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Agenda – Fundamental aspects

• Sustainable Development & Physics, Entropy

• Basics of Energy, Heat and Entropy (Waste heat)

• Energy Sources: Efficiency & Entropy 

• Energy Storage & Transfer: Efficiency & Entropy

• Energy Use: Efficiency & Entropy

• Entropy & Heat production by Human technology
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Scientific

Fundaments

of Sustainable

Development
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Sustainability

• We do not want 
SUSTAINABLE STAGNATION, we want 
SUSTAINABLE  DEVELOPMENT !   
The use of word “sustainability” frequently 
covers an opposition to science, technology & 
development.

• Political definition (loose): Brundtland report “Our Common 
Future” (1987). This definition states, “Sustainable 
development is a development that meets the needs of the 
present without compromising the ability of future 
generations to meet their own needs.” 

• Is there a better  SCIENTIFIC definition ?
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Sustainability – Scientific Definition

• We have limited resources and territory on the 
Earth. 

• About 3.8 billion years ago, life appeared first 
by single-celled prokaryotic cells, bacteria. 
Since then the matter undergoes a continuous 
development with increasingly complex organization, both 
biologically, then in technology.

• Erwin Schrödinger, who invented the quantum mechanics, 
in his book, “What is Life” (1944), concluded that 
development is only possible in the direction of increasing 
Complexity (he used the term “orderliness”), that is with 
decreasing Entropy. (precise & quantitative!) 

• Complex materials  develop  more complexity =
decreasing Entropy.   Is this possible and can continue?
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Increasing Complexity  Entropy 

Material or tissue Entropy, S, for 1 kg
[ J/Ko]

H2 – ideal gas hydrogen 58.3· 10 3

H2O – water vapor, ideal gas 8.24· 10 3

H2O – liquid water, T = 100 Co 4.43· 10 3

H2O – liquid water, T = 0 Co 3.12· 10 3

H2O – water ice, T = 0 Co 1900.2

UF6 – Uranium-hexa-fluoride, ideal gas 513.2

C60 – Fullerene, ideal gas 263.2

DNA molecule*  of Candidatus Carsonella ruddii (CCr) 1.79· 10 -96105

Human DNA 3.96· 10 -1 974 000 000

One state of the Human brain tissue ~ 10 -301 000 000 000 000

*DNA molecule of the smallest bacteria, with only N = 159 662 base pairs.

The chemical and biological development:

[ L.P. Csernai, S.F. Spinnangr, S. Velle, Quantitative assessment of 
increasing complexity, Physica A 473 (2017) 363–376, arXiv: 1609.04637.]
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Energy & Entropy balance of Earth

• Entropy change: ΔS = ΔE / T. 
• The development on the Earth is governed by external conditions.
• The energy arriving from the Sun and the energy radiated out by 

the Earth are nearly equal, ΔE.
• The temperature of incoming solar radiation is high, Tin ≈ 6000 K
• The Earth’s radiation back to the cosmos is at Tout ≈ 300 K. 
• Thus the Earth’s entropy change is, ΔS = ΔE / Tin - ΔE / Tout < 0, 

i.e. negative, the entropy is decreasing. 
• This arises from the external conditions of our planet.
• Due to the fact that the Earth has an atmosphere, with water on 

its surface in three phases: ice, water and vapor.
László P. CSERNAI 7



Energy, Heat & Entropy

• Most of the energy arriving from the Sun
becomes Heat.

• For the present Development we need the present, 
• relatively high temperature, T ~ 300K, for having 
• chemical and biological reactions at reasonable speed.   
 Water in three phases !

• The Water on the Earth is in 3 phases (ice, water, vapor) enables us 
to keep the temperature stable.  Large Entropy is radiated out from 
the Earth!  The large latent heat of melting the ice keeps the 
temperature stable for 10000 – 30000 years, until all the ice melts.

[ L.P. Csernai, I. Papp, S.F. Spinnangr and Yilong Xie, Physical Basis of Sustainable Development, 
Journal of Central European Green Innovation, 4, 39-50 (2016), arXiv: 1612.06439. ]
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Sustainable development - Energy & Entropy

• Sustainable development  requires Decreasing Entropy 
by forming more complex systems from already 
complex ones.

• This formation needs Energy, mostly ordered, so called 
mechanical Energy.

• This Energy should be generated or made available with 
the possible least Entropy production, otherwise the 
resulting Entropy will not decrease.
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Scientific Fundaments 

of

Energy and Entropy 
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Energy, Heat & Entropy
• Heat energy exchange: ΔQ (random, thermal motion, radiation, etc.)
• “Mechanical” energy exchange: ΔEm (electric, kinetic, potential, etc.)
• Entropy change: ΔS = ΔQ / T. 
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• Heat, ΔQ, can be converted into mech energy, Em, only partially, e.g. 
15-40%, the rest Waste Heat, ΔQ2 , which leads to extra entropy 
production: ΔS = ΔQ2 / T 

• Mech energy, Em, can be converted into other form of mech energy 
with usually small loss, i.e. 90-95%, the rest, ΔQ,  is again Waste 
Heat. But in some cases with large losses  large  Waste Heat!

• Mech energy, Em, can be converted into heat, ΔQ, by 100% efficiency and this leads to 
large entropy production, ΔS = ΔQ / T = Em / T (e.g. Norway,   Heat pump is better!)



Natural Mech. Energy, Heat & Entropy

• Part of the energy from the Sun will become Mech. energy (!!!)

• The water evaporated from the oceans, rivers and lakes  Pot. E.

• Temp. differences, cloudsWind  Kinetic energy

• EM radiation electric current (antenna, chem. energy, photo-
synthesis, photo electric effect, PV solar panels,  …)

• Most of the energy arriving 
from the Sun becomes Heat:
radiation is absorbed by air, waters,
solid surface, i.e. atmosphere, seas,
rivers, lakes, earth, plants, etc. 
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Conversion of Natural Energy  Human use

• Sun  Natural Mech energy (!!!)  Human use

• Water in rivers and lakes  conversion for use: ~ 95%  (no heat)

• EM radiation  electric current (antenna, chem. energy, photo-
synthesis, photo electric effect, PV solar: 25-90% ( some heat )

• Wind Sails: 30-80% (20-70% heat!)
•  propellers, turbines: 2-20% (80-98% to Heat) Worst !!! 

• Waste heat production should be avoided, 
it is against sustainable development!

• Sun’s radiation becomes directly Heat:  Natural basis for negative
Entropy balance and therefore the development of Life, and 
technology.
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Importance of Energy, Heat & Entropy

• Sustainable Development needs negative ΔSEarth = ΔQ / T < 0 !!!

• If too much Entropy is produced ΔSEarth increases  less (no) Development

• Due to  Solar Heat, Heating and  Waste Heat 
production from Mech Energy

• Due to atmospheric reflection, greenhouse effect. 
(Atmospheric Entropy distribution profile changes.)

• Consequence, Entropy increase, Sea level increase ~ 2mm/year (Ice-ages)

• Average temperature in chaotic systems (atmosphere) is not 
characterizing the physical status of the system, it is not a conserved 
quantity  average can fluctuate & change due to many other reasons!
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Specific

Energy 

Sources
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Water
Apart of the fundamental role in Sustainable Development and Converting Solar Energy 
into Mech Energy, it is one of the most important Energy sources.

• From rain to reservoirs on rivers or mountains one can have substantial
adjustable energy and energy storage. Enclosed turbines. E.g.:
• Tree Gorges Dam 22.5 GW  (103 TWh/yr)  2014 China 
• Itaipú Dam 17 GW (90 TWh/yr) 

2016  Brazil & Paraguay
• Grand Inga Dam 39 GW  

planned  DR Congo

• From ocean tidal currents (54cm wave height around the Earth) 
regularly changing energy production. Enclosed turbines. E.g.:
• Rance Tidal Power Station 0.24 GW (0.5 TWh/yr) 1966 France
• Sihwa Lake Tidal P.St. 0.254 GW (0.55 TWh/yr 1way) 2011 S.Korea
• Penzhin Tidal Power Plant  87 GW plan  Russia László P. CSERNAI 16
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Water
Apart of the fundamental role in Sustainable Development and Converting Solar Energy 
into Mech Energy, it is one of the most important Energy sources.

• From pumped reservoirs on mountains one can have substantial
adjustable energy storage. Enclosed turbines. E.g.:
• Afourer Pumped Storage P.St. 0.465 GW, Francis t., 2004 Morocco

drop: 800/480 m
• Aura kraftverk, P.S. P.St.

0.29 GW, drop: 783 m 
Pelton t., 1953 Norway

• From ocean tidal currents regularly changing energy production.
Open turbines. E.g.:
• Orkney Islands, 1 MW,  rotor diameter: 18m, depth: 35m,  2010  Scotland
• Tidal Sails (underwater) planned,m 4 MW, slow, large surface  Norway   
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Water  - Efficiency & Entropy generation
• The largest hydropower turbines 

(Enclosed turbines.):

• A P= 767 MW Francis turbine 
at Three Gorges, China,
diameter: 10m, efficiency: η~94%.
Loss ~ 6% Waste Heat 
ΔS = (1- η) P Δt / T,   small
(T~300 K, ambient temp.)

• A compact P= 423 MW Pelton 
turbine in the Bieudron P.St. 
Switzerland, diameter: 4.63 m, 
efficiency: η=90-95%.
Loss ~ 5-10%  Waste heat
ΔS = (1- η) P Δt / T,   small

• Large Power – Small size !!! László P. CSERNAI 18



Water  - Efficiency & Entropy generation
• An ideal conversion of one form of mech energy into another would

have η =100% efficiency and zero entropy production. This would 
be the best for sustainable development.

• Let us now evaluate how much extra entropy is produced  for 
E = 1 TWh energy production in hydroelectric P.St-s
with enclosed turbines (at T=300K and 1-η = 5%):
ΔS / E= (1- η) / T  ~ 60 GJ/K for 1 TWh energy

• Open under-sea propellers, tidal sails (ts). 
Less data are available and efficiency 
is yet uncertain. Furthermore, for ts, in low 
viscosity water the flow remains laminar
to a large extent and maintains its kinetic 
energy (moderate entropy prod):            
ΔS/E ~ 100-1000 GJ/K for 1 TWh

~100km/hr
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Solar PV  - Efficiency & Entropy generation

• Solar EM radiation: mech Energy from thermal source 
• Can be used as heat source max Carnot efficiency (a)

• Can split to freq. & direct PV electricity max 40%eff. (b)

• Intermittent (!) nights, clouds  requires storage, & areal
• Good:

parking lots, 
deserts, etc.

• Bad:

On agricultural territory, 
competes with agricultural food 
and plant production (which have 
better energy efficiency and 
entropy decreasing effect!)
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Solar PV  - Efficiency & Entropy generation

• Solar EM radiation in Southern areas strong ! : ~ 1000 W/m2

• In case of direct heating (100% to heat) ΔS / E = 12 000 GJ/K
for 1 TWh energy

• For (a), efficiency ~ 10-20% ΔS / E = (1-η)/T ~ 9 600 GJ/K
for 1 TWh energy

• For (b), efficiency ~ 40% ΔS / E = (1-η)/T  ~ 7 200 GJ/K
for 1 TWh energy

• This last case is already competitive or better than the best 
internal combustion engines, like diesel engines or jet engine 
gas turbines (which can reach  an entropy production as little              
.                                       as ΔS / E = 4 800 GJ/K for 1 TWh energy).

RR Trent 1000

Efficiency may reach  62%
Jet engine Power can be 80 MW
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Wind Power

• Large size
• Irregular not adjustable

0-25m/s  requires 
storage, & areal.

• Installed power is 
usually given, but

• Production is 20 – 25% 
of the installed power.

• Production and 
efficiency (almost 
never published !).

• Intermittent (!) 
• Back up power needed
• Cheapest: brown-coal
• German catholic 

church is demolished 
for surface brown-coal 
mine !

• Fire is kept on !!! 
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Statoil HyWind pilotpark, Scotland

• Large size, one turbine (6MW):
• Tower weight: 2200 tons steel        30.4 GWh | 
• Ballast:            8100 tons concrete  6.3 GWh | 

 ~3.5 yr of production
• Draft:    78 m

100 m water depth, 25 
km out of Peterhead in 
Aberdeenshire, Scotland 
Height: 253 m, 
Turbine Ø : d=154 m,      
30 MW: (5x 6 MW turb.)
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Wind Power Efficiency

• Wind through the propeller c.s. 

• Wind kin energy/s: P=Ek/s  =  M v2/2 

• Mass of the air through, M = ρ r2π v

•  P ~ v3 ! 

P= 6 MW constant ! 

• Turbine power is limited 
• What are the consequences ??? 

 [ Finn G. Nielsen, UoB GFI, 2017 ] 
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Wind Power:  Efficiency & Entropy generation

6 MW Hywind floating Wind-turbines
• Constant P at 14 – 25 m/s wind

• Ek = 32.6 - 185.6 MW for 14–25 m/s
wind-speed respectively (~ v3) ! 

• P= 6 MW is constant !   

• Efficiency is changing:
• η = 18.4 % at 14 m/s wind-speed

• η =  3.2 % at 25 m/s wind-speed
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Entropy generation for 1 TWh wind energy:

ΔS / E = (1-η)/T  ~  9 792 GJ/K at 14 m/s wind-speed

ΔS / E = (1-η)/T  ~11 616 GJ/K at 25 m/s wind-speed
The flow behind the turbine becomes turbulent and transformed to  
waste heat. At 25 m/s wind-speed almost all of the mech kinetic 
energy goes to heat !!  Worse than any internal combustion engine!



Wind Power:  Efficiency & Entropy generation

Turbulent flow behind
the 1st row of turbines.

The turbulence leads 
to visible condensation 
and the “latent heat” 
goes into the 
atmosphere.

[ See the cloud 
experiment at CERN ]
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Wind Power:  Efficiency

The wind is a form of mech kinetic 
energy, which is generated from the 
uneven Solar radiation.  The wind-
turbines at high wind-speed and low 
efficiency transform back this mech
energy into heat in nearly 100% !  This is 
due to the fact that the wind turbines 
cannot adjust their production even to the 
available wind energy!

Sails adjust to the wind energy much 
better. The sails are permanently adjusted 
in their direction and shape, to gain most 
energy out of the wind with possibly 
minimal turbulence! 

See the large, 45’, America’s Cup boats, 
which can reach 100 km/h in high winds.
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Other forms of energy supply

• Ocean, tidal energy: same principles as water, ⱻ open & enclosed (better)
Energy density is 800 times bigger than wind (air) more compact

• Geothermal energy (from nuclear decay). Practical where naturally 
present, e.g. Island, Hungary. Use as thermal bath is usually better.

• Heat pump for el. Energy to heat  3-4 times better than direct Ee

heating

• Bio-fuels: = destroying complex materials, large entropy increase, bio-
materials should be used as food, feed or fertilizer, NOT Sustainable!

• Electric cars: only if electricity is from water, nuclear and renewable 
energy of high efficiency.  In cold climate heating with electricity is a waste!
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Energy 

Storage & Transfer: 

Efficiency & Entropy 
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EASAC – Energy Steering Panel:
Valuing Dedicated Storage in Electricity Grids (19.06.2017)

OOOOOOOO

2nd Compressed Air (322 MW)
F(T,V) = E – TS
dF = -SdT – pdV
1: Adiabatc heating
2: Cooling in reservoir  large loss ! László P. CSERNAI 30



Energy  Transfer: 

Efficiency & Entropy 
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EXAMPLES: ( Good against local pollution! )
Hydrogen driven cars (from fossil fuels)

• 2x Carnot efficiency   η2
c

Hydrogen driven cars with fuel cells & electric engine

• 2x Carnot eff.  η2
c ( fuel cell efficiency is ~ η2

c )

Electric cars with battery (Battery η2
c ~ 85-95%)

• 1x Carnot efficiency   ηc , but  :
• Extra weight to transport  
• No waste heat for Winter heating 

• Best if El. Is from Water power or Nuclear power
• No pollution (CO2 or other)
• No extra Entropy prod. for Water pwr.
• Good if extra Water Power is available (e.g. in Norway)
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Energy and Entropy from
Natural Processes (and Human Technology)

NATURAL:
• Solar irradiation ~ P = 31.28 TW  or ~174.7 W/m2 average  (~ 1000 W/m2 max)

•  Mechanical: wind, currents, clouds, rain, rivers, phase transitions,
photo synthesis, natural biochemistry - arising from regular and chaotic 
changes  and gradients in atmosphere, waters etc. , : ~~ 30-40% 

•  Thermal: Direct absorption in air, water, earth-surface, plants: ~~ 60-70%
• Gravitational, Tidal Wave (54cm amplitude)  Mechanical (Mech):            100%
• Geothermal, Nuclear, Chemical, Fossil (indirect, retarded Solar)
NATURAL DYNAMICS:
• Mech Solar energy is converted to:

•  Thermal energy with dissipation, and entropy production       ~~ 70-90%
•  Increasing complexity: Complex molecules, plants, animals 

this leads to entropy decrease    ~~ 10-30%
NATURAL BALANCE:

• Most energy & produced entropy, radiated back to the outer space at Tatm

• Small part of energy and negligible small entropy remains on the Earth
in form of complex molecules, plants, animals and humans [E. Schrödinger]
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Energy and Entropy Balance
and Human Technology

• Human activity may increase and decrease global 
entropy production, significantly

• Human energy production and consumption is around 
15-18 TW on average. It is increasing with population and 
technology development!

• The available total Solar energy on the surface of the Earth 
is around 40-80 TW (170-180 W/m2 average, 1000 W/m2

maximum). 
• Fossil fuels will be exhausted (30-100 years) 
• Solar power will be available for a similar period still. 
• Nuclear power will be available
• To maintain Sustainable Development, heat (waste heat) 

production can and should be minimized with increasing 
efficiency!                           - * -
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