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Ludwig Boltzmann suggested that natural selection
was fundamentally a struggle among organisms
for available energy. Alfred Lotka argued that
organisms that capture and use more energy than
their competition will have a selective advantage in
the evolutionary process, i.e. the Darwinian notion of
evolution was based on a fundamental, generalized
energy principle. He extended this general principle
from the energetics of a single organism or species
to the energetics of entire energy pathways through
ecosystems. Howard Odum and Richard Pinkerton,
building on Lotka, extended this concept to ‘The
maximum power principle’ and applied it to many
biological and physical systems including human
economies. We examine this history and how these
ideas relate to concepts from other disciplines
including philosophy. But there has been considerable
confusion in understanding and applying these
concepts which we attempt to resolve while providing
various examples from routine life and discussing
some unresolved issues.

This article is part of the theme issue
’Thermodynamics 2.0: Bridging the natural and
social sciences (Part 2)’.

1. Introduction
The mathematician, physical chemist and statistician
Alfred Lotka wrote in 1922 that ‘the two fundamental
laws of thermodynamics are, of course, insufficient to

2023 The Authors. Published by the Royal Society under the terms of the
Creative Commons Attribution License http://creativecommons.org/licenses/
by/4.0/, which permits unrestricted use, provided the original author and
source are credited.

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

23
 N

ov
em

be
r 

20
23

 

http://crossmark.crossref.org/dialog/?doi=10.1098/rsta.2022.0290&domain=pdf&date_stamp=2023-08-14
https://doi.org/10.1098/rsta/381/2256
mailto:chall@esf.edu
http://orcid.org/0000-0003-4894-3246
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


2

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A381:20220290

...............................................................

determine the course of events in a physical system. They tell us that certain things cannot
happen, but they do not tell us what does happen’ [1]. At the beginning of the twentieth
century, most scientists understood and accepted that the second law implied that in energy
transformations entropy cannot decrease. Many saw this as being inconsistent with the evolution
of organized organic systems described in evolutionary biology because living creatures were
clearly large bundles of negentropy, i.e. organization, that had not previously existed and as
such presented a longstanding paradox that generated severe difficulties in the relations between
biology and thermodynamics [2]. Yet the evidence was clear: all kinds of highly organized systems
are coming into being continuously—weeds, trees, ecosystems, babies, families, human social
systems, hurricanes, planets, solar systems and galaxies. Lotka argued that natural selection leads
natural systems to develop in a way that increases the organization of the system to maximize the
energy flux through them. He referred to this as the ‘principle of maximum energy flux’ [3] and
he thought it described the evolution and growth of organized systems—described what does
happen. In this sense, he thought of the principle of natural selection ‘functions’ as a fundamental
law of thermodynamics [1].

In the 1950s the systems ecologist H. T. Odum and the physicist Richard Pinkerton followed
up on Lotka’s work in what came to be called the ‘thermodynamic school’ of evolution [4].
They recognized that the first and second laws do not address the rate at which energy
transformations occur or whether the energy transformations, or flow enhancements, were useful
or not. Lotka’s principle of maximum energy flux depends on Ludwig Boltzmann’s idea that in the
competitive world in which evolutionary processes take place, organisms can in many cases gain
an advantage if they can gather more energy than the competition [5]. Odum and Pinkerton
agreed that organisms gain advantage if they can capture energy faster than the competition,
preventing the competitors from using a resource first. They went on to demonstrate that the
transformations of energy in natural systems are characterized by a unique relation between
speed and efficiency such that for many individual processes the most useful energy gained
occurred at an intermediate rate that maximized useful power. They eventually came to refer
to their version of the principle that guides evolutionary development as the maximum power
principle (MPP). In physics, energy does not have a time component but power does.

This paper provides a brief discussion of the historical development of the MPP and other
related principles. It explains how these principles operate and the evidence supporting them. It
illustrates how these principles have been applied to evolutionary theory, ecology, economics and
philosophy and discusses some modern continuing uncertainties, research and applications.

2. History

(a) Boltzmann, Lotka, Odum and Pinkerton
Most people today know something about Darwin’s concept of natural selection and how it
causes species to evolve over time; but many people do not know that Ludwig Boltzmann and
Alfred Lotka proposed that natural selection be viewed from a thermodynamic perspective. In
1886 Ludwig Boltzmann wrote ‘The general struggle for existence of animal beings is therefore
not a struggle for raw materials—these, for organisms, are air, water and soil, all abundantly
available—nor for energy, which exists in plenty in any body in the form of heat, but a struggle
for (low) entropy, which becomes available through the transition of energy from the hot sun to
the cold earth’ [5]. It is thus rather clear that Boltzmann thinks organisms are competing for ‘low
entropy’ sources, or, as Schrödinger put it, ‘negentropy’ [2,5].

Lotka described organisms competing for ‘available energy’—(sometimes called exergy now;
although we use energy here as these authors did.): the organisms that capture and use energy
more rapidly and effectively have a selective advantage [3]. As Charles Hall writes, ‘energy is
a general resource that can be diverted to whatever contingencies an organism faces, and the
maximum accumulation of energy allows maximum reproductive output which is, after all, what
natural selection is based on’ [6]. Lotka argued that organisms which capture and use more energy
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than their competition will have a selective advantage. The first author has been much involved
in recent studies of the traditional perspectives of natural selection and their relation to energy
(e.g. see Brown et al. for a more thorough discussion of the traditional terms of natural selection
and their relation to energy [7,8]).

Lotka extended Boltzmann’s view of natural selection from species to ecosystems and he
describes it using a general principle. After an examination of several cases, Lotka wrote,

‘In every instance considered, natural selection will so operate as to increase the total mass
of the organic system, to increase the rate of circulation of matter through the system,
and to increase the total energy flux through the system, so long as there is presented an
unutilized residue of matter and available energy. This may be expressed by saying that
natural selection tends to make the energy flux through the system a maximum, so far as
compatible with the constraints to which the system is subject’ [3].

Lotka refers to this as the ‘principle of maximum energy flux’ [3]. As we will see, other scientists will
go on to develop different aspects of this general principle.

Like Darwin, Lotka believed that his view of natural selection also applied to human beings.
He wrote,

‘The question was raised whether, in this, man has been unconsciously fulfilling a law of
nature, according to which some physical quantity in the system tends toward a maximum.
This is now made to appear probable; and it is found that the physical quantity in question
is of the dimensions of power, or energy per unit time . . . . [3]’

Lotka therefore understood that natural selection was fundamentally a competition among
organisms for available energy (and hence the ability to exploit other resources) that generated
an evolutionary process that was guided by a principle of maximum energy flux.

As mentioned at the outset, initially the second law and biological evolution were viewed as
incompatible: how can the organization of life develop over time if entropy increases? In his book
What is Life, the physicist Erwin Schrödinger considered this question and popularized the idea
that living things, like flames (or we add refrigerators), produce entropy at a rate sufficient to
compensate for their own internal ordering in a manner consistent with the second law, and
that while pockets of negentropy could increase, the entropy of the whole system must also
increase. [2]. The Austrian biologist Ludwig von Bertalanffy further developed this approach,
arguing that natural systems can spontaneously develop order by extracting then dissipating
the potential energy from their environment [9]. The Belgian chemist Ilya Prigogine called
these open natural systems dissipative structures because they sustain their own organization by
dissipating energy gained from their environment [10]. When the dissipative structure of natural
systems is analysed as they evolve and grow in the competitive environment of evolutionary
processes, the logic that leads to the principle of maximum energy flux is reinforced: natural selection
will lead dissipative structures to evolve in ways that maximize their ability to gain and then
dissipate energy, which requires the flow of energy to be maximized. We are also able to see
how Lotka’s principle describes the evolution of life in a manner that is consistent with the
second law.

Lotka’s view inspired the further work by Odum and Pinkerton. Odum had been puzzled
by why the efficiency of photosynthesis was so low. In 1955, they wrote a paper, ‘Time’s
speed regulator’, which provided an explicit analysis of the efficiency and speed of energy
transformations [11]. They began by focusing on ‘Atwood’s machine’, a pulley with a rope over
it attached to two baskets which was at that time a staple of introductory physics laboratories.
The machine uses a heavier weight on one side to move a lighter weight up to the top of the
system. By adjusting the relative size of the weights, one could examine how differing loading
ratios impact the work that could be done per unit of time (friction was assumed negligible). Hall
explains what they discovered:
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‘One can imagine using elevated rocks to move coal (or gold) from an underground mine
to the surface. One can move the coal most rapidly by having a large weight differential in
the two baskets—the coal will zip to the top—but not much will be delivered and most of
the input energy will end up as heat when the rapidly moving downward basket hits the
ground. Alternatively, if the weights are nearly the same, much coal will be delivered — but
very slowly. The maximum useful work (maximum useful power) is done when the input
energy, the force (weight) of the elevated rocks, is about twice that of the load — i.e., the
delivered load — the coal, and about half the input energy is lost as heat’ [6].

Odum & Pinkerton [11] conclude that in order for a system to operate at maximum power, its
efficiency should be about 50% of the ideal ‘reversible’ efficiency.

Odum and Pinkerton provide a mathematical derivation for their conclusion based on the
concepts developed by Prigogine, Onsager, de Donder, and others [12,13]. Odum & Pinkerton
provide a number of examples of systems with variously coupled subsystems with simple but
clever diagrams of ecological, biochemical, electrical and economic processes [11]. Odum and
Pinkerton believed that studying the selection of maximum rates of flow of benefits at some
intermediate efficiency could be used to explain the evolutionary behaviour of all kinds of systems
operating in competitive, evolutionary environments, and over the years Odum developed
and reported on applications to many different physical, biological, ecological and economic
systems.

Many examples of Odum’s and Pinkerton’s conclusion can be found in everyday life. Hall
notes that, ‘. . . if you want to accelerate on a bicycle (or automobile) you can do the most work
(acceleration) in the middle of the appropriate gear range, not at the more efficient lower range or
the more rapid upper portion (this can be seen in acceleration graphs in sports car magazines)’ [6].
Thus, Odum and Pinkerton further develop Lotka’s principle of maximum energy flux, specifically
his idea that evolution is guided by ‘the dimensions of power, or energy per unit time. . . ’ [3].
They describe how, in the context of simple energy transfers and transformations, the ‘energy
per unit time’ entails a tradeoff between speed and efficiency. Odum later refers to this as
the ‘maximum power principle’ and he stated it explicitly as follows: ‘Systems that prevail are
those with loading adjusted to operate at the peak of the power efficiency curve . . . . During
self-organization, these systems reinforce (choose) pathways with the optimum load and hence
optimum efficiency for maximum output’ [14]. He later discussed how such processes would
generate the maximum energy-capturing structure possible for a given energy availability and
hence powerful ecosystems [15].

One can conclude from Odum’s later publications that he believed the MPP was applicable
at the scale of organisms, ecosystems and physical systems such as hurricanes and stars [16].
Although Lotka’s writings are more vague, he appears to describe the principle of maximum energy
flux in a similar fashion [3]. The main difference between Lotka’s principle of maximum energy flux
and the MPP is that the latter adds more specificity in what is being selected for by introducing the
concept ‘useful energy’ (versus heat), and it provides a mechanism that explains how maximum
useful power output is reached through a unique relation between speed and efficiency [11].
Odum’s and Pinkerton’s use of ‘useful energy’, rather than ‘available energy’, brings both the
second law and natural selection into play: evolution cannot operate on low-grade heat; it has
to be useful energy that can contribute to survival and reproduction. Both Lotka and Odum are
rather ambiguous about whether the mechanisms that generate maximum power, or energy flux,
for a whole system operate at the individual species level or at some ‘systems’ level, an issue that
is not important for the present discussion, but that is usually resolved in modern science as the
collective effects of selection at the level of individuals.

(b) Maximum power and maximum energy preservation
In the addendum to his 1922 paper which outlines the principle of maximum energy flux [3],
Lotka considers a principle developed by James Johnstone in a book published the year before
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which holds that ‘in living processes the increase of entropy is retarded’ along with ‘energy
dissipation’. Lotka describes the term energy flux as denoting ‘the available energy absorbed
by and dissipated within the system per unit of time’ [3]. His principle of maximum energy
flux therefore describes natural selection leading to the maximization of energy absorption and
dissipation and entropy production. Since Johnstone’s principle describes ‘energy dissipation’
being ‘retarded’ and Lotka’s principle describes it being maximized, Lotka takes some time to
consider the possible relation between them.

Lotka proposes two ways that these principles could work together. First, he suggests that
Johnstone’s argument is not ‘wholly convincing’ because these two principles could work
together in a system of ‘coupled transformers’—such as plants and animals—that, as a whole,
evolves in the direction outlined by the principle of maximum energy flux. The idea is that plants
capture energy; animals dissipate it, but animals also provide fertilization and other services that
can help the plants grow and hence capture more energy which animals can then dissipate. Lotka
writes that in order for Johnstone’s argument to be ‘conclusive’ he would have to show that plants
and animals work together in a way that, as a system, decreases energy dissipation rather than
increasing it; and Lotka notes that Johnstone does not do this.

Second, Lotka proposes that where the supply of energy is limited, the advantage will go to
the organism that is most efficient and economical in its internal processes; where the supply of
energy is abundant, the advantage will go to the organism that maximizes the dissipative energy
flux of the system: so, the two principles can operate in different situations depending on the
constraints on natural systems. Lotka concludes by noting that the significance of the phrase
‘compatible with the constraints’ remains to be established and he acknowledges that it modifies
the meaning of the principle of maximum energy flux. Lotka could see that the ways to maximize
the energy flux of a system are relative to the ‘constraints’ on that system. Enrico Sciubba
suggests in a 2010 paper that Lotka’s acknowledgement that the principle of maximum energy
flux applies in a manner that is ‘compatible with the constraints’ on systems is consistent with
the random emerging, environment-dependent opportunism’ that defines our modern vision of
evolution [17].

Here too Odum and Pinkerton follow Lotka’s lead. First, they write that ‘a simple process
involving an energy transfer can be considered as a combination of two parts’ [11]: an ‘input and
output.’ ‘In one direction’ (i.e. the input), ‘there is the storing of energy, the increase of free energy,
and an entropy decrease;’ ‘in the other direction’ (i.e. the output), ‘there is a release of stored
energy, a decrease in free energy, and the creation of entropy.’ Johnstone’s principle corresponds
to the input where entropy is decreased; Lotka’s corresponds to the output where entropy is
increased. Odum and Pinkerton describe the input and output operating simultaneously and
argue that they ‘perform at an optimum efficiency for maximum (useful) power output’ (their emphasis).
Odum describes this happening at all scales although he also cautioned that it would operate on
only one process at a time [18]. He notes that the components of natural systems can specialize
in storage and operate at a rate of efficiency that is higher than 50% in order to maximize power
for the system as a whole [19]. Fath et al. [20] have analysed principles similar to Johnstone’s
and Lotka’s, along with a series of other ‘indicators,’ based on different metrics (energy, emergy,
exergy and dissipation) and have concluded that, in the framework of a network analysis, they
are all mutually consistent.

Second, Odum and Pinkerton also write that ‘under conditions of limited raw materials as
found in many areas of the world, a higher efficiency is the best arrangement. . . ’ [11]. Near the
end of his life, Odum wrote a book entitled A Prosperous Way Down in which he argued that
when the availability of fossil fuels begins to diminish, evolution will begin to select for those
societies that develop more efficient modes of production [16]. In his published work throughout
his career, Odum often applied the MPP in a manner that was ‘compatible with the constraints’
on systems. When we include the phrase ‘compatible with the constraints’ on systems in our
definition of the MPP, as Lotka acknowledges, it modifies the meaning of this principle: when a
system is constrained by a limited amount of available energy or raw materials, a higher rate of
efficiency can be required to maximize power; when available energy and materials are abundant,
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a lower rate of efficiency can be required to maximize power. Thus, the rate at which power is
maximized—time’s speed regulator—is relative to the constraints on natural systems.

(c) Exergy
The science of thermodynamics has advanced in significant ways in recent years through the
use of the concept of exergy [21], which is defined relative to a system’s environment: it is the
amount of work a system can perform when it is brought into thermodynamic equilibrium
with its environment. It is the useful part of a fuel that can do actual work versus that portion
that is turned into heat. When Lotka, Odum and Pinkerton acknowledge that the principle of
maximum energy flux and the MPP apply to natural systems in a manner that is ‘compatible with
the constraints’ on systems, they begin to suggest how these principles are the products of a
relationship between organisms and systems and their environment. This relationship is further
explored in a more detailed fashion by later scientists through the use of the concept of exergy
and their work can add greater clarity to the MPP and the MEPP.

There are, however, biological considerations that cannot be overlooked. Boltzmann [5] put
biology firmly into the solid format of the physical sciences, which, starting with Carnot,
considered the efficiency of a process as being greatly influenced by the difference in temperature
between energy source and sink. Boltzman also understood that as various forms of life extracted
energy from the environment it was subject to the laws of thermodynamics. However, while it is
true that within the context of physics the temperature gradient, e.g. the difference in temperature
between source and sink, is important for determining the efficiency of a machine (which an
organism is) and is fundamental when starting with the sun, this is superseded at the organismal
level by a number of factors: (i) the requirement of life for an operational temperature within
which the necessary chemical processes are possible and practical; (ii) the inability of life to alter
the external temperature by very much; (iii) natural selection for operating within, and optimizing
at, the temperature of its normal habitat and (iv) once photons strike chlorophyll the operational
gradient becomes that between highly reduced carbohydrates and oxygen, the ultimate electron
sink.

(d) Maximum empower and its limitations
In the early 1970s, Odum began to recognize that all forms of energy do not have the same ability
to do work. He viewed forms of energy in terms of a hierarchy, more diluted forms at the bottom
and higher grade forms at the top: the quality of energy is measured by the amount of the lower
grade required to develop the higher grade. In order to better standardize the quality of energy,
he introduced the concept of emergy, i.e. ‘the total amount of available energy of one kind that is
directly or indirectly required to make a given product or to support a given flow’ [22]. He used
the term empower to refer to the flow rate of emergy, and he reformulated his MPP as the maximum
empower principle. This put more distance between his approach and Lotka’s, which was outlined
in terms of available energy, or exergy: it has been argued that emergy and exergy analyses are
not commensurable [23]. The use of emergy also eventually came to face challenges. For example,
how far back in time do we go to calculate all the energy that went into a product? Since there
does not seem to be a clear answer to this question, the accuracy of emergy analysis has been
questioned [23]. Nevertheless emergy analysis is used routinely and effectively.

(e) Maximum entropy production
Lotka, Odum and Pinkerton all understood that both the principle of maximum energy flux and
the MPP entail the production of entropy. In the twentieth and the twenty-first century, many
scientists began to focus on how selection operates to maximize entropy production and they
began to use a new principle: the maximum entropy production principle (MEPP) [24–27]. Power
is a measure of the dissipation of energy over time; as energy is dissipated, work is done and
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entropy is produced: so, dissipative power is fundamentally related to the rate of production
of entropy. Odum writes that maximum entropy production ‘is another way of referring to
maximum power utilization if feedbacks couple the products of power use to power generation’
implying the selection is for ‘useful’ energy capture, not just dissipation [19]. While the MPP and
the MEPP are fundamentally related, they reflect different aspects of overall system function and
possibly a difference in opinion about exactly what is most important. The MEPP has now been
used in several different contemporary scientific disciplines, including physics, chemistry, biology
and ecology [27]. Some scientists have suggested that the MEPP could be considered a ‘corollary’
of the second law: it describes how natural systems evolve in a way that is consistent with the
second law [27].

In our opinion, the focus on maximum entropy production is missing a critical issue originally
put forth by Odum and Pinkerton: in a Darwinian context, it is not the energy captured nor the
energy dissipated that is important, rather it is the useful energy that is absorbed by the organism
and that is used for survival and reproduction. The high rate of entropy production is selected
for, but only incidentally. However, a comprehensive assessment of the relative value of these
principles is beyond the scope of this essay.

There is a lineage here: Lotka develops the principle of maximum energy flux; Odum and
Pinkerton develop the principle further by focusing on the tradeoff between speed and efficiency
in coupled systems, useful energy and then explicitly outline the MPP; then some contemporary
scientists shift the focus to entropy production and develop the MEPP. The historical evidence
suggests that this evolution will continue: our understanding of the relation of energy to evolution
will, itself, continue to evolve [28]. Lotka, Odum and Pinkerton were, for the most part, working
on their own; now there are a number of scientists in a number of different scientific disciplines
using the MEPP in the ‘thermodynamic school’ of evolution. We can see the influence of Lotka,
Odum and Pinkerton in this work, as well as the work that will come in the future. Many
contemporary scientists acknowledge this influence [24,27].

3. Ecology
Although the MPP helps us understand the relation between energy and fitness in the
evolutionary process, an important criticism has been raised about it: Hall writes that ‘Odum
never really tested it, and, in fact, he said on occasion that, like natural selection, it was extremely
difficult if not impossible to test it directly’ [29]. Some scientists that followed Odum have
attempted to address this challenge.

Nancy Harris, Charles Hall and Ariel Lugo, for example, did empirical surveys along an
elevational gradient in the Luquillo forest in Puerto Rico to test the MPP [30]. Hall writes:

‘We had hypothesized that ecosystems developed the most useful power (net
photosynthesis) at intermediate elevations. Gross photosynthesis was maximum at sea
level, but there respiration also would be maximum too due to high temperatures. At high
elevations photosynthesis is relatively low because of lower sunlight due to cloudiness, but
so is respiration because of lower temperature. We developed procedures for measuring
photosynthesis and respiration of a column of forest (including all species that were there)
using a LI-COR CO2 analysis machine and a giant slingshot and rock climbing technology
to reach upper portions of the forests. . . . We found a clear tradeoff between rate and
efficiency and a maximum net photosynthesis (useful power) at an intermediate elevation.
We wonder whether the environmental conditions at 800 m elevation in the Luquillo Forest
represent something of ideal conditions for the balance of photosynthesis and respiration
for trees more generally as forest net production also may show a maximum at intermediate
latitudes [31,32].’ [6]

The fact that their findings were consistent with their hypothesis provides evidence that the MPP
guides the evolution of forests.

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

23
 N

ov
em

be
r 

20
23

 



8

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A381:20220290

...............................................................

Table 1.

machine date horsepower

man pushing a lever 3000 BC 0.05
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Vitruvian water mill 50 BC 3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

post windmill AD 1400 8
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Watt’s steam engine (land) AD 1800 40
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

marine steam engine AD 1900 8000
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

coal-fired steam power plant AD 1973 1 465 000
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

nuclear power plant AD 1970 1 520 000
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Leopold and Langbein provide empirical evidence that tests the MPP in the physical world
[33]. They show that streams in tributary networks would disperse their potential energies more
quickly if they took more direct routes; instead, what we find in the designs that emerge is that
streams in these networks take less direct routes, they meander, and in the process they collect and
dissipate more available energy. The structures that develop appear to maximize power. Odum
argued that this occurs in physical systems, such as hurricanes and stars [18,34]: structures emerge
that enable natural systems to collect and dissipate more available energy.

This conclusion is further supported by a recent study done by Lenton et al. [35]. They
describe six energy revolutions, three in the history of the earth and three in human history: in
earth history, they analyse the origin of anoxygenic photosynthesis, oxygenic photosynthesis and
eukaryotic photosynthesis; in human history, they analyse the Paleolithic use of fire, the Neolithic
revolution to farming and the Industrial revolution. In each case they attempt to ‘quantify the
resulting increase in energy input to the biosphere or to human societies’. Although they do
not mention the MPP or the MEPP, their observations are consistent with them. Their research
supports these principles in a historical fashion that is similar to the way the fossil record supports
the concept of punctuated equilibrium [36]. Their research also illustrates a fundamental parallel
between ecological systems and human social systems.

To carry this parallel further, the Russian Biophysicist Aleksandr Zotin writes that when
human beings began to expend energy outside their bodies through the use of fire and machines,
it enabled them to surpass the biological limits of their bodies and further maximize their ability
to manifest power and produce entropy [27]. When we consider the different ways human
beings have transformed energy outside their bodies historically, we can see that the thesis
developed by Lenton et al. can be extended to the first three industrial revolutions. Above is a
partial, chronological list of the advancements in heat engine technology provided by Earl Cook
(table 1) [37].

This list illustrates that the power of these machines continues to go up over time and there are
nonlinear increases that correspond to each of the first three industrial revolutions: 1st 1760–1840,
2nd 1870–1914 and 3rd 1947–2009. This point will be further supported in the next section with
a discussion of how the industrial revolutions coincide with the discovery and increasing use of
fossil fuels. Together, the research by Lenton et al., Zotin and Cook provide powerful historical
evidence that ecological systems and human social systems have evolved in a manner that is
consistent with the MPP and the MEPP. Thus, it seems that this is an important insight into how
natural and human selective processes work, and is a fertile area for continued study.

4. Economics

(a) Energy and neoclassical economics
Odum could see the MPP at work in contemporary human societies: structures emerge that collect
and dissipate more fossil fuels to the extent that they are available. Hall writes that Odum ‘felt
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that societies or groups that chose not to do this could be more efficient but would be overtaken by
systems that continued to focus on increasing their rate of exploitation of fossil fuels, at least while
fuels were abundant’ [6]. Consequently, when fossil fuels were abundant in the 1960s, Odum
believed that the US should use them first, or at least ‘not take themselves out of the race to use
fossil fuels’, despite the fact that many people at that time, including his own graduate students,
believed that we needed to reduce industrialization to reduce pollution [29].

More and more scientists—starting more than 100 years ago with Ukrainian Physician Serge
Podolinski, the chemist Frederick Soddy and the sociologist Frederick Cottrell—have recognized
that the key to understanding human history and economics is understanding how humans
have used energy. Hall provides a brief description of the role energy played in the creation of
contemporary industrial societies,

‘The principal energy sources in antiquity were all derived directly from the sun: human
and animal muscle power, wood, flowing water, and wind. About 300 years ago, the
industrial revolution began. It brought an exponential increase in the energy available
to humans to do economic work. This revolution began with stationary wind-powered
and water-powered technologies, which were subsequently supplemented and replaced by
fossil hydrocarbons (fossil meaning old): coal in the nineteenth century, oil in the twentieth
century, and now, increasingly, natural gas. The global use of hydrocarbons for fuel by
humans has increased nearly 800-fold since 1750 and about 12-fold in the twentieth century.
The enormous expansion of the human population and the economies of most nations in the
past 100 years have been facilitated by a commensurate expansion in the use of fossil fuels.
Perhaps the industrial revolution should be renamed ‘the hydrocarbon revolution’ [6].

The MPP provides an explanation for the nature of the evolution of contemporary socio-economic
systems. It describes the evolution of these systems as being driven by physical laws. Odum did
not believe that human actions were determined; he thought humans were free to choose what
they do, but evolutionary processes would ensure that over time those humans that behave in
a manner that is consistent with the MPP would have a selective advantage. Therefore, as Hall
describes, ‘human behaviors are both driven by and constrained by energetic principles whether
or not humans are aware of it’ [6]. Like evolution itself, understanding this aspect of the MPP
is not necessarily a pretty thing. The brutal wars and the extraordinary forms of exploitation of
environments and other human beings we find in our past appear to have been selected for. Is
the MPP at work now? Is it necessary to divert much of the United States’ remaining fossil fuels
to arm Ukraine in military competition with Russia? Is the competition among nations to use the
world’s resources undermining our ability to address global climate change? Or in the longer run
does natural selection reward relatively ‘virtuous’ behaviour through some kind of larger scale
evolution?

Addressing these questions in the depth that is appropriate to them would take us way beyond
the scope of this essay; but we can here focus attention on the evidence offered so far that supports
Lotka’s suggestion that ‘man has been unconsciously fulfilling a law of nature, according to which
some physical quantity in the system tends toward a maximum’ [3]. The evolution of the use of
energy in much of human life has proceeded in a manner that appears to be at least consistent
with the MPP, and it is difficult to overstate the nature of the impact this has had on contemporary
socio-economic systems.

Modern neoclassical economics, for the most part, ignores the relation between energy use
and economic activity and therefore provides an incomplete picture. It is fundamentally based
on the concept of ‘consumer sovereignty’: the idea that economic value is determined by
the subjective judgements of consumers and economic markets share this information in an
undistorted manner. Many disagree with this view (Hall et al. [38], Sekera [39], Leontief [40],
Tao et al. [41]). Contemporary neoclassical economists and politicians generally believe that we
should attempt to continually foster economic growth because this is the only way to enhance
human well-being. This view of economics, which emerged during a unique period where there
was an unprecedented increase in our use of fossil fuels, might seem to have been consistent
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Figure 1. Past production of fossil fuels and three projections of future availability: (a) Low estimate (b) best-guess, and (c)
high (maximum) estimate [42]. Similar estimates are available fromMaggio and Cacciola [43] and Laherrere et al. [44]. All three
estimates show a peak of all fossil fuels within at most the next 10–35 years.

with the MPP but does not consider the idea that resource shortages might be important. As we
approach the projected peak of the availability of fossil fuels, this failure becomes more and more
important (figure 1). Meanwhile, the depletion of our energy resources continues relentlessly [44].

(b) Biophysical economics
Economics has not always been viewed in this neoclassical manner. In the eighteenth century, the
French physiocrats viewed land and agriculture as the source of wealth. In the 1960s, scientists
and economists began to focus on the joint application of exergy analysis and engineering
economics; in Europe, the approach was called exergo-economics; in the US it went by the name
thermo-economics [21]. In the 1980s, an approach emerged called BioPhysical economics, which
takes into consideration the fact that economic systems, like all natural systems, are governed
by thermodynamic laws and principles, including the MPP [45,46]. Like exergo-economics and
thermo-economics, BioPhysical economics seeks to better understand economic processes by
acknowledging the central role played by energy. In the process, it attempts to address many of
the problems with neoclassical economic theory. We briefly summarize two aspects of this view
below.
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Figure 2. The ‘net energy cliff’. As EROI declines from high values to lower values, it makes little difference to society, as the
net energy delivered does not change much. But below an EROI of 10 : 1 any declines make a large difference on the amount
delivered (darker colour) (Courtesy of Euan Mearns).

First, BioPhysical economics considers the implications of the fact that there is a limited supply
of fossil fuels on the planet and we are quickly reaching the peak of their availability ([46]; see
also www.bpeinstitute.org); there is also a limited supply of raw materials. It acknowledges that
the process of converting economies to renewable forms of energy is a long one, fraught with
all kinds of challenges and limitations. Consequently, it questions the fundamental assumption
in neoclassical economics that continual economic growth is possible and should be the goal
of all economic activity. Hall writes, ‘BioPhysical economics considers and encourages the
possibility that humans are capable of achieving happiness by means other than the acquisition
of ever-increasing quantities of material goods—goods that cannot be produced with declining
resources’ [6]. It maintains that the focus in economics should be on living well within the
limits of nature. As mentioned (on p. 9), Odum agreed with this view later in his life [16].
Hall writes that he could see that we were nearing the peak of the availability of fossil
fuels and ‘that we should redirect our efforts away from luxury consumption and blind
competition toward investments into low energy consuming infrastructure, education, and even
birth control’ [29]. He believed on the other side of this peak there would be selection for
societies that adapted better to this new environment—these new constraints. He understood
that the MPP applies in a way that is ‘compatible with the constraints’ on natural and economic
systems [16].

Second, BioPhysical economics provides guidelines for the assessment of alternative sources of
energy. Here the concept of energy return on investment (EROI) stands out as an important metric.
It is the ratio of the amount of energy delivered from a particular energy resource to the amount
of energy used to obtain that energy resource. This concept is presently used to evaluate all kinds
of energy sources [6,47]. It is defined in terms of available energy. Other scientists have gone on
to formulate the concept more explicitly in terms of exergy: Exergy Return on Exergy Invested
[48,49]. EROI and related concepts will become more important going forward. Heinberg and
Fridley estimate that if we are to shift to a 100% solar society over the next several decades, the
financial investments required will need to be 20 times all of our renewable energy investments up
to the present in each of 20 succeeding years [50]. Imagine for a moment what the consequences
would be if a society made this kind of historic investment in the wrong energy resource, such as
corn-based ethanol. Would it ever recover? This highlights the strategic value of using EROI and
related concepts to guide our future investments; see figure 2.

Neoclassical economics dominated the study of economics in the twentieth century, during
a period where our use of fossil fuels was increasing at an unprecedented and ultimately
unsustainable rate. But those days are over. It is now the economics of the past. BioPhysical
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economics provides a more comprehensive view of economic processes that is in a better position
to help us manage our way through the challenges we face now and in the future.

5. Maximum power, science and philosophy
The MPP has roots in philosophy. Thirty-six years before Lotka argued that evolution was guided
by his principle of maximum energy flux, the nineteenth-century German philosopher Friedrich
Nietzsche argued that evolution was guided by a ‘will to power,’ which leads natural systems
to develop in ways that increase their power [51]. His work was influenced by a number
of eighteenth- and nineteenth-century natural scientists: Roger Boscovich, Jean-Marie Guyau,
William Rolph, Julius Mayer and Maximilian Drossbach. Drossbach writes, ‘we only have a
proper understanding of force if we recognize it as the striving for expansion [Streben nach
Entfaltung]’ [52]. Nietzsche agreed.

Nietzsche used his concept of the will to power to take a unique, naturalistic approach to
his critique of philosophy. It provided a foundation for a thermodynamic framework for the
growth and flourishing of life that he used to describe how different forms of behaviour and
knowledge either fostered or undermined this growth. He did not therefore criticize moral values
for being immoral or forms of knowledge for being untrue, as most philosophers attempted to
do; he attempted to view humanity from a perspective ‘hardened in the discipline of science’
[51,53]. He viewed his famous critique of morality as a ‘science of morals.’ He saw himself as
a cultural ‘physician’ that cuts away that which undermines growth and encourages the use
of ‘natural’ or ‘healthy’ moralities that remove ‘hostile’ elements ‘on the path’ of the growth of
life [54].

The best example of a twentieth-century cultural physician would have to be H. T. Odum.
In his book Environment, Power, and Society [55], Odum evaluates moral values, religions, and
political systems from the perspective of a thermodynamic framework of growth based on the
MPP. The similarities in Odum’s and Nietzsche’s perspectives are quite extraordinary; but we
can also learn a great deal from the differences in their analyses. They have very different views
about the value of democracy, religion and war, among other things. Nietzsche thinks democracy,
religion and peace undermined the growth of life. Odum argues from the perspective of an
evolutionist that democracy provides valuable information and choices to leaders that can foster
growth; certain forms of religion can foster growth and war can foster growth at certain stages,
but eventually it can come to undermine the growth of mature social systems. If we take into
consideration the unique perspective they share, these important differences make sense. They
are not analysing social systems from the perspective of some ahistorical conception of truth; they
are analysing them from a scientific perspective that evolves over time. The treatments prescribed
by twentieth-century physicians are very different from those prescribed by nineteenth-century
physicians. It is certain that there will be enormous changes in our energy regimes over the next
half-century. If the changes we make in our economic and political philosophies and structures
are not consistent with good science, our efforts will fail. A critical issue is that if, and as, EROI
continues to decline, inflation is inevitable. People tend to blame inflation on governments, which
will make polities increasingly ungovernable – just as we need good government.

6. Conclusion
The principle of maximum energy flux has come a long way over the past 100 years. Alfred
Lotka argued that it guided the evolution of organic and inorganic systems, fundamentally
revising Darwin’s theory of evolution. Odum and Pinkerton further developed the principle,
arguing that the MPP depended on a tradeoff between speed and efficiency that maximizes
useful power. Odum went on to apply the MPP to physical, electrical, biochemical, biological,
ecological and economic systems. Others have followed in his footsteps. Now the related MEPP
is used in several different scientific disciplines and there is compelling empirical evidence that
supports it.
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The application of the MPP and other related principles to human social systems raises a
number of questions that clearly deserve more attention. So far, the application of these principles
has led to a thorough critique of neoclassical economics and the emergence of a new approach,
called BioPhysical economics [45,46]. This new view acknowledges the central role energy plays
in all economic processes and realistically considers the economic implications of the limited
supply of fossil fuels that have propelled the growth of economies over the last two centuries.
It provides conceptual tools, such as EROI, that can help guide economies through the transition
to renewable forms of energy. It also illustrates how to close the gap between the natural and
the social sciences. In philosophy, the MPP opens up the possibility of a unique naturalistic
approach to philosophical questions, which would close the gap between the sciences and the
humanities. In the work of Nietzsche, Lotka, Odum and many who have followed them, we
find this provocative assertion—this world and all of us in it are the products of a fundamental
tendency to maximize power.
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