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Abstract

Thermodynamics is a core part of science. Nearly all scientists should have a basic knowledge of thermodynamics. Thermodynamics is
a science of development, and is a viewpoint of scientific development in natural sciences. Achievement of thermodynamics has influence
not only on natural sciences, but also on social sciences and philosophy. Fundamental concepts and definitions are very important for
any discipline of science, so what is classical thermodynamics and what is modern thermodynamics have become the key points of puz-
zledom in thermodynamics. In this paper, after clarification of fundamental concept in thermodynamics, a complete basic modern clas-
sification of thermodynamics is naturally obtained. It is suggested that extended Carnot theorem and dissipation decrease theorem,
together with the laws of thermodynamics, are the most fundamental theorems in thermodynamics discipline. Nondissipative thermo-
dynamics is a new field besides equilibrium thermodynamics belonging to the equal part of the second law of thermodynamics.
� 2008 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction: Challenges to the second law of

thermodynamics coming from two sides

At present, challenges to thermodynamics are coming
from two sides. What is ‘‘thermodynamics” and what is
‘‘the second law of thermodynamics” might become the
key points of puzzledom.

Truesdell (1919–2000) [1], who was an American senior
professor and had written two books on thermodynamics,
said, ‘‘Every physicist knows exactly what the first and sec-
ond laws mean, but it is my experience that no two physi-
cists agree on them”. At first glance, his words seemed to be
inconsistent, but his experience might give him such a
strong feeling. If such an experience or feeling were correct,
it would mean that the recognition on the second law of
thermodynamics in the 20th century was puzzled and could

not get rid of its puzzledom. At the beginning of the 21st
century, challenges to the second law of thermodynamics
are coming from two sides.

The book of ‘‘Challenges to the Second Law of Thermo-
dynamics: Theory and Experiment” [1] written by Cápek
and Sheehan in 2005 is a representation of challenges from
one side. That book emphasizes that the second law ‘‘Once
established, it settled in and multiplied wantonly; ... Not all
formulations are equivalent, such that to satisfy one is not
necessary to satisfy another. Some versions overlap, while
others appear to be entirely distinct laws”. Thus, Cápek
and Sheehan listed 21 kinds of the so-called ‘‘the second
law of thermodynamics” and ‘‘the expressions of entropy”.
Besides the statements and expressions proposed by
Carnot, Kelvin, Clausius, Gibbs et al., they also confusedly
listed Boltzmann ‘‘probability entropy”, Shannon ‘‘infor-
mation entropy”, ‘‘entropy” defined by density functions
of quantum mechanics, and so on. Their list also included
Clausius’s ‘‘the fundamental laws of the universe”. Based
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on these, Cápek and Sheehan proposed their ‘‘quantum
challenges” and ‘‘gravitational challenges”. Of course,
these so-called ‘‘the second law of thermodynamics” and
‘‘entropy” extended by them are different from those
understood by most thermodynamicists. At least they do
not belong to the academic discipline of thermodynamics,
or may be ‘‘another kind of disciplines” out of
thermodynamics.

On the other hand, challenges are coming from a few
classical (or traditional) thermodynamicists. They mainly
aggrandize the role and applicability of classical thermody-
namics, and want to limit applicability of thermodynamics
into the same as that of classical thermodynamics, i.e. they
regard classical (or traditional) thermodynamics as the
whole of thermodynamics. For instance, a book of
‘‘Non-equilibrium Thermodynamics and the Production
of Entropy – Life, Earth, and Beyond” [2] was edited by
Kleidon and Lorenz in 2005, in which all kinds of complex
systems are intended to treat by the ‘‘maximum entropy
principle” on the basis of classical thermodynamics. In
the preface they cited Einstein’s famous words in 1949,
‘‘A theory is more impressive the greater the simplicity of
its premises is, the more different kinds of things it relates,
and the more extended its area of applicability. Therefore,
the deep impression which classical thermodynamics made
upon me. It is the only physical theory of universal content
concerning which I am convinced that, within the frame-
work of the applicability of its basic concepts, it will never
be overthrown”. In fact, Einstein only said that ‘‘within the
framework of the applicability of its basic concepts, it (clas-
sical thermodynamics) will never be overthrown”, but out
of ‘‘the framework of the applicability of its basic con-
cepts”, classical thermodynamics may not be suitable
anymore.

A Chinese new book on thermodynamics written by Lin
in 2007 [3] may be taken as another example, in which the
English name of thermodynamics including ‘‘dynamics”

was regarded as ‘‘morbidity (or unsuitable)”, his reason
was ‘‘no time variable included in the theory of traditional
thermodynamics”, and he limited thermodynamics into the
category of equilibrium thermodynamics. In addition, Lin
denied the objective existence of ‘‘classical thermodynam-
ics” and ‘‘unclassical thermodynamics” (i.e. ‘‘modern ther-
modynamics”) by the quillet that thermodynamics is a
macroscopic theory without partition of ‘‘classical” and
‘‘quantum”. That is doubtful. In Lin’s book the usual clas-
sical thermodynamics was called ‘‘traditional thermody-
namics”. But in that book once the name of ‘‘traditional
thermodynamics” had been added by a pair of brackets
and changed into ‘‘(traditional) thermodynamics”, and
then the brackets together with the word of ‘‘traditional”
had further been deleted. In such a way, ‘‘traditional ther-
modynamics” immediately changes to the full discipline of
‘‘thermodynamics”, and a part of a discipline then becomes
the whole of the discipline. That is only a distortion and
may leave harmful impressions for young students. That
is, the macroscopic theory of thermodynamics may also

be divided into a ‘‘classical (or traditional)” part and a
‘‘modern” part, which represents the development and pro-
gress of the thermodynamics discipline.

To sum up, what is ‘‘thermodynamics” and what is ‘‘the
second law of thermodynamics” might become the key
points of puzzledom.

2. Mathematical expression of the second law of

thermodynamics

If we talk first about the written statement of what is
‘‘thermodynamics” and what is ‘‘the second law of thermo-
dynamics”, then an argument might be lasting, because the
detailed written statements are at least a little different from
each other in different textbooks of thermodynamics. In text-
books of physical disciplines discussions on mathematical
expressions are usually preferred. Therefore, we will first dis-
cuss the mathematical expression of the second law of ther-
modynamics, which is the core of thermodynamics.

Based on the development of thermodynamics in the
19th century and at the beginning of the 20th century,
the following three kinds of mathematical expressions of
the second law of thermodynamics for different systems
are widely accepted.

(1) Entropy increase principle for isolated (or adia-
batic) macroscopic systems

ðdSÞiso � 0 ð1Þ

Here, dS is the entropy change of a system, and the sub-
script ‘‘iso” represents it is applicable to isolated (or adia-
batic) systems.

(2) Gibbs free energy decreasing principle for isother-
mal isobaric macroscopic systems

ðdGÞT ;p � 0 ð2Þ

Here, dG is the Gibbs free energy change of a system, and
the subscripts ‘‘T” and ‘‘p” represent it is applicable to iso-
thermal isobaric systems.

(3) Positive entropy production principle for any
macroscopic systems

diS � 0 ð3Þ

Here, the entropy change of system dS has been divided
into two parts: the part of entropy production of system
diS (the part of entropy change due to the irreversible pro-
cesses inside the system) and the other part of entropy flow
denoted by deS (the part of entropy change due to
exchanges of energy and/or matter with the surroundings),
i.e. dS = diS + deS. Under isothermal isobaric conditions,
there is a relation between the entropy production and
the Gibbs free energy change

ðdGÞT;p ¼ �T diS ð4Þ

Because positive entropy production principle is suitable
not only for isolated systems, closed systems and open sys-
tems, but also for isothermal isobaric systems and noniso-
thermal nonisobaric systems, it is called the general
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mathematical expression of the second law of thermody-
namics. Another advantage of positive entropy production
principle is that entropy production of a system is directly
connected with the internal irreversible processes of the sys-
tem, so entropy production of a system is the sum of
entropy productions of internal irreversible processes.
Therefore, in this paper our discussions are mainly based
on the form of entropy production. If someone is not famil-
iar with or is doubtful of the form of entropy production,
please convert it into the form of Gibbs free energy under
isothermal isobaric conditions by using Eq. 4, and it will be
more easy to understand.

Note that temperature was defined and measured under
heat equilibrium conditions, and the local equilibrium
approximation had already been introduced since Carnot
and Clausius discussed body with different temperatures.
Here, ‘‘any macroscopic systems” should also satisfy the
requirement of the local equilibrium approximation. If dis-
cussions are concerned with nonequilibrium systems, the
local equilibrium approximation has already been
included. Of course, the mathematical expression of the
second law of thermodynamics could also be written in
the form of the free energy decrease form: (dF)T,V 6 0
and so on (but do not include Boltzmann ‘‘probability
entropy”, Shannon ‘‘information entropy”, ‘‘entropy”

defined by density functions of quantum mechanics, and
others). We will not discuss them any more here.

There are no arguments on using all these three mathe-
matical expressions to discuss simple systems. That is clas-
sical thermodynamics. In classical thermodynamics, the
inequal part of the second law can only be used as a crite-
rion for nonequilibrium systems or for irreversible pro-
cesses with an initial equilibrium state and a final
equilibrium state. Here, the ‘‘simple system” includes only
spontaneous-process system or no-process systems (i.e.,
equilibrium system). More exactly, the ‘‘simple system”

suitable for classical thermodynamics here means that
entropy production due to the internal process is just the
same as entropy production of the system. That is, the
mathematical expression of the second law of thermody-
namics for simple systems (or better to say, for uncoupling
systems) could be more clearly written as1)

diSp ¼ diS � 0 ð5Þ
Here, diSp represents entropy production due to the

internal process, and diS represents entropy production
of the system. Once it is found that the entropy production
of the internal process does not agree with the entropy pro-
duction of the system, classical thermodynamicists like to
call the corresponding process ‘‘abnormal”, ‘‘mystery”, or
‘‘maybe violating the second law of thermodynamics”

and so on.

For complex systems [more exactly to say, coupling sys-
tems, i.e., the systems including both nonspontaneous pro-
cess (es) and spontaneous process(es)], let us first discuss a
practical example of thermodiffusion. In a closed system of
a binary gas mixture at two ends connected with two heat
reservoirs at different temperatures, a nonspontaneous dif-
fusion from lower concentration to higher concentration
may take place together with a spontaneous heat conduc-
tion from higher temperature to lower temperature.
Entropy production of the nonspontaneous diffusion in
the system is negative, i.e., diS1 < 0; while entropy produc-
tion of the spontaneous heat conduction is positive, i.e.,
diS2 > 0. Based on the second law of thermodynamics,
entropy production of the system is never negative, i.e.,
diS P 0 (diS = diS1 + diS2). Therefore, the mathematical
expression of the second law of thermodynamics for com-
plex systems (or better to say, for coupling systems) could
be more clearly written as

diS1 < 0; diS2 > 0 & diS � 0 ð6Þ

Comparing Eq. 6 with Eq. 3, we can clearly see that the
general mathematical expression of the second law of ther-
modynamics only limits that the entropy production of a
system is not negative, and there is no limitation for
entropy production of internal process(es) to be positive
or negative. Of course, for classical thermodynamics which
is used for simple spontaneous-process systems, there are
strict limitations on entropy productions of both system
and process, and it is not possible for entropy productions
of both system and process to be negative. It is a wrong
impression coming from classical thermodynamics that
the negative entropy production of nonspontaneous pro-
cess might violate the second law of thermodynamics.

Because in any system it is impossible for the nonsponta-
neous process to take place alone, the phenomenon for non-
spontaneous process(es) and spontaneous process(es) to take
place simultaneously in complex systems is called thermody-
namic coupling. The systems including the phenomenon of
thermodynamic coupling are called coupling systems, while
the systems not including the phenomenon of thermody-
namic coupling are called uncoupling systems. Therefore,
classical thermodynamics is a part of thermodynamics for
simple systems, or more exactly to say, classical thermody-
namics is a part of thermodynamics for uncoupling systems;
while modern thermodynamics is a part of thermodynamics
for complex systems, or more exactly to say, modern thermo-
dynamics is a part of thermodynamics for coupling systems.
The whole discipline of thermodynamics is composed of two
parts: classical thermodynamics and modern thermodynam-
ics. Thermodynamic coupling is the watershed between clas-
sical thermodynamics and modern thermodynamics.

Onsager and Prigogine won their Nobel Prizes in 1968
and 1977, respectively. They studied interactions between
multiple processes in complex systems, which are of great
importance for the development of modern thermodynam-
ics. The Onsager reciprocal relations are reciprocal
relations between coupling coefficients of ‘‘coupled

1 In the main part of the original manuscript submitted on 26 December
2007, the mathematical expression of [diSp P 0, diS P 0] has only been
revised into [diSp = diS P 0] besides some words.
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irreversible processes” [4,5] in complex systems; while the
dissipative structures proposed by Prigogine are the phe-
nomenon of thermodynamic coupling between ordering
process(es) [nonspontaneous process(es)] and disordering
process(es) [spontaneous process(es)] in complex systems.
Just as said by themselves, the out-of-thermodynamics
‘‘assumption of microscopic reversibility” or assumption
of ‘‘detailed balancing” should be introduced for the deri-
vation of Onsager reciprocal relations [4,5]; and Prigogine
dissipative structures were set up on the basis of the out-
of-thermodynamics nonlinear positive-feedback kinetic
model ‘‘Brusselator” [6]; while from Eq. 6 we can see that
the establishment of nondissipative thermodynamics [7,8]

diS1 < 0; diS2 > 0 & diS ¼ 0 ð7Þ
is completely based on the second law of thermodynam-

ics, and any other out-of-thermodynamics assumption or
model is not needed. Of course, nondissipative thermody-
namics is also applicable to complex systems. In this way,
nondissipative thermodynamics, together with linear dissi-
pative thermodynamics and nonlinear dissipative thermo-
dynamics set up by Onsager and Prigogine, becomes a
complete classification of modern thermodynamics. Thus,
modern thermodynamics and classical thermodynamics
together become a more complete classification of the ther-
modynamics discipline.

3. Some fundamental concepts and definitions

Thermodynamics is a strict discipline of science. Any
concepts introduced should be exactly defined. The defini-
tions of some most fundamental terms in the discipline of
thermodynamics, such as ‘‘thermodynamics”, ‘‘classical
thermodynamics”, ‘‘modern thermodynamics”, and their
frameworks of applicability, should be very important. Just
in these exact definitions, we can find that thermodynamic
coupling is the watershed between modern thermodynam-
ics and classical thermodynamics (or called traditional
thermodynamics), and thermodynamic coupling is the core
of modern thermodynamics.

3.1. The written statement of the discipline of

thermodynamics

Thermodynamics is a part of science doing research on
energy and energy transformation [9], and its research area
is the change and development of macroscopic systems
consisting of a large number of particles. The most impor-
tant fundamental laws of thermodynamics are the first and
the second laws of thermodynamics, i.e. ‘‘the first kind and
the second kind of perpetual motion machines are impossi-
ble to obtain”. In particular, the second law of thermody-
namics is the core of thermodynamics. Up to now,
‘‘under any macroscopic conditions”, including living body
and biological evolution, the fact that the first kind and the
second kind of perpetual motion machines have never been
found demonstrates the generality and reliability of the

thermodynamic theory, or we can say that the thermody-
namic theory is really very rigorous.

3.2. The framework of applicability of the thermodynamics

discipline

The framework of applicability of the thermodynamics
discipline is just in the range of ‘‘under any macroscopic
conditions”. That is also the framework of applicability
of the first and the second laws of thermodynamics, or
the framework of applicability of the words of ‘‘the first
kind and the second kind of perpetual motion machines
are impossible to obtain”.

3.3. The written statement of the second law of

thermodynamics

The written statement of the first and the second law of
thermodynamics may be ‘‘the first kind and the second
kind of perpetual motion machines are impossible to
obtain”. Another more active statement can also be
accepted, i.e. ‘‘Except the first kind and the second kind
of perpetual motion machines, any kind of macroscopic
energy transformation or any macroscopic state change
of systems composed of a large number of particles is pos-
sible to realize”. Thus, under activated conditions, low-
pressure diamond growth and the appearance of living
body under the circumstances similar to the earth bio-
sphere are all thermodynamically possible. The first law
of thermodynamics is also called the energy conservation
law, so the first kind of perpetual motion machines does
just violate the energy conservation law. The second kind
of perpetual motion machines can be illuminated by prac-
tical examples of the change direction of a single-irrevers-
ible-process system. For instance, heat cannot be
conducted from the colder body to the hotter body without
any influence left, and so on. All these statements on the
change direction of a single-irreversible-process system
can be regarded as equivalent. That is the common recog-
nition of most thermodynamicists. However, the statement
in the form of the first kind and the second kind of perpet-
ual motion machines is of more generality. Such a more
generalized statement had better not be simply regarded
as equivalent with a change direction of a single-irrevers-
ible-process system. Here, the change directions of any sin-
gle-irreversible-process system are never denied. All
statements of these change directions of a single-irrevers-
ible-process system emphasize that the second law
describes the nature of irreversibility for the development
of macroscopic systems, i.e., ‘‘arrow of time”.

3.4. The written statement of the positive entropy production

principle

The entropy production of any systems is always bigger
than or equal to zero, or entropy production of any sys-
tems is never negative.
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3.5. Classical thermodynamics

Classical thermodynamics is a part of thermodynamics
for simple systems, or better to say, a part of thermody-
namics for uncoupling systems.

3.6. Modern thermodynamics

Modern thermodynamics is a part of thermodynamics
for complex systems, or better to say, a part of thermody-
namics for coupling systems.

3.7. Thermodynamic coupling

Thermodynamic coupling is a phenomenon that non-
spontaneous process (es) may simultaneously take place
together with spontaneous process(es) in complex multi-
process systems. If chemical reaction(s) is (are) included
in the system, then thermodynamic coupling could be
called reaction coupling. The system including the phenom-
enon of thermodynamic coupling is called coupling system.
The system without the phenomenon of thermodynamic
coupling is called uncoupling system. Thermodynamic cou-
pling is the watershed between modern thermodynamics
and classical thermodynamics. Thermodynamic coupling
is the core of modern thermodynamics.

3.8. The mathematical expression of thermodynamic
coupling

The mathematical expression of thermodynamic cou-
pling is Eq. 6

diS1 < 0; diS2 > 0 & diS � 0

For isothermal isobaric systems, the mathematical
expression of thermodynamic coupling could be written as

ðdG1ÞT ;p > 0; ðdG2ÞT ;p < 0; & ðdGÞT ;p � 0 ð8Þ

because under isothermal isobaric conditions, Eq. 4 is

ðdGÞT ;p ¼ �T diS

The equal part of the mathematical expression of ther-
modynamic coupling corresponds to nondissipative ther-
modynamics (or nondissipative systems), while the
inequal part of the mathematical expression of thermody-
namic coupling corresponds to dissipative thermodynamics
(or dissipative systems).

3.9. Synonym

Mathematical expression of thermodynamic cou-
pling �Mathematical expression of the second law of ther-
modynamics for complex (coupling) systems �
Mathematical expression of the second law of modern ther-
modynamics. All of their general mathematical expressions
are the same, i.e.,

diS1 < 0; diS2 > 0 & diS � 0

4. Classification of thermodynamics in the current 21st

century

From the correct understanding and the abundant con-
notation of the second law of thermodynamics in the cur-
rent 21st century, the basic complete classification of
thermodynamics could be directly and exactly constructed,
as shown in Fig. 1. The corresponding mathematical
expressions of the second law of thermodynamics for each
fields (or subfields) and their individual frameworks of
applicability could be more exactly listed in Table 1.

It should be pointed out that there were at least two
books published in 1933 [10] and in 1998 [6], respectively,
with the same book title of ‘‘Modern Thermodynamics”.
The subtitle of the former was ‘‘by the methods of Willard
Gibbs”, and the subtitle of the latter was ‘‘from heat
engines to dissipative structures”. Of course, both the
meanings of the ‘‘modern thermodynamics” in these books
were the current status of thermodynamics at that time,
respectively. In this article, the current status of thermody-
namics is still named ‘‘thermodynamics”, while the mean-
ing of the ‘‘modern thermodynamics” here is only defined
and used as antonym of ‘‘classical thermodynamics”.

As shown in Fig. 1 and Table 1, the basic complete clas-
sification of thermodynamics can be obtained only on the
basis of the second law of thermodynamics. Therefore,
the simple way merely based on the equality and inequality
to divide thermodynamics into ‘‘reversible” and ‘‘irrevers-
ible”, ‘‘equilibrium” and ‘‘nonequilibrium”, or ‘‘equilib-
rium state” and ‘‘nonequilibrium state” should be avoided.

The second law of thermodynamics in the current 21st
century here includes mainly the contents incarnated by
the mathematical expressions of the second law of thermo-
dynamics for each field, the following discussion on the
extended Carnot theorem, and the dissipation decrease the-
orem. The connotation as shown in Fig. 1 and Table 1 is
quite different from the contents of thermodynamics text-
books in the 19th century and in the 20th century by
mounting a new step.

5. Extended Carnot theorem and nondissipative

thermodynamics

Carnot theorem was the foundation stone for thermody-
namics and classical thermodynamics, and it was the start-
ing point of the second law of thermodynamics. The
extended Carnot theorem may be regarded as a new start-
ing point for modern thermodynamics. The ‘‘reversibility”

is not a general necessary condition for the highest conver-
sion efficiency of energy, but ‘‘nondissipation” is really the
necessary and sufficient condition for the highest conver-
sion efficiency of energy. Correspondingly, there is a new
field of nondissipative thermodynamics.

It is well known that the basic laws of thermodynamics
were established on the basis of a large number of human
daily macroscopic experiences, but not deduced from any
basic law of other disciplines of science. Carnot theorem
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was the important foundation stone for thermodynamics
and the starting point of the second law of thermodynam-
ics. Carnot theorem told us: the reversible heat engine is of
the highest conversion efficiency of energy among all other
heat engines working between the same hotter heat reser-
voir and the same colder heat reservoir. That was the
important human experience at that time (1824) summa-
rized by Carnot. Up to now more than 180 years has past,
the human experience has developed, and the framework
and the deepness of applicability of thermodynamics are
also in development. The research objects of thermody-
namics have been extended from heat-work conversion
into any kinds of energy-conversion under thermodynamic
consideration. For instance, the chemical energy of the

reaction between methane (CH4) and oxygen (O2) in fuel-
battery could be converted into electric energy. Thus,
should we pursue a kind of reversible fuel-battery for get-
ting the highest conversion efficiency of energy? Obviously,
from the produced carbon dioxide (CO2) and water (H2O)
and the electric energy released by the fuel-battery, it is
impossible to obtain the equal amount of methane and
oxygen consumed, because during the synthesis of methane
a series of organic hydrocarbon like methane will inevita-
bly be obtained. Meanwhile, it can be imagined that if
the chemical energy can completely convert into the electric
energy without dissipation, then its efficiency must be the
highest. The ‘‘reversibility” in Carnot theorem is not a gen-
eral necessary condition, but ‘‘nondissipation” is just the
necessary and sufficient condition for the highest macro-
scopic conversion efficiency of energy. Therefore, the
extended Carnot theorem is that nondissipative process is
of the highest macroscopic conversion efficiency of energy.

The nature of the second law of thermodynamics is the
irreversibility of time for the development of macroscopic
systems, i.e. the characteristics of ‘‘arrow of time”. How-
ever, Carnot theorem did just emphasize ‘‘reversibility”.
Such a paradox existed always in classical thermodynam-
ics, and that was just the root of limitations of classical
thermodynamics. Such a status might have lasted more
than 180 years. However, such a status had rarely been
found during the progress of modernization in other disci-
plines of science, or might say, up to now this is unique.

6. A typical case of nondissipative thermodynamics:

Nonequilibrium phase diagrams for low-pressure diamond

growth

Classical thermodynamics had considered that the
entropy production of the transformation from graphite

Fig. 1. The basic complete classification of thermodynamics in the current 21st century. diSp, diS1 and diS2 are entropy productions of process(es). diS is
entropy production of the system, diS = (diS1 + diS2).

Table 1
Mathematical expressions of the second law of thermodynamics for each
field

Name of field Mathematical expression of the second law of
thermodynamics

Thermodynamics [diS P 0] for any macroscopic systems
Classical thermodynamics [diSp = diS P 0] for simple (uncoupling)

systems
Equilibrium

thermodynamics
[diSp = diS = 0] for equilibrium systems

Nonequilibrium
thermodynamics

[diSp = diS > 0] for simple (uncoupling)
nonequilibrium systems

Modern thermodynamics [diS1 < 0, diS2 > 0 & diS P 0] for complex
(coupling) systems

Nondissipative
thermodynamics

[diS1 < 0, diS2 > 0 & diS = 0] for
nondissipative systems

Dissipative
thermodynamics

[diS1 < 0, diS2 > 0 & diS > 0] for dissipative
systems

Linear dissipative
thermodynamics

[diS1 < 0, diS2 > 0 & diS(a little) > 0] for
linear dissipative systems

Nonlinear dissipative
thermodynamics

[diS1 < 0, diS2 > 0 & diS >> 0] for nonlinear
dissipative systems

130 J. Wang / Progress in Natural Science 19 (2009) 125–135



to diamond under low pressure was negative, so it was con-
sidered to be impossible to realize. Modern thermodynam-
ics considers that the entropy production of reaction (1)
(i.e. the transformation from graphite to diamond under
low pressure) is negative, so it is impossible to take place
alone. But under the driving of reaction (2) (i.e. the associ-
ation of superequilibrium atomic hydrogen with positive
entropy production), reaction (1) is possible to take place
simultaneously. That is the thermodynamic coupling model
for activated low-pressure diamond growth.

From 1970 up to now, the activated low-pressure dia-
mond growth has developed from film or polycrystalline
diamond growth to about 10 carat gem-quality single-crys-
tal diamond growth. However, as we know, the corre-
sponding reasonable thermodynamic explanation is still
provided only on the basis of our thermodynamic coupling
model for activated low-pressure diamond growth [7,8],
and the corresponding calculation of nonequilibrium phase
diagram can be done only based on nondissipative thermo-
dynamics as well.

In around 1970, the new technology of activated low-
pressure diamond growth was achieved in the former
Soviet Union. However, due to the influence of equilibrium
phase diagram of classical thermodynamics, the new tech-
nology was joked as ‘‘alchemy” by some scientists for
about 16 years. In about 1980, this technology was also
achieved in Japan, and this Japanese laboratory was visited
by an American scientist. After he returned he repeated the
experiment. In 1986, the new diamond technology was
passed to the West and suddenly became a hot point in
the whole world. In February of 1990, a review paper
[11] published in ‘‘Science” said, ‘‘All of these formulations
(Note: published at that time) suffer from being inconsis-
tent with at least some experimental results”.

In April of 1990, the author, as the first speaker at the
Diamond Symposium of the 8th International Conference
on Thin Films, announced a thermodynamic coupling
model for the activated low-pressure diamond growth from
the vapor phase proposed by the author and Carlsson [12]
(The model was called thermochemical model or chemical
pump model at that time). In 1995, the author had further
calculated the nonequilibrium phase diagrams for the acti-
vated low-pressure diamond growth [13]. Later, a series of
nonequilibrium phase diagrams had been calculated by the
author’s group. Theoretical results agree very well with the
world-wide reported reliable experimental data. In 2002, a
new field of nondissipative thermodynamics was also crea-
tively established by the author [7,8]. For these progresses
some reviews published in journals or books provided the
corresponding active valuations.

For instance, in 2001 Gogotsi et al. [14] in their article
published in ‘‘Nature” said that ‘‘. . . the thermodynamic
coupling model that can be used to explain the formation
of diamond in reaction (1) and (2) have been well devel-
oped”. The paper they concerned was our work published
in the journal of American Electrochemical Society in 1994
[15].

For nonequilibrium phase diagrams of the activated
low-pressure diamond growth, Heimann et al. [16] cited a
series of our 5 papers on nonequilibrium phase diagrams
and evaluated, ‘‘. . . The projection of phase diagrams
obtained from the thermodynamic coupling model may
be crucial for understanding Bachmann’s (empirical phase)
diagram”.

In 2002, an English book of ‘‘Nonequilibrium Nondissi-
pative Thermodynamics” written by the author was pub-
lished by Springer. It was a symbol of the establishment
of a new field of nondissipative thermodynamics. In 2004,
there were book reviews on the book published in Europe
and in US, respectively. Pons and Ballutaud [17] said at the
end of their book review, ‘‘Finally, the book is an excellent
bibliographic source, for the fields of both thermodynamics
and diamond growth. It is certainly worth reading and the
concepts presented worth thinking about”. Felske [18] said
at the end of another book review, ‘‘Overall, this book
should be of interest not only to those who work in dia-
mond film production but to thermodynamicists and bio-
chemists as well”.

In China, an evaluation in 2000 also said [19], ‘‘There
were some creations in China on researches of diamond
films, such as the ‘thermodynamic coupling model of the
activated low-pressure diamond growth’ and the entirely
new concept of ‘phase diagrams of nonequilibrium station-
ary states’ proposed firstly in the international forums. All
these progresses need to be focused attention upon”. In
2001, a book on low-pressure diamonds written by Dai
and Zhou clearly pointed out [20], ‘‘Comparing with Bach-
man’s empirical C–H–O ternary phase diagram, . . . the cal-
culated C–H–O ternary phase diagrams of nonequilibrium
stationary states on the basis of nonequilibrium thermody-
namics are much better in the coverage of experimental
data and academic significances. Authors believe that the

Fig. 2. Theoretical T-X nonequilibrium phase diagram for activated low-
pressure diamond growth from C–H binary systems. p = 21 kPa, the
activated temperature is 3000 K, and the reaction rate ratio of reaction 2
to reaction 1, v = 0.46. Experimental data reported by Carnegie Institu-
tion of Washington are included [22]. Dia and Gra* are diamond and
graphite activated by superequilibrium atomic hydrogen, respectively.
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nonequilibrium phase diagrams are more perfect and their
instructions on the technology are of more strong persua-
sions”. In 2004, there were also some similar evaluations
in publication of Dai et al. [21].

Since 2002, Yan, et al. [22] in American Carnegie Insti-
tution of Washington have published a series of reports on
the progresses in carat-size gem-quality single-crystal dia-
mond growth. In 2006, up to 10 carat size diamond had
been produced. However, the corresponding reasonable
thermodynamic explanations and phase diagram calcula-
tions (see Fig. 2), as we know, might be still only on the
basis of our thermodynamic coupling model and the new
field of nondissipative thermodynamics.

7. A typical case of dissipative thermodynamics: Spiral

reactions

Classical thermodynamics had considered that if the
entropy production of the forward reaction was positive,
then the entropy production of the backward reaction
would surely be negative, so chemical oscillation was
regarded as impossible in classical thermodynamics. Based
on modern thermodynamics in the current 21st century, it
is known that chemical oscillations in nature are spiral
reactions. Chemical oscillations are side views of spiral
reactions. Both entropy productions of ‘‘the forward reac-
tion” and ‘‘the backward reaction” in such a chemical
oscillation are positive, so chemical oscillations can really
take place. The planform of the chemical oscillation is a
cyclic reaction. Any practically progressing cyclic reaction
must be dissipative, i.e., with a decrease of Gibbs free
energy under isothermal isobaric conditions or with a posi-
tive entropy production. Nondissipative cyclic reaction is
an ideal limitation of the second law of thermodynamics,
it will not take place practically, but it does not violate
the second law of thermodynamics.

In around 1958, the phenomenon of chemical oscilla-
tions, which was found and confirmed many times, had
puzzled classical thermodynamics a lot. Among these
chemical oscillations, Belousov-Zhabotinsky reactions (or
called B-Z reactions for short) are representative. The
kinetic mechanism of these reactions is now very clear.
The famous and recognized FKN kinetic mechanism was
commonly proposed by three scientists (Field, Körös and

Noyes). They pointed out that after each period (or cycle)
of oscillation a general reaction equation has been finished.
That is, a certain amount of organic acid has been oxidized
into carbon dioxide and water. Details of the reaction are
very complex. Usually, it can be divided into more than
20 reaction steps. Of course, some of them might be com-
bined with each other. For instance, the cyclic reaction
might be divided into three steps of reaction A, reaction
B and reaction C. Due to the escape of the produced car-
bon dioxide bubbles from the solution and the formation
of water originally being in a large amount in the solution,
after a period of the cycle, the reaction seems to be repeated
at the beginning of a new cycle of reactions A, B and C.

On the basis of modern thermodynamics in the current
21st century it has been found that B-Z reactions are spiral
reactions in nature, as shown in Fig. 3 [8].

B-Z reactions are the results of the following causes:

(1) Reaction A, reaction B and reaction C as a whole
reaction of the system at different time intervals can
go forward, so all of them must accord with the sec-
ond law of thermodynamics, and all of their entropy
productions must be positive, i.e., DiSA > 0, DiSB > 0
and DiSC > 0.

(2) Oxidation of organic acid is a very strong energy-sup-
ply reaction. The entropy production of the total
reaction within a period of oscillation (i.e.,
W = A + B + C) must be also positive, i.e., DiSW > 0.

(3) Reaction A, reaction B and reaction C are all thermo-
dynamic coupling reactions, i.e., [DiS[(�B)+(�C)] < 0,
DiSW > 0 & DiSA > 0], [DiS[(�C)+(�A)] < 0, DiSW > 0
& DiSB > 0] and [DiS[(�A)+(�B)] < 0, DiSW > 0 &
DiSC > 0]. Here, A = W + [(�B) + (�C)], B = W +
[(�C) + (�A)] and C = W + [(�A) + (�B)]. There-
fore, at each reaction step, the total oxidation
reaction and other backward reaction take place
simultaneously. In this way, cyclic reactions are con-
tinuously going on.

That is, both the chemical oscillations and cyclic reac-
tions can be well understood in the framework of applica-
bility of modern thermodynamics. The side views of spiral
reactions are chemical oscillations, while the planforms of
spiral reactions are cyclic reactions. Any practically occur-

Fig. 3. Schematic diagram of (a) a spiral reaction; (b) a cyclic-like reaction, which is a view of a spiral reaction from up to down along the coordinate of
‘‘Time”; (c) a chemical oscillation, which is a view of a spiral reaction from one side along the concentration coordinate of x or y.
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ring cyclic reaction must be dissipative, i.e., with a decrease
of Gibbs free energy under isothermal isobaric conditions
or with a positive entropy production. Nondissipative sin-
gle-way cyclic reactions are limitations of the second law of
thermodynamics. Nondissipative single-way cyclic reaction
will not practically take place, but it does not violate the
second law of thermodynamics.

8. Out-of-thermodynamics assumption and approximation of

Onsager reciprocal relations

Onsager reciprocal relations were always positioned in
the inequal part of the second law of thermodynamics. Just
as said by Onsager himself, the derivation of his reciprocal
relations were on the basis of the introduction of an out-of-
thermodynamics ‘‘assumption of microscopic reversibility”

or assumption of ‘‘detailed balancing”. Therefore, they are
not really thermodynamic quantitative relations in a strict
meaning, and experimental data also showed their
approximation.

As Onsager said, the reciprocal relations were firstly
deduced by Thomson, Helmholtz and others, but their
deductions were not complete, or based on special (such
as thermoelectrics or electrolysis cell) experiments, so
Onsager called them quasi-thermodynamics.

Onsager also clearly pointed out that ‘‘a general class of
reciprocal relations in irreversible processes will be derived
from the assumption of microscopic reversibility”. For
instance, his reciprocal relations could be derived in a cyclic
reaction with an introduction of the ‘‘assumption of micro-
scopic reversibility” or the assumption of ‘‘detailed balanc-
ing”, but these assumptions are not thermodynamic
theorems or laws. Therefore, Onsager reciprocal relations
actually still belonged to quasi-thermodynamics. We
should never absolutely use it as a basic thermodynamic
law. Experimental data, which might be only 77% of the
theoretical data, had also confirmed the approximation
of Onsager reciprocal relations.

In the first sentence of the abstract of Onsager’s first
famous paper in 1931, Onsager [4,5] wrote, ‘‘Examples of
coupled irreversible processes . . . are discussed”. The nat-
ure of the reciprocal relations is the relation between cou-
pling coefficients of different irreversible processes, or in
common words, the reciprocal relations are the corre-
sponding interactions between irreversible processes, i.e.,
the influence of irreversible process 1 on irreversible pro-
cess 2 should be equal to the influence of irreversible pro-
cess 2 on irreversible process 1. Such a problem is very
easy to treat in thermodynamic coupling model. That is,
if there is no dissipation, the absolute values of two entropy
productions are equal. Due to the historical limitations,
Onsager had to introduce the out-of-thermodynamics
assumption and empirical linear phenomenological rela-
tions for deducing the approximative equality of reciprocal
relations between coupling coefficients.

We should not deny Onsager reciprocal relations and
Onsager’s contribution to thermodynamics for complex

systems, i.e., to modern thermodynamics. Now we know
that the single-direction cyclic reaction is an ideal limita-
tion of spiral reactions.

9. Out-of-thermodynamics model for Prigogine dissipative

structures and Prigogine’s carelessness

Prigogine dissipative structures were established on the
basis of nonlinear positive-feedback kinetic ‘‘Brusselator”,
an out-of-thermodynamics model. Besides, Prigogine
agreed with the expression of thermodynamic coupling,
but he had misunderstood its applications.

Chemical oscillation was an important example and
application of Prigogine dissipative structures. Prigogine
also clearly pointed out that the theory of dissipative struc-
tures was established on the basis of out-of-thermodynam-
ics nonlinear positive-feedback kinetic model, called
‘‘Brusselator”. Therefore, it is easy to understand why
some thermodynamics textbooks often omitted Prigogine
dissipative structures, and let it be out of the contents of
thermodynamics course.

Now spiral reactions including the characteristics of
both cyclic reactions and chemical oscillations have been
discovered directly from the mathematical expression of
thermodynamic coupling, i.e., the mathematical expression
of the second law of modern thermodynamics. Onsager
reciprocal relations and Prigogine dissipative structures
usually belong to linear dissipative thermodynamics and
nonlinear dissipative thermodynamics, respectively. There-
fore, there seems to be no substantial difference between
these two fields. But in the modern classification of thermo-
dynamics (Fig. 1 and Table 1), they are still reserved. It
should be careful that we should not use the words of
‘‘close-to-equilibrium (or near equilibrium)” and ‘‘far-
from-equilibrium” to substitute the words of ‘‘linear” and
‘‘nonlinear”, because ‘‘close-to-equilibrium (or near equi-
librium)” means that the state function is around an extre-
mum, but the state function in the interesting region under
nonequilibrium conditions has often no extremum.

We should not deny Prigogine dissipative structures and
his contributions to the development of thermodynamics
for complex systems (i.e., modern thermodynamics) in the
20th century, but after tens of years development of thermo-
dynamics we should not stop at the same level as tens of years
ago. Meanwhile, it should be pointed out that Prigogine
agreed with the expression of thermodynamic coupling but
he had misunderstood the expression of thermodynamic
coupling in its applications by adding ‘‘under standard con-
ditions” [23]. That might be the cause for him to incorrectly
consider an ordinary chain reaction of HBr formation as an
example of thermodynamic coupling [6], which limited his
development on thermodynamic coupling.

10. Dissipation (or entropy production) decrease theorem

Dissipation (or entropy production) decrease theorem is
also generally applicable. From the mathematical expres-
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sion of thermodynamic coupling [diS1 < 0, diS2 > 0 &
diS P 0], it can be found that if the entropy production
of the system agrees with diS P 0, spontaneous process,
i.e., positive entropy production process or dissipative pro-
cess (diS2 > 0), is a kind of potential driving force to drive
any possible nonspontaneous process, i.e., negative entropy
production process (diS1 < 0). For simple systems, there is
no possibility for nonspontaneous process to take place.

From the mathematical expression of thermodynamic
coupling, i.e., [diS1 < 0, diS2 > 0 & diS P 0], another natu-
ral rule, dissipation (or entropy production) decrease theo-
rem, can be obtained. That is, in complex systems,
spontaneous irreversible process does always incline to uti-
lize any useful energy in the form of transformation or
storage into nonspontaneous process, i.e. negative entropy
production process. The framework of applicability of this
theorem is just the same as that of modern thermodynam-
ics, including nondissipative thermodynamics, linear and
nonlinear dissipative thermodynamics for complex (cou-
pling) systems. We can also say that this theorem is a gen-
eralized applicable theorem, but in simple systems
nonspontaneous process could not form, because the sys-
tems are too simple. For instance, in a system composed
of A and B gas mixture, heat conduction may cause a non-
spontaneous diffusion against the concentration gradient;
but in a gas of single molecule, heat conduction could
not form a nonspontaneous diffusion. In fact, this theorem
is the thermodynamic basis and guidance for biological
evolution in nature. The energy transformation efficiency
in living bodies is often very high, and that is the result
of the continuous complication and the continuous evolu-
tion. Therefore, this theorem is of deep academic signifi-
cance, and is a basic principle which should be followed
in social science, progresses of science and technology,
and development of society.

It is not the case that the dissipation decrease theorem
has not been found until now, because in Onsager’s famous
article (1931) ‘‘Lord Rayleigh’s ‘principle of the least dissi-
pation of energy’ ” had been mentioned [4,5].

Both the extended Carnot theorem and the dissipation
(or entropy production) decrease theorem are the written
statements (or connotations) of thermodynamic coupling,
so they are also the written statements (or connotations)
of the second law of modern thermodynamics. Classical
thermodynamics emphasizes degradation of isolated sys-
tems, while modern thermodynamics emphasizes continu-
ous evolution of nonequilibrium systems under the
circumstance continuously supplying energy conditions.
Of course, modern thermodynamics for the human being
living on the earth is of much deeper significance.

11. Conclusions

At present, if there are ‘‘two physicists”, as Truesdell
said, or even more scientists, basically agreeing on the con-
tents of this paper, that will be a tremendous success. Some
differences might still be left in cognition. That might be the

driving force for further development of thermodynamics
later. The development of activated low-pressure diamond
growth in the near 40 years has demonstrated the success of
thermodynamic coupling model and nondissipative ther-
modynamics of modern thermodynamics.

Thermodynamics is a macroscopic scientific theory, but
not a microscopic one. Its research objects are macroscopic
systems composed of a large amount (such as 1023) of par-
ticles. The concepts or harvests of thermodynamics should
not be extended to the whole universe or the microscopic
range, which might not belong to thermodynamics, but
belong to ‘‘another kind of disciplines” out of
thermodynamics.

Classical thermodynamics or the called traditional ther-
modynamics means thermodynamics at its early stage lim-
ited to treat simple (uncoupling) systems. Classical (or
traditional) thermodynamics is a part of the thermodynam-
ics discipline, but not the whole discipline of thermody-
namics. The whole discipline of thermodynamics is
composed of classical (or traditional) thermodynamics
and modern thermodynamics.

In a single gas system, heat conduction cannot cause a
nonspontaneous diffusion against concentration gradient
and other abnormal phenomena. Among heat engines
formed by simple uncoupling systems, reversible heat
engine is of the highest efficiency. That is the Carnot theo-
rem. In complex coupling systems nondissipative energy
transformation is of the highest efficiency. That is the
extended Carnot theorem.

Onsager and Prigogine made important contributions to
breaking the traditional concept of classical thermodynam-
ics to put complex systems into their research objects.
Meanwhile, due to limitations of historical conditions, they
had to introduce the out-of-thermodynamic assumption or
kinetic model, respectively. After the mathematical expres-
sion of the second law of thermodynamics for complex
(coupling) systems, i.e., the mathematical expression of
thermodynamic coupling, has been further confirmed, the
abundant connotations of the second law of thermodynam-
ics have been deeply understood, which become the further
developing basis of modern thermodynamics in the 21st
century.

The second law of thermodynamics is the core of ther-
modynamics. Some properties of thermodynamics and
the framework of its applicability are just coming from
the second law of thermodynamics, such as the irreversibil-
ity of the state change of macroscopic systems, i.e. the sin-
gle-direction development characteristics in time of
macroscopic systems. That is rarely found in the whole
field of science, and thermodynamics is an important core
part of science. The nature of the second law of thermody-
namics is the ‘‘development” of macroscopic systems, and
the ‘‘irreversibility” for the development of macroscopic
systems, i.e. ‘‘arrow of time”. However, human thinking
was for a long time under the reign of classical thermody-
namics. Some classical thermodynamicists had believed
these words of [24] ‘‘. . . irreversible phenomena, which
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are essentially transitory, than to the final result of their
evolution, equilibrium”. Some others also suggested that
the English name of ‘‘thermodynamics” change into ‘‘ther-
mostatics”, because there was no time variables in classical
(or traditional) thermodynamics. That is incorrect. Now
there is also no time variable in the mathematical expres-
sion of the second law of modern thermodynamics, but
the irreversibility of time for the development of systems
is still incarnated.

The framework of applicability for ‘‘the impossibility to
obtain the second kind of perpetual machines” is for any
macroscopic systems, including the impossibility to obtain
from equilibrium systems and from nonequilibrium sys-
tems, the impossibility to obtain via reversible processes
and via irreversible processes, and the impossibility for sim-
ple systems with only spontaneous processes and the
impossibility for complex coupling systems with multiple
processes. The second law of thermodynamics is not sum-
marized from experiences on microscopic scales or experi-
ences for the whole of universe, so it should not be
extended into the microscopic range and the whole of uni-
verse. The framework of applicability of the second law of
thermodynamics is any macroscopic systems, just the same
as that of the thermodynamics discipline.

The general mathematical expression of the second law
of thermodynamics, i.e., [diS P 0], is a limitation for
systems but not for processes. However, the thinking of
spontaneous-process systems (or uncoupling systems) in
classical thermodynamics to a large extent blocked the
development of thermodynamics. The most obvious
examples are as follows: The nonspontaneous diffusion in
thermodiffusion systems was regarded by classical thermo-
dynamicists as abnormal, and it was called ‘‘abnormal dif-
fusion”; the nonspontaneous transformation from graphite
to diamond in the activated low-pressure technology had
been regarded as ‘‘alchemy”; and a large number of non-
spontaneous processes in living body were often described
by the word of ‘‘mystery”. In fact, all of them are merely
the natural results of thermodynamic coupling in modern
thermodynamics.

As a science of development, the development of ther-
modynamics itself had been in stagnation for such a long
time. That was rarely found in other fields of natural sci-
ence. The thinking on development in thermodynamics
had been ‘‘solidified” for such a long time. The mainstream
on development should be the thinking of continuous
‘‘evolution”, but it had been substituted by the thinking
of ‘‘degradation”. That might be a pity, but might also
be an internal rule in science of development.

The best answer for any difference in cognition may be
that go forward based on the nature of the second law of
thermodynamics, i.e., along the direction of ‘‘arrow of
time”, the time proof might be the best evidence in history.
In the last about 40 years of success in the activated low-
pressure diamond growth, up to now as we know, only
the thermodynamic coupling model and the corresponding

nonequilibrium phase diagrams of modern thermodynam-
ics have been evaluated as ‘‘well developed” and ‘‘of more
strong persuasions” in thermodynamics.
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