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ABSTRACT 

The discussion of the thermodynamics of evolution dates back at least to Schrodinger’s (1945) seminal work, What is 

Life? which appeared long after an obscure but groundbreaking article by Lotka (1922). There has been a great deal 

of discussion of the thermodynamics of evolution over recent decades, and yet many issues remain unresolved, 

especially surrounding the question of entropy. The topic of this paper, involves the basic thermodynamic calculation 

of entropy, and specifically the relationship between energy, heat flow, entropy and work. It would appear that in 

their haste to develop a comprehensive theory explaining all of evolution, recent theorists have lost sight of the 

thermodynamic concept of work in their treatment of entropy (Swenson, 1989/1997). This is particularly ironic, as 

thermodynamics was originally developed in an effort to better understand the interrelationship among energy, heat 

flow, and work. 

A Review of Basic Thermodynamics 

Thermodynamic entropy has units of energy over 

absolute temperature. If the term is to have any 

meaning this is where we must begin. There may be 

metaphors for entropy, which may be useful in 

information theory or in other approaches to 

understanding complex systems, but if we label these 

with the word “entropy,” which has a very specific 

physical meaning, we lose sight of any real value of the 

term. Similarly, if we wish to engage in a 

thermodynamic analysis of a problem we must be 

careful to use words which have very specific technical 

meaning appropriately. A specific example of this is the 

word “efficiency.” Efficiency has a very specific 

technical meaning in thermodynamics. It is intimately 

related to the concept of work. A brief review of basic 

thermodynamic concepts is in order. 

From the First Law, the basic formula describing a 

simple thermodynamic system, or heat engine, is: Q(h) 

– Q(c) – W = 0 [eq. 1] where Q(h) is the heat flowing in, 

Q(C) is the heat flowing out, and W is the work done by 

the system. or, in terms of Q(h): Q(h) = Q(c) + W [eq. 2] 

This says that the heat flowing in from the high 

temperature reservoir is equal to the heat flowing out 

to the low temperature reservoir, plus the work done 

by the heat engine. The key insight which led to the 

development of the Second Law is that W, the work 

done by the system, must always be less than Q(h), the 

heat flowing in from the high temperature reservoir. In 

other words, all of the heat flowing in cannot be 

converted to work, some heat must be discharged and 

flow out to the cold reservoir. It is the ratio of the work 

done by the system vs. the heat flowing in, which 

determines the efficiency of the system.For any 

designer of heat engines it is the amount of work, and 

therefore the efficiency, which are of greatest interest. 

It soon became obvious that some portion of the 

thermal energy, or any type of energy input, must be 

discharged in the form of heat to a colder reservoir, or 

sink, in order to extract any work at all from a high 

temperature reservoir or energy source. It was this 

observation which led to the articulation of the Second 

Law of Thermodynamics: For any irreversible process, 

entropy always increases. 
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For a theoretical reversible cycle delta S = 0. In this 

case, the decrease of Q(h) by W in the numerator of 

the first term is exactly proportional to the smaller 

denominator represented by the lower temperature 

reservoir, T(c), and the terms cancel in Equation [6]. In 

a theoretical reversible cycle the work done, W, is a 

maximum, and the change in entropy is zero 

For the irreversible, and therefore real, case W is 

always less than the maximum reversible value. 

Therefore, the numerator of the first term is larger, 

and delta S > 0, as required by the Second Law. 

Reducing W increases the magnitude of the first term, 

thereby increasing the value of delta S. When W is 

zero, Q(c) is equal to Q(h), all of the heat is flowing out 

to the cold reservoir, and delta S is at a maximum, as 

shown in Equation [5]. 

From the First Law, the heat flowing in, Q(h), must be 

equal to the heat flowing out, Q(c), plus any work, W, 

done by the system; as the energy flowing in as heat 

must be equal to the energy flowing out as some 

combination of heat and work. In addition, the Second 

Law says that some portion of the energy flowing out 

must be heat; the heat flowing in can't all be converted 

to work. 

It becomes apparent from Equation [6] that the 

magnitude of the increase in entropy, delta S, is 

directly linked to the amount of work done by the heat 

engine on its environment. If it does no work, then 

Q(h) is equal to Q(c) and the entropy increase in 

maximal. However, if the system is as efficient as 

possible (in the thermodynamic sense of the word), 

and therefore does as much work as possible, then the 

increase in entropy is minimized. If the process could 

be truly reversible, then the increase in entropy could, 

in theory, be zero. In reality it is impossible for any 

actual macroscopic processes to be fully reversible. 

What is most important to focus on here, however, is 

the direct negative relationship between the 

magnitude of the increase in entropy, and work done 

by the system. Work most often represents that 

portion of the process which is reversible. Work can be 

used to de-disperse things, to put things back into a 

state of higher potential energy. Whether by lifting 

something with respect to gravity, or by making 

chemical bonds of a higher potential energy, it is work 

which can reverse the normal tendency of things to 

dissipate toward thermal equilibrium. 

2. Thermodynamic Models of Evolution 

Much of the recent theorizing about the 

thermodynamics of evolution attempts to build a 

model up from non-living systems.(Goerner, 1994) In 

the end this may prove to be fruitful, but it may be 

easier to first start from the other direction. When 

humans build machines we are mimicking what nature 

does, at least in so far as we are faced with the similar 

constraints as those facing any other organisms 

attempting to further their own survival. Therefore, we 

need only look at the most basic thermodynamics of 

the situation to see that the problem, both for humans 

and for other organisms, has always been how to 

extract as much useful work from a potential energy 

gradient as possible. There are two ways to do this. 

One is to increase the magnitude of energy flow across 

the gradient. The other is to increase the 

(thermodynamic) efficiency of its use, i.e. maximize the 

work extracted and therefore, by definition, minimize 

the entropy production. The first approach can lead to 

increased entropy production, if the thermodynamic 

efficiency of the process remains constant. But the 

second approach, which incidentally seems to be 

highly optimized in natural systems, may actually lead 

to a reduction in the entropy increase. In any case, the 

increase in entropy is an indicator after the fact, not a 

cause of the behavior of the system, which may be 

much better understood in terms of energy flows, 

work, and the overall thermodynamic 

efficiency.(Corning, 1997a) Indeed, it becomes 

plausible to hypothesize that in strictly thermodynamic 

terms living systems are the work extracted from the 

energy flux across the potential. However, it might be 

more correct to say that their structures are composed 

of the energy embodied by that work in matter. The 
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following thought experiments may make this more 

understandable. 

The Benard Cell Experiment  

First, let us examine the now paradigmatic Benard cell. 

The Benard cell experiment is carried out in a flat 

circular dish filled with a thin layer of water, which is 

uniformly heated from below in a controlled manner. 

At a certain critical rate of thermal input, if the water 

layer is precisely the right thickness, the heat will be 

dissipated more rapidly through the formation of a 

coherent pattern of hexagonally arrayed convection 

cells than through turbulent boiling.(Benard, 1900) In 

this case we have a system in which energy moving 

across a potential gradient spontaneously gives rise to 

an ordered pattern or structure. While this may be a 

very useful critique of the 19th century idea that all 

physical systems tend toward a state of greater 

disorder, it really has very little to do with the 

thermodynamic behavior of living systems. Its 

repeated invocation seems to be an artifact of early 

thinking about dissipative structures.(Prigogine, 1984; 

Swenson, 1989/1997) The Benard cell does, however, 

also inadvertently illustrate a key distinction which 

should be recognized when comparing various types of 

systems. The question becomes one of whether or not 

the system does work which contributes to structures 

that endure in matter. This distinction is of pivotal 

importance to living systems. Living systems create 

structures that do endure. While perhaps so obvious as 

to be taken for granted, this distinction allows us to 

recognize why the Benard cell is not an appropriate 

example for describing the thermodynamic behavior of 

living systems. In order to create enduring structures in 

matter living systems must do work. Thus, if we are 

looking for thermodynamic examples of living system, 

we must look for systems that do work and create 

enduring structures. This appears to be a necessary, 

but not sufficient, condition for describing living 

systems. Thus, perhaps it might prove to be an 

interesting criterion to employ in pursuing an 

investigation into how non-living systems could have 

evolved into living systems. That question, however, is 

not the focus of this paper. 

In the case of the Benard cell, one might be able to 

arrange a frame of reference in which it appears that 

work is being done to create, and temporarily 

maintain, the coherent pattern among the convective 

cells. This coherent pattern is, as has been pointed out 

repeatedly over the last few decades, what allows the 

system to dissipate the available thermal energy most 

rapidly (Swenson, 1989/1997). However, unlike a living 

system, this coherent pattern does not contribute to 

the establishment of any enduring structure in matter. 

As soon as the source of high energy potential is 

interrupted, the pattern immediately collapses, and 

any energy which had been contributing to 

maintaining the structure, is immediately converted to 

thermal dispersion and dissipated. Thus, the claim that 

the Benard cell creates increased entropy as rapidly as 

possibleoften erroneously referred to as 

“efficiently”appears to be a correct (Swenson, 

1989/1997). But, while this is an interesting physical 

phenomenon, showing that macro scale ordered 

patterns can 

spontaneously emerge out of the dynamics of energy 

flow across a potential gradient, it has nothing to do 

with the thermodynamic behavior of living systems. 

Living systems, by contrast, use part of the energy 

flowing through them to do work. To the extent that 

this work is used to create structures in matter, that 

portion of the energy which does the work is 

sequestered in matter. That portion of the energy does 

not flow into a low temperature reservoir, and thus 

does not immediately contribute to entropy 

production. Thus, in many cases living systems actually 

create less entropy, than comparable non-living 

systems operating across the same potential gradient 

over a given period of time. It seems that the second 

law cannot be violated, but it can be stalled. In that 

sense life could be regarded as an energy “kiting” 

scheme 
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Photosynthesis 

This becomes particularly apparent when one 

examines the thermodynamic behavior of organisms 

engaging in photosynthesis. Here energy from photons 

coming from the high temperature source, namely the 

Sun, is converted to potential energy in the form of 

excited electrons and used to do work, namely creating 

higher energy molecules in the form of carbohydrates 

and molecular oxygen in the atmosphere. The energy 

represented by photons which are actually captured 

and used for photosynthesis, about twelve percent of 

those actually striking a leaf, are converted into 

chemical potential energy.(Corning, 1997b, p.5) This 

energy is bound up in the carbon compounds which 

make up the structure of the organism, i.e. organic 

material, and in the higher chemical potential energy 

state of the atmosphere. This portion of the incident 

solar energy is not immediately reradiated in the form 

of thermal dispersion, and thus does not immediately 

contribute to increased entropy. Therefore, it would 

appear that throughout the time when there have 

been photosynthesizing organisms on Earth, the 

overall rate of entropy production on Earth has in fact 

been less than it would otherwise have been without 

them. We can see the difference in the energy 

sequestered in the vast accumulation of biomass and 

fossil fuels on Earth. Energy which was chemically 

bound up on Earth rather than being disbursed into 

space as heat did not contribute to increased entropy 

over that period. 

Respiration 

 It is only because of the long term accumulation of 

energy by photosynthesizing organisms, and the 

resultant slowing of entropy production, that a large 

energy reserve has been built up on Earth. It is the 

existence of this reserve that has made it possible for 

other organisms to consume and transform that 

energy more rapidly. It is only with the advent of 

aerobic organisms engaged in respiration that it 

becomes possible to burn up these reserves more 

rapidly, and therefore to increase the rate of entropy 

production. If one only examines the behavior of 

organisms engaged in respiration over the period 

following the onset of the increase in atmospheric 

oxygen levels, one might conclude that there is a 

pervasive trend toward increased entropy production 

in all of evolution (Swenson, 1989/1997). But, this is 

apparently a characteristic, not the cause, of a trend 

which has only existed over some portions of the 

evolutionary history of life on this planet. Moreover, in 

spite of this recent trend, wherein the oxidation rate 

associated with the respiration of ever more complex 

organisms has been steadily increasing, the overall rate 

of entropy production of the planet as a whole has still 

remained less than that of a comparable planet 

without life. The evidence for this observation is found 

in the overall tendency of the Earth to continue to 

accumulate carbon-based biomass, while maintaining a 

stable concentration of atmospheric oxygen. This 

represents the sequestering of energy which would 

otherwise have been reradiated into Space 

contributing to increased entropy, but which instead 

did not do so. A more interesting observation in this 

area concerns the steady increase in the oxidation rate 

per unit mass by ever more complex aerobic 

organisms. This trend toward increasing energy flux 

density in increasingly complex organisms is most 

interesting, but does not by itself lend any real support 

to the claim that entropy increases as rapidly as 

possible. There are two reasons why this is the case. In 

the first place, one would have to know how much 

work was performed by those organisms before one 

could make any meaningful calculation of entropy. 

Secondly, the trend itself is only valid over a portion of 

the evolutionary history, and as has previously been 

pointed out, was only made possible by a prior 

prolonged period of energy accumulation and 

collateral entropy rate reduction. 

 

The Planet as a Whole  

The question of the overall thermodynamic behavior of 

the planet as a whole is also worth considering in 
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greater detail. The maximum possible increase in 

entropy for a given system is found when all of the 

thermal energy flowing in as heat from the high 

temperature source, is also flowing out as heat to the 

low temperature sink. This is essentially the case for a 

dead planet such as the Moon, or as far as we can tell 

Venus or Mars. In this case all of the solar radiation 

which strikes the planet is reradiated out into Space 

within a relatively brief period. The only other 

possibility is that some of the energy flowing in could 

go into heating the planet. But the dead planet 

appears to be pretty much at equilibrium, or perhaps 

more accurately at a stable steady state, as there may 

also be some residual thermal energy being radiated as 

heat from volcanic activity by the planet as it cools 

very slowly. The source of this heat is largely nuclear 

decay within the core of the planet, although it is 

possible that there may also be some leftover thermal 

energy from mechanical collisions when it was formed, 

or even conversion of a small amount of gravitational 

energy to heat in movements of its crust.(Cloud, 1988) 

But the rate of heat flow from all of these sources is 

stable enough that as a practical matter the dead 

planet is at a stable equilibrium temperature averaged 

over any representative period 

It is also important to understand that changing the 

relative position of the temperature of the planet 

within the temperature gradient between the Sun and 

Space has no effect on the ongoing change in entropy. 

Any increase on one side is exactly offset by a decrease 

on the other, i.e. if the planet were colder and there 

was therefore more entropy increase associated with 

photons from the Sun being absorbed by it, then that 

increase would be offset by the reduced increase in 

entropy when photons were radiated from the colder 

planet back out into Space. The overall rate of entropy 

production is entirely determined by the temperature 

difference between the source, the Sun, and the sink, 

cold dark Space, and has nothing to do with the 

relative intermediate temperature of the planet. The 

rate of entropy production is therefore already pegged 

at a maximum for any dead planet. There is simply 

nothing for any incident energy to do other than to be 

reradiated out into space, and therefore all of the 

energy leaving the Sun and striking the planet is 

already contributing to the maximum possible rate of 

entropy production 

The Transition to Life  

Once a planet has evolved photosynthesizing 

organisms, it is clearly operating at an overall rate of 

entropy production which is less than that of a dead 

planet. This is the case because, as has already been 

outlined, photosynthesizing organisms use some of the 

energy to do work to create higher energy compounds, 

which sequester a portion of the energy rather than 

allowing it to be reradiated out into space. If a portion 

of the energy striking the planet is not immediately 

contributing to the increase in entropy then the overall 

rate of entropy production must be less than the 

theoretical maximum for any given period of time. 

What is more interesting is the question of what 

happened during the earlier period before 

photosynthesis starts. More interesting still is the 

question of what happened before there was really life 

per se, but after autocatalytic chemical reactions start 

occurring. It would seem that as soon as such reactions 

begin to sequester significant amounts of incident 

energy in the form of chemical compounds at higher 

than equilibrium potential energy, the process has 

started. Indeed, most hypotheses for the spontaneous 

emergence of life out of some mixture of multiple 

autocatalytic reaction cycles depend upon the 

existence of some sort of high-energy soup. The 

ultimate energy source for the creation of such a soup 

might be some combination of thermal radiation from 

the Earth and/or photons from the Sun. Even if this 

energy were converted into a hydrologic cycle giving 

rise to lightening, or some other form, the key 

transition point in this model would be when some 

portion of that energy began to be sequestered as 

complex chemical compounds, proteins or other 

chemical precursors to life. From a thermodynamic 

standpoint it is impossible to say where in this 
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sequence life actually begins, even though from a 

biochemical, or at least from a biological standpoint it 

might be clear that such a system could not yet be said 

to contain life. This begs the question of whether a 

living system or pre-living system must contain life, or 

rather living entities. Indeed, as Gaia theory begins to 

suggest the whole system might in some sense be said 

to be living, even before individual entities could be 

said to be alive.(Lovelock, 1987; 1995) The key 

observation appears to be that living, and perhaps 

even pre-living, systems tend to drive the planet away 

from its previous condition of maximum entropy 

Human Intervention  

It is only with the advent of human use of fire that the 

overall rate of entropy actually begins to increase on 

Earth. The first indications of this might have been 

when hunting and gathering peoples began to manage 

large areas of forest by regularly burning the 

undergrowth more extensively and frequently than 

had been the case due to lightening strikes. From there 

humans eventually moved on to slash and burn 

agriculture, and eventually to larger and larger scale 

deforestation. The desire for wood, both as fuel and 

building material, combined with the need for more 

grazing area for cattle and sheep has driven a steady 

pattern of deforestation wherever human populations 

have spread. Especially in Europe and the Middle East, 

the spread of human civilization has been basically 

synonymous with the spread of deforestation for at 

least four thousand years. Yet, throughout this period, 

while the rate of entropy production due to human 

activity was steadily increasing, total combustion still 

did not even come close to approaching the point 

where the biosphere could no longer sequester far 

more energy than was being dissipated as heat due to 

combustion. It has only been since the industrial 

revolution that the overall rate of entropy increase on 

the Earth may have for the first time approached, or 

even exceeded, that of the planet before life began. 

For it was only when humans began to tap, and burn, 

the fossil hydrocarbon reserves of the planet, 

disbursing a large portion of that energy as heat, that 

the rate of entropy production on Earth spiked 

upward. In this act of essentially hyper-respiration 

human technology at once mimicked, and surpassed, 

the behavior of all other aerobic organisms including 

ourselves. Prior to this point the biosphere, in 

combination with the hydrologic and geologic systems 

of the planet, has apparently always been capable of 

maintaining a net positive balance in the current 

account of energy flow, always sequestering a net 

surplus.(Cloud, 1988) Now, in a relative flash on the 

scale of geologic time we are literally burning through 

those reserves, massively accelerating the rate of 

entropy production, and indeed the rate of increase of 

the rate of entropy production. This resembles more a 

rip, or tear, in the fabric of the energetic net life has so 

carefully woven, than an extension of life’s natural 

functioning. This situation will most likely only make 

sense in retrospect, as a necessary and even inevitable 

stage in our evolution, if we are able to recognize the 

implications of the situation now and very rapidly 

adapt our technology and behavior 
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