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Abstract

In the 1920s, Alfred Lotka suggested that evolution results both in an increasing total energy flow through the
biosphere and in increasing energy efficiency of biological processes. Later authors attempted to generalize Lotka’s
conjectures and to transform them into general evolutionary laws. These laws are derived from the laws of
thermodynamics, and it is frequently argued that they also apply to the development of economic systems. In the
present paper, an alternative interpretation of the Lotka principles is suggested which starts from the self-organization
of dissipative structures. Self-organization concepts from ecological and evolutionary economics are integrated. On
this basis, energetic regularities in evolutionary processes are interpreted as emergent properties of competitive
self-organization. Given the close relationship between energy dissipation in economic processes and various
environmental problems, thermodynamic effects of economic evolution are of practical policy relevance. The
evolutionary perspective taken here implies that policy measures toward sustainable development will primarily have
to affect the kinds of innovative behavior triggered in competitive processes. © 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction

The relationship of the economic system to its
physical and biological environment is at the cen-

ter of interest in ecological economics, and in
spite of significant progress made during the past
decades, it still remains a largely unsolved mys-
tery. One approach to this problem focuses on the
implications of thermodynamics for ecological
economics. It is well established that the laws of
thermodynamics have, in principle, significance
for economics. The first law shows that all physi-
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cal inputs of production processes will eventually
be transformed into exactly the same amount of
outputs, whether these be desired products or
unwanted wastes. The second law makes clear
that all development and maintenance of orga-
nized structures requires some input of energy.1

However, the specific way in which thermody-
namics can be applied to economic problems is
still under debate (for general discussions, see for
example Georgescu-Roegen, 1971, 1975, 1977,
1986; Proops, 1983, 1985; O’Connor, 1991;
Binswanger, 1993; Ruth, 1995, 1996; Faber et al.,
1996; Söllner, 1997; Ayres, 1998). In particular, it
would seem central to establish a theory of the
thermodynamics of economic evolution capable
of explaining the development of energy and pos-
sibly materials throughput as economies grow and
develop over time. Such a theory would not only
be of academic interest. It could also serve as a
starting point for analyzing conditions for and
possibilities of a sustainable use of resources.
Moreover, since resource use is most often related
to some kind of environmental stress, it should
also yield relevant insights for the analysis of
environmental effects of economic evolution.

Evolutionary biologists face a similar problem:
there is no established theory of the relationship
between biological evolution and the laws of ther-
modynamics. However, in biology a lively discus-
sion on this subject has been going on for the past
three decades [for an overview, see Depew and
Weber (1995), chapters 17 and 18]. Much of the
discussion originates from the work of Alfred
Lotka who proposed in 1922 a relationship be-
tween biological evolution and the energy intakes
of living organisms. Lotka argued that natural
selection tends to result in (i) increasing energy
flow through biological systems and also (ii) in-
creasing energy efficiency of biological processes.
His conjectures were by later authors referred to

as ‘Lotka principles’ and transformed into general
thermodynamic laws of evolution. These laws
modify Lotka’s ideas in significant ways. They
have often been related to recent developments in
theoretical thermodynamics as put forward by the
Prigogine school (Prigogine et al., 1972a,b; Pri-
gogine, 1976; Prigogine and Stengers, 1984). Al-
though propositions for thermodynamic laws of
evolution have failed to gain widespread support
among biologists, proposals for such laws keep
re-emerging: recent contributions include those of
Bruelisauer et al. (1996), Swenson (1997) and
Wicken (1998).

Discussion of the Lotka principles as alleged
laws of evolution has spilled over into ecological
economics. O’Connor (1991) discusses the first
principle: the law of increasing energy flow. Ac-
cording to him, it can be interpreted in two
alternative ways, both of which he finds wanting.
The first alternative is to take as given actual
energy sources and pathways as well as institu-
tional and cultural restrictions, so that there is
little left to be explained by the Lotka principles.
The second alternative is to endogenize existing
technologies and institutions and to explain them
in terms of energy flow maximization — which
amounts to energetic determinism. In contrast,
Binswanger (1993) takes into account both princi-
ples. He rejects attempts to ground them in ther-
modynamics and refers to theories of ecosystem
development instead. Binswanger argues that ma-
turing ecosystems develop increasing efficiency of
processes due to the competition among the spe-
cies present. He proposes measures of total energy
flow per unit biomass or per spatial unit as mea-
sures of ecological efficiency. Economic systems
do not exhibit a similar trend toward ecological
efficiency as defined by Binswanger, since energy
input reductions in specific processes are out-
weighed by production increases so that total
energy flow is still increasing. Giampietro (1993)
endorses both of the Lotka principles which ac-
cording to him can indeed be grounded in ther-
modynamics. He suggests, however, that due to
specification problems, they are of little use for
analyzing real-world problems. Nonetheless, Gi-
ampietro in a theoretical context uses the princi-
ples both as analogies and as physical principles

1 Recently, Ayres (1998) pointed out that it is not energy per
se that is relevant for economic purposes, but low-entropic
energy. Ayres suggests the use of exergy as a measure of
low-entropic energy. Although this reminder is perfectly
justified, the imprecise term ‘energy’ will be used for most of
the present paper. This is done in order to keep in line with
most literature and not cause further confusion.
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operating at different levels of the hierarchical
economic system. Finally, Söllner (1997) alto-
gether dismisses the economic relevance of the
Lotka principles. However, as he discusses them
specifically as behavioral assumptions underlying
an energy theory of value, Söllner’s criticism does
not necessarily apply in general.

The objections against the alleged laws of evo-
lution based on Lotka’s work do not necessarily
imply that his own contribution is without use. In
the present paper, an alternative approach to
Lotka’s conjectures is presented. No attempt is
made to establish them as laws of evolution.
Rather, it is suggested to interpret regularities in
energy flows as outcomes of the self-organization
of dissipative structures which emerge in systems
characterized by competitive feedback between
their elements. Two strands of discussion are thus
brought together which both originated in ther-
modynamics, but which were separated early on
in economic discourse: the theory of dissipative
structures and the theory of self-organization. The
argument of the paper proceeds as follows. In the
following section, some of the proposals for evo-
lutionary laws based on thermodynamics are
sketched. Section 3 discusses the empirical evi-
dence for trends in the energy throughput of
developing and evolving systems. To prepare the
alternative explanation of Lotka’s conjectures,
Section 4 contains a brief exposition of self-orga-
nization concepts in the sciences and in econom-
ics. Based on these concepts, Section 5 returns to
the Lotka principles. Section 6 derives some im-
plications of the argument for sustainable eco-
nomic development. The concluding section
summarizes.

2. Lotka’s conjectures and the quest for physical
laws of evolution

Alfred Lotka suggested in 1922 that biological
evolution may be directed in terms of thermody-
namic variables. Lotka realized that the biosphere
is an open system which evolves not to an equi-
librium, but to a state far from thermodynamic
equilibrium. He argued that the direction of evo-
lution can only be understood at the system level

and proposed a ‘law of selection’ according to
which ‘natural selection tends to make the energy
flux through the system a maximum, so far as
compatible with the constraints to which the sys-
tem is subject’ (Lotka, 1922, p. 148). According to
Lotka, the law of selection opens two viable
strategies for competing organisms: efficiency and
innovative specialization. On the one hand, selec-
tion favors organisms which can use contested
energy flows more efficiently than their competi-
tors for the preservation of the species. On the
other hand, organisms are favored which can
utilize forms of energy flows for which no compe-
tition exists because other species are not capable
of exploiting them.

Lotka’s arguments imply that due to selection
pressure on the species, at the system level both
the energy efficiency of processes and the total
energy flow tend to increase. He did not claim,
however, that evolution always maximizes energy
flows: ‘It is not lawful to infer immediately that
e6olution tends thus to make this energy flux a
maximum’ (Lotka, 1922; see also Mansson and
McGlade, 1993). The reason given is that the
tendency of selection to increase energy flow may
at times be outweighed by counteracting varia-
tions. Accordingly, Lotka’s ‘law of evolution’ is
conditional on the absence of counteracting varia-
tion. ‘Evolution, in these circumstances, proceeds
in such direction as to make total energy flux
through the system a maximum compatible with
the constraints’ (Lotka, 1922, p. 149).

Starting from Lotka’s work, numerous at-
tempts have been made to find general laws of the
development of energy throughput in evolution-
ary processes. Howard Odum developed Lotka’s
conjecture on increasing energy flow, which he
refers to as the ‘maximum power’ principle
(Odum and Pinkerton, 1955), into the foundation
of a general systems ecology. In contrast to
Lotka, he argues that the maximum power princi-
ple is universally valid, a claim that could not be
proven (Hall, 1995). Moreover, the behavioral
basis of Lotka’s concept (competition and natural
selection) is lost in Odum’s reformulation (Taylor,
1988; Mansson and McGlade, 1993). Schneider
and Kay (1994) suggest that the increase in total
energy flow conjectured by Lotka follows from
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the second law of thermodynamics. They present
a reformulation of the second law according to
which ‘systems will resist being removed from
their equilibrium state’ (Schneider and Kay, 1994,
p. 8). Evolution is interpreted as the development
of energy-dissipation capabilities of organisms
which is triggered by the energy gradient gener-
ated by the solar energy influx. Weinel and Cross-
land (1989) present an analogous argument for
economic evolution through the development of
technology. They suggest that technological pro-
gress results in increasing energy flow in the eco-
nomic system.

Increasing energy efficiency, the second trend
that Lotka expected to result from natural selec-
tion, has also been subject to attempts at estab-
lishing general laws. One source of these
endeavors was the minimum entropy production
principle proposed by Prigogine (1955). Prigogine
showed that close to thermodynamic equilibrium,
systems minimize their entropy production. How-
ever, the minimum entropy production principle is
valid only in a limited range close to thermody-
namic equilibrium where linear relations between
variables hold and which is of little relevance for
living systems (Swenson, 1989; Mansson and
McGlade, 1993). Outside the linear range, no
general statements about the development of ther-
modynamic variables over time can be made (Pri-
gogine and Stengers, 1984). It has nonetheless
been argued that the minimum entropy produc-
tion principle is generally applicable. Hamilton
(1977) suggests the principle as a universal ther-
modynamic selection principle.

Some contributions try to explain both ele-
ments of Lotka’s conjectures in general thermody-
namic terms. Wicken (1980, 1986, 1988) argues
that expansion of energy flows and increased en-
ergy efficiency are two general selective principles
which interact in evolution. Living systems are
argued to develop mechanisms for processing en-
ergy ‘‘in the service of the second law’’ (Wicken,
1986, p. 265); the principle of minimum entropy
production is suggested as a complementary prin-
ciple underlying biological evolution. Yet another
reformulation of the second law underlies the ‘law
of maximum entropy production’ put forward by
Swenson (1989, 1997). Finally, further proposi-

tions for developmental laws based on thermody-
namic principles can be found in theories of
ecosystem development (succession). Schneider
(1988) has proposed that there are two develop-
ments at work in ecosystem development. In early
stages of succession, when resource limitations are
not yet binding, total energy throughput of the
system increases. Schneider refers to this develop-
ment as the maximum power principle. Later in
the ecosystem’s development, resource limitations
become binding and the increase in energy flow
(but not its total level) is reduced. Since the
amount of biomass is still growing, energy flow
per unit biomass is reduced at the system level.
This is referred to by Schneider as the minimum
entropy production principle. Similar positions
are taken by Johnson (1988, 1990) and by Bru-
elisauer et al. (1996). For the short-term develop-
ment of ecosystems, the same principles are thus
argued to prevail as in the evolution of the
biosphere.

These proposals for laws of evolution based on
thermodynamics modify Lotka’s conjectures in
two profound ways. First, in contrast to Lotka,
they postulate absolute laws derived from first
principles of thermodynamics. Frequently, how-
ever, the theoretical arguments given for the
derivation seem questionable. In part, they are
mutually inconsistent. Moreover, the universal
validity of the laws of thermodynamics implies
absolute validity of the derived laws as well. More
than for Lotka’s original concepts, therefore, the
criticism of O’Connor (1991) applies: the alleged
laws are either tautological as they take for
granted the existence of observable limits and
restrictions such as institutional constraints in the
economic realm, or else they have to attempt a
complete reduction of biology and economics to
thermodynamics. Second, the micro-level explana-
tion given by Lotka for the expected regularities
is, to a varying degree, lost in the proposals for
evolutionary laws. Some authors argue only at the
system level, i.e. their argument rests solely on a
thermodynamic principle which determines the
development of the systems for which the alleged
law is to hold. Others (Wicken, 1986; Schneider,
1988) do present additional micro-level argu-
ments, according to which the macro laws may
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work through micro-level interactions such as
competitive pressure. Invariably, however, these
arguments are presented as supplements for the
claimed macro law only.

3. Empirical evidence on energy flows in
evolutionary processes

In support of thermodynamic laws of evolution,
empirical evidence for energetic regularities is of-
ten referred to. Such evidence has best been docu-
mented for ecosystem succession, but indications
of thermodynamic trends can also be found in the
evolution of the biosphere. Analogous develop-
ments seem moreover characteristic for economic
evolution.

During ecosystem succession, the total biomass
of the entire ecosystem tends to increase (Odum,
1969). Energy throughput (respiration) also in-
creases during succession, but the specific energy
flow per unit biomass is reduced with increasing
ecosystem maturity. This implies that over time
an increasing amount of biomass is sustained with
the same energy input. In other words, the ecosys-
tem as a whole tends to become more and more
energy efficient. In addition to reduced growth,
causes for the tendency toward increasing energy
efficiency can be identified in micro-level changes
in the ecosystem (Bazzaz, 1996). First, the charac-
teristics of the dominating species change during
succession. In younger ecosystems fast-growing
‘pioneer’ species prevail (so-called r-selected spe-
cies), whereas mature ecosystems are dominated
by K-selected species. Individuals of K-selected
species are more energy efficient than those of
r-selected species (Southwood, 1981). Second, in-
teractions between species differ between the
stages of succession. Mature ecosystems exhibit a
higher degree of niche differentiation than
younger ones. There is more cycling of nutrients,
and nutrient cycles are both more complex and
less leaky than in younger ecosystems.

Long-run evolution of the biosphere differs
from short-term ecosystem succession in that it is
caused by changes in the genetic set-up of species.
There are nonetheless parallels between both pro-
cesses in the development of energy flows: evolu-

tionary changes in individual processes tend to
increase energy efficiency, but the total energy
flow through the biosphere has been increasing in
evolution (Parsons and Harrison, 1981). Both de-
velopments can be identified in changes at the
biochemical level. The generation of adenosine
triphosphate (ATP), a high-energy phosphate
compound which serves as the most important
energy carrier in living organisms, has undergone
a series of changes in the course of evolution
(Brock, 1979; Ayres, 1988; Corning and Kline,
1998a,b). Biologists assume that the first organ-
isms were anaerobic heterotrophs which were
nourished by small organic molecules found in the
environment, making use of substrate-level phos-
phorylation in fermentation processes. The evolu-
tion of the electron-transport phosphorylation in
anaerobic respiration was a first step in widening
the spectrum of suitable nutrients. Later, photo-
synthesis increased the resource base of organisms
by orders of magnitude: it made possible the
subsistence of autotrophic organisms that do not
depend on carbon in organic material, but are
able to obtain their carbon requirements from
CO2. These evolutionary changes thus resulted in
increases of the total energy flow through the
biosphere. Moreover, (oxygenic) photosynthesis
has oxygen as a joint product. Over time, oxygen
accumulated in the earth’s atmosphere and en-
abled aerobic respiration to become dominant in
heterotrophic organisms. Aerobic respiration is
more efficient as an energy conversion mechanism
than anaerobic mechanisms (such as fermenta-
tion, nitrate reduction, or sulfate reduction) which
had been dominant before. Aerobic respiration of
glucose fixes ATP with an efficiency of up to 39%,
which compares to an efficiency of 26% in glucose
fermentation (Brock, 1979). In addition, the avail-
able chemical energy of a glucose molecule is
completely degraded in aerobic respiration. A to-
tal of up to 38 ATP molecules can be synthesized
in the process. Fermentation, on the other hand,
can only partially release the potential chemical
energy of glucose; it yields only two ATP
molecules per glucose molecule. Aerobic respira-
tion thus has a twofold energetic effect: first, the
energy content of nutrients can be utilized more
thoroughly, and second, this is achieved at a
higher level of energy efficiency.
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In addition to the findings from biochemistry,
evidence for trends in energy use can also be
found at the organism level. Evolution toward
larger body size increased organisms’ energy effi-
ciency because metabolic rate is inversely related
to body size (Southwood, 1981). This results from
a more favorable weight-surface ratio for larger
organisms. Specialization through niche differen-
tiation also favors energy efficiency because more
specialized organisms can be more specifically
adapted to their environment. The same holds for
longevity: given that growing organisms have the
highest specific rates of metabolism (Zotina and
Zotin, 1983), longer life translates into more effi-
cient use of energy. However, evolution did not
merely modify processes and increase sizes. The
exploitation of new niches can be accompanied by
higher specific energy requirements. For example,
the specific energy needs per unit biomass are
higher for multicellular organisms than for unicel-
lular organisms, and also for homoiothermic ani-
mals in comparison to heterothermic animals
(Fenchel, 1974). In return for the increased energy
needs, these organisms survive in niches where
earlier organisms did not. They therefore increase
the total energy flow through the biosphere.

In the development of energy flow in economic
processes, similar trends can be identified. Total
energy throughput is increasing in the process of
economic development, both for aggregates such
as national economies and per capita. This devel-
opment is particularly striking for long-term eco-
nomic development. Per-capita energy throughput
is estimated to have increased by the factor of 60
from hunter-gatherer times to present-day indus-
trial economies (Weissmahr, 1991). Today’s re-
gional differences in energy use are of similar
orders of magnitude: per capita energy through-
put in North America is more than 20 times
higher than the per-capita average in South Asia
(World Energy Council, 1993). Even in the indus-
trialized countries, aggregate and per capita en-
ergy throughput still exhibit upward trends
(International Energy Agency, 1996, 1997; Ayres,
1997; de Bruyn and Opschoor, 1997).

At the same time, the energy intensity of partic-
ular technical processes is reduced over time due
to process innovations. In other words, technical

processes to perform a constant operation tend to
become increasingly energy efficient over time.
This development is well documented, for exam-
ple, in the case of the steam engine as a power
technology. The first practical steam engine was
the Savery engine of 1695 (Von Tunzelmann,
1978). From 1712 onwards, the Newcomen engine
predominated, which from the beginning was
more fuel efficient than the Savery engine (Von
Tunzelmann, 1978). In addition, its efficiency was
further increased in a series of incremental inno-
vations so that it almost doubled in the course of
the 18th century. In the next step of development,
Watt’s introduction of the separate condenser re-
sulted in even higher energy efficiency of steam
engines because it reduced the heat loss involved
in the condensation process. Similar effects on
energy efficiency were later caused by increasing
the steam pressure and by the compound engine
in which the steam was used in several cylinders
successively (Von Tunzelmann, 1978).

The development of the steam engine is
reflected by figures on the levels of energy effi-
ciency attained by the respective types of engines.
Early Newcomen engines are estimated at an effi-
ciency of 1%. In contrast, Watt’s machine reached
some 4.5%, and early compound machines al-
ready achieved efficiencies of some 7.5%. By 1878,
compound steam engines had reached efficiencies
of over 17% (Mokyr, 1990). Modern steam tur-
bines can reach thermodynamic efficiencies of up
to nearly 47%, which corresponds to 88% of the
theoretical maximum efficiency for the tempera-
tures used (Ayres, 1994). Other power technolo-
gies such as the internal combustion engine
exhibit similar trends in the development of their
energy efficiency over time.

The development of the energy intensities of
economies (measured in terms of energy input per
unit real GDP) seems more ambiguous than the
trends in efficiency of single processes. In the very
long run, energy intensity appears to have in-
creased (see, for example, the increasing energy
intensity in agriculture; Pimentel and Pimentel,
1996). On the other hand, in the 20th century,
energy intensities in the developed economies were
in general decreasing, particularly so after the
1970 oil shocks (Kaufmann, 1992; Setzer, 1998).



G. Buenstorf / Ecological Economics 33 (2000) 119–134 125

It should be noted that in the present context,
energy intensities of economies are more problem-
atic indicators than per capita data or energy
efficiency rates of particular economic processes
because they refer to GDP which is measured in
monetary terms. Therefore, with changes in valua-
tions an additional source of variations enters into
the calculation.

These findings show that there is substantial
evidence for energetic regularities in the develop-
ment of ecosystems and in both biological and
economic evolution. It has been argued, however,
that the generality of the evidence is not sufficient
to support the proposed laws of evolution as strict
laws of nature (Margalef, 1968; Mansson and
McGlade, 1993). Accordingly, in the following
sections the observed regularities will be explained
without recourse to macro-level laws. The sug-
gested explanation is based on the concept of
self-organization of dissipative structures.

4. Dissipation, pattern formation and bifurcation:
self-organization concepts in the sciences and in
economics

4.1. Self-organization of dissipati6e structures

Schrödinger (1945) suggested that all organisms
need to import ‘negative entropy’ from their envi-
ronment and export high entropy (for example,
heat) into their environment in order to survive.
This idea was developed into a general thermody-
namic concept by Prigogine and his co-workers
who coined the notion of ‘dissipative structures’
(Prigogine, 1976; Prigogine and Stengers, 1984),
structures of increasing complexity developed by
open systems on the basis of energy exchanges
with the environment. In the self-organization of
dissipative structures, the environment serves both
as a source of low-entropic energy and as a sink
for the high-entropic energy which is necessarily
produced.

Prigogine differentiates between three realms of
thermodynamics (Prigogine and Stengers, 1984).
In equilibrium, entropy is at its maximum. Close
to equilibrium, where the rates of processes are
linear functions of the underlying forces (such as

temperature gradients), systems develop toward a
stationary state characterized by the minimum of
entropy production compatible with the boundary
conditions. To prevent the system from reaching
the thermodynamic equilibrium, energy flows
from the environment are required. In the third,
far-from-equilibrium realm of thermodynamics,
the linearity of flows and forces breaks down.
Systems may still evolve toward stationary states,
but there is no longer a general extremum of a
potential characterizing all stationary states that
can be reached, and stationary states are not
necessarily stable. These features of far from equi-
librium systems imply that initial conditions and
random fluctuations may have a permanent effect
on the system’s development.

The concept of dissipative structures was first
applied to physical and chemical systems such as
tornadoes, lasers, and autocatalytic chemical reac-
tion systems. However, from a thermodynamic
perspective, also living organisms and the systems
they form are dissipative structures (Prigogine et
al., 1972a,b), the existence of which depends on
energy exchanges with their environment. More-
over, economic systems as well can be interpreted
as dissipative structures because they maintain
and further develop structures far from thermody-
namic equilibrium on the basis of energy dissipa-
tion (Proops, 1983; Binswanger, 1993; Witt,
1997). The common dissipative character of living
organisms and the economic system provides a
theoretical foundation for the transfer of findings
from biology to economics: findings on physical
conditions and directions of the evolution of the
biosphere may be relevant to economics in a
deeper sense than by mere analogy, since in ther-
modynamic terms biological and economic sys-
tems are ‘the same kind of thing’ (Proops, 1985).

4.2. Self-organization through feedback and
fluctuation

The self-organization framework is frequently
used as a generic dynamic concept to describe the
development of non-linear systems. Often, such
applications do not even refer to the thermody-
namic foundations of the concept, but far-from-
equilibrium conditions are taken for granted.
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Self-organization as a dynamic concept is un-
derstood as the emergence of structures and prop-
erties at the system level, i.e. at a scale much
larger than the individual system component,
which are developed through interaction of sys-
tem components without centralized control or
coordination. In addition to far-from-equilibrium
conditions, self-organization requires a system
consisting of multiple elements in which non-lin-
ear relations of positive and negative feedback
between system elements are present (Allen,
1997). Positive feedback is necessary for random
fluctuations to be amplified. Starting from initial
fluctuations, the system can be driven into a struc-
tured state distinguishable from the random
configuration of thermodynamic equilibrium.
Maintenance of the structured state in the pres-
ence of further fluctuations implies that some
negative feedback is also present that dampens
their effect. Self-organization thus results from an
interplay of positive and negative feedback.

In the Prigogine school’s analysis of autocata-
lytic chemical reaction systems it was shown that
qualitative changes in system behavior occur as
control parameters (concentration ratios of chem-
ical substances) are manipulated exogenously. For
alternative parameter values, the system assumes
quite different behavioral regimes such as station-
arity, limit cycles, and spatio-temporal chemical
waves (Prigogine and Stengers, 1984). Transitions
between the various behavioral regimes involve
bifurcations so that the system’s development is
no longer predictable. At bifurcations, the system
may take one of several possible avenues of devel-
opment. Which of these is actually realized de-
pends on random fluctuations. Therefore, system
development is permanently affected by random
fluctuations; the specific history of the system
matters. Accordingly, the Prigogine school refers
to the self-organization of disspative systems as
‘‘order through fluctuations’’ (Prigogine and
Stengers, 1984, p. 177).

Synergetics, an alternative theoretical approach
to self-organization, was founded by physicist
Hermann Haken. Synergetics aims at developing
a general theory of self-organization processes.
Self-organization is primarily seen as a process of
emergent order at the system level generated by

the non-linear interaction of the system compo-
nents. In turn, macro-level properties influence
the components’ behavior (Haken, 1983;
Weidlich, 1991). The synergetic approach is
closely related to the Prigoginian concepts (often,
the same phenomena are studied and are referred
to as exemplary by both schools). Nonetheless,
there is a difference in emphasis between both
approaches. Whereas the Prigogine school stresses
the role of fluctuations, synergetics focuses on
emergent order due to micro-macro-
interdependencies.

4.3. Self-organization and e6olution

The relationship between self-organization and
evolution (understood as the system’s capability
to endogenously change and develop increasingly
complex structures) seems somewhat controversial
in the literature. This is in part caused by attempts
to generalize the self-organization concept to en-
compass living systems. However, some points on
self-organization and evolution can quite clearly
be derived from the original work on the self-or-
ganization of dissipative structures.

First, far-from-equilibrium conditions are nec-
essary for evolution. This follows from the basic
thermodynamic concepts referred to above. It is
only in the realm far from thermodynamic equi-
librium that the drive toward maximum entropy
(minimum entropy production for non-isolated
systems) can be overcome. This, in turn, is a
prerequisite for developing increasingly complex
structures in evolutionary processes.

Second, self-organization dynamics are fre-
quently part of evolutionary processes. In Dar-
winian evolution, for example, mutations in single
organisms may lead to changes in the relative
fitness of a number of interacting organisms.
These changes in relative fitness may result in
entirely new patterns of interaction. At the system
level, the mutation thus represents a fluctuation
which triggers new behavioral adaptations by
other organisms. If the system is left undisturbed
for a sufficient period of time, adaptations may
result in an increasing degree of ‘order’ and possi-
bly a new balance at the system level. The success
or failure of further mutations will depend on the
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specifics of this new order. This ‘occupancy effect’
(Witt, 1999) gives rise to historical contingency. In
this way, Darwninian evolution generates diver-
sity at the micro-level, and in turn the micro-level
diversity drives the evolution of the whole system
(Allen and Lesser, 1991). Accordingly, competi-
tive selection processes like those in Darwinian
evolution can be characterized as self-organiza-
tion processes.

Third, self-organization is not sufficient for evo-
lution. This is clearly shown by those non-living
real-world systems that have become prime exam-
ples of self-organization, such as convection cells
and autocatalytic chemical reaction systems (Al-
len, 1997). They do exhibit self-organization, but
the system components are invariant and the ob-
served development is caused by exogenous
changes in the boundary conditions (increased
energy inflows or increased concentrations of a
substance, respectively). The same argument ap-
plies to many of the self-organization models
developed in the synergetics tradition (Haken,
1983; Weidlich, 1991). In these models, system
dynamics are studied for varying constellations of
exogenous parameters. No effort is made to endo-
genize these parameters so that evolutionary
change is possible.

Fourth, evolution may itself be governed by
dynamics that can be characterized as self-organi-
zation. (Note that this argument is different from
the one presented as ‘second’ above because it
refers to the process in which further change in
the system is triggered rather than to competitive
interaction.) Prigogine et al. (1972a,b) suggest
that early organisms evolved from initial non-liv-
ing far-from-equilibrium structures through a se-
ries of bifurcations. They argue that a necessary
condition for such a series of transitions was the
presence of ‘‘evolutionary feedback’’ (Prigogine et
al., 1972a, p. 25) by which in the very process of
self-organization the system increased its distance
from equilibrium (and thus its further self-organi-
zation potential). Where such a positive feedback
mechanism exists, the boundary conditions of the
self-organization process (here the energy flow
from the environment) are no longer exogenously
given, but are modified by the system’s develop-
ment itself. This establishes the preconditions for

ongoing evolutionary change based on micro-level
variation. Similarly, Ebeling and Feistel (1992)
suggest that evolution can be understood as an
infinite chain of successive self-organization cycles
connected by instabilities.

4.4. Self-organization in the economic system

Economic concepts expressing something that
resembles self-organization dynamics are older
than complex systems theories in the sciences. In
Adam Smith’s famous metaphor, the market’s
‘invisible hand’ coordinates individual, self-inter-
ested actions in such a way that a coherent result
— the market equilibrium where supply equals
demand — emerges at the level of the whole
market. Coordination in markets, realized with-
out any centralized allocation or control, is often
suggested as an economic process of self-organiza-
tion (Kochuvindan and Vriend, 1998). In markets,
interaction between individuals generates a set of
prices and quantities, and in turn the prices and
quantities thus generated affect and possibly
change individual behavior. This interpretation,
therefore, implies a rather restricted notion of
self-organization as generation of order. Put dif-
ferently, in line with the synergetics tradition, the
‘macro structuring through micro-interaction’ as-
pect of self-organization is highlighted. The ‘order
through fluctuations’ aspect of self-organization,
which may result in change, is abstracted from.

A more encompassing concept of economic
self-organization has been developed in evolution-
ary economics. Witt (1985, 1997) argues that mar-
ket coordination is a process of self-organization
in which coordinating tendencies (competition
and the price mechanism) interact with temporar-
ily de-coordinating tendencies (innovation). It
does not generate a static equilibrium, but a
changing and yet coherent outcome. Witt suggests
a model of ‘viable coordination’ with satisficing
agents. As long as prices are such that producers’
profits are above a minimum margin, the market
process does not trigger innovations and may
approximate the stationary equilibrium. But both
consumers and competing producers learn about
products and prices so that profit margins tend to
decrease over time. If profits fall below the pro-
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ducers’ aspiration level, they may react by increas-
ing their innovative efforts. Innovations may, of
course, have repercussions on other producers
whose profits tend to be further reduced and who
may react by imitation or by own innovation. The
innovative process may, moreover, modify the
structure of the market more or less drastically. In
this sense innovations correspond (when seen from
the system perspective) to the random fluctuations
in the order-through-fluctuations concept. In addi-
tion, and in contrast to the original self-organiza-
tion concepts, in this market model innovations are
partially endogenized via the incentives resulting
from market coordination and decreasing profits.

The endogenization of innovative behavior
means that in Witt’s concept, a kind of evolution-
ary positive feedback in the sense of Prigogine et al.
(1972a,b) is present. The market process itself
undermines its stability. No exogenous shocks (i.e.
changes in the system’s boundary conditions) are
required to keep the system in constant change.
Self-organization becomes an evolutionary process.
However, the feedback is not exactly the same as in
Prigogine et al. (1972a,b). In their concept evolu-
tionary feedback generates the preconditions for
further self-organizational change (increased dis-
tance from thermodynamic equilibrium). The addi-
tional possibilities for self-organization may then
be realized through random fluctuations causing
another bifurcation. In Witt’s model of the market
process, an explanation for innovative behavior
(i.e. for endogenous fluctuations and micro-level
diversity) is given. It is by no means guaranteed,
however, that the preconditions (for example, but
not exclusively, the physical preconditions in terms
of the resource base that is available to agents) are
fulfilled so that the innovative behavior can in fact
be realized. This thought will be elaborated in the
following section where the idea of evolutionary
feedback is applied analogously to the physical
preconditions of self-organization.

5. Lotka revisited: a self-organization
interpretation of energetic regularities in
evolutionary processes

Combining thermodynamic and dynamic aspects

of self-organization, energetic regularities in the
development of natural and economic systems —
increasing total energy flow and increasing energy
efficiency — can be accounted for in a rather
straightforward way. They are explicable as emer-
gent properties of the self-organization of dissipa-
tive structures which arise in systems made up by a
number of interdependent elements competing for
energy resources.

The implications for the Lotka principles are
twofold. First, in contrast to the proposals for
thermodynamic laws discussed above, there is no
explanative role for them in the approach suggested
here, but increasing energy flow and increasing
energy efficiency are consequences of the interac-
tion of system elements in self-organization pro-
cesses. No recourse is made to first principles of
thermodynamics or other macroscopic laws of
evolution. Insofar, the Lotka principles are dis-
missed in their strong version as laws determining
the development of energy throughput in evolu-
tionary processes. But, second, in Lotka’s original
contribution, no such claims were made in the first
place. As detailed above, Lotka himself did not
claim the universality of the energetic regularities as
laws of evolution. He only suggested that selection
tends to result in certain trends, provided that
variation does not counteract the development. In
Lotka’s days, there were no notions of self-organi-
zation or non-equilibrium thermodynamics.
Nonetheless, these later concepts are in accordance
with Lotka’s conjectures: interaction at the level of
system components may result in regularities at the
system level. Moreover, whereas Lotka’s original
argument referred only to the evolution of the
biosphere and he was wary of further extending it
(Söllner, 1997), reference to self-organization con-
cepts allows for a more general view which also
encompasses economic processes. In spite of this
generality, however, some crucial differences in the
specific developmental processes of the different
systems and in the extent of evolutionary feedback
have to be kept in mind.

In ecosystems, organisms of various species are
in competitive interaction. When energy is abun-
dant, fast-growing species outgrow their competi-
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tors and spread in the ecosystem even if their
energy utilization is comparatively inefficient. The
capability of taking in large amounts of energy
per unit time represents a competitive advantage
because as dissipative structures all organisms are
dependent on some energy intake (Hall et al.,
1995). With increasing energy scarcity in the ma-
ture ecosystem (i.e. in ecosystems for which en-
ergy becomes a limiting factor), more efficient use
of energy, for example by allocating the major
part of the energy intake toward reproduction,
becomes increasingly important in the competi-
tion between organisms. Under such conditions,
efficient species will tend to supersede the faster-
growing pioneer species. Over the process of suc-
cession, both the observable increases in total
energy flow and in energy efficiency of particular
processes can therefore be explained by competi-
tive selection between organisms of various spe-
cies. As the empirical evidence suggests, they
emerge in spite of the fact that energy utilization
is only one among several parameters of
competition.

In terms of the distinctions made above, succes-
sion is an example of self-organization without
evolution. Under identical boundary conditions,
development at various points in time or in vari-
ous ecosystems tends to result in identical compo-
sitions of species (at least at sufficiently large
geographical scales; Bazzaz, 1996). There is no
endogenous generation of novelty, but the
changes effected during ecosystem development
result from growth processes with differential
speeds and life spans (for example, trees versus
brush) and/or from spatial migration of species.
Evolutionary feedback in the sense of Section 4 is
absent.

Similar patterns of competitive interaction
characterize the long-term evolution of the bio-
sphere. Due to their dissipative nature, the utiliza-
tion of energy is a relevant component of the
fitness of organisms even though fitness cannot be
reduced to thermodynamic quantities (Weber and
Depew, 1996). Therefore, the capability of utiliz-
ing energy flows that are not yet exploited by
other organisms and for which there is no compe-
tition generates a niche for survival; the respective
organism is likely to be selected for. In the compe-

tition for energy flows that are already exploited,
mutations enjoy a selective advantage which allow
for a more efficient utilization of these flows in
comparison to competitors which are similar oth-
erwise, i.e. which live in overlapping niches. Selec-
tion means that organisms having these traits
replicate faster than competing organisms so that
their relative frequency in the system increases.
Ultimately, ‘inferior’ competitors may become ex-
tinct, for example, because of climatic fluctuations
or because their number falls below the minimum
number needed for reproduction.

At the system level, the combined effect of
selection for ‘explorative’ utilization of hitherto
unexploited energy flows and for ‘efficient’ energy
utilization will translate into increasing total en-
ergy flow (more and more kinds of energy flows
are exploited) and also increasingly efficient use of
particular energy flows. As opposed to ecosystem
succession, novelty is generated by genetic muta-
tions, and the competitive process is shaped by
the selective retention of these mutations. There is
also some evolutionary feedback present, al-
though it is of an indirect kind. Some variations
may create the preconditions for further evolu-
tionary change by enlarging the scope of energy
sources that can be exploited by organisms. Pho-
tosynthesis which made the carbon content of
CO2 accessible for biological processes seems an
obvious example. On the other hand, the direct
evolutionary feedback present in economic evolu-
tion, where competitive pressure may trigger inno-
vativeness, is missing in biology. Genetic variation
results from recombination and random muta-
tion. It is independent of the competitive situa-
tion; there is no feedback from the organism’s
current state to the mutation rate in the off-
spring’s genome.

Finally, analogous arguments also hold for eco-
nomic evolution. Economic processes are dissipa-
tive in character and there is a need for energy in
any production process. Therefore, being able to
utilize an energy source that is not contested by
other agents and that is therefore relatively inex-
pensive creates a competitive advantage. Given
today’s elasticity of energy supply, energy input
availability may presently not seem to be of much
relevance as a parameter of competition in the
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industrialized countries. However, energy
availability has more subtle effects in economic
competition: the elastic supply creates incentives
to substitute energy in production processes for
less elastic factors such as human labor. The
substitution process thus results in the same
macro-level outcome as the utilization of novel
sources: increasing total energy flow. Today’s sup-
ply elasticity is in contrast, moreover, with histor-
ical evidence suggesting long-term economic
relevance of energy availability (Ray, 1983), and
even with recent experiences during the energy
‘crises’ of the 1970s which indeed triggered nu-
merous search processes for additional energy
sources. In addition to energy availability, saving
energy as well is a potential source of competitive
advantage, at least as long as the savings in
energy costs are not offset by increases in other
costs. There is thus an individual rationale under-
lying both developments. This implies that, as
well as in nature, capabilities of energy utilization
and efficiency are parameters in economic compe-
tition. They may be of varying significance and
agents need not directly aim at increasing and/or
improving their energy use, but these changes will
often be unintended effects of product and pro-
cess innovations. Whether increased energy flow,
or rather increased energy efficiency, is the pre-
dominant development at a particular point in
time is dependent on the prevailing boundary
conditions.

In arguing for these similarities between biolog-
ical and economic systems, however, the crucial
difference in evolutionary feedback mechanisms
referred to above has to be kept in mind. In
economic evolution innovations are the result of
deliberate decision-making. Therefore, the ‘muta-
tion’ rate (the rate of innovations) is endogenous
in economic contexts. If, as argued above, deci-
sions on innovations are influenced by the agents’
success in the market, economic competition not
only functions to select between economic agents
of differential success but also (and perhaps more
importantly) affects both the rate and the objec-
tives of innovation. There is direct feedback from
market processes to innovation. Moreover, due to
competitive pressure arising from learning and
demand switches, competition in the market is

more direct and much faster than the Darwinian
selection process based on differential growth.

This account for the emergence of the Lotka
principles is analogous to the self-organization
concept to explain market processes in economics
(Witt, 1985, 1997). In contrast to the ‘top-down’
(Berry, 1995, p. 201) approaches based on ‘laws of
evolution’, it is a ‘bottom-up’ approach starting
from the level of the individual organism or agent.
A consequence of this conceptual difference is
that the Lotka principles are seen as emergent
properties rather than deterministic laws. More-
over, the explanation of energetic regularities at
the system level is compatible with established
assumptions on competition at the individual
level, such as the struggle for survival in biology
and self-interestedness in economics.2

6. Implications for sustainable development

The concepts presented in the previous sections
may be useful instruments for studying long-term
economic change and its impact on the natural
environment. Because of its dissipative character,
economic evolution will continue to make new
claims on the energy and material resources of the
natural environment. Trends in energy and mate-
rials utilization in economic processes are of direct
relevance for the issue of long-term sustainability
of non-renewable natural resource use. Moreover,
for the ‘sink’ problem of sustainability, i.e. the
problem of waste, at least the indirect relevance of
energy and materials throughput can be stated, as
its size is related to the potential of adverse effects
that economic processes have on the natural envi-
ronment (Ayres, 1998).

Treating the energetic regularities identified by
Lotka as emergent properties of self-organization

2 In the context of biological evolution, a related concept
interpreting the Lotka principles from a ‘bottom-up’ perspec-
tive has recently been proposed by Corning and Kline,
(1998a,b). In contrast to the argument presented here, how-
ever, they reject all thermodynamic approaches to biological
phenomena, including the dissipative structures concept. Their
‘thermoeconomic’ argument is based on economic analogies
and on an information measure having a subjectivist flavor
reminiscent of the utility concept of neoclassical economics.
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processes suggests the closer study of these self-or-
ganization processes. The micro-level interaction
underlying self-organization is constrained by
boundary conditions which affect the operation
and the outcome of the process. Thus, further
research is needed to identify the conditions fos-
tering increasing energy flow and energy efficiency
at the system level, and also the extent to which
both trends are favored by which set of specific
conditions. Comparisons between ecological and
economic systems seem useful in this context be-
cause they may allow for additional insights. For
example, it has been noted above that in ecosys-
tem development, changing boundary conditions
through increased resource scarcity modify the
pattern of interaction between organisms and spe-
cies. At the system level, both reduced growth and
increased efficiency result. The dynamics of inter-
action underlying this development are potentially
more generally applicable to economic self-orga-
nization as well. If robust findings regarding the
effect of boundary conditions on the system-level
outcomes of self-organization can be established,
instruments can in principle be developed and
utilized in actual policy that may assist desired
developments and hinder undesired ones.

However, the evolutionary view of economic
processes taken here does not only allow for new
approaches to economic problems, but it also
highlights complications which are often belittled
in economics. From an evolutionary perspective,
continuation of established kinds of resource uses
and environmental stresses is not the most impor-
tant problem. To deal with these, there are at least
in theory instruments available (although uncer-
tainty, time lags, and the effects of mutual interac-
tion of substances often cause these instruments
to have little effect in practice). It is rather the
tendency of agents to innovate and change their
behavior that makes environmental policy so
difficult. From the perspective of environmental
policy aiming at sustainable development, innova-
tions are problematic because their effects are in
principle uncertain. Their environmental net effect
may be either beneficial or detrimental, and fre-
quently it cannot even be established qualitatively
before years and decades of widespread diffusion
of the innovation. In the presence of uncertainty

and potentially adverse effects of innovations, ex
ante criteria for the evaluation of innovations and
policies toward innovation are therefore necessar-
ily at a high level of abstraction [see Witt (1996)
for an attempt at deriving such criteria].

Innovations play a crucial role in an evolution-
ary approach to economics. It has been argued
above that they may be triggered by the competi-
tive process itself which affects the monetary in-
centives for innovation by changing profitabilities
and by challenging existing business practices.
However, monetary incentives are not the only
determinant of the objects and the extent of inno-
vative behavior. Human nature seems to be char-
acterized by an innate propensity to experiment
with novel behavior. To what extent this human
creativity is realized and on what objects it con-
centrates is highly dependent on the societal con-
text, i.e. on the behavioral routines learned during
socialization and on the social responses that
innovative behavior faces. Comparative studies on
technological change have shown that ‘technologi-
cal creativity’ is affected by a host of factors,
many of which are influenced by culture (Mokyr,
1990). Therefore, the overall rate of innovation,
just as well as the economy-wide trends in energy
throughput, can be seen as an emergent property
resulting from a vast number of individual inter-
actions. Interactions are in turn affected by cul-
tural and legal norms — themselves often
resulting from and changed by effects of interac-
tion. There is thus a complex interdependence
between technological change, environmental ef-
fects of human economic systems, and the evolu-
tion of norms.

What is needed, then, is an approach which is
only in part based on thermodynamics. It is neces-
sary to better understand the processes of eco-
nomic self-organization and the way in which
energetic regularities appear as emergent proper-
ties of socioeconomic processes. But economic
self-organization is strongly affected by factors
that are genuinely social and economic. To under-
stand the complex interplay of individual behav-
ior, interaction, and the effects of culture, norms
and institutions, additional research in the social
sciences is needed. To do so, however, the con-
cepts discussed above may be useful in another,
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more heuristic way. Humans often make decisions
interactively, and also the emergence and further
development of cultural norms can frequently be
characterized as a process in which a multitude of
individuals interact and generate system-level ef-
fects — while being themselves affected and con-
strained by the already existent system-level
structures. This interdependence of micro- and
macro-levels suggests that the self-organization
dynamics on which the argument of the present
paper is based may be helpful for understanding
these kinds of issues as well (Weidlich, 1991).

7. Conclusions

The present paper has tried to make a contribu-
tion to clarifying the thermodynamics of eco-
nomic evolution. It has drawn on the discussion
in biology concerning the relationship between the
laws of thermodynamics and biological processes
of evolution and ecosystem development. In this
discussion, various thermodynamic ‘laws of evolu-
tion’ have been proposed which are derived from
Lotka’s conjectures about increasing energy flow
and increasing energy efficiency in the course of
biological evolution. Based on concepts developed
in the sciences, an alternative interpretation of the
Lotka principles as emergent properties of the
self-organization of dissipative structures in multi-
agent systems has been proposed here. To sum
up, several facets of this reinterpretation seem
worth recollecting. First, in contrast to the alleged
evolutionary laws, the present interpretation of
the Lotka principles comes closer to Lotka’s orig-
inal concept in that it starts from the level of
organisms and agents. No energetic determinism
is claimed, but thermodynamic regularities are
seen as effects of micro-level interactions. Second,
it has been shown that the Lotka principles can be
related to present-day theories of self-organiza-
tion. They can be interpreted as emergent proper-
ties of a similar quality as the coordination
achieved through economic market processes.
And third, the suggested explanation of evolution-
ary regularities in the energy throughput of eco-
nomic systems may be of immediate interest to
ecological economics. It may be the starting point

for a set of important questions calling for further
research. Which of the effects (increasing energy
throughput or increasing energy efficiency) pre-
vails under which conditions? What role do spe-
cific norms and values play for these conditions?
And how can they be influenced by deliberate
policy measures? These questions cannot be an-
swered by thermodynamic theories, but they re-
quire complementary efforts in social scientific
research.
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