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1. Introduction

Attempts to connect economics and physics are not new in the history of eco-
nomic thought. One of the first examples of this kind is the work of William
Petty who made the initial analogies between certain categories of economics
and physics. The English classical political economics had certain parallels with
Newtonian mechanics, while the Physiocratic Quesnay’s analysis of economic
reproduction pointed out the analogy of balance in nature and functioning of the
circulatory system in the human body (Mimkes, J., 30). In the late 19 century,
with the advent of the so-called Marginalist Revolution, economics began to use
mathematical, quantitative methods of modern physics. Many leading econo-
mists were physicists, mathematicians or engineers by education, and Walras
and Pareto conceptualised a model of general equilibrium theory according to
the Newtonian model of natural laws applied in the physics of celestial mechan-
ics. Jevons analysed the influence of sunspots to economic cycles, while Fisher,
the student of the physicist Gibbs, made the analogy between the categories of
physics and economic terms (Sharma, B.G. 40); the so-called Brownian motion
in physics, which had been noticed for the first time by Einstein in the behaviour
of particles within molecules, is also characteristic for the dynamics of the time
series of stock market returns (Bachelier, L. 1900, 2) and known as “a process of
random walk” (Jovanovic, F,, et al., 2010, 21).

Econophysics is a new scientific discipline, which emerged at the end of the last
century. The term was coined by E. Stanley, a physicist from the Boston Univer-
sity, in 1996. Econophysics applies methods of statistical physics and quantitative
methods developed in physics to economic phenomena, primarily to the analysis
and predictability of stock market behaviour, but increasingly to microeconom-
ics, the theory of consumer’s choice, agent-based models, macroeconomics, and
the theory of production.

The typical methods and instruments of econophysics are the following:

o Statistical properties of stochastic processes;

+ Boltzmann-Gibbs distribution, Lévy distribution, Pareto power law;

o The abandonment of the Gaussian theoretical framework typical of eco-
nomic analysis (Portfolio optimization model by Markowitz, 1952, 27;
1959, 28) and the introduction of class models with probability distribu-
tion characterized by distribution tails, cluster variability and autocorrela-
tion of returns;

o The abandonment of the theoretical framework with rational economic
agents; introduction of a model with learning agents and the so-called
‘zero intelligence’ agents;
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o According to econophysicists, the analysis of economic phenomena should
be based on experience and not on the pre-given axiomatic assumptions
of positivist models; facts should be preferred over theoretical and abstract
structures that are not empirically based;

The most recent area in econophysics is thermoeconomics, which emerges as a
synthesis of thermodynamics and economics. Being a discipline within phys-
ics, thermodynamics studies the interdependence of the four key values: pres-
sure, volume, temperature, and entropy. In addition to the known laws of ther-
modynamics, this branch of physics focuses on thermodynamic heat engine, its
efficiency, and reversible and irreversible processes. The synthesis of economics
and thermodynamics is possible in three areas: 1) analogy between the values, 2)
similarity of methods and models, 3) correspondence between thermodynamic
and economic processes.

The objective of this paper is to show the interdependence, analogy and synthesis
of economics and thermodynamics, in order to increase our knowledge of the
functioning of economic processes based on theories and models of physics and
thermodynamics and ensure their higher efficiency, as well as higher capability
of economic science to estimate future outcomes. The paper presents compara-
tive analysis of economics and physics - thermodynamics, in terms of categories,
methods and models, including empirical verification of certain facts. In addition
to the introduction, the paper consists of four sections. The correlation between
economics and thermodynamics is analysed in the second section; the concept,
role and importance of temperature in economics, together with the operating
principle of the thermal engine both in physics and economics, are explained in
the third part, while the fourth part consists of the empirical analysis of the role
of temperature and operating model of thermodynamic and economic engine in
international economic relations of Serbia with developed and less developed EU
countries with which Serbia has significant economic exchange. It is followed by
the conclusion and the list of references.

2. Literature review

The present correlation between economics and thermodynamics has been elab-
orated in numerous and dispersed literature, including theoretical articles, em-
pirical research, papers in international seminars, books, and textbooks. Here
are the most significant authors: J. Bryant (the book on thermodynamics and
economics, 2012, 7; and the article 2010, 6), ]. Mimkes (2006, 29, 30), Dragulescu
and Yakovenko (2000, 13) Yakovenko and Rosser (2007, 36), Chakraborti and
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Chakrabarti (2006, 9; 2012, 41), S. Prabakaran (2010, 34), (all the authors have
published a series of papers related to the analogy between thermodynamics and
the distribution of money, income and wealth), Dasari and Biswas (4), (parallels
between electrodynamics and the economics; the literature in this field is par-
ticularly developed in India, which is the solid base of econophysics,), (Wang, Wu
and Di) 2008, 48.) (Chinese authors on income distribution in the world), F. Jo-
vanovic and C. Schinckus (the historians of econophysic thought, 2010, 21; 2010,
37,2011, 38, 2013, 39), Smith and Foley (2007, 18), (on numerous parallels between
thermodynamics, entropy, marginal utility and other areas of economics), T.A.
dos Santos (2007, 44) (her doctoral thesis on the relationship of thermodynam-
ics, economics and biology-physiology of living organisms), S. Bali, (2011, 3), the
Russian authors Tishin and Baklitskaya (45), Valero and Cuadra (46) (thermo-
economics as a relation of ecology, physics and economics in the field of energy
savings), as well as earlier authors: Georgescu - Roegen (pioneering work on the
relationship of ecological economics and thermodynamics), Martinez and Alier,
Mirowski, Baumgartner, Stern, Chen, Tribus and the others (Tania, A. 2007, 44;
Mimkes, J., 2006, 29).

What are the basic analogies between categories and values of thermodynamics
and economics?

o In the 17 century, Sir William Petty established the analogies between
physical and economic values: bodies in physics - commodities in eco-
nomics; concept of power in physics - human labour in economics; body
movement - production; space in which bodies move - the market; (Dimi-
trijevic, B. et al., 2013, 12);

o In 1892, Irving Fisher wrote about the following analogies between eco-
nomics and mechanics (dos Santos, 2007, 44):

In his book, Bryant (2012, 7) gave a set of physical symbols having their parallels
in economics. Here are some typical ones:

Physics Economics

Time Time

Pressure Prices per units

Number of molecules Number of stock units
Temperature Index of trading value

Energy Value flow rate

Boltzmann constant Productive content per unit
Volume Physical production volume (GDP)
Temperature GDP per capita; average selary

Entropy Marginal utility ~ production growth



The Role of Temperature in Economic Exchange - An Empirical Analysis

A complete parallelism can be established between the kinetic theory of gases
and the kinetic model of energy exchange on one side and the distribution laws
that govern economics, as well as the behaviour of economic actors in the mar-
kets, on the other:

Table 1: Parallelism between the kinetic theory of gases and the distribution laws
that govern the economics

Physics Economics
Gas atoms, molecules Economic actors
Physical particles Assets of economic actors
Particle collision Market exchange
Constant energy Unchanged extent of wealth and money in a
closed system
The same law of probability distribution Distribution of money, income and wealth
manages gas energy in a closed system behave according to the Boltzmann-Gibbs

distribution and Pareto power law
Temperature in physics as an average kinetic ~ Average amount of money, average wage,

energy of gas GDP p.c.

Maximum entropy Maximum utility

Gases in a closed system behave according to  Stock market processes behave according to

the Theory of Random Processes the random process defined in mathematical
and physical statistics

Energy of gas is randomly distributed Money, income, and wealth are randomly
distributed

The principle of maximum utility in economics corresponds to the principle of
minimum energy consumption in physics. It establishes a similarity between
economics and molecular dynamics, and it was noticed by Einstein in the case
of Brownian motion. In a closed system, particles of gas move randomly in the
so-called random walk, and time-series of price indices behave the same manner.
This feature is extremely important for the application of physical methods in
economics. It is closely associated with the concepts of reversibility and stationar-
ity of economic series and this is the area of basic criticism of economic statistical
methods suggested to economists by econophysicists in the field of quantitative
finance (Jovanovic, F. et al., 2010, 21).

3. Probability Distribution in Thermodynamics of Gas Kinetics and in
Economics of Money, Income and Wealth - Theoretical approach

Statistical reversibility means that the time series are stationary - defined by the
same process in time, allowing the application of principle of ergodicity and
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Gaussian theoretical framework of normal distribution. However, time series of
stock market returns are non-stationary (random walk process), so they are ir-
reversible. This imposes the need for reducing these series to stationary (first,
second difference series), or the use of the tools of statistical physics applying
Boltzmann-Gipsovu probability distribution and Pareto power law, as better
statistical models for the prediction and research of stock market phenomena.
Such distributions were observed in the empirical analysis of time series of return
on stock exchanges, as well as in the distribution of money, income and wealth,
within individual countries (Yakovenko-Dragulescu, 2000, 17; Yakovenko-Ross-
er, 2009, 36; Chakraborti 2006, 9) and in the world economy as a whole.

There is an obvious correlation between the Ideal Gas Law (1) and the Equation
of the Quantity Theory of Money (2) (which was defined by I. Fisher). Here are
both equations:

PV =Nk, T 1)

1

PY =My, for v = kzv,isPYksz or PY = Mdv )

1
E)
The meaning of the values is as follows: P - pressure in physics, prices in econom-
ics; V - volume; Y - production volume; v - velocity of money; N - number of
molecules; kb - Boltzmann constant (connecting the world of micro and macro
physics and it could correspond to the velocity of money, or to the reciprocal
velocity, the so-called Cambridge k); T - temperature in physics; temperature in
economics is M/N (the average amount of money per actor), so the expression
of NT in physics is analogous to the expression M (or M), the total amount of
money, or money demand. So, there is a full analogy between the left side and the
right side in both equations (PV = PY and Nk T = Mv).

In further modifications, it is possible to show that there are significant following
analogies:

PV =Nk,T (3)

PV = nRTP 4)
N

_N 5

n N, (5)

R=N k, 6)

nR = Nk, (7)
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n v oy )
The meaning of the terms is as follows: N_ - Avogadro’s number (the constant in
physics, the number of molecules in one mole of gas); n - number of moles; R -
universal gas constant, where the product of R and n equals the product of the
Boltzmann constant and the number of molecules. In economics, the number n
corresponds to the average number of products per one partial market; N_is the
number of partial markets, R is the average cost per one partial market, k, is the
price of a product, and N is the total number of products included in GDP. That
way, the result of multiplying the price and the number of products in all partial
markets is equal to the product of the average price and average number of prod-
ucts per one partial market. The multiplication Nk, T (where T is the currency),
corresponds to the nominal social product in the equation of the quantity theory
of money! The expression (7) indicates that the product of the average price and
the average number of products in all partial markets is essentially equal to the
product of all the individual products and their prices. The expression (8) shows
that the average number of products is equal to the quotient of the total number
of products and the physical volume of production.

J. Bryant rightly observes that some differences between economics and ther-
modynamics certainly exist. In his model (2010, 6), N is the number of financial
instruments, k is the nominal monetary standard, and T is the velocity of money
(as akind of system temperature). This relation was specified by Pickler, while the
relationship of PV and PY was pointed out by P. Samuelson and J. Bryant (2010.
6). As a rule, economics is an open system in which all values vary in value (Y,
P, v, M), and there is also inflation, which distorts the real values over time. The
rising inflation over time is actually a form of entropy of money! With a series of
transformations, Bryant showed that equality holds for:

dP_dN_,dv ©)
P N \%

where P is the price level, N is quantity of money, and V is GDP. Expressed by the
rate of growth, this expression becomes:

IT=m- [n(y)] (10)

This is the well-known Friedman’s rule that the rate of monetary growth should
be approximately equal to the growth rate of real GDP, if inflation is to be avoided.

An important area where there is a remarkable correspondence between thermo-
dynamics and economics is the probability distribution of individual money in-
come and wealth. This is the same distribution law that follows the probability

A
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distribution of energy in gas atoms! The aforementioned analogy applies here,
too: an economic system with a large number of subjects is like a gas system with
a large number of particles, molecules, atoms and ions. Based on the principle
of entropy, economic subjects are eager to maximize their utility, while physical
systems incline toward a state with minimum energy expenditure. Such systems
are best modelled by statistical equilibrium (which is better for research of essen-
tially non-equilibrium systems as economic system) for larger samples. Probabil-
ity distribution is in accordance with Gibbs-Boltzmann distribution according to
the formula determined on the basis of empirical research:

£

P(e)=Ce T (11)

where ¢ is energy, T - temperature, and C - normalizing constant. The formula
for probability distribution of money at a one-level system (national economy) is
as follows:

P(m)=Ce T (12)

where m here is the amount of money (money-energy), and T = M/N is the aver-
age amount of money (in relation to population N), as temperature of the eco-
nomic system.

Energy conservation law is applied in these models and the empirical conclusion
is derived that the constant amount of energy (money, income) strives towards
exponential probability distribution. However, there is a phenomenon observed
here, which is typical for plasma physics, where the so-called “thermal” and
“superthermal” part of plasma is noticed (Rosser, B. et al., 2009, 36), depend-
ing on temperature (an average amount of income). Namely, the larger part of
the population with low income (lower temperature), behaves according to the
exponential Boltzmann-Gibbs distribution, while a very small percentage of the
population with high average income (higher temperature), behaves according to
the Pareto power law (named after the economists Pareto who was first to apply
concepts of physics to the study of economic and social phenomena). The Pareto
power law is defined by the following formula:

P(e) =g (13)
or in the version with an average income (r), the expression becomes:

P(r) = nr* (14)
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Numerous empirical studies have confirmed that the distribution of the greater
part of the population (97% - 99% within countries or between countries) is ex-
ponential, while for a very small percentage of the rich, it transforms to the Pa-
reto power law. This indicates the non-uniformity - the inequality in income dis-
tribution in which a small part of the rich population (1-3%), has a larger share of
money, wealth and income of the society. This kind of inequality is calculated by
the famous Lorenz curve (named after the physicist Lorenzo), and the so-called
Gini-coefficient accurately measures the level of non-uniformity. Thus, the share
of the rich in income is calculated using the formula:

r-T

r

f= (15)
where r is the average income of the entire population, and T is the average in-
come in the exponential part of the curve (for classes with lower incomes). Now,
the Gini coefficient becomes:

1+f
- 16
G 2 (16)

On the basis of the expressions (15) and (16), it is easy to show that f increases
if the average income and the income of the rich increase, at the expense of the
part of the income of the poorer section of society; in this case, the value of G in-
creases, too, thereby increasing inequality in income distribution, which occurs
when the value of the coefficient a decreases, since the Gini can be also calculated
using formula:

1
2a-1

G = (17)

This way, from the Boltzmann kinetic equation describing the time evolution of
the probability of energy (money) emerges a law known as the Boltzmann-Gibbs
distribution, as well as the Pareto distribution that is true for physical, biological
and economic systems! Probability distribution based according to the Pareto
power law is characteristic of the following occurrences:

« Global energy distribution

o Availability of limited resources,

« Stock market trade volume and the number of retailers in a given time
interval,

o Share returns in the financial markets,

o Size and volume of capital and number of employees in companies,

« Quantity of rainfall during the year,

73
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The Russian physicists Tishin and Baklitskaya emphasize the similar results in

their work, citing the results of the empirical research (Bogdanov) of the distribu-

tion of wealth that completely relates with the Boltzmann-Gibbs-Maxwell equa-

tion in thermodynamics, which gives the share of gas molecules at a temperature
T, whose potential energy is between E + dE/2. This equation is:

_E

e kT

AF = -AE (18)
KT

There is a similar equation in economics that explains the proportion of people
(AF) whose wealth is between (D - AD/2) and (D + AD/2), where D, represents
the average annual income in the United States:

D
e Da
Da
It is obvious that the concept of income - D corresponds to the energy - E, while
the proportion kT is analogue to the value Da.

AF = AD (19)

4. Entropy in Thermodynamics and Economics

In statistical mechanics, entropy in an isolated system without temperature
change is defined as a natural logarithm of the number of distinct microscopic
states available to the system given the macroscopic constraints (constant en-
ergy). Thermodynamic entropy (according to Clausius) can be represented in
several ways:

a)S =klnW, b) AS =JdT—Q, ) AS’=L§—?F (20)

Entropy is determined by the ratio of infinitely small quantity of heat received by
a system (dQ) in relation to an infinitely small change of temperature T. In the
case of ¢), the relationship with the Boltzmann constant, which normally connects
temperature and energy of the physical system, is established as well. Entropy in-
crease is followed by temperature decrease and increase of the system disorder.

In economics, entropy can be defined and measured in various ways:

« by increase of inflation and decrease of purchasing power of money,

« by interest rate increase, indicating the growth of money (energy) of the
system,

« by decline of the average wage or the level of GDP p.c.
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The logic of Carnotmapping process, operation principles of heat engines, laws of
thermodynamics, Gibbs potential, Helmholtz free energy principle, and the like,
can be applied to an economic system. This will be discussed in detail in the next
chapter.

5. Operating Principle of the Heat Engine and the Role of
Temperature in Economic Processes

5.1. Carnot Process and the Operating Principle of the Heat Engine

Here are the basic laws of thermodynamics and their economic interpretation:

The first law - the change in the internal energy of a closed thermodynamic sys-
tem is equal to the amount of heat added to the system and the work spent on the
system.

The second law - the total entropy of a closed thermodynamic system increases
over time until a maximum value.

The third law - when a closed system approaches absolute zero, all processes and
motion cease, and the entropy approaches a minimum value (zero).

The first law will be further explained later, but here is a simple economic inter-
pretation: the money supply of a country (debt or grants) is partly spent on an
increase of foreign exchange reserves, and partly on an increase of production
volume (investments).

The second law: entropy of the economic system, measured by the inflation rate,
rises at the level of the world economy as a whole, as well as at the level of indi-
vidual countries.

The third law is only theoretically possible in economics. Namely, the system
without money and without exchange ceases to function.

The first law of thermodynamics is usually formulated as follows:
Q=A+AU (21)

Q is heat, AU is the change of internal energy of the system, and A is the work-
load. The economic equivalent of this expression is: Q (M) is money entered into
the country (for example, loan), AU (R) is the increase of foreign exchange re-
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serves, or rise of the inflation rate, while the A (Y) is the increase of the physical
production volume, due to the investment of the borrowed money:

QM) = A(Y) + AU(R) (22)

Workload can be decomposed into the expression A = P AV and it becomes
clear that it is the product of prices and changes in production volume (nominal
phrase). This expression indirectly shows the extent of the economic efficiency of
the system, because it is desirable that the change of the component A is a con-
sequence of the changes AV and not of price changes, which affects inflation and
leads to increase of economic entropy. Friedman’s monetary rule is also an aspect
of the formulation of the first law of thermodynamics:

n=m-y and m=m+y (23)

It means that the internal energy of the system (m) is the sum of the thermal
energy (entropy, inflation) and work in the system (y, the increase of the physical
volume of production).

Starting from the circular flow of economy, which was analysed by Quesnay in
the 18" century, Mimkes, J. (2006, 29) formulated the first law of economics as
the equality of the monetary cycle and production value. This is known in eco-
nomics as Sey’s market law, by which the sum of all commodity prices is equal to
the value of manufactured goods.

The second law of thermodynamics can be represented in economics as follows:
1

DS=—4 (24)
T Q

The entropy is equal to the system surplus (profit, product surplus) relationship
with the system temperature (average income); with a few changes the following
proportion can be achieved:

AP S

—=_— and §P*SV =4T*4S (25)
0T o6V

It means that the surplus multiplied by the average income (the right side of the
equality) is equal to nominal gross domestic product growth (or total revenue),
(left side of the equality).

Since Helmoltz potential (free energy surplus) is defined as:

Q=A+AU and A=Q-AU (26)
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A similar expression can be achieved in economics as:
(PAV) = DF - (T dS) (27)

where the system surplus equals the difference of total revenue (dF) and expenses
(T dS) expressing the change of the system entropy.

Economy is the process of transformation of natural resources into commodities
satisfying human needs and it is carried out as the Carnot process in four phases:
the first phase is the production of goods; the second stage is their transporta-
tion to the market; the third phase is the sale of goods (exchange process); the
fourth phase is consumption of purchased goods. These are the classic stages of
reproduction: production - exchange - distribution - consumption. At the end of
the cycle, the needs of final consumers and producers are satisfied (buyers receive
goods, producers get money). The sum of total income is equal to the sum of the
total expenditure. Yet, the system produces a surplus (profit), which is, on the one
hand, the income factor, and on the other hand, the expenditure for the entrepre-
neurial functioning. Every Carnot process is a kind of heat engine, a heat pump,
which works according to the principles defined by the first and second law of
thermodynamics.! Water is taken from the river; its temperature is increased (us-
ing energy from the outside) and the space warming is enabled (the internal en-
ergy of the system is changed). The efficiency coefficient, i.e. utilization coefficient
of heat engines  is equal to the ratio of useful work and energy loaded into the
engine. This is shown by the following equation:

Q-Q QT

Q1 Ql TZ

where Q, is the energy entered into the system (heat engines, cylinder) and Q, is
the energy taken out of the refrigerator, while T, and T, are the temperatures of
the heat reservoir (source) and the refrigerator. The larger the difference between
T, and T, the greater the efficiency of the heat engine. The economic heat ma-
chine works on the same principle!

(28)

The difference in the average temperature of the two systems is the surplus and it
is the main driving force, but also an indicator of the efficiency of the economic
system. This surplus is basically a profit, and the two economic systems can be:
the economies of the two countries; the economic exchange within a country
between the richer and the poorer classes; the exchange between the two compa-

! An economic process can be compared with the internal combustion engine, which also repre-
sents a kind of thermodynamic machine. See Dimitrijevic, B. et al., 2008, 10.
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nies in a single market and so on. The fridge temperature (T2) is always the tem-
perature of the less developed country, the poorer part of the population or the
company with a lower price or less economic power. What is the main source of
surplus? Simply, it is the value transfer of natural resources from the a less devel-
oped economy to a more developed economy (minerals, oil, water, raw materials)
or the exploitation of underpaid work (from the population with lower, towards
the population with higher incomes).

5.2. Temperature in an Economic Process

Here are the economic values that can play the role of temperature:

1. An average amount of money according to the formula for the Boltzmann-
Gibbs probability distribution;

2. An average salary seen in the Lorenz curve and the Gini-coeflicient meas-
urement;

3. G.D.P. p.c. for calculating the uniformity of distribution and the Gini-
coefficient between countries and groups of countries in the analysis of
international inequality and global inequality;

4. Terms of trade (price-level relationships) between different countries;

5. According to the quantity theory of money, money velocity is directly re-
lated to the inflation rate and entropy of money.

Here is an example of the economic engine based on the temperature difference.
It is assumed that the exchange is carried out between the countries A and B.
The wage in the country A is w, = 50 monetary units, and in country B it is w,
= 200 monetary units. Based on the formula (35), the wage wa is equal to the
temperature T, and the wage wb to the temperature T,. It is easy to show that
the efficiency coeflicient is 75%; moreover, in the case of exchange between the
richer and the poorer country, 80% of the profits benefits the richer country, i.e.
the exchange profit of the richer country is three times bigger than the profit of
the poorer country ((200 - 50) / 50)).

In relation to the Pareto power law, it has been accented that the difference in
the level of average wages and salaries of the population with the lowest incomes
determines the value of the Gini coefficient. Since it is about temperatures T, and
T2, the higher the temperature difference, the greater the income distribution
inequality and efficiency level of economic engine. Several important conclusions
may be derived from the extensive research on this topic conducted by Branko
Milanovic (2006, 31), such as: 1) the effectiveness of the economic engine rises
after 1979-1980 (the epoch of Thatcher and Reagan), because of the increasing
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inequality between the richest and poorest countries in the world; 2) inequality
also rises within countries (both developed and less developed); 3) the inequality
rises within countries in transition, as well as the difference between these and
the richest countries, in favour of the rich. The Pareto power law is valid for 1-3%
of the population, while the law of exponential distribution refers to the 95-97%
of the population.

If the difference in temperature levels between the two countries is larger, the ef-
ficiency of the economic engine is greater. This shows that the simplest exchange
is carried out between countries with greater disparities in development, but also
confirms the fact that the greater efficiency is achieved at the expense of wealth,
manpower and resources of the less developed country - the operating principle
of Carnot process. Therefore, the interest of the rich countries is the increased
level of economic difference with less developed countries, as well as the coopera-
tion with countries with more favourable exchange relations (greater tempera-
ture difference). In the US, the value of the exponent a decreased from 1.7 (in
1983) to 1.3 (2000) (Dragulescu, A. et al., 2000, 13), and in the income distribu-
tion tail (belonging to the affluent class) increased as much as 5 times (from 4%
to about 20%). Also, the results of empirical research confirm another fact that
is consistent with theoretical expectations: the level of inequality abruptly jumps
and increases after major crises, such as the financial crisis of 2008. After major
economic crises, recession, bankruptcies and stock market crashes, the richer
become even richer!

Mimkes (2006, 29) pointed to another aspect of efficiency, which refers to the
relation of total income (Y) - costs (C) (company level), or social product - ex-
penditure (level of macroeconomics). Here is the relationship:

P.=Y-C (29)

where P, is the surplus, or profit. The level of expenses and income can also be
expressed by temperatures (average income and average costs), forming a relation
of economic-thermal engine:

T ==1-22

goY=c_,c 1 (30)
Y Y T,

If the temperature difference within the Carnot manufacturing process is big-
ger (internal effectiveness, profitability and productivity or more efficient model
of economic development), the efficiency of the economic process rises as does
the realized profit level or the growth rate of GDP. The same author (Mimkes, J.,
2006, 29) even divided all the countries in exchange into six main groups, based
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on a profit-surplus share achieved during the exchange, which has important im-
plications on tempo, dynamics and intensity of exchange between countries, and
on the model and speed of economic growth. Some related conclusions and our
own empirical research will be presented in the fourth chapter of the paper.

6. Temperature Differences and the Efficiency of Serbian Economic
Exchange with the EU Countries - Empirical Analysis

The specific empirical analysis is done by comparing Serbia with seven Euro-
pean Union countries that have been selected according to the following crite-
ria: a) two developed countries (Germany, Italy) that are Serbia's major foreign
exchange partners; b) three countries (Slovenia, Hungary, Slovakia), who have
previously become members of the EU and are more developed from Serbia, with
Hungary as a neighbouring country and Slovenia as a part of the former common
state; ¢) Croatia and Romania that have recently become members of the EU are
at the similar level of development as Serbia and are the neighbouring countries.
Serbia has very significant and intensive foreign trade cooperation with most of
the selected countries.

The chosen period was 2002-2012, in which all the selected countries already
were or became the full members of the EU. The 10-year period is long enough to
form time series, and it was interesting to compare whether there was a change in
coefficient values after the outbreak of the economic crisis (the period from 2008
onwards).

The afore-defined temperatures were calculated for the three types of indicators:
1) GDP per capita was calculated in US dollars for each country based on the aver-
age exchange rate for the year; 2) The average salary in dollars for the year; At the
same time, before the tables were formed, it was determined what was the lower
(T,) and the higher temperature (T)) in each case, as the temperatures of the cold
and hot reservoirs, in accordance with the principle of Carnot heat pumps.

Based on these definitions, the following types of coefficients - indicators were
calculated (according to the methodology of Mimkes, but also of other authors,
e.g. Yakovenko, Dragulescu, Chakraborti, etc.):

The maximum efficiency coefficient of Carnot heat pump is calculated by the fol-
lowing formula:
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T
=l _2-1-22 31
H T (31)

1

where T, and T, are temperatures of the cold and hot reservoirs, respectively. The
efficiency coeflicient between the two countries (heat engine) indicates the util-
ity level in exchange between the two countries - the tables 2 and 3 (for GDP per
capita, average wages).

The data in tables should be read as indicators of these countries compared to
Serbia on the principle of Carnot heat pumps.

Table 2: Maximum efficiency coefficient of Carnot heat pump for GDP p.c.

Croatia Romania  Hungary  Slovenia Slovakia ~ Germany Italy

2002 6629%  714%  6019%  8264%  6874%  9172%  9062%
2003 6601%  6622%  6831%  8211%  6936%  9110%  90.12%
2004 6560%  6422%  6858%  8130%  6964%  9041%  8947%
2005 6639%  6439%  6899%  8101%  7029%  89.89%  8899%

2006  648%%  6528%  6471%  7968%  6930%  8881%  8776%
2007 6054%  5990%  6101%  7749%  6628%  8694%  8550%
2008 5860%  5860%  5771%  7595%  64.30%  8528%  8343%
2009 608%  6473%  S56%%  7714%  6605%  8635%  8461%
2010 6193%  6879%  6021%  7784%  6859%  8745%  8537%
2011 5792%  6467%  5612%  7529%  6595%  8637%  8365%
2012 5977%  7000%  5785%  7600%  6866%  8757%  84.34%

Table 3: Maximum efficiency coefficient of Carnot heat pump for average wages

Croatia Romania  Hungary  Slovenia Slovakia ~ Germany Italy

2002 6982%  2018%  6260%  8140%  5018%  9110%  8848%

2003 6559%  2977%  5921%  7972%  5647%  8975%  86.81%
2004 6474%  2756%  5992%  7936%  5672%  8883%  86.12%
2005 6386%  1257%  5991%  7887%  5818%  8806%  8544%
2006 5822%  1381%  4997%  7501%  5216%  8539%  8245%
2007 4938%  1307%  4204%  6982%  4326%  8151%  7795%
2008 4674%  1571%  3764%  6781%  3798%  7932%  7546%
2009 55.4% 4.41% 417%  7344%  4894%  8261%  7936%
2010 56620  092%  4628%  7547%  5268%  8347%  8047%
201 5310%  096%  4420%  7439%  5033%  8308%  79.52%

2012 53.84% 1.04% 38.03% 76.87% 52.39% 82.81% 78.33%
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The return rates of other countries compared to Serbia (which typically has a
lower temperature than all selected countries) are presented in tables 4 and 5 (for
GDP per capita, average wages).

Table 4: Returns for GDP p.c.

Croatia Romania  Hungary  Slovenia Slovakia ~ Germany Italy
2002 196.68% 250.70% 224.55% 476.06% 219.92% 1108.03%  966.32%

2003 194.24% 196.04% 215.55% 458.91% 22640%  1023.67%  912.27%

2004 191.49% 179.50% 218.24% 434.71% 22938%  942.64%  849.42%

2005 197.53% 180.83%  22249%  42647%  236.58%  889.06%  808.60%

2006 184.80% 188.01% 183.40% 392.21% 225.73% 793.76% 717.04%

2007 153.41% 149.39% 156.49%  344.22%  196.56%  665.65%  589.80%

2008 141.53% 141.53% 136.46% 315.75% 180.11% 579.18% 503.62%

2009 1554%%  18352%  129%% 337450  19459%  63246%  549.78%
2010 16269%  22040%  15133%  35136%  21837%  69652%  58348%
20 13764%  18301%  12792%  30475%  19367%  63341%  511.60%
2012 14857%  23450%  13726%  31669%  21910%  70467%  538.74%

Table 5: Returns for average wages

Croatia Romania  Hungary  Slovenia Slovakia ~ Germany Italy
2002 231.32% 25.29% 167.38% 437.56% 14497%  1023.81%  768.25%

2003 190.59% 42.39% 145.16% 393.15% 129.74% 875.86% 658.37%

2004 183.58% 38.04% 149.49% 384.61% 131.07% 79529%  620.42%

2005 176.69% 14.37% 149.45% 37331% 139.15% 73770%  586.88%

2006 139.36% 16.02% 99.89% 301.81% 109.01%  584.26%  469.94%

2007 9754%  1504%  7253%  23138%  7624%  44097%  35346%
2008 8775%  1863%  6035%  21063%  6124%  38358%  307.58%
2009 1243%  461% 71%  27658%  9587%  47497%  384.42%
2010 13053%  093%  8616%  30762%  11133%  50493%  41191%
201 113.23%  097%  7923%  29040%  101.33%  49116%  388.25%
2012 11665%  106%  6137%  332.26%  110.02%  48160%  36136%

The profit shares of Serbia and the selected countries in their mutual exchange
are given in tables 7 and 8. Table 7 shows the shares of Serbia and other countries
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in total profit (thermal energy) generated by the exchange between the two coun-
tries, based on the values of GDP per capita.

Table 7: Profit share of the Republic of Serbia based on the values of GDP p.c.

Croatia Romania  Hungary  Slovenia Slovakia ~ Germany Italy

2002 0.25 0.22 0.24 015 0.24 0.08 0.09
2003 0.25 0.25 0.24 015 0.23 0.08 0.09
2004 0.26 0.26 0.24 016 0.23 0.09 0.0
2005 0.25 0.26 0.24 016 0.23 0.09 010
2006 0.26 0.26 0.26 017 0.23 010 011
2007 0.28 0.29 0.28 018 0.25 012 013
2008 0.29 0.29 030 019 0.26 013 0.14
2009 028 050 0% 019 0.25 012 013
2010 0.28 0.24 0.28 018 0.04 o 013
2011 030 026 030 0.0 0.25 0.2 0.4
2012 0.29 023 030 019 0.24 011 0.14

Table 8: Profit share of the Republic of Serbia

Croatia Romania  Hungary  Slovenia Slovakia ~ Germany Italy

2002 0.23 056 0.27 016 0.29 0.08 0.0
2003 0.26 0.59 0.29 017 030 0.09 012
2004 0.26 0.58 0.29 017 030 0.0 012
2005 0.27 053 0.29 017 0.29 011 013
2006 0.29 0.54 033 0.20 032 013 015
2007 034 053 037 0.23 036 016 018
2008 035 0.54 038 0.24 038 017 0.20
2009 0 051 0¥ 021 034 015 017
2010 030 050 035 0.20 032 0.14 016
2011 032 050 036 0.0 033 0.4 017
2012 032 050 038 019 032 015 018

6. Results and discussion

The results are consistent with theoretical expectations! For all three indicators,
Serbia has a lower temperature than the selected countries (with just a few excep-
tions), and the principle of heat engine is achieved in accordance with the defined
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formulas and laws. The efficiency level of the exchange ratio (heat pump coef-
ficient) depends on the temperature difference and it is lower for Serbia and the
countries with smaller temperature difference (Croatia, Hungary, Romania) and
higher for the countries with the bigger temperature difference (Germany and
Italy). Tables 2, 3 and 4 can be read as the exchange between Serbia and Germany
being more efficient (measured by this indicator) than the exchange between, for
example, Serbia and Croatia.

The results in Tables 5, 6 and 7 are also consistent with the theoretical back-
ground. They show how much higher the returns of a more developed country
are if compared with the less developed Serbia (having lower temperature). The
higher the temperature difference and the efficiency coefficient for a given coun-
try in relation to Serbia, the higher the return level. For example, measured by
the temperature of GDP per capita in 2012, it is 5.5 times and 1.5 times higher for
Italy and Croatia, respectively, in comparison with Serbia.

The results in Tables 7 and 8 are also theoretically logical. As a less developed
country, Serbia has a smaller benefit share (profit) in mutual exchanges with oth-
er countries having higher temperatures. The level of benefit rises for the richer
countries than Serbia, as opposed to the countries with smaller temperature dif-
ferences with Serbia.

If the results are analysed per years, it can be seen that in most cases, the position
of Serbia has not been deteriorated after the outburst of the global economic cri-
sis. As shown in other studies (Yakovenko, Roser), it was more logical to expect
the Serbian position to deteriorate, but the results show that, according to these
indicators, the crisis has significantly affected the EU member states, especially
Hungary. Bearing in mind that Serbia currently (in 2014) applies harsh fiscal aus-
terity measures and cuts wages, the inclusion of these data would reduce the rela-
tive position of Serbia, which was temporarily improved in the period 2008-2012.

In terms of share in profits and benefits, there are two groups of countries, if com-
pared with Serbia. In the first group are Germany and Italy that virtually claim
the entire benefit and have a strong interest to continue the intensive exchange in
the future. This exchange is at a high level now, too, which is consistent with the
theoretical model. In such an exchange, the standard of Serbia is not increased
significantly, so it has an interest to move towards exchange with other coun-
tries. All the other countries are in the second group of countries because the
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profit share in Serbia is in the category 0 <r <0.5. It is the exchange between the
countries where both sides have the exponential growth in living standards and
are dependent on trade with the EU as a dominant affiliation.? Serbian interest
is to increase the exchange with these countries, and simultaneously to seek for
partner countries with the temperature difference in its favour.

7. Conclusion

The aim of the study was to demonstrate the interdependence, analogies and syn-
thesis between economics and physics, especially thermodynamics. Therefore,
numerous theoretical concepts, models, and methods applied in the modern
thermodynamics on one hand and economics, on the other, have been compara-
tively analysed. There is the connection in the following three areas: 1) analogy
between values, 2) similarity of the methods and models, 3) correspondence be-
tween thermodynamic and economic processes.

The paper has shown a correlation between the empirical probability distribu-
tion in kinetic theory of gases and distribution of money, income and wealth
in economics. The similarity between entropy in thermodynamics and utility in
economics has been also analysed. In particular, the analogies between the laws
of thermodynamics and their application to economic processes have been dem-
onstrated. All this is accompanied by appropriate references, research, empirical
findings, and analogous application of formulas, methods and models.

The paper has paid particular attention to the research of connection and inter-
dependence between the operating principles of the heat engine and the “eco-
nomic engine” in exchange between two countries. The temperature in thermo-
dynamics has fully adequate and comparable values in economics, e.g. an average
amount of money, GDP per capita or an average wage in a country. Also, it is
shown that the principle of exchange corresponds to the operation of the heat en-
gine, with the key factor of the so-called temperature differences, i.e. the Carnot
process. This explains the efficiency level, the realized level of returns, and the
shares in profit-benefit in mutual exchange between different countries.

Using the methodology of J. Mimkes, this paper applied the empirical research
on exchange between Serbia and the selected EU countries. The empirical stud-
ies are consistent with the theoretical expectations and confirm the analogy be-

2 The analysis of MimKkes, this is the case of the exchange between Germany and Japan, with the
United States between them, as the dominant country in exchange.
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tween economics and thermodynamics. By applying the formulas and methods
of thermodynamics, it is possible to analyse specific parameters and indicators
of economic exchange between countries with different temperature levels. The
data show the high intensity of exchange with Germany and Italy, which can be
explained by the model itself, as well as the fact that the exchange should be car-
ried out with countries with less temperature difference, because Serbia achieves
exponential growth of living standards then, even if it has a lower level of tem-
perature in comparison with the observed countries. Also, the indirect conclu-
sion of the research is that, in exchange, countries achieve the greatest benefit
with those partners where the differences in wages or GDP are in their favour.
Of course, if the trade with these countries is economically and geographically
possible and compatible.

The results are encouraging for researchers, suggesting the need for further re-
search on the relationship and interdependence of thermodynamics and eco-
nomics, especially in the domain of empirical and applied areas.
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