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1. Introduction

In the 1960s the neoclassical paradigm came
under increasing attack for its lack of attention to
the environmental basis of human well-being.
Like water beading off the feathers of a duck,
most of the attacks were repelled or ignored by
the discipline without serious regard. Many of the
criticisms were levied by natural scientists who
easily could be dismissed as not really ‘under-
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standing economics’. High-profile attacks such as
the Population Bomb (Ehrlich, 1968) and the Lim-
its to Growth (Meadows et al., 1972) had to be
dealt with, at least superficially, not because they
challenged the core assumptions of the neoclassi-
cal paradigm, but principally because they re-
ceived lots of attention in the popular press and
culture as well as in academic circles. ‘Circling the
wagons’ to defend the paradigm against the cata-
clysmic vision of the Limits to Growth was easy.
Economists eagerly pointed out that these models
failed because they did not appreciate the power
of innovations to overcome resource scarcity and
environmental degradation (Porter and van der
Linde, 1995).

Frontal assaults from card-carrying members of
the traditional economic paradigm have been
greeted with more pervasive silence because they
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could not be dismissed as outsiders unfamiliar
with core assumptions, theories, and analytical
methods. It is in this category that the work of
Nicholas Georgescu-Roegen falls. His demolition
and reconstruction of standard economics was not
the passing swipe of a naive opportunist. Rather,
he had a deep and thorough understanding of
economic theory, economic history, and mathe-
matics, as well as considerable knowledge of
physics and the history and philosophy of science.
His genius was rooted in his instincts about the
relevance of biophysical principles for human eco-
nomic aspirations. Georgescu-Roegen had a vi-
sion of economics rooted in the physics,
chemistry, and biology of human existence, and
the analytical and intellectual capabilities to
weave those pieces together with the humanistic
tradition of economics.

It is not surprising that Georgescu-Roegen is
virtually ignored by mainstream economics. By
definition, adherents to a paradigm believe that all
relevant phenomena are best understood through
the conceptual lens of that paradigm, and that all
problems can be solved with the analytical tools
used in that paradigm. The more strident and
accurate the attacks, the more they are ignored or
explained away by the existing paradigm. Thus,
one measure of Georgescu-Roegen’s insight is the
degree to which he is ignored by mainstream
economics while being championed in other areas.
But the real testament to his vision is the degree
to which his ‘pre-analytic’ vision of the economic
process helped define a basis for natural and
social scientists to work together, and his identifi-
cation of key, unresolved questions about sustain-
ability. In this way, Georgescu-Roegen made an
enormous contribution to ecological economics.

This paper presents our judgment of the contri-
bution that Georgescu-Roegen made to ecological
economics. It is organized around some of the
major topics he addressed or contributed to. Sec-
tion 2 discusses Georgescu-Roegen’s contribution
to the ‘pre-analytic vision’ that shaped to a signifi-
cant extent the field of ecological economics. Sec-
tion 3 discusses the critical issue of substitution
between human and natural capital, and how
Georgescu-Roegen was among the first to recog-
nize and formalize this issue. Section 4 addresses

Georgescu-Roegen’s infamous fourth law of ther-
modynamics about the importance of matter. Sec-
tion 5 presents examples of when, where, and by
how much thermodynamics and/or biophysical
limits constrain the economic process. We end
with a discussion of the unfinished research
agenda suggested by Georgescu-Roegen’s work
that awaits the attention of ecological economics.

2. The ‘pre-analytic vision’ of ecological
economics

Traditional economic analysis concentrates on
the exchange of commodities among the members
of an economy, focusing on the role of consumer
preferences, technologies, and capital endowments
for the existence and stability of market equi-
libria. Georgescu-Roegen sought to ground eco-
nomic analysis in the biophysical realities of the
economic process. His efforts occurred indepen-
dently of, and at the same time as Boulding (1966)
was being celebrated for demonstration of the
environmental implications of the mass-balance
principle, Odum (1971) was working on energy
flow analysis, Ayres and Kneese (1969) were using
the materials balance approach, and the applica-
tion of input-output techniques to the analysis of
energy use in ecological and economic systems by
Hannon (Hannon, 1973a, 1975) and Bullard and
Herendeen (1975). Together, these studies influ-
enced to a significant extent the field of ecological
economics—the questions it asks and the
methodologies it applies. But what distinguishes
Georgescu-Roegen’s contribution from the other
pioneers was his ability to incorporate biophysical
principles into the everyday language and models
of standard economics. In doing so his work
pointed towards the economic importance of the
laws of conservation of mass and energy, and the
entropy law.

Economists and ecological economists discuss
and debate important details of Georgescu-Roe-
gen’s work (Tang et al., 1976; Kahlil, 1990, 1991;
Bianciardi et al., 1993; Gowdy, 1993; Daly, 1995),
and they debate conventional economists about
the usefulness of thermodynamics in economic
analysis (e.g. Young, 1991; Daly, 1992). Such
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debates have developed in part due to the vague-
ness of some of Georgescu-Roegen’s arguments,
and to instances where he over-extended his inter-
pretations of thermodynamics and its role in eco-
nomic systems. We discuss some of his main
arguments—including their vagueness and limita-
tions—in greater detail below. However, before
we do so, we wish to recognize Georgescu-Roe-
gen’s fundamental contribution to the conceptual
framework of the field of ecological economics.

Among pioneers of ecological economics,
Georgescu-Roegen (1971) went the farthest in ex-
posing the shortcomings of specific conventional
economic theories and specific economic tools
such as production functions. His fame and noto-
riety on the subject stem from the sweeping claims
he made about the constraints imposed by the
entropy law, and the degree to which he is cited
by many influential scholars in the field (Daly,
1973).

The testament to his fundamental insight is the
degree to which thermodynamics—and more gen-
erally the analysis of energy and material flows—
forms a cornerstone of the ‘pre-analytic vision’ of
ecological economics, as well as the empirical
work of many of its practitioners. Georgescu-
Roegen’s claim that the entropy law formed the
‘taproot’ of economic scarcity stemmed from a
simple series of observations. The economic pro-
cess is a work process and as such it is sustained
by a flow of low entropy energy and matter from
the environment (Fig. 1). As materials and energy
are transformed in production and consumption
processes higher entropy waste heat and matter
ultimately are released to the environment. The
circular flow of exchange value, which grabs the
spotlight in conventional economic analysis, is an
intermediate step in the process powered by the
unidirectional flow of energy and materials.

The conceptual model represented in Fig. 1
(and variations of it) is a starting point for the
work of many ecological economists. Numerous
studies of material and energy flows across the
economy-environment boundary applied mass
and energy balances to account for those flows
and their contribution to economic production
(Ayres and Kneese, 1969; Odum, 1971; Daly,
1973; Slesser, 1978; Ayres, 1978). Others have

expanded on the use of mass and energy balances
to account for changes in the quality of the mate-
rial and energy flows as production and consump-
tion occur (Costanza, 1980; Cleveland et al., 1984;
Hall et al., 1986; Gever et al., 1986; Faber et al.,
1987, Peet, 1992; Perrings, 1987; Ruth, 1993;
Ruth and Bullard, 1993; O’Connor, 1991;
Binswanger, 1993). The importance of the en-
tropic perspective advanced by Georgescu-Roegen
and the other pioneers is evidenced further by the
prominent attention devoted to it in histories of
thought (Martinez-Alier, 1987; Cleveland, 1987),
surveys of ecological economics (Krishnan et al.,
1995; Costanza et al., 1997), and this special issue
of ‘Ecological Economics’ in his honor.

3. Are natural capital and human-made capital
substitutes or complements? Both, of course!

Ecological economists frequently use Solow’s
(Solow, 1974) statement that ‘“‘the world can, in
effect, get along without natural resources” as
evidence for the flawed treatment of the economy-
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Fig. 1. The economy is an open subsystem of the larger closed
environmental system. The economic process is sustained by
the irreversible, unidirectional flow of low entropy energy and
materials from the environment, through the economic system,
and back to the environment in the form of high entropy,
unavailable energy and materials (modified from Hall et al.,
1986 and Goodland et al., 1991).
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environment relation in the neoclassical discipline
(Daly, 1996). Solow’s statement is a red flag be-
cause it seems to be a definitive answer to a
paramount gquestion in ecological economics:
what is the minimum amount of natural capital
required to sustain a given standard of living, and
to what degree can human-made capital substitute
for depleted resources and a degraded environ-
ment? The different prescriptions for ‘sustainable
development’ embody different assumptions
about the potential for such substitutions. The
criterion of weak sustainability assumes a large
degree of substitutability between human-made
and natural capital (Pearce and Atkinson, 1993),
while strong sustainability assumes that they are
largely complements (Costanza and Daly, 1992).

To assess the roles of natural and human capi-
tal, we must first define what kind of substitution
we are talking about. There are some categories
where substitution is feasible and common.
Clearly, one form of natural capital can substitute
for another. The greatest potential lies with en-
ergy and minerals. We can transform aluminum
instead of copper into electrical wire, and we can
combust biomass instead of oil to provide energy.
But substitution possibilities diminish across the
broader categories of ecosystem services. For ex-
ample, energy and minerals cannot substitute for
the protection against harmful cosmic radiation
provided by ozone, the regulation of global cli-
mate, or the information embodied in biodiver-
sity.

Another common category is the substitution
within different types of manufactured capital and
human capital, as when one type of machine
replaces another or when new ideas supplant old
ones. There also is substitution between human
capital, as when power saws replace carpenters
and when computerized robots replace auto work-
ers.

The main issue, however, is the relation be-
tween natural capital, which yields a flow of natu-
ral resources and environmental services that
enter the production process, and the manufac-
tured capital which transforms the resources into
goods and services. Is the flow of natural re-
sources and environmental services—and the
stock of natural capital that yields the flow—sub-
stitutable by manufactured capital?

Many ecological economists argue that this
class of substitution is quite limited (Hall et al.,
1986, Ayres and Nair, 1984; Common and Per-
rings, 1992; Costanza and Daly, 1992; Victor,
1994). There are several reasons for this. There
are some services that only natural capital can
provide. Examples are the creation and mainte-
nance of fertile soil, the regulation of global cli-
mate, the storage and recycling of nutrients,
photosynthesis, and the maintenance of biodiver-
sity, These forms of natural capital provide essen-
tial, irreplaceable services in the functioning of the
overall environmental life support system, and
cannot be substituted for by any form of human
capital.

Another limitation is that natural capital and
manufactured capital overwhelmingly are comple-
ments. The case for complementarity is based on
the following arguments.

1. Historically, manufactured capital and natu-
ral capital have been developed as complements,
not substitutes (Daly, 1991). The stock of manu-
factured capital such as tractors, oil rigs, and
fishing vessels has been increased with the express
intent of increasing the use of natural capital such
as fertile soil, oil deposits and fish populations. It
is ridiculous to talk of one without the other. As
Costanza and Daly (1992) observe, if manufac-
tured and natural capital were perfect substitutes,
there would be no need to develop and accumu-
late manufactured capital since an equivalent
form already exists!

2. From a biophysical perspective, production
is a work process that uses energy to transform
materials into goods and services (Cleveland et
al.,, 1984). The fund-flow model proposed by
Georgescu-Roegen (1971, 1975) describes produc-
tion as a transformation process in which a flow
of materials, energy, and information is trans-
formed by two agents of transformation, human
labor and manufactured capital. Natural capital is
what is being transformed (the material cause),
while manufactured capital effects the transforma-
tion (the efficient cause). For example, all ma-
chines require energy for their operation and they
function by acting on a flow of materials from
natural capital (Victor, 1994). Thus, adding to the
stock of pulp mills does not produce an increase
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in pulp uniess there is also the wood fiber to feed
them. The two are clearly complements.

3. There is a biophysical interdependence be-
tween manufactured and natural capital. Tools,
machines, and factories are made of natural capi-
tal, and the humans who direct them also con-
sume natural resources. Thus, producing more of
the ‘substitute’, i.e. manufactured capital, requires
more of the thing that it is supposed to substitute
for.

Georgescu-Roegen had a great deal of insight
into the substitute/complement issue, particularly
points 2 and 3. For Georgescu-Roegen, a great
sin of conventional economic analysis is the con-
fusion of funds and flows, leading to a fundamen-
tal misrepresentation of the relation between
manufactured and natural capital. A glaring ex-
ample of this is the standard representation of
funds and flows in models such as the Cobb-Dou-
glas production function, namely:

Q=K* L™ R*" (1)

where Q is output per time period; K is the stock
of capital; R is the flow of natural resources; L is
labor supply per time period; and «,, o,, «, are
fixed parameters. As Georgescu-Roegen (1979a,
b,c) observes, this implies that with a constant la-
bor force L;, one could obtain any given Q, if the
flow of natural resources satisfies the condition

R13: QO
KllLéz

(2

Consequently, we could maintain a constant out-
put indefinitely with an ever-diminishing amount
of R if the quantity of K can be increased suffi-
ciently. But Georgescu-Roegen (1979a) exposes
this ‘conjuring trick’, charging that excessive pre-
occupation with “paper and pencil exercises has
led to accepting these exercises without any con-
cern for their relation to facts™ (p. 97). Of course,
on an economy-wide level the increase in K im-
plies an increase in the use of R, so that if K — oo,
R will be rapidly exhausted by the production of
capital (Christensen, 1989). Other analysts have
echoed Georgescu-Roegen’s point that in certain
applications or interpretations, widely used mod-
els such as the Cobb-Douglas or constant elastic-
ity of substitution (CES) production functions

embody the physically impossible assumption that
a given output can be maintained as energy or
material inputs vanish if manufactured capital can
be increased sufficiently (Dasgupta and Heal,
1979; Meshkov and Berry, 1979; Ayres and Nair,
1984; Perrings, 1987; Ruth, 1995a). The laws of
conservation of mass and energy clearly dictate
that no agent can create the stuff on which it
operates, i.e. manufactured capital cannot create
the resources it transforms and the materials it is
made from.

3.1. The dimensions of substitution between
manufactured and natural capital

The complementary relation between manufac-
tured capital and natural capital does not pre-
clude all substitution between the two. The
potential for substitution depends on the follow-
ing: the type of substitution (direct versus indirect
and marginal versus non marginal); where the
system boundaries are drawn (micro- versus
macro-economy); the time scale (long versus short
run) and the spatial scale (local versus global).

Manufactured capital, usually in conjunction
with human capital, can substitute for natural
capital in two ways (Victor, 1994). Direct substi-
tution occurs when manufactured capital provides
a service equivalent to that of natural capital. For
example, chemical pesticides can substitute for
natural predators and photovoltaic cells can con-
vert solar energy into useful forms just as photo-
synthesis, although the quality of the erergy is
quite different.

Manufactured capital indirectly substitutes for
natural capital through what is commonly called
efficiency-increasing technical progress (Costanza
and Daly, 1992). This occurs when more efficient
machines increase the productivity of natural cap-
ital. Examples are cars that get more miles per
gallon and light bulbs that give more lumens per
watts. Georgescu-Roegen (1979b) emphasized the
clear limits to the type of substitution because
technical change does not occur in a vacuum. It
requires an investment of human and natural
capital in edueation, research and development,
and ultimately new processes, machines, equip-
ment, factories, etc. Thus, efficiency-increasing
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technical progress has a definite limit, “unless we
believe that the ultimate fate of the economic
process is an earthly Garden of Eden”
(Georgescu-Roegen, 1979b).

The potential to substitute manufactured capi-
tal for natural capital is greater for marginal
decreases in natural capital than for non-marginal
ones (Victor, 1994). There may be many possibili-
ties to substitute manufactured capital for small
losses of natural capital. For example, hats and
sunscreen could protect against a decline in
stratospheric ozone, and dikes could protect
against a rise in sea level caused by global warm-
ing. But these measures would be ineffective
against a complete loss of stratospheric ozone and
a dramatic rise in sea level.

The potential for substitution varies with the
boundaries of analysis. For example, home insula-
tion directly substitutes for heating fuel, a clear
substitution of manufactured capital for natural
capital within the household sector. From this per-
spective, substitution possibilities increase as you
scale-up from individual processes to firms and
entire industries because the possibilities for
changes in technology and input and output mix
increase the possibility to substitute one form of
capital for another. This apparent increase in
substitution possibilities underlie the ‘technologi-
cal optimist’ position that technology has been
and will continue to be a powerful antidote to
resource depletion and environmental degradation
(Barnett and Morse, 1963).

Elasticities of substitution between human-
made and natural capital calculated for individual
processes, firms, or industries may accurately
reflect substitution possibilities at those scales.
However, they may not accurately reflect possibil-
ities for the economy as a whole because they do
not account for the indirect natural capital costs
of producing and maintaining manufactured capi-
tal. Put another way, the aggregate of potential
savings at the macroeconomy is less than the sum
of the savings one would calculate by adding the
savings from sectoral-level analyses that do not
account for the indirect costs. Returning to our
example, insulation requires fuel and other types
of natural capital to manufacture, meaning that
for the economy as a whole, the net substitution

of insulation for fuel is less than that indicated by
an analysis of the household sector in isolation
from the rest of the economy. The debate about
substitutability has been characterized by careless
extrapolation of theory or empirical analysis from
smaller scales to sweeping conclusions about how
‘essential’ natural capital is for all of humanity.

Time and space scales are critical dimensions of
substitution. Over time spans of seconds, minutes,
days, and even months, many technologies are
relatively fixed, so substitution possibilities are
small or zero. Generally speaking, longer time
frames provide more potential for technological
change and substitution. But this is not always the
case. Shale oil could replace depleted conventional
oil deposits with refinements of existing technolo-
gies. Over the very long run, however, the deple-
tion of all types of fossil fuel will require major
breakthroughs in both basic science and technol-
ogy development to develop equivalent technolo-
gies. This could limit substitution over the long
run.

Space has a similar effect on substitution possi-
bilities. A society can increase its potential for
substitution if it has access to regional or global
supplies of natural capital. Indeed, much of the
debate about the merits of free trade are based on
the simple fact that trade expands an economy’s
access to natural resources, waste assimilation
services, and ecosystem services from other re-
gions (Ekins et al.,, 1994). Societies can signifi-
cantly offset domestic depletion with imports, as
the United States does by importing one-half of
its oil. But there are clear limits to the degree to
which all societies can increase their potential for
substitution by expanding the spatial scale of
natural capital appropriation. These limits are set
by the rate at which solar energy reaches the
Earth, the rate of global photosynthesis, the rate
that water evaporates, and other components of
global biogeochemical cycles that form the basis
of the planet’s natural capital.

Despite the importance of the substitution is-
sue, there is scant empirical work that accounts
for the interdependencies between the two types
of capital. Most of the work has focused on
measuring substitution between energy, labor and
manufactured capital at the single industry level






