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5 Exponential Growth as a
Transient Phenomenon in
Human History

M. King Hubbert

In this bicentennial year of American history, it is useful for us to
reflect that the two-hundred-year period from 1776 to 1576 marks the
emergence of an entirely new phase in human history. This is the
period during which our industrial civilization has arisen and devel-
oped. It is alsc the period during which there has occurred a tran-

- sition from a social state whose material and energy requirements

were satisfied mainly from renewable resources to our present state
that is overwhelmingly dependent upon nonrenewable resources. In
1776 our material requirements for food, housing, clothing, and
industrial equipment were principally satisfied by renewable vege-
table and animal products. Nonrenewable mineral preducts, clay
products, lime, sand, and metals, were used in such small amounts
that the available supplies, at that rate of consumption, seemed
almost inexhaustibie. _ - S
‘The energy requirements two centuries ago were likewise met
principally by renewable resources. Vegetable and animal products
were used for foed and warmth; human and animal labor and wind

‘and water power for mechanical work. The only nonrenewable

energy source then used was coal, which was consumed in such
small amounts per year that the total supply at this rate would
likewise have seemed almost inexhaustible, ' ‘
During the ensuing two centuries, the development of the world’s
present highly industrialized society has cccurred. The mnagnitude
and significance of this transition can most readily be appreciated if

we consider the graphs showing the growth in the world’s annual

Reprinted from Societal Issues, Scientific Viewpoints (New York: American Institute of
Physics), edited by Margaret A. Strom, PP- 75-84, by permission of the author.
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Figure 5.1 )
World production of coal and lignite (Hubbert, 1974a, fig. 3).

production of the principal sources of industrial energy, coal and
petroleum.

.. Higure 5.1 shows the annual world. production. of coal and.lignite ... cxonn
from 1860 to 1970; figure 5.2 shows the corresponding growth in the

annual world production of crude oil from 1880 and 1970.

The mining of coal as a continuous industrial enterprise began nine
centuries ago near the town of Newcastle upon Tyne in northeast
England. Annual statistics of world coal prodiction are difficult to
assemble before 1860, but by that time the annual production rate
had reached 138 million metric tons per year. From the earlier history
of coal mining and from scattered statistics it can be estimated .that
during the eight centuries from 1060 to 1860, the average growth rate
in annual coal production was about 2.3 percent per year with an
average doubling period of about 30 years. From this it can be esti-
mated that the production of coal in 1776 was about 20 million metric
tons. As of this year, the annual coal production rate has reached
about 3.3 billion metric tons—a 165-fold increase during the two
centuries since 1776. This has been at an average growth rate of
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World production of crude oil (Hubbert, 1974a, fig. 5).
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about 2.55 percent per year, or an average period of doubling of 27

years.
Although very small amounts of oil were produced in China and

' Burma at earlier times, the world’s production of crude oil as a

continuous industrial enterprise was begun in Romania in 1857 and
in the United States two years later. As figure 5.2 shows, from 1880
until 1970 the growth in annual crude oil production increased
smoothly and spectacularly. During this period the growth rate aver-
aged 7.04 percent per year arid the production rate doubled, on the
average, every 9.8 years. The cumulative production also doubled
about every 10 years. For example, the amount of oil produced dﬁ.ring
the decade 19601970 was almost exactly equal to all the oil produced
from 1857 to 1960. ‘ '

The increase in the consumption of and dependence upon the

~ industrial metals during the last two centuries is comparable to the
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increased consumption of energy from the fossil fuels. Consider iron.
In 1776 the amount of pig iron produced in the world was about
360,000 metric tons. By 1976 this had increased by a factor of 1556
times to a present annual production of about 560 million metric
~ tons. This corresponds to an average growth rate in the annual
production of 3.67 percent per year, with the production rate dou-
bling, on the average, every 18.9 years. )

In 1776 the world's human population was approximately 790 mil-
lion. It has increased to 4.24 billion. The per capita consumption of
iron in 1776 amounted to only 0.46 kilogram. This has increased to
132 kilograms, a 287-fold increase during these two centuries.

These figures are illustrative of the profound changes in human
affairs that have occurred during the last two centuries. Our present
concern, however, is with the future. Is it possible that such rates of
growth can be maintained during the next two centuries, or do the
industrial and demographic growth rates experienced during the last
two centuries represent a fransient and ephemeral epoch in the
longer span of human history?

Answers to such questions can be obtained by considering the
physical nature of various growth phenomena. Consider first a
renewable phenomenon such as a food supply or the development
of water power. Human food supply is derived almost entirely from
plant or animal products. Therefore, the problem of the increase of
food supply, or of the human population itself, reduces to the basic
problem of how much the population of any biclogic species can be
" “inGreased of Thé Barth.The Basics of This problem are well under-
stood. Biologists discovered a couple of centuries ago that the pop-
ulation of any biclogic species, plant or animal, if given a favorable
environment, will increase exponentially with time. That is, the pop-
ulation will double and redouble in the successive ratios of 1, 2, 4,
8, etc. during successive equal intervals of time. The period required
for the population to double is different for different species. For
elephants and humans the doubling period is a few decades, but for
some bacteria it is as short as 20 minutes. Such a manner of growth
obvicusly cannot continue indefinitely, but the significant question
is this: About how many successive doublings on a finite earth are
possible? :

An approximate answer can be obtained when we consider the
magnitudes obtained by successive doublings. Consider, for exam-
ple, the classical problem of placing one grain of wheat on the first
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square of a §hessboard, two on the second square, four on the thira,
and continuing the doubling for each successive square of the board.
On the nth square—the last, or 64th—the number of grains will be

27" or 2. How much wheat will this amount to? On the last square

alone, the amount of wheat would be equal to approximately 1,000
times the world’s present annual wheat crop; for the whole board
it would be twice this amount. : '

From one point of view this is merely a trivial problem in arith-
metic; from another it is of profound sigm‘ﬁcancé, for it tells us that
the earth itself will not tolerate the doubling of 1 grain of wheat 64
times. - ' '

Similar results are obtained when we consider the successive dou-
blings of other biclogic populations, or of industrial activities. The
present world human population, were it to have descended from a
single pair, say Adam and Eve, would have been generated by only
31 doublings, and a total of 46 doublings would yield a population
density of one person per square meter over all the land areas of the
earth. For an industrial example, the world’s population of automo-
biles is also doubling repeatedly. If we apply the chessboard arith-
metic to the automobile population, beginning with one car and

_ dou}?ijng this 64 times, and then let the resulting quantity of auto-
~ mobiles be stacked uniformly on all the land surfaces of the earth,

how deep would be the layer formed? About 1,_200 miles or 2,000
kilometers. '

e e — e v, PO, 2R gonsiderations Hbeeoiies EidEni™tRar The maamam =
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number of doublings that any biological population or industrial
component can experience is but a few tens. Therefore, any rapid
rate of growth of such a component must be a transient phenomencn
of temporary duration. The normal state of a- biologic population,
when averaged over a few years, must be one of an extremely: slow
rate of change—a near steady state. For example, the maximum
possible number of times the human populétion could have doubled
during the last million years is 31. Consequently, the minimum value
of the average period of doubling during that time would have been
32,000 years, as contrasted with the present period of but 32 years.

- The growth curve that characterizes a rapid increase of any biologic
population or the exploitation of any renewable nonbiologic resource
such as water power must accordingly be similar to that shown in
figure 5.3. Beginning at a near steady state of a constant biclogic
population, or at zero as in the case of water pbwer, the quantity




M. King Hubbert 118 : Exponential Growth as a Transient Phenomenon 119 .

6
g L
T I
- _ [ Heat radiation
4l N ; | *
E —] Power -
5 L .
z 3 0,
Q? Pt - -
2L I HEE]_ : CO; +HaG +80,,

Po 1 ) To atmosphere |
o : : :

Ash l

Figare 5.3 | AT, /;V R T

Logistic curve of population growth. ]
L Fassil fueil} i
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state of nongrowth. ton (Hubbert, 19740, g ls)fmergy In combustion of fossil fue! for power produc-
In the biologic case the inverse can also happen. The disturbance ,

may be unfavorable and the population may undergo a decline ora

considered increases exponentially—that is, it doubles in equal inter-
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The long-term behavior of the exploitation of the nonrenewable 1, industrial .
. . stock :
resources such as the fossil fuels or the ores of metals differs from °

that of the renewable resources in a very fundamental respect. Non-
renewable resources are absolutely exhaustible. Figure 5.4 is a flow
diagram of the mining and utilization of a fossil fuel. The fuel is
taken from the earth, and, in burning, is combined chemically with

atmospheric oxygen. The materials, in the form of gaseous com- High-grade _ -
pounds CO,, H0, and SO; and of asheous solids, remain on the deposits -+ Low-concentration dissemination
earth, but the energy content released initially as heat, after under- -

1gure 5.5

going successive degradations, eventually leaves the earth as spent Flow diageam for L
e gram for the prod i i
low-temperature radiation. 26). € production and use of an industrial metal (Hubbert, 1972, fig,

. The exploitation of metallic ores is illustrated in figure 5.5. Here,
an ore body consisting of a naturally occurring rock containing an
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Mathematical properties of complete-cycle curve of production of an exhaustible ]

resource (Hubbert, 1974a, fig. 18). - By this means we are able to gain a reasonably reliable estimate of

the time during which the fossil fuels can serve as major sources of

. . ; tal is mined and the ‘s the world’s industrial energy. Figure 5.7 shows two interpretations
abnormally 1“:;5};‘) conc:ll:; ahoTr;ﬁ:ft; eﬁi ;f)zs?:io the industrial stock of the complete cycle of world coal production, based upon a high
metal exi_:rac'fe Y smaﬂ & emoved—lead in gasoline, for example, estimate for the ultimate amount of coal to be produced of 7.6 trillion
_frqm w%udl it eventu dy B _ metric tons, and a low figure of 2 trillion. The high figure is based

is Irretrievably sgatte:\re -histo of the fossil fuels or of the metallic upon estimates, assuming 50 percent Tecovery, of beds as thin as

Thu:s the pro uetion ; a;yd eventually for the entire earth, is i 1 foot (0.3 meters) and to depths as great as 1,200 meters. The lower

ettt bt cnsgleic oy chososiieh.a5-thab shewem in Bgren —omn o e +igueis-for-coal beds noT Thinse T O Mt R O AeEper
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ion i aphically as a function of i than 300 meters. _

5'- o e anlfual g:):iuff;ojo;sl I:;Odﬁifl i gguresys.l and 5.2. The A ’ Two aspects of such curves are particularly significant, the approx-
ame, as hzs eefnqu(:h a curve are that the production, beginning imate date of the peak rate of production, and the period of time
f:h-a-mdents cs O i;creases usually exponentially, for a period. The - during which the cumulative production increases from 10 to 90
initially 2 zi;OI lows do’wn and the rate of production passes one g percent of the ultimate cumulative production—the time span
- growth rate i 0d finally, as the resource becomes exhausted, : ' required to produce the middle 80 percent. For the high estimate of
or more, maxama an tive- y’oneﬁﬁal decline. : : 7.6 trillion tons the estimated date of peak production would be about
goes into a long netﬁa v;ehezp curve is also a graphical measure of & 150 to 200 years hence, and the time period required to produce the
The area be;;acﬁ su If from geological mapping, drilling, and middle 80 percent would be that from about the year 2000 to 2300 or
cumulative ch 1: ta?;coverable quantity of the resource considered ) 2400. For the lower figure of 2 trillion tons of -ultimate production
other means, ::1 ? the earlier stages of exploitation, the future of the peak in the production rate would occur earlier, about the year
can be estimat his]i:) can be estimated, because the complete-cycle - 2100, and the middle 80 percent of the ultimate coal would be con-
cﬂ:;vzroc::?rg; enco;typass a total area corresponding to the estimate ; sumed during the approxamately 200 years from about 2000 to 2200.

- made.



;}

i

M. King Hubber B E ' v

50 =
17 { \{\\\' B \{\\‘\\\S§
: l 80 Percent i 250
— — o®
I {56 Years) i bblsﬁ
= 40 | L R
§ ] !
> i i
| |
g 30 + {
=)
o |
~ i
2 |
@ 20 T
< |
g
bl
5
210
a
0 N i
1300 1926 2100
Figure 5.8

Complete-cycle curve for world crude oil production (Fubbert, 1974a, fig. 68).

The estimate of the complete cycle for the world production of
crude oil is shown in figure 5.8. This is based upon an estimate of
2,000 billion barrels for the ultimate production, which is somewhat
higher than the average of 15 estiates published since 1958 by
international oil compames and leading international petroleum geol-

ogists, Using this figriee W%Wlwmycuw
leumn consumpnon, the peak in the production rate will probably
occur during the decade 1996 to 2000, and the middle 80 percent will
be consumed within the 60-year period from 1965 to 2025. Hence,
children born within the last 10 years will see the world consume
most of ifs oil during their lifetimes. '

It is possible that oil production could be curtailed by the exporting
nations to sornewhat near the present rate. Were that to occur, the
upper area under the curve in figure 5.8 would be displaced to the
back slope and thus prolong the middle 80 percent period. Even so,
this would be only about 10 to 15 years.

In parallel with the energy resources, modern industry, as we have
seen, is also dependent upon the industrial metals. One of the most
abundant of these is iron, the known ores of which are estimated to
amount to about 250 trillion metric tons and the ultimate amount to

~
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Three types of growth (Hubbert, 1974b, fig. 1}

possibly as much as 750 trillion. Based upon these figures in con-
junction with the record of past production, the time span for iron
production would be about the same as that for coal, the peak in the
preduction rate occurring one or two centuries hence, and the middle
80 percent span extending about two to four centuries. -
The known and W@Mﬁgﬁu&mﬁ

o T Ay Ses ST i T

copper, tin, lead, zinc, and others, are in very much shorter supply,
with the time until the peak production rate occurs and the time
span for the middle 80 percent being measurable in decades rather
than in centuries.

Three types of growth phenomena with which an industrial society
must deal are shown graphically in figure 5.9. Here, the lower curve
represents the rise, culmination, and decline in the production rate
of any nonrenewable resource such as the fossil fuels or the ores of
metals. The middle curve represents the rise and leveling off of the
production of a renewable resource such as water power or a biclog-
ical product. The third curve is simply the mathematical curve of
exponential growth. No physical quantity can follow this curve for
more than a brief period of time. However, a sum of money, being
of a nionphysical nature and growing according to the rules of com-
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Figure 5.10 . )
Epoch of fossil fuel exploitation in human history during the period from 5,000
years ago to 5,000 years in the future (Hubbert, 1974a, fig. 69). '

pound interest at a fixed interest rate, can follow that curve
indefinitely.

In their initial phases, the curves for each of these types of growth
are indistinguishable from one another, but as industrial growth

+5

approaches maturity, the separate curves begin to diverge from one .

another. In its present state the world industrial system has already
entered the divergence phase of these curves but is still somewhat
short of the culmination of the curve of nonrenewable resources.

A better appredation of the brevity and exceptional character of
the epoch of the fossil fuels can be gained if we view it in the
perspective of a longer time span of human hi tory that we have

e vk

- consumption, and of dependence upon nonrenewable resources, and
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Human affairs in historical perspective from 5,000 vears in the past to 5,000 years in
the future (after Hubbert, 1962, fig. 61). .
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“tion of the world’s total supply of fossil fuels, _C(;)al and petroleum, is

shown on a time scale extending from 5,000 years in the past to 5,000
years in the future. On such a scale, the Washington Monument—
like spike in the middle of this range, with a middle 80 percent spread
of about three centuries, represents the period of exploitation of the
fossil fuels in the much longer span of human history. Brief as this
period is, having arisen, as we have seen, princpally within the last
century, it has already exercised one of the most disturbing influences
ever experienced by the human species in its entire biological
existence. '

The position in which human society now finds itself in this longer
span of history is depicted in figure 5.11. What we see there js that
we are now in a period of transition between a past characterized by

a much smaller population, a low level of technology, of energy -

rates of change, but by means of utilization of the world’s largest
source of energy, that of inexhaustible sunshine, capable of sustain-
ing a population of optimum size at a very comfortable standard of
living for a prolonged period of time. '

It appears therefore that one of the foremost problems confronting
humanity today is how to make the transition from the precarious
state that we are now-in to this optimum future state by a least
catastrophic progression. Our principal impediments at present are
neither lack of energy or material resources nor of essential physical
and biological knowledge. Our principal constraints are cultural. Dur-
ing the last two centuries we have known nothing but exponential
growth and in parallel we have evolved what amounts to an expo-
nential-growth culture, a culture so heavily dependent upon the
continuance of exponential growth for its stability that it is incapable
of reckoning with problems of nongrowth. .
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Since the problems confronting us are not intrinsically insoluble,
it behooves us, while there is yet ime, to begin a serious examination
of the nature of our cultural constraints and of the cultural adjust-
ments necessary to permit us to deal effectively with the problems
rapidly arising. Provided this can be done before unmanageable
crises arise, there is promise that we could be on the threshold of
achieving one of the greatest intellectual and cultural advances in
human history.
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6 | The Tragedy of
the Commons

| Garfett Hardin

At the end of a thoughtfullartide on the future of nuclear war,
Wiesner and York concluded that:

Both sides in the arms race are . . . confronted by the dilemma of steadily
increasing military power and steadily decreasing national security. It is our
considered professional judgment that this dilemma has no technical solution. If the
great powers continue to look for solutions in the area of science and tech-
nology ondy, the result will be to worsen the situation.’

I would like to focus your attention not on the subject of the article
(national security in a nuclear world) but on the kind of conclusion
they reached, namely that there is no technical solution to the prob-
lem. An implicit and almost universal assumption of discussions

T

thagﬁgu"bcomm;ttee on the Environment, Committee on Interior and Insular
Affairs, House of Representai_:(ves, June 4, 6, and 10, july 19 and 26, 1974.
Serial no. 93-55, pp. 58-77. UJ.5. Government Printing Office.

published In protessional and SermipOpPUIAT SCERTTC JOUTTAE TS tHat
the problem under discussion has a technical solution. A technical
solution may be defined as one that requires a change only in the
techniques of the natural sciences, demanding little or nothing in the
way of change in human values or ideas of morality.

In our day (though not in earlier times) technical solutions are
always welcome. Because of previous faflures in prophecy, it takes
courage to assert that a desired technical solution is not possible.
Wiesner and York exhibited this courage; publishing in a science
journal, they insisted that the solution to the problem was not to be
found in the natural sciences. They cautiously qualified their state-
ment with the phrase “It is our considered professional judgment.”
Whether they wére right or not is not the concern of the presen
article. Rather, the concern here is with the important concept of &

From Science 162, 13 December 1968, pp. 1243-1248. Copyright 1968 by the Americar
Association for the Advancement of Sciencé. Reprinted by permission of the authos
and the publisher.




