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Anders Jonsson is a senior researcher within the interdisciplinary research group
of Ecotechnology and Environmental Science at Mid Sweden University. He has a
broad experience of research and education within the field of Environmental
Science and Technology. With a background in analytical chemistry he has been
working with the development of new analytical methodology to meet the
challenges associated with a better understanding of atmospheric dispersion,
transport and transformation of pollutants. His research spans the field of air,
water and soil pollution and of ecological modelling. Recent research focus on
sustainability issues related to remediation of soil and water in marginalized
regions such as developing countries and remote regions in developed countries.
He has 25 years’ experience as head of an environmental consultant laboratory
working with quality control of biofuels and environmental monitoring. He is
coordinator of the international masters programme Ecotechnology and
Sustainable Development.
“I first met with Inga Carlman when she joined the Ecotechnology group at the turn of the
millennium, and she brought with her thorough experience within the field of Human
Geography, Environmental Social Science and Environmental Law. She has taught me
about the “hard” steering tools for society and also about the many limitations and
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deficiencies of present environmental law. Many years earlier I was involved as an expert
1

witness in a momentous environmental law-suit Birkagårdsmålet where children at a daycare center in Stockholm City sued the municipality to court for having made injury to
their health caused by noise and pollution form the intense city traffic. It was uplifting for a
young researcher to find that it was possible, “against all odds” to win such a case.
Coming from the field of social science Inga has been a “bridge-builder” in our research
group and I highly appreciate our sometimes tough discussions on how to best integrate
natural science with social and political science to make it possible to think in new ways
and to develop better tools to steer society in a more sustainable direction.

1

Borgström, C., Grebäck, K. and Hansson, H. (Ed.) (1987) Buller och avgaser –

Slutplädering i Birkagårdsmålet. Raben och Sjögren.
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Entropy, Free Energy and the Creation of Order
out of Chaos
Anders Jonsson

Department of Ecotechnology and Sustainable Building Engineering,
Mid Sweden University, Östersund, Sweden

Foreword
When I, as a young student, began my studies at Stockholm University I knew
exactly what I wanted to be – a biologist. I have from early age a sincere
relationship to nature and I wanted to understand the nature, its living and dead
things and how they co-function to make this beautiful world we call Earth, Tellus
or Gaia. To prepare well for the biology studies to come I invested one full year of
mathematics, then one full year of chemistry and then…more chemistry. To make
the story brief – I never really got to biology but my research and non-academic
career got me into environmental science and for that, for the many interesting
people I have met and for my initial driving force, I am very happy.
This chapter is about thermodynamic driving forces and their fundamental
importance for creation of ordered structures in complex systems i.e. for creation of
order out of chaos. These beautiful, highly ordered systems, can only maintain
their state far from thermodynamic equilibrium as long as they dissipate free
energy at a rate that creates more disorder in the systems surroundings. Such
dissipative structures may appear in complex non-living chemical systems but is
moreover the hallmark of life itself. We are grateful to our universe that makes this
possible for as chemistry Nobel prize laureate, Ilya Prigogine, says: ”It is really not
from a logical standpoint necessary for dissipative structures to exist in nature, the
cosmological fact that the universe is far from equilibrium is needed for the macroscopic
world to be a world inhabited by spectators, i.e. a living world” (Prigogine & Stengers,
1985) For that, and as long as it may last, I am also very happy.
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Introduction
Thermodynamic driving forces emanate from systems that are in a state far from
equilibrium with its surroundings. The ultimate driver of the “machinery” of the
living planet earth i.e. the hydrological cycle, atmospheric and oceanic circulation,
biomass production, continental drift, volcanic activities, bio-geo-chemical
conversions and circulation of matter including nutrients and waste, network
building, genetic evolution and information production and many other processes
on global, regional and local scale, including all four types of ecosystem services,
are ultimately driven by three sources of energy; the sun, geothermal heat and tidal
forces. The dynamics of these sources of primary energy to the global system are
such that with human perspective of time, we may regard them as eternal although
we are aware of the fact that within less than five billion years the sun will have
run out of its primary energy source, hydrogen, and that marks the end of life on
earth. Earths hot interior will continue to stay hot and contribute geothermal heat
for at least that time due to additional heat input from radioactive fission of
Uranium and Thorium and the tidal forces will prevail as long as our moon orbits
earth which is also a very long time thanks to the laws of inertia. As a result of this,
the planet earth may be regarded as an open system with regard to energy and this
excess energy flow is used by the living planet to maintain the system at a state far
from thermodynamic equilibrium.

Entropy, Free Energy and the Laws of Thermodynamics
Let’s look at an arbitrary open system, it may be the living planet earth or one of its
many subsystems. The energetic state of the system cannot be determined in
absolute terms since there is no absolute scale for energy but we can determine the
change of state of the system as the system changes from a state A to a state B, Fig. 1.

Figure 1. The open system.
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The state of the system may be characterized by a number of state functions e.g.
E, H and G for Internal energy, Enthalpy and Free energy respectively, or S for
Entropy or the “state of disorder of the system”. A state function is a function of
the state of the system only. Furthermore, the change of the state function as the
system moves from a state A to a state B is independent of the trajectory from A to
B. State functions hence obey Hess’s law. The change of e.g. free energy of the
system as the system changes its state from A to B is
∆G = GB - GA

(I)

It is noteworthy that it follows from (I) that ∆G is independent of any reference
state chosen. This has, as we shall see later in chis chapter, implications for the
comparison of Free energy (Gibb’s or Helmholtz’s free energy) with the frequently
used (but less well defined) term Exergy.
Now we want to examine the exchange of various types of energy between the
system and its surroundings (Fig. 2). First of all, by convention, we adopt a
“systems oriented” view which means that flow into the system is given a positive
sign. Hence q indicate an endothermic process (heat is received by the system) and
–q represents an exothermic process (the system transfers heat to the
surroundings). Similarly, w indicates that work is done on the system by the
surroundings and –w that the system carries out work on the surroundings.

Figure 2. The open system and its surroundings.
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First law of thermodynamics
We may now formulate the first law of thermodynamics (Barrow 1979) with
reference to our system in the universe. The law states that:
∆EU = 0

(II)

Where ∆EU is the change of total energy in the universe. From the first law it
follows that:
∆E = -∆EHE - ∆EWE = q + w

(III)

Where ∆E is the change of internal energy of the system, HE and WE indicates
the Heat and Work Environments respectively.
Ecosystems carry out numerous biotic and abiotic processes and quite a few of
these processes involve a change of the volume of the system. For example 1 mole
(18 g) of water changes its volume from 0,018 dm3 to 23,6 dm3 at 15 oC and normal
atmospheric pressure i.e. a more than 1000 fold expansion upon evaporation! Since
this expansion is carried out against a constant atmospheric pressure the energy
transferred to the environment as “pressure-volume” work is
-w = P∆V

(IV)

Inserting (IV) into (III) gives after rearrangement:
q = ∆E + P∆V

(for P = constant)

(V)

For systems open to the atmosphere it is therefore convenient to define
Enthalpy, H:
H = E + PV
(VI)
And since we are mostly interested in determination of the change of Enthalpy
as the system changes its state:
∆H = ∆E + P∆V (for P = constant)
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(VI)

Second law of thermodynamics
Let us look a little closer at the open system that changes its state from A to B. It
can do so either irreversibly (and spontaneously), as a result of internal driving
forces, or as a result of (reversible) external forcing. One of the many formulations
of the second law states: In a closed system the entropy tends to increase to its maximum
value.
We may now again take Fig. 2 into consideration and note that the universe is a
closed system hence we can reformulate the second law:
For all spontaneous processes: ∆SU > 0
According to the first formulation of the second law the Entropy of a closed
system reaches its maximum value when the system has attained its state of
thermodynamic equilibrium. Hence the equilibrium acts as an attractor to the
system. At states far from equilibrium there might appear other attractors as we
shall see later but these attractors cannot be eternally stable in a closed system. The
second law is a “terrible law” since it dooms our universe to steadily move
towards its equilibrium (dead) state and that will be the end not only of life, but of
time itself, because there will be no asymmetric events at the macroscopic level
with a well-defined “before” and “after” in the equilibrium universe. (there won’t
even be a macroscopic level) The upside of this is that there is no reason to assume
that this will happen until eons of time from now. There are also many things we
still do not know about our universe and, for the sake of hope, maybe the universe
isn’t that closed after all….
Let us again turn to our model universe (Fig. 2) taking the entropy of the
system and heat environment into consideration (there is no entropy in the work
environment).
∆SU = ∆S + ∆SHE

(VII)

Entropy is defined at the macroscopic level as:
SHE = EHE/T

(VIII)

And
∆SHE = ∆EHE/T = -q/T = -∆H/T

61

(IX)

Hence (VII) becomes:
∆SU = ∆S - ∆H/T

(X)

-T∆SU = ∆H - T∆S

(XI)

Or

The sign of the energy term -T∆SU is decisive (according to the second law) for
whether there is a driving force to move the system from A to B or not. This
fundamental energy term is defined as Gibb’s free energy of the system, that is, the
energy that is “free” to do work.
∆G = ∆H - T∆S

(XII)

The Gibb’s free energy ∆G is a measure of how far from thermodynamic
equilibrium the system is and it is therefore a measure of the driving force within
the system to move from A to B. Gibbs free energy requires a constant pressure
and is therefore most useful for determination of driving forces within ecological
processes (since most ecosystems are open to the atmosphere). For constant
volume processes the Helmholtz’s free energy may be used (See any textbook in
thermodynamics).

Third law of thermodynamics
The third law is related to the unattainability of the absolute zero point of
temperature and the fact that entropy decreases as the temperature decreases. As
the absolute zero point of temperature is approached all elements will eventually
be in their crystal states i.e. phase transitions from gas to liquid to solid will have
happened. (Lewis and Randall 1923) formulated what is now referred to as the
third law of thermodynamics in the following way: “If the entropy of each element in
some crystalline state be taken as zero at the absolute zero point of temperature, every
substance has a positive entropy; but at the absolute zero of temperature the entropy may
become zero, and does so become in the case of perfect crystalline substances”. The final
restriction in the formulation of the third law is important since less ordered
structured may be frozen into a state that have a remaining positive entropy even
at zero K.
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The molecular basis of entropy
Boltzmann defined entropy at the microscopic level in terms related to information
theory (Prigogine and Stengers 1985):
S = kB ln(P)

(XIII)

kB = Boltzmanns konstant = R/Na = 1,38065 x 10-23 J/K
P = Number of possible ways to arrange the system = number of complexations
N!/N1!N2!...Ni!
N = number of molecules
i = number of available energy quanta
It is important to realize that molecules exist in a world of quantum restictions
which implies that a molecule must have an energy that corresponds to one of the
allowed states (Fig. 3). The very large number of molecues that makes up ”our”
macroscopic world therefore consist of these molecules distributed throughout the
allowed states (Fig. 4). One crusial point is that at any temperature above zero
Kelvin there will be a large but finite total number of allowed states which implies
that a fixed value of the entropy can be assigned a chemical compound (Barrow
1979).

Figure 3. The quantum states of molecular vibrational, rotational and translational
energies.
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Figure 4. The Maxwell-Boltzmann probability density functions at different temperatures.

According to (Prigogine and Stengers 1985) Boltzmann was the first to realize
that the irreversible increase of entropy according to the second law, could be
expressed in terms of increased molecular disorder, a gradual loss of all original
asymetry, because an assymetric distribution implies a lower number of
complexations in comparison to a state corresponding to a maximum value of P
(eq. XIII). With the words of Prigogine and Stengers: ”Boltzmann's results means that
an irreversible thermodynamic transition is a change towards increasing probability, and
that the attractor represents a state of maximum probability. This brings us far beyond
Newton, for the first time, a physical concept has been explained in probability terms”

Free energy and exergy
Exergy in thermodynamics was originally defined as the maximum amount of
“useful energy” i.e. work, that can be extracted from a process that brings a system
into equilibrium with a heat reservoir. The concept was further developed by
Gibbs to include the chemical potential or partial molar free energy; here given for
substance A:
µA = µ0A + RTln(PA/P0A)

(XIV)

The reference potential (µ0A) is the potential where substance A has unit
activity. Jörgensen and coworkers, see e.g. (Jörgensen 2002, Mitsch and Jörgensen
2004, Jörgensen and Fath 2011, Palmeri, Barausse et al. 2014, Jörgensen, Marques et
al. 2016) defined Exergy as “the amount of work (entropy-free energy) a system can
perform when it is brought into thermodynamic equilibrium with its environment”. The
definition is sometimes supplemented with “… with its environment or another well64

defined reference state” (Jörgensen and Fath 2011). One possible problem is that the
reference state is really not well defined but can be different from ecosystem to
ecosystem (Palmeri, Barausse et al. 2014). The reference state is the thermodynamic
state where detritus (dead organic material) containing energy-rich fat,
carbohydrates and proteins has been oxidized into an “inorganic soup” of
thermodynamically stable inorganic constituents e.g. CO2, H2O, SO42-, NO3- etc. The
chemical potential of dead organic matter is expressed in the same way as in eq.
(XIV) but with the reference state (C1,eq) corresponding to the “inorganic soup”
(Jörgensen and Fath 2011):
µ1 = µ1,eq + RTlnC1/ C1,eq

(XV)

The following expression for Exergy was used (Jörgensen 2002):
Exergy = S (T-T0) – V (P-P0) + Σ (µc - µc0) Ni

(XVI)

This expression deviates from the expression for Gibb’s free energy not only
due to the choice of reference state but also because the temperature (T) and
pressure (P) may be different in the original system and its reference (equilibrium)
state. Defined in this way Exergy is not a state function since its value is not
dependent of the system only but also of the state of the reference system. In
practice however, since the temperature difference between living organisms and
the ecosystem environment is not that large, T is usually set to T0 (typically 288 K
for the global average surface temperature) and P to P0 (atmospheric pressure).
Then exergy becomes similar to Gibb’s free energy and the chemical free energy of
detritus may be calculated.

Entropy and Eco-exergy
Jörgensen and co-workers introduces the concept Eco-exergy as a goal function for
Ecosystems. The concept was developed to account for the exergy of information
that has been built in the genes in the living cell. The concept has some similarities
to Odum’s Emergy concept that also seeks to quantify ecosystem work (e.g. solar
energy Joules) that has been invested in information and network-building
processes in nature and in the human society (Jörgensen, Odum et al. 2004). In later
publications Jörgensen and co-workers use the term “Work energy of information”
for Eco-exergy (Jörgensen, Marques et al. 2016).
The genes code for amino acid sequences in the proteins in the living cell and
(Jörgensen, Marques et al. 2016) uses Boltzmann's equation to calculate ”work
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energy of information” (WEI) based on the number of possible ways to arrange
amino acids in enzymes in living tissue (see eq. XIII for comparison):
WEI = TS = Tkln(M)

(XVII)

M is the number of microstates (possible permutations of amino acids in the
proteins). A problem with this definition is that S in eq. XVII is not entropy as
defined by Boltzmann (eq. XIII). Moreover, the number of microstates in eq. XVII is
independent of temperature and the S term in eq. XVII therefore does not obey the
third law. It is therefore disputable whether the term TS in eq. XVII represents
energy in any form. WEI is certainly a measure of genetic information and it seems
reasonable that another unit be assigned to WEI to indicate that it is not energy in a
conventional way, in a similar way that Emjoule is used by Odum to distinguish it
from energy with the unit Joule. Consequently β-values, that express the ratio of
WEI content of organisms to the chemical energy content (heat of combustion) of
detritus (Jörgensen and Fath 2011), would not be a dimensionless entity.

Thermodynamic driving forces and pollution of atmosphere and
soil – some examples
During the last two hundred years man has brought incredible amounts of coal, oil
and gas from the geosphere to the surface to gain easily available free energy for
the needs of society. The system of fossil fuels in contact with an oxidizing
atmosphere is thermodynamically unstable and the attractor is an atmosphere
containing the inorganic combustion products, mainly carbon dioxide and water
(provided that energy utilization is maximized and combustion is complete). The
power of the free energy used has made it possible to build prosperous societies
but the environmental costs in terms of a near doubling of atmospheric CO2 since
the pre-industrialized era and a rapidly changing climate and severe atmospheric
pollution has become an issue of global concern, Fig. 5.
Primary pollutants such as reactive volatile organic compounds, nitrogen
oxides and carbon monoxide are injected into the atmosphere of urban
environments at a rate that exceeds the natural photochemical turnover rate of
these substances. The result is accumulation of secondary pollutants including
oxygenated hydrocarbons, ozone and other strong oxidants and aerosols. The
mixture is highly toxic, it reduces the sight (smog) and reflects incoming solar
radiation. The attractor is the clear sky where all hydrocarbons have been
converted to carbon dioxide and water, Fig. 6.
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Figure 5. Free energy of fossil fuel “drives society”.

Figure 6. Photochemistry speeds up the turnover of organic pollutants in the
atmosphere but causes problems when the system “chokes”.
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Organic pollutants in soil are part of a system with quite different conditions
compared to the atmosphere. The state with a clear sky were hydrocarbons are
oxidized to carbon dioxide and water is still an attractor but lack of
photochemistry and many other factors in the subsoil tend to slow down
degradation of the pollutants if they are not brought in to the atmosphere by
evaporation. Biologically catalyzed reactions are often decisive for the rate of
degradation of pollutants but many factors such as lack of electron acceptors,
nutrients, available carbon and toxicity can slow down degradation considerably
(Jonsson and Haller 2014).

Secondary
substances
(smog)
Photochemical

Air reactions

τ = hoursdays

Soil/water

Organic substance
Non photochemical
reactions: Hydrolysis
substitution,
elimination, reduction,
abiotic oxidation

CO2/H20

τ = monthsdecades

Biologically
catalysed
reactions
Secondary
substances

Figure 7. Biologically catalysed reactions regulates the turnover of organic matter in soil
(Jonsson and Haller 2014).

Kinetics and transition state theory
Let us look at a system where ther are som chemistry involved. Methane and
chlorine gas can react to form methylchloride and hydrocloric acid according to the
following reaction: CH4 + Cl2 = CH3Cl + HCl.
Chlorine is a very strong oxidizing agent and we expect the thermodynamic
equilibrium to be shifted far to the right side of the reaction above. Let us add these
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gasses to a closed container until each has the partial pressure of 1 atm and we let
the container come into thermal equilibrium with room temperature (298 K).
Since all components now are at their standard states we calculate ∆G0 from
tabulated free energies of formation: -58,41 - 95,26 – (-50,79 – 0) kJ/mol = -102,88
kJ/mole. It is obvious that the thermodynamic driving force is very high (the
system is far from chemical equilibrium) but nothing happens, why? To
understand that we have to look into molecular kinetics and transition state theory
which in turn is a key to understanding why chemical and biological systems can
create new attractors and maintain dissipative structures far from equilibrium.
The reaction path for the “dark reaction” in the closed container is depicted in
Fig. 8. It can be seen that the activation energy of the transition state can be
separated into an energy term (the molecules must have enough kinetic energy to
brake the barrier caused by the repulsive valence electrons to come close enough to
make new covalent bonds) and a probability term (the molecules must come
together in a highly ordered four centered transition state that has a very low
probability). The net outcome is that the reaction does not proceed with any
measurable speed at room temperature and in the dark. Now, open a window into
the container and let in some photons and – bang! The reaction proceeds to
equilibrium at an extraordinary speed, Fig. 9.

Figure 8. Reaction pathway for methane and chlorine in the absence of light.
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The photons reacts with, and breaks the weak bond that holds the two chlorine
atoms together in a chlorine molecule, and free chlorine radicals are released in the
container. This opens up for a completely different reaction pathway with
transition states that have a much higher probability, i.e. lower free energy of
activation.

Figure 9. Reaction pathway for methane and chlorine in the presence of light.
In a similar, but more complex way, biological molecules (enzymes) makes
possible reaction pathways with more favorable kinetics and creates reinforcing or
dampening feedback loops within biochemical reactions. The living cell has
developed extremely sophisticated ways of manipulating rate of chemical reactions
through evolution.

Creation of order out of chaos
The study of instability of a chemical system that is intentionally driven to a state
far from equilibrium was an emerging branch of science in the 1980:ies. The
research attracted the interest not only among mathematicians, physicists, chemists
and biologists but even economists and sociologists (Prigogine and Stengers 1985).
Such systems were first studied by a simplified theoretical model that was
developed in Brussels. American scientists named the model the “Brusselator”.
Later appeared more elaborate models that was named after the site of the research
team, e.g. the “Oregonator” (Fig. 10) and the “Paloaltonator”.
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Figure 10. The Oregonator and the Belousov-Zhabotinsky-reaction. Reconstructed from
(Prigogine and Stengers 1985).
The The Oregonator demonstrates self-organizing behaviour 1 such as:
• Chemical clock
• Stable spatial differentiation
• Waves of chemical activity over macroscopic distances
Prigogine and Stengers (1985) showed that by driving a complex system far
away from equilibrium, points of bifurcation appear. This is illustrated in Fig. 11.

Figure 11. Bifurcation diagram reconstructed from (Prigogine and Stengers 1985). The
diagram shows the state value (X) as a function of the control-parameter λ. The control
parameter may be the concentration of any substance that is fed into the system.

These phenomena can be viewed live at the following link:
https://www.youtube.com/watch?v=0Bt6RPP2ANI

1
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At the bifurcation point even small fluctuations may be decisive of the systems
future. The behavior of the system is dependent of its history. It is surprising that
this behavior, known from biological and social systems also applies to simple
chemical systems! This apparent connection between thermodynamic theory and
Darwin’s principles of natural selections have inspired H.T. Odum (Odum 1994,
Odum 1995) to propose a “Fourth Law of Thermodynamics” based on Lotka’s
Maximum Power Principle (Lotka 1925). Jörgensen, Marques et al. (2016) expresses
similar thoughts in an Ecological Law of Thermodynamics (ELT) that is an expansion
from focus on the individual organisms, or rather, the genes of the organisms – to
the entire ecosystem. These thoughts are not far from the ideas brought forth by
James Lovelock about the living planet – Gaia, as a synergistic, self-regulating
complex system that helps regulating the conditions for life on earth; the Gaia
hypothesis (Lovelock 1979, Lovelock 1988). All of these thoughts comprise a
compelling new way to look at life on earth even though they have not yet won
general scientific acceptance in all parts.
We may conclude that the (eco)systems we are studying has the capacity to selforganize, a characteristic property of living systems. Self-organizing systems
demonstrate non-reversible and random behavior (at bifurcation points) and
develop through non-predictable processes towards increased complexity, a
process we call evolution. Time is a crucial factor. Life has been present on earth
for approximately 4,5 billion years but the living planet earth must have been a
very dull place from a human perspective, the first 3,9 billion years throughout
arkeozoikum and proterozoikum, until the “Cambrian explosion” 0,57 billion years
B.P. Although life on earth have the power to create order out of chaos we ought
not to take this capacity for granted since it may take eons of time to restore
spoiled ecosystems if we, by careless management, drive the planet outside
planetary boundaries by e.g. dangerous human interference (IPCC 2013) with the
climate system. For all we know and can reach in the foreseeable future – there is
only one living planet Earth.
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