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IEA 2015: thermal conversionis
responsible for 80% world electrical
energy generation
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Retrofitting a Biomass Power Plant into a “Sun Driven CCS Machine”’...

biochemical < ‘
compounds

The loss of revenues from
electricity is compensated by
selling carbon credits




Carbon capture, transportation and geological storage
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Thermal energy: “disorganized”

I

Mechanical energy: “organized”
4
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electricity kinetic energy







Energy and Social Development

Disruptive improvements in the use of energy
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«—Modern humans

Homo sapiens :E'fﬁigg! gﬁ)?ﬁgg E ne I‘gy a nd SOCi a I Deve I O pm e nt

Neanderthal

Homo erectus

Homo habilis

Australopithecus

Ardipithecus

Human-like
apes

Qrrorin

Sahelanthropus

Quranopithecus

Nakalipithecus

«Earliest cookin

«—Earliest in Europe

«Earliest fire use

====  Disruptive improvements in the use of energy

tools

e v" Control of fire for food cooking (thermal processing)

“—Earliest bipedal

= Transportation from burned to unburned areas

«—Separation from
chimpanzees

= Starting and building hearths or other fire enclosures

«—Possibly bipedal

= Maintaining over an extended period of time
~500,000
years ago

Separaton rom Incremental technological

gorillas

«Earlier apes Im provements




Energy and Social Development

% Disruptive improvements in the use of energy

v" Control of fire for food cooking

%, v Use of wind for water pumping, grain processing, boat
propulsion, etc.




Energy and Social Development

% Disruptive improvements in the use of energy

v Conversion of heat to work (force x displacement)
v' Development of general purpose motors

v" Machining machines, mechanical looms, tractors,
excavators, etc...



Energy and Social Development

% Disruptive improvements in the use of energy

v Conversion of heat to work (force x displacement)
v' Development of general purpose motors

v" Machining machines, mechanical looms, tractors,
excavators, etc...

INDUSTRIAL REVOLUTION



Coal mining in the United Kingdom
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Coal mining in the United Kingdom




Thomas Savery

Thoraas Savery.
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Thomas Newcomen (1712)
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James Watt (1763)
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Motors for general purpose applications

Efficiency and compactness
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Steam excavators (canals and sewage systems)
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THE ISTHMUS OF SUEZ MARITIME CANAL: DREDGES AND ELEVATORS AT AWORK.
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HELD UP THE WRONG MAN

Construction of the Panama Canal, 1881-1914

http://www.vintag.es/2015/08/the-panama-canal-constructic



Construction of the Panama Canal, 1881-1914

;Theodore“?o
: - N

| :
HELD UP THE WRONG MAN
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Mechanical looms




Mechanical looms




Energy and social development

Disruptive improvements in the use of energy

Exergy (mechanical work, electricity) for the large scale
production of goods, food, clothing, utensils, etc., and for
broadening the access to services such as transportation,
illumination, heating, etc.
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production of goods, food, clothing, utensils, etc., and for
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INDUSTRIAL REVOLUTION




Energy and social development

Disruptive improvements in the use of energy

Exergy (mechanical work, electricity) for the large scale
production of goods, food, clothing, utensils, etc., and for
broadening the access to services such as transportation,
illumination, heating, etc.

A

INDUSTRIAL REVOLUTION
\ 4

BETTER QUALITY OF LIFE

HDI = %( longevity +education+income)



A STORY of STEAM, INDUSTRY, and INVENTION

The M OST

Describes the history of

the evolution of the wrrrur

steam technology and IDEA
b e WORLD |

the corresponding
social consequences...




...but what is energy ?

“Is the capacity to do work..."”
“Energy is energy..."”
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Different types of energy:

v What is heat? (A self-repellent fluid called caloric...)
v' What is mechanical work ? (force x displacement)
v’ Is it possible to convert different types of energy ?
v Are there efficiency limits to these conversions ?

v' Different types of energy can perform equivalent amounts
of work ?




A working definition of energy...

Energy is an abstract quantity with
which we can express quantitative
laws governing natural physical

phenomena...



A working definition of energy...

Energy is an abstract quantity with
which we can express quantitative
laws governing natural physical
phenomena...

| Energy is like the number 1!
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Chemical

light
energy energy
(sun) (biomass)

6 CO, + 6 H,0 + light — C,H,,0, + 6 O,



Chemical Chemical
energy energy
(glucose) (ethanol)

CH,0, — 2 C,H.OH+ 2 CO, + heat



CH,,0 + 6 O, — 6 CO, + 6 H,0 + heat

ATP synthase particles

Intermembrane space

Chemical » L :::?;;;:al
energy Ribosome Crlstae . if'/ )4 NS (ATP)

Granules

Inner membrane
Outer membrane
Deoxyribonucleic acid (DNA)

Lost thermal
energy




C,H.OH + 30, — 2 CO, + 3 H,0 + heat

Chemical Mechanical
energy energy
Lost thermal

energy



Conversion of mechanical work to heat

Mechanical equivalent of heat (thermal energy)

James PrescottJoule, 1840

Increasein f
> I
thermal energy : ‘

Spent
mechanical energy

«\l"u L ﬁ!"tﬁﬂ lu' i l"“i.'h m\rl ,. T

AT A R AT Tt

1 calorie =4.184 Joule

Work is totally converted to heat (thermal energy) !



Conversion of mechanical work to heat

Newcomen’s machine

. Injection of steam at high temperature and
pressure into the piston

. Steam condensation by means of cool water Thomas Newcomen (1712)

injection creating a partial vacuum in the piston

. Through action of atmospheric pressure the
piston is contracted which pulls the rod down

. The cycle is restarted

JM
g
v T
force x displacement heat source

Why only a fraction of the heat is converted to work ? Is
it possible to develop a perpetual motion machine ?



Some answers to these questions:

v Heat is a form of “organized” energy

REFLEXIONS -

v Work is a form of “disorganized” energy PuissaANCE. MOTRICE 3
' DU FEU ,5-

v Work can be totally converted to heat DTN

PROPRES A DEVELOPPER CETTE PUISSANCE: - |

v Heat can be partially converted to work (!?)

Par S. CARNOT,

E POLYTECHNIQUE

A PARIS, '

CHEZ BACHELIER, LIBRAIRE, - ‘ ’
' QUAI DEs AUGUSTINS, N°. 55,

ol 182'2.

Nicolas Léonard Sadi Carnot .’
in 1824, at 28 years




Different types of energy associated with a system

] system —
Macroscopic forms
® O
Energy associated to the system’s center @ ® /o
of mass, relative to na inertial referential S ° .. °
2 2 e )
EC-mL 5 ec=L e O ®
2 2 P
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Microscopic forms

Energy associated to the molecular structure and agitation:
internal energy (U)

molecular molecular molecular chemical nuclear
translation rotation vibration energy energy

a
¢ o %% % e




Different types of energy associated with a system

] system —
Macroscopic forms
) O
Energy associated to the system’s center @ ® /o
of mass, relative to na inertial referential ® ° .. o
2 ® @
EC-m>~  — wind o8| o> " e
® o
. @0 O
EP=mgZ —— hydroelectric YA ® O
® o

Microscopic forms

Energy associated to the molecular structure and agitation:
internal energy (U)

a
¢ o %% % e

molecular molecular molecular chemical nuclear
translation rotation vibration energy energy
geothermal termeléfrica  nuclear

- solar thermal




First law of thermodynamics...



...energy conservation principle !!!

-



Account transactions balance...
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FIRST LAW OF THERMODYNAMICS:

open systems



surroundings

_____

boundary system :

C ... an imaginary, virtual or
“mathematical” surface enclosing an
amount of mass and separating it from
the surroundings




Energy conservation principle: open systems

entering exiting

thermal energy }

thermal energy
flow work

flow work

thermal energy Thermal energy, or “internal energy (u+ep+ek),
associated to the mass flow entering/leaving the cv
transport

that must be accounted for..

ﬂ Mechanical work (force x displacement) necessary
ow :

for an element of mass to be pushedinto or pulled
work out of the system’s cv...




Energy inventory in the cv... (steady state)

entering exiting

thermal energy
flow work

thermal energy
flow work

Inthe absence
of nuclear
reactions...

total (net) ener rate of change of the net
i Y — internal energy confined in
entering the cv o

the cv

steady state

U

total (net) energy —
entering the cv —




Energy inventory in the cv... (steady state)

entering exiting

thermal energy }

thermal energy
flow work

flow work

O=h+gz+V?/2

Q. +W, + > m6, =Q, +W, + > m6,

entra sai
(Qe o Qs) o (Ws - We) = kaek o kaek
sai entra

Q-W=>msb - > ms,

sai entra




Energy inventory in the cv... (steady state)

(hk +gz, +W /2)




Application: thermal machines evolution

2015: 80% of all electrical energy generated in the world




Typical Thermal Power Generation Plant ...

~*d 1%

R | 7

Tufanbeyli (Turkey) 450 MW
http://www.skec.com




Typical Thermal Power Generation Plant ...

supplied

surplus
exergy

.
. )

Tufanbeyli (Turkey) 450 MW
http://www.skec.com




Is there a physical limit to the efficiency of

the conversion of heat to mechanical work ?

/ /

disorganized organized




Physical laws are symmetrical with respect
to the arrow of time...

® 2
M.Q_FD.@_FK.S“”]G:O
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Physical laws are symmetrical with respect
to the arrow of time...

® 2
M.Q_FD.@_FK.S“”]Q:O
dt? dt
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Physical laws are symmetrical with respect
to the arrow of time...
<O>

...except the second law of

thermodynamics !




Spontaneous flow of energy...

thermal source
at high heat source
temperature

thermal sink at low
temperature

heat sink




Spontaneous flow of energy...

thermal source
at high heat source
temperature

thermal sink at low
temperature

heat sink




Spontaneous flow of energy...

thermal source
at high heat SOUrce ¥
temperature

mechanical energy (work)
extracted from the flow of
thermal energy (heat)

thermal sink at low

heat sink i Lt
temperatu re




Conversion of thermal energy to mechanical energy...

heat source

machine
)

N
thermal
[ —> Wiiq




Conversion of thermal energy to mechanical energy...

heat source

machine

W. N
lig [ thermal

J

Efficiency of the conversion cycle...



Conversion of thermal energy to mechanical energy...

equivalent to the work performed
by xxx horses (animals)...

power unit — HP

cost; proportional to a
certain amount of coal (heat
source, fuel)



Conversion of thermal energy to mechanical energy...

J. Watt developed the
concept of “horse power” to
facilitate his sales !

(He became very rich !)

equivalent to the work performed
by xxx horses (animals)...

power unit — HP

cost; proportional to a
certain amount of coal (heat
source, fuel)




The quest for maximum conversion efficiency...

Q“




The quest for maximum conversion efficiency...
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... but after all how does a
thermal machine exactly works ?

-



Thermal sources...

—

combustion reaction:
coal, oil, gas or biomass

nuclear reaction:
heat supply nuclear fission or fusion

solar thermal:
Qq concentrators, heating

plates, etc.
thermal
[ machine WLiq

Q

Invariably the environment:

cooling towers (atmosphere)

body of water (river, lake, sea,
| etc.)

heat absorber




Thermal machine...

Q flue gases )
Wturb i Qcomb fuel

combustion reaction, Q. !
nuclear or solar thermal J © ashes
Q OW e

working fluid
executing a maquina W
. te rml Ca qu temperatura °C

thermodynamic cycle

L I \ M T i
3000kPa 75kPa

Q+ o /
350°C Q

envi ronment [

/
/
/
| [

entropia kl/ke/K "



Sugarcane bagasse boiler...

.

)
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Steam turbine...




Cooling towers...




Second law of thermodynamics: Clausius statement

HEAT SINK

HEAT SOURCE

Rudolf Julius Emanuel Clausius
(1822-1888)

S,

IMPOSSIBLE



Second law of thermodynamics: Clausius statement

HEAT SINK

HEAT SOURCE

Rudolf Julius Emanuel Clausius
(1822-1888)

ST,

POSSIBLE



Second law of thermodynamics: Kelvin-Planck

HEAT SOURCE

HEAT SINK

William Thomson, 1st Baron Kelvin
(1824 -1907)

POSSIBLE [Aekrin PAVE



Second law of thermodynamics: Kelvin-Planck

William Thomson, 1st Baron Kelvin
(1824 -1907)

IMPOSSIBLE [Aekrin PAVE



Equivalence of both statements of the second law

TOI ----- HEAT RESERVOIR @ HIGH TEMPERATURE -

T; == HEAT RESERVOIR @ LOW TEMPERATURE -=



Equivalence of both statements of the second law

HEAT RESERVOIR @ HIGH TEMPERATURE

T; == HEAT RESERVOIR @ LOW TEMPERATURE -=

Hypothesis:
POSSIBLE



Equivalence of both statements of the second law

Hypothesis:
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Equivalence of both statements of the second law

Hypothesis:
POSSIBLE



Equivalence of both statements of the second law

HEAT RESERVOIR @ HIGH TEMPERATURE

Hypothesis: . ApgyRDITY
POSSIBLE



The quest for maximum conversion efficiency...
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REFLENIONS

PUISSANCE MOTRICE
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SUR LES MACHINES
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The quest for maximum conversion efficiency...

thermal
[machlne | E WLICI

REFLENIONS

HEAT ABSORBER PUISSANCE MOTRICE

DU FEL

SUR LES MACHINES




The quest for maximum conversion efficiency...

HEAT ABSORBER

REFLENIONS

PUISSANCE MOTRICE

DU PEL
SUR LES MACHINES

Pan » LANRNIN
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The quest for maximum conversion efficiency...

HEAT ABSORBER

environment I

Qq

( - = - N\
thermal |
system ; machine : WLiq

environment Qf

REFLENIONS

PUISSANCE MOTRICE

DU FEL

SUR LES MACHINES

Pan » LANRNIN

——

A PANIS,
! CHEE RACHELIER, Lin (LA




The quest for maximum conversion efficiency...

"Le molewr peut dtre actionné en seno inveroe of e
wowllal net serait afors que fa consommation 3 un
tuasaif éqaf & cobui praduit par Lo fonclionnement en acns
dinect ol o tranofert de la meme quantité de chalews,

mais, dand ce casd, ou corpo ﬁw/@ aun copo M..."

| PUISSANCE MOTRICE
DU PEL

Maximum efficiency w
occurs when the thermal | = ..
machine is reversible 1! ~——

UR LES MACHINES




Strict reversibility...

THERMAL RESERVOIR @ LOW TEMPERATURE




Strict reversibility...




Strict reversibility...

THERMAL RESERVOIR @ HIGH TEMPERATURE

THERMAL RESERVOIR @ LOW TEMPERATURE




Strict reversibility...

THERMAL RESERVOIR @ HIGH TEMPERATURE

THERMAL RESERVOIR @ LOW TEMPERATURE




Strict reversibility...

THERMAL RESERVOIR @ HIGH TEMPERATURE

THERMAL RESERVOIR @ LOW TEMPERATURE




Maximum conversion efficiency:

Robert Stirling

e N<1lforAT<o0

° T]rev > Tlirrev
- @ nrev,m = nrev,n V m,n

= ® Mrey :]_Tf/Tq

L Tf = Tomb

T, =T +AT

Nicolas Léonard Sadi Carnot
em 1824, aos 28 anos de idade...

REFLENIONS
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Maximum conversion efficiency:

Robert Stirling

e N<1lforAT<o0

° T]rev > Tlirrev
° nrev,m = nrev,n V m,n

* Niev :]_Tf/Tq

It is the temperature difference ]
between the thermal reservoirs —_— 1’] —
that influences the efficiency, rev

and not the pressure as it was ] + AT / Tomb

commonly accepted...

Nicolas Léonard Sadi Carnot
em 1824, aos 28 anos de idade...

REFLENIONS

PUISSANCE MOTRICE

DU FEl

SUR LES MACHINES
BES A IENVELOFFER O s




Definition of the Carnot cycle:

1-2) Isentropic compression (pump)
2-3) Isothermal heating (boiler)
3-4) Isentropic expansion (turbine) |

4-1) Isothermal cooling (condenser)

temperature Nicolas Léonard Sadi Carnot
A em 1824, aos 28 anos de idade...
Qcald
& > ﬂ
Wbomba Wturb
€
& Qcond v

> absorvedor de
entropy calor




The Carnot cycle: practical realization problems ...

« T=cte — impractical for gases

« T=cte — performed in the phase change region

« Turbine blades erosion due to droplets (%)

« Low pumping hydromechanical efficiency (two-phase flow)

temperatura

A

~

7

entropia



The Carnot cycle: practical realization problems ...

« Okay — pump, turbine (x=1) and T=cte @ condenser
« Compressed liquid pressure impossibly high, > 10° bar (*)

« Complicated control of boiler’s temperature (%)

temperatura
A

>10°bar *
\\ / |

*
V :

/

~
7

entropia




' University of Glasgow

Definition of the Rankine cycle:

1-2) Isentropic compression (pump)

2-3) Isobaric heating (boiler)

3-4) Isentropic expansion (turbine)

4-1) Isothermal cooling (condenser)

, ’

temperatura isoP i oy

p / .'I(;'r e [ L b1 N A AL
N

‘0 William John Macquorn Rankine

Y.

N
7

entropia




Application:
Thermodynamic analysis of combined
gas-steam cycles




Table B.24: Thermal efficiency of new power plants in electricity generation in GTEM

... A, .. S
2002 2050 2100 2002 2050 2100
B Percent  Percent  Percent ~ Percent  Percent  Percent
United States 356 47 10 546 403 61.3 65.7
European Union 351 41 2 446 45 1 552 58.0
China N6 433 50.3 46 .5 63.1 69.8
Former Soviet Union 3.3 333 354 381 411 42.3
Japan 371 45 5 503 451 60.1 65.8
India 27.7 47 5 56.8 416 645 £9.9
Canada 38.2 44 9 486 46 .2 579 60.2
Indonesia 27.8 47 2 576 329 631 69.7
South Africa 38.5 46 5 543 394 65.0 70.4
Other South and East Asia 33.8 46 .3 548 373 61.7 68.1
QPEC 39.0 490 566 M8 634 701
Restotword o 327 47.1 563 oo “s B0 65.3
Source: ABARE, ACIL Tasman, MMA.
combined

gas-steam



Combined cycle: gas-steam (n~60%)




Combined cycle: gas-steam (n~60%)

flue gases

natural gas, biogas
or gasification
products

4

. combustion
ar chamber -

N
compressor e ==(A) turine
—1 — N grid

| generator
condenser

cogeneration




Alternatives to the exploitation of a thermal energy...

T

—_ "9 _1__f thermal 3
N 1 [ machine Wliq
J

nT= TilefouT,T



Alternatives to the exploitation of a thermal energy...

machine

, T
T]=—q=1——f [ thermal _)W"q

ambiente limites do material



Alternatives to the exploitation of a thermal energy...

T, = 1000°C

w

thermal
[ —> Wiiq

machine
)

254+ 273 maximum (possible)
= 0,766 —> thermodynamic

-
Neamot = 1770001 273 il




Alternatives to the exploitation of a thermal energy: Rankine (water)

maximum working

. pressure (arbitrated)
temperatur e

N

T, = 1000°C

Temperature is too high
for a steam cycle. In

374°C 3 practice < 650°C.

Tf = 25°C / \ |

\ 4

entropy




Alternatives to the exploitation of a thermal energy: Rankine (water)

maximum working
efficiency loss due to , pressure (arbitrated)

temperature —— temperature variation
1 during heat absorption
T, = 1000°C
Vv Temperature is too high
for a steam cycle. In
374°C 3 practice < 650°C.
1bar
O 99,6 C
T, = 25°C AN
/ 0,9<x<1

entropy




REFPROP

Reference Fluid Thermodynamic and Transport Properties

HIST Standard Reference Database 23, Version 9.1
DLL version number 3,1
E.MW/. Lemmon, M.L. Huber, and M.0. McLinden
Applied Chemicals and Materials Division
Copyright 2013 by the U.S. Secretary of Commerce on behalf of
the United States of America. All Rights Reserved.

NIST usss‘ils best effurls to deliver a high quality DOD}"U’ the Database anq 1o verify that the

data contained therein have been selected on the basis of sound scientific judament. However,

NIST makes no warranties to that effect, and NIST shall not be liable for any damage that may
result from errors or omissions in the Database.

Information

1250,

1000,

4 14: water: Specified state points

~=1al x|

Temperature | Fressure| Density | “Yolume  [Int. Energy| Enthalpy | Entropy Cluality Exergy

('C) (bar) | (kafm?) | (mika) | (kdikg) | (kdikg) | (edfkgtg | (kafka) | (kdikg)

1 2h.000 1.0000 | 997.05 | 00010030 | 10482 104,92 | 0.36720 | Subcooled | 158,70

2 2h. 582 300,00 | 10099 | 0.00093015 ) 106.01 134.71 | 0.36720 | Subcooled | 188.49

3 10000 300,00 | 51,976 | 0.015240 39786 4bhba | 72880 | Undefined | 25462

4 94,606 1.0000 | 0,58733 16741 24611 26485 | 7.2680 (1,96530 B36.66
b

[Tl !

300, ban'200, bar 100, bar

/ |

100bar -

superheated |
stfeam |

9,00



REFPROP

Reference Fluid Thermodynamic and Transport Properties

HIST Standard Reference Database 23, Version 9.1
DLL version number 3,1
E.f. Lemmon, M.L. Huber, and M.0. McLinden
Applied Chemicals and Materials Division
Copyright 2013 by the U.S. Secretary of Commerce on behalf of
the United States of America. All Rights Reserved.

NIST uses ts best efforts to deliver a high quality copy of the Database and to veiify that the

data contained therein have been selected on the basis of sound scientific judament. However,

NIST makes no warranties to that effect, and NIST shall not be liable for any damage that may
result from errors or omissions in the Database.

Information

pliq = pgos

1250,

1000,

750,

4 14: water: Specified state points

~=1al x|

Temperature | Fressure| Density | “Yolume  [Int. Energy| Enthalpy | Entropy Cluality Exergy

('C) (bar) | (kafm?) | (mika) | (kdikg) | (kdikg) | (edfkgtg | (kafka) | (kdikg)

1 2h.000 1.0000 | 997.05 | 00010030 | 10482 104,92 | 0.36720 | Subcooled | 158,70

2 2h. 582 300,00 | 10099 | 0.00093015 ) 106.01 134.71 | 0.36720 | Subcooled | 188.49

3 10000 300,00 | 51,976 | 0.015240 39786 4bhba | 72880 | Undefined | 25462

4 94,606 1.0000 | 0,58733 16741 24611 26485 | 7.2680 (1,96530 B36.66
b

supercritical boiler ——

300ba

/

/1

!
501, 200, Bt

!
100, e




Alternatives to the exploitation of a thermal energy: Rankine (water)
Qs

condensador

v

Q41

Wiq _Way =W Way —Wy,

Qq Qo3 Q23




Alternatives to the exploitation of a thermal energy: Rankine (water)

Qs
‘l’ h3=4555,8k]/kg

h2=134,71kJ/kg % i
/
Wy, é@ /\D turbina === \\/,

1st [aw

condensador “
h1=104,92kJ/kg v h4=2648,5kJ/kg
Q41

=‘_i n= Wi _ Wiy —Wip Wy —Woy
Q, Qo3 Q23




Alternatives to the exploitation of a thermal energy: Rankine (water)

Q3
‘l’ h3=4555,8kJ/kg
0 Q-W,, =m-(h, —h.)
h2=134,71kJ/kg % 34 4 N3
W34/m:W34 :h3 _h4
/ E
le a@ turbina ;% W34
condensador v
h1=104,92kJ/kg h4=2648,5kJ/kg
4
Q41

n= Wiq _ Wiy —Wip Wy —Woy
Qq Qo3 Q23




Alternatives to the exploitation of a thermal energy: Rankine (water)

h2=134,71k)/kg

Q3

!

h3=4555,8kJ/kg

________________

h1=104,92k]/kg

T]:

% ﬁ Q—W34:m-(h4_h3)
W34/m:W34 :h3 _h4
/|
turbina  je— W, Q_le :m(hZ _hl)
W12/m:W12 :hl _hz
condensador v
h4=2648,5k1/kg
4
Q41
Wiq _ Wiy —Wip Wy —Woy
Qq Qo3 Q23



Alternatives to the exploitation of a thermal energy: Rankine (water)

Qu3
________ i h3=4555,8kJ/kg
% —0 Q-W,, =m-(h, —h,)
h2=134,71K)/kg | ;
EL_________________JE W34 /m — W34 — h3 - h4
/

W, —>Q\> tbina =3 W, Q-W, =m-(h, —h,)

le/m:W12 =h, —h,

condensador v
Q,; —W=m-(h, —h,)
h1=104,92k]/kg v h4=2648,5k]/kg
Qa1 Q23/m:q23 :h3 _h2

Wiq _Way =W Way —Wy,

Qq Qo3 Qo3

T]:




Alternatives to the exploitation of a thermal energy: Rankine (water)

Qa3
l, h3=4555,8k]/kg
D
h2=134,71kJ/kg
% w,, =+1907,3kJ/kg
/|
Wy, %} turbina  je— W, W]Q — _29'79|<J/|<g
Qs = +44211kJ/kg
condensador v
h1=104,92k]/Kg J h4=2648,5k]/kg
Q41

Wiq _ Was = Wi~ Wi =Wy,

Qq Qo3 - Qo3

T]:




Alternatives to the exploitation of a thermal energy: Rankine (water)
Qs

!

D
% W, = +1907,3kJ/kg
|
Wi, _>Q\> o > w,  Win=—29.79kJ/kg
Q.3 = +4421,1kJ/kg
condensador v

v

Q41

Wig _ Wae =Whp _ Wag =Wy, _ +19073-2979 1 1o

Q g + 4421,
g 23 23 0.766 = Ne




Alternatives to the exploitation of a thermal energy: Brayton (air)

temperature P
A max

T, = 1000°C

aspiration
pressure = 1 bar

O

T, = 25°C

~
Cdd

entropy




Alternatives to the exploitation of a thermal energy: Brayton (air)

efficiency loss due to

temperature L
p/\ — tem_perature varlathn — Prax
during heat absorption
y
T, = 1000°C
aspiration
pressure = 1 bar
Tf - 250C """

entropy




Alternatives to the exploitation of a thermal energy: Brayton (air)

Q3

!

c. combustao

W1 ) compressor turbina W3 4
atmosfera
Q4 1

Wic _ Wiy =Wip _ Way =Wy

q Qg Q23

T]:




Alternatives to the exploitation of a thermal energy: Brayton (air)

Q3

h2=844,35k]/kg l h3=1492,4kJ/kg

c. combustao

1000°C
W1 ) compressor turbina W3 4
250C ! | 303°C
S atmosfera _________. |
h1=424,54 kJ/kg l h4=708,48 kJ/kg

n= Wiq Wy — Wi Wy =Wy
Qq Qo3 Q23




Alternatives to the exploitation of a thermal energy: Brayton (air)

\Nllq _ W34 _le _ W3, =Wy,
Q>3 T'I _ o
l Qq Q,, SPE

h3=1492,4kJ/kg

h2=844,35kl/kg

c. combustao

w,, =h, —h, =+783,92k)/kg

1000°C

Wi, compressor turbina W, W12 = hl —_ h2 = —419’81k_|/kg
22°C E atmosfera E 303°C q23 — h3 o h2 — +648’05kJ/kg
h1=424,54 kJ/kg Ql h4=708,48 kJ/kg

Wiq _ Wi = Wi, _ W3y —Wip _ /839241981 =0,5618
Qq Q23 q23 + 648,05 e =0766

ng = 0,425




1000,

a0,

500,

280,
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Alternatives to the exploitation of a thermal energy: Brayton+ Rankine

{

. combustao

1000°C

compressor

turbina

o

¢ of
o167
®

p
turbina

‘ ~100 °C

condensador

v

25°C

temperatura

Q. 21,6 bar

Texaust

*
*
*
*
*
*
*
*
*
*
*
*
‘$
*

entropia (ar)
entropia (a4gua)



Alternatives to the exploitation of a thermal energy: Brayton+ Rankine

{

. combustao

compressor

turbina

o

¢ of
o167
®

g
turbina

condensador

1000°C

‘ ~100 °C

v

25°C

temperatura

Q. 21,6 bar

Texaust

entropia (ar)
entropia (adgua)



Alternatives to the exploitation of a thermal energy: Brayton+ Rankine

{

c. combust&o 1000°C q- 21,6 bar

N

N temperatura

compressor turbina

ol
.

N\
A) turbina

¢

o

d
o
(

1bar

~100 °C

condensador

¢ 25°C

N

entropia (ar)

entropia (adgua)



Alternatives to the exploitation of a thermal energy: Brayton+ Rankine

Determination of the EEroe TR

Eile Edit Options Substance Calculate Plot Window Help Cautions

thermOdyna mic rl:air: Specified state points (o= ][ =] ‘
Temperature | Fressure| Density | Enthalpy | Entropy
Sta tes (C) (har) | (ko) | (ki) | (kdfkok)

2h.000 1.0000 | 11685 | 42454 | 38862
430,67 21,600 | 10604 | 84435 | 38852
10000 21600 | 58757 | 14924 | 45567 Hyp

302.90 || 1.0000 | 060440 | 708.48 | 45567 T ! T
10000 | 1.0000 | 0,93328 | 500.18 | 41115 8 — 3

mKDOO\IO’\\n

4 18: water: Specified state points -0l x|

Temperature | Fressure| Density | “olume |Int. Energy| Enthalpy| Entropy Cluality Exergy
(') (bar) | (kofr®) | (ko) | (ediko) | (edik) [(kdfogK)] (kofk) (kg
5

99,606 1.0000 ) 0.6E6ES | 1.524k 2296.7 2449,2 | B.7532 | 0.90000 ) | 59898
30290 | | 21.026 | 83488 | 011978 2776.2 30280 | K. 7532 | Supertheated | 1177.8
25,000 10000 | 337,056 | 00010030 104.82 104,492 | 0,36720 | Subcooled | 15870
25,037 21,026 | 99784 | 0.0010021 | 104.82 106,93 | 036720 | Subcooled | 1RO,71




Calculation of the steam/air ratio and thermodynamic efficiency

Q= mg(hS _hg) = mv(h3 _hz)

\c




Calculation of the steam/air ratio and thermodynamic efficiency

Q=m,(hy —hy)=m,(h; —h,)

m, _ (h,—h,)
mg (h3_h2)

\c




Calculation of the steam/air ratio and thermodynamic efficiency

y

. combustao

Q=m,(hy —hy)=m,(h; —h,)

m, (hg—hy)

\'

m - (hs _hz)

g

compressor

b mg(W78 —Wge)+m, (wy, —w,)

]’]:

O—‘T % M,Qe;
N\

condensador

v




Calculation of the steam/air ratio and thermodynamic efficiency

y

. combustao

Q= mg(hS —hy)=m,(h; —h,)

compressor mV — (h8 B h9)
mg (hs o hz)
m (\W., —W +m (W,, —W
d O'T b n= g( /8 56) v( 34 12)
mgq67
Q—E%% _(w78—w56)+mv/mg(w34—w12)
N Qs
®

condensador

v




Calculation of the steam/air ratio and thermodynamic efficiency

y

. combustao

Q=m,(hy —hy)=m,(h; —h,)

. m, :(hs_hg)

mg (hS o h2)
d o_T b n= mg(W78 —Wge)+m, (wy, —w,)

‘ ? mgq67
e _ (W78 _W56)+mv /mg(W34 _le)
N — Q67
c/\(' turbina
h, —hy —hy +h +(h, —=h, —h, +h,)-m_ /m_
T] =

condensador 0 h7 _ h6

v




Calculation of the steam/air ratio and thermodynamic efficiency

y

¢. combustao

Q=m,(hy —hy)=m,(h; —h,)

- m, :(hs_hg)
/I\ mg (hS o h2)
d o_T b n= mg(w78 —Wge)+m, (wy, —w,)
‘ ? I’ngq67
e _ (W78 _W56)+mv /mg(W34 _le)
N — Q67
g/\(' turbina
_h,—hg —hg +hs +(h,; —h, =h, +h,)-m, /m,
condlnsador 0 n o h7 _h6

h? _hs_h(a+h5+(h3_h4_h2+h1)'(h8_h9)/(h3_h2)
h, —h,

]"l:




Calculation of the steam/air ratio and thermodynamic efficiency

m, (h8 B h9)

mg - (h3 _h2)

=0,071 kg steam/ kg air

n= h7_h8_h<s+h5+(h3_24:E2+h1)'(h8_h9)/(h3_hz) — 0625
7 — e

gas-vapor: Mgy = 0,625 |
— cogeneration

Rankine:  mp =0,425

—_—

Brayton:  mg =0,5618

Carnot:  me =0,766
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