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So you can now all go home and
sleep peacefully in your beds tonight
secure in the knowledge that in the
sober and considered opinion of the
latest occupant of the second oldest
Chair in Political Economy in this
country, although life on this Earth
is very far from perfect there is no
reason to think that continued
economic growth will make it any

worse.

Wilfred Beckerman

I. INTRODUCTION

There is an appreciable grain of truth in
one of Percy Bridgman’s remarks that the
economic profession is the most opportunistic
of all. Indeed, economists’ attention has con-
tinually shifted from one problem to another,
the problems often being not even closely re-
lated. Search all economic periodicals of the
English-speaking world before 1950, for
example, and you will hardly find any men-
tion of “economic development.” It is curi-
ous, therefore, that economists have over the

* This paper represents the substance of a lec-
ture delivered on November 8, 1972, at Yale Uni-
versity, School of Forestry and Environmental
Studies, within the series Limits to Growth: The
Equilibrium State and Human Society, as well as on
numerous other occasions elsewhere. During July
1973 a version prepared for a planned volume of
the series was distributed as a working document
to the members of the Commission on Natural
Resources and the Committee on Mineral Re-
sources and the Environment (National Research
Council). The present version contains a few recent
amendments.

last hundred years remained stubbornly at-
tached to one particular idea, the mechanistic
epistemology which dominated the orienta-
tion of the founders of the Neoclassical
School. By their own proud admission, the
greatest ambition of these pioneers was to
build an economic science after the model of
mechanics—in the words of W. Stanley
Jevons—as “the mechanics of utility and self-
interest” [48, 23]. Like almost every scholar
and philosopher of the first half of the nine-
teenth century, they were fascinated by the
spectacular successes of the science of
mechanics in astronomy and accepted La-
place’s famous apotheosis of mechanics [53,
4] as the evangel of ultimate scientific knowl-
edge. They thus had some attenuating cir-
cumstances, which cannot, however, be in-
voked by those who came long after the
mechanistic dogma had been banished even
from physics [23, 69-122; 5].

The latter-day economists, without a single
second thought, have apparently been happy
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to develop their discipline on the mechanistic
tracks laid out by their forefathers, fiercely
fighting any suggestion that economics may
be conceived otherwise than as a sister
science of mechanics. The appeal of the posi-
tion is obvious. At the back of the mind of
almost every standard economist there is the
spectacular feat of Urbain Leverrier and
John Couch Adams, who discovered the
planet Neptune, not by searching the real
firmament, but “at the tip of a pencil on a
piece of paper.” What a splendid dream to
be able to predict by some paper-and-pencil
operations alone where a particular stock
will be on the firmament of the Stock Ex-
change Market tomorrow or, even better,
one year from now!

The consequence of this indiscriminate at-
tachment to the mechanistic dogma, whether
in an explicit or a tacit manner, is the view-
ing of the economic process as a mechanical
analogue consisting—as all mechanical ana-
logues do—of a principle of conservation
(transformation) and a maximization rule.
The economic science itself is thus reduced
to a timeless kinematics. This approach has
led to a mushrooming of paper-and-pencil
exercises and increasingly complicated econ-
ometric models which often serve only
to conceal from view the most fundamental
economic issues. Everything now turns out
to be just a pendulum movement. One busi-
ness “cycle” follows another. The pillar of
equilibrium theory is that, if events alter the
demand and supply propensities, the eco-
nomic world always returns to its previous
conditions as soon as these events fade out.
An inflation, a catastrophic drought, or a
stock-exchange crash leaves absolutely no
mark on the economy. Complete reversibil-
ity is the general rule, just as in mechanics.?

*Some economists have insisted that, on the
contrary, irreversibility characterizes the economic
world [e.g., 60, 461, 808; 25], but the point, though
never denied, was simply shelved away. It is in
vain that some now try to claim that standard
equilibrium analysis has always considered negative
feedbacks [4, 334]. The only feedbacks in standard

theory are those responsible for maintaining equi-
librium, not for evolutionary changes.
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Nothing illustrates better the basic episte-
mology of standard economics than the usual
graph by which almost every introductory
manual portrays the economic process as a
self-sustaining, circular flow between “pro-
duction” and “consumption.” 2 But even
money does not circulate back and forth
within the economic process; for both bullion
and paper money ultimately become worn
out and their stocks must be replenished from
external sources [31]. The crucial point is
that the economic process is not an isolated,
self-sustaining process. This process cannot
go on without a continuous exchange which
alters the environment in a cumulative way
and without being, in its turn, influenced by
these alterations. Classical economists, Mal-
thus in particular, insisted on the economic
relevance of this fact. Yet, both standard and
Marxist economists chose to ignore the prob-
lem of natural resources completely, so com-
pletely that a distinguished and versatile
economist recently confessed that he had
just decided that he “ought to find out what
economic theory has to say” about that prob-
lem [75, 1f].

One fundamental idea dominated the ori-
entation of both schools. A. C. Pigou stated
it most explicitly: “In a stationary state fac-
tors of production are stocks, unchanging in
amount, out of which emerges a continuous
flow, also unchanging in amount, of real in-
come” [68, 19]. The same idea—that a con-
stant flow can arise from an unchanging
structure—is at the basis of Marx’s diagram
of simple reproduction [61, II, ch. xx]. In
the diagram of expanded reproduction [61,
II, ch. xxi], Marx actually anticipated the
modern models—such as that with which
W. W. Leontief swept the profession off its
feet—which ignore the problem of the pri-
mary source of the flow even in the case of a

? For a highly significant sample, see G. L. Bach,
Economics, 2d ed. Englewood Cliffs, N.J.: Prentice-
Hall, 1957, p. 60; Paul A. Samuelson, Economics,
8th ed. New York: McGraw-Hill, 1970, p. 72;
Robert L. Heilbroner, The Economic Problem, 3rd
ed. Englewood Cliffs, N.J.: Prentice-Hall, 1972, p.
177.
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growing economy. The only difference is that
Marx preached overtly that nature offers us
everything gratis, while standard economists
merely went along with this tenet tacitly.
Both schools of thought shared, therefore,
the Pigouvian notion of a stationary state in
which a material flow emerges from an in-
variable source. In this idea there lies the
germ of an economic myth which, as we
shall see (Section VIII), is now preached by
many concerned ecologists and some awak-
ened economists. The myth is that a station-
ary world, a zero-growth population, will put
an end to the ecological conflict of mankind.
Mankind will no longer have to worry about
the scarcity of resources or about pollution—
another miracle-program to bring the New
Jerusalem into the earthly life of man.

Myths have always occupied a prominent
role in the life of man. To be sure, to act in
accord with a myth is the distinctive char-
acteristic of man among all living beings.
Many myths betray man’s greatest folly, his
inner compulsion to believe that he is above
everything else in the actual universe and
that his powers know no limits. In Genesis
man proclaimed that he was made in the
image of God Himself. At one time, he held
that the entire universe revolves around his
petty abode—at another, that only the sun
does so. Once, man believed that he could
move things without consuming any energy,
which is the myth of perpetual motion of the
first kind—certainly, an essentially economic
myth. The myth of perpetual motion of the
second kind, which is that we may use the
same energy over and over again, still lingers
on in various veiled forms.

Another economic myth—that man will
forever succeed in finding new sources of
energy and new ways of harnessing them to
his benefit—is now propounded by some sci-
entists, but especially by economists of both
standard and Marxist persuasions (Section
VI). Come what may, “we will [always]
think up something” [4, 338]. The idea is
that, if the individual man is mortal, at least
the human species is immortal. Apparently, it
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is below man’s dignity to accept the verdict
of a biological authority such as J. B. S.
Haldane that the most certain fate of man-
kind is the same as that of any other species,
namely, extinction. Only, we do not know
when and why it will come. It may be sooner
than the optimists believe or much later than
the pessimists fear. Consequences of the ac-
cumulation of environmental deterioration
may bring it about; but some persistent virus
or a freak infertility gene may also cause it.

The fact is that we know little about why
any species bowed out in the past, not even
why some seem to become extinct before
our own eyes. If we can predict approxi-
mately how long a given dog will live and
also what will most probably end its life, it
is only because we have had repeated oc-
casions to observe a dog’s life from birth to
death. The predicament of the evolutionary
biologist is that he has never observed an-
other human species being born, aging, and
dying [29, 91; 32, 208-210]. However, a
species reaches the end of its existence by a
process analogous to the aging of any in-
dividual organism. And even though aging is
still surrounded by many mysteries [32, 205],
we know that the causes which bring about
the end of a species work slowly, but per-
sistently and cumulatively, from the first
moment of its birth. The point is that every-
one of us ages with each minute, nay, with
each blink, even though we are unable to
realize the difference.

It is utterly inept to argue—as some econ-
omists implicitly do—that since mankind has
not met with any ecological difficulty since
the age of Pericles, it will never meet with
one (Section VI). If we keep our eyes open,
however, we will detect, as time goes by,
some sufficiently apparent symptoms which
may help us arrive at some general idea of
the probable causes of aging and, possibly,
of death. True, man’s needs and the kinds of
resources required for their satisfaction are
far more complex than those of any other
species. In exchange, our knowledge of these
factors and their interrelations is, naturally,
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more extensive. The upshot is that even a
simple analysis of the energy aspects of man’s
existence may help us reach at least a gen-
eral picture of the ecological problems and
arrive at a few, but relevant, conclusions.
This, and nothing else, is what I have endeav-
ored to do in this paper.

Il. MECHANICS VERSUS THERMODYNAMICS

No analysis of a material process, whether
in the natural sciences or in economics, can
be sound without a clear and comprehensive
analytical picture of such a process. The pic-
ture must first of all include the boundary—
an abstract and void element which separates
the process from its “environment”—as well
as the duration of the process. What the
process needs and what it does are then de-
scribed analytically by the complete time
schedule of all inputs and outputs, i.e., the
precise moments at which each element in-
volved crosses the boundary from outside or
from inside. But where we draw the abstract
boundary, what duration we consider, and
what qualitative spectrum we use for clas-
sifying the elements of the process depend
on the particular purpose of the student, and
by and large on the science in point.3

Mechanics distinguishes only mass, speed,
and position, on which it bases the concept of
kinetic and potential energy. The result is
that mechanics reduces any process to loco-
motion and a change in the distribution of
energy. The constancy of total mechanical
energy (kinetic plus potential) and the con-
stancy of mass are the earliest principles of
conservation to be recognized by science. A
few careful economists, such as Marshall [60,
63], did observe that man can create neither
matter nor energy. But in doing so, they ap-
parently had in mind only the mechanical
principles of conservation, for they imme-
diately added that man can nevertheless pro-
duce utilities by moving and rearranging

*For a detailed discussion of the analytical

representation of a process, see Georgescu-Roegen
[32, ch. ix].
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matter. This viewpoint ignores a most im-
portant issue: How can man do the moving?
For anyone who remains at the level of
mechanical phenomena, every bit of matter
and every bit of mechanical energy which
enter a process must come out in exactly the
same quantity and quality. Locomotion can-
not alter either.

To equate the economic process with a
mechanical analogue implies, therefore, the
myth that the economic process is a circular
merry-go-round which cannot possibly affect
the environment of matter and energy in any
way. The obvious conclusion is that there is
no need for bringing the environment into
the analytical picture of that process.* The
old tenet of Sir William Petty, that keen stu-
dent of human affairs who insisted that labor
is the father and nature the mother of wealth,
has long since been relegated to the status of
a museum piece [29, 96; 31, 280]. Even the
accumulation of glaring proofs of the pre-
ponderant role played by natural resources in
mankind’s history failed to impress standard
economists. One may think of the Great
Migration of the first millenium which was
the ultimate response to the exhaustion of
the soil of Central Asia following a long
period of persistent grazing. Remarkable
civilizations—Maya is one example—crum-
bled away from history because their people
were unable to migrate or to counteract by
adequate technical progress the deterioration
of their environment. Above all, there is the
indisputable fact that all struggles between
the Great Powers have not turned idly around
ideologies or national prestige but around the
control of natural resources. They still do.

Because mechanics recognizes no qualita-
tive change but only change of place, any

*If “land” appears as a variable in some stan-
dard production functions, it stands only for
Ricardian land, i.e., for mere space. The lack of
concern for the true nature of the economic process
is also responsible for the inadequacy of the stan-
dard production function from other, equally

crucial, viewpoints. See Georgescu-Roegen [27;
30; 33].
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mechanical process may be reversed, just as
a pendulum, for instance, can. No laws of
mechanics would have been violated if the
earth had been set in motion in the opposite
direction. There is absolutely no way for a
spectator to discover whether a movie of a
purely mechanical pendulum is projected in
the direction in which it was taken or in the
reverse. But actual phenomena in all their
aspects do not follow the story of the famous
Mother Goose rhyme in which the brave
Duke of York kept marching his troops up
the hill and down the hill without giving
battle. Actual phenomena move in a definite
direction and involve qualitative change. This
is the lesson of thermodynamics, a peculiar
branch of physics, so peculiar that purists
prefer not to consider it a part of physics be-
cause of its anthropomorphic texture. Even
though it is hard to see how the basic texture
of any science could be otherwise than an-
thropomorphic, the case of thermodynamics
is unique.

Thermodynamics grew out of a memoir
by a French engineer, Nicolas Sadi Carnot,
on the efficiency of heat engines (1824).
Among the first facts it brought to light is
that man can use only a particular form of
energy. Energy thus came to be divided into
available or free energy, which can be trans-
formed into work, and unavailable or bound
energy, which cannot be so transformed.?
Clearly, the division of energy according to
this criterion is an anthropomorphic distinc-
tion like no other in science.

The distinction is closely related to an-
other concept specific to thermodynamics,
namely, to entropy. This concept is so in-
volved that one specialist judged that “it is
not easily understood even by physicists”
[40, 37].¢ But for our immediate purpose

°®The technical definition of available (unavail-
able) energy does not coincide with that of free
(bound) energy. But the difference is such that we
may safely ignore it in the present discussion.

°® This judgment is vindicated by the discussion

of the Entropy Law in [44, 17]. Even the familiar
notion of heat raises some delicate issues, with the

351

we may be satisfied with the simple definition
of entropy as an index of the amount of un-
available energy in a given thermodynamic
system at a given moment of its evolution.

Energy, regardless of quality,” is subject
to a strict conservation law, the First Law of
Thermodynamics, which is formally identical
to the conservation of mechanical energy
mentioned earlier. And since work is one of
the multiple forms of energy, this law exposes
the myth of perpetual motion of the first
kind. It does not, however, take account of
the distinction between available and un-
available energy; by itself the law does not
preclude the possibility that an amount of
work should be transformed into heat and
this heat reconverted into the initial amount
of work. The First Law of Thermodynamics
thus allows any process to take place both
forward and backward, so that everything is
again just as it was at first, with no trace left
by the happening. With only that law we are
still in mechanics, not in the domain of actual
phenomena, which certainly includes the eco-
nomic process.

The irreducible opposition between me-
chanics and thermodynamics stems from the
Second Law, the Entropy Law. The oldest of
its multiple formulations is also the most
transparent for the nonspecialist: “Heat flows
by itself only from the hotter to the colder
body, never in reverse.” A more involved
but equivalent formulation is that the entropy
of a closed system continuously (and ir-
revocably) increases toward a maximum; i.e.,

result that some physicists may go wrong on it, too.
See Journal of Economic Literature, X (December
1972), p. 1268.

" Let us also note that even energy does not lend
itself to a simple, formal definition. The familiar
one, that energy is the capacity of a system to per-
form work, clashes with the definition of unavail-
able energy. We must then explain that all energy
can in principle be transformed into work provided
that the corresponding system is brought in contact
with another which is at the absolute zero of
temperature. This explanation has only the value
of a pure extrapolation because, according to the
Third Law of Thermodynamics, this temperature
can never be reached.
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the available energy is continuously trans-
formed into unavailable energy until it dis-
appears completely.®

In broad lines, the story is relatively sim-
ple: All kinds of energy are gradually trans-
formed into heat and heat becomes so dis-
sipated in the end that man can no longer use
it. Indeed, a point that goes back to Carnot
is that no steam engine can provide work if
the same temperature, however high, prevails
in the boiler and the cooler.? To be available,
energy must be distributed unevenly; energy
that is completely dissipated is no longer
available. The classical illustration is the im-
mense heat dissipated into the water of the
seas, which no ship can use. Although ships
sail on top of it, they need available energy,
the kinetic energy concentrated in the wind
or the chemical and nuclear energy concen-
trated in some fuel. We may see why entropy
came to be regarded also as an index of dis-
order (of dissipation) not only of energy but
also of matter and why the Entropy Law in
its present form states that matter, too, is
subject to an irrevocable dissipation. Accord-
ingly, the ultimate fate of the universe is not
the Heat Death (as it was believed at first)
but a much grimmer state—Chaos. No
doubt, the thought is intellectually unsatis-
factory.!® But what interests us is that, ac-

8 A system is closed if it exchanges no matter and
no energy with its “environment.” Clearly, in such
a system the amount of matter-energy is constant.
However, the constancy of this amount alone does
not warrant the increase of entropy. Entropy may
even decrease if there is exchange.

? There is no truth, therefore, in Holdren’s idea
[44, 17] that temperature measures “the usefulness”
of heat. The most we can say is that the difference
of temperature is a rough index of the usefulness of
the hotter heat.

®One alternative, supported by statistical
thermodynamics (Section VI), is that entropy may
decrease in some parts of the universe so that the
universe both ages and rejuvenates. But no sub-
stantial evidence exists for this possibility. Another
hypothesis, set forth by a group of British astrono-
mers, is that the universe is an everlasting steady
state in which individual galaxies are born and
die continuously. But facts do not fit this hypothe-

sis either. The issue of the true nature of the
universe is far from settled [32, 201f, 210].

NICHOLAS GEORGESCU-ROEGEN

cording to all the evidence, our immediate
environment, the solar system, tends toward
a thermodynamic death,!! at least as far as
life-bearing structures are concerned.

lll. THE ENTROPY LAW AND ECONOMICS

Perhaps no other law occupies a position
in science as singular as that of the Entropy
Law. It is the only natural law which recog-
nizes that even the material universe is sub-
ject to an irreversible qualitative change, to
an evolutionary process.!? This fact led some
natural scientists and philosophers to suspect
an affinity between that law and life phe-
nomena. By now, few would deny that the
economy of any life process is governed, not
by the laws of mechanics, but by the Entropy
Law [32, xiii, 191-194]. The point, as we
shall now see, is most transparent in the case
of the economic process.

Economists have occasionally maintained
that, since some scientists trespass into eco-
nomics without knowing much about the sub-
ject, they, too, are justified in talking about
science, notwithstanding their ignorance in
that domain [4, 328f]. The thought reflects an
error, which unfortunately is general with
economists. But whatever the economic ex-
pertise of other scientists, economists could
not fare continuously well in their own field
without some solid understanding of the En-
tropy Law and its consequences.!®> As I
argued some years ago, thermodynamics is
at bottom a physics of economic value—as
Carnot unwittingly set it going—and the En-

1 To preclude some erring, we should emphasize
the point that a reversal of this trend would be just
as bad for the preservation of life on earth.

? Rudolf Clausius coined “entropy” from a
Greek word meaning “transformation,” “evolu-
tion.” See [32, 130].

2 As we shall see later on, some highly interest-
ing examples are provided by Harry G. Johnson
[49] and, in an unceremonious, assertive manner,
by Robert A. Solo [73]. As for Robert M. Solow,
who at first also refused to swerve a hair from the
standard position [74], he recently found it oppor-
tune to concede that “it takes economics and the
law of entropy” to deal with the problem of

resources [75, 11]. But at bottom, he still remained
attached to his old creed.
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tropy Law is the most economic in nature of
all natural laws [29, 92-94; 32, 276-283].

The economic process, like any other life
process, is irreversible (and irrevocably so);
hence, it cannot be explained in mechanical
terms alone. It is thermodynamics, through
the Entropy Law, that recognizes the quali-
tative distinction which economists should
have made from the outset between the in-
puts of valuable resources (low entropy) and
the final outputs of valueless waste (high
entropy). The paradox suggested by this
thought, namely, that all the economic proc-
ess does is to transform valuable matter and
energy into waste, is easily and instructively
resolved. It compels us to recognize that the
real output of the economic process (or of
any life process, for that matter) is not the
material flow of waste, but the still mysterious
immaterial flux of the enjoyment of life.14
Without recognizing this fact we cannot be
in the domain of life phenomena.

The present laws of physics and chemistry
do not explain life completely. But the
thought that life may violate some natural
law has no place in science. Nevertheless, as
has long been observed—and more recently
in an admirable exposition by Erwin Schro-
dinger [71, 69-72]—life seems to evade the
entropic degradation to which inert matter
is subject. The truth is that any living organ-
ism simply strives at all times to compensate
for its own continuous entropic degradation
by sucking low entropy (negentropy) and ex-
pelling high entropy. Clearly, this phenome-
non is not precluded by the Entropy Law,
which requires only that the entropy of the
entire system (the environment and the or-
ganism) should increase. Everything is in
order as long as the entropy of the environ-
ment increases by more than the compen-
sated entropy of the organism.

Equally important is the fact that the En-
tropy Law is the only natural law that does

“TIt seems idle therefore to ask—as Boulding

[8, 10] does—whether well-being is a flow or a
stock.
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not predict quantitatively. It does not specify
how great the increase should be at a future
moment or what particular entropic pattern
will result. Because of this fact, there is an
entropic indeterminateness in the real world
which allows not only for life to acquire an
endless spectrum of forms but also for most
actions of a living organism to enjoy a cer-
tain amount of freedom [32, 12]. Without
this freedom, we would not be able to choose
between eating beans or meat, between eat-
ing now or later. Nor could we aspire to im-
plement economic plans (at any level) of our
own choosing.

It is also because of the entropic indeter-
minateness that life does matter in the en-
tropic process. The point is no mystical vi-
talism, but a matter of brute facts. Some
organisms slow down the entropic degrada-
tion. Green plants store part of the solar
radiation which in their absence would im-
mediately go into dissipated heat, into high
entropy. That is why we can burn now the
solar energy saved from degradation millions
of years ago in the form of coal or a few
years ago in the form of a tree. All other
organisms, on the contrary, speed up the
march of entropy. Man occupies the highest
position on this scale, and this is all that en-
vironmental issues are about.

Most important for the student of eco-
nomics is the point that the Entropy Law is
the taproot of economic scarcity. Were it not
for this law, we could use the energy of a
piece of coal over and over again, by trans-
forming it into heat, the heat into work, and
the work back into heat. Also, engines,
homes, and even living organisms (if they
could exist at all) would never wear out.
There would be no economic difference be-
tween material goods and Ricardian land.
In such an imaginary, purely mechanical
world, there would be no true scarcity of
energy and materials. A population as large
as the space of our globe would allow could
live indeed forever. An increase in the real
income per capita could be supported in part
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by a greater velocity of use (just as in the
case of money circulation) and in part by
additional mining. But there would be no
reason for any real struggle, whether intra-
species or inter-species, to arise.

Economists have been insisting that “there
is no free lunch,” by which they mean that
the price of anything must be equal to the
cost; otherwise, one would get something for
nothing. To believe that this equality also
prevails in terms of entropy constitutes one
of the most dangerous economic myths. In
the context of entropy, every action, of man
or of an organism, nay, any process in nature,
must result in a deficit for the entire system.
Not only does the entropy of the environ-
ment increase by an additional amount for
every gallon of gasoline in your tank, but
also a substantial part of the free energy con-
tained in that gasoline, instead of driving
your car, will turn directly into an additional
increase of entropy. As long as there are
abundant, easily accessible resources around,
we might not really care how large this ad-
ditional loss is. Also, when we produce a
copper sheet from some copper ore we de-
crease the entropy (the disorder) of the ore,
but only at the cost of a much greater in-
crease of the entropy in the rest of the uni-
verse. If there were not this entropic deficit,
we would be able to convert work into heat,
and, by reversing the process, to recuperate
the entire initial amount of work—as in the
imaginary world of the preceding paragraph.
In such a world, standard economics would
reign supreme precisely because the Entropy
Law would not work.

IV. ACCESSIBLE ENERGY AND ACCESSIBLE MATTER

As we have seen, the distinction between
available and unavailable energy (generalized
by that between low and high entropy) was
introduced in order that thermodynamics may
take into account the fact that only one par-
ticular state of energy can be used by man.
But the distinction does not mean that man
can actually use any available energy regard-
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less of the place and form in which it is
found. If available energy is to have any value
for mankind, it must also be accessible. Solar
energy and its by-products are accessible to
us with practically no effort, no consumption
of additional available energy. In all other
cases, we have to spend some work and
materials in order to tap a store of available
energy. The point is that even though we
may land on Mars and find there some gas
deposits, that available energy will not be
accessible to us if it will take more than the
equivalent energy of a cubic foot of gas ac-
cessible on earth to bring a cubic foot of gas
from that planet. There certainly are oil
shales from which we could extract one ton
of oil only by using more than one ton of oil.
The oil in such a shale would still represent
available, but not accessible, energy. We have
been reminded ad nauseam that the real re-
serves of fossil fuel are certainly greater than
those known or estimated [e.g. 58, 331]. But
it is equally certain that a substantial part of
the real reserves does not constitute accessi-
ble energy.

The distinction regards efficiency in terms
of energy, not in terms of economics. Eco-
nomic efficiency implies energetic efficiency,
but the converse is not true. The use of gas,
for example, is energetically more efficient
than the use of electricity, but electricity
happens to be cheaper in many instances [79,
152]. Also, even though we can make gas
from coal, it is cheaper to extract gas from
natural deposits. Should the natural resources
of gas become exhausted before those of coal,
we will certainly resort to the method that is
now economically inefficient. The same idea
should be borne in mind when discussing the
future of direct uses of solar radiation.

Economists, however, insist that *re-
sources are properly measured in economic,
not physical, terms” [51, 663; also 3, 247].
The advice reflects one of the most enduring
myths of the profession (shared also by
others). It is the myth that the price mecha-
nism can offset any shortages, whether of
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land, energy or materials.!® This myth will
be duly examined later on, but here we need
only emphasize the point that from the point
of view of the longrun it is only efficiency in
terms of energy that counts in establishing
accessibility. To be sure, actual efficiency
depends at any one time on the state of the
arts. But, as we know from Carnot, in each
particular situation there is a theoretical
limit independent of the state of the arts,
which can never be attained in actuality. In
effect, we generally remain far below it.

Accessibility, as here defined, bears on the
fact that although mankind’s spaceship floats
within a fantastic store of available energy,
only an infinitesimal part of this store is po-
tentially accessible to man. For even if we
were to travel in space with the greatest speed,
that of light, we would still be confined to a
speck of cosmos. A journey just to scout the
nearest sun outside the solar system for pos-
sible, yet uncertain, earth-like satellites would
take nine years! If we have learned anything
from the landing on the moon, it is that there
is no promise of resources in interplanetary,
let alone intersidereal, travel.

Still narrower limits to the accessible en-
ergy are set by our own biological nature,
which is such that we cannot survive at too
high or too low a temperature or when ex-
posed to some radiations. It is for this reason
that the mining of nuclear fuel and its use
on a large scale has raised issues which now
divide laymen as well as authorities on the
subject (Section IX). There are also limits
set by some purely physical obstacles. The
sun cannot possibly be mined even by a
robot. From the sun’s immense radiating en-
ergy, only the small amount which reaches
the earth counts in the main (Section IX).
Nor can we harness the immense energy of
the terrestrial thunders. Unique physical ob-
stacles also stand hopelessly in the way of

*® The evidence is ample [3, 240f; 4, 337f; 49;
51, 663, 665; 74, 46f; 80; 69, 9f, 14f]. The appeal
of the myth is seen in that even many on the other

side of the fence share it [58; 62, 65; 6, 10, 12;
and Frank Notestein, quoted in 62, 130].
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the peaceful use of thermonuclear energy.
The fusion of deuterium requires the fantastic
temperature of 0.2 billion°F, one order of
magnitude hotter than the sun’s interior. The
difficulty concerns the material container for
that reaction. As has been explained in lay-
man’s terms, the solution now sought is
similar to holding water inside a mesh of
rubber bands. In this connection we may re-
call that the chemical energy of dynamite
and gunpowder, although in use for a long
time, cannot be controlled so as to drive a
turbine or a motor. Perhaps the use of ther-
monuclear energy will also remain confined
to a “bomb.” ¢ Be this as it may, with or
without thermonuclear energy, the amount of
accessible energetic low entropy is finite (Sec-
tion IV).

Similar considerations lead to the conclu-
sion that the amount of accessible material
low entropy is finite, too. But although in
both cases only the amount of low entropy
matters, it is important that the two accounts
be kept separate in any discussion of the
environmental problem. As we all know,
available energy and ordered material struc-
tures fulfill two distinct roles in mankind’s
life. However, this anthropomorphic distinc-
tion would not be compelling by itself.

There is, first, the physical fact that, de-
spite the Einstein equivalence of mass and
energy, there is no reason to believe that we
can convert energy into matter except at the
atomic scale in a laboratory and only for
some special elements.}” We cannot produce
a copper sheet, for example, from energy
alone. All the copper in that sheet must exist
as copper (in pure form or in some chemical

** The technical difficulties at the present moment
are surveyed in [63]. On the other hand, we should
remember that in 1933 Ernest Rutherford greatly
g%lbted that atomic energy could be controlled [82,

" The point is that even the formation of an
atom of carbon from three atoms of helium, for
example, requires such a sharp timing that its prob-
ability is astronomically small, and hence the event

may occur on a large scale only within astronomi-
cally huge masses.
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compound) beforehand. Therefore, the state-
ment that “energy is convertible into most of
the other requirements of life” [83, 412] is,
in this unqualified form, apt to mislead. Sec-
ond, no material macrostructure (whether a
nail or a jet) whose entropy is lower than
that of its surroundings may last forever in
its original form. Even the singular organiza-
tions characterized by the tendency to evade
the entropic decay—the life-bearing struc-
tures—cannot so last. The artifacts which
now are an essential part of our mode of life
have therefore to be renewed continuously
from some sources. The final point is that
the earth is a thermodynamic system open
only with respect to energy. The amount of
meteorite matter, though not negligible,
comes already dissipated.

The result is that we can count only on
the mineral resources, which, however, are
both irreplaceable and exhaustible. Many of
a particular kind have been exhausted in one
country after another [56, 120f].18 At pres-
ent, important minerals—lead, tin, zinc,
mercury, precious metals—are scarce over
the entire world [17, 72-77; 56]. The wide-
spread notion that the oceans constitute an
almost inexhaustible source of minerals and
may even become a link in a perpetual, natu-
ral recycling system [3, 239; 69, 7f] is de-
nounced as mere hyperbole by geological au-
thorities [17, 85-87].1°

The only way we can substitute energy for
material low entropy is through physico-
chemical manipulations. By using larger and
larger amounts of available energy we can
sift copper out from poorer and poorer ores,
located deeper and deeper in the earth. But
the energy cost of mining low-content ores
increases very fast [56, 122f]. We can also
recycle “scrap.” There are, however, some
elements which, because of their nature and

** See the interesting story of the Mesabi Range
in [14, 11f].

** The widespread notion that the oceans may be

turned into an immense source of food also is a
great delusion [13, 59f].
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the mode in which they participate in the
natural and man-conducted processes, are
highly dissipative. Recycling, in this case,
can hardly help. The situation is particularly
distressing for those elements which, in ad-
dition, are found in very small supply in the
environment. Phosphorus, a highly critical
element in biological processes, seems to be-
long to this category. So does helium, another
element with a strictly specific role [17, 81;
38].

An important point—apparently ignored
by economists [49, 8; 69, 16, 42]—is that
recycling cannot be complete.2® Even though
we can pick up all the pearls from the floor
and reconstitute a broken necklace, no actual
process can possibly reassemble all the mole-
cules of a coin after it has been worn out.

This impossibility is not a straightforward
consequence of the Entropy Law, as Solow
believes [75, 2]. Nor is it quite exact to say,
with Boulding [8, 7], that “there is, fortu-
nately, no law of increasing material en-
tropy.” The Entropy Law does not distin-
guish between matter and energy. This law
does not exclude (at least not in principle) a
complete unshuffling of a partial material
structure, provided that there is enough free
energy to do the job. And if we have enough
energy, we could even separate the cold mol-
ecules of a glass of water and assemble them
into ice cubes. If, in practice, however, such
operations are impossible, it is only because
they would require a practically infinite
time.2!

V. DISPOSABLE WASTE

Since Malthus did not see that waste also
raises some economic problems, it was nor-
mal for the schools of economic thought
which ignored even the input of natural re-
sources to pay no attention to the output of

# Data on recycling are scarce and inadequate;
a few are found in [12, 205; 16, 14]. For steel, see
[14].

# All this proves that, even though the Entropy

Law may sound extremely simple, its correct inter-
pretation requires special care.
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waste. As a result, waste, just like natural
resources, is not represented in any manner
in the standard production function. The
only mention of pollution was the occasional
textbook example of the laundry enterprise
which suffers a loss because of a neighboring
smokestack. Economists must therefore have
felt some surprise when pollution started to
strike everybody in the face. Yet, there was
nothing to be surprised about. Given the
entropic nature of the economic process,
waste is an output just as unavoidable as the
input of natural resources [27, 514f, 519,
523f]. “Bigger and better” motorcycles, auto-
mobiles, jet planes, refrigerators, etc., neces-
sarily cause not only “bigger and better”
depletion of natural resources but also
“bigger and better” pollution [31; 32, 19f,
305f]. But by now, economists can no longer
ignore the existence of pollution. They even
have suddenly discovered that they “actually
have something important to say to the
world,” namely, that if prices are right there
is no pollution [74, 49f; also 10, 12, 17; 49,
11f; 80, 120f]22—which is another facet of
the economists’ myth about prices (Sections
IV and XI).

Waste is a physical phenomenon which is,
generally, harmful to one or another form of
life, and, directly or indirectly, harmful to
human life. It constantly deteriorates the en-
vironment in many ways: chemically, as in
mercury or acid pollution; nuclearly, as by
radioactive garbage; physically, as in strip
mining or in the accumulation of carbon
dioxide in the atmosphere. There are a few
instances in which a substantial part of some
waste element—carbon dioxide is the salient
example—is recycled by some “natural”
processes of the environment. Most of the
obnoxious waste—garbage, cadavers, and
excrement—is also gradually reduced by
natural processes. These wastes only require

#In addition, Harry Johnson finally came to
see that a complete representation of a production

process must necessarily include the output of
waste [49, 10].
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some space in which to remain isolated until
their reduction is completed. There are
troublesome hygienic problems involved, but
the important point is that such wastes do
not cause permanent, irreducible harm to our
environment.

Other wastes are disposable only in the
sense that they may be converted into less
noxious ones by certain actions on our part,
as when part of carbon monoxide is trans-
formed into carbon dioxide and heat through
improved combustion. A great part of sul-
phur dioxide pollution, another example,
may be avoided through some special in-
stallations. Still other wastes cannot be so
reduced. A topical example is the fact that
we cannot reduce the highly dangerous radio-
activity of nuclear garbage [46, 233]. This
activity diminishes by itself with time, but
very slowly. In the case of plutonium-239,
the reduction to fifty percent takes 25,000
years! However, the harm done by radioac-
tivity concentration to life may very well be
irreparable.

Here, just as for the accumulation of any
waste, from rubbish of all kinds to heat, the
difficulty is created by the finitude of acces-
sible space. Mankind is like a household
which consumes the limited supply from a
pantry and throws the inevitable waste into
a finite trash can—the space around us. Even
ordinary rubbish is a menace; in ancient
times, when it could be removed only with
great difficulties, some glorious cities were
buried under accumulated rubbish. We have
better means to remove it, but the continuous
production calls for another dumping area,
and another, and another. .. In the United
States the annual amount of waste is almost
two tons per capita and increasing [14, 11n.].
We should also bear in mind that for every
barrel of shale oil we are saddled with more
than one ton of ashes and to obtain five
ounces of uranium we must crush one cubic
meter of rock. What to do even with these
“neutral” residuals is a problem vividly illus-
trated by the consequences of strip-mining.
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To send the residuals into outer space would
not pay on a large and continuous scale.2?

The finitude of our space renders more
dangerous wastes which persist for a long
time and especially those which are com-
pletely irreducible. Typical of the last cate-
gory is thermal pollution, the dangers of
which are not fully appreciated. The addi-
tional heat into which all energy of terrestrial
origin is ultimately transformed when used
by man?! is apt to upset the delicate thermo-
dynamic balance of the globe in two ways.
First, the islands of heat created by power
plants not only disturb (as is well known) the
local fauna and flora of rivers, lakes, and
even coastal seas, but they may also alter
climatic patterns. One nuclear plant alone
may heat up the water in the Hudson River
by as much as 7°F. Then again the sorry
plight of where to build the next plant, and
the next, is a formidable problem. Second,
the additional global heat at the site of the
plant and at the place where power is used
may increase the temperature of the earth
to the point at which the icecaps would melt
—an event of cataclysmic consequences.
Since the Entropy Law allows no way to
cool a continuously heated planet, thermal
pollution could prove to be a more crucial
obstacle to growth than the finiteness of ac-
cessible resources [79, 160].%

#The cover photograph of Science, 12 April
1968, and the photographs in National Geographic,
December 1970, are highly instructive on this point.
It may be true that—as Weinberg and Hammond
[83, 415] argued—if we had to supply energy even
for 20 billion people at an annual average of 600
million BTU per capita, we would have to crush
rock only at twice the speed at which coal is now
being mined. We would still face the problem of
what to do with the crushed rock.

*Solar energy (in all its ramifications) con-
stitutes the only (and a noteworthy) exception
(Section IX).

*The continuous accumulation of carbon
dioxide in the atmosphere has a greenhouse effect
which should aggravate the heating of the globe.
There are, however, other divergent effects from
the increase of scattered particles in the atmosphere:
agriculturally oriented changes of vegetation, inter-
ference with the normal distribution of surface and

underground water, etc. [24; 57]. Even though
experts cannot determine the resultant trend of this
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We apparently believe that we just have
to do things differently in order to dispose of
pollution. The truth is that, like recycling,
disposal of pollution is not costless in terms
of energy. Moreover, as the percentage of
pollution reduction increases, the cost in-
creases even more steeply than for recycling
[62, 134f]. We must therefore watch our
step—as some have already warned us [6,
9]—so as not to substitute a greater but
distant pollution for a local one. In principle
at least, a dead lake may certainly be re-
vitalized by pumping oxygen into it, as Harry
Johnson suggests [49, 8f]. But it is as cer-
tain that the additional operations implied by
this pumping not only require enormous
amounts of additional low entropy but also
create additional pollution. In practice, the
reclamation efforts undertaken for lands and
streams degraded by strip-mining have been
less than successful [14, 12]. Linear think-
ing—to borrow a label used by Bormann [7,
706]—may be “in” nowadays, but precisely
as economists we ought to abide by the truth
that what is true for one dead lake is not
true for all dead lakes if their number in-
creases beyond a certain limit. To suggest
further that man can construct at a cost a
new environment tailored to his desires is to
ignore completely that cost consists in es-
sence of low entropy, not of money, and is
subject to the limitations imposed by natural
laws.26

Often, our arguments spring from the be-
lief in an industrial activity free of pollution.
It is a myth just as lulling as the belief in
everlasting durability. The sober truth is that,

complex system in which a small disturbance may
have an enormous effect, the problem is not “an
old scare,” as Beckerman says in dismissing it [4,
340].

*Solo [73, 517] also asserts that because of
growth and technology, the present society could
eliminate all pollution “(with the one possible
exception of radiation refuse)” at a bearable cost. It
is only because of some perversity of our values
that we are not doing it. That we could devote more
effort to pollution disposal is beyond doubt. But
to believe that with nonperverse values we could
defeat the natural laws reflects an indeed perverse
view of reality.
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our efforts notwithstanding, the accumulation
of pollution might under certain circum-
stances beget the first serious ecological crisis
[62, 126f]. What we experience today is only
a clear premonition of a trend which may be-
come even more conspicuous in the distant
future.

VI. MYTHS ABOUT MANKIND'S ENTROPIC PROBLEM

Hardly anyone would nowadays openly
profess a belief in the immortality of man-
kind. Yet many of us prefer not to exclude
this possibility; to this end, we endeavor to
impugn any factor that could limit man-
kind’s life. The most natural rallying idea is
that mankind’s entropic dowry is virtually
inexhaustible, primarily because of man’s in-
herent power to defeat the Entropy Law in
some way or another.

To begin with, there is the simple argu-
ment that, just as has happened with many
natural laws, the laws on which the finiteness
of accessible resources rests will be refuted
in turn. The difficulty of this historical argu-
ment is that history proves with even greater
force, first, that in a finite space there can be
only a finite amount of low entropy and,
second, that low entropy continuously and
irrevocably dwindles away. The impossibility
of perpetual motion (of both kinds) is as
firmly anchored in history as the law of
gravitation.

More sophisticated weapons have been
forged by the statistical interpretation of
thermodynamic phenomena—an endeavor to
reestablish the supremacy of mechanics
propped up this time by a sui generis notion
of probability. According to this interpreta-
tion, the reversibility of high into low en-
tropy is only a highly improbable, not a
totally impossible event. And since the event
is possible, we should be able by an ingenious
device to cause the event to happen as often
as we please, just as an adroit sharper may
throw a “six” almost at will. The argument
only brings to the surface the irreducible con-
tradictions and fallacies packed into the
foundations of the statistical interpretation
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by the worshipers of mechanics [32, ch. vi].
The hopes raised by this interpretation were
so sanguine at one time that P. W. Bridg-
man, an authority on thermodynamics, felt
it necessary to write an article just to expose
the fallacy of the idea that one may fill one’s
pockets with money by “bootlegging en-
tropy” [11].

Occasionally and sotto voce some express
the hope, once fostered by a scientific au-
thority such as John von Neumann, that man
will eventually discover how to make energy
a free good, “just like the unmetered air” [3,
32]. Some envision a “catalyst” by which to
decompose, for example, the sea water into
oxygen and hydrogen, the combustion of
which will yield as much available energy as
we would want. But the analogy with the
small ember which sets a whole log on fire is
unavailing. The entropy of the log and the
oxygen used in the combustion is lower than
that of the resulting ashes and smoke,
whereas the entropy of water is higher than
that of the oxygen and hydrogen after de-
composition. Therefore, the miraculous cata-
lyst also implies entropy bootlegging.2”

With the notion, now propagated from one
syndicated column to another, that the
breeder reactor produces more energy than
it consumes, the fallacy of entropy boot-
legging seems to have reached its greatest
currency even among the large circles of
literati, including economists. Unfortunately,
the illusion feeds on misconceived sales talk
by some nuclear experts who extol the re-
actors which transform fertile but nonfis-
sionable material into fissionable fuel as the
breeders that “produce more fuel than they
consume” [81, 82]. The stark truth is that
the breeder is in no way different from a
plant which produces hammers with the aid
of some hammers. According to the deficit
principle of the Entropy Law (Section III),
even in breeding chickens a greater amount
of low entropy is consumed than is contained
in the product.28

* A specific suggestion implying entropy boot-
legging is Harry Johnson’s: it envisages the possi-
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