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Based on recent works
• [1] László Pál CSERNAI, István PAPP, Susanne Flø SPINNANGR and Yi-Long XIE:

Physical Basis of Sustainable Development, Journal of Central European 
Green Innovation 4 (2) pp. 39-50 (2016).

• [2] L.P. Csernai, S.F. Spinnangr, S. Velle: Quantitative assessment of increasing 
complexity, arXiv:1609.04637

• We study the build up of complexity on the example of 1 kg matter in 
different forms. We start on the simplest example of ideal gases, and then 
continue with more complex chemical, biological, life and social and technical 
structures. We assess the complexity of these systems quantitatively, based 
on their entropy. We present a method to attribute the same entropy to 
known physical systems and to complex organic molecules up to a DNA. The 
important steps in this program and the basic obstacles are discussed.



Sustainable Development

• Our material resources are finite on the Earth
• The surface of the Earth is given and finite
• The energy supply to the Earth  and from the Earth 

are approximately equal

• Still there is a clear and obvious development, which 
is sustained by now for many thousands or millions 
of years.

• How is it possible and how can this be assessed 
quantitatively ?



The Earth is an open system
- In a closed system all changes  Entropy increase:

decreasing complexity, loose all structures, living species, plants, 
building, etc. only ashes and smoke would remain. 

- The Earth is not a closed system, 
energy/ heat,  dQin , is coming from the Sun, and as the Earth does 
not heat up too much (in the past many thousand years) about the 
same amount of heat is radiated out by the Earth,   dQout ≈ dQin .

- The change of the entropy of a system is:              dS = dQ / T  , so 
the change
is     dSEarth =    dQin / TSun - dQout / TEarth <<  0  ,  i.e. negative. 

6000 K       300 K

 The Earth can develop, may become more complex\ planets?
Water in 3 phases  ~ constant T ~ complex molecules 
 The lifetime of a developed Species:  tlife ≈ S0 / dQmetab. 



Sustainable development     =
Increasing complexity

• Can be measured by ENTROPY
• The Entropy as a concept of assessing 

development was introduced  in the book:
• [3-ES] "What is Life? - The physical Aspect of the 

Living Cell” by Erwin Schrödinger, 
Based on Lectures delivered under the auspices of the
Institute at Trinity College, Dublin, in February 1943.
[Cambridge University Press, 1944]

• [4] L. Pénzes and L. Csernai: Über den Zusammenhang von 
Lebensdauer, Konstitution und Information, 
Z. Alternsforschung, 35/4, 285-296 (1980).



Order, Disorder and Entropy [3-ES]

• ORDER based on ORDER [3, s55]

The laws of physics as we know them, are statistical laws. [Quantum mechanics] They 
have a lot to do with the natural tendency of things to go over to over into disorder."

However, it is not always so, e.g. in quantum theory of low temperatures. "There are 
many instances of this."

"Life seems to be orderly and lawful behavior of matter, not based exclusively on its 
tendency to go over from ORDER to DISORDER, but based partly on existing order that 
is kept up."

... , or even more so, there is a tendency to go over to MORE COMPLEX ORDER.

"The living organism seems to be a macroscopic system, which ... approaches a purely 
mechanical conduct, ... and the molecular DISORDER is REMOVED."



Order, Disorder and Entropy [3-ES]

• LIVING MATTER EVADES the DECAY to EQUILIBRIUM[3, s56]

"When a system that is not alive is isolated ..., the temperature 
becomes uniform [and a] permanent state is reached in which no 
observable events occur. The physicist calls this state of 
thermodynamical equilibrium, or of 'maximum entropy'."

Reaching this equilibrium can be fast or later slow.

"The ultimate slow approach to equilibrium could never be mistaken 
for life."  [It is actually death.]

As living matter is an open system  S    must not  Smax



Order, Disorder and Entropy [3-ES]

• What is entropy? [3, s58]
" ... it is not a hazy concept or idea, but a measurable physical
quantity, just like length of a rod, the temperature at a point
..."  etc.            " At the absolute zero point (of temperature, -273° C) the 
entropy of any substance is zero.“            " … the entropy is increasing by an 
amount, which is computed by dividing every little portion of heat [dQ] 
supplied, by the absolute temperature [T] at which it was supplied -- and 
summing up all these small contributions.
• The statistical meaning of entropy [3, s59]
" ... important for us here is the bearing on the statistical concept of 
order and disorder, a connection that was revealed by the 
investigations of Boltzmann and Gibbs in statistical physics. This too is 
an exact quantitative connection, and is expressed by 

entropy = k log D, 
where k is the so-called Boltzmann constant (=3.2983.10-24 cal./°C.), 
and D a quantitative measure of the atomistic disorder of the body in 
question."  

D is the number of distinguishable quantum states in the six 
dimensional, quantized, phase space.    D ≥ 1.



Order, Disorder and Entropy [3-ES]

• Organization maintained by extracting 'order' from the environment [3, s60]
"How would we express in terms of the statistical theory the marvellous faculty of a living 
organism, by which it delays the decay into thermodynamical equilibrium (death)? We said 
before: 'It feeds upon negative entropy', attracting, as it were, a stream of negative entropy 
upon itself, to compensate the entropy increase it produces by living and thus to maintain 
itself on a stationary and fairly low entropy level. "

If D is a measure of disorder, its reciprocal, 1/D, can be regarded as a direct measure of order. 
Since the logarithm of 1/D is just minus the logarithm of D, we can write Boltzmann's 
equation thus: 

-(entropy) =k log (1/D). 
"Hence the awkward expression 'negative entropy' can be replaced by a better one: entropy, 
taken with the negative sign, is itself a measure of order. Thus the device by which an 
organism maintains itself stationary at a fairly high level of orderliness (= fairly low level of 
entropy) really consists in continually sucking orderliness [= complexity] from its 
environment. "

"This conclusion is less paradoxical than it appears at first sight. Rather could it be blamed for 
triviality. Indeed, in the case of higher animals we know the kind of orderliness they feed 
upon well enough, viz. the extremely well-ordered state of matter in more or less 
complicated organic compounds, which serve them as foodstuffs. After utilizing it they return 
it in a very much degraded form-not entirely degraded, however, for plants can still make use 
of it. (These, of course, have their most powerful supply of 'negative entropy' in the 
sunlight.)".



Is the entropy uniquely defined ?

• There is a confusingly large number of not 
compatible entropy definitions:

• Boltzmann, Gibbs, Shannon (1948), Edwards, 
Körner, Rényi, etc.

• There is little intent to create a unique and 
measurable entropy definition. Different 
subfields are using their definitions and the 
applicability is confined to these types of 
systems.



Entropy of 
materials [2]

Thermodynamical parameters of 1kg material in different forms 
approximated as ideal gases, depending on the mass numbers, AP , of the 
particles. 1kg material contains different numbers of particles, NP , and this 
number is decreasing with increasing AP . The total entropy of the material at 
the used T = 300oK and p = 1bar, is also decreasing with increasing complexity, 
i.e. increasing AP.



Entropy of materials [2]

The mass number, AP , dependence of the relative entropy of 1kg material, S, 
compared to the number of these particles, NP . The relative entropy, S, as 
well as the particle number, NP , of 1 kg H2 is taken to be unity for the 
comparison. The entropy decreases slower than the decrease of the particle 
number. This means that the entropy per particle is increasing..



Entropy of materials [2]

The change of the relative ratio of entropy versus particle number, S=NP as a 
function of the mass number of a given particle species, AP . For this comparison 
the S=NP for H2 is taken to be unity.     Notice the logarithmic increase!



Network or Topological Entropy [2]

• Consider hypothetical ideal gases constructed from single 
nucleons like H1, H2, H3, H4.

• In cases H1 (●) and H2 (●-●) there is only one configuration for 
the molecule, i.e. i = 1 and p1 = 1, the sum of all allowed 
configuration states, N, is N = 1. Thus

• If N > 1, then the most random configuration would be for each 
i: pi = 1/N, and so for this configuration the Shannon entropy is

• Let us consider a (hypothetical) H3-molecule:
H(X) with all possible configurations of the H3:



Network or Topological Entropy [2]

• Consider H4:                                                       

 H(X)



Network / Topological Entropy [2]

• How to take into account both entropies ?  (Diff. Dimensions ??)
• Defferent degrees of freedom: 

(1) phase space (2) spave configuration (dim. less)
• The Boltzmann-Gibbs entropy per particle (molecule):

• Probability to be in a phase space volume element (dim. less)

• Then the entropy density is: 

and this leads to the Sackur-Tetrode formula in case of equilinbrium.



Network or Topological Entropy [2]

• Then the arising specific entropy for one molecule is

• We can now add up the soec. entropies for all d.o.f.:

Entropies of a particle and of 1kg material in different 
topological approximated as ideal gases, depending on 
the mass numbers, AP , 1kg material contains different 
mol-numbers of particles, NP , and this number is 
decreasing with increasing AP . The specific entropy of 
the composite particles is indicated by the    dim.less
(ħ; c; kB = 1) P . The total entropy of the 1kg material is 
decreasing with increasing complexity.



Physical & Configurational Entropy [2]

• Notice that we needed the QUANTIZATION of 
the physical phase space to obtain a unique 
value for the physical entropy.

• For physical degrees of freedom and materials 
this is always possible.

• In highly complex systems where quantization 
is not obvious, e.g. biology, technology, 
society, the precise evaluation of entropy 
relations may become problematic. 



Entropy of phases [2]

• E.g.  Water

Entropy of 1 kg of water at different temperatures, with all three phases, ice, water and 
vapor, with two phase transitions at 0 and 100oC. The reference point is taken at T = 
100oC liquid water, with entropy of S1kg = 4430.01 J/K, where the phase transition to 
vapor with a latent heat of ΔS1kg = 6065.55 J/K, leads to a vapor entropy of S1kg =
10495.56 J/K. Using the water heat capacities we reach the phase transition between 
water and ice with water entropy of S1kg = 3122.92 J/K and ice entropy of S1kg =
1900.15 J/K.



Entropy of diff. configurations [2]

• Water
The topological configurations of a H2O molecule. The circle 
indicates the Oxygen atom. If the two H atoms are identical then 
the last two configurations are identical also.
• The entropy can be calculated as:

for all configurations or a single one respectively.

• It is not always obvious, which are the realized or existing 
configurations from all possible ones, for really complex 
systems, e.g. in biological or live systems!



Entropy of complex molecules  [2]

• Large molecules, N > 100 atoms, may have a large number of 
spatial configurations. The intractions among these atoms can 
be very different and the realistic calculation of all possible 
configurations is getting overly difficult.  

• A usual approximation is to estimate the energy minimizing 
dense packings of hard sphere atoms. In large complex 
molecules this spatial degree of freedom is dominant, the 
momentum space degree of freedom is negligible at “low” 
temperatures.



Entropy of DNA in Bacteria [2]

The smallest 
bacterium 
known is the 
Candidatus
Carsonella
ruddii with a 
DNA of 
159 662 
base pairs 




Highly complex molecules  [2]

• In addition to spatial configuration entropy, in highly complex 
molecules, e.g. DNA, there are other degrees od freedom in the 
base-pair sequence of the molecule.

• The smallest of the bacteria, the Candidatus Carsonella ruddii
(CCr), has N = 159 662 base pairs (b.p.) in its DNA.

• Thus, the possible number of base-pair sequences is 4N , and 
the probability of one b.p. sequence is pi = 4-N 

• Thus the entropy of 1kg CCr DNA is



Highly complex molecules  [2]

• The lenght of the Human Genome is N=3.234 *109 base pairs in 
23 chromosomes. These sequences are formed from four 
different nucleotide bases. Thus the possible number of base-
pair sequences is 4N .

• Thus the possible number of base-pair sequences is 4N , and the 
probability of one b.p. sequence for a single Hunam individua  is 
pi = 4-N 

• Thus the entropy of 1kg a single Hunam DNA is

• Spatial configuration entropy is changing: 
chromosomes  straightened out   changing S



Higher levels of complexity
• In animals and humans an additional very large 

contribution to complexity comes from the nervous 
system. 

• In humans there are about 1011 neurons with up to 
103-105 synaptic junctions. The number of junctions 
can be as large as N= 1014-1016

• These are non-quantized, analogue couplings, thus 
the number of possibilities may well exceed 2N 

possibilities. Changing. Selection of realizable 
configurations is highly problematic.

• Life expectancy of different species is analyzed based 
on this complexity in ref. [4]



Human Constructions
• Material constructions, can be evaluated just as 

biological materials. Human constructions are 
of lesser complexity up to now. 

• Functioning, principles and technologies 
contribute to entropy, however, quantization
may be problematic.

• Organizations and structures in society are not 
quantized, and selection of all configurations as 
well as selection of all realized configurations 
are problematic. Entropy and complexity may 
be changeable.



Energy and Complexity
• Recently sustainable development and energy use 

and production, became tightly connected issues of 
top priority for the human society.

• We need to check if a given process provides usable 
energy at what cost and if the overall process leads to 
entropy increase or decrease [3-ES] !!!

• E.g. Nuclear fission increases entropy, while nuclear 
fusion decreases it! (makes more energy per 1kg fuel.)

• Burning of bio-fuel is highly problematic.
• Solar panels of agricultural land are questionable.



2015 Sep. UN GA Resolution on energy

• Goal 7. :
Ensure access to affordable, reliable, sustainable and modern energy for all

• 7.1 By 2030, ensure universal access to affordable, reliable and modern energy 
services 

• 7.2 By 2030, increase substantially the share of renewable energy in the global 
energy mix 

• 7.3 By 2030, double the global rate of improvement in energy efficiency

• 7.a By 2030, enhance international cooperation to facilitate access to clean energy research
and technology, including renewable energy, energy efficiency and advanced and cleaner 
fossil-fuel technology, and promote investment in energy infrastructure and clean energy 
technology 

• 7.b By 2030, expand infrastructure and upgrade technology for supplying modern and 
sustainable energy services for all in developing countries, in particular least developed 
countries, small island developing States and landlocked developing countries, in accordance 
with their respective programmes of support 

• [L.P. Cs.: No nuclear or fusion mentioned ???!!!]


