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Abstract
We show that the second law of thermodynamics for a general non-equilibrium system can
be expressed as a relationship between physical information change over time, entropy
production and physical information fluxes. It follows that a steady state system far from
thermodynamic equilibrium must embody some structural information. It must import physical
informatibn from external sources of free energy or structure to compensate for internal
entropy generation due to the loss of information from the dissolution of existing structures.
Nevertheless, the Second Law is also consistent with an accumulation of physical information
in the form of increasingly complex ordered structures ("order out of chaos"). We display a
corresponding but contrasting axiom for evolutionary biological and economic systems. This
sheds light on the role of purposive decision-making (selection) behavior and/or human
preferences as a determinant of the direction of evolutionary change. It also sheds light on
the role of selection in biological evolution. The information balance condition has significant
implications as regards the environmental impact of human economic activity.

Introduction
The concept of entropy has not progressed far since Clausius' time, even for most scientists.
In the last 50 years, thermodynamic theorists have elaborated the description of nonequilibrium states, and have given the evolutionary equations for entropy. Still the use of
entropy for analysis remains largely on the level of metaphor. Clausius' metaphor was "the
heat death of the universe". It seems to point in the direction of deterioration, exhaustion and
decay. Another is the familiar metaphor that entropy is a measure of disorder, implying that
increasing entropy means the dissolution of order. Eddington's metaphor "time's arrow" is
another one of the more powerful metaphors, albeit more neutral in terms of its implications.
In modern economic-environmental literature entropy itself is a metaphor of inevitable
decline. The "entropy school" — followers of Nicholas Georgescu-Roegen, for the most part
— can be characterized as those who argue that we cannot do anything to reverse the
inevitable but must minimalize entropy production in all economic processes, to postpone the
evil day [Georgescu-Roegen 1971, 1977, 1979]. Technological and economic progress may
be illusory; they only lead us nearer or faster to the final equilibrium state in which all
gradients and inhomogeneities have disappeared and "nothing happens; nothing can happen"1.
1 To put this in perspective, note that Landsberg has estimated that, until now, the Universe has used up only a
105 part of its potential for entropy production [Landsberg 1991].
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This negative view of entropy is startlingly analogous to the elusive phlogiston, which turned
out to be negative oxygen [Boulding 1981, p.148].
If we look at the history of the Earth, or of human civilization, it is easy enough to recognize
the tracks of time's arrow. But they point in the opposite direction, namely toward
increasingly complex but orderly structures. Brillouin was perhaps the first to see a
relationship between entropy and information [Brillouin 1950, 1951, 1953]. More recently,
Eigen — following in the footsteps of Schrodinger — has stressed the importance of
information and order in evolution [SchrOdinger 1945; Eigen 1971]. Prigogine and his coworkers have shown that order can arise from chaotic fluctuations in so-called dissipative
systems maintained in steady state far from thermodynamic equilibrium by external sources
of free energy [Prigogine et al 1972; Prigogine 1976; Nicolis & Prigogine 1977; Prigogine
& Stengers 1984; Prigogine 1989]. Some biologists have also tried to explain evolution as an
entropic process [Brooks & Wiley 1988].
The concept of the entropy law as a driver of evolutionary change has very broad implications
far beyond the narrow confines of thermodynamics. We could, for a start, restate the second
law of thermddynamics in a generalized positive form by saying that "if anything happens it
is because there is a potential for it to happen; moreover, after the occurrence, part of the
potential must have been used up". Kenneth Boulding recognized that the association of
increasing entropy with the approach to some final unchanging equilibrium state is, in fact,
rather misleading and unfortunate [Boulding 1981]. The positive version of the entropy
concept is rarely stated, but all the more important for that. We suggest hereafter that there
is a measure, "physical information", which can be derived from the entropy principle, that
can be viewed in the positive context as a potential for evolutionary change. In the strict sense
physical information is an exhaustible resource.
To emphasize this change of viewpoint, we will characterize the entropy law in- terms of
physical information, or II - potential. (We have resisted the temptation to call it Boulding
potential). Hereafter we show that this is a well-defined physical quantity. It is not directly
measurable, but it is computable from measurable quantities; in the thermodynamic sense, it
is accessible. To work with it analytically one merely has to use clear thermodynamic definitions instead of metaphors. We note that, apart from notation, nothing in the first several
sections of this paper is original. Our contribution, if any, lies in calling attention to the
economic and ecological implications noted in the concluding section.

Entropy
The Greek term entropy, introduced by Clausius, means "transformation". It is a quantity that
measures the irreversible effects of physical equilibration processes occurring in the system.
The everyday experience of diffusion and diminishing gradients (e.g. between hot and cold)
signals the tendency of any isolated system to move towards equilibrium. This tendency is
expressed by increasing entropy.
The two basic approaches to understanding the equilibration process are macro (thermodynamics) and micro (statistical mechanics). Statistical mechanics, developed initially by Ludwig
Boltzmann, defines entropy as the logarithm of the number of "microstates". The exact
2
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definition of a micro-state in classical physics remains somewhat murky, though quantum
mechanics has clarified this question considerably. In any case, Boltzmann's definition of
entropy rather suggests the order/disorder metaphor. Boltzmann's statistical approach is a
useful tool in a wide range of applications. Nevertheless the notion of "disorder" at the microlevel is really undefined. Order (like information) is normally an anthropomorphic and
subjective term while entropy (as will be shown hereafter) is a well-defined physical quantity.
Moreover, if order is given a physical definition, it is not necessarily true that maximum
entropy corresponds with minimum order and vice versa [McGlashan 1966]. Jeffrey Young
has shown that, in spite of the attractiveness of the disorder metaphor, it is useless for any
practical purpose. For instance the entropic law is not particularly relevant to the economics
of long-run resource scarcity [Young 1990].
Within thermodynamics there are significantly different approaches. There are constructions
starting from the relations of heat and work [Clausius 1865; Landsberg 1961; Gyarmati 1970],
there are constructions where heat and work are derived concepts [Tisza 1966; Callen 1960;
Samuelson 1992]. Their content is basically the same, but these approaches can be very
different in form and surprisingly different in implication. The old standard textbooks on thermodydamics start from Clausius' rule that
dS

a 8Q
T

(1)

where the equality applies only to the special case of reversible processes. This case defines
the lower limit for entropy changes. This rule suggests that entropy can actually be calculated
only for idealized quasi-static, reversible processes. It even implies that, for real processes,
entropy is not calculable. Quite a few physical scientists still believe this. In fact, as will be
seen, precise calculations are perfectly possible for all real systems where other thermodynamic variables are measurable.
Modem non-equilibrium thermodynamics began with the "local equilibrium" hypothesis
introduced by Max Planck [Planck 1892]. The foundations of irreversible thermodynamics
were laid down by Lars Onsager in 1931 [Onsager 1931a,b]. Onsager's contribution has not
been sufficiently recognized. The real success and acceptance of non-equilibrium thermodynamics is due to the Brussels school directed by Ilya Prigogine. Onsager finally received a
Nobel prize in chemistry in 1968, while Prigogine was similarly rewarded for his work in
1977. There are also several approaches to extend the realm of thermodynamics beyond the
local equilibrium. The two main groups are "rational thermodynamics" [Truesdel 1969], and
"extended thermodynamics" [Jou et al 1992]). These modifications and extensions of the
classical theory can handle the computation problems.

Equilibrium entropy function
The equilibrium entropy function for a system can be determined either from measurements,
or from statistical physics calculations. There is an axiomatic formulation of thermodynamics,
3
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that states the necessary conditions for a system to have a well defined entropy function is
given in [Callen 1960, Martinis 1992]. Here we summarize some concepts necessary for the
present discussion. In thermodynamic investigations it is worthwhile to distinguish between
the extensive variables (volume, energy) and intensive variables (e.g. temperature, pressure).
An extensive variable must satisfy two conditions. First, its time dependence is described by
the generic balance equation:

dt

=J + G

(2)

where J is the flux, and G is a generalized source term. Second, it must be additive, in the
sense that if r, Xb are values of the variables for two systems 'a', and 'b', the variable has
the value r + Xb for the combined system, consisting of the union of the two. A general rule
of thermodynamics states that all the interactions of the thermodynamic system with its
environment take place through the flows of extensive variables.
Every system can presumably be described by some set of variables. The independent set of
extensive variables necessary to describe a given system is determined essentially by trial and
error. The choice is not unique. It depends on one's purpose or (from another perspective) on
the accuracy of one's measurements.
For example, consider the air in a room. For certain purposes it is sufficient to treat it as an
equilibrium gas. But for more precise measurement one has to take into account all the
different types of molecules present in the air. In still more precise calculations one might
also consider the different isotopes. Going to extremely fine details it might be necessary to
consider the internal structures of the atoms. In real calculations it is necessary take into
account only what is important for the problem in question.
This criterion does not mean that the selection of variables is arbitrary. Thermodynamics
provides a rule for self-consistency. There are relations that will be violated if the set of
selected variables is incomplete, i.e. if one or more are missing. The most common extensive
variables in thermodynamics are the internal energy U, the volume V, the mole numbers of
the ith species Ni and the electric field E. A basic symmetry principle of thermodynamics
states that there is an intensive variable Yi for every extensive variable.
For instance, the energy differential can be written as the sum of products of intensive
variables times the differentials of the corresponding (symmetric) extensive variables [Callen
1960], [Tisza 1966] viz .

dU = E Y u idKi(3)
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where the subscript attached to the intensive variable Y refers to the corresponding extensive
variable, the superscript u signs, that they are the energetic intensive variables. (For each
extensive variable Xi, in equation 3 the corresponding intensive one has units of U/X;).
important intensive variables in this case are temperature T, pressure p, chemical potential vi,
and voltage. These are homogenous zero-order functions of the extensive variables. They have
the tendency to equilibrate in any closed system. The equilibrium state is characterized by
homogeneity of intensive variables.
In entropy calculations it is worthwhile to use the entropic intensive variables, namely
Y1s=1/T, Yis = -10T, where the superscript in this case means that the unit of ith intensive
variable is SIXe (In the following Y without superscript refers to the entropic intensive
variables.) The entropy function can be written as the sum of the bilinear products of the
extensive variables Xi and the entropic intensive ones Y viz.

s =E s iXi

(4)

For our purposes it is sufficient to know that the entropy function can actually be constructed
for any equilibrium case. A detailed derivation, including a complete discussion of all the
needed assumptions would be quite lengthy, and would add nothing essential to our argument.
Incidentally, equilibrium entropy values for a large number of chemicals have been tabulated
[e.g. Chase et al 1985].
Our next problem is to construct entropy differentials (i.e. physical information content) for
non-equilibrium situations.

Entropy in a non-equilibrium state
There are several thermodynamic approaches to derive the non-equilibrium internal entropy
of a system. In Onsager's approach the basic element is that the original non-equilibrium
system is further divided into N small parts (cells). These are large enough to be "thermodynamic" but they are sufficiently small to be considered to be in the equilibrium state
internally. The non-equilibrium entropy is expressed by the equilibrium entropy, So and a set
of a-parameters [Onsager 1931a,b]. The equilibrium entropy refers to the state that would
exist in the (isolated) system after all equilibrating processes went to completion. It can be
calculated. We denote this state by
So

)

=

e

(5)

Here Xi
, is the total value of the k extensive variable, namely the total energy, total volume,
total mole number or whatever. In the equilibrium state the kth cell is characterized by Xiok
* VkIV with respect to the
extensive variable. In a non-equilibrium state it is
5
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characterized by Xik. The a-parameters characterize the deviations of the extensive variables
from their values in the equilibrium state,
v to vgkif

=

is

pio —

{k}

(6)

The index k appears here because the original system is divided into N parts, and aiiki
characterizes the deviation of it' extensive parameter from its equilibrium value in the k th cell.
In Onsager's representation non-equilibrium entropy can be written as:

S = S

fk) LO
-EEg. a.
1 1v
{k} ij

(7)

where So is the equilibrium entropy, and

a2s

(8)

axiaxk
is the entropy matrix 2. As an example, the first matrix element is:

gla

82S

a(i/i)

1 aT

1

aE 2

aE

T2 OE

T2Cv

(9)

where T is the absolute temperature while is the specific heat 3. The requirement that the
equilibrium state be stable also implies that the entropy matrix (8) has to be positive definite.
The entropy matrix defines the relation between the a-parameters and the deviations of
intensive parameters from their equilibrium value, namely

?This matrix was introduced by Albert Einstein [1907].
3

C„ = aElOT. Specific heat represents the heat needed for a unit change of temperature at constant volume.
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6 y k = Yio

{k}

_

g {k} "{k}

(10)

A time-dependent equation for the evolution of non-equilibrium entropy can now be expressed
as follows [Onager 1931]:
dS _ E E 81,7).,;{k} + E E

di

{k} i

i borekr

where the first term on the right hand side is the entropy production per unit time, 00).
0 = E E oyi{k} j{k}

(12)

{k}

It is the sum of products of fluxes Ji and forces OJi. The relation between the forces and
fluxes is:
= ELitOJi

(13)

where L is the so called conductivity matrix.
The second term is the entropy transfer. Here the summation for border means, that one has
to sum all the fluxes incoming (outgoing) the system times the relevant intensive variable.
This sum represents the total entropy transfer between the system and its environment. The
entropy production term must be non-negative because of the Second Law of thermodynamics. It expresses the unidirectionality of spontaneous changes, or "time's arrow".
However uni-directionality is not a synonym for decay or increasing disorder, as has often
been assumed. It does not lead necessarily to increasing disorder. Unidirectionality can have,
and often does have, another side. In fact, it is often a mechanism for producing order. There
are a number of interesting examples showing the appearance of order (self-organization) in
systems far from thermodynamic equilibrium [e.g. Nicolis & Prigogine 1977].

7
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Suppose an isolated system is in a non-equilibrium state, at time t = 0. . Assume the system
was created at time t = with entropy Si. The history of entropy for the system can be
expressed:

S(t) = S,

+ fo (t)dt

(14)

where 0(t) is the entropy production per unit time. If there are no transformation processes
a = 0. Entropy production measures the changes occurring. In some sense, the entropy S of
the non-equilibrium state measures changes that have already happened and cannot be
reversed. These can be thought of as lost (though not necessarily wasted) possibilities of the
past. By contrast, a system's potential for future change is

II = So

—S

(15)

where S. is the entropy in the final equilibrium state. The quantity II delineates the scope for
potential future happenings. In an isolated system, internal processes will eventually produce
entropy as the system approaches its final equilibrium state. However, if the system is nonisolated (i.e it is connected with other systems) an amount of "useful work" TdS can be taken
out at temperature T. This work can be used to generate non-equilibrium states in another
non-isolated system. Thus II is a potential capacity to induce changes in other systems.
There are several possible names for the quantity H. In the first place, it measures the
Shannonian information content of a 'message', namely, that the system is in a particular nonequilibrium state. However, in addition to this rather technical meaning, the word 'information' is normally used in the semantic sense, both as 'data' and as 'knowledge'. To call this
quantity simply 'information' is potentially ambiguous, inasmuch as the other meanings can
interfere. We can, however, use the more restrictive terms 'physical information' 4 or potential

entropy.
There is an unavoidable ambiguity in the determination of physical information potential. This
is due to the fact that the "final equilibrium" state depends on the actual availability of
processes. The final equilibrium state is not necessarily definable. But if it is not definable
it is also not relevant. For purposes of investigating processes, an arbitrary reference state is
all that is needed. It can usually be defined for analytic convenience.
There are two generic cases. They are distinguished by whether the potential for inducing
system transformation arises from its non-equilibrium internal structure or from the system's

41slegentropy', a term suggested by Brillouin [Brillouin 1953] has a slightly different meaning, viz. -AS.
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relationship with its external environment (generally a larger system). The former is called
internal physical information potential (Hint). The latter is the external physical information
potential (Hex).
Internal physical information arises from some non-equilibrium internal structure, as stated
above. Using Onsager's Taylor series representation (7) above, it can be written as follows:
lI

int

= S —S = E E gij
1.0

aiik} V

(16)

Here IT, is the information content of the "message": the message is that our system is in a
particular non-equilibrium state. A logical interpretation of (14) might be that the physical information content of a system could be increased either by increasing its final equilibrium
entropy, keeping its actual entropy constant, or by decreasing its actual entropy, leaving final
entropy fixed. Needless to say, neither of these can occur spontaneously in an isolated system.
Might something like this occur in an open system? In effect, the notion arises that one might
somehow increase the information content (or distinguishability) of a subsystem if one could
somehow remove, or export, some of its "superfluous" entropy.
Unfortunately, this last notion is a fantasy. The two entropies, S. and S, are interlinked for
a given system. This is because entropy is transportable only by means of material or energy
fluxes. Thus, if a system loses AS actual entropy, then it also must lose a corresponding
amount AS. (>=AS) of equilibrium entropy at the same time.
Physical information content at the subsystem level can be increased only via interactions
(generally materials/energy exchanges) with other subsystems. The Second-Law of thermodynamics states that a system can only receive, destroy or transform physical information. An
isolated system cannot spontaneously create information. This is an alternative formulation
of the "heat death" notion. If all the physical information in a subsystem is lost (consumed),
there will be no further potential for change. It will be the final equilibrium state, by
definition.
External physical information potential, li ca is proportional to the thermodynamic quantity
known as 'essergy', in the U.S. or exergy' in Europe). Essergy is the theoretical maximum
useful work that is obtainable from a well-defined quantity of matter by bringing it to
thermodynamic equilibrium with its surroundings. It is also a measure of the 'distinguishability' of the subsystem from its environment. The concept of essergy ("essence of energy") was
proposed by Evans [Evans 1969]. Assume a thermodynamic subsystem with internal energy
embedded
U, volume V, pressure P, temperature T, entropy So' and molar composition

9

Entropy, Physical Information & Economic Values

in an environment (which is itself in thermal equilibrium) with pressure Po, temperature T.
and chemical potential v o. Then
B
To

(17)

where

B = U + P V -TeSoint

(18)

Thus 'led is a measure of the initial distinguishability of the subsystem from its external
environment.
In this definition, it is assumed that the surroundings are capable of supplying or absorbing
unlimited amounts of heat at temperature To and of doing or receiving unlimited amounts of
expansion work at pressure Po. In addition, we must specify the chemical composition of the
surroundings, with the understanding that . it can supply or absorb unlimited amounts of
materials of any chemical species. Then S oint is the entropy of the subsystem and So' is the
entropy of that the same system would have if it reached equilibrium with its environment.

Time Dependence of Physical Information
Differentiating equation (15) with respect to time, one obtains the time dependence of
physical information:

drib. dS 0 ds
dt

=

-

(19)

dt di

where the time derivative of equilibrium entropy, dS idt, describes the global change in the
systhm (increase or decrease), viz.

dS 0 ...Vy• dX
w dt
dt

(20)

Here Irk is the equilibrium value of the intensive variable, while dX io/dt is the net.resultant
flow in and out the system. In a steady state it is zero, of course. For non-equilibrium entropy
the time dependent equation was given by (11). The first term expressed changing internal
entropy production. It is always positive because of the Second Law of thermodynamics. The
10
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second term is the effective entropy flow (associated with materials/energy fluxes) across the
system boundary. The corresponding time dependent information change is:

dfs
dt

= -0

+E(Yk,E - E
i

border

(21)

bonier

The first term in (21) is the information loss due to internal entropy production. At first sight
this expression seems to support the "inevitability of decline" view. However, decline in the
sense of loss of order does not follow from absolute loss of physical information. Information
loss can have a double function: it does not lead necessarily to disorder or waste; it can be
a mechanism for producing order of a higher kind. Physical information embodied in structure
is necessary to transform information from one form to another. For instance, genetic
information expressed in a photosynthetic cell can transform the thermodynamic information
content of sunlight into the morphological and structural information embodied in a leaf or
a flower.
While the total quantity of physical information actually decreases in the transformation
process, new forms (i.e. higher order) may also appear at the same time. It is not true that
structure is created in contradiction to the Second Law. On the contrary, this law is probably
responsible for the existence of life and orderly structures in the universe [Prigogine 1989].
The second term in equation (21) expresses trans-boundary physical information flow. It
reflects the effect of interactions between a system and the environment. If the flow is
positive the system receives information from the outside world, while negative flux shows
that the system loses information. It can be rewritten as the difference between the inflow and
outflow of the physical information. The inflow of physical information is- given by

Iinf,in

E

border

ji,2 (1 i0 —17)

(22)

The outflow of physical information is, similarly,

/WA.=

=border
E

11

(Yio Yi)

(23)
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The appearance of Yk 's in the expressions for information flux show the subjective nature of
physical information. If the system receives AE = 1 J heat of temperature 100 °C then it has
different information content for systems of different temperatures To, as:
.66E

tis=1

(24)

The physical information of an energy packet is:

AIIs

= AE ( 1 _ 1
T

(25)

The Second Law forbids the possibility of heat flowing spontaneously from lower to higher
temperature. The receiving temperature To must not be higher, then T. Information cannot be
negative. Negative information would imply a state of some system, which is more
equilibrated then the equilibrium state. In steady state conditions the reference state (Y e To)
can be chosen semi-arbitrarily, provided the above conditions are respected. We are free to
select the idealized environment parameters for Y. In this case liof will be the essergy
(divided by 7) of the flux, or any relevant thermodynamic potential.
The information flux equation (21) can be rewritten another way:

An

=I. —I.
=Iii
—0
inf,out

(26)

In a steady state All = 0. Hence entropy production in a steady state is just equal to the net
physical information flow (inflow minus outflow).
The Second Law for non-equilibrium systems can be restated simply: In the case of a nonequilibrium system in a steady state condition (linf > 0) physical (structural) information must
exist in the system. In other words, no system lacking structure can exist in a steady state
condition far away from thermodynamic equilibrium. There is no other way to account for
internal entropy production; it must arise from structural decay or loss of order. Every "made"
structure decays, which gives rise to continuous entropy production. But natural order can also
be lost. We return to this point later.
Incidentally, rewriting (12) and (16) it is possible to compare the two expressions for
information "stock" and "decay" respectively, viz.
The information stock is

12
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n =

E aig* ak

(27)

i,k

The entropy production (the decay of information) is:

E

G

GigikLband at

Ak,a1,1

(28)

From these two equations the close analogy between the two quantities is clear. If the
conductivity matrix L is constant (or very slowly changing) then it is possible to assert that
if II increases then a must increase also.
This conclusion is important enough to warrant emphasis. In any non-isolated system that is
in a steady-state, there is both continuous creation and destruction of physical information.
The entropy law is not simply a law of dissolution: it is like the Hindu god Shiva responsible
for both destruction and creation.

Physical, Biological and Economic Selection Principles
From the thermodynamic point of view all activity (including life) is a transformation of
physical information. Under certain conditions, however, the transformation can result in a
qualitative gain. In other words, systems can evolve from states of lower to higher order
[Ayres 1993].
The Second Law states that in all information transformations there is a quantitative loss of
physical information. That is, from a given information input a smaller quantity of physical
information output is produced:

E ni Z E

usedi

produceAk

nk

(29)

There are three types of physical information losses, namely:
i) Thermodynamic loss, viz. entropy production during spontaneous transformation
processes, viz.

ii) Loss of non-renewable structural information inputs (e.g. exhaustion of high grade
mineral resources), Hon
13
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a

- E rikAto

(30)

iii) Loss of physical information embodied in waste, ;ow Mixing of 'useful' materials
or heat, with 'useless' material. Recall that physical information is potential for change.
When potentially useful forms of energy or materials are lost from the techno-sphere in
waste-streams we lose the benefit of their II potential for our own purposes. But, in
addition, this mobilized II-potential is still able to induce changes in the external
environment. These changes tend to be uncontrollable and undesirable.5
To minimize the dangers of uncontrolled environmental modification, it is clear that we must
minimize the loss of physical information from the techno-sphere. In terms of our technical
notation, lost physical information can be equated to essergy of output; A Ilwastek,out. This can
be regarded as the most general measure of the disturbance caused by human activity
The inequality (29) merely reflects the irreversible nature of spontaneous physical processes.
Nevertheless from an economic point of view it appears contradictory. Why should we labor
so hard to produce less physical information than we started with? This apparent contradiction
can only be resolved if we value some kinds of information more than others. In economic
processes a large amount of 'less valued' physical information is converted to a smaller
amount of 'higher valued' physical information. In mathematical language:

E vi iii s E
used,i

Vkk

(31)

produced,k

The distinction here is closely analogous to the distinction between "raw" (Shannonian)
information and useful knowledge [Ayres 1993]. Knowledge can often be expressed very
succinctly6. Equation (31) has to be considered as a kind of "thermodynamic" definition of
economic value. We emphasize that the value coefficients vk are not thermodynamically
determined. They reflect human preferences. Equation (31) is a selection rule. It merely says
that, in an economic system, the outputs (r.h.․) have to be worth more than the inputs (l.h. ․).
If not, the system would not function. Thus, equation (31) can be regarded as an axiom of
economics.
In the economic sphere valuation is essentially subjective in nature. Every agent has
preferences. Nevertheless if individual valuation does not "fit" the total system, the individual
will have survival problems. In the long run, preferences are partly socially determined, at
least in part. Economic valuation is reflected in market prices (and in costs). But it is well

5Humans are the result of millions of years of evolutionary adaptation to the existing (pre-industrial) environment.
We are not biologically adapted to whatever 'new' environments may result.
6Consider Einstein's formula: E=mcl
14
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known that the price system is imperfect, for some goods and some values — for example
those deriving from environmental goods and services are not perfectly represented.
We note that (31) must also apply to biological systems. An organism grows from an egg or
sperm cell to an embryo, thence through the stages of its life cycle, including the production
of more eggs and sperm. Li every time period the organism either synthesizes or consumes
food using essergy (information) from an outside source. As the organism grows, its biomass
grows and its internal structural information also grows. But a large amount of 'food'
(essergy) is needed to support a small amount of physical information embodied in genetic
material (DNA). The important point is that the structural information in the DNA has the
capability of controlling and directing the flows of much larger amounts of physical information. In the biological case higher value essentially means higher survivability.
Equation (31) is an inequality, with the same structure as equation (29). It expresses the
irreversible nature of both biological and economic processes. These irreversibilities, in turn,
account for the directionality of evolutionary change. The relation between these two
irreversibilities is very strange. The Second Law is perfectly consistent with this higher-order
type of irreversibility. For the Second Law it does not matter how or where entropy is
produced. Yet certain systems can not only survive, but utilize, the information loss (decline
or decay) implicit in the Second Law, to build and maintain ordered structures. These systems
have become known as "self-organizing".
The information balance condition for a steady state far from equilibrium has a further
implication. On the one hand, it is not true — as Georgescu-Roegen [1971, 1977, 1979]
asserts — that the economic system is essentially an unsustainable transient phenomenon
dependent exclusively on the availability of stocks of high quality resources accumulated by
past bio-geological processes. There is no "fourth law" of matter dissipation to hurry human
civilization into entropic oblivion, at least while the sun shines.7
On the other hand, the information balance condition does imply a kind of "conservation of
complexity" (or "order") for the earth as a whole. In order to accumulate economically
valuable physical information in the anthroposphere there must be some compensating
destruction of physical information (i.e. order) in the natural world. To economists, this
phenomenon is described in terms of the substitution of "produced" capital (including
knowledge) for "natural" capital. Insofar as the natural resources being exploited are minerals,
we need only worry about the physical and chemical form in which wastes are discarded into
natural systems.
More serious problems arise with regard to the biosphere. To increase the productivity of
agriculture (which is necessary to feed the growing human population) it has been necessary
to simplify many ecosystems. It is a well-known phenomenon in ecology that mature
ecosystems produce virtually no surplus biomass available for harvesting. Thus, it is necessary
7 G-R's "fourth law" was, in the first instance, suggested by the fact that mass and energy are separately
conserved under earth-like conditions. However, since mass is effectively conserved within the gravitational field of
the earth (element by element) it cannot get "lost" into outer space. It can only become less available to the extent
that more energy would be required to extract an element from a low-quality resource, such as the ocean, than from
a high-grade ore. In this sense, energy (more precisely, essergy) is, and must be, the "ultimate resource".
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to clear forested land (usually by burning) to permit colonization by more productive and fastgrowing species that colonize any newly available space. Unfortunately, this clearing and
simplification process is inevitably accompanied by the destruction of biological order
(ecosystems). It is also, increasingly, accompanied by the destruction of irreplaceable genetic
information.
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Abstract
We explore some economic implications of three simple ideas. These are as follows: (1) all
resource flows and all economic goods and services can be characterized as stocks or flows
of 'useful" embodied information, (2) the economy is an information processor, in the sense
that large quantities of low grade "physical" information are converted, by intention, into
smaller quantities of higher grade "morphological" and "symbolic" information and (3) the
most general pollutant is the physical information in the waste. Production, in the economic
system, is the conversion of low economic value information-content raw materials into high
economic value information-content goods and services.
We point out in this paper that entropy generated in the creation of economic goods or
services is not a priori damaging to the environment. Entropy, as such, is not pollution,
although it is generated by the consumption of non-renewable natural resources. What is
dangerous to the environment is the emission of material fluxes (i.e. waste streams) that are
not in thermodynamic equilibrium with the environmental systems into which they are
emitted. Temperature or pressure differentials are unimportant. By far the most dangerous
aspect of disequilibrium is differential physico-chemical composition, between the waste
stream and the environmental medium into which it is emitted. Such differentials constitute
potential entropy increase.
Eco-toxicity is, in effect, the potential of such entropic differentials for driving uncontrolled
proc,Psses that threatens the stability of organisms, ecosystems and the environment as a
whole. The most vulnerable environmental media are the atmosphere and the terrestrial
biosphere. Thus the highest priorities for environmental policy must be to protect these two
systems, above all, from unwarranted anthropogenic disturbance. The implications for
economic policy are discussed briefly.

The Economy as an Information Processor
The first major point we wish to make in the present paper is that the economic system is,
in essence, a system for processing and reducing information.' All factors of production,

Some features of the present framework were previously suggested in earlier publications, notably [Ayres 1978],
[Ayres & Nair 1984], [Ayres 1987], [Ayres 1988]
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including technological knowledge, can be regarded as forms of "condensed" or "embodied"
forms of information (Figure 1). Information is used in a technical sense, based on notions
introduced by Hartley [Hartley 1928], elaborated by Shannon [Shannon 1948], and further
developed by Brillouin and Tribus [Brillouin 1949, 1950, 1951, 1953; Tribus 1961, 1979] and
others. Basically, all forms of information can be regarded as measures of "uncertainty"
(Shannon) or "distinguishability" (Tribus).
Thermodynamic Inputs
(Raw Materials & Energy)

Final Consumption

Figure 1: The economy as an information processor
Source authors
Solar radiation is information rich because it is highly distinguishable (in terms of equivalent
`black-body' temperature) from the low temperature background radiation. High quality metal
ores contain information because their composition is highly distinguishable from the
surrounding earth's crust. Purified metals contain even more information for the same reason.
And so on.
Both resource inputs and outputs of the production process (e.g. GNP), and all factors of
production (capital, labor) can also be thought of as forms of condensed information, although
the relevant reference systems must be carefully defined, as will be seen later. These stocks
and flows of information can be measured, in principle, in terms of a common unit, "bits".
We can also identify technical knowledge as a more refined (i.e. reduced) form of
information. Not all information is knowledge, but all knowledge is information. "Useful",
in this context, merely means that it contributes to the production of useful goods and
services.
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In fact, it requires no great leap of the imagination, at this point, to interpret physical capital
stock as knowledge (i.e. useful information) embodied in material form. Similarly, various
skill levels of labor can readily be interpreted as knowledge embodied in human workers.
When capital equipment depreciates due to 'wear and tear', the (useful) information content
embodied in its design (form and function), are gradually lost. As a cutting tool loses its
physical edge, its distinguishability is obviously decreased, as is its economic productivity.
The interpretation of capital and labor as embodiments of knowledge does not alter the
desirability of taking into account the fact that the economic system also depends on a
continuing flow of available energy (or essergy). Available energy (essergy) is the "ultimate"
resource, in the same sense that all other material resources can be extracted from the earth's
crust, in principle, if enough energy is available. Energy (essergy) flux from the sun is, of
course, the ultimate source of all localized negentropic (information) accumulation on the
earth. This being so, that the solar energy flux is, in effect, a flux of information. Similarly,
the earth's store of fossil fuels can be regarded as a stock of information. Some of the latter
can be captured and embodied by biological and/or technological processes in other (even
more condensed) forms, such as capital goods or products.
Some material products are entirely consumed or dissipated in some subsequent process.
Presumably this adds value to the next product (or service) in the chain. But final goods
themselves (other than food) are not actually consumed. They produce services for some
period of time, before they "wear out". The final service may be transportation, housing,
heating, illumination, entertainment, security or whatever. But we argue that, in every case,
the service as received by the consumer can be regarded as information.
If all forms of embodied and disembodied information were mutually substitutable and interconvertible, the ratio of aggregate outputs (e.g. GNP) to aggregate resource inputs (both
measured in 'bits') would be a natural generalized measure of the state of technology at a
given time. However, the real situation is somewhat more complicated. The information
embodied in a mineral ore can only be defined in terms of its distinguishability from its
surrounding matrix (e.g. the earth's crust, or some local geological subregion). A sample of
liquid or gas is distinguishable, by similar arguments, from the oceans or the atmosphere.
Needless to say, the processes of ore concentration, smelting and refining increase the
distinguishability of the concentrated material from its surroundings; in this sense, information
has been added to the system. However, this added information had to be created somehow.
In general, it results from a mechanical action (such as centrifuging or filtration) and/or a
chemical reaction that recombines the elements using heat energy from fuel and air. The latter
is "free" but the former is itself a mineral product; moreover, the reduction/refining process
yields unwanted materials — gangue, slag — in inverse proportion to the grade of the ore.
These reaction products and/or unwanted materials are left behind as wastes.
The micro-scale compositional and structural information embodied in finished high-value
material (and the "waste" information embodied in unwanted materials, such as combustion
products) can be calculated by conventional thermodynpmic methods. But the thermodynamic
calculation yields a numerical result in units of energy/temperature per unit mass
(joules/degree-mole). This can be converted to 'bits' per unit mass by first defining
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information as an entropy difference times the proportionality factor (1/(kBlog2)), where kB
is the Boltzmann's constant.
However, materials processing in modem industrial economics constitutes a relatively small
share of value-added. The later stages in the value-added chain are quite different in nature
from the extraction, concentration, smelting/refining and energy-conversion stages. They
consist largely of processes that modify the macro-scale shape of the material, by cutting,
trimming, deforming, joining and/or assembly into complex structures or artifacts.
Increasingly, these artifacts are themselves carriers of higher (more condensed) forms of
information, namely symbols (printing, numbers) and images.
Each manufacturing operation in the value-added chain beyond the finished materials stage
adds macro-scale "morphological" information to each workpiece. In the case of a computer
chip, a magnetic tape, a printed page, or a photograph, the morphological information also
carries symbolic significance. As in the materials processing stages, there are usually some
material wastes associated with the process. A high value product like a computer chip may
be the end result of a series of intermediate process steps that generates material wastes in
quantities significantly greater than the mass of the finished product. However, these wastes
result from process inefficiencies. In principle, they could be eliminated by perfecting the
processing steps.
There are also losses of "pure" morphological (including digital) information to be considered,
as for instance, when the contents of a computer memory are wiped clean. 2 These losses, too,
generate entropy. Morphological information can also be measured, in principle, in 'bits'.
[Ayres 1989]. But, while the morphological information embodied in a macro-scale shape
may have very large economic value, it is quantitatively insignificant (in 'bits') compared to
the physical information embodied in material composition and structure. From the economic
point of view, one cannot safely assume that different kinds of information have comparable
value per bit. In short, the information-content of different constituents of the economic
system cannot be aggregated. Morphological and/or symbolic information cannot be
arithmetically added to or subtracted from the physical information associated with the microscale physico-chemical composition of a material. Some conversion factor is needed.
From the environmental standpoint (to a first approximation, at least) only the loss of
information associated with material composition/structure need be considered. This 'potential
entropy' has the potential for driving uncontrolled environmental processes.
We emphasize an important point: the assertion that all economic quantities can be considered
as forms of information and measured in 'bits' does not imply cross-substitutability. (By the
2 A type of information that is largely lost in the productive process itself can be called 'control information'.
This is information consumed during the manufacturing process for a variety of purpose, including controlling
machines or (in the case of workers) for controlling the body motions of the workers. The latter is supplied largely
by the sensory organs of the workers, especially the eyes. Process control information is also provided by mechanical
and electronic sensors, such as TV scanners or photo-cells. This information is often processed by computers and
reduced before being used for decision purposes. Much control information is wasted in the sense that it is not
embodied in the product, and the process could theoretically proceed in the absence of (much of) it. Nor does lost
control information have any first order effects on the environment.
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same token, all materials can be measured in mass units, but a unit mass of computer chips
or vitamin B-12 has very different value than a unit mass of iron ore or gravel). There are
several different kinds of information. The different kinds of information stocks and flows can
(and do) have radically different valuations in monetary units (e.g dollars). The two kinds of
units (information and money) need not coincide, any more than the relative prices of two
materials necessarily coincide with their relative masses. The traditional objective of economic
activity continues to be the maximization of output, in value terms. However, we suggest that
this maximization must be subject to a constraint on the output of potential entropy associated
with waste and discarded materials.

Thermodynamics and Economics
Twenty years ago the apparent relevance of thermodynamics to environmental economics was
two-fold. The first law of thermodynamics (conservation of mass-energy) is the basis of the
materials-balance principle. Applying this principle to environmental economics led to the
important insight that the total mass of wastes produced by an economic system must
essentially be equal to the mass of raw materials extracted (or harvested) from the earth.
Trivial as this observation may appear in retrospect, it had an inescapable corollary: that the
potential for environmental harm increases in direct proportion to the intensity of economic
activity (at least, in the sense of material production and consumption). Moreover, because
of this linkage, environmental externalities cannot be dismissed as marginal or unusual. On
the contrary, these problems are inherent and pervasive [Boulding 1966; Ayres & Kneese
1969; Kneese et al 1970].
The second law of thermodynamics states that, entropy always increases in an isolated system
as it approaches thermodynamic equilibrium. This approach to equilibrium is characterized
by the gradual decrease and eventual disappearance of gradients. Thus, temperature and
pressure differentials tend to vanish, "order" is gradually replaced by "disorder" and
everything tends toward a state of homogeneity. In effect, high quality mineral fuels and ores
in the ground can be regarded as stocks of "negentropy". While homogenized material
mixtures can be reseparated into their components, using energy, it can be argued that
recycling is inherently imperfect (and fossil fuels will run out), so economic decline is
inevitable.
In effect, economic processes are always accompanied by entropy production. It seems to
follow that, to maximize human welfare over the long run, a strategy of minimization of
entropy production should be adopted. This viewpoint was elaborated by Georgescu-Roegen
[Georgescu-Roegen 1971, 1977, 1979, 1979a]. It is still widely accepted by environmental
economists. For example, Herman Daly writes "The sources become depleted and the sinks
fill up and become polluted. The entropy law is supremely relevant because it says that sinks
cannot serve as sources" [Daly 1992].
Since the early 1970's, however, a more sophisticated view of thermodynamics itself has
gradually emerged, thanks largely to the pioneering work of Ilya Prigogine and his coworkers. The older formulation is still valid for isolated systems close to equilibrium.
However, the older formulation failed to give sufficient weight to the fact that the systems
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we live in and deal with every day are neither isolated nor close to thermodynamic equilibrium. The fundamentally new insight of Prigogine et al is that self-organized systems3 —
including all living organisms, and the biosphere as a whole — can only exist in thermodynamic disequilibrium [e.g. Nicolis & Prigogine 1977; Prigogine 1989]. The key to selforganization, in short, is not minimization of entropy production, at all. On the contrary, it
is dissipation of free energy from an external source. In fact, dissipative systems may actually
maximize local entropy production (although entropy continues to increase in the universe as
a whole). This changes the conventional picture so much that we can safely describe it as a
new paradigm.
The negative aspect of entropy, which was noticed in the 19th century and has had by far the
most influence on other disciplines, has been the implication of approaching universal
homogenization: the so-called "heat death of the universe". In economics, Georgescu-Roegen's
prescription for human economic development strategy was essentially based on this negative
interpretation of the second law, even though the usual formulation is only valid for isolated
systems4.
However, there is another face to the second law, implicit in Prigogine's work on nonequilibrium thermodynamics. It is, in effect, that entropy is actually the source of order and
structure, in the sense that increasing "order" — or "embodied structural information" — is
a necessary requisite of a dissipative system (such as the earth) far away from thermodynamic
equilibrium [Prigogine, 1989].
There is another way to think about the positive aspect of entropy, which (like much else) we
owe to Boulding [Boulding 1981]. In the older paradigm, entropy is a measure of the extent
to which "available useful work" or "availability", "essergy" or "exergy" is depleted. (These
terms are defined later). Whenever the chemical energy stored in a fuel is released by
combustion, it is converted into heat. The ability of this heat to perform "useful" (i.e.
mechanical) work is degraded as the heat is dissipated and the temperature declines toward
the ambient level. In effect, the "useful" component of the energy is converted into a "nonuseful" or "unavailable" component. This is accompanied by increasing entropy.
But, of course it follows that all "availability" (or essergy, or exergy) is also a potential

source of future entropy increase. By the same token, the difference between the actual

entropy of an existing system that is not in equilibrium, and its future entropy (after final
equilibration with the environment), is a measure of its potential for doing future work or
driving future processes. This simple insight, which also seems trivial when stated as above,
has interesting and non-trivial environmental consequences. Suppose an industrial process is
less efficient than it could be. Suppose there are material wastes that contain "unexpended"
potential entropy that was not needed, and was not used, to drive the process under
examination. These wastes (not to mention consumption wastes) are dissipated into the
environment. Of course, some entropy of mixing is generated by the dissipation itself. But,
3

A self-organized system can be characterized as a stable spatial arrangement of material fluxes and a cyclic
sequence of chemical reactions, driven by a continuing flux of free energy from some external source. Such a system
tends to endure in time as long as the energy flux continues.
4 In fact, apart from laboratory artifacts, the only isolated system we know of is the universe as a whole.
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more important, the waste material (by assumption) still has reactive potential, i.e. potential
to drive environmental processes.
As we noted earlier, it is not only unutilized exergy (i.e. waste heat or unburned fuel) that can
drive undesired environmental processes in a non-equilibrium situation. On the contrary, it
is far more likely to be the insertion of unfamiliar chemical species (i.e. chemical potentials)
in delicately balanced biological cycles that can cause trouble. At the micro-scale, very small
amounts of some chemicals are enough to disrupt life processes. In fact, we have a general
label for such disruptive chemicals: toxins. The first point we wish to emphasize in this paper
is that unexpended potential entropy increase has the potential for disruption of delicately
balanced dissipative structures, far from equilibrium. For this reason, unexpended essergy or
exergy — potential entropy increase — can be regarded as a potential for causing
environmental harm.

Definition of the Measure
Discarded physical information, or potential entropy, can therefore be a measure to evaluate
the potential human impact on the environment. We introduce the terminology "Waste IIpotential", hereafter, to emphasize that it is not a measure of actual harm done. The logical
framework for the introduction of this potential is the existence of a localized subsystem (a
production or consumption activity, or even a product) embedded within a larger and more
encompassing system that we call "the local environment". The end-state for the localized
subsystem is defined as the state our sub-system would eventually reach when it becomes
indistinguishable from its local environment or surroundings. (We do not characterize the
environment itself as being in thermodynamic equilibrium. This is important, because the
earth system is not in thermodynamic equilibrium with the universe, but is maintained in a
steady state by the constant influx of solar energy).
As noted above, the general measure of information H = S. - S has already been proposed
by Shannon, Brillouin, Tribus and others. The possible environmental significance of entropy
has also been suggested in somewhat vague terms by various writers, starting with GeorgescuRoegen, but without a clear definition of the reference state, or a useable prescription for
calculation. We define II-potential, more precisely, as stock of physical information, namely
the difference between the actual entropy of a (sub)system and its final entropy, after it
reaches equilibrium with — or becomes indistinguishable from — its local environment
[Martinis & Ayres 19945

This is true even if "the environment" itself is not in a state of thermodynamic equilibrium, but is a system
maintained in steady state by an external free energy flux. It is enough that the environment can be locally
characterized (on average) by well-defined values of thermodynamic variables, such as temperature, pressure, density,
chemical composition, and so on. Obviously the earth's surface consists of a multiplicity of such environments. Some
with vary sharply defined boundaries (such as the sea-air, sea-land or land-air interfaces); others are differentiated
by almost imperceptible gradients.

7

Waste Potential Entropy: The Ultimate Emu:ale

lI

=

- S

(1)

The subsystem under consideration — perhaps an industrial plant, or a city — will be denoted
X hereafter. Thus X, together with its "local" environment (roughly, the earth as a whole),
is assumed to constitute a distinct combination system XY. In turn, XY is embedded in a still
larger "supersystem": the universe U. The undisturbed earth Y is a stable but non-equilibrium
system maintained by a constant flux of free energy from outside. It also radiates thermal
energy into space. However, these steady-state fluxes do not reflect any process of thermal
equilibration between X and Y within the earth system. However, X is small compared to Y,
so this equilibration can be neglected for purposes of the following derivation.
The combination XY (earth, as defined above) can be assumed to conserve energy. That is,
energy influx from the sun is balanced by energy loss, as infra-red radiation, to the rest of the
universe Z. It follows that the steady-state entropy S. of Y, the undisturbed earth-system is
also constant. On the other hand, the second law implies that S (the actual entropy of the
disequilibrium combination XY) is increasing, the increase in unit time is called entropy
production a.*The two statements together imply that the entropy difference II is decreasing.
It further follows that, if II = 0, there can be no further localized equilibration process taking
place. In this case the system XY is already indistinguishable from Y. Just as in a true
thermodynamic equilibrium, "nothing happens, or can happen" thereafter. Nevertheless the
energy influx from the sun is a II - potential flux, Jn. The balance equation for the II potential is, as follows:
dIl
dt

Jn

°

(2)

Constant II - potential is necessary for steady state earth. For sustainability we have to
ensure that Jn = a.
Thus, in our definition of the II-potential the crucial element is the interpretation of
"environment". The earth system Y is not itself in true thermodynamic equilibrium with the
universe Z. A strict application of conventional rules implies that the "environment" can only
be the whole Universe. With this interpretation the II-potential would be meaningless.
Fortunately, for the majority of real problems it is possible to identify a meaningful local
environment, namely some subset of Y. For our purposes the environment is that part of Y
which is in direct contact with the subsystem X. Typically, we are talking about the (lower)
atmosphere, surface waters, soils, or biota. In the present investigation we consider only those
changes in the local environment that are directly attributable to the interactions with the
subsystem X.
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It is worthwhile to note that the combination XY (subsystem + environment) need not be
thermodynamically isolated, or even closed. It is sufficient that the interaction with the
remaining part of the Universe Z is by means of constant, balanced fluxes of energy.6

Interpretation of II-potential
For a thermodynamic characterization of the system, one has to know its extensive variables,
namely the internal energy, U, volume, V, and mole numbers M. Thermodynamics theory
states that, for every equilibrium state there exists a corresponding equilibrium entropy value,
viz.

S = S(U,V)V)

(3)

To summarize the thermodynamic relationships between entropy and II-potential, we have

S
Entropy
0,16
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Reversible processes (no heat transfer)

Work done
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A

Energy

plotted the equilibrium relationship between entropy (S) and internal energy (U) for an
isolated thermodynamic system (Figure 2), under the condition that the other extensive
variables (e.g. V,Ni) are fixed. (The picture is also valid for the more general case where V,
Ni can vary, but the representation is more complicated, being multi-dimensional). The curve
6

Matter fluxes are not theoretically excluded, though in the earth system, such fluxes appear insignificant.
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is concave (monotonically increasing with decreasing slope). The slope is the inverse
temperature:
OS
aU

=

1
T

> 0

(4)

which is always positive.
This equilibrium curve divides S-U space into two parts. Under the curve are the possible
non-equilibrium states, while above the curve are the "impossible states". The Second Law
states that, in an isolated system, if we are in state C then only the BC points can be reached
by an adiabatic process (no heat transfer). This is because an isolated system can neither gain
nor lose energy, so the internal energy (U A) is fixed. For adiabatic processes and U=const,
only vertical upward motion in S-U space is possible. If one starts from state C, then the
maximum entropy change is S(B) - S(C). This distance is the information content (or
distinguishibility) and also the II-potential for an isolated system.
The Second Law can now be restated as follows: transformation processes can occur if (and
only if) there is a non-zero potential for change, viz. n>0. In an isolated system that is
internally in equilibrium n cannot increase. On the contrary, whatever happens in an isolated
system, II always decreases: di-1/dt <= 0. Rudolph Clausius introduced the word 'entropy',
where '1:ropy' means transformation (change) in Greek [Clausius 1865]. With this meaning
S(C) is the measure of past transformations, which already occurred, while S(B) - S(C)
measures the potential for future transformations. With this history in mind, we call it IIpotential.
The connection of II-potential with the 'usefulness' of the system — its ability to do
mechanical work — can also be seen from Figure 2. Here the horizontal line of constant
entropy represents the trajectory of reversible (quasi-static, adiabatic) processes. If we relax
the reversibility condition any trajectory starting from a non-equilibrium point C, as before,
tending monotonically upward corresponds to an adiabatic process. Trajectories to the left of
the vertical segment CB represent processes such that the system does work on its
surroundings. Trajectories to the right of the vertical segment represent processes such that
the surroundings do work on the system. The length of the horizontal segment CD (reversible
processes) represents the maximum amount of useful work the system can do on its
surroundings (W = Up - UA > 0).
If we draw the hypotenuse DB, it can be seen that its slope is the ratio BC/DC, which is also
actual slope at some point along the curve DB. Thus the length of the horizontal leg of the
right triangle (DBC) is proportional to the length of the vertical leg divided by the slope of
the hypotenuse, which is a constant with the dimensions of temperature T. The actual
temperature corresponds to some intermediate point between D and B where the slopes are
parallel, viz.
7 The systems with negative absolute temperature do not have economic significance.
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B = T II

(5)

where T(B) T >= T(D).
In the special (but important) case where the external environment is so large that its
equilibrium state is essentially unaffected by the disturbance created by the equilibration of
the system in question, the situation is simpler, viz. T(B) = T(D) = T. , the temperature of
the environment. In this case, the maximum work that can be extracted from the system is
called the "essergy". We emphasize that, whenever the essergy is actually defined, it is
proportional to the II - potential. However in some important cases (below) essergy is not
definable.

Essergy and II-potential
In thermodynamics several different potential functions, in addition to the internal energy U,
were introduced by Gibbs. With modern names and symbols 8 they are: Enthalpy H,
Helmholtz' free energy F and Gibbs' free energy, G. These potentials characterize every
system in interaction with some environment. The basic assumptions are:
a. The equilibrium state is characterized by the minimum value of one of these
functions. If the system is closed, with constant entropy, the internal energy U is a
minimum. If the temperature T is fixed the equilibrium corresponds to minimum
Helmholtz free energy F. If pressure p is constant, then the equilibrium corresponds
to minimum enthalpy H. Finally, if T and p are both held constant, then the
equilibrium corresponds to minimum Gibbs free energy G.
b. The potential functions are characteristics of the system. They measure the work
needed to be done on the system to take it from equilibrium state 1 at temperature
T1 to equilibrium state 2 at temperature T2. The maximum work that can be taken
from the system, in each case, is given by the difference between the initial and final
values of the relevant potential, namely:
W = F(2)-F(1)

(6)

In most practical applications the environment is "large", and it remains unaffected by the
system. The initial and final temperature, pressure and chemical potential of the environment
are T0
, pd lo, respectively.

8Note that enthalpy and information are both commonly denoted by the symbol H. This is one of the reasons we
have chosen to use a different notation.
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Waste Potential Entropy: The Ultimate Ecotadc

Like internal energy, the classical thermodynamic potentials above have absolute values
defined completely by the internal state of the system under consideration and independent
of its surroundings. One can, of course, compare the state of the system under different
conditions (constraints) keeping one or more of the variables fixed and allowing others to
vary. This can be done either for an isolated system, or for a system in thermal, mechanical
or even chemical contact with the external environment. The internal equilibrium condition
for the system in each case corresponds to minimizing one of the classical potentials. These
relationships hold regardless of the state of the external environment. (Nothing whatever is
implied about the state of the external environment, beyond its mere existence and its ability
to transfer heat, pressure or chemical species in or out). This is obviously a very idealized
picture.
The foregoing is not applicable to essergy, because essergy is only defined for a system in
relation to its external environment. Essergy can be thought of as a more general thermodynamic potential in one particular sense. H,F and G are defined only for equilibrium states of
the system, and from them it is possible to determine the maximum work the system can do
(or which can be done to the system) under specific constraints. By contrast, essergy measures
the maximum available work that can be extracted from a system and its environment jointly,
as the system approaches equilibrium with its environment. The system is characterized by
a set of (non-independent) variables E, V, N 1 , S while the environment is characterized by
To,p0, Here the system in question is not necessarily in internal equilibrium. A function
di similar to essergy was proposed in the last century by both Maxwell and Gouy [Jouget
1909].
= E +p

- T

(7)

A generalization has been discussed by R.B.Evans who used the name "essergy" (for "essence
of energy").9 The essergy for a system with energy E, volume V, entropy S and mole number
N is defined by Evans as follows:

B = E - 2" eS + p -

E

(8)

9 The name "exergy" (German: "Exergie") is sometimes erroneously confused with "essergy". It was proposed
by Z. Rant in 1953 in Lindau, and was fast used by German power and refrigeration plant engineers. The exergy per
kg of a process stream is defined as:
Exergy = H - Ho + To(S-S.)
where H is the enthalpy. Like essergy, exergy is only defined for a system in relation with its external environment,
but chemical interactions are excluded. It essentially defines the maximum work that can be done by a system by
means of temperature and pressure alone. (In practice, it is applied to steam or a refrigerant fluid).
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This form is not convenient for practical calculations, however. We now return to our main
theme.
Calculation of the II-potential
By definition II-potential is the entropy difference between two states of nature, the initial
state and an ultimate state after the system has equilibrated with its environment, viz.
II

= (Ssystem + Se

„)

. - (54y + Se,„,)

(9)

Assuming the two states are not "too" far apart, it is convenient to carry out a Taylor-series
expansion in the differences of the different variables:

Se(E.,+AE,V.+AV,....) = S.(E.,,,V„,„...) +

(as.,\
1 a2 s '
AE 2 +...
aE ,AE +...+ —(

2 8E2

(10)

Only the first of the second order terms is displayed explicitly. The others are similar in
structure. Here the subscript symbols are: index e for environment and o for the long run
and the
equilibrium, so the long-run equilibrium value of energy of the environment is
+ AE and similarly for the entropy of the system:
initial value is E =
as

"

=

i(a2s

AE + —.2-°)AE 2 +... (11)
aE
2 aE2
-(

,, the initial one is
The subscript s refers to the system; the system's equilibrium energy is Es
E. - AE. The first order terms cancel each other because
as.,
aE

1
OE
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The second order term from equation (9) can now be rewritten:

a2s

1)
8E_
-

8E 2aE

1

aT

= -

T2 8E

1

(13)

T2cv

where
aE

C
, =

(14)

aT

is the specific heat at constant volume. The energetic term in II-potential is:

nE

4AE)2
1
2

1 (AE)2
2T2C,,e2T

Cse

(15)

The first term is negligible if the environment is much larger then the system, so C„. » Ca).
Similar arguments can be given for the other equilibration processes. The general form for
all the second-order terms can symbolically written as:
n =

E4k &L

',

(16)

where gilc is the symbol for the (negative) second derivative of entropy with respect to
extensive variables Xi and Xk,
a2s
=

axiaxk
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From equation (12) it follows that g 11 = 1/(T`Ct ). The matrix g defines the deviation of the
intensive variables Y from their equilibrium value, whence.
tark = Eg&Ark

(18)

H = E AYAXi

(19)

The II-potential can be rewritten.

Here all the calculations were made (implicitly) for the case of a small system in a large
environment, insofar as the latter is unaffected by the former. It is straightforward to
generalize for the case where the environment is finite and the impacts are mutual. Actually,
the second order changes in the environment also appeared explicitly in equation (14) above.
If, in a reasonably large environment, there are several systems to consider, then the total Hpotential is the sum of several components with different physical interpretations:
H=E
a

(20)

We discuss the major components in more detail in the next section..
Interpretation:

The final result is that the II-potential can be considered to be the sum of contributions from
thermal interactions (heat flow), mechanical interactions (pressure changes), and physicochemical interactions (diffusion & mixing, molecular recombination). If need be, electric,
magnetic and other forces can also be taken into account.
a. Thermal interactions involving heat flow (already discussed):
1 (1
H AE = 1 ATAE
II = --A
2 T
0
27'2

By definition of the heat capacity, C„ we can say that AE = Cv(To - T), whence
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(22)

nr = C T°ToT

b. Mechanical interactions involving compression:
= -1,6(P )AV = - 1 Ap AV
2 T
27',,

limed:

(23)

introducing the compressibility: K = - (AV/V)(p/Ap), (22) can be rewritten

rinsed, =

1 (lc/ (1)012)2
2T
P.

(24)

c. Chemical reactions and diffusion:

nth.

= E 1ary •
i To en"'w

='/NT

Tio

-E

Tio

T

(25)

where the first and third terms in (24) can be combined

E -Tie-k-ry

•

-

E-11'/N

Tie

• =

E

(26)

T

The second and fourth terms in (24) can be recombined by adding and subtracting a term
containing the mole numbers N* of reaction products:

E

=hi
Tio s

T

-E-Lie • +E- Lic • -E

Tio

T
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Thus, the last pair of terms taken together refers to entropic changes resulting from chemical
reactions only. They can be rewritten in terms of the Gibbs potential (essentially, the heat of
formation) for the chemical reactions that occur:
_LAT = AG
E T
To

nreactior = E

t T

(28)

On the other hand, the first two terms in (24) together with the environment term (23) yields
the entropy change resulting from diffusion and mixing:
29)
r &in = E =
`

g

iTo

E

—
E =iv * • = E
"

(=e--LXNio—N*
To T

The final result, substituting (27) and (28) into (22) is:
AG +

= To

r

—N Ss)

T
o T

(30)

There are two limiting cases where the mixing term can be simplified considerably and
expressed in terms of the concentration values c i = in an ideal gas approximation
where = RTlogc, R being the ideal gas constant (8.2 Joules/K):
Case (i):

Then in the ideal gas approximation, No 0 = Vcio, and No = Vci,
whence it follows that

(31)

A(7,) = RAc

This, in turn, yields

fluxing

= ERV
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Case (ii):

1, and ck, 1.
g = -ERNilogck,

(33)

Implications
To summarize, the economic system can be considered to be a kind of information processor.
It converts materials with low value and information content into materials with high value
and information content. In so doing, waste materials are discarded.
The potential for environmental harm attributable to such wastes depends on their "distance"
from equilibrium with the local environment. Thus, the potential for future entropy generation,
as such materials approach local equilibrium with the environment, is a measure of their
potential for driving uncontrolled chemical or physical processes in environmental systems.
Eco-toxicity is nothing more nor less than the potential for environmental disturbance. Thus,
potential entropy can be regarded as a measure of eco-toxicity.
These potentials can actually be calculated in practice, given sufficient data. Examples will
be discussed is subsequent papers. However, several points can be made immediately. First,
on the earth's surface neither thermal nor mechanical components of entropy are significant
in most cases. This is because most anthropogenic activities occur in conditions of ambient
temperature and (atmospheric) pressure.
Second, since the potential for environmental harm depends on the differences between the
chemical composition of the discarded materials and the composition of the environmental
sink into which they are discharged, there is significant potential for matching wastes with
localities. For instance, saline waste streams obviously do less damage if introduced into the
ocean, than if they are discharged into fresh water.
Third, from simple mass considerations, it is obvious that waste discharges will do much less
harm if introduced into the deep ocean or into properly constructed landfills, old mines or
other deep cavities in the earth (where the equilibration process can be extremely slow), than
if they are discharged into the atmosphere or anywhere directly accessible to terrestrial biota.
A final point seems worth mention: potential entropy can be calculated for specific products
in the "life cycle" sense. Such calculations would be objective and quite precise, given
reasonably accurate process information. This satisfies the basic requirement for a tax base.
That is to say, products could be taxed, in theory, on the basis of their life-cycle potential
entropy. This sort of tax would be theoretically better than water taxes, carbon taxes, energy
taxes or other possible "effluent taxes" that have been proposed.
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