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FOREWORD

IN APRIL 1968, a groop of thirty individoals from ten
countries—scientists, educators, economists, humanists, mdus-
trialists, and national and international civil servants—gathered
in the Accademia dei Lincer in Rome. They met at the inst-
gation of Dr. Aurclio Pecced, an Tralian industrial manager,
economist, and man of vision, 1o discuss a subject of staggering
scope—the present and future predicament of man.

THE CLI'H OF ROME

Crut of this meeting grew The Club of Bome, 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 soctal—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 i this way to
prommotc now ilﬂl'n."r wmitiatives and aoton.

The Club of Rome remains an informal international asso-
ciation, with a membership that has now grown to approxi-
mately seventy persans of twenty-five nationalities. None of its
members holds public office, nor does the group seck 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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no longer able to cope with them, nor even to come o grips
with their full content.

The members of The Club of Rome have backgrounds as
varied s their nationalities; Dr. Pecced, etill the prime moving
torce within the group, is afhliated with Fiat and Olivetti and
manages a consulting firm for economic and ru,gmrr_nn,g
development, Italconsult, one of the largest of 15 kind in
Europe. Other leaders of The Club of Rome include: Hugo
Thiemann, head of the Batrelle 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 enc hundred, it 15 being expanded to include
representacives of an ever greater variety of cultures, nationali-
ties, and value systems.

THE FROJECT ON THE FREIRCAMENT OF MANEIND

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

The intent of the project 5 o examine the complex of
problems troubling men of all nations: poverty in the madst
of plenty; degradation of the environment; loss of faith in
mstitutions ; uncontrolled urban spread; insecunty of employ-
ment; alienation of youth; rejection of traditional values; and
inflation and other monetary and economic disruptions. These
scemingly divergent parts of the “world problematique,” as
The Club of Rome calls it, have three charsctenistics in com-
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mon: they occur to some degree in all societies; they contain
technical, social, cconomic, and political elements; and, mos
important of all, they interact.

It is the predicament of mankind that man can perceive the
problematique, wyet, despite his considerable knowledge and
skills, he does not understand the ongins, sgnificance, and
interrelationships of s many components and thus s unable
to devise effective responses. This failure occurs in large pan
becawse we continue to examine single items in the problema-
tique withowt understancling that the whole is more than the
sum of its parts, that change in one element means change in
the others.

Phasc One of the Project on the Prodicament of Mankind
took definite shape at mectings held in the summer of 1970 in
Bern, Switzerland, and Cambridge, Massachusetrs. At a two-
week conference in Cambridge, Professor Jay Forrester of the
Massachuserts Institute of Technology (MIT) presented a
global model that permined 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 inktia-
tion of Phase One ar MIT, where the pioneering work of Pro-
Fessor Forrester and others in the ficld of System Dynamics had
created a body of expertise uniquely suited to the rescarch
demands.

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

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

A CLOBAL CHALLENGE

It is with genuine pride and pleasure that Potomac Associates
joins with The Clob of Bome and the MIT rescarch team in
the publication of The Limmits o Growth,

We, like The Club of Rome, are a young organizarion, and
we helieve the Clul's Ena'ls are wery cloge o 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 hife. We are de-
lighted therefore 1o be able 1o make this bold and impressive
work available through our book program.

We hope that The Linmcts to Growdh will command cnrical
attention and spark debate in all socictics. We hope that it will
encourage cach reader to think through the consequences of
eontinuing to equate growth with progress And we hope
that it will lead thoughtful men and women in all Aelds of
endeavor to copgider the need for concerted action now if we
are to preserve the habitability of this planet for ourselves
and our children.

William Wans, President
POTORAL ASSOCTATES
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INTRODUCTION

[ do nal wish fo sesm overdramafic, buf
I ean anly concivda fram tha infarmalion
that is svallabile to me af Secrelfany-
Ganeral, thal ihe Members of the United
Maflons have perhaps ten years faff in
which o subordingte thalr ancient
guerrels and favnch a global parirarship
to cwrb the srma race, fo Improve the
hurman ervironmant, o defusa Fhe popu-
talton sxplosion, Bnd fo supgly the
required momenium lo developmeant
afforts. I sweh & global partrervahip [s
mot lorged within the next dacade, than
I very much lear ihal the probisma |
hava mentionad will kave reacked such
slaggaring praportions that thay will be

beyomd owr capsaily fa confral,
U THANT, 1968

The problems U Thant mentions—
the arms race, environmental deterioration, the population ex-
phaston, and economic stagnation—are often cred as the cen-
tral, long-term problems of modern man, Many people belicve
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 ta these issues. And yet only a
gmall fraction of the world's population is sctively concerned
with understanding these problems or secking their solunons.

HUMAN PERSPICTIVES
Every person i the warld Faces a series of Pressures and 1:|m|.|h
lema that require his amention and action. These problems
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affect him at many different levels. He may spend much of
his time trying to fAnd tomorrow’s food for himself and his
family. He may be concerned about personal power or the
power of the nanon in which he lives. He may worry about
a world war duning his lifetime, or 3 war next week with 2
rival clan in his neighborhood.

These very different levels of human concern can be repe
resented on a graph like that in figure 1. The graph has two
dimensions, space and rime. Every human concern can be
located at some point on the graph, depending on how much
geagraphical space it includes and how far it extends in fime.
Mouost people’s worries are concentrated in the lower left-hand
corner of the graph, Life for these people is difficult, and they
minst 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 communicy with which they idencify, The actions they
take extend not only days, but weeks or years into the future,

A person's time and space perspectives depend on has cultwre,
his past experience, and the immediacy of the problems con-
fronting him on each level. Most people must have successfully
solved the problems in o smaller area before they move their
concerns to 3 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 is 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 And his cfforts defeated by evenes
occurring in a larger context. A farmer’s carcfully maintained

18



INTRODUCTION

Figure 1 HUMAN PERSPECTIVES
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fickds can be destroyed by an international war, Local officials”
plans can be overturned by a national policy. A country's eco-
nommic development can be thwarted by a lack of world demand
for its products. Indesd there 13 increasing concern today that
most personal and national objectives may ultimately be frus-
trated by long-term, global trends such as those mentioned by

L
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Are the implications of these global trends actually so threat-
ening that their resolution should take precedence over loeal,
shorl-term concerns ?

Is it true, as U Than: suggested, that there remains less than
a decade 1o bring these wrends under control ?

If they are not brought under conerol, 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 thar 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 nght-
hand corner of the space-time graph.

PFEOBLEMS 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 ardered set of assumptions about 2 complex aystem.
It s an attempt to understand some aspect of the infinitely
vaned world by sclecting from perceptions and past experience
a st of general observations applicable to the problem ar hand.
A farmer uses a mental model of his land, his assers, market
prospects, and past weather conditions to decide which crops 1o
plant each year, A surveyor constructs a physical model—a
map—to help in planning a road. An cconomist uses mathe-
matical models to understand and predict the Bow of inter.
national trade.

Decision-makers at every level unconscioanly wse mental
models to choose among policies that will shape our Future
world. These mental models are, of necessity, very simple when
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eompared with the reality from which they are abstracred.
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 3 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-
ton-processing tools that mankind's increasing knowledge has
produced—the scientific method, systems analveis, and the
modern computer,

Our world model was built specifically to investigate five
major trenchs of global concern—acceleranng industrialization,
rapid popalation growth, widespread malnuerition, depletion
of nonrenewable resources, and 2 deteriorating environment.
These trends are all interconnected in many ways, and their
development is measured in decades or eenturies, 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 madel we have constructed is, like every other model,
imperfect, oversimplified, and unfinished. We arc well aware
of its shortcomings, but we believe thar it & the most useful
model now available for dealing with problems far out on the
space-time graph. To our knowledge it it the only formal
model in existence that 15 truly global in scope, that has a

* The prototype model on which we have basod our work was designed
by Professor Jay W, Forrester of the Massachuseins [nstiture of Tech-
nology. A descripion of that model has been published in his book
W owld D;m-.fn {E‘dﬂi}hﬁ. Masa. - Wﬁdu-hll.:n Presa, Iﬂﬂ'l}.
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INTRODDCTION

time honzon longer than thirty years, and that includes im-
portant variables such as population, foeod preduction, and pol-
lution, not as independent entitics, but as dynamically inter-
acting clements, as they arc in the real world.

Since ours is a formal, or mathematical, model it also has
two important advantages over mental models. First, every
assumpdion we make is written in a precise form so that it is
open fo inspection and criticism by all. Second, after the as-
sumptions have been scrutinized, discussed, and revised w
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 frel that the advantages listed above make this model
pnique among all mathematical and mental world models
available to us today, Bur there is no reason to be satished with
it in its present form. We intend 1o alter, expand, and improve
it a5 our own knowledge and the world data base graduslly
WRprove.

In spite of the preliminary state of our work, we believe it
15 impartant to publish the model and our findings now. De-
cisins are being made every day, in every part of the world,
that will affeet 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, o any
case. We feel that the model described here is already suff-
ciently developed to be of some use to decision-makers. Fuor-
thermare, the basic behavior modes we have already observed
in this model appear 1o be so fundamental and general that
we do not expect our broad conclusions to be substantally
altered by further revisions,
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It is not the purpose of this book 10 give a complete, scien-
tific deseription 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 man features of the
model and our Andings in a brief, nontechnical way, The em-

is is meant to be not on the equations or the intricacies of
the model, bur on whar it tells us about the world. We have
used a computer as a ool wo aid our own understanding of the
causes and consequences of the accelerating trends that char-
acterize the modern woeld, but familiarity with computers is
by no means necessary to comprehend or to discuss our con-
clusons. The implicarions of those accelerating trends raise
isaues that go far beyond the proper domain of 2 purely scien-
tific document. They must be debated by a wider communiry
than that of wientists alone. Our purpose here s 1o open that
dehate.

The following conclusions have emerged fram our work o
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. MNevertheless, the wvast maporty of policy-
makers scems to be actively puranng 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 wall be
reached sometime within the next one hundred years, The
most probable resule will be a rather sudden and uncontrod-
lable decline in both population and industrial capacity.

3



2. It is possible to alter these growth trends and to establish 2
eondition of ecological and economsc stability that i susesin.
able far into the future. The smte of global equilibrium could
be designed so that the basic material needs of cach person on
carth are satisfied and cach person has an equal opportunity
to realize his individual human potenial,

3. If the world's people decide 1o strive for this second out-
come rather than the firs, the sooner they begin working to
areain i, the greater will be their chances of success.

These conclusions are so farreaching and raise w0 many
guestions for further study that we are qute frankly over
whelmed by the enormaty of the job thar must be done. We
hope that this book will serve to interest ather people, in many
ficlds 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 2 period of great transition—
the transition from growth to global equilibrium,
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NATURE

OF
EXPONENTIAL
GROWTH

People ol present think thad five Sons
are nat teo many and sack son has five
song glso, and before the death of the
grandiather thare ara afraady 25
descengamnis. Therefare people are
more amd waalif iz less; they work
hard and recaive iiife.

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

Al five clements basic to the study
reported here—population, food production, industrialization,
pollution, amd consumption of nonremewable natural re-
sprces=—are mcreasing. The amount of their increase each year
follows a pattern that mathematicians call exponential growth.
Mearly all of mankind’s current activities, from use of fertilizer
o 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
charactenstics.

THE MATHEMATICS OF EXFONENTIAL CROWTH

Maost people are accustomed to thinking of growth as a limear
process. A quantity is growing hincarly when it increases by a

25



THE NATISRE OF EXTONENTIAL CEROWTH

Flgure 2 WORLD FERTILIZER COMSUMPTION
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COnSian: amount in 3 constant ome peniod. For example, a
child who becomes one inch taller each year s growing lin-
carly. If a miser hides §10 each year under his mattress, his
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THE MATURE OF ENPONENTIAL CROWTH

Figure 3 WORLD URBAN POPULATION

Ao = pEoEle

@ favelaoed mp o

-
-

| =%

R e el o goee

—

|

TR IO L15 ] L) TR 10

Tam! wban papelilicn {5 srpecied o Mcrpase ax@ganealiafy i s sgs
deverloped regians of tho wonld, Bul aimost Tmearly in fve more dovoicped
regions. Prasaol avevage dovbling fime for cify popuiations i fesa do-
weloped reglons 18 15 paars,

BOURCE) UN Dapinimesi o Econarmic and Social ARein The Wedy Segeeioa Bietos
o TD |Mew Yok Uniled Safioss, 871)

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 martress.

A quantity exhibits exposental growth when it increases
by a constant percentage of the whale in a constant time
period. A colony of yeast cells in which each cell divides into
two cells every 10 minutes 5 growing exponentially. For cach
single cell, after 10 minutes there will be two cells, an increase
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THE MNATITRE OF EXTOMNENTIAL CROWTH

Figura & THE GROWTH OF SAVINGS
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of 100 percent. After the next 10 minutes there will be four
cells, then eighe, then sixteen. If 3 miser rakes $100 from his
mattress and invests it at 7 percent (o that the total ameunt
accumnulated increases by 7 percent each year), the invested
MOney will oW much Faster thanm the lincarly NCIcaning
sock under the manress (sec figure 4). The amount added
each year 1o a bank account or each 10 minutes 1o 3 peast
colony 1 not constant. It contimually increases, as the total
sccumulated amount increases. Such exponential growth is a
comimon process in biological, fnancial, and many other sys-
tems af the world.
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Common as it is, exponential growth can yield surprising
results—resules thar have fascinated mankind for centuries
There is an aold Persian legend about a clever courtier whao
presented a beautiful chesboard o his king and requested
that the king give him in return 1 grain of rice for the first
square on the board, 1 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 B grains, the tenth square took 512
graing, the Afteenth required 16384, and the twenty-first
sqiare gave the courtier more than a million grains of rce.
By the fortieth square a million million nce grains had o be
brought from the storerooms. The king's enfire rice supply
was cxhausted long before he reached the sixty-fourth square,
Exponential increase i deceptive because it generatss immense
numbers very quickly.

A French riddle for children illustrates another aspect of
exponential growth—the apparent suddenness with which i
a:p[n'r.n.d'ln a fxed limie SUpPOsC you own a pn-nnﬂ an which a
water lily is growing, The lily plant doubles in size cach 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 usclul to think of exponcntial growth in terms of
donbing fime, or the ome 1t takes a growing quantity o

* We are indebued 1o M. Robert Lattes for telling us this riddle.
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double in size, In the case of the hily 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 15 a simple
mathematical relationship between the interest rate, or rate
of growth, and the tme it will take a quantity o double in
size. The doubling time is approximately equal to 7 divided
vy the growth rate, as illustrated in table 1.

Table 1 DOUBLING TIME

CreeaTh ray Dewdlag fode
% por yeer) {weart)
1] FiLH
03 140
1.0 Fi')
24 E 3
400 1%
500 14
T 1n
T 7

BIODELE AND EXPONENTIAL CROWTH
Exponential growth is a dynamic phenomenon, which means
thar it invelves clements that change over time. In simple
systemy, like-the bank account or the lily pond, the cause of
exponential growth and s future course are relatively easy to
understand, When many different quantities are growing
smultancously in a system, however, and when all the quan-
ticies are interrelated in a complicated way, analysis of the
causes of growth and of the future behavior of the sysiem
becomes very difficult indeed. Does population growth cause
industnalization or does indostrialization cawse population
growth? Is cther onc singly responsible for incceasing 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 clements
growrs shower 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.

Orver the course of the last 30 years there has evolved ac
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
s the recognition that the strwctre of any system—the many
circalar, interlocking, somenmes timedelayed relarionships
among its components—is often just as important in deter-
mining its behavior as the individual components themuelves.
The world model described in this book is a Systerm Dynamies
model.

Drynamic modeling theory indicates thar any exponenmally
growing quantity is somehow involved with a pasitive feed-
back loap. A positive feedback loop s sometimes called a
“vicious circle.” An example 13 the familiar wage-prace spiral—
wiges incrcase, which causes prices to increase, which leads o
demands for higher wages, amd so forth, In a positive feedback
loop a chan of cause-and-effece relationships closes on atself,
so that increasing any one element in the loop wall start a
sequence of changes that will result in the onginally changed
element being increased even maore,

® A detailed deseription of the method of System Dypammes analysis o
preseiited i | W, Fovresters fadwrrad Dymamucr (Cambodge, Mass.:
MIT Press, 1961 ) and Praoples of Spvems (Cambridge, Mass.: Wrighs-
Allen Press, 1%68).
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The positive feedback loop that accounts for exponential

increase of money in a bank sccount can be represented like

this: /\

interest added
(dofiars per yosr) (4] minufwﬂ

i \ 7

Supposs $100 is deposited in the account. The first year’s
interest 15 7 percent of $100, or §, which is added to the
account, making the ol $107. The newr year's interest is 7
percent of $107, or §7.49, which makes 4 new toaal of §114.49.
One year Later the interest on that amount will be more than
$8.00), The more ManEY there 15 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 0 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 ferdback loops underlying
the exponential growth in the five physical quantities we have
already mentioned. In particular, the growth rates of two of
these clements—population and industnalization—are of in-
terest, since the goal of many development policies 15 to
encourage the growth of the larter relative 1o the former. The

Az
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Figure § WORLD POPULATION
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Waorid populstion since 1850 has baea growing exponaniisly af an fncress-
g rato. Estimadod population In TEA0 fe afready slghlly fighse than ihe
projaction Ueatraled hete [miiich was maode In 78580 The presenl warld
papulafien growth rale is about 3.7 parcant per pesr, carrssponding fo o
dowbing time of 33 years,

mm: Denald J, Bogim, Frivcnoles of Dadopraphy (New York: Joha Wikey ard Sorm,
two basie 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 berween these pwo positive feedback
loaps act to amplify or to diminssh the action of the loops,
to couple or uncouple the growth rates of population and of
industry, These interconnections constituse the restof the world
model and their description will sccupy much of the rese of
this book.
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WOELD POPFULATION GEOWTH

The exponential growth curve of world populatnon s thown
in figure 5. In 1650 the population numbered about 05 ballion,®
and it was growing at a rate of approximately 0.3 pereent per
ytar." Than 'EI:IL‘E".':::-!'H'!ITILF.H T 2 |.||a-'|.11.'||i|:|;_.; firme al 1||:u.r|l|| 250 years
In 1970 the population totaled 3.6 billion and the rate of growth
wag 1.1 percent per year® The doubling time at thiz growth
rate 15 33 years. Thus, not oaly has the population been grow-
ing exponentially, but the rae of growth has also been gruwinn.
We might say that population growth has been “super™
exponential ; the population curve 15 nsing even faster than i
would if growth were stnctly exponential,

The feedback loop structure that represents the dynamic
behavier of population growth is shown below,

A A

births . deaths

S {+) population (-} B
average fertility \‘—“":u)rlmmnuh
{traction of population {traction of population
giving birth each year) dying each year)

On the left 18 the posinve 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 waord "billicn"™ in this book will be used o mean 1000 millica,
16, the Ewropean “millianl™
1 Motes begin on page 200,
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tion will be the following vear. 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 bong as average fertility remains constant. Tf,
in addition to sons, each woman haos on the average two
fernale chaldren, for example, and each of them grows up
have two more female children, the population will double
cach pencration. The growth rate will depend on both the
average fertility and the length of the delay berween genera-
tions. Fernility is nof necessarily constant, of courss, and in
chapter 111 we will discuss some of the factors that canse it
o vary.

There 13 another feedback loop governing population
growth, shown on the right side of the diagram above. Tt i a
nepative  feedback foop. Whereas postive 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
ternperature of a room. If the cemperature falls, the thermostat
activates the heating system, which causes the temperature to
rise again. When the temperature resches its Limat, the ther-
mostat cuts off the heating system, and the temperature begins
to fall again. In 2 negative feedback loop a change in one
element 15 propagated around the circle untl it comes back o
change that element in a direction ogposife to the ininal
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 1w
the tatal population times the average mortality (which we

might think of as the average probability of death at any age).
15
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An increase in the size of a population with constant average
mortality will resalt in moge deaths per year, More deaths will
leave fewer people in the population, and so there will be
fewer deaths the nexy vear. 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 9300 people the next year. If the probabiliy
of death is sill 5 percent, there will be oaly 475 deaths in
this smaller population, leaving 9025 people. The next year
there will be only 452 deaths, Again, there 15 a delay in thas
feedback loop because the maortality rate 15 a function of the
average age of the population. Alss, of course, mortality even
at a givem age 15 not mecessarily constant,

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

i

to zern because of the negative feedback lnop of deaths, also
as shown below. Since every real population expericnces bath

s

i

lirma
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births and deaths, as well as varying fertility and mocraliry, the
dynamic behavior of populations governed by these two
interlocking feedback loops can become fairly complicated.
What has caused the recent super-exponential nse in world
population P Before the industrial revolution both fernlity and
maortality 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 shour 30 years. Since then, mankind has developed
many peactices that have had profound effects on the popula-
tion growth system, especially on mortality rates. With the
gpread of modern medicine, public health techniques, and new
methods of growing and distributing foods, death rates have
fallen around the world. Waorld average life expectancy is
currently abour 53 years ™ and still rising. On 2 world average
the gain around the postive feedhack loop (fertility) has
decreased only slightly while the gain around the negative
feedback. loop (mortality) i decreasing. The result is an
increasing dominance of the positive feedback loop and the
sharp exponeniial risc 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 rwenty-first
century? We will have more to say about this in chapters
Il and IV. For the moment we can safely conclude that
because of the delays in the contralling feedback lnops, espe-
cially the positive loop of births, there s no possbality 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,

-7
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Figure & WORLD INDUSTRIAL PRODUCTION
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which mankind will certainly strive mighnly to avosd, we
can look forward to a world population of around 7 hillion
persons in 30 more years. And if we continue to succeed in
lawering mortality with no better suceess in lowering Fernlity
than we have accomplished in the past, in 60 years there will
be four peaple in the warld for cvery one person living today.

WHRLD ECONOMIC CROWTH

A second quantity that has been inereasing in the world even
faster than human population is industrial ouput. Figure 6

iR
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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 1w 1968 was 7 percent per year, or
3 percent per year on a per capita basis,

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

P’

investment  (+) | Indusirial | @ eciation
{upnu-ml - (capital discarded

N e

f" R\\__ mugIm“

of capital

With a given amount of industrial capstal {factones, trucks,
tools, machines, ete.}, 2 certain amount of manufactured out-
put cach year is possible, The outpur actually produced is also
dependent on labor, raw materials, and other inputs. For the
moment we will assume that these other inputs are sufficiens,
so that capital is the limiting factor in production. (The warld
model does include these other mputs.) Much of each year's
output is consumable goods, such as texriles, automobiles, and
houses, that leave the industrial system. Bur some fraction of
the production v more capital—looms, steel mulls, lathes—
which is an investmient o increase the capital stock, Here we
have another positive feedback loop. More capital creates more
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Figura T ECONOMIC GROWTH RATES
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output, some wariable fraction of the output 15 investment,
and more investmen: means more capital. The new, larger
capital stock generates even more output, and so oo, 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 i discarded. To model this smation we
must introduce into the capital system a negative feedback
loop accounting for eapital depreciation. The more capital
there ig, 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 owtput is growing at 7 percent per year
and population only at 2 percent per year, & might appear
that deminant positive feedback loops are a cause for rejoicing.
Simple extrapolation of those growth rates would suggest thar
the material standard of living of the world's people will
double within the next 14 years. Such a conclusion, however,
aften includes the implicit assumption that the world’s growing
industrial owtpot 15 evenly distribured 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 (sec hgure 7).

Most of the world's industrial growth plotred in Agore 6 s
:mull? taking place in the already industrialized countries,
where the rate of population growth is comparatively low.
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Tabie 3 ECONOMIC AND POPULATION GROWTH RATES
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Pakisstan 173 L 1 1.1
Indonesia e 113 14 130 o8
Japan m 1.0 1,150 L]
Hrazil L4 in 250 16
Migera it 14 El| — L3
Federal Republic
of Cermany i} 1 1.5 is
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peberal sgreement stk e of Be TERD.
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and Development, 1973},

The most revealing possible illustration of that fact is a simple
table listing the economic and population growth rates of the
ten tmost populous nations of the world, where 64 percent
of the world's population currently lives. Table 7 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 mble 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 avil disturb-
ance and then war in Pakistan has already inverfered with
econofmic growth there, Let us recognize, however, that the
growth rates listed above are the products of a complicated
social and cconomic system cthat is essentially stable and that
is likely to change slowly rather than quickly, except in cases
af severe social disruption.

It is a simple matter of arithmetic to calculate extrapolated
values for gross national product (GINP) per capita from now
until the year 2000 on the assumption thar relanve 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 almos certainly mas ac
tually be realized. They are not predictions, The values merely
indicate the general direction our system, as it is currently
structured, 15 taking us. They demonstrate that the procers of

Table 3 EXTRAPOLATED GNP FOR THE YEAR 2000

GNP per capits
Camnirsy fim S dallars &)
People's Republic of China e —— e 100
. T TRV e N et TV R O 1 L]
LIS5R 6,350
United Siates ... S— S 1]
] | A S S 1 : 50
Indonesiy - . 1E0
[apan P - |
Hraxil ELll]
Nigeria . o
Federal Republic of Germany . = 3850

* Dawedd om the 1968 doflir wirh B sllewance for inflanon.
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ECORGMEC gronth, ar i if ocowreing today, i rnexoredly widen-
tng the shrolute gap between the rick and the poor nations aof
the aorld,

Most people intwitively and correctly reject extrapolations
like those shown in table 3, because the results appear ndico-
lous. It must be recognized, however, that in rejecting extra-
polated values, ane is also rejecting the assumption that there
will be ma change in the system. If the extrapalations in table 3
do not actually come to pass, it will be because the balance
between the positive and negative ferdback loops determining
the growth rates of population and capital in each nation has
been altered. Fertility, mortality, the capital investment rate,
the capatal 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 i likely to change,
by how much, and when, These are exactly the questions we
are addressing with our model, not on a natonal bass, bt
an an aggregated global one.

To speculate with any degree of realism on furure growth
rates of population and industrial capital, we must know
swomething more about the other factors i the world thar
interact with the popuolatton-capital system. We shall begin
by asking a very hasic 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 carch, at what level of
wealth, and for how longr To answer these guestions, we
mist book in detmal at those systems in the world which pro-
vide the physical support for population and economic growth.
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For which of youw, infonding to bulid &
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What will bt noeded 1o susain
world economic and pl:_lpuh-:iun ;_q;ruwrh I.1:'|1i|1 amd 1:lcl'hap-!|
even beyond, the year 20007 The list of necessary ingredients
is long, bur it can be divided ronghly into two main categorics.

The Hr:! ::r:gu:l"!.' ilu.'lu:h.'r. thie p.ﬁ'}':::mf NECEEilIEs [I‘L'.'ll mp.
port all Flh:,lﬂiu]ﬂ-gi:qi anel induserial au!iri.!:,l—fr.u.u.‘l, favwy e
rials, fossil and nuclear fuels, and rthe :n:-::-‘ln:_rgic.ﬂ systoms - of
the planet which absorb wastes and recyele important basic
chemical substances, Thess ngredients are im0 prnciple tan-
gible, countable stems, such az 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 ultmate
determinants of the limis 1o growth on chis earth,

The second caregory of necessary ingredients for growth
conssts of the soesnl necessities. Even if the earth's physical
systems are capable of supporting a much larger, more econom.
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wally developed population, the actual geowth of the economy
and of the population will depend on such factors as peace
andd social stabality, education and :I:l‘.||‘:l1ir'!.'m-l.'l!ll1 andl :Ir..'lr]!r
technological progress. These factors are much more difficul
to assess or o predice. Neither this book nor our world model
at this stage i it development can deal explicitly with these
social factors, except insoflar 3 our information sbout the
gquantity and distrbution of physeal supplies can indeate
[r:ln.i'hh: future social pﬂ.rl.'lli:m!.

Food, resources, and a healthy environment are necessary
but noe 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 svstem
then support? The answer we obtain will give us some esti-
mate of the upper limats to populaton and capial growth,
but no guarantes that growth will acoually proceed that far,

FoOn

In Fambia, in Akbrica, 260 of every chonand babieo o oare dead
before their first bumhaday. In Tndlea ameil Pakoaan the ravo o 190 of
every theusamd; in Colombas ooz 82, Many mpsc dhe belore they reach
schaol age; others duaring the carly school years,

Where deach certificates are issaed for preschool infasis in the poor
coundgies, desth s gtrl.:ﬂk'lr anrribated 1o messles, p.u:u.quu;ip, ﬂ.:,‘ﬂ-
tery, of pame other disease. In fact theie childien are maore likely 10 be
the victims of malnutnition.?

No one knows exactly how many of the world’s people are
inadeguately nourished today, but there i@ general agreement
that the number 15 lasge—perhaps 50 to 60 percent of the
population of the less industrialized countries,” which means
anedhird of the population of the world. Estimates by the
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Flgure 8 PROTEIM AND CALORIC INTAKE
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“Angean counfries, (e semi-ar stratches of Africa end the Near Ensi,
and some densely papwleled eeunfries of Asla” Lines Indicaling calories
angd prolmng reguired ere those soliimaled e Mo Americess. The as-
sumpdipn has been moce tha! f diofes in ofther roglans wede sufficiand o
allow pecpis t0 reech fol poheniial booy welph!, requinemenis would be
the same svarpalens,

ACAIRCE: UK Fosd ard Apecslive Drganiralion, Prawaimal fadicalve Wodd Plas far
Agriiaeie’ Dewplapmsii Hervs) UM Food snd Sgricuburs Dhpanizalion, 18M).

UM Food and Agricalture Organezation (FAOY indicare thar
in most of the developing countrics basic calonc requirements,
and particularly protein requirements, are not being supplied
(see higure 8). Furthermaore, although total world agricaloural
production s increaung, food production per capete in the
nomndustrialized countries is barely holding constant at in
preseat inadequate level (see figure 9). Do these rather dismal
statistics mean that the limits of food production on the carth
have already been reached?

The primary resource necessary for producing food is land.
Recent studies indicate that there are, at most, about 3.2 hillion
hectares of land (7386 billion acres) potentally suitable for
agriculture on the earth.® Approximately half of that land,
the richest, moss accessible half, 15 under culovation today.
The remaining land will require immense capital inputs to
reach, clear, irrigate, or fertilize before it s ready to produce
food, Recent costs of developing new land have ranged from
§215 o §5.277 per hectare. Average cost for opening land in
unsettled arcas has been $1,150 per hectare.” According to an
FAD report, opening moee land 1o coltivation is not econom-
ically feasible, even given the pressing need for food in the
world today;

In Southern Asa . . . 6 some countrses in Eastern Asia. in the Mear
East apd Mosth Africa, and in cerimin parts of Latn America snd
Africa . . . there i almost no scope for expanding the arable arca.
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Figure 3 FOOD PRODUCTION
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v« o In the dryer vegicns it will oven be necesary W reurn e permas
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Im masr of Latin America and Africa Seuth of the Sahara there ame
still considerable passibilities for sspanding cultivated ares, but the costs
of development ane hogh and it will be often more seonamical o inten
stfy wilization of the areas already setled ®

IF the world's peaple did decide to pay the high capital costs,
to cultivate all possible arable land, and 1w produce as much
food as possible, how many people could theoretically be Fed 7
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Figure 10 ARADLE LAND
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The lower curve in figure 10 shows the amount of land necded
to feed the growing world population, assuming that the
present woeld average of 0.4 hectares per person s sufficient.
{Ta feed the entire waorld population at present US standards,
0.9 hectares per person would be required.) The upper curve in
fgure 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 (.08 hectares per

5l



THE LIMITE TO EXPONENTIAL GROWTH

person asumed here*) for housing, moads, waste disposal,
power lines, and other uses that essentially “pave” arable land
and make it unusable for Food !1|‘ﬂi|l.|i.'1'iim. Landl loss throwgh
erasion is not shown here, but it is by no means negligible.
Figure 10 shoaws tliar, even with the optimshe assurmgpteen that
all !m-::ih!r: land 15 wtilizesd, there wall sull be a tlnper.lrr fand
shortage hefore the yvear 2000 if per capita land requirements
ar! population growth rates remain as they are today.
Figure 10 also iHustrates some very important general facts
about exponential growth within a lmated space. First, it
shows how one can move wiathin a very few years from a
situation of great sbundance to one of great scarcity, There
has been an overwhelming excess of potentially arable land
for all of history, and now, within 3 years (or abour one
population doubling rime ), there may be a sudden and serioos
shortage. Like the owner of the lily pond in our example in
chapaer 1, the human race may have very little time to react
toa erisis resulting from exponential growth in a hnite space.
A second leson to be learned from Agure 10 35 that presise
numerical assumptions abous the limits of the carth are un-
important when viewed against the inexorable progres . of
expessential growth, We might asmume, for example, that e
arable land is taken for cities, roads, or other nonagricultural
wses, In that case, the land available & constant, as shown by
the horizontal dashed line, The point at which the two curves
crois 15 delayed by about 10 years. Or we can suppose that it
18 possible to double, or even quadruple, the productiviey of
the land through advances in agricaltural technology and in-

® Acrial surveys of forty-four counties in the western Unired  Starey
from 1950 ko D960 indicote thas huibi-on land nnwzd From JHE o 074

hﬂuruprrpcm.'
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THE LIMITS TO EXMONENTIAL GRONTH

vestments in capital, such as tractors, fertilizer, anul irrigation
systems, The effects of two different assumphions about in-
creased  productivity are shown by the dotted lines in figure
10. Exch doubling of productivity gains abour 30 years, ar
less than ane popolation doubling time,

Of course, society will not be suddenly surprised by the
erisis Pl;l-inl;" at whch rh: amepnt QE lamd] needed becomes
greater than that available, Sympeoms of the erisis will begin
ta appear long before the orisis point is reached. Food prices
will rise so high that some people will starve; others will be
Forced o decrease the effective amoune of land they wse and
shift to lower guality dicts. These symproms are already appar-
ent in many parts of the world, Although only half the land
shown in figure 10 s now under cultivation, perhaps 10 o 20
million deaths each vear can be attribured directly or indirectly
to malmutriton."

There s no question that many of these deaths are due to
the world's social limiations rather than its physical ones.
Yer there is chearly a link between these two kinds of limitations
in the food-producing system, IF good fertile land were still
easily reached and broughe under coltivation, there winld be no
economic harrier to feeding the hungry, and no diffscult social
chaices to make, The best half of the world's potentially arable
land is already coltivated, however, and opening new  land
i already so costly thar sociery has judged it “uneconomic.”
This is a social problem exseerbated by a physical limiration.

Even if society did decide to pay the necessary costs o gain
ncw land or to increase productivity of the land alecady cul-
tivated, Agure 10 shows how quickly rising population would
bring about another “crisis point.,” And cach successive cnsis
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 agneultural gans, To achieve a
34 percent increase i world Food prodection from 1951 1o 1966,
agriculturalists increased yearly expenditures on tractors by &3
percent, annual investment in nitrate fertilizers by 146 percent,
and annual use of pesticides by 300 percent.'’ The next 3 per-
cent increase will require even greater inputs of capital and
FESOURCES,

How many people can be fed on this earth? There is, of
course, ne simple answer to this question. The answer depends
on the choices society makes among various available alterna-
tives, There s a direct trade-off between producing more food
il'ld Fl'-ﬁui:.l-l!i]'lg ﬂ-l‘l'li!l’ Er_ru-l;l.-: nnd g'_n-i::s n:rdm:l [l g dﬂir-ﬁd I'.'l,l'
mankind. The demand for these other goods and services is
alwo increasing as population grows, and therefore the rade-
off becomes continuously more apparent and more difficult 1o
resolve, Even if the choice were consistently to produce food
as the hrst prionty, however, continued population growth
and the law of increasing costs could rapidly drive the system
to the point where all available resources were devoted 1o
producing food, leaving no further possibility of expansion.

In this secoion we have discussed only one J_m::.'ih'lr |t 1o
food production—arable land. There are other possible limits,
but space docs 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 ronoff 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 1o figure 10
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to show the approach of the increasing demand curve for
water to the constant average supply. In some arcas of the
world, this limit will be reached long before the land limit
becomes apparent.

It iz also possible to avoid o extend these limits by rechno.
logical advances that remove dependence on the land {syn-
theric food) or that create new sources of Fresh water (desalin:
ization of sca water). We shall discuss such innovanons fur-
ther in chapter IV. For the moment it is sufficient 1o recognize
that no new technology s spontaneous or without cost. The
factories and raw materials to produce synthetic food, the
equipment and cnergy to punfy 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 s now determinung the
growth of human popalation. The sapply of food o be ex-
pected in the future is dependent on land and fresh water and
also on agriculmeral capital, which depends in turm on the
cther dominant positive [eedback 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 producton. The
resources that permit growth of that capital stock rend not
o be renewable resources, like land or water, but nonrenewable
resources, like fuels or metals. Thus the cxpansion of food pro-
duction in the future B very much dependent on the avail-
ahility of nonrcncwable resourees. Are there hmits © the
earth's supply of these resources?

NONEENEWANLE RESOURCES
Even taking ioto account such economac Factors a6 aereased  prices
with decreasing avalgbiliy, it would appear a1 present that the quanti-
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tiss of plaunum, geld, zinc, and lead are not rufhcimt o mect demands,
At the present rate of expanson . . . silver, tim, 2nd uraniem may be i

short supply even ar higher prices by the tum of the century. By the
year IOHD, severs] more mimerals may be exhagsted if the cwrrent rate
af consumition soalines.

Dieapste spectacular recent discoveries, theee are only & limaned s
ber of places lef bo search for most minerals, Grolegiss disagree absai
the prospects for finding large, new, rich ore deposits. Beliance on sach
discoveries would seem unwise in the |ﬂ.|1.g term, 12

Table 4 lists some of the more important muneral and el
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 codumn 2% will last
at the current rare of usage. This static index 1s the measure
normally used to express future resource availability. Under-
Iying the static index are seversl assumptions, one of which
15 that the usage rate will remain constant.

But column 4 in table 4 shows that the world vsage rate
of every natural resource 5 growing exponentially. For many
resources the wsage eane iz growing even faster than the popu-
lation, ndicating both that more people are consuming
resources exch year and also that the average consumption per
person ts increasing cach year. In other words, the expenential
growth curve of resowrce consumption s driven by both the
positive feedback loops of population growth and of capital
growth,

We have already seen in figure 10 that an exponentsal in-
crease in land use can very quickly run up against the hxed
amount of land avalable. An cxponential increase in resource
comumption can rapidly diminish a fixed store of resources
in the zame way. Figure 11, which is similar o figure 10, illus-

55



THE LIMITS T0 EXPONENTIAL CROWTIL

Tabls 4 NONREMEWABLE NATURAL RESOURCES
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trates the effect of exponentially increasing consumption of a
given amtial sumount of a nonrenewsthle resource. The example
in this case is chromium ore, chosen because it has one of the
I-nn;u.t srarie rewerve indsces of all the resarree: Listed in rakle 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 af chromium are abow 775 mil-
lion metric tons, of which abour 185 million metrc tons are
mincd annually at present.™ Thus, at the current rate of use,
the known reserves would last about 420 years. The dashed
ling in fgure 11 llustrates the linear depletvon of chrommum
reserves that would be expected under the assumptaon of con-
stant use. The actual world consumphon of chromium &
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,
25 the linear assumprion indicares, bur in just 95 years. If we
suppose that reserves yer undiscovered could increase present
known reserves by 3 factor of five, as shown by the dotred line,
thig fivefold increase would extend the lifetime of the reseeves
wnly from 95w 154 years. Ewven af it were |m!i|.'||.-: Fromm 1970
onward 1o recycle 100 pereent of the chromium (the horizontal
lime) 3o thar none af the initial ceserves were lost, the demand
would exeeed the swpply in 235 years

Figure 11 shows that under conditions of exponential growth
i resource consumption, the static reserve index (420 yvears 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,
amuming that the current growth rate in consumption will

61



THE LIMITS TD EXPONENTIAL CROWTEH

Figure 11 CHROMIUM RESERVES
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continue. We have included this index in column 5 of able 4.
We have also calculated an exponential index on the asump-
tion that our present known reserves of cach resource can be
expanded Avefold by new discoveriee This index is shown in
column 6. The effect of exponential growth s to reduce the
probable pertod 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 ar 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 hve It is
elear that the present exponennally growing usage rates greatly
diminish the length of tme that wide-scale economic growth
can be based on these raw materials

Of course the actual nonrenewable resource availability in
the mext few decades will be defermined by factors much more
complicated than can be expressed by either the simple stane
reserve index or the exponennal reserve index. We have studied
this problem with a detailed model thar takes into account
the many interrelationships among such factors as varying
grades of ore, production costs, new mining rechnology, the
elasticity of consumer demand, and substiturion of other re-
sources.® [llustrations of the general conclunons of this madel

Follow.

Figure 12 15 a computer plot indicating the Future avail-
ability of a resource with a 4-year stanic reserve index in
the year 1970, such as chromiom. The horizonal axis is tme
in years; the vertical axis indicates several quanities, including
the amount of reserves remaming (labeled npsenves), the
amount used each year {usack warn), the extraction eost per
unit of resource (AcTuar cost), the advance of mining and
processng lpul'mnlu;gy {imdhicared b-'r a 1), and the fraccon of
ariginal use af the resource that has been shifted to a substitute
resairee (¥).

At hrs 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 deseription of this model i presented in the papers
by William W, Behrens 111 hsted in the sppendix.
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Figure 12 CHROMIUM AVAILABILITY

= £} 7T
1 W a b
= el [ i i e e - o e e
= -
= [ i i [
" ' i [
. i i [
" i [
8 i [
] 1 '
5T ¥ 1 [
T g e
. i i ¥
" i C
1 i [
b 1 [
¥ B b W
1 i [
r i i
1w
W ji—mnini o e e P ¥
=
2 '
i
i
i
i
i
CRR L] .
o L O
o w e ]
=

-
B o4

11 rn-I

Fhiz fgure pragents 8 compuley ealoufarion of the BConDrye factors in the
avaitahifity of @ rescwncs (chromium) wih o 400-year atalic sdeive indas,
Expanandial growdh In corswmption (8 avedduatly siapped by rising cosis oy
initlal reperves dre depislod, sven fhoogh Gha fechaoiogy of exiroction and
processing i afan jagreagaing erponaniially, Tha ueage fafe falls fo rarp
attar TZ5 yeors, &f which poisd B percenl of the adginel wses bave bean
Fubsiivied By anolfher resoovoe.

BORIACE- Wolllam W. Batradd P, "“Thi Oramics of Matersl Risidte Andimnca.'" Papar
presaniad i 1he 1971 Comzutar Dimalslion Gorfarscta, Bodion Massschose®m, July L]

and lower grades of ore. As demand continues to increase,
however, the advance of technology 15 not fast enough to
counteract the rising costs of discovery, extraction, processing,
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Figure 13 CHROMIUM AVAILABILITY WITH
DOUELE THE KNOWN RESERVES
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and distribution. Price beging to rise, slowly at Arst and then
very rapadly. The higher price causes consumers to use chro-
mium more efficiently and 10 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 profubitively high cost, and mining of new supplies
has fallen sssentially to zero,

This more realistic dynamic assumption about the fuoare
use of chromium yields a probable lifetime of 125 years, which
is considerably shorter than the lifetime calculared from the
static assumption (400 years), but longer than the liferime
caleulated from the assumpaion of constant exponential growth
(95 years). The wage rate in the dynamic model is neither
constant nor continuously increasing, bur bell-shaped, with a
growth phase and a phase of decline.

The computer run shown in hgure 13 illustrates the effect
of a discovery in 1970 that dosbles the remaining known
chromium reserves, The static reserve index an 1970 becomes
B0 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 Agure 12. The perind during
which use of the resource is economically Feamble s increassd
from 125 years to 145 years. In other words, a dowbling of the
rescrves increases the actual period of wse 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
useful things. However vast those amounts may be, they are
not infinite. Now that we have seen how suddenly an expo-
mentially growing quantity approaches a fined upper limit,
the following statement should not come as a surprise. Given
precent refonrce consumprion rales gnd the projected mcreare
i these rates, the great magority of the curremily important
nonrencwable resowrcer unll be extremely cortly roo years from
mosr, The above statement remains true regardles of the most
optimistic assumptions abouwt wndiscovered 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 stanic reserve indices
have already begun to increase. The price of mercury, for
example, has gone up 300 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 consdering total
world reserves of resources are further complicated by the
fact that neither resource reserves nor resource consumption
arc distributed evenly about the globe. The last four columns
of table 4 show clearly that the industralized, consum-
ing countries are heavily dependent on a network of interna-
tional agreements with the producing countries for the supply
of raw materials esscneial to ther industrial base, Added 10
the difficult economic question of the fate of various industries
au resource after resource becomes prohibitively expensive is
the imponderable political guestion 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 ail prices suggest
that the polincal question may arise long before the ultimate
ECONOMIK One,

Are there cnough resources 1o 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 3 conditional one, It depends on how the major
resource-consuming societies handle some important decimons
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 durabality of products made from scarce
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resources. They might encourage social and economec 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 casc because they invelve
choosing between present benehts and future benehis, In order
to puarantes the availability of adequate resources in the future,
policies must be adopted that will decrease resource use in the
present. Most of these palicies operare by ralsing resource costs,
Recycling and better product design are expensive; in most
parts of the warld 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 gencrate more people and & higher resowrce
demand per capita, the system 15 being pushed toward irs
limit—thie depletion of the earth's nonrenewable resources.

What happens to the metals and Fuels extracred from the
carth after they have been used and discarded ? In one sense
they are never lost. Their constituent atoms are rearranged and
eventually dispersed in a2 diluted and uwnusble form into
the air, the soil, and the waters of our planet, The natural
ecological systems can absarb many of the efluents of human
activity and reprocess them into substances that are wsable by,
or at least harmless to, other forms of life, When any efffuent
is releassd on a large enough scale, however, the natural absorp-
tive mechaniims cin become sarurated. The wastes of human
civilization can build up in the environment until they become
visible, annoving, and even harmful. Mercury in ocean hish,
lead particles in city air, mountains of urban trash, oil shcks
on beaches—these are the results of the increasing fAow of
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resources inte and out of man's hands It i linle wonder,
then, that another exponentially increasing quantity in the
world system is pollution.

POLLUTION

Many peogle . . . are concluding on the hasis of moamting ard seasos-
ably abjective ewidence that the lemgth of life of the hicsphers & an
inhabitsble region foe organisms i to be mesured in decades rather
ehan i hamdreds of millions of years, This is entiredy the faol of cur
own sprcics?

Marn's concern [or the effect of his activitics on the natural
environment 15 only very recent. Scaentific attempts o measure
this effect are even more recent and stll very incomplete, We
are certainly noo able, ar this ome, to come to any fnal con-
clusion about the earth's capacity 1o absorb pollution. We can,
however, make four basic poants in this section, which illus-
trate, from a dynamie, global perspective, how difficult it will
be to understand and control the future state of our ecological
systema, These poings arc:

l. The few kinds of pollution thar acrually have been mea-
sured over time seem o 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-
ereases the probability of underestimating the control measures
necessary, and therefore of inadvertently reaching those upper
limnits.

4, Many pollutants arc globally distribured; their harmful
effects appear long distances from their points of generation.

It is not possible to illustrate cach of these four points for
each type of pollutant, both because of the space limirations
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Flgure 14 EMERGY CONSUMPTION AND GMP PER CAPITA
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of this book and because of che limiratons of available data,
Therefore we shall discuss each point wing as examples those
pollutants which have been most complerely studied 1o date.
It is not necessarily true that the pollutants mentioned here
are the ones of greatest concern {although they are all of some
comcern ). They are, rather, the ones we understand best.
Exponentially tncrearing pollution

Virtually every pollutant that has been measured as a function
of time appears 0 be ncreasing cxponentially. The rates of
increase of the various examples shown below vary greatly,
but mast 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
eamplicated world system are influenced in some way by bagh
the population and the industrialization postive feedback
loops,

Lt 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 o 1ncrease 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 (sce Agure 14). Per
Capala cnergy consumpdion i the woeld s imCreasaLg ab a ratc
of 1.3 percent per year,"™ which means a mital increase, includ-
ing population growth, of 34 percent per year.

At present about Y7 percent of mankind's industrial energy
production comes from fossal fucls (coal, al, and natural
gas)."" When these fuels are burned, they release, among other
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Figure 15 CARBON HOXIDE CONCENTRATION
IN THE ATMOSPHERE
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the G concamraio witd reach 380 oo by ine year 2000, an increase of
maarly 30 parcerd of the probable valie fn 1880, The sowrce of ihis ax-
panardind Incroass In etmasphens ©0, I8 man's incraaaing combustion of
fossl feals,

SOUACE: Lmwter Machis, “The Fols of S Qras sns Bissntess in fva Carbon Dioxide

Cprle" Papdr gresdircad & Habsl Syvpodlum 30 "Tha Shasgng Chremalry of e
Oemarn.” Giistary, Saaden, Augus 1671,

substances, carbon dioxide (C0.) into the atmosphere. Cur-
rently about 20 billion tons of CO. are being released fram
fossil fuel combustion each year.'® As fgure 15 shows, the mea-
sured amount of 0y in the atmosphere 15 increasng exponen-
trally, apparently at a rate of about 0.2 percent per year. Only
about one half of the CO. released from burning fossil fucls
has actually appeared in the atmosphere—the other half has
apparently been absorbed, mainly by the surface warer of the
ateans.

If man's energy needs are someday supplied by noclear
power instead of Fossl fucls, this increase in atmeapheric COy
will eventually cease, one hopes befare it has had any measur-
able ecological or chimaralogical effect,

There is, however, another sideefiect of energy use, which
15 independent of the fuel source. By the laws of thermo-
dynamics, cssentially all of the energy wied by man must
ultimately be dissipated as heat, If the encrgy source s some-
thing other than incident solar enerpy (egr., fossal foels 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
squatic life.® Armospheric waste hear around ciries causes
the formation of urban “heat islands,” wirhin which many
metenrological anomalies ocewr.™ Thermal pollution may have
serious climatic cffects, worldwide, when it reaches some appre.-
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Flgura 16 WASTE HEAT GEMERATION IN THE
LOS ANGELES BASIN
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ciable fraction of the Energy I'I:!u':l:u“].' absarbed Ew the carth
from the sun.® In hgure 16, the level of thermal pollution
projected for ane large city s shown as a fraction of incident
solar energy.

Nuclesr power will prodoce yet anather kind of pollutant
—radisactive wastes. Since nuclear power now provides only
an insignificant fraction of the energy used by man, the s
sible envirenmental impact of the wastes released by nuclear
reactors can only be surmised. Some wea may be gained, how-
ever, by the acrual and expecred releases of radicactive isotopes
from the nuclear power plants beng boalt today. A partial
lisz of the expected annual discharge to the environment of a
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Flgure 17T NUCLEAR WASTES
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L6 million kilowart plant now wunder construction in the
United States includes 42800 Curies™ of radissctive krypton

= A Curic iy the radicactive equivalens of ane gram of adiom. This i
wuck a II.I'F amsnang of radiacican that environmsents] concentiaticns are
usually expressed in microcuries {millionths of & Caric ).
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Figura 18 CHAMGES IN CHEMICAL CHARACTERISTICS AND
COMMERCIAL FISH PRODUCTION IN LAKE ONTARID
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Flgure 19 OXYGEN CONTENT OF THE BALTIC SEA
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(half-life ranging from a few hours to 9.4 years, depending on
the 1sotope} in the stack gases, and 2910 Curies al 1ritivm
(half-dife 125 years) in the waste water.™ Figure 17 shows
how the nuclear gencrating capacity of the United States is
expected to grow from now unnl the year 20000 The graph
also includes an estimate of radioactive wastes annually re
beased by these nuclear power plants and of accumulared
wastes (From spent reactor Fuels) thaot will have o be safely
stored.

Carbon dioxide, thermal energy, and radioacrive wastes are
just three of the many disturbances man & inserting into the
environment at an exponendally increasng rate. Chher ox-
amples are thown in fgures 18=21,

Figure 18 shows the chemical changes occurring in a large
Morth American lake from accumulation of soloble industrial,
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Figure 20 US MERCURY CONSUMPTION
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agricultural, and municipal wastes. The accompanying de-
erease in commercial fish production From the lake 5 also
inadicated, Figure 19 illustrates why the incrcase in organic
wastes has such a catastrophic effect on fish life, The figure
shows the amount of dissolved oxygen (which fish “breathe™)
in the Balvic Sea a5 a function of nime. As meresing amounis
of wastes enter the water and decay, the dissolved cxvgen is
depleted. In the case of some parts of the Baltic, the oxygen
level has acrually reached zero.

The toxec metals lead and mercury are released into water-
ways and into the armosphere from amomobiles, incinerators,
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Figure 31 LEAD | THE GREEMLAND |CE CAP
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industrial processes, and agriculural pesticides. Figure 20
shows the exponential increase in mercury consumption in
the United Seates from 1946 1o 1968, Only 18 percent of this
mercury i captured and recycled after we™ An exponential
increase in deposits of airborne lead has been detected by
extraction of successively decper samples from the Greenland
ice cap, as shown in figure I1.

Unkrown upgper fimits

All of these exponential curves of various kinds of pollution can
be extrapolated into the furare, a3 we have extrapolated land
needs in Agure 10 and resource use in hgure 11. In both of
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these previous figures, the exponential growth curve eventually
reached an upper limit=the total amount of arzhle land or
af resources economically available in the earth. However, no
apper bounds have been indicated for the exponential grewnth
curves of pollutants in fgures 15-21, because it 13 not known
how much we can perturk the natwral ecological balance of
the carth withowt seriows consequences. It is not known how
mikch CO or thermal polluton can be released wathour cons-
ing irreversible changes in the earth’s climate, or how much
radicactivity, lead, mercury, or pesticide can be absorbed by
plants, fish, or human beings before the vital processes are
severely interrupted.

Natural delays in ecological processes

This ignorance about the limits of the earth's ability to absorb
pollutants should be reason enough for caution in the releass
of polluting substances. The danger of reaching those limits
is especially preat because there is typically a long delay be-
tween the release of a pollutant into the environment and the
appearance. af its negative efect on the ecosystemn. The
dynamic implications of such a delayed effect can be illustrated
by the path of DDT through the environment after its use as
an insecticide. The results presented below are taken from a
detailed Systemn Dynamics study® wsing the numerical con-
stants appropriate to DDT, The general conclusion is appli-
cable (with some change in the exact numbers involved) o
all lang-lived toxic substances, such as mercury, lead, cadmium,
other pesticides, polychlorobiphenyl (PCB), and radicactive
waskes,

* The study, by Jérgen Randers and Dennis L. Meadows, is listed in the
Eppendiz.
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DDT 15 a man-made organic chemical relessed into the
environment a5 3 pesticide at 3 rags of abour 100000 tons
annually.® Afier its application by spraying, part of it cvap-
orates and 1s carried long distances in the air before it eventu-
ally precipitates back onto the land or into the ocean. In the
ocean some of the DT is taken up by plankton, some of the
plankton are eaten by fish, and some of the hsh are fnally
eaten by man. At each step in the process the DDT may be
degraded into harmless substances, it may be released back
inte the ocean, or it may be concentrated in the tssues of
living organisms. There is some fime delay involved at each
of thess steps. All these possible pathways have been analyzed
by a computer to produce the results seen in hgure 22,

The DDT application rate shown in the figure follows the
world application rate from 1940 to 1990 The graph shows
what would happen if in 1990 the world DDT applicarion
rate began to decrease gradually untl o reached zern in the
year 2000. Because of the inherent delays in the system, the
level of DDT in hAsh continues to nse for more than 10 years
after DDT use starts declining, and the level in fish docs nor
come back down fo the gyo level wnil the year 1gos—more
than two decades after the decision s made to reduce DDT
application.

Whenever there 15 3 long delay from the time of release of a
pollutant to the ume of is appearance in a harmful form,
we know there will be an equally long delay from the time
af eentral of that pallutant to the ime when its harmful effect
firtally decreascs. In other words, any pollution control system
based on instituting contrals only when some harm s already
detected will probably guarantes that the problem will get
much worse before it gets better. Systems of this sort are
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Flgure 22 DDT FLOWS IN THE ENVIRONMENT
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excecdhingly difficult 1o control, because they require thar
present actions be based on resulis expected far in the future.

frlabal destrifnizon uf P‘I?Hl.il:l'l'lﬂ

At the present time only the developed naticns of the woeld
are seriously concerned about pollution. It is an unfortunate
characteristic of many types of pollution, however, that even-
tually they become widely distmbuted around the world
Although Greenfand 15 far removed from any source of armo-
spheric lead pollution, the amount of lead deposited in Green-
land ice has increased 300 percent yearly since 1940 DDT has
accumulated in the body fat of humans in every part of the
globe, [rom Alaskan eskimos to city-dwellers of New Delhi, as
shown in eable 5.

Pollutron Limets

Since pollution generation is a complicated function of popu-
lation, industrialization, and specific trechnologieal develop-
ments, it is difficult to estimate exactly how fast the exponen-
tial curve of total pollution release i rising, We might estimate
that if the 7 ballion people of the year 200 have a GNP per
capita as high as that of present-day Americans. the total
pollution load on the environment would be at lzast ten rimes
its present value. Can the earth’s natwral systems support an
intrusion of that magnitude? We have no idea, Some people
believe thar man has already so degraded the environment that
irreversible damage has been done 1 large natural systems.
We do not know the precise upper Limat of the earth's abilicy
to absorb any single kind of pollution, mwch less its ablicy
to absorb the combination of all kinds of pollution. We do
know however that there i an upper limir. It has already been
surpassed in many local environments. The surest way to
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Table 5§ DDT IM BODY FAT Cmcraribin
of DPOT aied
pere breabdoms
Kandee & Raally far
Fapulagon Yirar wmple | parts per wlivan)|
Alaska (Eskimaosg) 160 H 30
Canada . 155560 i 45
England IH0-62 131 2z
Englaml .o . 1A 106 39
France S— 191 L] a3
Germany . — 195850 fill 23
Hungary - 1060 48 174
India (Diclhi) Y 1944 ¥ 260
| TS | AR 196364 i 192
United States (Kentucky) 1942 1] n
United Siates
[Georgia, Kentucky,
Arrzona, Washingen ) 196162 130 123
United Srares (all arean) 1064 A Th

wrece! Warlaml L Hapes, [r., “Monimnng Food amd People T Poicide Cowient,”
in Erveebfic Adopectr of Pewt Cemirnd (Waahingtea, DE: Narsaal Academy of -
ercmy—>atanal Rerarch Crosecl, 1965),

reach that upper limit globally is to increase exponentially
both the number of peaple and the polluting activities of each

The trade-offs invalvad in the environmental sector of the
warld system are cvery bit as difficult to resolve as those in
the agriculiural and paroral resowrce sectors. The bencfits of
pollution-generating activities are usmally far removed in bath
space and time from the costs. To make equitable decisions,
therefore, one must consider both space and tme factors. If
wastes are dumped upstream, who will suffer downstream ? If
fungicides containing mercury are used now, 1o what extent,
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when, anid where will the mercury appear in ocean fish? If
polluting facrories are located i remote areas to “isolate™ the
pollutants, where will those pollutants be ten or twenty years
From now?

It may be that technological developments will allow the
expansion of industry with decreasing pollution, but only at a
high cost. The US Council on Environmental Quality has
called for an expenditure of §105 bilbon between now and
1975 (42 percent of which is to be paid by indusery) for just a
partial cleanup of American air, water, and solid-waste pollu-
ton® Any country can postpone the payment of such costs
ta increase the present growth rate of its capital plant, bue
only at the expense of future environmental degradation,
which may be reversible only at very high cost.

A FINITE 'WORLD

We have mentionsed many difficult trade-offs in this chaprer
in the production of food, in the consumption of resources,
and in the generation and clean-up of polluton. By now it
should be clear that all of these trade-offs anse from ene simple
Fact—the carth 15 finice. The closer any human activity comees
to the limit of the earth’s ability to support thar activity, the
muare apparent and unresalvable the trade-offs become. When
there is plenty of unused arable land, there can be more people
and abo more food per person, When all the land is already
msed, the trade-ofl between more people or more food per
person becomes 3 choice between absolures.

In general, modern society has not learned to recognize and
deal with these trade-offs. The apparent goal of the present
world system 15 to produce more people with more (food,
material goods, clean air and water) for each person. In this

86



THE LIMITE T0 DEXPONENTIAL CROMITH

chapter we have noted thar if society continues 1o strive For
that goal, it will eventually reach one of many earthly limita-
teons. As we shall see in the nexe chapter, it is aot possible
o foretell cxactly which limitation will occur first or what
the consequences will be, because there are many conceivable,
unpeedictable human responses to such a situation. v is
possible, however, to investigate what conditions and what
changes in the world system might lead society 1o collision
with or accommodation to the limits to growth in a Anite
wiorld.
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HERACLITUS, 500 B.C,

m have discuszed food, nonrencw-
able resources, and pollution absorption as separate factors
necessary for the growth and maintenance of population and
industry. We have looked at the rate of growth in the demand
for each of these factors and at the possible upper limits to the
supply. By making simple extrapolstions of the demand
growth curves, we have attempted to estimate, roughly, how
much longer growth of cach of these factors might continue
at its present rare of increase. Our conclusion from these
extrapolations is one that many perceptive people have already
realized—that the shore doubling times of many of man's
activities, combined with the immense quantities being
doubled, will bring us close 1o the limits to growth of those
activitics surprsngly soon.

Extrapolation of present trends is a time-honored way of
looking into the foture, especially the wery near future, and
especially if the quantity being considered is not much in-
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Auenced by other trends that are oceurring elsewhere in the
system. OF course, none of the five factors we are examining
here is independent. Each interacts constantly with all the
others. We have already mentioned some of these interactions,
Population cannot grow without food, fosd production is
increased by growth of capital, more capital requires maore
resources, discarded resources become pollution, pollution inter.
feres with the growth of both population and fead.

Furthermore, over long time periods cach of these factors
also feeds hack to influence itslf. The rate at which food pro-
duction increases in the 1990°s, for example, will have some
effect on the size of the population in the 1980°s, which will in
turn determine the rate at which food production must increase
for many wyears thereafter. Similarly, the rate of resource
consumption in the next few years will influence bath the size
of the capital base that must be maintained and the amount
of resources left in the earth. Existing capital and awailable
resources will then intersct to determine future resource supply
and demand.

The five basic quanrities, or levels—population, capital, food,
nonrenewsahle resources, and pollution—are joined by still other
interrelationships and feedback loops that we have not ver dis-
eussed, Clearly it is not possible to assess the long-term future of
any of these levels without taking all the others into account.
Yet cven this relanively simple system has such a3 complicated
structure that one cannot inmuitively understand how it will
behave in the future, or how 3 change m one vanable mighs
ultimately affect each of the others. To achieve such under-
standing, we must extend our intuitive capabilities w0 that we
can follow the complex, interrelated behavior of many variables
simultaneously.

i
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In this chapter we dewnbe the formal world model that
we have used as a first step toward comprehending this com-
plex world systemm. The model is simply an atternpt to bring
together the large body of knowledge that already exists about
cawsc-and-effect relationships among the five levels listed above
and to express that knowledge in terms of interlocking freed-
back loops. Since the world madel & so impartant in under-
standing the causes of and limits to growth in the world sys-
tem, we shall explain the model-building process in some
detail.

In conszructing the model, we fellowed four main steps:

1. We first listed the imporant causal relationships among the
five levels and traced the feedback loop structure. To do so
we consulted literarure and professionals in many felds of
study dealing with the arcas of concern—demegraphy, eco-
nomics, agronomy, nutrition, geology, and ecology, for ex-
ample. Qur goal in this first step was 1o fAnd the most basic
structure that would reflect the major interactions between the
fve levels. We reasoned thar elaborations on this basic struc-
ture, refecting more detailed knowledge, could be added after
the simple system was understood.

2, We then quantified each relationship as accurately as
possible, using global data where it was available and char-
acteristic local dara where global measurements had not been
made.

3. With the computer, we caloulared the smultaneous opera-
tion of all these relationships over cime. We then tested the
effect of numerical changes in the hasic assumptions to And
the most critical dererminants of the system’s behavior,

4. Finally, we tested the effect on our global sysem of the
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vanious policies that are currently being proposed w enhance
or change the behavior of the system.

These steps were not necessarily followed serially, because
often new information coming from a later step would lead
us back to alter the basic feedback loop strucrure. There is not
one inflexible world madel; there is instead an evolving model
that is continuowsly enticized and updated a3 our own under-
standing increases,

A summary of the present model, its purpose and limita-
tions, the most important feedback loops it containg, and our
general procedure For quantifying causal relationships follows.
THE PURPOSE OF THE WOELD RAGHEL
In this frst simple world model, we are interested only in

the broad behavior modes of the population-capital sysem.
By behavior modes we mean the rendencies of the variables
in the system { population ar pollution, for example) to change
as time progresses. A variable may increase, decrease, remain
constant, oscillate, or combine several of these characteristic
muodes, For cxamyple, a population growing in a limited envi-
ronment can approach the ultimate carmying capacity of that
environment in several possble ways, It can adpust smoathly
to an equilibriom below the environmental limit by means of
a gradual decrease in growth rate, as shown below, It can over-
R
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shoot the limit and then die back again in cther a smooth or
an oscillatary way, also as shown below. Or it can overshoot

carrying capachy carrying capacity
R f';" 1 _-"'n..|
J}' g 1 1"'--"'-
¥ .r'r
J,-’e'-—rm-unn /% popuistion
time T

the limit and in the process decrease the wltmate carrying
capacity by consuming some necessary nonrencwable resource,
as diagramed below. This behavior has been noted in many
natural systems. For instance, deer or goars, when matural
enemiss are absent, often overgraze their range amd cause
erosion of destruction of the vegetation.™

r‘""\.‘
'i. carrying capacity

’
#

o
_~%< poputation ~=="
time

A major purpose in constructing the world model has been
te determine which, if any, of these behavior maodes will be
muost characterigtic of the world system as it reaches the limats
to growth. This process of determining behavior maodes w
"prediction” only in the most limited sense of the ward. The
output graphs reproduced later in this book show valucs for

L F ]
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world population, capital, and sther variables on a time scale
that begins in the year 1900 and continues uneil 2100, These
graphs are met exact predictions of the values of the variables
at any particular year in the future. They are indications of
the system’s behavioral tendencies only.

The diffcrence between the various degrees of “prediction™
might be best illustrated by a simple example. [f vou throw a
batl straight wp into the air, you can predict with certainty
what itz general behavior will ke, It will rise with decreamng
velocity, then reverse direction and fall down with increasing
velocity until it hits the ground. You know that it will not
continue rising forever, nor begin o orbir the earth, nor loop
three times before landing. It is this sort of elemental under-
manding of behavior modes that we are seeking with the
present world model. Tf one wanted to predict exacily how
high a thrown ball would rise or exactly where and when it
would hit the ground, it would be necessary 1o make a detailed
calculation based on precise information about the hall, the
altitude, the wind, and the force of the initial throw, Simalarly,
if we wanted to predict the size of the carth’s population in
1993 within a few percent, we would need a very much more
complicated model than the one described here. We would
alwo need information shout the world system more precise
and comprehensive than s currently available.

Because we are interested at this point only in broad behavior
modes, this first world model need not be extremely detailed.
We thus conmder only one general population, a population
that stanigtically reflects the average characterstics of the global
population. We include only one class of pollutants—the long-
lived, globally distributed family of pollutants, such as lead,
mercury, asbestos, and stable pesticides and radioisstopes—
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whose dynamic behavior in the ecosystem we are beginning
to understand, We plot one generahzed resource that represents
the combined reserves of all nonrenewable resources, althowgh
we know that each separate resource will follow the general
dynamic pattern at its own specific level and rate.

This high level of aggregation is necessary at this point to
keep the model understandable. At the same time it limits the
information we can expect to gain from the model, Questions
of detail cannot be answered because the model simply does
not yet contain much deeail, Mational boundaries are not recog-
nized. Distribution inequalities of food, resources, and capiral
are included implicitly in the data bur they are not ealeulated
explicitly nor graphed in the output. Warld trade balances,
migration patterns, climabe determinants, and politieal proe-
esses are not specifically treated. Other models can, and we
hope will, be built to clarify the behavior of these important
subsystems.®

Can anything be learned from such a highly aggregated
model ? Can its outpur be considered meaningful ? In terms of
exact predictions, the output s not meaningful. We cannat
forecast the precise population of the United States noe the GNP
of Brazil nor even the toral world food production for the year
2015, The data we have to work with are certainly not suffi-
cient for such forecasts, even if it were our purpose to make
them, On the other hand, it 15 vitally important to gain some
understanding of the causes of growth in human society, the
limits to growth, and the behavior of our socio-economic sys-
tems when the limit are reached. Man's knowledge of the

* We have bailt mibmadels ourelve in the coure of this

study to iovestigate the detailed dynemics underlying each secior of
the warld model. A lim of those studies is includsd in the appendiz.

M
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Figure 23 POPULATION GROWTH AND CAPITAL GROWTH
FEEDBACK LODPS
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of the variows Icops depand on many oifver faciors ia Ifee world mystem.

behavior modes of these sysems is very incomplete. It is cur-
rently not known, for example, whether the human population
will continise growing, or gradually level off, or oscillate
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around some upper limit, or collapse. We believe that the
aggregated world mode]l s one way 1o approach such ques
tions. The model unlizes the mast basc relationships among
people, food, nvestment, depreciation, resources, outpur—
relationships thar are the sme the world over, the same in any
part of human society or in society as a whole. In fact, as we
indicated at the beginning of this book, there are advantages
to considering such questions with as broad a space-time hori-
zan a4 possible, Questions of detml, of individual nations, and
af short-term presures can be asked much more sensibly when
the overall limits and behavior modes are undersiond.

THE FEEDRACK L@ STRIMN-TIIRE

In chapter | we drew 3 schematic representanon of the feed-
back loops thar generate population growth and capital
growth. They are reproduced together in Agure 13,

A review of the relatonships diagramed in fgure 23 may
be helpful. Each vear the population is increased by the total
number of barths and decreased by the total number of deaths
that have taken place during that vear. The absslute number
of births per year is a function of the average fertility of the
population and of the sie of the population. The number af
deaths 15 related to the average mortality and the ol popu-
lation size. As long as births exceed deaths, the popularion
grows. Similarly, a given amount of industrial capatal, operat-
ing at constant eficiency, will be able 1o produce a certain
amount of ourpur cach vear. Some of thar ourpur will be more
factories, machines, cic., which are investments (o ncrease the
stock of capital goods. Az the same time some capital equip-
ment will depreciate or be disearded each year. To keep indus-
trial capital growing, the investment rate must excead the

i
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Figura 24 FEEDBACK LOOPRS OF POPULATION, CAPITAL,
AGRICULTURE, AND POLLUTION
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depreciation rate.

In all our fow diagrams, such as figure 23, the arrows simply
indicate that one varable has some influence on another. The
mature and degree of influence are not specified, although of
course they must be quantifed i the model equations. For
amplicity, we often omit noting in the fow diagrams that
several of the caweal interactions occur only after a delay, The
delays are included explicitly in the model ealeulations.

Population and capital influence each other in many ways,
some of which are shown in figure 24. Some of the outpur af
indusrrial capatal 18 agriculroral capital—tracrors, dreigation
ditches, and fertilizers, for example. The amount of agricul-
tural capital and land area under cultivation grongly influences
the amount of food produced. The food per capita (food pro-
duced divided by the population) influences the mortality of
the population. Boch indusnial and agricultural activity can
camse pollution. {In the case of agriculture, the pollution con.
sists largely of pesticide residues, fertilizers thar canse eutrophi-
cation, and salt deposits from improper irrigation.} Pollution
may affect the mortality of the population directly and also
indirectly by decreasing agricultural ourpur.™

There are several important feedback loops in Agure 24. If
everything elss in the system remained the ame, a population
inereare would deceease food per capita, and thus increase mos.
tality, increase the number of deaths, and eventually lead 10 a
population decrease. This negative feedback loop s diagramed
below.
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/’—’m_"‘\

deaths per food per capita

"\_ mm___,/

Another nEganve Feedback I:mhp -I::l:ml.rn h-:]n-w:] Icnn;];- [1=]
counterbalance the one shown above, IF the food per capita
decreases 1o a value lower than that desired by the populaton,
there will be a tendency to increase agricultural capinal, so
that furure food production and food per capita can fmerease.

food par desired food
//"’uphl \ per capita

Crther important eelationships in the world model are illus-
trated in Agure 25, These relationships deal with population,
imdustrial capital, service capital, and resources

Inctustral GIRLF RN imcTedes g«r_lnl,‘ls that are alboeared o service
capital—houses, schools, hospitals, banks, and the equpment
they contain, The output from this service capital divided by
the population gives the average value of services per capata.
Services per capita influence the level of health services and
thus the mortality of the papulation. Serviced also include edu-
catian and eescarch inte birth control methods as well as
distributson of birth contral mformation and devices. Scrvices
per capita are thus related to fertliy.

”
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Figure 25 FEEDBACK LOOPS OF POPULATION, CAPITAL, SERVICES,
AND RESOURCES
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A changing industrial owtpur per capita also has an obsery.
able effect (though typically afier a long delay) on many social
Eactors that nfluence fertiliny.

Each unit of industrial ourput consumes some nonrenewable
resource reserves. As the reserves gradually diminish, more
capiral is necessary to extract the same amount of resource from
the earth, and thus the efficiency of capital decreases (that is,
mate capital is required to produce a given amount of finshed
Bl.l'.lﬂrj:}.

The important feedback loops 1n hgure 25 are shown below,
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Flgure 3 THE WORLD MODEL
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The relationships shown in figures 24 and 25 arc typacal of
the many interlocking feedback loops in the world maxdel.
Other loops inclsde such factors as the area of cultivated Land
and the rate ar which it 1 developed or eroded, the rate ar
which pollution 15 generated and rendered harmless by the
environment, and the balance between the labor force and the
number of jobs available, The complete flow diagram for the
world model, incorporating all these [actors and more, is shown
in hgure 26,

QUAMTITATIVE ASSLUMPTIONSY

Each of the arrows in figure 26 represents a gencral relanon-
ship that we know is important or potentially important in the
population-capital systemn. The structure is, in fact, sufficiently
genr.ul rhat ir t'nighl! akbiy represent 2 !:'tnglr nalinn oF even o
single city {with the addition of migration and trade Bows
across boundaries). To apply the model structure of figure 26
to a naton, we would quantify each relationship in the struc-
rure with numbers characteristic of that nation, To represent
the warld, the data would have to reflect average characteris-
tics of the whole waorld.

Most of the causal infuences in the real world are noalinear.

10
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That is, a certain change in a2 causal varmble (such as an
increase of 1 pereent in faoexd per capata) may affect another
variable (life expectancy, for example) differently, depending
on the point within the powable range of the second variable
at which the change takes place. For instance, if an increase
in food per capita of 10 percent has been shown to increase
life expectancy by 10 years, it may not follow that an incecase
of food per capita by 20 percent will increase life expectancy
by 20 years. Figure 27 shows the nonlinearity of the relation-
ship between food per eapita and life expecrancy. If there i
litthe food, a small inerease may bring abour a large increase
in life expectancy of a population. IF there 1 already sufficient
food, a Further increase will have hinle or no effect. Monlinear
relationships of this sort have been incorporated directly into
the world mode].®

The current stare of knowledige abour causal rebationshaps in
the world rafiges fron |:|:|rr|.|1|r|!|:" igrgnr:ml::' tor extreme accuracy.
The relationships in the world madel generally fall in the
middle ground of certainty. We do know something abour
the direction and magnitude of the causal effects, but we rarely
have fully accurate information sbout them. To illustrate how
we aperate on thas intermediate ground of knowledgs, we pre-
sent here three examples of quantitative relationships from the
wiarld medel, One is a relationship between economic variables
that is relatively well understood; another involves socio-
posvchological varables thar are well studied bor difficult to
quantify; and the third one relates beological varables thas

*® The data in hguare 37 have not been corsected for waristions in other
Fagrars, such as bealth care. Furher infarmarian an oarissies) trestmenr
of such a relationship and en its incerparation inta the meodel squations
will be presented in the sechmical seport,
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Figura I7 NUTRITION AND LIFE EXFECTANCY
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are, as yer, almost rotally enknown, Although these three
examples by no means constitute o complete description of
the world model, they illusteare the reasoning we have used to
construet and quantify i,

Fer capita resonree wuie

As the world's population and capital plant grow, whar will
happen to the demand for nonrenewable resources? The
amount of resources consumed each vear can be found by mul-
tiplying the population imes the per capita resource usage rate.
Per capita resource usage rate is nol constant, of course. As a
papulation becomes more wealthy, it tends 10 consume more
resources per person per year. The Aow disgram expressing
the relationship of population, per capita resource usage rate,
and wealth (a5 measured by industrial cutput per capita) 1w
the resource usage rate is shown below.

nonrenswable
i
cutput
per capita m"'
S e —

The relationship between wealth (industnal output per
capita) and resource demand (per capita resource usage rate)
is expressed by a nonlinear curve of the form shown in figure
2. In hgure 28 resource wse 15 defined 1o terms of the world
average resource consumption per capita in 1970, which is ser

]
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Figure 28 INDUSTRIAL OUTPUT PER CAPITA AND

RESOURCE USAGE
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[qu:l 1w 1. Since woorld avErage inclustrial outpul per capdta
in 1970 was about §230.* we know that the curve goes through
the point marked by an *. In 1970 the Unsted Seates had an
average industrial cutput per capita of abour §1.600, and the
average citizen consumed approximately seven times the world
average per capita resource wage.™ The point on the curve that
would represent the US level of consumption is marked by
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a +. We assume that, as the rest of the world develops eco-
nomically, it will follow hasically the US pattern of consump-
tion—a sharp upward curve ai outpur per capita grows, fol.
lowed by a leveling off, Justihcation for thar assumprion can
be found in the present pattern of world steel consumption
{see figure 29). Although there @5 some variation in the stocl
consumption curve from the general curve of figure 28, the
overall partern is consistent, even given the differing economic
and political structures represented by the various nations.

Additional evidence for the general shape of the resource
consumption curve 1% shown by the history of US consumption
of seel and copper plotted in Agure 3. As the average indi-
vidual income has grown, the resource usage 10 both cases has
risen, ar first steeply and then less steeply. The final plarean
represents an average saturation level of matenial posssisions.
Further income increases are spent pnmarily on services, which
are less resource consuming.

The Sshaped curve of resource usage shown in Agure 28
is included in the world mode]l only as & representation of
apparcnt gresemt policies. The corve can be altered at any time
in the model simuolation to test the effects of system changes
(such as recycling of resources) that would either incresass or
decrease the amount of nonrenewable resources cach person
comsurnes. Actual model runs shown later i this book will
Hlustrate the effects of such policies.

Desired birth rate

The number of births per year in any population equals the
number of women of reproductive age times the average fer-
tility (the average mumber of births per woman per year).
There may be numerows factors imBuencing the fertility of a

e



GROWTH 1M THE WORLD SYSTER

Figura 19 WORLD STEEL CONSUMPTION AND GNP PER CAPITA
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population, In fact the study of fertility determinants is a major
occupation of many of the world's demaographers. In the world
maodel we have identified three major components of fertility—
maximum hiclogical birth rate, birth control effectivencss, and
desired birth rate. The relanonship of these components to fer.
tility is expressed in the diagram below.

f’,_,-filfﬂlll"—-—--..___

T St
maxkmum birth control
blological aftecliveness
birth rate
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Figure 30 U5 COFPER AND STEEL CONSUMPTION AND GNF
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Figure 31 BIRTH RATES AND GNP PER CAPITA
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The maxmiam Bologreal birth rate is the rate at which
women would bear children if they practiced no method of
birth control throughout their entire reproductive lifetimes.
This rate is biologically determined, depending mainly on the
general health of the populatisn. The desired bursh rate 15 the
rate that would result if the population practiced “perfect”
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barth control and had anly planned and wanted children. Birth
control ¢ffechiveneis measures the extent to which the popula-
tion 15 able o achicve the desired birth rate rather than the
maximum biological one, Thus “birth control™ is dehned very
broadly to inclode any methad of controfling births acrually
practiced by a population, including contraception, abortion,
and sexual shstinence. It should be emphasized that perfect
birth control effectivencss does ros imply low fertility. If de
sired barth rate is high, fertility will also be high,

These three factors influencing fertility are in twren influenced
by ather factors i the world system. Fagure 31 suggests thar
industnalization might be one of the more important of thewe
Eactors.

The relation between crude birth rates and GNP per capita
of all the nations in the world follows a surprisingly regular
partern. In general, as GNP rises, the birth rate falls. This
appears to be troe, despate differences in religious, eultural, or
Pl.'lli.li.-t."ll Eﬁ-l!l!trri. ﬂr fouirss, we cannol c-unl:[ulJr: !rn:q:n this l-':gur:
that a rising GNP per capita directly causes a lower birth rate.
Apparently, however, a number of social and educational
changes that ulomacely lower the birth rate are assocated with
increamng  imdustrialization. These social changes typrcally
occur only after a rather long delay.

Where in the feedback loop srecture does this inverse rela
tronship between birth rate and per capata GNP operate? Most
evidénee would indicate that it does not operaie through the
maximum biological birth rate. If anything, rising industriali-
zation implies better health, so thar the number of births
possable mighe increase as GNP inereases. On the other hand,
birth control effectiveness would also increase, and this effect
certainly contributes to the decline in births shown in figure 31.
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Flgura 32 FAMILIES WANTING FOUR OR MORE
CHILDREN AND GNP PER CAPITA
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We suggest, however, that the major effect of nsing GNP =
on the desred birth rate, Evidence for this suggestion is shown
in Agure 3L The curve indicates the percentage of respondents
to family planning surveys wanting more than four children
as a functon of GNP per capita. The general shape of the
curve 1 simikar to that of Agure 31, except for the shght -
erease i desired Family size at high mcomes,

The economist |. ]. Spengler has explained the general
response of desired birth rate to income in terms of the eco-
nomic and social changes that occur during the process of
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Figure 33 DESIRED FAMILY SIZE
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industralization.”™ He bebieves that cach family, consciously
or unconsciously, weighs the value and cost of an additional
child against the resources the family has available o devote o
that child, This process results in a general attitude about
family size that shifts a2 income increases, 35 shown in figure 33,



GROWTH 1N THE WORLD sSYETEM

The “value” of 3 child includes monetary conaderstions,
such as the childs fabor contribunion to the family farm or
business and the evenmual dependence on the child's suppaort
when the parenes reach ofd age. As a country becomes indus-
trialized, child labor laws, compuisory educarion, and social
sectirity provissons all reduce the potential monetary valoe of a
child, *Value™ also meludes the more intangible values of a
:hi.'{l 2% an -r:h'p_-:r il |r,|'|.'|:r a carrier af the E:mil}' name, an
inheritor of the family property, and a proof of masculinaty.
These values tend to be important in any society, and so the
reward function always has a positive value, It 5 particulacly
impartant in paor societies, where there are almest no alter-
native modes of personal gratifcation.

The “cos™ of a child includes the acoal Anancial cutlays
necessary o supply the chili’s needs, the opporunity costs of
the mother’s time devored to child care, and the increased
responsshility and decreased freedom of the family as 2 whale,
The cost of children 1 very low in 3 wraditional society, No
additional living space is added to house a new child, liatle
education or medical care is available, clothing and food
requirements are mmimimal, The mother 13 generally uneducated
and assgns no value to her tme. The famly has hietle freedom
to do anything that a child would hinder, and the extended
family structure is there to provide child care if it should
beeome necessary, for example, for a parent to leave home ro
find a job.

As family income increases, howewer, children are given
more than the basic food and clothing requirements. They
receive better howsing and medical care, and education becomes
bath necessary and expensive. Travel, recreation, and alterna.
tive conployment for the mother become possibslities that are
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not compatible with a large family. The extended famaly strue-
ture tends to duappear with industrialization, and substitute
child carc is costly.

The “resources™ that a family has 1o devote w a child gen-
crally increase with income. At very high income, the value
and cost curves become nearly invanant with forther increases
i income, and the resource curve becomes the dominant factor
in the composite desired birth rate. Thus, in nch countries,
such as the United States, desired family size becomes a direct
function of income. It should be noted thar “resources”™ is
partially a peychological concept in that present actual income
must be modified by an expectation of future income in plan-
ning family size.

We have summarized all these social factors by a feedback
loop link between indwstrial outpor per capata and desired
birth rate. The general shape of the relationship is chown on
the nght side of figure 33. We do not mean to imply by this
link that rinung income is the only determinant of desired
family size, or even that it s 3 dircet determinant. In Fact we
include @ delay between industrial output per capita and
desired family size to indicate that this relationship requires a
soctal adpoistment, which may take a generation or two to
complete. Again, this relationship may be altered by Future
policies or social changes. As it stands it simply reflects the
historical behavior of human society, Wherever economic de-
velopment has taken place, birth rates have fallen. Where
industrialization has not occurred, birth rates have remained

high.
Pollution eflect on Ufetime
We have included in the world model the possibility that
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pollution will inAuence the life expectancy of the world's
population, We express this relationship by a "lifetime mult-
plier from pollution,” a function that muliplies the life expec-
tancy otherwise indicated (from the values of food and medical
gervices ) by the contribution o be expected from pollution.
If pollurion were severe enough to lower the life expectancy
to ¥ percent of its value in the absence of pollution, the
multiplier would equal 09, The relationshup of pollution 1o
life expectancy is diagramed below.

fife expectancy
5 e

There are anly meager global data an the effect of pollution
on life expectancy. Information 1 slowly becoming available
about the toxicity 1w humany of specific pollutants, such as
mercury and lead. Attempts to relate statistically o given
concentration of pollutant to the mortality of 2 population
have been made only in the field of awr pollution®

Although quantitative evidence is not yer available, there is

little doubt that a relationship does indeed extst between pollu-
tion and human health. According to a recent Council on En-
vironmental Cluality report:
Serious air pollution cpissdes have demoastrated how air pollution can
scverdly smparr health, Further rescarch & spawning a growing body
of ceidence which indicares that even the lopgaerm effecs of exposure
to low concentrations of pollatants can damage health and cause chromic
dizease and premature death, especially for the most wlnerabde—rhe
aged and thoee slresdy suffering from respiratory diseases. Major #l-
aeeses linked oo gir polluison include emphysema, bronchits, asfima,
and luag cancer™
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What will be the effect on human lifetime as the present
level of global pollution increases? We cannot answer this
question accurately, but we do know thar there will be some
effect. Wie wonld be more in error 1o ignore the infleence of
pollution on life expectancy in the world model than to include
it with our best guess of its magninede. Our approach to a
“beit guess” 1 explained below and illustrated in Agure 34.

If an inercase in pollution by a factor of 100 times the present
global level would have absolutely no effect on lifetime, the
seraight line A in figure 34 would be the correct representation
af the relatiemship we seek. Life expectancy would be unre-
lated 1o pollution. Curve A 1 very unlikely, of course, since
we know that many forms of pollution are damaging to the
human body. Curve B or any similar curve that rises above
curve A 1s even more unlikely since it indicates thar addinonal
pollution will increase average lifetime. We can expect thae
the relationship between pollution and lifetime is negative,
although we do not know what the exact shape or slope of a
curve expressing it will be, Any one of the curves labeled C,
or any other negative curve, might represent the correct
functien.

Our procedure in a case like this s to make several different
estimates of the probable effect of one vanable on another and
then to test each #stimate in the model, IE the model behavior
is very sensitive to small changes inoa carve, we know we
must obtain more informacion before including & 1f (a5 in
thas case) the behavier mode of the entire meodel is not suah-
stantially altered by changes in the curve, we make a conserva-
tive guess of its shape and include the corresponding values in
our calculation. Curve C° in fgure 34 is the one we belicve
most accurately depicts the relationship between life expectancy

ng
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Figura 34 THE EFFECT OF POLLUTION OMN LIFETIME
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The secfulnesr of the world model

The relationships discussed above comprise only three of the
hundred or so causal links that make up the world model.
They have been chosen for presentation here as examples of
the kind of information inputs we have used and the way
in which we have used them. In many cascs the information
avatlable is not complere. Nevertheless, we believe thar the
model based on this information B useful even ar this pre-
liminary stage for several reasons.

First, we hope that by posing each relationship as a hypath.
esis, and emphasizing its impartance in the tatal world system,
we may generate discussion and research that will eventually
improve the data we have to work with, This emphasis s
especially important in the areas im which different sectors
of the model interact {such as pollution and human lifetime],
where interdisciplinary research will be necessary,

Second, even in the absence of improved data, information
now available is sufficient 1o generate valid basic behavior
modes for the world systerm. This is true because the maodel's
ferdback loop gructure is a much more inpartant determinant
of overall behavior than the exact numbers wied 1o quanufy
the feedback loops. Even rather large changes in inpur dara
do not generally alter the mede of behavior, as we shall e
in the following pages. Numencal changes may well affect the
period of an oscillation or the rote of growth or the fime of 2
collapse, but they will not affect the fact that the basic mode

is-oscillation or growth or collapse.® Since we mtend to ase the

® The importance of srucoore rather than numbers 5 oa mest dificuly
concept to preacni withewt exremive examplo from the ohscrvabion and
modeling of dynamee systems. For fusther discussion of this point, see
chapeer & of . W, Forrester's Urban Diymamier { Cambridge, Mass: MIT
Press, 1965),
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world model only to answer questions about behavior modes,
not to make exact predictions, we are primarily coneerned
with the correctness of the feedback loop structure and only
secondanly with the accuracy of the data, Of course when
we do begin to seek more detailed, short-term knowledge,
exact numbers will become much more important,

Third, if decision-makers at any level had access to precise
prediciions and scientifically correct analyses of alternate poli-
cics, we would cermainly noe bather to construct or publish a
smulation madel based on partial knowledge. Unfortunately,
there is no perfect model available for use in cvaluating today’s
important policy 1sues. At the moment, our only alternatives
to a mode] like this, based on partial knowledge, are mental
maodels, based on the mixture of incomplete information amd
intuition that currently les behind most political decisions.
A dynamic model deals with the same incomplete information
available to an intuitive model, but it allows the srganization
of information from many different sources into 3 feedback
loop structure that can be exactly analyzed. Once all the
assumptions are together and wrinen down, they can be
exposed 1o criticiam, and the system’s responie o alternative

policies can be tested.
WORLD MODEL BEFAVIGH

Now we are at last in 2 posstion to constder senously the
guestions we rased at the beginning of this chapter. As the
workd system grows toward its ultimare limits, what will be
s most hkely behavior mode? What relanonships now exis-
tent will change as the exponential growth curves level off?
What will the world be like when growth comes to an end?

There are, of course, many possible answers to these ques-
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tions, We will examine several alterpatives, each dependent
on a different set of asumptions about how heman socicry will
responid to problems arising from the various limits (o growth.
Let us begin by assurning that there will be in the future no
great changes in human values nor in the functioning of the
global populationcapital system as it has operated for the las
one hundred years, The resules of this assumption are shown in
figure 35. We shall refer o this computer output as the “stan-
dard run™ and wse it for comparison with the runs hased on
other assumptions that follow. The horizontal scale in fgure
35 shows hme in years from 1930 to 2100, With the computer
we have plotted the progress over time of eight quantities:

— popitilation (total nomber of persons)
= e industrial output per capita (dollar equivalent per
persan per year)
— food per capita (kilogram-grain equivalent per per-
san. per year)
sassass pollution (multiple of 19970 Jevel)
—e—p— ponrenewable resources (fraction of 1900 reserves
remaining )
B cride birth rate (births per 1000 persons per vear)
o crude death rate (deaths per 1000 persons per year)
s services per capita (dollar equivalent per person per
year )

Each of thess variables is plotted on a different vertical scale.
We have deliberately omitted the vertical scales and we have
made the honzontal time scale somewhat vague because we
wanl to emphasize the general behavior modes of these coms-
puter outpats, not the numerical values, which are only approxi-

i3
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Figure 35 WORLD MODEL STANDARD AUN
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mately known. The scales are, however, exactly equal in all
the computer runs presented here, so results of different runs

may be canly compared.
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All lewels in the model (population, capital, pollution, =tc.)
begin with 1900 values. From 1900 to 1970 the variables plotted
in figure 35 (and numcrous other variables included in the
miodel but net platted here) agree generally wich their his-
torical values to the extent that we know them. Population
rses from 16 hallion an 1900 to 35 billion in 1970, Although
the birth rate declines gradually, the death rate falls more
quickly, cspecially after 1940, and the rate of population
growth increases. Industrial owrpus, food, and services per
capita increase exponentially, The resource base in 1970 is stll
about 95 percent of its 1900 valoe, but it declines dramartically
thereafter, as population and indwsrrial output continue to
grow.

The behavior mede of the system shown in hgure 35 is
clearly that of overshoot and collapse. In this run the collapse
occurs becanse of nonrenewable resource depletion. The indus-
trial capital stock grows to 3 level that requires an enormous
input of resources, In the very process of that growth it depletes
& large fraction of the msource reserves available, As resource
prices rise and mines are depleted, more and more capital must
be used fior obtaining resources, leaving less fo be nvested for
furure growth. Finally investment cannot keep up with depre-
caation, and the industrial base collapses, taking with it the
service and agricultural systems, which have become dependent
on industrial inputs (such as fertilizers, pesticides, hospital
laboratonies, computers, and especially energy for mechaniza-
tion ). For a short tme the situation is especially serious because
population, with the delays inherent in the age structure and
the process of social adjustment, keeps rising. Population finally
decreases when the death rare is driven upward by lack of food
and health services.
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The exact timing-of these events 15 not meaningfol, given
the great aggregation and many uncermainties in the model,
It i significant, however, thar growth is stepped well before
the year 2100, We have tried in every doubtful case to make
the most optimistic estimate of unknown gquantitics, and we
have alse ignored discontinuous. events such a5 wars or epi-
demics, which might act to bring an end to growth even
sooner than our model woold indicate. In ather words, the
model i biased 1o allow growth to continue longer than it
p-[l;lba,hh,r can conlinue th the real world, e can fhus sy it
some confidence that, wnder the aumption of no majer
chasge in the present sysiem, populasion and indusiiial groseth
will cerdmnly stop within the mexe century, af the latest,

The syatem shown in hgure 35 collapses because of 0 resource
crasze. Whar if our estimate af the global stock of resources is
wrong? In hgure 35 we asumed that in 1970 there was a
Z30-year supply of all resources. at 1970 usage rates. The scaric
reserve index column of the resource table in chaprer 1T wall
verify that this assumption is indeed optimistic. But let us be
even more optimestic and assume that new discoveries or ad-
vanees in technology can dowdle the amount of resources coo-
nomically available, A computer run under that assumption
15 shown in Agure 36,

The overall behavior mode in Agure 36—growth and col
lapse—is very similar to that in the standard run. In this case
the primary force thar stops growth s a sudden increasc in
the level of pollution, caused by an overloading of the natural
absorptive capacity of the environment. The death rate rises
abruptly. from pollution and from lack of food. At the same
time resources are severely depleted, in spite of the doobled
amount available, simply because a few more years of expo-
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Figura 38 WORLD MODEL WITH NATURAL RESOURCE
RESERVES DOUBLED
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nential growth in industry are sufficient 1o consume those extra
TESOUrCEs.

Is the future of the world system bound 1o be growth and
then collapse into a dismal, depleted existence? Only if we
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make the mmitial assumption that our present way of doing
things will not change, We have ample evidence of mankind’s
ingenuity and social Aexibility. There are, of course, many
likely chamges in the system, some of which are already taking
place, The Green Revolution is raising agricultural yields in
nonindustrialized countrics. Knowledpe abour modern meth-
ocls of birth control s spreading rapidly. Let us use the world
madel as a tool to test the podable consequences of the new
technologies that promise to raise the limits o growth,



CHAPTER IV

TECHNOLOGY
AND

THE

LIMITS

TO

GROWTH

Towerole what whimals poial i soaiaty

tending by ite indusirial progress? Whan
ihe progréss ceases, in whn condiion
arg we h:l-ﬂ'.l:pﬂ'-l:-'l' thar it Wiy leave
manking?

JOHN ETUART MWILL, 1857

Alrhnugh the history of human ef-
fart eontains numerous incidents of mankind's failure to live
within physical limats, ot 15 saccess in overcoming limits that
forms the cultural tradiion of many dominant people in
today’s world, Ower the past three hundred years, mankind
has compiled an impressive record of pushing back the appar-
ent limits to population and economic growth by a series of
spectacular technological advances. Since the recent histocy
of a large part of human socicty has been so contimuously
successful, it s quite naroral thar many people expect techno-
logical breakthroughs to go on raising physical ceilings indefi-
nitely. These people speak about the future with resounding
technological optimism.
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There are o suhstancial limiss in sight etther in raw materials oc
in energy that aleerations in che print BErMCTMIE, |1-m-du|:'| subsziturion,
antipated gains in Itﬁhmlmi‘ arsd Pﬂiulh}n contie canant be uj'-*qned
o polve #8

iven the preseny ﬂj‘q{;l'!.' of ghe carth for Food [u'nduul'ﬂn., amd e
pnrem:i:ll For acdditional foed l'rl'm,‘lhdl:irﬂ iF meoadern '||;:.|Iﬂu|:|'!:" P
e ‘f'lIH!r l:mFlng'wJ.. the human face rtr-'lrlfr bt sty ine grasp the
capacly 1o chase hunger Fram the sarth—owithin a matter of a decade
af twin™

Humaniry's mastery of vast, insnrmate, imechanstible ehergy sources
and the accelerabed deing more with less of sea, air, anad space techoology
has proven Malthus o be wroong, Compmehonsive physical and economic
success for humanity may now be accomplished in onedounth of o
century 3T

Can statements ke these be reconciled weth the evidence for
the limits to growth we have discussed here? Will new tech-
nologies alter the rendency of the world system o grow and
collapse P Before accepting or rejecting those optimistic views
of a future bassd on technological sdubons to mankind’s
problems, one would like to know more abour the global
impact of new technologies, in the short term and the long
term, and in all five interlocking sectors of the population-
capital system.
TECHNOLOSY 1N THE WORLD MODEL

There 15 no single variable called “rechnology”™ in the woorld
maodel. We have not found it possihle to aggregate and gen-
eralize the dynamic implications of technological developmen:
because different technologies arise from and influence quite
different sectors of the model, Birth control pills, high-yield
graing, television, and offshore oil-dnilling rigs can all be
considered technological developments, bur each plays a dis-
tinct role in altening the behavior af the world system. There-
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fore we must represent each proposed technology separately in
the model, considering carcfully how it might affect cach of
the assumptions we have made about the model edements. In
this section we shall present some examples of this approach 1o
glohal, long-term “technology aswessment.”

Energy and resources

The technology of eontrolled noclear fssion has already lifred
the impending limit of fossil fuel resoarces. It s aleo possible
that the advent of fast breeder reactors and perhaps even fusion
nuclear reactors will considerably extend the lifetime of fsson-
alile fuels, such as uranium, Does this mean that man has mas-
tered “wvast, inanimate, inexhaustible energy sources” that will
release unlmited rasw materiale for his indwstrial plants? What
will be the effect of increasing wse of nuclear power on resource
availability in the world system?

Some experts believe that abundant encrgy resources will en-

able mankind 1o discover and wilize otherwise inaccessible
materials {in the sea bed, for .‘.!f.:ml'ﬂr']: IO rOCEss pOOrer ores,
even down te commen rock; and to recycle solid waste and
reclaim the metals it contains. Although this is 2 common be-
lief, it is by no means a universal one, as the following quota-
o by geodogist Thomas Loverning indecates,
Chtl[lhl' ENETEY, N fact, would litthe redoce the sl onars [cl:.ir;ﬂ-r
firr;lﬂ el '|:||Jlm'} rnq'ulr-r\d tor mining amd junnud.inu_ reck. The emor-
ML fuaniibies ot unmabls wete prodiced for each umie of metal @
ordinary granite (in a ratbo of s beass 2,000 16 13 arc mare ey dis.
poscd of on @ bluepring than i the fdd, . . . To recover minerals
sought, the rock must be shamernd by cxplosives, drilled for input and
recowery wells, and fooded with selations containing special extractive
chiemicals. Provision must then be snade to aveid the los of solurfens
amd the s B enElaninabon of gmundl.n.n:r and sarface water,
These operations will ot be obviated by nochear poaes. 38
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Figura 37 WORLD MODEL WITH “UNLIMITED™ RESOURCES
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Let us assume, however, that the technological optimasts are
correct and that nuclear energy will solve the resource prob-
lems of the world, The result of including thar assumption in
the world model is shown in figure 37. To cxpress the pos-
sibility of utilizing lower grade ore or mining the seabed, we
have doubled the total amount of resourees available, as in
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figure 36 We have also assumed that, starting in 1973, pro-
grams of reclamation and recyeling will reduce the input of
virgin resources needed per unit of industrial output to only
onc-fourth of the amount used today., Both of these assump-
nors are, admattedly, more optimistic than realisac.

In figure 37 resource shortages indeed do not occur. Growth
15 stopped by nsing pollution, as it was in figure 36 The ab-
sence of any constraint from resources allows industrial cutput,
food, and services to rise slightly higher than in figure 36 before
they fall. Population reaches about the same peak level as iz did
in figure 36, bur it falls more suddenly and to a lower final
value

“Unbimited"” resources thus do not appear to be the key to
sastaining growth in the world svstem. Apparently the eco-
nomic impetus such resource availabilicy provides must be ac-
companicd by curbs on pollution if a collapse of the world
system i to be avoided.

FPolluton comtrol

We assumed in Agure 37 that the advent of nuclear power
ntither increased nor decreased the average amount of pollu-
tion gencrated per unit of industrial owtput. The ccological
impact of nuclear power is not yet clear. While some by-prod-
ucts of fossil fuel consumption, such as CO, and sulfur dioxide,
will be decreased, radicactive by-products will be increased.
Resource recycling will certainly decrease pollurion from salid
waste and from some toxic metals. However, a changeover 1o
nuclear power will probably have little cffect on most ather
kinds of pollution, including by-products of most manufacrur-
ing processes, thermal pollution, and pollution arising from
agricultural practices.
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Figure 38 COST OF POLLUTION REDUCTION
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It ia likely, howewer, that a world society with readily
available nuclear power would be able o control industrial
pollution generation by technodogical means. Pollution com-
trol devices are already being developed and installed on 2 large
scale in industnalized arcas. How would the model behavior
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be changed if a policy of strice ||||||:|.1Ii||r|. comdral were instimbed
in, say, 19757

Strict pollution controd does not necessanly mean fofal pol-
lution controf. Tt is impossible to eliminate all poallution be-
cause of both technological and economec constraines, Econom-
ically, the cos of pellution control soars as emission standards
become more severe. Figure 38 shows the cost of reducing
water pollution from a sugrar-processing plant s a Funerion of
En'Eﬂh'i: wiasdes T:Tlm'.-'vl_:-ﬂ- ][ i f ] nr_g'.u':'u.' wailed Wi n."-e'n-“':l:l Bh
leave the plane, the cost would be 100 times greater than if only
30 percent of the wastes were removed from the effluent. Table
6 below shows a similar trend in the projected costs of reduc-
ing air pollution in a US ciey”

In figure 39 the world model output 15 plotted assuming bockh
the reduction in resource depletion of fgure 37 and a reduction
in pollution geaeration From all surces by a factor of four,

Tabis & COST OF REDUCING AIR POLLUTION IN & LS CITY

Parcem redwirena Pervend redwrsian Progetrd
m iy m pairirsabifed diid
3 2 § S
42 i85 75000
45 i) 26,000,000

starting in 1975. Reduction to less than one-fourth of the present
rate of pollution generation is probably unrealistic becawse of
cont, and because of the difficulty of climinating some kinds
of pollution, such as thermal pollution and radiosstopes from
nuclear power generation, fertibizer runoff, and asbestos par-
ticles from brake linings. We assume that such a sharp reduc-
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Figure 39 WORLD MODEL WITH "UNLIMITED™ RESOURCES
AND POLLUTION CONTROLS
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ton in pollution generation could ocour globally and gquickly
for purposes of experimentation with the modsl, not becauss
we believe it 5 politically feasible, given our present instimo.
tions,
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As hgure 39 shows, the pollution control policy s indeed
swccessful in averting the pollution crists of the previous run.
Bath population and industrial cutput per person rise well be-
yond their peak valves in figure 37, and yet resource depletion
and pollution never become problems. The overshoot mode is
still operative, however, and the collapse comes abour this rime
from food shorage.

As long as industnal output s nsing in figure 39, the yield
from each hectare of land continues to rise {up to 2 maximoem
of scven times the average yield in 19%00) and new land 15 de-
veloped, At the same rime, however, some arable land s mken
foor urhan-industrial vse, and some land is eroded, especially by
highly capitalized agricultural practices. Eventually the limit
of arable land is reached. After that peant, as population con-
nnucs to rise, food per capita decreases. As the food shormage
becomes apparent, industrial owtpur is diverved into agriculural
eapital to increase land yielde Less capital is available for in-
vestment, and hnally the mdustrial output per capita beging
to fall. When food per capsta sinks to the subsstence level, the
death rate begins to increase, bringing an end o population
growth.

Increared food yield and birth control

The problem in figure 39 could be viewed cither as too litle
food or as wo many people. The technological response to the
first situarion would be to produce more food, perhaps by some
further extenaon of the principles of the Green Revolution.
{ The development of the new, high-yield grain varieties which
constitutes the Green Bevolution has been included in the
original model equations.) The technological solution 1o the
sccond problem would be to provide better methods of birth
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Figure 40 WORLD MODEL WITH "UNLIMITED" RESOURCES,
POLLUTION CONTRAOLS, AMD INCREASED
AGRICULTURAL PRODUCTIVITY

To avold e food crisls of Hve prewicus modef run, average land peld /s
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cangliaifls fa growih thal popufation and ImduElry feaech vary Aigh feweds.
Although each wall of indwstrial production panersiss moch fess podution,
jotal produshion riges eeough o eroale 8 poflotion oriaie Thal Brimys an ang
1o growi,
controd. The results of these two changes, instituted in 1975
along with the changes n resource wse and pollution. genera-
tian we have already discussed, are shown both separately and
amultaneously in figures 4, 41, and 41

In figure 40 we assume that the normal yield per hectare of

138



TECHNOLOGY AND THE LIMITS TO GROWTH

Figure 41 WORLD MODEL WITH "UNLIMITED" RESOLURCES,
POLLUTION CONTROLS, AMD “PERFECT™ BIRTH CONTROL
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all the world's land can be Further increased by a factor of two.
The resulr 5 an enormous increase in food, industral outpat,
and services per capita. Average industrial output per person
far all the woarld's penple becomes nearly equal o the 1970 US
level, but only bricfly. Although a stnet pollution control
policy 15 still in effect, so that pollution per unit of output s
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Flgure 42 WORLD MODEL WITH “UNLIMITED" RESOURCES,
POLLUTION CONTROLS, INCREASED AGRICULTURAL
PRODUCTIVITY, AND “PERFECT" BIRTH CONTROL
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reduced by a Factor of four, industey grows so quickly that soon
it is producing four times as much ovtput. Thus the level of
pollution rises in spite’ of the pollution control policy, and a
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pollution crisis stops further growth, as it did in figure 37.

Figure 41 shows the alternare technological policy—perfect
birth control, practiced voluntarily, starting in 1975, The result
is not to stop populaton growth entirely because such a policy
prevents only the births of sswanted children. The birth rate
docs decrease markedly, however, and the population grows
more slowly than it did in fgures 39 and 40, In this run
growth is stopped by a food crisis occurring ahout J) years
later than in hgure 39,

In figuse 42 we apply increased land yield and perfect birth
controd simultaneously. Here we are unlizing a technological
policy in every sector of the world model to drcomwent in
some way the variows limits 1o growth. The model system is
producing nuclear power, recycling resources, and mining the
most remote reserves; withholding as many pollutants as pos-
sible; pushing yields from the land to undreamed-of heights;
and producing only children who are actively wanted by their
parents. The resule is still an end to growth before the vear
2100, In this case growth i stopped by three simultaneous
crises, Overuse of land leads o erosion, and food production
drops, Resources are severely depleted by a prosperous world
population (but not as prosperous as the presemt US popala-
tion). Pollution rises, drops, and then rises again dramatically,
causing a further decrease in food production and a sudden
rise in the death rate. The application of technological salu-
tions alone has prolonged the period of population and indus
trial growth, but it has not removed the wlimate limats to that
growth.

The opershoal mode
Given the many approximations and hmitations of the world
mexdel, there & no point in dwelling glumly en the series of
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catastrophes it tends o generate. We shall emphasize just onc
more ame that none of these computer owpurs s a predicron,
We would noe expect the real world to behave like the world
model in any of the graphs we have shown, especaally in the
collapse modes, The model contains dynamic statements about
only the physical aspects of man's activities. It assumes thae
social variables—income distribation, amitudes abour family
size, choices among goods, services, and food—will continue
to follow the same patterns they have followed throughowt the
-world in recent history. These patterns, and the human values
they represent, were all established in the growth phase of our
civilization, They would certainly be greatly revised as |:|{:||:|u1a-
tion and income began 1o decrease. Since we find it diffaculy
to imagine what new forms of human societal behavioe might
emerge and how quickly they would emerge under collapse
conditions, we have not attempted to model sach social
changes. What validity our model has holds up only to the
poant in cach output graph at whch growth comes to an end
and collapse begmes,

Although we have many reservations about the approxima-
tions and simplifications in the present world model, it has led
us to one concluesion that appears to be justificd under all the
assumnptions we have tested so far, The basie behawror mode
af the world system 15 exponential groweh of popnlation and
camtal, followed by collapie. As we have shown in the model
runs presented here, this behavior mode oceurs if we assume no
change in the present system or if we asume any number of
technodogical changes in the system.

The unspoken assumption behind all of the model runs we
have presented in this chapeer is that population and capital
growth should be allowed to continue until they reach smme
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“natural” limit. This asumption als appears to be a basc part
of the human value system currently operational in the real
world. Whenever we incorporate this value into the model,
the resule is thar the prowing system rises above its ultimate
limit and then collapses. When we introduce technological de-
velopments that successfully lift some restraint to growth or
avead some |:|!'|-||'.'|!:|.l:-:'1 the syshem um]1'|1.|| Erows to anather limis,
temporarily surpasses it, and falls back. Given that first assump-
tion, that population and capital growth should not be deliber-
ately limited but should be Ieft to “seck their own levels™ we
have not been able to find a st of policies thar avouls the col-
lapse mode of behavior.

It is mat really difficult to wnderstand how the sollapse maode
comes ahout. ].:.wrywhcre in the wreb of il'l.r‘fl'lﬂl:ki.r'lﬁ {eedback
loops that constitutes the world system we have found it neces.
sary to represent the real-world sitwation by intreducing time
delays berween causes and their ultimate effects, These are nat-
ural defays thar cannot be controlled by technological means.
They include, for example, the delay of abour ffreen years be.
tween the birth of a baby and the time that baby can firar re-
produce itself. The time delay inherent in the aging of a
population introduces a certain unavoidable lag in the abality
of the population to respond through the birth rate to chang-
ing conditions. Anather delay occurs between the rime a pol-
lutant is released into the environment and the time it has 3
measkrahle inﬂurm;l.- an hum:ln hﬂt!E'L T.I'lli Ehtl.:'!.' i:ndlidi:!
the passage of the pollutant threugh air or rivers or soil and
into the food chain, and abso the time from human ingestion
ar absorption of the pallutant until clinical symptoms appear.
This second delay may be as long as 20 years in the case of
some carcinogens. Other delays occur hecawse capital cannor
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be transferred instantly from one sector 1o another to meet
d‘l::.ﬂgihg dnnund:, !‘iﬂ:;l'l.ue e u|1-1'|:=.| .=|.'|.-|.:| I.ﬂ.Tle can nnh' h::
produced or developed gradually, and because pollution can
only slowly be dispersed or metabolized into harmless forms.

Delays in a dynamic system have serious effects only if
the system itself it undergoing rapid changes. Perhaps a simple
example will clarify that statement, When yvou drive a car
there is a very shost, unavoidable delay between your percep-
tion of the road in frome of you and your reaction to it, There
is a longer delay between your action on the accelerator or
brakes and the car’s response ro thar action. You have lesrned
tey cleal with those delays. You know that, because of the delays,
it is unsafe to drive too fast. If you do, you will certainly
:'.Hp:!‘:itnl:c l]’:ﬂ fveErabimod :.r'ui l.h:r":]_u.r: nln-lj:, LMIRCET or [ntﬂ',
If you were blindfolded and had to drive an the instructions
af a frontseat passenger, the delay between perception and
action would be considerably lengthened. The only safe way
to handle the extended delay would be to slow down. If you
tried to drive vour normal speed, or ifF you tned to accelerate
continuously (as in exponential growth), the result wouold be
dizastrous.

In exactly the same way, the delays in the feedback loops
af the world system would be no problem if the system were
growing very slowly or noe ar all. Under these conditions any
new acton of policy could be mstituted gradually, and che
changes could work their way through the delays 1o feed back
on every part of the system before some other action ar policy
would have to be introduced. Under condinons of rapid
growth, however, the system is forced into new palicies and
actsons long before the results of old policies and actions can
be properly assessed. The situation is even worse when the
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growth is exponential and the system i3 changing ever more
rapcily.

Thus population and capital, driven by exponential growth,
nat only reach their limits, but temporarily shoot beyond them
before the rest of the system, with s inherent delays, reacts
to stop growth. Pollution generated in exponentially increas-
ing amounts can risc past the danger point, because the danger
point is first perceived years after the offending pollurion was
released. A rapidly growing industeial eystem can build up 2
capital base dependent on a given resource and rhen discover
that the exponentally shrinking resource reserves cannot sup-
port it. Because of delays in the age struciure, a population will
continue to grow for as long as 70 years, even after average
fernifity has dropped below the replacement level {an average
of two children for each married eouple).

TECHNOOY I THE EEAL WORLD

The hopes of the rechnological optimists center on the abiliry
of technology to remove or extend the limits to growth of
population and capital. We have shown that in the world
mode] the application of technology to apparent problems of
rﬂﬂl.l.l.'c:l.‘d.tpt-:l:iﬂn ar Pn|.|IJI:i|;|r|. ar Foosld shortage has no impact
an the essendial problem, which s exponential gmwrh i a
finite and complex system., Our attempts to use even the moss
opfimiste estimates of the benshts of technology in the model
did nat prevent the ultimate decline of population and indus-
try, and in fact did not in any case postpone the collapse
beyond the year 2100. Before we go on in the next chapter
to test other policies, which are not technological, let ws extend
our discussion of techoological solutions fo some aspects of
technology that could not be included in the world maodel.
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Technologreal tideeffects

Dr. Garrete Hardin has defined side-effects as “eflects which
[ hadn’t forescen or don't want to think about,” * He has sug-
gested thay, since such effects are actually inseparable from the
principal cffect, they should not be labeled mde-cfiects ar all.
Every new technology has side-effects, of course, and one of the
main purposes of model-building is to anticipate those effects.
The model runs in this chapter have shown some of the side-
effects of various technologies on the world's physical and
cconomic systems, Unfortunately the model does not indicare,
at this stage, the rocral side-effects of new technologies. Thess
effects are often the most important in terms of the inAuence
of a technology on people’s lives,

A recent example of soctal side-eflects from a successful new
technology appeared as the Green Revolution was introduced
tor the agrarian socicties of the world. The Green Revolution—
the utilization of new seed varietics, combined with fertilizers
and pestichdes—mwas designed to be a technological solutinn to
the world’s food problems. The planners of this new agricul-
tural technology foresaw some of the social problems it maght
raise in tradinonal culiuses. The Green Revelution was in-
tended noc only to produce more food bur 1o be labor-intensive
—to provide jobs and not 1o require large amounts of capiral.
In some areas of the world, such a3 the Indian Punjab, the
Green Revolution has indeed mncreased the number of agri-
cultural jobs faster than the rage of gru'ml-: ol the taral P
lation. In the East Punjab there was 3 real wage increase of
16 percent from 1963 to 1968,

The principal, or intended, effect of the Green Revolution—
increased food production—seems to have been achieved. Un-
fortunately the social sde-cffects have not been entirely bene-
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hcial in most regions where the new ssed vaneties have been
introduced. The Indian Punjab had, before the Green Beve
lution, a remarkably equitable system of land distribution. The
more common pattern in the nonindustrialized world & a
wide range in land ownership, with most people working
very small farms and a few people in possession of the vast
majority of the land.

Where these condinons of economic inequality already exist,
the Green Revolution tends to cause widening inequality.
Large farmers generally adopt the new methods first. They
bave the capital to do so and can afford to take the risk.
Although the new seed varieties do not require tractor mech-
arization, they provide much economic incentive for mecham-
zation, especially where multiple cropping requires 3 guick
barvest and replanting. On large farms, simple economic con-
ssderations lead almost inevitably to the use of labor-displacing
machinery and to the purchase of stll more land.*® The uld-
mate effects of this socio-cconomic posinve fredhack loop are
agricultural unemployment, incressed migration to the city,
and perhaps even increased malnutntion, since the poor and
unemployed do not have the means to buy the newly produeced
oo,

A specific example of the social side-effects of the Green
Revolubon in an area where land 15 unequally discribuced s
described below.

Alludhullhntu":iminwm?ﬁmhﬂ.qhniu jusm abaur
whar it wmi Bve FELM o, lewn thas FI00 s yesr. Tn contrast, one land-
lerd with a 1, 5Hlacre wheat farm told me when | was in Pakistan thas
wintcr that be had deared a met profit of moee than 100,000 oo lus las
harivra.®

Statistics from Mexico, where the Green Revoluton began
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in the 1940's, provide another example. From 1940 w 1960 the
average growth rate of agriculiural production in Mexico was
S percent per year. From 1950 w 1960, however, the average
number of days worked by a landless laborer fell from 194 o
100, and his real income decreased from $68 1o §56. Eighty
percent of the increased agricultural production came from
only 3 percent of the farms.*

These unexpected social sideeffects do not imply thar the
technology of the Green Revolution was unsuecessful. They do
imply that social mdecffects must be anticipated and fore-
stalled &efare the large-scale introduction of a new technology.

Az agncufmire emenges from s radivenal mbsinence gae B med-
ern commercial famming . . . 1 beoomea pregressively more ooportant
o ensure that adequate rewards accrue directly to the man who nils
the sl [ndeed, it is hard 1o see how there cam b amy meaningful
meodernization of food prodaction in Latin America and Africa south
of the Sshara wnbess land is regimered, deeded, and distributed ence:
cquitably 4%

Such preparation for technological change requires, at the
very least, a great deal of time, Every change in the normal
way of doing things requires an adjustment time, while the
popalation, consciously or unconscicusly, restruciures its social
system to accommodate the change. While technology can
change rapidly, political and social institations generally change
very alowly. Furthermore, they almost never change i antur-
pation of a social need, but only in response to one.

We have already mentioned the dynamic cffect of physical
delays in the world model. We must alsio keep in mind the
presence of social delays—the delays necessary 1o allow society
to absorb or to prepare for a change. Most delays, physical or
social, reduce the stability of the world system and increase
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the likelihood of the overshoot made. The social delays, like
the physical ones, are becoming increasingly more critical
because the processes of exponential growth are ereating addi-
tional pressures at a faster and faster rate. The world popula-
tion grew from 1 hillion to 2 billion over a period of more
than one hundred years. The third billion was added in 30
years and the world's population has had less than 20 years
to prepare for its fourth billion, The hfth, sixth, and perhaps
even seventh billions may arrive before the year 2000, less than
30 years from now. Although the rate of technological change
has so far managed to keep up with this accclerated pace,
mankind has made virtually no new discoverics to increase
the rate of social (political, ethical, and culmiral) change.

Problemr aenth mo fechaical rolufonr

When the cities of America were new, they grew rapidly. Land
was abundant and cheap, new buildings rose continuously, and
the population and economic output of urban regions n-
creased. Eventually, however, all the land in the city center
was filled. A physical limit had been reached, threatening to
gop population and economic growth in that section of the
city. The technological answer was the development of sky-
scrapers and clevators, which essentially removed the constraint
of land area as a factor in suppressing growth. The central
city added more people and more businewsss. Then a new
constraint appeared. Goods and workers could not move in
and out of the dense center city quickly enough. Again the
solution was technological. A nerwork of expressways, mass
transit systems, and helicopser ports on the tops of the tallest
buildings was constructed. The transportation limit was over-
come, the buildings grew taller, the population increased.
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MNow most of the larger US cities have stopped growing,
(Of the ten largest, Ave—New York, Chicago, Philadclphia,
Dretront, and Baltimore—decreased in population from 1960 10
1970, Washington, DC, showed no change, Los Angeles, Hous-
ton, Dallas, and Indianapolis continued to grow, at least in
part by annexing additional land.}* The wealthicr people, who
have an economic choice, are moving tw the ever-expanding
ring of suborbs around the cities, The cenral areas are char-
acterized by noise, pollunion, crime, drog addicnon, poverty,
labor strikes, and breakdown of social services. The quality of
life in the city core has declined. Growth has been stopped in
part by problems with no rechnical solutions.

A technical solurion may be defined a3 “one thar requires a
-I'Jl:ﬂ,gtnl:ll.'l.'l]' in the !l:d'l:l'l.iqllﬂ af the natoral scences, demand-
ing little ar nothing in the way of change in human values
or ideas of morality.” " Numeroas problems today have no
techmical solutions. Examples arc the nuclear arms race,
racial tensions, anud unemployment. Even if society's techno-
logecal progress fulklls all expectations, it may very well be a
problem with no techmcal solution, or the nteraction of
several such problems, that finally brings an end to populaton

and capital growth.
A choice of lmits

Applying rechnology to the natural pressures that the environ-
ment exerts against any growth process has been so successful
in the past that 2 whole culture has evolved around the prin-
ciple of Aghting against limits rather than learning to live
with them. This culture has been reinforced by the apparent
immensity of the earth and its resources and by the relative
smallness of man and his activities.
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Bur the relationship berween the carth’s limits and man's
activities it changing. The exponential growth curves are
adding millions of people and billions of tons of pollutants ta
the ecosystem each year. Even the occan, which ance appeared
virtually incxhaustible, is losing species after species of is
commercially uscful animals. Recent FAO statistics indicate
that the total catch of the warld's fisheries decreased in 1969
for the first time since 1950, in spite of more mechanized and
intensive hshing practices. (Among commercial species becom-
ing increasingly scarce are Scandinavian herring, menhaden,
and Atlantic cod.)™

Yet man does not soem o learn by runmng into the earth's
obvious limits, The story of the whaling industry (shown 1n
Agure 43) demonstrates, for one small system, the ultimate
result of the attempt to grow forever in a limited environment,
Whalers have systematically reached one hmit after another
and have attempted to overcome cach one by increases in
power and technology. As a result, they have wiped oot one
species after anocher. The outcome of this particolar grow-
forever policy can only be the Anal extinction of both whales
and whalers. The alernative policy is the imposition of a
man-determined limit on the number of whales taken each
year, set so that the whale population is maintained at a
steady-state level. The selfimposed limir on whaling would
be an unpleasant pressure that would prevent the growth of
the industry. But perhaps it would be preferable to the gradual
disappearance of both whales and whaling industry.

The basic choice that faces the whaling industry 15 the same
onc that faces any society trying to overcome a natural limit
with a new technology. Is st better fo try to live within rhas
limmit by accepting o self-imposed reciriction on growth? Or
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woyidanids folal of whalan ifed

Figure 43 MODERN WHALING
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Ag witd heros of whales bave beew dedfroped, feding fhe acrvivors hag
bacome morg AMcult and bas reguired macs Ao, As (arged whades ara
iited off, Emaiey species are expiofied fo koep fhe Incusiry ailve, Simce
tharg have meves bpan specier fimite, howevor, lorge whales are slwitks
faken whorsver ang whimews sagociisved, Thor smad wiales are weed
fo swbgldize fe sxnlermingtion of lerge coak.

EOUSCE: Sopar Pagna, “dmong 'Wiki #heles,” In The New Fard Dealagical Sodialy Wedn.
infinr, Howvesnar THE.

ir it preferable to go on grouwsng wntel serme other natsral lin
aries, in the hope that af that frme another techmologecal leap
il allevaer groweth fo continge 6l longer? For the last seweral
hundred yvears human socieey has followed the second course
w consistently and successfully that the first choice has been
all but forgotten.

There may be much disagreement with the statement that
population and capital growth must stop seewn. But virtually
no one will argue that material growth on this planet can go
on forever. At this point in man’s history, the choice posed
above is still available in almost every sphere of human activity.
Man can sill choose his limits and stop when he pleases by
weakening some of the strong pressures that cause capital and
population growth, or by instituting counterpressures, or both.
Such counterpressures will probably not be entirely pleasant.
They will certainly involve profound changes in the social and
economic structures that have been deeply impressed into
human culture by centuries of growth. The alternative is o
wait until the price of technology becomes more than society
can pay, or until the sde-efects of technology suppress growth
themselves, or until problems arise that have no technical
solutions. At any of those points the choice of limits will be
gone. Growth will be stopped by pressures that are not of
human choosing, and that, as the world model suggests, may
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be wery much worse than those which society might choose
far atself.

We have felt it necessary 10 dwell so long on an analysis
of technology here because we have found that technological
optimism is the most common and the most dangerous resction
to our findings from the world model. Technology can relieve
the sympromas of a problem without affecting the underlying
causes, Faith in technology as the ultimare solution 1o all
problems can thus divert our attention from the most funda-
mental problem—the problem of growth in a hnite system—
and prevent us from taking effective action to salve it

On the other hand, our intent is certmnly not to brand
rechnology as evil or futile or unnecessary. We are technolo-
gists oursclves, working in a rechnological insinution. We
strongly believe, as we shall point out in the following chapeer,
that many of the technological developments mentioned here
—recycling, pollution control devices, contraceptives—will be
absalutely vital to the future of human socicty «f they are
combined with deliberace checks on growth. We would deplore
an unreasoned rejection of the benefits of technology as strong.
ly a8 we argue here against an unreasoned acceptance of them.
Perhaps the best summary of our position i the motto of the
Sierra Club: “Not blind opposition to progress, but opposition
to blind progress”

We would hope that society will receive each new rechno-
logical advance by establishing the answers to three questions
Before the technology s widely adopted. The questions are:

1. What will be the side-effects, both physical and social, if
this developmen: 15 introduced on a lasge scale?

2. What social changes will be necessary before this develop-
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ment can be implemented properly, and how long will it 1ake
to achieve them?

3. If the development is fully successful and removes some
natural limit to growth, what limit will the growing system
meet next? Will sociery prefer its pressures o the ones this
development s designed o remove ?

Let us go on now to investigate nontechnical approaches for
dealing with growth in a finite world,
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Moal pevsons think that 8 sfate in order
to be happy ought fo be large; bl

avan [ they ara right, they have no idea
of what is a large and whaf a small
siate. , ., To ibae &ire of sfades Hhere s

a limii, @5 there i fo orher things, plants,
anfmals, iImplemenis; far none of these
refain thelr ndural power when thay are
toa lerge or foo small, bt they althar
wholly losa their neture, or ara spaifad.

ARISTOTLE, 322 B.C.

w: have seen that positive Feedback

loops operating without any constraints generate exponential
growth. In the world system two positive feedback loops are
dominant now, producing exponential growth of population

and of industrial capital.

In any hAnite system there must be constraints that can act
to stop cxponcntial growth. These constraints are negative
feedback loops. The negative loops become stronger and
stronger s growth apperoaches the ultimate limir, or carrying
capacity, of the system's environment. Finally the negative
loops balance or dominate the positive ones, and growth comes
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to an end. In the world system the negative feedback Inops
involve such processes as pallution of the environment, deple-
non of nonrenewable resources, and famine,

The delays inherent in the action of these negative loops
tend to allow population and capital 10 overshoot ther uln-
mately sustainable levels. The period of overshoaot is wastcful
of resources, It generally decreases the carrying capacity of the
environment a5 well, intensifying the evenmal decline in
popualation and eaparal.

The growth-stopping pressures from negative feedback loops
are already being felt in many parts of human society. The
major socictal responscs to these pressures have been directed
at the negative feedback loops themselves, Technological solu-
tiong, such as those discussed in chapter IV, have been devised
t weaken the loops or to disgmise the presures they generate
30 that growth can continue. Such means may have some short-
term cffect in relieving pressures caused by growth, but in the
long run they do nothing to prevent the overshoot and subse-
quent collapse of the system.

Another response to the problems created by growth would
be to weaken the postive feedback loops that are generating
the growth. Such a solution has almost never been acknowl-
edged as legitimate by any modern sockery, and it has cermainly
never been effectively carried our. What kinds of policies would
such 3 solution involve? What sort of world would resuls?
There 15 almost no historical precedent for such an appreach,
and thus there & no alternative but to discuss it in termas of
models—either mental models or formal, written models. How
will the world modcl behave if we include in it some policy
to control growth deliberately? Will such a policy change
generate a “better” behavior mode?
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Whenever we use words much as “better” and begin choosing
among alternative model outputs, we, the experimenters, are
mserting our own values and preferences into the modeling
process. The waloes built into each caosal relationship of the
maoddel are the real, operational walues of the world to the
degree that we can determine them. The values that cause us
to rank computer outputs as “better” or "worse” are the per-
somsal values of the modeler or his audience, We have already
asserted our own value systemn by rejecting the overshoot and
collapse mode a5 undesrable, Wow that we are seeking a
“better” result, we must define our goal for the system as
clearly as possible. We are searching for a model output that
represents @ workd system that is:

l. sustainable without sudden and uncontrollable collapse; and

2 capable of satisfying the basic material requirements of all
of its people.

Mow let us sec what policies will being about such behavior
in the world model.

PELIRERATE CONETRAINTS ON CGROWTH

You will recall that the [HASELINE fecdback |.-|:|-|:rp EEnerating pop-
ulation growth involves the birth rate and all the socio-cco-
nomic Factors thar influence the birth care. It s counteracred
h-}' the nzp:iﬂ- ln-np of the death rate.

The overwhelming growth in world population caused by
the positive birth-rate loop is a recent phenomenon, a result of
mankind's very successful reduction of worldwide maorralicy.
The controlling negative feedback loop has been weakened,
allowing the positive loop to operate virtually without con-
straint. There are only two ways to restore the resulting im-
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balance. Either the birth rate must be brought down to equal
the new, lower death rate, or the death rate must rise Again,
All of the "natural” constraints to population growth operate
in the second way—they raise the death rate. Any society wish-
ing to avoid that result must rake deliberate action to contral
the positive feedback loop—to reduce the birth rate.

In a dynamic model it is 2 simple matter to counteract run-
away pasitive feedback loops. For the moment let us suspend
the requirement of political feasibility and use the model o
test the physical, if not the socal, impheations of limiting
populition growth. We need only add to the madel one more
causal loop, connecting the birth rate and the death rate. In
ather waords, we require that the number of babies born cach
year be equal to the expected number of deaths in the popu-
lation that year, Thus the positive and negative feedback loops
are exactly balanced. As the death rate decreases, because of
better food and medical care, the birth rate will decrease

births ——3| POPULATION |{—— deaths
per yoar par year

ke S A N SN

amultaneously. Such a requirement, which is as mathemari-
cally simple as it is socially complicated, is for our purposes
an cxperimental device, not necessarily a political recommen-
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Figure 44 WORLD MODEL WITH STABILIZED POPULATION
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1EFS by equating the Birlk rele with the deslh rale. The remalmdng un-
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savviceds por canlla Everniusd cepietion of Aoarenswable resooroes Briage
& svdoen collapss af the induatal system,

dation.® The result of inserting this policy into the model in
1975 is shown in gure 44,

* This suggestion for stsbilizing populstion was originslly proposed by
Kenneth E. Boulding in The Meaning of the a0th Ceatury (New York:
Harper amd Row, 1964).
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In figure 44 the postive feedback loop of population growth
is effectively balanced, and population remains constane. At
frst the birth and death rares are low. Bur there is sill one
unchecked positive feedback loop operating in the model—
the one governing the growth of industrial eapital. The gain
around that loop increases when population s stabilized,
resultng in a very rapid growth of income, food, and services
per capita. That growth is soon stopped, however, by depletion
of nonrencwable resources. The death rate then rises, bt ocal
population does not decline becanse of our requirement thar
birth rate equal death rate (clearly unrealistic here).

Apparently, if we want a stable system, it is not desirable
to let even onc of the two cnitical postive feedback loops gen-
erate uncontrolled growth, Stabilizing population alone is mot
sufficient to prevent overshoot and enllapse; a similar run with
constant capital and nsing population shows that stabilizing
ﬂ.Pi.l'.lI :.1|:|d'l: i ;|.'|5|;| ok 5u]ﬁ|:im|;, What h:i‘:]:len.t Lf W b{'i:l'lg
both positive fecdback loops under control simultancously?
We can stabilize the capital stock in the model by requiring
that the investment rate equal the depreciation rate, with an
additional model link exactly analogous to the population-
stabilizing cne.

Industrial outpu

+) T

{

_——"| INDUSTRIAL ——
investmant CAFITAL =) depreciation
ﬁh-"'-_ \‘———""’!f"f
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Flgure 45 WORLD MODEL WITH STABILIZED POPULATION
AMD CAPITAL
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The result of stopping population growth in 1975 and in-
dustrial capital growth in 1995 with no ather changes is shown
in hgure 45. (Capital was allowed to grow until 1985 to raise
slightly the average material standard of living.) In this run
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the severe overshoot and collapse of hgure 44 are prevented.
Population and capital reach constant values at a relatively
high level of food, industrial output, and services per person.
Eventually, however, resource shostages reduce industrial out-
put and the temporarily stable state degenerates.

What model assumptions will give us 3 combination of a

decent living standard with somewhat grester smability than
that attained in figure 457 We can improve the model behavior
greatly by combining rechnological changes with value changes
that reduce the growth tendencies of the system. Different
combinations of such policies give us 3 series of computer out-
puts that represent a system with reasonably high values of
industrial owrput per capita and with long-term stability. One
example of such an owput is chown in fgure 46
The policies that produced the behavior shewn in Rgure 46
are:
1. Population is stabilized by setting the birth rate equal te
the death rate in 1975, Industrial capital is allowed to increase
naturally until 1990, after which it too, 15 sabilized, by sctting
the investment rate equal to the depreciation rate.

2. To avoid a nonrenewable resource shortage such as that
shown in figure 45, resource consumption per unit of industrial
output is reduced to one-fourth of its 1970 valoe. (This and the
following fve policies are introduced in 1975.)

3 To forther reduce resowrce depletion and pollution, the
economic preferences of society are shifted more toward ser-
vices such as educanon and health facilitics and less toward
factory-produced material goods. (This change is made
through the relationship giving “indicated” or “desired”
services per eapita as a function of riung income. )
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4, Pallution generation per unit of industrial and agricultural
putput is reduced o one-fourth of s 1990 value,

3. Since the above policies alone would result in a rather low
value of food per capita, some people would still be malnour-
ished if the tradirional inequalities of distriburion persiss. To
avoid this sstuation, high value is placed on producing sufficien:
food for all people. Capital is therefore diverted 1w food pro-
duetion even f sueh an invesment would be considered
“uncconomic.” (This change is carried out through the “indi-
cated” food per capita relationship. )

6. This emphasis on highly caperalized agnculoure, while neces-
sary o produce enough food, would lead to rapid soil erosion
and depletion of soil fertility, destroying long-term stability in
the agricultural sector. Therefare the use of agriculiural capiral
has been altered to make soil enrichment and preservation a
high priority. This policy implics, for example, use of capital
to compost urban organic wastes and return them 1o the land
{a practice thar also reduces pollution).

7. The drains on industrial capiral for higher services and food
production and for resource recycling and pollution control
under the above six condinens would lead te a low final level
af industrial capital stock. To eounteract this effect, the average
lifetime of industrial capital is increased, implying better design
for durability and repair and less discarding because of obso-
lescence. This policy alio tends to reduce resource depletion
and pollution.

In hgure 46 the stable world population is only slightly
larger than the population today. There is more than twice
a: much food per person as the average value in 1970, and
world average lifetime 18 nearly 70 years. The average indus
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Figure 48 STABILIZED WORLD MODEL |
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trial output per capita 1s well above today's level, and services
per capita have wripled. Total average income per capita (indus-
trial cutput, food, and services combined) is about §1,800. This
value is abour half the present average US income, oqoal m
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the present average European income, and three times the
present average world income, Resources are still being gradu-
ally depleted, as they must be under any realistic assumption,
but the rate of depletion is so slow that there is time for tech-
nelogy and indusiry to adjust to changes in resource avail
abality.

The numerical constants that characterize this model run
are not the only ones that would produce a stable system.
Other people or societies might resolve the various trade-offs
differently, putting more or less emphasis on services or food
or pollution or material income. This example is included
merely as an illustration of the levels of population and capital
thar are physically maimiainadle on the carth, under the most
optimistic asumptions. The madel cannot tell us how o attain
these levels, It can only indicate s ser of mutually consistent

goals that are artxinable.

HNow ler ws go back at lexst in the general direction of the
real world and relax oor most unrealistic assumpeions—ehat
we can suddenly and absolutely stabilize population and caps-
tal. Suppose we retain the laste six of the seven policy changes
that produced figure 46, but replace the first policy, beginning
n 1975, with the following:

l. The population has access to 100 percent effective birth
control.

2. The average desired family size b two children,

3. The economic system endeavors to maintain average indus

trial output per capita at about the 1975 level. Excess industrial

capability is employed for producing consumption goods rather
than increasing the industrial capital investment rate above the

depreciation rate.
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The made] behavaor that results from this change is shown
in figure 47. Now the delays in the system allow population
w grow much larger than it did in fgure 46, As 2 consequence,
material goods, food, and services per capita remain lower than
in previous runs (but still higher than they are on a warld
average today).

We do not suppose that any single one of the policies neces-
$IrY to attain system stability in the model can or should be
suddenly introduced in the world by 1975, A society choosing
stability 2s a gnal certainly must approach that goal gradually.
It is important to realize, however, that the langer exponential
growth is allowed 1o continue, the fewer possibilities remain
for the final stable state. Figure 48 shows the result of waiting
until the year 2000 to institute the same policies that were
instituted in 1975 in fAgure 47.

In figure 48 bath populstion and industrial outpur per capita
reach much higher values than in hgure 47. As 3 result pal-
lution builds to a higher level and resources are severely de.
pleted, in spite of the resource-saving policies finally intro-
duced. In fact, during the PS-pear delay (from 1975 to 2000
in instituting the stabilizing policies, resource consumption is
about equal to the total 125-year consumption from 1975 to
2100 of hgure 47.

Many people will think that the changes we have introduced
into the mode] 1o avoid the growth-and-collapse behavior mode
are not only impossible, but unpleasant, dangerous, even dis.
astrous in themselves, Such policies as reducing the birth rate
and diverting capital from production of material goods, by
whatcver means they might be implemented, scem unnatural
and unimaginable, because they have not, in most people's
experience, been tried, or even seriously suggested. Indeed there
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Figure 4T ETABILIZED WORLD MODEL N
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it e sfricd restriolions on growth of the proviows rn &re emoved, and
popuiadion and capital are reguiadod within e natural deiaye of Ma speles,
Ihe wguwiihrium feval of popolsiion e Mgher and the v of (ndostnial
outped per capin ly lower a6 im Agors 48 Hers Y s aseumed that pee-
lpctly affective birlt coofrod and an eversge desirec family slre af fwo
ehitdran ars sohisved by PPFS The birifh rale only slowly approschas ife

dBath rale becavss af dafays inberant in the sge StucTers of fe HopGlERoN,
would be litle point even in discussing sich Fundamental
changes in the functioning of modern society f we Felt that
the present pattern of unrestricted growth were sustainable

into the future, All the evidence available to us, however, sug-
gests that of the three alternatives—unrestricted growth, a self-
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48 WORLD MODEL WITH STABILIZING POLICIES
ODUCED IN THE YEAR 2000
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shorlagas Belove the pear 300,

impased limitation to growth, or a nature-imposed limistation
to growth-—only the last two are actually possible.

Acccpting the naturcdmposed limits to growth roguires no
more cffort than lerting things rake their course and waiting
to e what will happen. The most peobable result of that deci-
sion, a3 we have tried to show bere, will be an uncontrollable
decrease in population and capital. The real meaning of such a
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collapse is difficult to imagine because it might take so many
different forms. It might occur at different times in different
parts of the world, or it might be worldwide, It could be
sudden or gradual, If the limit first reached were that of food
production, the nonindustrialized countries would suffer the
mapr population decrease, If the first limiat were imposed by
exhaustion of nonrenewable resources, the industrialized coun-
tries would be most affected, It mighe be that the collapss
woitld leave the earth with its carrying capacity for animal
and plant life andiminished, or it might be that the carrying
capacity would be reduced or destroyed. Certainly whatever
Fraction of the human population remained at the end of the
process would have very Iittle left with which o buld a new
society in any form we can now envision.

Achieving a self-imposed limitation to growth would require
much effort. [t would involve learning to do many things in
new ways. It would tax dhe ingenusty, the fexibility, and the
sclf-discipline of the human race. Bringing a deliberate, con-
trolled end to growth is a tremendous challenge, not casly met.
Waould the Anal result be worth the eflort? Whae would
humantty gain by such a transition, and what would 3t lose?
Let us consider in more detail what a world of nongrowth
might be like.

THE EQUILIBEIUM STATE

We are by no means the first people in man®s written history
to propose some sort of nongrowing state for human sociery,
A number of philosophers, economists, and biologiss have
discussed such a state and called it by many different names,
with as many different meanings.*

We have, after much discussion, decided to call the state of
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constant population and capital, shown in figures 46 and 47,
by the term “equilibrium.” Equilibrium means a state of bal-
ance or equality between opposing forces. In the dynamic
terms of the world model, the opposing forces are these cans
ing population and capital stock to increase (high desired
family size, low birth control effectiveness, high rate of capital
investment) and those causing population and capital stock
to decrease (lack of food, pollution, high rate of depreciation
or obsolescence). The word “capatal™ should be understood
to mean service, industrial, and agrcultural eapital eombined.
Thus the most banic Jzﬁmﬁnn’ af the ftate of gfd'bd.l' .:'.rllu'.
Dtbrinm i that population and coprial are esrentinlly stable,
with the forces tending to increase or decreare them in a care-
fudly comtrolfed balarce.,

There is much room for variation within that definition.
We have only specified that the stocks of capital and popala-
ton remain constant, but they might theoretically be constant

* Sec, for insange:

Plato, Lawes, 150 BC,

Aristotle, Polities, 312 B

Tharass Ribert Malthus, An Eisay on the Principle of Popolation, 1708,

Jobn Srasry Mill, Princples of Polivics! Er\uum_r. 1857,

Harrisonn Brown, The Challeape of Man's Fuinre [ New York: Viking
Press, 1954).

Kenneth E. Boulding, “The Economics of the Coming Spaceship Earth,”
in Eneironmental Duality iw o Growing Ecoacmy, of. H, Jarren
{Baltimore, Md.: Johss Hopkins Press, 1966,

E. |. Mishan, Tée Covtr of Ecomonuc Groash {Mew York: Frederick
A. Pracger, 1967).

Herman E. Daly, "Toward a Sationary-State Economy,” n The Pabiens
Earth, ed. |, Harte and Robert Socolow {Mew Yock: Holt, Rinshan,
and Winston, 1971
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at a high level or a low level—or one might be high and the
ocher low. A tank of water can be maintained at a given level
with 3 fast inflow and outAow of warer or with a slow erickle
in and out. If the Aow is fast, the average drop of water will
spend less time in the ank than if the flow & slow, Similarly,
a stable population of any size can be achicved with cither
high, equal barth and death rates (short average lifetime) or
low, equal birth and death rates (long average lifetime). A
wock of capital can be maintained with high investment and
depreciation rates or low investment and depreciation rates.
Any combination of these possibilities would fir into our basic
definition of global equilibrium.

What criteria can be used 1o choose among the many oprions
available in the equilibrivm state? The dynamic inferactions
in the world system indecate that the Arst decision chat st
be made concerns time. How long ihould the equilibrinm state
exia? IF society is enly interested in a time span of 6 months
or & year, the world model indicases that almest any level of
population and capital could be maintained, If the time horizon
is extended to 20 or 50 years, the options are greatly reduced,
snce the rates and levels must be adpusted to ensure thar the
capital investment rate will not be limited by resource avail-
ability during that time span, or thar the death rare will not
be uncontrollably infleenced by pollution or food shortage.
The longer a socicty prefers 1o maintain the state of equilib-
ricm, the lower the rates and levels must be,

At the limit, of course, no population of capital level can
be maintained forever, but that limit is very far away in time
if resources are managed wiscly and if there is a sufficiently
long time horizon in planning. Let us take as a reasonable
time horizon the cxpected lifetime of a child born into the

172



THE STATE OF COLOBAL EQUTLEBRITTNRL

world tomorrow—70 years if proper food and medical care
are supplied. Since most people spend a large part of their time
and energy raising children, they might choose as a minimum
goal that the socety left to thos children can be maintained
for the full span of the children's lives.

IF society’s time horizon 15 as long as 70 years, the permissible
population and capital levels may not be too differsat from
those existing today, as indicated by the equilibrium run in
hgure 47 {which is, of course, only one of several posnbilities).
The rates would be considerably different from those of today,
however. Any socicty would undoubtedly prefer that the death
rate be low rather than high, since a long, healthy life scems
to be & universal human desire. To maintain equilibrium with
long life expectancy, the hirth rate then must also be low. It
would be best, too, if the capatal investment and depreciation
rates were low, because the lower they are, the less resource
depletion and pollution there will be. Keeping depletion and
pollution to a minimum could cither increase the maximum
size of the population and capital levels or increase the length
of time the equilibrium state could be maintained, depending
on which goal the socicty as a whale preferred.

By choasing a fairly long tdme harizon for its existence, and
a long average lifetime as a desirable goal, we have now arrived
ar a minimum set of requirements for the state of global
equilibrivm. They are:

L. The capseal plant and the population are comsdant in sze,
The birth rate equals the death rate and the capieal investment
rate equals the depreciation rate.

2. All impur and owtput rates—bivths, deaths, inveitment, and
depreciation—are kept fo a minintam.
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3. The levels of capizal and popwlation and the ratio of the e
are it an accordance wnth the values of the society. They may
be deliberately revised and slowly adjusted as the sdvance of
technology creates new options,

An equilibium defined in this way does not mean stagna-
twan. Within the first tao guidelines above, corporations could
expand or fail, local populations could imcrease or decrease,
income could become more ar less evenly distnbuted, Tech-
nological advance would permit the services provided by a
constant stock of capital to increase showly, Within the third
gutdeline, any country could change s average standard of
living by altering the balance between its population and s
capatal, Furthermore, a society could adyost to changing inzer-
nal or external factors by raising or lowering the population
or capital stocks, or both, slowly and in 2 controlled fashion,
with a predetermined goal in mind, The three points above
define a dymamic equilibriom, which need not and probably
would not “freeze” the world into the popalation-capital con-
hguration thar happens to exist ar the present time. The object
in accepting the above three statements is to create freedom
for socicty, mot to impose a straitjacket.

What would life be like in such an equilibriom state P Would
innovation be stifled? Would society be locked into the pat-
terns of inequality and injustice we see in the world today #
Discussion of these questions must proceed on the bass of
mentsl models, for there 15 no formal model of social conds.
thons in the equilibrium state. No one can predict what sort of
institutions mankind might develop under these new conds-
tions. There is, of course, no guarantee that the new sociery
would be much better or even much different from that which
exists today. Tt seems possible, however, that a society released
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from struggling with the many problems caused by growth
may have more energy amd ingenuicy available for solving
other problems. In fact, we believe, as we will illustrate below,
that the evolution of 3 society that favors innovation and
technological development, a society based on equality and
justice, is far more likely to evelve in a state of global equilib-
riwm than it 13 in the stare of growth we are experiencing today,

GROWTH [N THE BQUILIBRIUM STATE

In 1857 Jobn Stuart Mill wrote:

It is scarcely mecessary o romark that a sstonsry conditian of capacal
and popalation implies no stationary state of human improvement.
There would be s much scope a3 ever for all kinds of mental cultare,
mnd reoral snd wocial PIHI‘I'E-'.HELI.II:I'I.IDDITI. E-urimptmi.rq ihe Art of
Living and much more likeliheod of its being imF'l'\ﬂlulﬂd.'“'

Population and capital are the only quantities that need be
constant in the equilibrium state. Any human aerivity that
does not require a large flow of irreplaccable resources or pro-
duce severe environmental degradation migh continne o grow
indefinitely. In particular, those porsuits thar many people
would list as the most desirsble and satisfying activities of
man—education, art, music, religion, basic scientific research,
athletics, and social interactions—could Aourish.

All of the activities listed above depend very strongly on two
factors. First, they depend upon the availability of some sur-
plus production after the base human needs of food and
shelter have been met. Second, they require leisure time. In
any equilibrium state the relative levels of capital and popula-
tion could be adjusted to assure that human material needs
are fulfilled at any desired level. Since the amount of material
production would be essentially fxed, every improvement in
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production methods could result in increxsed leisure for the
population—leisure thar could be devoted to any activity that
is relatively nonconsuming and nonpolloting, such as those
listed above. Thus, this unhappy stuation descnibed by Ber-
trand Russell could be avoided:

Suppose that, at a given moment, 3 certsin pumber of people are en
gaged in the manufscrure of pine. They make a3 many pins s the
world needs, working (say) eight hoors a day. Someons makes an in-
veption by which the same number of men can maks twice = many
pins a8 hefore, Bur the world does not nesd twice 35 many pine. Ping
are already so cheap thet hardly any more will be bought ar & lower
price, In o scosible woeld, cveiybody comcerned in the manufsciuee of
pims wauld rake to working feus hesirs innead of eight, and everything
elie waukd g2 an ag befare, But in the screal wedld this would be
thought demaraliziag. The men nill wark cighe hoom, there are ton
many pias, some emplovess go bankrop, and half the men previously
concerned in o making ping ane thrown out of work, There 13, o the
end, just a8 much losure as on the other plan, b hall the men are
waally idbe while half are mill overworked, In this way it is inswred
that the unavoidahle leisure shall cause misery all around insead of
being a aniversal sowrce of happiness. Can anything more insane e
inlaginad) W

But would the technological improvements that permit the
prochuction of pins or anything clse more efficiently be forth.
eoming in a world where all basie material needs are fulfilled
and additianal production s not allowed ? Does man have to
be pushed by hardship and the incentive of material growth
to devise better ways to do things?

Historical evidence would indicate thar very few key inven.
tions have been made by men who had o spend all their
energy overcoming the immediate pressures of susvival, Avtomic
energy was discovered in the laboratories of basic science by
individuals unaware of any threat of fosail fuel depletion. The
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first genetic experiments, which led a hundred years later 1o
high-yield agriculural crops, took place in the peace of a
European monastery. Pressing human need may have forced
the application of these bassc discoveries to practical problems,
but only freedom from peed produoced the knowledge neces-
sary for the pracrical applications,

Techndagical advance would be both necessary and welcome
in the equilibrium state. A few obvious examples of the kinds
of practical discoveries thar would enhance the workings of a
steady state socicty include:
= new methods of waste collection, to decrease pollution and

make discarded material available for recycling:

» more cfficient techniques of recycling, 1o reduce raes of
resource depletion ;

® better product design to inercase product lifetime and pro-
mote casy repair, o that the capital depreciation rate would
be minimized ;

® harnessing of incident solar energy, the most pollution.free
power source;

» methods of natural pest control, based on more complete
understanding of ccolagical interrelanionships;

o medical advances thar would decrease the dearh rae;

 contraceptive advances that would facilitate the equalization
of the birth rate with the decreasing death rate.

As for the incentive that would encourage men to produce
such technological advances, what better incentive could there
be than the knowledge that a new idea would be translated
into a visible improvement in the quality of life? Historically
mankind's long record of new inventions has resulted in
crowding, deterioration of the environment, and greater social
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inequality because greater productivity has been absocbed by
population and capital growth, There is no reason why higher
productivity could not be transtated into 2 higher standard
of living or more leisure or more pleasant surroundings for
everyone, if these goals replace growth ad the primary value of
society,

EQUALITY IM THE EQUILIBREUM STATE

One of the most commonly accepted myths in oar presen:
socicty is the promisc that a continustion of our present pat-
terns of growth will lead to human equality. We have demon-
strated im0 various parts of this book that present patterns of
population and capital growth are actually increasing the gap
between the rich and the poor on 2 worldwide basis, and thar
the ultimate result of a continued attempt to grow according
to the present pattern will be a disastrous collapse,

The greatest possible impediment to more equal distribution

of the world's resources 15 population growth, It seems to be a
universal observation, regrertable but understandable, that, as
the number of people over whom a fxed resource must be
distributed increases, the equality of distribution decreases.
Equal sharing becomes social suicide if the average amoumt
available per person is not enough to maintain life. FAQ
studics of food distribunion have actually documented thas
general observation.
Analysis of distribution corves shows that when the ford supplics of
& group diminish, inequadities in intake are accentuated, while the num-
ber of undernsurished Famiies incresces more than 18 mnim 1o the
deviation from the mean. Morsover, the foed intake defict grows with
the uze of houwsholds so that barge famikbes, and thar children in par-
ticulas, arc matistically the mos kely w be underfed ™

In a long-term equilibrium state, the relative levels of popula-
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tion and capital, and their relationships o fixed constraints
such as land, fresh water, and mineral resources, would have
to be sct 5o that there would be enough food and material pro-
duction to maintain everyone at {at least) a subsistence level,
One barrier to equal distribution would thus be removed. Fur-
thermiore, the other effective barrier 1o equality—the promise
of growth—could no longer he maintained, as Dr. Herman E.
Daly has pointed out:

Feor several reasoms the maportant baie of the siationary e will be
dlirthidtann, it prodoction. The problem of relitive shites csn ms
langer be avoided by appeals to growih, The argument that evoryons
should be kappy as long as his absolute share of wealth incrcases, re-
gardless of his relative share, will no losger be available, . . . The
statsomary state would make fewer demands oo oar environmenta! re-
sorarces, bur smuchy greater demamds on owr moral resowrces B

There 15, of cowrse, no assurance that bumanity's moral re
sources would be suficient to solve the problem of income dis
tribution, cven in an equilibrium state. However, there is even
less assurance that such social problems will be solved in the
present state of growth, which is straining both the mosal and
the physical resources of the world's people.

The pecture of the equilibrium state we have drawn here is
idealized, o be sure. It may be impossible to achieve in the
form described here, and it may not be the form most people
on earth would choose. The only purpose in deseribing a at
all is to emphasize that global equilibrium need not mean an
end to progress or human development. The passibilitics with-
inan equilibrivm state are almost endless.

An equilibrium state would not be free of pressures; since
no society can be free of pressures. Equalibrinm woald require
trading certain human freedoms, such as producing unlimited
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numbers of children or consuming uncontrolled amounrs of
resources, for other freedoms, such as relief from pallution
and crowding and the threat of cdllapse of the world system.
It is possible that new freedoms might also anse—universal
and unlimited education, lesure for ereativity and inventive-
ness, and, most important of all, the freedom from hunger and
poverty enjoyed by such a small fraction of the world’s people
today,

THE TRANSITION FROM GROWTH TO GLOSAL EQUILIERIUA

We can say very little at this point about the practical, day-by-
day steps that might be raken to reach a desirable, sustainable
state of global equilibrium. Neither the world model nor our
own thoughts have been developed in sufficient degzil to under-
stand all the implications of the transition from growth to
equilibrium. Before any part of the world's society embarks
deliberately on such a transition, there must be moch more dis-
cusson, more cxtensive analysis, and many new idcis con
tributed by many different people. If we have stimulated each
reader of this book to begin pondering how such a rransition
might be carried out, we have accomplished our immediate

Certainly much more information is needed to manage the
transition to global equilibrium. In the process of sifting the
world's data and incorporating it ince an organized model, we
have become aware of the grear need for mare fart—for num-
bers that are scientifically measurable bot which have not yer
been measured. The most glaring dehciencies in present
knowledge occur in the pollution scctor of the model. How
long docs it take for any given pollutant o travel from its
point of release to its point of entrance into the human body ?
Doss the time required for the processing af any pollutant into
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harmless form depend on the level of pollutant? Do several
different pollutants acting rogether have a synergistic effect on
human health? What are the long-term cffects of low-level
dosages on humans and other organisms? There s alo a need
for more information about rates of soil erosion and land was-
tage under intensified modern agricultural practices.

From our own vantage paint as systems analysts, of course,
we would recommend that the search for facts not be random
but be governad by a greatly increased emphass on establishing
system structure, The behavior of all complicated social sys-
tems is primarily determined by the web of physcal, biolagaeal,
psychalogieal, and economic relationships that binds together
any human population, its natural environment, and its eco-
nomic activities, Until the underlying structures of our socio-
economic systems are thoroughly analyzed, they cannot be
managed cfectively, just as an automobile cmnot be main-
rined in good running condition without 3 knowledge of how
its many parts infAuence each other. Studies of system strueture
may reveal that the introduction into a system of some smple
stabilizing feedback mechanism will solve many difficulties.
There have been interesting suggestions along that line already
—for example, that the 100zl costs of pollution and resource de.
pletion be included in the price of a product, or thar every
user of river water be required to place his intake pipe dosn.
stream from his efluent pipe.

The hnal, most clusive, and most important information we
need deals with human values. As soon as a socicly recognizes
thar it cannot maximize everything for everyone, it must begin
to make chiviees. Should there be mare peaple ar more wealth,
miore wilderness or maore automobiles, more food for the poor
or mare services for the rich? Establishing the societal an-
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swers to guestions like these and rranslaring those answers into
policy is the essence of the political process. Yer few people
in any sociery even realize that such choices are being made
every day, much less ask themselves what their own chaices
waould be. The equilibrium society will have to weigh the
trade-oifs engendered by a finite carth not only with considera-
tson of present human values but also with consideration of
future generations. To do that, society will need better means
than exist voday For clarifying the realistic alt=rnatives available,
for extabluhing societal goals, and for achieving the alternatives
that are most conststent with those goals, But most important
of all, long-term goals must be specified and short-term goals
maacle consistent with them,

Although we underline the need for more study and discus-
ston of these dificult questions, we end on a note of urgency.
We hope that intensive study and debate will proceed simul-
tameously with an oageing program of action. The details are
not yet specified, bur the general direction for action is obvious.
Enough is known already to analyee many proposed policies in
rerms of thar endencies o promote or to regulate growth,
Numerous nations have adapted or are considening programs
to stabilize their populations. Some bocalized areas are also
trying to reduce their rates of economic growth.™ Thesc of-
Farts arc weak at the moment, but they could be strengthened
very quickly if the goal of equilibrium were recognized as de-
sirable and impoetant by any sizable part of human society.

We have repeatedly emphasized the importance of the na-
taral delays in the population-capital system of the warld,
These delays mean, for example, that if Mexica’s birth rate
gradually declined from its present valuc to an exact replace-
ment value by the year 2000, the country's population would
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continue to grow until the year 2080, During thar time the
population would grow from 50 million to 130 million. ™ 1f
the United States population had two children per family start-
ing now and if there were no net immigration, the population
would still contimoe to grow until the year 2037, and it would
increase from 20 million to 266 million.* If world population
a5 a whole reached 2 replaccment-size family by the year 2000
{at which time the population would be 58 Wallion), the delays
caused by the age structure would result in 3 final levelingoff
of population at 8.2 billion ™ {assuming that the death rate
would not rise before then—an unlikely asumption, accord-
ing to our model results).

Taking no action o solve these problems i equivalent
taking strong action. Every day of continued exponential
growth brings the world system closer to the ultimate limits
to that growth. A decision ta do nathing is a decison 1w in-
crease the risk of collapse, We cannot say with certainty how
much longer mankind can postpone initiating deliberate con-
trol of his growth before he will have lost the chance for con-
trol. We suspect on the basis of present knowledge of the
physical constraints of the planet that the growth phase can.
nat continue for anather one hundred years. Again, because of
the delays in the system, if the global socicty waits until chose
constraints are unmistakably apparent, it will have waited oo
long.

If there is cause for deep concern, there 15 also cause for hope,
Deliberately limiting growth would be difficult, but not im-
possible, The way to proceed is clear, and the necessary steps,
although they are new ones for human socicty, are well within
human capabilitics. Man possesses, for 2 small moment in his
history, the most powerful combination of knowledge, tools,
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and resources the world has ever known. He has all thae is
physically necessary to create a totally new form of human
society—one that would be built 1o last for generations. The
two missing ingredients are a realistic, long-term goal that can
guide mankind to the equilibrium society and the human will
to achieve that goal. Without such a goal and a commirment
to it, short-term concerns will generate the exponential growth
that drives the world system toward the limits of the carth and
ultimate collapse. With that goal and that commitment, man-
kind would be ready now to begin a controlled, orderly transi-
tion from growth to global equilibrinm.
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In inviting the MIT team to undertake this investigation, we
had two immediate objectives in mund. One was to gain
insights inte the limits of our world system and the constraines
it puts on human numbers and activiry. Nowadays, more than
cver before, man tends moward continual, often accelerated,
prowth—of population, land occupancy, production, consump-
tion, waste, etc.—~blindly assuming that his environment will
permat such cxpansion, that other groups will vicld, or that
sienee and technology will remove the obstacles. We wanied
to explore the degree to which this attitude toward growth
is compatible with the dimensions of our finite planet and
with the fundamental needs of our emerging world society—
from the reduction of social and political tensions to improve-
ment in the quality of life for all.

A second objective was 1o help identify and soudy the domi-
nant elements, and their interactions, thar influence the loag-
term behavior of world systemse. Such knowledge, we believe,
cannat be gathered by concentrating on national systems and
shart-run analyses, as is the current practice. The project was
not intended as a picce of fururology. It was intended to be,
and is, an analysis of current trends, of their influence on each
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ather, and of their posdble outcomes. Dur goal was o pro-
vide warnings of potential world enss if these trends are
allowed to continue, and thus offer an opportunity to make
changes in our political, cconomic, and social systems o cnsure
that these crises do not take place.

The report has served these purposes well. It represents a
bold step toward a comprehensive and integrated analysis of
the world situation, an approach char will now require years
to refine, decpen, and extend. WNevertheless, this report 15 only
a first step. The limits to growth it examines are only the
known uppermost physical limite imposed by the Anitenes
of the world system. In reality, these limits are further reduced
by political, social, and instioutional constraints, by inequitable
distnibution of population and resources, and by our inahility
to manage very large intricare systems.

But the report serves further purposes. It advances tentative
suggestions for the Future state of the world and opens new
perspectives for continueal intellectual and practical endeavor
ta shape that future,

We have presented the fiindings of this report ar two inter-
national meetings. Both were held in the summer of 1971,
one in Moscow and the other in Rio de Janeiro. Although
there were many questions and criticisms raised, there was no
substantial dimgreement with the perspectives described in this
report. A preliminary draft of the report was also submitted
to some forty indimiduals, most of them members of The Club
of Rome, for ther comments. It may be of interest to mention
eamme of the main poonts of cntcism:

L. Since models can accommedate only 3 limited number
of variables, the interactions studied arc only partial. It was
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pointed our that in 2 global mode] such as the one used in this
study the degree of aggregation is necessarily high as well.
Nevertheless, it was generally recognized thar, with a simple
world model, it is possible to examine the effect of a change
in basic assumprions or to simulare the effect of a change in
policy to see how such changes influence the behavior of the
systemn over time. Similar experimentation in the real world
would be lengthy, costly, and in many cases impossible,

L It was suggested that mnsafficient weght had been given
w the possibilities of scientific «nd technolagical advances in
solving certain problems, such as the development of foal-
proof contraceptive methods, the production of protein from
fousil fuels, the generation or harnessing of virtually limitles
energy (including pollution-free solar energy), and its subse.
quent use for syntheuzing food from air and water and
for extracting mincrals from rocks. Tt was agreed, however,
thar such developments would probably come oo late 10 aven
demographic or environmental disaster. In any cae they
probably would only delay rather than aveid erisis, for the
problematique consists of msees that require more than tech-
nical salutions,

3. Others felt that the possibility of discovering stocks of raw
materials in arcas as yer insufficiently explored was much
greater than the model assumed. But, again, such discovenies
would only postpone shortage rather than eliminate it, It muast,
however, be recognized that extension of resource availability
by several decades might give man time to find remedies.

4. Some considered the model too “technocratic,” observing
that it did not include critical social factors, such as the effects
of adoption of different valee systems. The chairman of the
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Moscow meeting summed up this poine when he said, “Man
is mo mere hiocybernetic device.” This criticism s readily
admitted. The present model considers man anly in his mate-
rial sysrem because valid social elements simply could not be
devised and introduced in this first effort. Yet, despite the
model's marertal orientation, the conclusions of the study point
to the need for fundamental change in the values of society.

Chverall, 3 majority of those who read this report concurred
with its position, Furthermore, it 15 clear that, if the argu-
ments submitted in the report (even after making ablowance
for justifable criticism} are considered valid in principle, their
significance can hardly be overcstimated,

Many reviewers shared our belief thar the cssential signifs-
cance of the project lies in its global concept, for it is throwgh
knowledge of whaoles that we gain understanding of com-
ponents, and not vice versa. The report presents in straight-
forward form the alternatives confronting not one nation ar
people but all nanons and all peoples, thereby compelling a
reader to ragse his sights o the dimensions of the world
problematique. A drawback of this approach is of course that
—given the heterogeneity of warld society, national political
structures, and levels of development—the conclusions of the
study, although valid for our planct as a whole, do not apply
in detail to any particular country or regiom.

It 15 true that in practice events take place in the waorld
sporadically at points of stress—not generally or simulraneowly
throughout the planet. 5o, even if the consequences anticipated
by the model were, through human inertia and political diff-
cultics, allowed to occur, they would no doubt appear first
in @ series of local crises and disasvers.

But it is probably no less true that these crises would have
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repercussions worldwide and that many nanons and people,
by taking hasty remedial actbon or retreating into isolationism
and actempiing self-sufficiency, would bur aggravace the con-
ditions operating in the system as 3 whole. The interdepen-
dence of the various components of the world system would
maoke such measures futile in the end. Was, pestilence, a row
materials starvation of industrial economies, or a generalized
economic decay would lead 1o contagious social disintegration.

Finally, the report was considersd partcularly wvaluable in
pointing out the exponentil nature of human growth within
a closed system, a coneept rarely mentioned or appreciated in
practical politics in spite of its immense implications for the
future of our Anite planct. The MIT project gives a reasoncd
and systematic explanation of trends of which people are bt
dimly aware.

The pessimistic conclusions of the report have been and no
doubt will continue o be a mater for debare. Many will
belicve that, in population growth, for instance, namre will
take remedial acrion, and hirth rates will decline before catas
trophe threatens. Others may simply feel thar the trends
identified in the study are beyond human control; these
people will wair for “something 1o turn wp.” Sull athers will
hope that minor corrections in present policies will lead 0 a
gradual and satisfacrory readjussment and possibly 1o equilibe
riom. And 3 grear many others are apt ta put their trust in
technology, with its suppesed cornucopia of cureall solutions.

We welcame and encourage this debate. It i important,
in our opinion, to ascertain the true scale of the crisis con-
fronting mankind and the levels of severity it is likely 1o reach
during the next decades.

From the response to the draft report we distributed, we
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believe this book will cause a growing number of people
throughout the world o ask themselves in carnest whether
the momentum of present growth may not overshoot the
carrving capacity of this planet=—and to consider the chilling
alternatives such an owvershooo implies for ourselves, our chil-
dren, and owr grandchsldren,

How do we, the sponsors of this project, evaloate the
report? We cannot speak definitively for all our colleagues in
The Club of Rome, for there are differences of interest,
emphasis, and judgment amang them. Bar, despite the pre.
liminary nature of the report, the limits of some of its dara,
and the inherent complexity of the waorld system it attempts
1o describe, we are convinced of the importance of its main
conclumons. We believe that it containg a2 message of much
deeper significance than a mere comparson of dimensions, a
message relevant to all aspects of the present human predica-
mient.

Although we can here express only our preliminary views,
recognizing that they still requore a great deal of refection
und ordering, we are in agreement on the following points:

1. We are convinced that realization of the quantitative re-
straints of the world environment and of the tragic conse
quences of an overshoot 15 csscntial w the initation of new
forms of thinking thar will lead o a fundamental revision
af human behavior and, by implication, of the entire fabrc
af presentday society,

It is only now that, having begun to understand somcthing
af the interactions between demographic growth and economic
growth, and having reached unprecedented levels in baoth,
man it forced o take account of the limited dimensons af
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his planct and the ceilings to his presence and actvity on it
For the first time, it has become vieal 1o inguire into the cost
of unrestricted marterial growth and o consider alternatives
to ity Continuation.

2. We are further convinced that demographic pressure in
the world has already attained such a high level, and s more-
over so unequally diseribured, that this alone must compel
mankind o seck a stare of equilibrium on our planet.

Underpopulated areas still exist; but, conssdering the woeld
as a whole, the critical point in population growth is appreach-
ing, if it has not already been reached, There is of course no
unique optimum, long-term population level; rather, there are
a serics of balances between population levels, social and
material standards, personal freedom, and other elements
making up the quality of life. Given the finite and diminishing
stock of noarenewable resources and the finite space of our
globe, the principle must be generally accepted that growing
numbers of people will eventually imply a lower standard of
living—and a maore complex problematique. On the ather
hand, no fundamental human valse would be endangered by 2
lt!’tli.rlg aff of demographic !‘I"D‘lll"th.

3. We recognize that world equilibriom can become a reality
only if the lot of the socalled developing countrics s sub-
stantially improved, both im absolute terms and relative to
the economacally developed nations, and we affirm that this
improvemnent can be achieved only throogh a global strategy.

Short of a warld cffort, iday’s already explosive gaps and
incqualities will continue to grow larger. The outcome can
anly be disaster, whether due to the selfishness of individual
countries that continue to act purely in their own interests,
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nations. The world system s simply not ample enough nor
generous enough to accommodate much longer such egocen-
tric and conflictive behavior by its inhabitants. The closer we
come to the material limits to the planet, the more difbeule
this problem will be to tackle.

4. We affirm thar the global issue of development is, however,
s0 closely interlinked with other global issues that an overall
strategy miust be evolved to anack all majer problems, includ-
ing in particular those of man's relatonship with his environ-
ment.

With world population doubling ome a hittle more than
30 years, and decreasing, socicty will be hard put o mee
the needs and expecrarions of so many more people in so
short a period. We are likely to try to satisfy these demands
by overexploiting our natural environment and forther impair-
ing the lifesupporting capacity of the earth. Hence, on both
sides of the man-cnvironment equation, the situation will rend
to worsen dangerously. We cannat expect technological solu-
tons alone to get us out of this vicious circle. The strategy
for dealing with the two key issues of development and en-
vironment must be conceived as a joint one.

5. We recogmize that the complex warld problematique is to
a great extent composed of clements thar cannot be expressed
in measurable terms, WNevertheless, we belicve that the pre-
dominantly quantitative approach used in this report 15 an
indispensable ool for understanding the operation of the
problematique. And we hope that such knowledge can lead
to a mastery of its elements.

Although all major world issues are fundamentally linked,
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no method has yet been discovered to tackle the whole effec-
tively. The approach we have adopted can be extremely useful
in reformulating our thinking about the entire human pre-
dicament, It permuts us to define the balances thar must exist
within human society, and between human society and s

habitat, and to percerve the consequences that may ensue when
such balances are disrupted.

6. We are unamimowsly convinced that rapid, radical redress-
ment of the present unbalanced and dangerously deteriorating
world situation & the primary task facing humanity,

Our present sttuation is so complex and is s0 much a reflec-
tion of man's multiple activitics, however, that no combination
of purely technical, economic, or legal measures and devices
can bring substantial improvement. Entirely new approaches
are required to redirect society toward goals of equilibrium
rather than growth. Soch a reorganization will involve a
supreme cffort of understanding, imagination, and polincal
and maral resolve, 'We belicve that the effort s feasible and
we hope that this publicatton will help to mobilze forces to
make it possible.

7. This supreme effore 15 a challenge for owr gencration. It
cannot be passed on to the next, The efort must be resohately
underexken withour delay, and significant redirection must be
achieved during this decade.

Although the effort may imtially focus on the implicatons
of growth, particularly of pepulation growth, the totality of
the world problematique wall soon have to be addressed. We
belicve in fact that the need will quickly become evident for
social innovation to match technical change, for radical reform
of wnstitations and political processes at all levels, including
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the highest, that of world polity. We are confident that our
generation will sccept thes challenge o we understand the
tragic consequences that inaction may bring.

B, We have no doubt that of mankind & to embark on a new
course, concerted international measures and ot longaerm
planning will be necessary on 2 scale and scope withour

precedent,

Such an effort calls for joint endeavar by all peoples, what-
ever their culure, cconomic system, or fevel of development.
But the major responsibility must rest with the more developed
nations, not beeause they have more vision or humanity, bue
because, having propagated the growth syndrome, they are
still ar the fountainhead of the progress that sustains it. As
greater inmights inte the condition and workings of the world
svitem are developed, these nations will come to realize that,
in 2 world that fundamentally needs seability, their high
plateaus of development can be justihed or tolerated only if
they serve not as springboards to reach even higher, but as
saging arcas from which o organize more equitable disor-
bution of wealth and income worldwide,

% We unequivocally suppost the contention that a brake
imposed on world demaographic and economic growth spirals
must not lead to a freezing of the satar gus of economic
development of the world's nationas.

If such a proposal were advanced by the rich nations, it
would be taken as a3 final act of neocolontalism, The achieve.
ment of 2 harmonious state of global cconomic, social, and
ecological equilibrium must be a joint venmere based on joimt
conviction, with benefits for all. The grearest leadership will
be demanded from the economically developed countries, for
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the first step toward such a goal would be for them to encour-
age a deceleration i the growrh of ther own matenal owtpus
while, at the same time, assisting the developing mations in
their efforts 1o advance cheir economies more rapadly,

10, We affirm Anally that any deliberate attempt 1o reach a
rational and enduring stare of equilibrium by planned mea-
sures, rather than by chance or catastrophe, must ulfimately
be founded on 2 batic change of values and goals at individual,

nattonal, and world levels.

This change 15 perhaps already i the air, however faintly.
But our tradition, education, current acnivities, and interests
will make the trandformation embattled and slow. Only real
comprehension of the human condition ar thas rurnimg poine
in history can provide sufficient motivation for people to accepe
the individual sscrifices and the changess in political and eco-
Aofmie power structures required to reach an squilibrium state.

The question remains of course whether the world sitwarion
i5 in Fact a8 serious as this book, and our cormments, would
j.'l'ldit:tt. We Erml-ir ]ul':«:'n_- I:h;n r|11.-. 'p.r:“'n:i:hgl- this [ml; CLML-
tains are amply Justified, and that the aims and actions of our
present civilization can only aggravate the problems of tomor-
row. But we would be only o happy if our tentative assess-
ments should prove mo gloomy.

In any event, our posture is one of very grave comcern, but
not of despair, The report describes an alternative to unchecked
and dizastrous growth and puts forward some thoughts on the
policy changes that could produce a stable equilibrium Ffor
mankind. The report indicates that it may be within our
reach to provide reasonably large populations with a good
material life plus opportunities for limitless individual and
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social development. We are in substantial agreement with
that view, although we are realistic enough not to be carried
away by purely scientific or ethical speculations,

The concept of a society noa steady state of economic and
ecedogical equilibrium may appear easy to grasp, althoogh the
reality is so distant from our expenence as to require 3 Coper-
nican revolution of the mind, Translating the idea into deed,
though, is a task flled with overwhelming difficalties and
complexities, We can talk sericusly about where to start only
when the message of The Limite to Groweh, and its sense of
extreme urgency, are accepled by a large body of shennhe,
political, and popular opinton in many countries. The transi-
tion in any case is likely to be painful, and it will make extreme
demands on human ingenwity and determination, As we have
mentianed, only the convicton that there & no other avenue
to survival can liberate the maoral, intellectual, and crearive
forces rﬂp.:lireﬂ tes ymitiate thic unpr:ﬂ-d.r_‘rl!tr] human under-
taking.

But we wish o underscore the challenge rather than the
difficulty of mapping out the road o 2 stable stare society.
We believe thar an uncexpectedly large number of men and
women of all ages and conditions will readily respond to the
challenge and will be eager to discwss not of but Aow we can
create this new future,

The Club of Rome plans to support such activity in many
ways, The substantive research begun ar MIT on world
dynamies will be conrinued both a1 MIT and through studies
conducted in Europe, Canads, Latin America, the Soviet
Unton, and Japan. And, since intellectual enlightenment is
without effect if it is not also political, The Club of Rome also
will encourage the erearion of a world forum where statesmen,
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policy-makers, and scientists can discuss the dangers and hopes
for the future global system without the constraints of formal
intergovernmental negotiation.

The last thought we wish to offer is that man must explore
himsclf—his goals and valucs—as much as the world he secks
to change. The dedication to both tasks must be unending.
The crux of the matter 15 not only whether the human species
will survive, but even more whether it can survive without
falling into a state of worthless exastence.

The Executive Commutter of The Club of Rosre
ALEXANDER KING
SARUTRO OKITA
AURELID PECCEL
EDUARD PESTEL
HUGT THIEMANN
CARROLL WILSDM
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