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ABSTRACT

An analysis of the entropy generation and the entropy production principles is carried
out. Entropy generation principle is obtained from the entropy balance for open systems
with non-linear solution and considering the lifetime of any natural real process. The
conditions of the stability of the open systems steady states are obtained in order to use
the entropy generation maximum principle to analyze real open irreversible systems with
non-linear solution.
Keywords: Entropy generation, entropy production, irreversibility, real and non-

linear system, open systems' steady state
INTRODUCTION

In the linear response regime, near thermodynamic equilibrium, it is well known
that the constitutive equations of motion can be obtained by using the
variational principle of least dissipation (Bruers, 2007a) and the unique steady
state can be found by minimizing the entropy production under some physical
constraints (Kondepudi & Prigogine, 1998). By using other constraints, the
constitutive equations of motion and the steady state can be found by
maximizing the entropy production (Bruers, 2007a; Ziegler, 1983; ZÆupanovicÆ et
al., 2004).
The situation far from thermodynamic equilibrium, with non-linear dynamics
and non-linear response, is much more dicult; indeed, far from equilibrium the
description not only involves thermodynamic constraints, but it is also highly
dependent on the kinetics. As Bruers (2007a,b) has underlined, entropy
production is a fundamental notion in irreversible thermodynamics, because it
links entropy (thermodynamics) to time (kinetics). Bruers pointed out that
``Besides successes of the near-equilibrium (linear response) MinEP and MaxEP,
there is also some renewed interest in a non-linear MaxEP, for systems far from
equilibrium, from complex chemical reaction systems to ¯uid systems or even
ecological and climate systems.'' Recent reviews also formulated another
entropy production hypothesis (Bruers, 2007a) called the gradient response
principle. The minimum entropy production and the maximum entropy
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production principles, summarized in details by Bruers (2007b) in the `least
dissipation', the `near-equilibrium (linear) minimum entropy production'
(MinEP), the `near-equilibrium (linear) maximum entropy production'
(MaxEP), the `far-from-equilibrium (non-linear) non-variational MaxEP', the
`far-from equilibrium variational MaxEP' and the `optimization MinEP', are
formulated for a ®xed external thermodynamic driving force (external applied
gradient), whereas the gradient response studies the behaviour of the entropy
production in the selected steady state, when the external gradient increases. The
intuition behind this principle is that when systems are pushed further away
from equilibrium, they will try harder to get to equilibrium. The gradient
response hypothesis roughly states that the steady state EP (maximally)
increases when the external applied gradient increases. With this model we can
easily demonstrate that there are actually dierent MaxEP principles in use in
the literature. Apart from the distinction between linear and non-linear
principles, one can make a distinction between steady state principles and
transient principles as Bruers (2007a) himself states. In entropy production
analysis, `far from equilibrium' means `far from global equilibrium, but still very
close to local equilibrium', so that local intensive quantities, the framework of
local thermodynamics, can be still used (Bruers, 2007b; Kondepudi & Prigogine,
1998).
Bruers (2007b) underlined that ``far from thermodynamic equilibrium, and
with non-linear dynamics, a general variational principle is not known to exist,
but regions, where some principles can be applied, can be de®ned and described,
involving not only thermodynamic constraints, but the balance or constitutional
dynamical equations of the system. As entropy and entropy production are such
fundamental notions in irreversible thermodynamics, it is tempting to look for
macroscopic entropy production principles''.
In this paper the entropy generation maximum principle is analyzed in
relation to its general and global approach which allows the scientists and the
engineers to study real open irreversible systems, with non-linear response too.
The aim of this paper is to obtain the conditions of the stability of the open
systems steady states and to use the entropy generation maximum principle to
analyze natural and human designed systems. To do so the thermodynamic
open non-linear and real system is introduced in the next section, in the section
after that the entropy generation is discussed and in the last section some
consideration on the principle of stability for the open systems stationary states
are proposed.
THE OPEN SYSTEM IN TECHNICAL PHYSICS

The systems considered in this paper are the irreversible open systems with both
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linear and non-linear solution. Consider an open, continuous or discrete, N
particles system. Every i-th element of this system is located by a position vector
xi , it has a velocity i , a mass mi andPa momentum i  mi i , with i 2 [1,N].
The total mass of the system is m  i mi and its density is . The position of
the centre of mass is B and its velocity is de®ned as B  Pi mi i=m, while the
mean motion velocity, called diusion velocity, is de®ned by the relation
i  i ÿ B . The total mass of the system must be a conserved quantity, so it
must satisfy the following relation   r 1 B  0. This global analytical
relation must be veri®ed also locally, with the relation i  r 1 i   i where
i is the density of the i-th elementary volume and
is a source generated by
matter transfer, chemical reactions or thermodynamic transformations. For an
open system, as just described in macroscopic way, the equation of the entropy
balance is:
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where s  S/V, with S entropy, is the entropy density and JS is the entropy ¯ux
de®ned as:
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with heat ¯ux Q and speci®c entropy si  Si/m. Entropy is de®ned as a sum of
heat supplied divided by its temperature: if a certain small amount of heat Q is
supplied quasi-statically to a system with a temperature T, the entropy of the
system will increase by an amount:
S

Zfs Q
is

T

rev

3

where S is the entropy variation of the system from the initial state (is) and the
®nal state (fs) of the process,  represents an in®nitesimally (better elementary)
small change of a path function. Heat can be supplied by conduction, by
convection, or by radiation. When the heat from the system is extracted, the
entropy of the system will decrease by the same amount: the entropy of an open
system, which exchanges heat and mass with its surrounding system, can either
increase or decrease, depending on the direction of the heat exchange. This is
not a violation of the second law of thermodynamics since the entropy increase
in the surrounding system is larger. Second law, the law of entropy increase, is
always valid for a whole isolated system, so it remains valid also for open
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systems if the system and its surroundings/environment are considered as a
whole system: when we sum up all the changes of entropy of interacting
subsystems, the total change must be non negative (Kittel & Kroemer, 1980).
The stability of an open system can be measured in terms of a certain
dimensionless parameter and when such a parameter exceeds a certain critical
value, the system is no longer stable against small perturbations; it follows that:
1 - if  denotes the dimensionless of observation and lim denotes a
characteristic constant for the formation of an unstable structure in the
non-linear phenomena it follows that  > lim.
2 - if  denotes the time scale of observation and lim denotes a characteristic
time constant for the formation of a unstable structure in the non-linear
phenomena it follows that  > lim.
When the two conditions are satis®ed, instability develops fully in the system.
In phenomena out of equilibrium, irreversibility manifests itself because
¯uctuations of the physical quantities, which bring the system apparently out of
stability, occur symmetrically about their average values; the statistical physical
analysis allows to obtain that the probability of occurrence follows a universal
law and the frequency of occurrence is controlled by a quantity that has been
related to the entropy generation (Lucia, 2008a, b). Moreover, it should be
noted that the maximum work is not in general attainable for natural systems
where irreversible processes are inevitable. A part of the heat is conducted
directly to the cold reservoir without doing any work. This leakage of heat
results in the reduction of the work W obtained. In addition, there is a natural
tendency of dissipation of mechanical energy into heat energy by various kinds
of irreversible processes. According to this natural approach, all processes must
follow the law of energy dispersal (Duhem, 1889; Gouy, 1889a, b, c; Lucia,
1995, 1998, 2007, 2008a,b; Lucia & Grazzini, 1997).
These considerations must be taken into account in the formulation of a
general model of analysis of the thermodynamic processes and must be
expressed introducing a quantity useful to obtain the stability of the steady
states.
ENTROPY GENERATION

To introduce the entropy generation some consideration must be pointed out
(Lucia, 2012a, b):
1 - an open irreversible real non-linear system with non-linear response must
be considered;
2 - each process has a ®nite lifetime  ;
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3 - what happens in each instant in the range [0, ] cannot be known, but what
has happened after the time  (the result of the process) can be well known
(Prigogine, 1947, 1961) (at least it is sucient to wait and observe);
4 - for open system the entropy cannot be de®ned (Serrin, 1979), but the
entropy balance equation can be introduced;
5 - the entropy balance equation is a balance of ¯uxes of entropy and energy;
6 - the Gouy (1889a, b) principle works for real systems and has been used by
Stodola (Stodola, 1905) in designing real machineries.
The usual thermodynamic analysis is based on the variation of the entropy
and two components for the entropy are considered: one related to external
exchange dex S  Q=T, with heat Q exchanged and temperature T, and the
other related to the internal origin dinS  ÿXd , with X non-conservative forces
and extensive thermodynamic quantities. Entropy S of the whole system (the
volume control and the surroundings/environment) is a state function
depending only on the equilibrium state of the system considered and only
entropy dierences can be evaluated in the lifetime of the process  and
dS  dex S  din S and the equation of entropy balance for the system results
(Lucia, 1995):
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with entropy ¯ux S, heat Q, density , and position x and the sux B means
centre of mass. The quantity Se should be better de®ned as the entropy
variation that will be obtained exchanging reversibly the same ¯uxes throughout
the system boundaries. The introduction of entropy generation Sg comes from
the necessity to avoid inequalities and use only equation from mathematical
point of view. Nothing is really produced. It is de®ned as:
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with temperature Ta of the surroundings/environment, mass ¯ow G, work
dissipated for irreversibility Wlost, the power dissipated for irreversibility Wlost,
the speci®c entropy per unit time sand the lifetime  of the process. Then
entropy is nothing but a parameter characterizing the thermodynamic state and
the term due to internal irreversibility, Sg, measures how far the system is from
the state that will be attained in a reversible way.
_

_
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CONCLUSIONS

Technical and energy physics, engineering thermodynamics and energy
engineering are the sciences which study both energy conversion and the best
use of available energy resources: energy and energy transformations, including
power production, refrigeration, and relationships among the properties of
matter. Energy is a thermodynamic property of systems and, during an
interaction it may change from one form to another, but the total amount of
energy of the whole system always remains constant. The second law of
thermodynamics states that energy has quality as well as quantity, and actual
processes occur in the direction of decreasing quality of energy.
Thermodynamics plays a key role in the analysis of systems and devices in
which energy transfer and energy transformation take place. It has been
emphasized that ``Nature allows the conversion of work completely into heat,
but heat is taxed when converted into work and, also, a careful study of this
topic [energy] is required to improve the design and performance of energytransfer systems'' (Dincer & Cengel, 2001). From the conservation of energy,
both the system and its surroundings are increasing in entropy, which means
decreasing in available energy, when mutual dierences in energy densities are
levelling o as a result of the processes. These conclusions stem from the same
statistical theory (Lucia, 2009; Sharma & Annila, 2007) that has been recently
applied to understand a lot of evolutionary processes (Annila & Salthe, 2009).
The second law is found to yield functional structures, hierarchical
organizations, skewed distributions and sigmoid cumulative curves that also
characterize physical, engineering, biological, chemical and economical
processes.
An open system has been de®ned as an energy transduction system. To
describe its characteristics and evolution using the statistical physics of open
systems, all entities of the system are regarded as systems themselves. Each
entity is associated with an energy density that results from its physical
production processes. Its evolution, as ¯ows of energy, will direct through
available paths, allowed by the constraints, from high densities to low densities
(Annila & Salthe, 2009). Entropy quanti®es the system's evolution toward
increasingly more probable states, while entropy generation describes its
irreversibilities (Lucia, 2008a). Dierent entities can be distinguished in
energetic terms, but not by its con®gurations. The driving force of any process is
the free energy (Jarynski, 2008), known also as exergy (Gouy, 1889a,b),
including any external in¯ux and work. The total force, when positive, makes
the production a probable process, the energy ¯ow is, statistically speaking,
always downhill. According to this natural approach, all processes, regardless of
being either conscious or unconscious, must follow the law of energy dispersal
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(Gouy, 1889a,b). Carnot general conclusion (Carnot, 1824) about heat engines
is that there is a de®ned limit for the conversion rate of the heat energy into the
kinetic energy and that this limit is inevitable for any natural systems including
the Earth's atmosphere (Ozawa, et al., 2003).
In 1889, Gouy proved that the lost work (or lost energy) in a process is
proportional to the entropy generation (Gouy, 1889a,b). Entropy generation,
called also irreversible entropy or entropy due to irreversibility, has been proven
to be the quantity which allows us to describe the evolution of non equilibrium
dissipative processes towards the stationary states (Lucia, 2008a, b); indeed, it
has been proved that a open system develops towards stationary states following
the thermodynamic path which maximizes its entropy generation under present
constraints (Lucia, 1995).
The principle of increasing entropy generation is not only about increasing, but
increasing as fast as possible (Lucia, 2008a). A system is capable of assuming
many con®gurations will tend to assume the one, or frequently return to the one,
that maximizes the rate of dissipation of the powering energy gradients. This
dissipation promotes entropy generation even when some of the energy is
captured as exergy because of the energy eciency of any work (Annila & Salthe,
2009). Natural selection, for the most eective mechanisms of energy dispersal, is
often pictured to be driven only by mutual competition, sometimes referred to as
an arms race, where as less attention has been given to the gains that are obtained
by evolution to hierarchical organizations, sometimes viewed as co-evolution or
co-operation (Annila & Salthe, 2009). The energy gradients are the motive forces
of physical process just as they are of economic activities but Annila & Salthe
(2009) pointed out that these forces are not sensed by the system when there is no
mechanism to funnel the ¯ows of energy: this stationary state will change ®rst
when a production line, as a mechanism of energy transduction, begins to pump
out a particular ¯ow. In terms of statistical physics formulation of evolutionary
theory those mechanisms that channel most of the energy are naturally selected
through the ¯ows. According to the self-similar hierarchical theory, natural
selection is systemic notion since a mechanism is an open system (Lucia, 2007;
Annila & Salthe, 2009).
The relationship between the entropy production principles and maximum
entropy generation is not simple; indeed, these principles are absolutely dierent
because they include dierent constraints and dierent variable parameters,
dierent approach to the system (linear for the ®rst and both linear and nonlinear, for the second) and to its lifetime (continuous becoming in time for the
®rst, de®nite lifetime of the process for the second). But these principles are not
mutually opposed because they are applicable to dierent boundary conditions
of an open steady or non-equilibrium systems and they have one dierential
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order of dierence in time, so they must have dierent sign of their ®rst
dierentials. The same opinion is expressed in Hillert & Agren (2006). The
Prigogine principle is an universal principle governing the evolution of nonequilibrium dissipative systems, but only linear, while the entropy generation
principle can describe all real open system, both linear and non linear.
Bruers (2007a,b) made a comparison between dierent Entropy Principle
showing the existence of many dierent extremum entropy principles covering
dierent ®elds of experience and, in general, not con¯icting because their
boundary conditions and constraints are very dierent. But, in the last decades,
the fundamental role of entropy generation has been pointed out in the analysis
of real systems and an extremum principle for this quantity has been introduced
(Lucia, 1995, 2008a, 2012a,b). Exergy analysis takes the entropy portion into
consideration by including irreversibility (Lucia, 1995, 2008a, b; Gouy,
1889a,b). Considering the statistical interpretation of entropy, entropy
generation not only tends to increase, but it will increase to a maximum value
(Lucia, 2007). This is the new interesting result obtained and useful in
applications (Lucia & Gervino, 2009). Consequently, the maximum entropy
generation principle may be viewed as the natural generalization of the
Clausius-Boltzmann-Gibbs formulation of the Second Law, the statement of the
Second Law for open systems or a possible Fourth Law of Thermodynamics. It
represents a general principle of investigation for the stability of the open
systems: this principle represents an important result in irreversible
thermodynamics because it is a global theoretical principle for the analysis of
the stability of open general systems. The entropy generation in irreversible both
linear and non-linear processes can represent the basis of a new approach to
modern thermodynamics and statistical physics (Annila & Salthe, 2009;
Grazzini & Lucia, 2008; Lucia, 1995, 2008a, Sharma & Annila, 2007).
ACKNOWLEDGEMENT

The author must thank Prof. Giuseppe Grazzini (Energetic Department ``Sergio
Stecco'', Florence University, Italy) who is his `master' in thermodynamics and
introduced the author in the study of energy physics and thermodynamic
engineering.
REFERENCES

Annila, A. & Salthe, S. 2009. Economies evolve by energy dispersal. Entropy 11:

606-633.

Bruers, S. 2007a.

Testing entropy production hypothesis in non-linear steady
states. arXiv:0704.3933v1.

Entropy generation in technical physics

Bruers, S. 2007b.

99

Classi®cation and discussion of macroscopic entropy
production principle. arXiv:cond-mat/0604482v3.
Carnot, S. 1824. ReÂ ¯exion sur la puissance motrice du feu sur le machine a
deÂ velopper cette puissance. Bachelier Libraire, Paris.
Dincer, I. & Cengel, Y.A. 2001. Energy, entropy and exergy concepts and their
roles in thermal engineering. Entropy 3: 116-149.
Duhem, P. 1889. Sur les transformations et l'eÂ quilibre en Thermodynamique.
Note de M.P. Duhem. Comptes Rendus de l'AcadeÁ mie des Sciences Paris 108
(13): 666-667.
Gouy, G. 1889a. Sur les transformation et l'eÂ quilibre en Thermodynamique.
Comptes Rendus des SeÂ ances de l'AcadeÂ mie des Sciences Paris 108 (10): 507509.
Gouy, G. 1889b. Sur l'eÂ nergie utilisable, Journal de Physique 8: 501-518.
Gouy, G. 1889c. Sur l'eÂ nergie utilisable et le potentiel thermodynamique. Note
de M. Gouy. Comptes Rendus de l'AcadeÁ mie des Sciences Paris 108 (10): 794.
Grazzini, G. & Lucia, U. 2008. Evolution rate of thermodynamic systems,
Proceedings of the 1st International Workshop `Shape and Thermodynamics'
- Florence 25-26 September 2008.
Hillert, M. & Agren, J. 2006. Estremum principles for irreversible processes.
Acta Materialia 54: 2063-2066.
Jarynski, C. 2008. Nonequilibrium work relations: foundation and applications.
Eur. Phys. J. B 64: 331-340.
Kittel, C. & Kroemer, H. 1980. Thermal Physics. W. H. Freeman, New York.
Kondepudi, D. & Progorine, I. 1988. Modern Thermodynamics: From Heat
Engines to Dissipative Structures. Wiley, New York.
Lucia, U. 1995. Mathematical consequences of Gyarmati's principle in Rational
Thermodynamics. Il Nuovo Cimento B 110 (10): 1227-1235.
Lucia, U. 1998. Maximum principle including two-phase ¯ows. Revue GeÁ neÁ rale
de Thermique 37(9): 813-817.
Lucia, U. 2007. Irreversibility entropy variation and the problem of the trend to
equilibrium. Physica A 376: 289-292.
Lucia, U. 2008a. Probability, ergodicity, irreversibility and dynamical systems.
Proc. R. Soc. A 464: 1089-1184.
Lucia, U. 2008b. Statistical approach of the irreversibility entropy variation.
Physica A 387(14): 3454-3460.
Lucia, U. 2009. Irreversibility, entropy and incomplete information. Physica A
388: 4025-4033.

100 Umberto Lucia
Lucia, U. 2012a. Maximum or minimum entropy generation for open systems?.
Physica A 391(12): 3392-3398.
Lucia, U. 2012b. Irreversibility in biophysical and biochemical engineering.
Physica A 391: 5997--6007.
Lucia, U. & Gervino, G. 2009. Hydrodynamic cavitation: from theory towards a
new experimental approach. Central European Journal of Physics 7(3): 638-

644.

Global analysis of dissipation due to
irreversibility. Revue GeÁ neÁ rale de Thermique 36(8): 605-609.
Ozawa, H., Ohmura, A., Lorenz, R.D. & Pujol, T. 2003. The Second Law of
Thermodynamics and the Global Climate System: a Review of the Maximum
Entropy Production Principle. Review of Geophysics 41 (4): 1018-1041.
Prigogine, I. 1947. Etude Thermodynamique des PheÂ nomeÁ nes IrreÁ versibles.
Desoer, LieÁ ge.
Prigogine, I. 1961. Introduction to Thermodynamics of Irreversible Processes.
Interscience, New York.
Serrin, J. 1979. Conceptual analysis of the Classical Second Law of
Thermodynamics. Arch. Rat. Mech. Anal. 70: 355-371.
Sharma, V. & Annila, A. 2007. Natural process Natural selection. Biophys.
Chem. 127: 123-128.
Stodola, A. (translated by Loewenstein, L.C.) 1905. Steam turbine. Van
Nostrand, New York.
Ziegler, H. 1983. An Introduction to Thermodynamics. North-Holland,
Amsterdam.
ÆZupanovicÆ , P., JureticÆ , D. & BotricÆ , S. 2004. Kirchho?s loop law and the
maximum entropy production principle. Phys. Rev. E 70: 056108.
Lucia, U. & Grazzini, G. 1997.

Submitted :
Revised :
Accepted :

14/8/2011
3/1/2012
13/2/2012

101

Entropy generation in technical physics

?

+"tAyG A9*R+qyG ,p 9+<hQA!}G O+y(@
+ ( (@Q=|C

9 S y

9+y9a*E

-10129

("*Q(@

- 24

,zG*O

9vhO

(SQ(v

-

x+"w@

,y(< #*Q(@ O%g|

-

?s9ayG ~Ts

?Y;L

(Y(yG

d

Q+ i

~A*

(zI 9%y

d

9"$ {ZJ!h
CO=| eGOMAS

9%y

.9

+<QA!}G

!

L9A E CO=|h

?I(Aq| ?}d!}

.?

9+<hQA!}G O+y(@ CO=| {+zJA< EJ=yG GP$

,<hQA!}G

+g+=_ ?+t+tI ?+z}f

xyPh ?MSGQyG

,AyGh ?+Twf;yG ?+t+tJyG

{wy

fRG

(AyG

,"|RyG

J:9JyG JGP

d;L

#| 9+<hQA!:G

iO}yG Q9=Af:G

?I(Aq}yG ?}d!;y

?I(Aq}yG ?}d!:G {+zJ@ ?+z}f

,p

#+g<

,p e(t!

O+y(@

C O =|

)yE

PL}G h| ?+aL

QGQtAS:G WhQV

)zf

~df}G 9+<hQA!:G O+y(@
.?

+aL Q+i d(zI

