The
best and most sobering example of that law comes from an
assessment of the cost of past agricultural gains. To achieve a
34 percent increase in world food production from 1951 to 1966,
agriculturalists increased yearly expenditures on tractors by 63
percent, annual investment in nitrate fertilizers by 146 percent,
and annual use of pesticides by 300 percent.'* The next 34 per-
cent increase will require even greater inputs of capital and
resources.

How many people can be fed on this earth? There is, of
course, no simple answer to this question. The answer depends
on the choices society makes among various available alterna-
tives. There is a direct trade-off between producing more food
and producing other goods and services needed or desired by
mankind. The demand for these other goods and services is
also increasing as population grows, and therefore the trade-
off becomes continuously more apparent and more difficult to
resolve. Even if the choice were consistently to produce food
as the first priority, however, continued population growth
and the law of increasing costs could rapidly drive the system
to the point where all available resources were devoted to
producing food, leaving no further possibility of expansion.

In this section we have discussed only one possible limit to
food production—arable land. There are other possible limits,
but space does not permit us to discuss them in detail here.
The most obvious one, second in importance only to land, is
the availability of fresh water. There is an upper limit to the
fresh water runoff from the land areas of the earth each year,
and there is also an exponentially increasing demand for that
water. We could draw a graph exactly analogous to figure 10
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to show the approach of the increasing demand curve for
water to the constant average supply. In some areas of the
world, this limit will be reached long before the land limit
becomes apparent.

It is also possible to avoid or extend these limits by techno-
logical advances that remove dependence on the land (syn-
thetic food) or that create new sources of fresh water (desalin-
ization of sea water). We shall discuss such innovations fur-
ther in chapter IV. For the moment it is sufficient to recognize
that no new technology is spontaneous or without cost. The
factories and raw materials to produce synthetic food, the
equipment and energy to purify sea water must all come from
the physical world system.

The exponential growth of demand for food results directly
from the positive feedback loop that is now determining the
growth of human population. The supply of food to be ex-
pected in the future is dependent on land and fresh water and
also on agricultural capital, which depends in turn on the
other dominant positive feedback loop in the system—the
capital investment loop. Opening new land, farming the sea,
or expanding use of fertilizers and pesticides will require an
increase of the capital stock devoted to food production. The
resources that permit growth of that capital stock tend not
to be renewable resources, like land or water, but nonrenewable
resources, like fuels or metals. Thus the expansion of food pro-
duction in the future is very much dependent on the avail-
ability of nonrenewable resources. Are there limits to the
earth’s supply of these resources?

NONRENEWABLE RESOURCES

Even taking into account such economic factors as increased prices
with decreasing availability, it would appear at present that the quanti-
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ties of platinum, gold, zinc, and lead are not sufficient to meet demands.
At the present rate of expansion . . . silver, tin, and uranium may be in
short supply even at higher prices by the turn of the century. By the
year 2050, several more minerals may be exhausted if the current rate
of consumption continues,

Despite spectacular recent discoveries, there are only a limited num-
ber of places left to search for most minerals. Geologists disagree about
the prospects for finding large, new, rich ore deposits. Reliance on such
discoveries would seem unwise in the long term.?

Table 4 lists some of the more important mineral and fuel
resources, the vital raw materials for today’s major industrial
processes. The number following each resource in column 3
is the static reserve index, or the number of years present
known reserves of that resource (listed in column 2) will last
at the current rate of usage. This static index is the measure
normally used to express future resource availability. Under-
lying the static index are several assumptions, one of which
is that the usage rate will remain constant.

But column 4 in table 4 shows that the world usage rate
of every natural resource is growing exponentially. For many
resources the usage rate is growing even faster than the popu-
lation, indicating both that more people are consuming
resources each year and also that the average consumption per
person is increasing cach year. In other words, the exponential
growth curve of resource consumption is driven by both the
positive feedback loops of population growth and of capital
growth.

We have already seen in figure 10 that an exponential in-
crease in land use can very quickly run up against the fixed
amount of land available. An exponential increase in resource
consumption can rapidly diminish a fixed store of resources
in the same way. Figure 11, which is similar to figure 10, illus-
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Table 4 NONRENEWABLE NATURAL RESOURCES

1 2 3 4 5 6
Exponen-
tial Index

Known Static Projected Rate E:puneﬂ-caszkd
Resource Global Index of Growth tial Index 5 Tl'mgr:
Reserves ® (years)® (% per Year) © (years) " Known
High Av. Low Reserves
(years) *
Aluminum 1.17X10° tons' 100 7.7 6.4 5.1 31 55
Chromium  7.75X10® tons 420 33 26 20 95 154
Coal 5% 10'? tons 2300 53 41 3.0% 111 150
Cobalt 4.8x10° lbs 110 20 1.5 1.0 60 148
Copper 308 10° tons 36 58 46 34 21 48
Gold 353X10%troyoz 11 4.8 41 34' 9 29
Iron 1 10*! tons 240 23 18 13 93 173
Lead 91X 10° tons 26 24 2.0 17 21 64
Manganese 8X 108 tons 97 35 29 24 46 94
Mercury 3.34%10° flasks 13 31 26 22 13 41
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7 8 9 10
US Con-
?ouﬂ{ﬂ.“ or Areas Prime Producers Prime Consumers sumption
':,"?2 3": ::; JR::::}T" (% of world total)® (% of world total)® ﬂwti::f
Total !
g:‘i‘;j‘?zgz’) Jamaica (19) US (42)
Jamaica (10) Surinam (12) USSR (12) 42
; USSR (30)
Rep. of S. Africa (75) Turkey (10) 19
US (32) USSR (20) 4“4
USSR-China (53) US (13)
Rep. of Congo (31)
Zambia (16) Rep. of Congo (51) 32
US (28) Us (20) US (33)
Chile (19) USSR (15) USSR (13) 33
Zambia (13) Japan (11)
; Rep. of S. Africa (77)
Rep. of S. Africa (40) Canada (6) 26
USSR (33) USSR (25) Us (28)
S. Am. (18) US (14) USSR (24) 28
Canada (14) W. Germany (7)
USSR (13) Us (25)
US (39) Australia (13) USSR (13) 25
Canada (11) W. Germany (11)
Rep. of S. Africa (38) USSR (34)
USSR (25) Brazil (13) 14
Rep. of S. Africa (13)
Spain (30) Spain (22)
Ttaly (21) Ttaly (21) 24
USSR (18)
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1 2 3 4 5 6
Exponen-
tial Index

Known Static Projected Rate Expoum-c Usi
Resource Global Index of Growth tial Index 5 .;fu
Reserves ® (years)® (% per Year) ©  (years) ® Ka:’::
High Av. Low Reserves
(years)
Molybdenum 10.8X10° lbs 79 50 45 4.0 34 65
Natural Gas 1.14X10'® cu ft 38 55 47 39 22 49
Nickel 147X 10° lbs 150 40 34 28 53 96
Petroleum 455%10° bbls 31 49 39 29 20 50
Platinum
Group™ 429x10%troyoz 130 45 3.8 3.1 47 85
Silver 5.5X10° troy oz 16 40 2.7 15 13 42
Tin 4.3x10° Ig tons 17 23 11 0 15 61
Tungsten 29x10° lbs 40 29 25 21 28 72
Zinc 123 10% tons 23 33 29 25 18 50
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7 8 9 10

US Con-

Countries or Areas sumption

with Highest Reserves (';;n ;rwz:::“r;:f )5 (;:,:; f::;ﬁ::g. as Yo of
(% of world total)*® World

Total *
US (58) US (64) i
USSR (20) Canada (14)
US (25) US (58) 63
USSR (13) USSR (18)
Cuba (25) Canada (42)
New Caledonia (22) New Caledonia (28) 38
USSR (14) USSR (16)
Canada (14)
Saudi Arabia (17)  US (23) US (33)
Kuwait (15) USSR (16) USSR (12) 33
Japan (6)
Rep. of S. Africa (47) USSR (59) 5
USSR (47)
Communist Canada (20) UsS (26)
Countries (36) Mexico (17) W. Germany (11) 26
US (24) Peru (16)
Thailand (33) Malaysia (41) Us (24)
Malaysia (14) Bolivia (16) Japan (14) 24
Thailand (13)
China (25)
China (73) . USSR (19) 22
US (14)
US (27) Canada (23) US (26)
Canada (20) USSR (11) Japan (13) 26
US (8) USSR (11)
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sounce: US Bureau of Mines, Mineral Facts and Problems, 1970 (Washington,
DC: Government Printing Office, 1970).

The number of years known global reserves will last at current global consump-
tion, Calculated by dividing known reserves (column 2) by the current annual
consumption (US Bureau of Mines, Mineral Facts and Problems, 1970).

“source: US Bureau of Mines, Mineral Facts and Problems, 1970,

The number of years known global reserves will last with consumption growing
exponentially at the average annual rate of growth. Calculated by the formula

exponential index =1In ((r+*s) 4 1)

r
where r = average rate of growth from column 4
s = static index from column 3.

The number of years that five times known global reserves will last with con-
sumption growing exponentially at the average annual rate of growth. Calcu-
lated from the above formula with 5s in place of s.

source: US Bureau of Mines, Mineral Facts and Problems, 1970.

sourcié: UN Department of Economic and Social Affairs, Statistical Yearbook
1969 (New York: United Nations, 1970).

sounces: Yearbook of the American Bureau of Metal Statistics 1970 (York, Pa.:
Maple Press, 1970).

World Petroleum Report (New York: Mona Palmer Publishing, 1968).

UN Economic Commission for Europe, The World Market for Iron Ore (New
York: United Nations, 1968).

US Bureau of Mines, Mineral Facts and Problems, 1970.

sovnce: US Bureau of Mines, Mineral Facts and Problems, 1970.

in alumi

Bauxite exp equivalent.

US Bureau of Mines contingency forecasts, based on assumptions that coal will
be used to synthesize gas and liquid fuels.

Includes US Bureau of Mines estimates of gold demand for hoarding.

™ The platinum group metals are platinum, palladium, iridium, osmium, rhodium,

and ruthenium.

ADDITIONAL SOURCES:

P. T. Flawn, Mineral Resources (Skokie, Ill.: Rand McNally, 1966).

Mezal Statistics (Somerset, NJ: American Metal Market Company, 1970).

US Bureau of Mines, C dity Data S y (Washington, DC: Govern-
ment Printing Office, January 1971).
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trates the effect of exponentially increasing consumption of a
given initial amount of a nonrenewable resource. The example
in this case 1s chromium ore, chosen because it has one of the
longest static reserve indices of all the resources listed in table 4.
We could draw a similar graph for each of the resources listed
in the table. The time scales for the resources would vary, but
the general shape of the curves would be the same.

The world’s known reserves of chromium are about 775 mil-
lion metric tons, of which about 1.85 million metric tons are
mined annually at present.'® Thus, at the current rate of use,
the known reserves would last about 420 years. The dashed
line in figure 11 illustrates the linear depletion of chromium
reserves that would be expected under the assumption of con-
stant use. The actual world consumption of chromium is
increasing, however, at the rate of 2.6 percent annually.'® The
curved solid lines in figure 11 show how that growth rate, if
it continues, will deplete the resource stock, not in 420 years,
as the linear assumption indicates, but in just 95 years. If we
suppose that reserves yet undiscovered could increase present
known reserves by a factor of five, as shown by the dotted line,
this fivefold increase would extend the lifetime of the reserves
only from 95 to 154 years. Even if it were possible from 1970
onward to recycle 100 percent of the chromium (the horizontal
line) so that none of the initial reserves were lost, the demand
would exceed the supply in 235 years.

Figure 11 shows that under conditions of exponential growth
in resource consumption, the static reserve index (420 years for
chromium) is a rather misleading measure of resource avail-
ability. We might define a new index, an “exponential reserve
index,” which gives the probable lifetime of each resource,
assuming that the current growth rate in consumption will
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Figure 11 CHROMIUM RESERVES
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The litetime of known chromium reserves depends on the future usage
rate of chromium. If usage remains constant, reserves will be depleted
linearly (dashed line) and will last 420 years. If usage increases exponen-
tially at its present growth rate of 2.6 percent per year, reserves will be
depleted in just 95 years. If actual reserves are five times present proven
reserves, chromium ore will be available for 154 years (dotted line), assum-
ing exponential growth in usage. Even if all chromium is perfectly recycled,
starting in 1970, exponentially growing demand will exceed the supply

after 235 years (horizontal line).

continue. We have included this index in column 5 of table 4.
We have also calculated an exponential index on the assump-
tion that our present known reserves of each resource can be
expanded fivefold by new discoveries. This index is shown in
column 6. The effect of exponential growth is to reduce the
probable period of availability of aluminum, for example, from
100 years to 31 years (55 years with a fivefold increase in
reserves). Copper, with a 36-year lifetime at the present usage
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rate, would actually last only 21 years at the present rate of
growth, and 48 years if reserves are multiplied by five. It is
clear that the present exponentially growing usage rates greatly
diminish the length of time that wide-scale economic growth
can be based on these raw materials.

Of course the actual nonrenewable resource availability in
the next few decades will be determined by factors much more
complicated than can be expressed by either the simple static
reserve index or the exponential reserve index. We have studied
this problem with a detailed model that takes into account
the many interrelationships among such factors as varying
grades of ore, production costs, new mining technology, the
elasticity of consumer demand, and substitution of other re-
sources.* Illustrations of the general conclusions of this model

follow.
Figure 12 is a computer plot indicating the future avail-

ability of a resource with a 400-year static reserve index in
the year 1970, such as chromium. The horizontal axis is time
in years; the vertical axis indicates several quantities, including
the amount of reserves remaining (labeled Rreserves), the
amount used each year (usace ratE), the extraction cost per
unit of resource (ActruaL cost), the advance of mining and
processing technology (indicated by a 1), and the fraction of
original use of the resource that has been shifted to a substitute
resource (F).

At first the annual consumption of chromium grows expo-
nentially, and the stock of the resource is rapidly depleted.
The price of chromium remains low and constant because new
developments in mining technology allow efficient use of lower

* A more complete description of this model is presented in the papers
by William W. Behrens III listed in the appendix.
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Figure 12 CHROMIUM AVAILABILITY
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This figure presents a computer calculation of the economic tactors in the
availability of a resource (chromium) with a 400-year static reserve index.
Exponential growth in consumption is eventually stopped by rising costs as
initial reserves are depleted, even though the technology of extraction and
processing is also increasing exponentially. The usage rate falls to zero
after 125 years, at which point 60 percent of the original uses have been
substituted by another resource.

SOURCE: William W. Behrens |II The Dynamlcs of Natural Resource Utilization.'" Paper
presented at the 1971 C tion Conf , Boston, Mass July 1971.

and lower grades of ore. As demand continues to increase,
however, the advance of technology is not fast enough to
counteract the rising costs of discovery, extraction, processing,
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Figure 13 CHROMIUM AVAILABILITY WITH
DOUBLE THE KNOWN RESERVES
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It a discovery in 1970 doubles the known reserves of the resource (static
reserve index BOO years), exponential growth in the usage rate is prolonged,
and the usage rate reaches a high value. Reserves are depleted very
rapidly during the peak in usage rate, however. Because of this rapid
depletion, the effect of doubling the reserves is not to double the resource
lifetime, but merely to extend it from 125 to 145 years.

SOURCE: William W. Behrens, I, “The Dy of N | R Utilization."

and distribution. Price begins to rise, slowly at first and then
very rapidly. The higher price causes consumers to use chro-
mium more efficiently and to substitute other metals for
chromium whenever possible. After 125 years, the remaining
chromium, about 5 percent of the original supply, is available
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only at prohibitively high cost, and mining of new supplies
has fallen essentially to zero.

" This more realistic dynamic assumption about the future
use of chromium yields a probable lifetime of 125 years, which
is considerably shorter than the lifetime calculated from the
static assumption (400 years), but longer than the lifetime
calculated from the assumption of constant exponential growth
(9 years). The usage rate in the dynamic model is neither
constant nor continuously increasing, but bell-shaped, with a
growth phase and a phase of decline.

The computer run shown in figure 13 illustrates the effect
of a discovery in 1970 that doubles the remaining known
chromium reserves. The static reserve index in 1970 becomes
800 years instead of 400. As a result of this discovery, costs
remain low somewhat longer, so that exponential growth can
continue longer than it did in figure 12. The period during
which use of the resource is economically feasible is increased
from 125 years to 145 years. In other words, a doubling of the
reserves increases the actual period of use by only 20 years.

The earth’s crust contains vast amounts of those raw mate-
rials which man has learned to mine and to transform into
uscful things. However vast those amounts may be, they are
not infinite. Now that we have seen how suddenly an expo-
nentially growing quantity approaches a fixed upper limit,
the following statement should not come as a surprise. Given
present resource consumption rates and the projected increase
in these rates, the great majority of the currently important
nonrencwable resources will be extremely costly 100 years from
now. The above statement remains true regardless of the most
optimistic assumptions about undiscovered reserves, techno-
logical advances, substitution, or recycling, as long as the
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demand for resources continues to grow exponentially. The
prices of those resources with the shortest static reserve indices
have already begun to increase. The price of mercury, for
example, has gone up 500 percent in the last 20 years; the
price of lead has increased 300 percent in the last 30 years.™

The simple conclusions we have drawn by considering total
world reserves of resources are further complicated by the
fact that neither resource reserves nor resource consumption
are distributed evenly about the globe. The last four columns
of table 4 show clearly that the industrialized, consum-
ing countries are heavily dependent on a network of interna-
tional agreements with the producing countries for the supply
of raw materials essential to their industrial base. Added to
the difficult economic question of the fate of various industries
as resource after resource becomes prohibitively expensive is
the imponderable political question of the relationships be-
tween producer and consumer nations as the remaining
resources become concentrated in more limited geographical
areas. Recent nationalization of South American mines and
successful Middle Eastern pressures to raise oil prices suggest
that the political question may arise long before the ultimate
economic one.

Are there enough resources to allow the economic develop-
ment of the 7 billion people expected by the year 2000 to a
reasonably high standard of living? Once again the answer
must be a conditional one. It depends on how the major
resource-consuming societies handle some important decisions
ahead. They might continue to increase resource consumption
according to the present pattern. They might learn to reclaim
and recycle discarded materials. They might develop new
designs to increase the durability of products made from scarce
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resources. They might encourage social and economic patterns
that would satisfy the needs of a person while minimizing,
rather than maximizing, the irreplaceable substances he pos-
sesses and disperses.

All of these possible courses involve trade-offs. The trade-
offs are particularly difficult in this case because they involve
choosing between present benefits and future benefits. In order
to guarantee the availability of adequate resources in the future,
policies must be adopted that will decrease resource use in the
present. Most of these policies operate by raising resource costs.
Recycling and better product design are expensive; in most
parts of the world today they are considered “uneconomic.”
Even if they were effectively instituted, however, as long as the
driving feedback loops of population and industrial growth
continue to generate more people and a higher resource
demand per capita, the system is being pushed toward its
limit—the depletion of the earth’s nonrenewable resources.

What happens to the metals and fuels extracted from the
earth after they have been used and discarded? In one sense
they are never lost. Their constituent atoms are rearranged and
eventually dispersed in a diluted and unusable form into
the air, the soil, and the waters of our planet. The natural
ecological systems can absorb many of the effluents of human
activity and reprocess them into substances that are usable by,
or at least harmless to, other forms of life. When any effluent
is released on a large enough scale, however, the natural absorp-
tive mechanisms can become saturated. The wastes of human
civilization can build up in the environment until they become
visible, annoying, and even harmful. Mercury in ocean fish,
lead particles in city air, mountains of urban trash, oil slicks
on beaches—these are the results of the increasing flow of
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resources into and out of man’'s hands. It is little wonder,
then, that another exponentially increasing quantity in the
world system is pollution.

POLLUTION

Many people . . . are concluding on the basis of mounting and reason-
ably objective evidence that the length of life of the biosphere as an
inhabitable region for organisms is to be measured in decades rather
than in hundreds of millions of years. This is entirely the fault of our
own species.1®

Man’s concern for the effect of his activities on the natural
environment is only very recent. Scientific attempts to measure
this effect are even more recent and still very incomplete. We
are certainly not able, at this time, to come to any final con-
clusion about the earth’s capacity to absorb pollution. We can,
however, make four basic points in this section, which illus-
trate, from a dynamic, global perspective, how difficult it will
be to understand and control the future state of our ecological
systems. These points are:

1. The few kinds of pollution that actually have been mea-
sured over time seem to be increasing exponentially.

2. We have almost no knowledge about where the upper limits
to these pollution growth curves might be.

3. The presence of natural delays in ecological processes in-
creases the probability of underestimating the control measures
necessary, and therefore of inadvertently reaching those upper
limits.

4. Many pollutants are globally distributed; their harmful
effects appear long distances from their points of generation.

It is not possible to illustrate each of these four points for
each type of pollutant, both because of the space limitations
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Figure 14 ENERGY CONSUMPTION AND GNP PER CAPITA
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Although the nations of the world consume greatly varying amounts of
energy per capita, energy consumption correlates fairly well with total
output per capita (GNP per capita). The relationship is generally linear,
with the scattering of points due to differences in climate, local fuel prices,

and emphasis on heavy industry.
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of this book and because of the limitations of available data.
Therefore we shall discuss each point using as examples those
pollutants which have been most completely studied to date.
It is not necessarily true that the pollutants mentioned here
are the ones of greatest concern (although they are all of some
concern). They are, rather, the ones we understand best.

Exponentially increasing pollution

Virtually every pollutant that has been measured as a function
of time appears to be increasing exponentially. The rates of
increase of the various examples shown below vary greatly,
but most are growing faster than the population. Some pol-
lutants are obviously directly related to population growth
(or agricultural activity, which is related to population
growth). Others are more closely related to the growth of
industry and advances in technology. Most pollutants in the
complicated world system are influenced in some way by both
the population and the industrialization positive feedback
loops.

Let us begin by looking at the pollutants related to mankind’s
increasing use of energy. The process of economic development
is in effect the process of utilizing more energy to increase the
productivity and efficiency of human labor, In fact, one of the
best indications of the wealth of a human population is the
amount of energy it consumes per person (see figure 14). Per
capita energy consumption in the world is increasing at a rate
of 1.3 percent per year,'" which means a total increase, includ-
ing population growth, of 3.4 percent per year.

At present about 97 percent of mankind’s industrial energy
production comes from fossil fuels (coal, oil, and natural
gas).'” When these fuels are burned, they release, among other
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Figure 15 CARBON DIOXIDE CONCENTRATION

IN THE ATMOSPHERE
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Atmospheric concentration of CO,, observed since 1958 at Mauna Loa,
Hawaii, has increased steadily. At present the increase averages about
1.5 part per million (ppm) each year. Calculations inciuding the known
exchanges of CO; between atmosphere, biosphere, and oceans predict that
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the CO; concentration will reach 380 ppm by the year 2000, an increase of
nearly 30 percent of the probable value in 1860. The source of this ex-
ponential increase in atmospheric CO. is man's increasing combustion of
fossil fuels.

SOURCE: Lester Machta, “The Role of the Oceans and Biosphere in the Carbon Dioxide
Cycle." Paper presented at Mobel Symposium 20 “The Changing Chemistry of the
Oceans," Gbteborg, Sweden, August 1871,

substances, carbon dioxide (CO,) into the atmosphere. Cur-
rently about 20 billion tons of CO, are being released from
fossil fuel combustion each year.'® As figure 15 shows, the mea-
sured amount of CO, in the atmosphere is increasing exponen-
tially, apparently at a rate of about 0.2 percent per year. Only
about one half of the CO, released from burning fossil fuels
has actually appeared in the atmosphere—the other half has
apparently been absorbed, mainly by the surface water of the
oceans."’

If man’s energy needs are someday supplied by nuclear
power instead of fossil fuels, this increase in atmospheric CO,
will eventually cease, one hopes before it has had any measur-
able ecological or climatological effect.

There is, however, another side-effect of energy use, which
is independent of the fuel source. By the laws of thermo-
dynamics, essentially all of the energy used by man must
ultimately be dissipated as heat. If the energy source is some-
thing other than incident solar energy (e.g., fossil fuels or
atomic energy), that heat will result in warming the atmos-
phere, either directly, or indirectly through radiation from
water used for cooling purposes. Locally, waste heat or “ther-
mal pollution” in streams causes disruption in the balance of
aquatic life.”® Atmospheric waste heat around cities causes
the formation of urban “heat islands,” within which many
meteorological anomalies occur.** Thermal pollution may have
serious climatic effects, worldwide, when it reaches some appre-
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Figure 16 WASTE HEAT GENERATION IN THE
LOS ANGELES BASIN
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Waste heat released over the 4,000 square mile area of the Los Angeles
basin currently amounts to about 5§ percent of the total solar energy ab-
sorbed at the ground. At the present rate of growth, thermal release will
reach 18 percent of incoming solar energy by the year 2000. This heat, the
result of all energy generation and consumption processes, is already
affecting the local climate.

SOURCE: L. Lees in Man's Impact on the Global Environment, Report of the Study of
Critical Environmental Problems (Cambridge, Mass.: MIT Press, 1870).

ciable fraction of the energy normally absorbed by the earth
from the sun.** In figure 16, the level of thermal pollution
projected for one large city is shown as a fraction of incident
solar energy.

Nuclear power will produce yet another kind of pollutant
—radioactive wastes. Since nuclear power now provides only
an insignificant fraction of the energy used by man, the pos-
sible environmental impact of the wastes released by nuclear
reactors can only be surmised. Some idea may be gained, how-
ever, by the actual and expected releases of radioactive isotopes
from the nuclear power plants being built today. A partial
list of the expected annual discharge to the environment of a
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Figure 17 NUCLEAR WASTES

thousands of megawatts

1970 1!-00 1980

billion million
Curles Curies
= stored wastes —| 800
/ L
/ "
2
—| 600 2
=
E
- — 20
o
2
e
-
— 400
/ released wasles §
installed capacity
- 10
- 200
o

EXPONENTIAL GROWTH

annual

Installed nuclear generating capacity in the United States is expected ro
grow from 11 thousand megawatts in 1970 to more than 900 thousand
megawatts in the year 2000. Total amount of stored nuclear wastes, radio-
active by-products of the energy production, will probably exceed one
thousand billion Curies by that year. Annual release of nuclear wastes,
mostly in the form of krypton gas and tritium in cooling water, will reach
25 million Curies, if present release standards are still in effect.

SOURCES: Installed capacity to 1985 from US A

Growth of Nuclear Power (Washington, DC: G

Energy C

ol

Printing Office, 1971). Installed

capacity to 2000 from Chauncey Starr, “‘Energy and Power," Scientific American, Sep-
tember 1971, Stored nuclear wastes from J. A. Snow, "Radioactive Waste from Reactors,"

Scientist and Citizen 9 (1967). A I of

tions for 1.6 thousand megawatt plant in Calvert Cliffs, Maryland.

1.6 million kilowatt plant now under construction in the
United States includes 42,800 Curies * of radioactive krypton

calculated from specifica-

* A Curie is the radioactive equivalent of one gram of radium. This is
such a large amount of radiation that environmental concentrations are
usually expressed in microcuries (millionths of a Curie).
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Figure 18 CHANGES IN CHEMICAL CHARACTERISTICS AND
COMMERCIAL FISH PRODUCTION IN LAKE ONTARIO
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As a result of heavy dumping of municipal, industrial, and agricultural
wastes into Lake Ontario, the concentrations of numerous salts have been
rising exponentially. The chemical changes in the lake have resulted in
severe declines in the catches of most commercially valuable fish. It should
be noted that the plotting scale for fish catch is logarithmic, and thus the
fish catch has decreased by factors of 100 to 1,000 for most species.
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SOURCE: A. M. B St on Pollution and E hi of the Great Lakes,

The University of Wisconsin Center for Great Lakes Studies Special Report #11 (Milwau-
kee, Wisc.: University of Wisconsin, 1970).
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Figure 19 OXYGEN CONTENT OF THE BALTIC SEA
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Increasing accumulation of organic wastes in the Baltic Sea, where water
circulation is minimal, has resulted in a steadily decreasing oxygen con-
centration in the water. In some areas, especially in deeper waters, oxygen
concentration is zero and almost no forms of aquatic life can be supported.

SOURCE: Stig H. Fi lius, "'Stag Sea,” Envi July/August 1970.

(half-life ranging from a few hours to 9.4 years, depending on
the isotope) in the stack gases, and 2,910 Curies of tritium
(half-life 12.5 years) in the waste water.”® Figure 17 shows
how the nuclear generating capacity of the United States is
expected to grow from now until the year 2000. The graph
also includes an estimate of radioactive wastes annually re-
leased by these nuclear power plants and of accumulated
wastes (from spent reactor fuels) that will have to be safely
stored.

Carbon dioxide, thermal energy, and radioactive wastes are
just three of the many disturbances man is inserting into the
environment at an exponentially increasing rate. Other ex-
amples are shown in figures 18-21.

Figure 18 shows the chemical changes occurring in a large
North American lake from accumulation of soluble industrial,
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Figure 20 US MERCURY CONSUMPTION
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Mercury consumption in the United States shows an exponential trend, on
which short-term market fluctuations are superimposed. A large part of the
mercury is used for the production of caustic soda and chlorine. The chart
does not include the rising amount of mercury released into the atmosphere
from the combustion of fossil fuels.

SOURCE: Barry Commoner, Michael Carr, and Paul J. Stamler, "“The Causes of Pollution,”
Environment, April 1971,

agricultural, and municipal wastes. The accompanying de-
crease in commercial fish production from the lake is also
indicated. Figure 19 illustrates why the increase in organic
wastes has such a catastrophic effect on fish life. The figure
shows the amount of dissolved oxygen (which fish “breathe”)
in the Baltic Sea as a function of time. As increasing amounts
of wastes enter the water and decay, the dissolved oxygen is
depleted. In the case of some parts of the Baltic, the oxygen
level has actually reached zero.

The toxic metals lead and m