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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. We show that a steady state system far from
thermodynamic equilibrium must embody some structural information. It must import physical
information from external sources of free energy or structure to compensate for entropy
production 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.

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 non-
equilibrium 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, 1979]. Technological and economic progress may be
illusory; they only lead us nearer or faster to the final equilibrium state in which all gradients
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and inhomogeneities have disappeared and "nothing happens; nothing can happen" 1. 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 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 co-workers 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 thermodynamics 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 perhaps Boulding potential. Hereafter we show that H - potential or
Boulding potential 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.

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)

1
To put this in perspective, note that Landsberg has estimated that, until now, the Universe has used up only

a 1045 part of its potential for entropy production [Landsberg 1991].
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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 (thermody-
namics) and micro (statistical mechanics). Statistical mechanics, developed initially by Ludwig
Boltzmann, defines entropy as the logarithm of the number of "microstates". The exact
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 micro-
level 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
thermodynamics start from Clausius' rule that

dS Z Q
T

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 thermodynam-
ic 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 1931]. The real success and acceptance
of non-equilibrium thermodynamics is due to the Brussels school directed by Ilya Prigogine.
Onsager received the Nobel prize in chemistry in 1968, while Prigogine was 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.

(1)
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Equilibrium entropy function

The equilibrium entropy function for a system can be determined either from measurements,
or from statistical physics calculations. An axiomatic formulation of thermodynamics. 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:

dX 
=J + G

dt

where J is the flux, and G is a generalized source term. Second, it must be additive, in the
sense that if Xa, X' 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 E, the volume, V and the mole numbers
of the ith species A basic symmetry principle of thermodynamics is that there is an
intensive variable Yi to every extensive. 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 .

dE = EY e idX
	

(3)

In other words, for each extensive variable X1, the corresponding intensive one has units of

(2)
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EIXi. The intensive variables (e.g. temperature, pressure, chemical potential, voltage) 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. Yls = 1/T, = -Y;`/T. Thus, the entropic intensive variable belonging to
volume is PIT. The entropy function can be written as the sum of the bilinear products of the
extensive variables Xi and the entropic intensive ones Yi viz.

S =EY s	 (4)

As an example, for black-body radiation Y1 = 11T, 1'25 = pIT while X1 = U, X2 = V.

Using Stephan-Boltzmann's Law

U = crT4V
	 (5)

and the formula for radiation pressure [Callen 1960]:

P

	

	 (6)
3 V

It follows that the entropy is given by

S=	 P v = 4 01/4u3/4v1/4
T 	 T	 3

The entropy function can be constructed from the intensive quantities, ri =
In practice, the elements of the 'entropy matrix'2 are derivable:

ay

gi,k = 	
 =—

axiaxk	ax,

As an example, the first matrix element is:

	

a2s	 =aorr)	

- 

1 ar	 1

51,1 =

	

aE 2	 dE	 T2 aE = - T2Cv

where T is the absolute temperature while C„ is the specific heat3. The requirement that the

This matrix was introduced by Albert Einstein [1907].

3 = avar. Specific heat represents the heat needed for a unit change of temperature. Index V shows that
during the process V = constant.
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equilibrium state be stable also implies that the entropy matrix (8) has to be positive semi-
definite.

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 "thermody-
namic" 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 1931]. 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 = So(X10,X0,...,X.) 	 (10)

Here Xio is the total value of the id' extensive variable, namely the total energy, total volume,
total mole number or whatever. In the equilibrium state the kth cell is characterized by

=- *V k/V with respect to the extensive variable. In a non-equilibrium state it is
characterized by Xik. The a-parameters characterize the deviations of the extensive variables
from their values in the equilibrium state,

v LEI vut
pa	 fa

cti

	

	 	 =
Vt'}

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

	

S =se -EE	 V
LO wg.. a. a.

41	 I	 J
{k} is

where So is the equilibrium entropy.

A time-dependent equation for the evolution of non-equilibrium entropy can now be expressed
as follows:

-TttiS = ° + E E vt)

	

i	 border

(12)

(13)
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where 0(0 is the entropy production per unit time. It is the sum of products of fluxes and
forces. Forces, in turn, are essentially intensive parameter gradients. The second term is
something new: entropy transfer. 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].

Numerical value of entropy

In principle we can calculate the numerical value of the entropy belonging to a state, once
the state is sufficiently defined. However, the numerical value of entropy for a particular state
has no useful meaning. The same value of entropy can be assigned to a small system in
equilibrium state or to a large system far from equilibrium. 5 In effect, quantitative
calculations can only be used for comparing two states of a system, or comparing the states
of two different systems.

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

S(t) =	 + fa(t)dt	 (14)

where 0(0 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

4 The entropy production can be calculated, as it is a = E 	 or, with the a-parameters, OYi = E gikak
1

and the relation between the forces and fluxes is: J, = E Liki5Yk , where L is the so called conductivity matrix.
k

s Thus, a liter of gas at room temperature and normal pressure has the entropy S of 12 J/K. From Eioltzmann's
statistical interpretation of entropy one can say that then the number of microstates belonging the actual macrostate
is ems. To define the microstate of this gas we need S/k bits of information or 610 23 bits for the system as a whole.
This data would be needed to completely define the microstate. However given the average human capacity for
processing information, it would take slightly longer then the lifetime of the Universe for a human brain to acquire
this quantity of data. But, if the gas goes to a new equilibrium state, with entropy of 10 J/K then it follows that 20%
less time would be needed by a human brain to "learn" the microstate.

7
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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 So is the entropy in the final equilibrium state. The quantity n delineates the scope for
potential future happenings. In an isolated system, internal processes will eventually produce
entropy H, as the system approaches its final equilibrium state. However, if the system is non-
isolated (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 H 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 non-
equilibrium 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 term 'physical informa-
tion'6 or Boulding potential.
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
relationship with its external environment (generally a larger system). The former is called
internal physical information potential (H int). The latter is the external physical information
potential (Ilext).

The internal physical information arises from some non-equilibrium internal structure, as
stated above. In Onsager's representation it can be written as follows:

int	 EE	 ik)

	

= So -S=gi 	ai V ttl

uaw

Here IIs is the information content of the "message": the message is that our system is in a
particular non-equilibrium state. A logical interpretation of Equation 16 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

6 `Negentropr, a term suggested by Brillouin [Brillouin 1953] has a slightly different meaning, viz. -AS.

(16)
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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, So 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 AS0 ( � 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, Ilea 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 'distinguishabi-
lity' 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
U, volume V, pressure P, temperature T, entropy So' and molar composition N,, embedded
in an environment (which is itself in thermal equilibrium) with pressure Pc, temperature To
and chemical potential Ike
Then

next =	 — S int = B0	 0	 To

where

B = U + P 0V - T dS oint -E v ion i	 (18)

Thus IL 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 So' is the entropy of the subsystem and Sow is the
entropy of that the same system would have if it reached equilibrium with its environment.

(17)

9
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Substituting (18) in (17) we obtain:

U + Py -TdS iw - E v. n.0	 g (19)

To

Essergy is definable for a subsystem that is internally in an equilibrium state. This condition
holds for many industrial subsystems (to a reasonable approximation) and is correspondingly
quite useful as an operational tool. But when the subsystem is not in internal equilibrium, a
different analytic approach must be used, as discussed hereafter.

The total physical information content of a system in a non-equilibrium state, with respect to
a distinguishable environment, can be estimated as the sum of its essergy information plus
its internal structural information:

III = S:a - S = Hext + II

This sum defines the total available work that can be performed by a non-equilibrium sub-
system on its external environment.

Time Dependence of Physical Information

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

dSo dS
=	 -

dt	 dt	 dt

here the time derivative of equilibrium entropy, dS0/dt, describes the global change in the
system (increase or decrease), viz.

dX,d-50 _ y
dt	 w dt

Here Yk, is the equilibrium value of the intensive variable, while dKoldt 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 (13). The first term expressed changing internal
entropy production. It is always positive because of the Second Law of thermodynamics. The
second term is the effective entropy flow (associated with materials/energy fluxes) across the

III =

(21)

(22)
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system boundary. The corresponding time dependent information change is:

dr1
= -0 E

i
(y. E J. - Ei° border	 I	 bonier

i) (23)dt

The first term in (23) 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 (23) 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

'inf,in = E Ji4„ (Yio Y,)	 (24)
border

The outflow of physical information is, similarly,

linf,out = E i,out(Y	 Yi)
	

(25)
border

The appearance of YT's in the expressions for information flux show the subjective nature of
physical information. If the system receives AE = 1J heat of temperature 100 °C then it has

11
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different information content for systems of different temperatures T., as:

AS° = AET

is:

AS= AE (26)
o

The physical information of an energy packet

T

All, = AE 1	 1 )
(y, - (27)7,

The Second Law forbids heat going 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 (Ye 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 7.,f will be the essergy (divided by 7) of the flux,
or any relevant thermodynamic potential.

The information flux equation (23) can be rewritten another way:

A II = i.e. 0.. - /inf., - a
	

(28)

In a steady state AII = 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 non-
equilibrium system in a steady state condition (Ii.j. > 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. Every structure decays, which
gives rise to continuous entropy production.

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

12
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physical information. That is, from a given information input a smaller quantity of physical
information output is produced:

E	 E nk
used,i	 produced,k

	 (29)

There are three types of physical information losses, namely:

i) Thermodynamic loss, viz. entropy production during spontaneous transformation
processes, viz.

a = 2 IIim - E nkx,„	 (30)

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

iii) Loss of physical information embodied in waste, flout. 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 Boulding potential for
our own purposes. But, in addition, this mobilized Boulding potential is still able
to induce changes in the external environment. These changes tend to be
uncontrollable and undesirable.7

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; Ankwast/ka . 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 ni s E V kiik.	 (31)
used,i	 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

7
Humans 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.
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succinctly8. 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
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. In 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".
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