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Pre face

Two definitions of the word “Economy” are cited above. The 
former is quite habitual, it reflects the main essence of Economy 
as a kind of human activity that provides for human sustenance. 
The latter definition is a theological one, although, considered as a 
metaphor, it can be interpreted in a sense that Economy is the 
realization of some general laws given “from above”: not the 
conventional laws or rules accepted by people through voting, 
traditions, or government decrees, but the fundamental laws of 
nature to which all processes in the universe are subject 
irrespective of their scale and concrete mechanisms. Economic 
processes are not an exception. These are the Laws of 
Thermodynamics. 

The grandiose building of modern human knowledge, 
growing before our eyes with impressive acceleration, shows now 
some features that resemble the story of the construction of the 
Babylon Tower. As time goes on, the specialization of science 
becomes deeper and deeper, so that the “builders” of its different 
domains lose the ability to understand each other. It is happening 
because the division of science into different branches is artificial 
and reflects its preceding path of development rather than the 
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natural interlinks or similarities between the phenomena that they 
deal with. Economics and thermodynamics represent just one 
example of this kind. Economics belongs to the field of social 
science, whereas thermodynamics – to that of physical science. 
They are located far enough from each other on the tree of science, 
and their ways practically do not intersect. Students of both 
disciplines are mostly ignorant of ideas and methods of the other 
side. Specialists in both sciences publish their works in different 
journals and do not assemble together at common conferences.  

At the same time, economics and thermodynamics deal with 
things that are inherently cognate. Indeed, economics is the 
scientific study of the ways in which the material welfare of a 
nation is produced and used. In other words, it examines how 
society works to provide for its own well-being. On the other 
hand, any work, whether in simple physical systems or in much 
more complex social ones, can only be done at the cost of energy 
consumption. All processes of the conversion of energy into work 
are subject to some rigorous thermodynamic laws. Economic 
processes also obey these laws, evidently or not. That said, 
thermodynamics does not substitute the peculiar laws of 
economics but defines the natural limits of their applicability. 

The date of birth of economics as a separate scientific 
discipline is usually traced back to the year 1776, when Adam 
Smith published “An Inquiry into the Nature and Causes of the 
Wealth of Nations”, the first systematic treatise on economics. 
Thermodynamics was formed as a rigorous scientific discipline 
about a century later. So far as thermodynamics is not yet a 
traditional or an obligatory course for students of economics, it 
would be not out of place, we suppose, to represent briefly the 
basic concepts of thermodynamics in order to promote mutual 
understanding. The first chapter of the book is devoted just to this 
purpose.

The idea that there are natural, intrinsic links between 
economics and thermodynamics is, in general, not a new one. 
Some considerations concerning the matter may be found in the 
writings of Herbert Spencer, and later in those of some other 
authors. Classical works of Vilfredo Pareto also reflect his clear 
understanding of the role of thermodynamics in economic 
processes. More than 80 years ago, Frederick Soddy rather clearly 
specified the natural connection between economics and 
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thermodynamics.  The last two-three decades have seen some 
signs of a vivid interest in the issue. Ilya Prigogine repeatedly 
emphasized that extending the ideas of Irreversible 
Thermodynamics to the domain of Economics and Sociology may 
be of great importance. Recently the “invasion” of the traditional 
territory of economics by physical views and approaches becomes 
more noticeable, even a new branch called «econophysics» has 
declared about itself, though the attitude of most economists 
toward this process remains rather suspicious and skeptical. 

One should emphasize that it has to do now with something 
more essential than just the phenomenological resemblance 
between economic processes and those of energy conversion. It 
concerns indeed the very human nature and the specific role of 
human beings in the existence and development of life on Earth. 
The point here is that human beings possess a unique capability 
inherent only to them, and not to any other living being on Earth, 
to use energy above their physiological needs. When our 
prehistoric ancestor saddled a horse, kindled a fire, or forced his 
congener to do certain work for him, he, in fact, used more energy 
for his aims than his physiology required. It was precisely this 
fundamentally new capability that added to a human being the 
qualities that singled him out of the world of all other living beings 
that are incapable of this. 

One can even assert that the capability to use additional 
energy beyond physiological needs may serve as a more correct 
definition of human beings as a distinct species, than, say,  the use 
of tools, walking on two legs, or using labor, which, allegedly, 
made humans human. All the history of human civilization is 
inseparably linked with the development of this capability 
conjugated with the involvement of ever growing flows of various 
forms of energy in addition to that “biological” energy, which 
humans consume with food. The contemporary man has to 

consume about 10 thousand kilojoules (  2500 kcal) of energy 
each day to meet his physiological needs. The energy requirements 
of the prehistoric man were of the same magnitude. However, 
when he – a contemporary man, not a prehistoric one - drives, for 
example, 60 miles, he consumes additionally about forty times 
more energy than he consumes with food.  

The principal human activity has always been to gain 
livelihood. For this purpose, humans cultivated plants, bred sheep, 
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made various goods, built huts and temples, traded, and waged 
wars. They always did various kinds of work to provide for their 
sustenance, just as they do it at present. The specific forms of 
human activity have evolved and changed over centuries and 
millennia but its essence has remained immutable. The whole 
economic activity of humans, viewed in the frame of economics, 
can hardly be analyzed with full objectivity. Economics is a 
human science, and nothing human is alien to it. A value system, 
philosophical preconceptions, and ideological biases inevitably 
exert an influence on the inferences and propositions of 
economists as well as sociologists. Thermodynamics, unlike 
economics, is absolutely neutral with respect to human values. 
One may say that economics as well as sociology can distinguish 
between “good” and “bad” in a certain humanistic sense, whereas 
thermodynamics can discriminate between what is “possible” and 
“wishful” on the basis of abstract physical principles. 

Economics is a self-contained science closed within its proper 
confines. It develops in the space of specific concepts and 
approaches. All the more there are reasons to have a look at some 
economic processes from outside the frame of habitual economics, 
namely, from the viewpoint of thermodynamics. A new angle at a 
phenomenon often enables one to see its new facets, thus making 
for deeper understanding of its essence. The author wrote this 
book with the hope that it will contribute to the narrowing of the 
mental and psychological gap that exists between humanitarian 
and physical outlook on the questions vitally important for our 
common well-being.  
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Chapter   1  

Basics of thermodynamics 

Thermodynamics presents an abstract and generalized 
approach that enables one to analyze the basic regularities of 
various energy processes, even under conditions where the details 
of their intrinsic mechanisms are unknown. The methods of 
thermodynamics are applicable to systems that belong to very 
diverse classes of objects from stars to living cells. The 
thermodynamic laws underlie the functioning of all technical 
energy-transforming systems, such as combustion engines, jets, 
power stations, and others. The laws of thermodynamics are well-
grounded theoretically and experimentally, and their conclusions 
are quite reliable. Their validity is only limited in regard to very 
small systems consisting of only a small number of molecules. 

Basic laws and basic notions of Thermodynamics 

Thermodynamics is rested on two fundamental laws – the law 
of the conservation of energy (“The First Law of 
Thermodynamics”), and the law of the increase of entropy (“The 
Second Law of Thermodynamics”). The notions of energy and 
entropy are thus basic ones for thermodynamics. They need some 
comments. 

Energy

Energy is a notion that is broadly used both in intuitive 
everyday reasoning and in a strict physical sense. The word 
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“energy” was used already by Aristotle. An 18th 

century English poet  defined it as follows: “Energy is the only 
life and is from the Body; and Reason is the bound or outward 
circumference of Energy”. The habitual everyday sense of this 
notion seems quite clear and requires no elucidation. It is more 
difficult to give a strict physical definition of energy. Probably, the 
best we can do to define the physical sense of energy is describe 
its fundamental qualities. Energy can exist in a number of forms - 
mechanical, electrical, chemical, radiant, thermal, and others. 
Various forms of energy can transform themselves into each other. 
All such transformations are performed, however, without any 
change in the total amount of energy. During any transformation, 
energy neither originates nor disappears - it only converts from 
one form into another in strictly equivalent quantities. The 
conservation of energy is the essence of the first law of 
thermodynamics. The mutual equivalence of different forms of 
energy can be illustrated by the following conversion table: 

1 cal = 4.18 J   (one calorie is equal to 4.18 Joule) 
1 Btu = 1055 J  (one British thermal unit is equal  
                         to 1055 Joules) 
1 Btu = 252.4   cal  (one British thermal unit is
                         equal to 252.4 calories) 

For example, when a car travelling at 60 miles per hour 
brakes, its kinetic energy (about 365 kilojoules) is transformed 
into heat that evolves at the brake shoes. This amount of heat 
(about 90 kilocalories) is enough to boil a liter of water. 

Work

The notion of energy is defined sometimes as the capacity of 
a system to produce work. Considering this definition, one has to 
define first the very notion of work. Work is measured in the same 
units as energy – in joules, calories, watt-hours, etc. Work can be 
defined as an action of a system upon an external object followed 
by the production of certain changes in its structure or position. To 

 William Blake, “The Marriage of Heaven and Hell”, 1793. 
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produce work means to shift an external object, to change it in any 
way, to form or to destroy, to order something, in short – to bring 
about certain alterations outside the system. For instance, when an 
athlete lifts a weight, he performs work against gravity. When a 
stream of water forces to turn the rotor of a turbine at a 
hydroelectric power station, it produces work. Work production is 
always accompanied with the transfer of energy from the system 
that performs work to the object on which it is performed. Any 
work is produced due to the corresponding decrease of energy of 
the source.

Different forms of energy are not equal with respect to their 
capacity to produce work. Those of them that involve ordered, 
definitely directed movement, can be converted into work with 
efficiency close to 100 %. Such are mechanical and electrical 
energy. The former is the energy of the ordered movement of 
mass; the latter is that of electrical charges.  

Heat – a specific form of energy 

In contrast to mechanical and electrical energy, heat is the 
energy of the chaotic movement of a multitude of molecules of a 
substance. Heat cannot be converted into any other form of energy 
or used for performing work. Heat engines of any kind produce 
work not by converting heat as such but by converting the energy 
of heat flow passing through the engine from a reservoir at a 

higher temperature  to that at a lower temperature. The efficiency 
of the conversion of heat into work depends upon the ratio of the 
temperatures of the warm and cool reservoirs.  In other words, it 
depends upon the difference in the degree of chaos in the 
reservoirs.

Chemical energy, as well as solar (radiant) energy, holds an 
intermediate position. These forms of energy are not as chaotic as 
heat and not as ordered as mechanical or electrical energy. Their 
potentiality of performing work depends upon the ratio between 
their ordered and chaotic component. The ordered component can 
produce work. It is called free energy. The chaotic component can 

 Temperature, measured on the so-called Kelvin scale that begins from 

“absolute zero” (K =0 at t = - 273  C), is proportional to the average 
energy of the chaotic movement of a molecule. 
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be transformed into heat only. It is called bound energy. Table 1.1 
below may help to get a comparative view of the different forms 
of energy. 

Thus, various forms of energy differ from one another in the 
qualitative respect. The most “high-quality” energies are 
mechanical and electrical, whereas heat holds the lowest position. 
Energy of a higher form can be degraded into a lower form, but a 
lower form can never be wholly converted back into a higher 
form. 

A certain quantity of kilowatt-hours of electricity constantly 
enters our dwelling, where this energy is transformed into radiant 
energy by electric bulbs, into sound and light by TV, into 
mechanical energy by the compressor of a refrigerator or by the 
electric motor of a vacuum cleaner. Ultimately, all the energy that 
has entered turns into heat and, in this form, leaves the dwelling. 
Thus, we pay money not for a definite quantity of energy received, 
since its total quantity within the dwelling remains unchanged, but 
for a definite quantity of high-quality form of energy. All work 
useful for us is performed at the expense of the degradation of 
high-quality energy into heat. (The reader can regard this example 
as the first illustration of the relationship of thermodynamics and 
economics). 

Entropy

The other basic notion of thermodynamics, along with 
energy, is entropy. This value characterizes energy in the 
qualitative respect. The change of entropy indicates the possible 
direction of processes in a system. The term entropy was 
introduced into the scientific lexicon by Rudolf Clausius in 1865. 

It is formed from Greek that can be translated as “a 
measure of change”. Later on, the term came into use not only in 
thermodynamics but also in information theory and even in 
sociology, where it denotes a tendency to the disorganization of 
social processes.  

In general, entropy can be considered as a quantitative 
measure of disorder, or chaos, in a system. The more chaotic the 
state of a system, the greater its entropy is. As distinct from 
energy, entropy is not a conserved value. In a closed, self-
contained system, thus, not exchanging either mass or energy with 
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the environment, entropy grows up to the maximum that 
corresponds to the state of thermodynamic equilibrium. Such a 
state of a system is simultaneously the most probable one and the 
least ordered. Disorder and chaos arise spontaneously under the 
influence of a multitude of random factors. On the contrary, 
ordering or maintaining order requires a continual application of 
definite efforts. Thus, the change of entropy, its increase and 
approaching the maximum, defines the direction of the natural 
evolution of a closed system from order to chaos. “The Entropy of 
the Universe aims for the maximum” is one of the possible 
formulations of the Second Law of thermodynamics, which 
belongs to Clausius. It means, in essence, that, in a closed system, 
all differences between its parts gradually dissipate and finally 
disappear. Equal temperature, equal concentrations of 
components, the equality of all other factors are established all 
over the system. Accordingly, all the driving forces, which could 
cause any process, disappear, and the system passes into a gloomy 
state of repose, from which it can be only drawn out by applying 
external efforts.

The notion of entropy can be related to the probability of the 
existence of a system in a certain state. Low entropy values are 
associated with rare, improbable states, while usual, often realized 
states are characterized by high entropy values. If a certain 
macroscopic state of a system can be realized in N different ways, 
the entropy of such a system is proportional to the logarithm of N:

                          S  Log N

Thus, for example, the entropy of an original artwork that 
exists in a single copy (N = 1) is zero, whereas the entropy of a 
number of its forgeries, or copies, is much higher. 
Correspondingly, the ratio of worth is inverse – the original is 
priceless in contrast to inexpensive forgeries.  

The entropy of heat as the energy of chaotic movement 
depends upon temperature. The relationship is very simple: 
entropy of a given quantity of heat (Q) is in inverse proportion to 
the absolute temperature: 

T

Q
S
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Accordingly the entropy of a unit amount of heat (specific 
entropy) equals the inverse of the absolute temperature.  

The quantity of entropy generated by an irreversible process 
equals the quantity of dissipated energy divided by the 
temperature at which the process occurs. 

The following table shows typical values of entropy 
associated with different forms of energy. 

Table 1.1

Comparative quality of various forms   of energy 

FORMS OF ENERGY 
Entropy 

(Entropy units 
per million 

Joules).

Relative
quality of 
energy,  % 

Mechanical     0 100

Electrical     0 100

Solar    (T = 6000 K)  170   80 

Chemical   150 - 800   50 - 80 

Heat (T = 900 K) 1100   40 

Heat (room temperature T = 300 K) 3300     0 

Processes

Two types of processes, reversible and irreversible, are 
usually distinguished in thermodynamics. The former are not 
accompanied with changes of entropy and occur mainly in 
mechanical or electrical systems.  An electric motor can convert 
electric energy into mechanical one almost reversibly. (“Almost” 
because the resistance of wires and the friction of a bearing cause 
a certain dissipation of energy). Reversible processes have no 
preferable direction. The same electric motor can perform the 
inverse function of transforming mechanical energy into electrical 
one, thus acting as an electric generator. 

Irreversible processes always run in the direction of 
increasing entropy. This is an immediate manifestation of the 
Second Law of Thermodynamics, according to which entropy of a 
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system aims for the maximum. Irreversible processes are 
spontaneous. They proceed due to the smoothing of 
heterogeneities existing in a system, such as the differences of 
temperature or concentration. In many cases, irreversible 
processes can produce work. For example, a hot tea-kettle cools 
down spontaneously. The temperature difference between the 
kettle and its surroundings diminishes, correspondingly, the 
common entropy of the system increases. Here is another example: 
when a very hot and compressed gas in the cylinder of a 
combustion engine expands and cools, its entropy increases and 
simultaneously work is being produced – the car is moving. 
Irreversible processes cannot run backward spontaneously, 
because it would require the diminishing of entropy. To force an 
irreversible process to run backward, it is necessary to apply 
external efforts. 

Systems and states 

The notion of a “system” is used in thermodynamics to single 
out an object under consideration from its surroundings. 
Thermodynamics distinguishes between two types of systems, 
closed systems and open ones. Closed systems are isolated from 
their surroundings and can exchange neither mass nor energy with 
them. Open systems are not isolated, and flows of energy and 
matter can pass through them. Systems of these two types manifest 
different characteristics of behavior. The processes that can 
happen within a closed system gradually fade, and the system 
attains the state of thermodynamic equilibrium characterized by 
maximum entropy. After an equilibrium state is attained, nothing 
else occurs in the system.  

Quite distinct is the course of things in an open system, 
through which pass flows of energy and matter. Coupled with 
these flows, a certain amount of entropy can be brought in or 
moved away from the system. Apart from that, entropy can be 
generated within an open system due to the running of 
spontaneous processes accompanied by the dissipation of energy. 
The state of an open system evolves with time in such a way that 
finally a balance between the input and output of matter and 
energy is attained. A balance of entropy is also obeyed: all the 
entropy brought in with the inflows of matter and energy, together 
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with the entropy generated within the system by irreversible 
processes, is taken away with the matter and energy outflows. The 
“balanced” state of an open system can continue indefinably long, 
provided the rates of exchange with the surroundings remain 
constant. This is a stationary state of an open system, which does 
not change further, provided that external conditions remain 
constant.

As a simple example of an open system, a burning electric 
bulb can be considered. Through the filament of the bulb flows 
electric current, making it white-hot. The major part of delivered 
energy turns into heat that radiates and brings out generated 
entropy. A small fraction of energy turns into light. This is the 
useful “work” that the bulb performs. The described state is 
stationary and may last indefinitely long until the bulb is turned 
off. When switched off, the bulb cools down rather promptly, thus 
passing from a stationary state into the state of thermal 
equilibrium.  

As an example of an open system that is far larger and much 
more complicated, a factory can be considered. Flows of energy 
and rough materials regularly go into a factory, just as fresh 
personnel that enter its gates to go out later in a somewhat less 
fresh state after performing certain work. Energy and materials 
also leave the factory in a somewhat changed form – as the final 
product, on the one hand, and as waste, of both energy and matter, 
on the other hand. The final product, irrespective of what it really 
is, is something ordered, arranged, or separated, thus, 
characterized by relatively low entropy content. On the contrary, 
the flows of waste carry out the excess of entropy with them. The 
total efflux of entropy from a working factory is always greater 
than its total influx. Thus, from a thermodynamic point of view, a 
functioning factory is an open system in which work on the 
organization of materials is performed at the expense of the 
dissipation of energy and pumping out the excess of entropy with 
waste heat and matter. 

Principle of minimum entropy production 

The equilibrium state of a closed system is characterized by 
maximum entropy. This is the condition of equilibrium. The 
stationary state of an open system is characterized by minimum 
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entropy production. This is the condition of stationarity. In a 
stationary state, such an arrangement of various processes is 
spontaneously established, at which the rate of entropy generation 
attains the lowest value, possible at a given rate of energy 
consumption. A stationary state is, in a certain sense, the most 
“efficient” one with respect to the use of available energy. This 
condition of stationarity, known as the principle of minimum 
entropy generation (production), was formulated by Ilya 

Prigogine .

Self-organization 

If the material from which a system is built up is labile 
enough and apt to undergo certain changes under the influence of 
energy flow that passes through it, such a system may manifest 
nonlinear behavior. It means that its response becomes dependent 
upon the intensity of exposure. Energy flows passing through a 
nonlinear system can cause spontaneous formation of certain 
dynamic, so-called dissipative, structures in it. Thus, the self-
organization of matter at the expense of the dissipation of energy 
takes place. Waste energy leaving the system takes away more 
entropy than the inflow brings in. As a result, energy flow 
continually pumps entropy out of the system, producing thus a 
certain deficit of entropy, which can be realized in the formation 
of organized structures. The structures thus formed promote a 
decrease in entropy generation in the system and an increase in its 
capacity to use additional energy flow. One may say that a system 
becomes somewhat more efficient with respect to the utilization of 
energy. A system evolves in the direction of the fuller exploitation 
of its energy source. 

Ultimately, the processes of self-organization caused by 
energy flows underlie such global phenomena as the evolution of 
the biosphere on Earth and many aspects of the development of 
human society.                                                                                 

 Ilya Prigogine, 1917 - 2003. An outstanding Belgian physical chemist; 
received the Nobel Prize in 1977; contributed greatly to the development 
of modern thermodynamics and to the proliferation of thermodynamic 
concepts and ideas to the analysis of complicated, nonlinear, and self-
organizing systems, including biological and social ones. 
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Energy coupling 

Thermodynamics permits energy coupling between 
irreversible processes in open systems. It means that a process that 
is running spontaneously at the expense of consumption energy 
from some source can force another process to pass in an 
“unnatural” direction, accompanied with the decrease of entropy. 
The necessary condition determining the possibility of energy 
coupling in an open system follows from the second law: the total 
balance of entropy must be positive. Thus, the generation of 
entropy in a spontaneous (driving) process must be greater than 
the decrease of entropy in a coupled (driven) process.  

Phenomena of energy coupling play an extremely significant 
role in complicated systems. The whole energetics of living matter 
on Earth is based on the functioning of ramified networks of 
coupled biochemical reactions. As we will see later, no less 
essential is the role of energy coupling in economy. 

About the applicability of thermodynamics to the 

analysis of social processes 

A question may arise about the applicability of the 
fundamental laws of thermodynamics to the analysis of social 
processes. The answer should be unequivocal. These laws remain 
in force with respect to the processes of cultural evolution, just as 
to those of biological evolution.  

No specific circumstances can exist that could break these 
laws. There is, however, another side to the same question, 
namely, to what degree can we now use the contemporary 
apparatus of thermodynamics for the description and analysis of 
processes in such complicated hierarchical systems as social ones? 
The point is that the apparatus of thermodynamics has been 
developed and adapted basically to the analysis of comparatively 
simple physical and chemical systems. The question as to whether 
thermodynamic methods are applicable to the analysis of much 
more complicated systems should receive particular consideration. 

A standard procedure used in thermodynamics provides for 
the mental division of the "universe" into two unequal parts: the 
system under study and the rest of the world that surrounds this 
system. Thus, it is usually supposed that the separated system is 
relatively small in comparison with the outer world and, 
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consequently, the processes that occur in the system do not 
noticeably change the state of its environment. In the case of social 
systems, this condition is only fulfilled in exceptional cases. As a 
rule, however, processes in such systems influence the 
surroundings significantly; thus, the parameters of the 
environment are not kept constant. 

Further, thermodynamics usually considers a single physical 
or chemical system in a passive environment. In contrast to that, 
the environment in which the social objects exist is always an 
active one. Any social entity, whether an individual or an 
association of any grade, from a small group to a nation, always 
maintains more or less tight interaction with other entities of a 
similar type. The model of Robinson Crusoe, who was removed 
from a society and placed on a desert island, is quite inadequate in 
this respect.

Using the terminology of game theory, one can say that 
simple systems (physical or chemical) play "nonantagonistic" 
games with nature that manifests itself in these games as a 

“refined, but not insidious”  player. Any “win” by a system in 
such a game does not inevitably turn into a corresponding "loss" 
for the environment. On the contrary, the interrelation of a social 
system with its environment is complicated because of 
competition with other coexisting social systems. It creates 
preconditions for antagonistic interactions, as in «constant sum 
games», in which any gain for a specific “player” is achieved at 
the expense of a corresponding "loss" for a competing “player”. In 
many cases, however, the interactions between coexisting social 
systems may be competitive in some respects and mutually useful 
in others. History witnesses that the relations with neighbors have 
often played an even greater role in the life of societies than their 
interaction with their natural surroundings. 

Yet another essentially important factor that distinguishes 
social systems from physicochemical ones is the capability of the 
former to accumulate and use information.

Significant difficulty that one may have in a thermodynamic 
description of social systems is associated with their 
multidimensionality. Human community at any level, from a 
family to a kin, to a tribe, and up to a nation-state, is always in a 

 Words of A. Einstein 
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state of continual exchange with both its natural and social 
environment. The interaction of a community with nature is 
manifested, above all, in its agricultural practice and all other 
kinds of activities directed at getting food, such as fishing, 
hunting, etc. Related to this is the extraction of coal, petroleum, 
and other minerals. Interaction with the social environment 
includes trade in raw materials and products of domestic 
manufacture, exchange of experience, technologies, and 
knowledge. It includes also political relations and occasional 
military collisions. Thus, the channels of interaction of a 
community with the outer world are extremely diverse in nature, 
and their capacity is determined, in each individual case, by a set 
of various factors. It seems rather problematic, maybe even 
practically impossible, to establish a generalized form of the 
unified quantitative description of all the flows that society 
exchanges with its environment, both natural and social. 
Therefore, the quantitative methods of thermodynamics, 
developed for the analysis of comparatively simple physical and 
chemical systems, cannot be applied directly to social systems, in 
view of their complexity. Nevertheless, even intuitive and 
semiquantitative approaches based on the concepts of 
thermodynamics can be helpful for gaining a clearer understanding 
of the general laws that control basic economic processes in 
human society. 
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Chapter  2 

Energy and life 

Thermodynamics of Earth 

Our blue planet is indeed a very large system. Earth with all 
its continents and oceans, climate zones, flowing waters and 
changeable atmosphere, with its biosphere comprised of millions 
of different species of living beings, with human civilization after 
all, is an inconceivably complicated system.  In spite of all that, 
one can try to take a look at Earth from a thermodynamic point of 
view. From this standpoint, Earth should be considered as an open 
system exchanging mass and energy with outer space. Mass 
exchange, as a matter of fact, is negligible but energy exchange is 
immense. Earth has been immersing in the flux of solar rays 
continually for about 4 billion years. The power of the energy flux 

incident on Earth is enormous: 4 1015 kWh per day or 1.5 1018

kWh per year. These values are too vast to be imagined easily 
unless we express the power of the solar energy flux in other units. 
According to Einstein’s well-known equation, E = mc2, the energy 

equivalent of 1 kg of mass is about 2.5 1010 kWh. The net daily 
energy flux incident upon Earth, expressed this way, is 165 tons. 
By comparison, the daily production of electric energy in the 
United States is about one pound. 

All the processes on Earth, including the functioning of 
biosphere, run due to the dissipation of solar energy. The total 
amount of energy leaving Earth  as low-temperature heat radiation 
is exactly the same as the amount of high-temperature radiation 
received from the Sun. Heat radiation takes away from Earth about 
twenty times more entropy than solar radiation brings in.  
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Figure 2.1 The Sun is the “prime mover” of almost all 
active processes on Earth including meteorological, 
geological, biological ones. Earth radiates the same 
amount of energy as it receives from the Sun but at 
much lower qualitative level. 

The radiant energy coming from the Sun does not accumulate 
on Earth but reradiates back into space in the form of invisible 
infrared “heat” radiation. A very precise global balance between 
the in- and outfluxes of energy has been maintaining on Earth for 
billions of years. In this respect, the thermodynamic state of Earth 
should be considered as a stationary one. The situation with the 
entropy balance of Earth is not as simple. Indeed, solar energy 
comes to Earth as a narrow beam of concentrated and hot radiation 
(efficient temperature of about 6000 K). Then all this energy 
leaves Earth in the form of much more diluted (by a factor of 
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about 100,000) low-temperature (approximately 300 K) radiation. 
The amount of entropy that this radiation takes away from Earth 
exceeds about 20 times what is brought in with the incident solar 
rays (see Table 1.1). Thus, the energy flow that the Earth passes 
through itself pumps entropy out of it. The deficit of entropy that 
is created as a result of this has to be compensated by irreversible 
processes. The flow of radiant energy coming from the Sun sets 
into motion practically all the active processes on Earth. The 
largest consumers of solar energy are meteorological processes: 
winds and ocean streams, rains and hurricanes, and the like. An 
ordinary tropical hurricane consumes 500 – 1000 or even 2000 kg 
of energy within several days of its vigorous existence. This 
amount is commensurable with the annual consumption of energy 
by humans. All meteorological processes are accompanied with 
the performance of work, sometimes destructive one, as in the case 
of hurricanes, and with the production of corresponding amounts 
of entropy.  

While the energy balance of Earth may be considered quite 
precise, its entropy balance is not so absolute. The permanent 
deficit of entropy on Earth, which is due to radiation exchange 
with the Sun and space, is almost totally compensated by a 
multitude of entropy-generating irreversible processes. There is, 
however, an additional way to compensate for the residual deficit 
of entropy. This way is connected with the formation of ordered or 
organized structures. The entropy of structured matter is lower 
than that of chaotic matter. An organized structure in a chaotic 
medium is, in a sense, a repository of the entropy deficit. Thus, the 
formation of structures is a way of fixing a certain fraction of the 
entropy deficit by excluding this fraction from the current entropy 
balance. In other words, the permanent deficit of entropy on Earth 
promotes the formation of various structures on its surface. 
Processes of structure formation, induced by energy flows, have 
been occurring since the very beginning of the existence of Earth 
as a planet. At first, it was the creation of coarse, large-scale 
structures, such as multifarious landscape forms. However, the 
entropy content of such structures was not much different from 
that of chaotic matter. Therefore, the formation of such structures 
played a minor role in the total entropy balance of Earth. The state 
of things began to change qualitatively with the origin of life. 
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