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“Sun Powered CCS Industrial Plants”

How much exergy is necessary to reconstitute earth’s 
atmosphere to its original composition prior to the industrial 

revolution...exergy analysis of separation processes.



• Correspond to approximately 40 – 90 % of total costs
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Separation operations in the process industry: 



MOTIVATION:
what is the minimum amount of work 
necessary for the separation of the 
components of a given mixture ?
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The first law enforces the energy balance of 
the process…

The second law assesses the efficiency of the 
process…

Combining the 1st and 2nd laws...

Exergy, Gibbs, etc.



AVAILABLE ENERGY: 

“The greatest amount of mechanical 

work which can be obtained from a 

given quantity of a certain substance 

in a given initial state, without 

increasing its total volume or allowing 

heat to pass to or from external bodies, 

except such as at the close of the 

processes are left in their initial 

condition...”

J. Willard Gibbs



Available energy
Exergetic energy

Availability
Reversible work
Etc.

EXERGY

“Useful work potential”: is the maximum 
amount of mechanical energy that one can 
obtain from a system, the difference being 
inevitably lost to the environment due to 
the implications of the 2nd law.  

DEFINITIONS

J. Willard Gibbs
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Example: specific demand of energy necessary to separate 

oxygen from the atmosphere
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THE TOTAL ENTROPY REDUCES DUE TO THE 
SEPARATION PROCESS ! 

specific work→

Exergy necessary for the disorder 
level reduction process (separation)…

Example: specific demand of energy necessary to separate 

oxygen from the atmosphere
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Trabalho de Compressão Isotérmica
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Reference Sugarcane Production and Processing System
CO2

2 t/h

200 MUS$

20 – 40 kha

sunlight water CO2
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= ... of which 42.5 kJ/kg would be 

used to separate O2 from the 
atmosphere (~15%).
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Membrane Gas Separation





W < Wmin

1bar, 25ºCe

1

2

product of interest (O2) 
entering at a specified input 

flow rate and concentration

other constituents

Obs.: Wmin = for complete separation

kg/kJ51.42wmin −=

2O%100/p

Example: specific demand of energy necessary to partially

separate oxygen from the atmosphere

product of interest (O2) exiting
at a specified output flow rate 
and concentration
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W < Wmin

1bar, 25ºCe

1

2

concentration

molar flow rate
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Obs.: Wmin for complete separation

W=cte < Wmin

W=Wmin

product of interest (O2) 
entering at a specified input 

flow rate and concentration

other constituents

product of interest (O2) exiting
at a specified output flow rate 
and concentration
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Construction of the theoretical
operational envelope…
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SOLUTION BY THE NEWTON-RAPHSON METHOD...

MODIFICATION OF THE ITERATION DIAGRAM...

Eq.i
n1/ne

Eq.ii
yO22 yO22

Eq.1
n1/ne

Eq.2
yO22 n1/ne

)]x(f[]Jac[]x[]x[ k
1

k1k
−

+ −=

)x(f
)x('f

1
xx k

k

k1k −=+



59

Solution by the Newton-Raphson method: 1D
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TUTORIAL...





1.0 1.5 2.0 2.5 3.0 3.5 4.0

0.0

0.2

0.4

0.6

0.8

1.0

W/(neRT)= - 0.003

W/(neRT)= - 0.04

W/(neRT)= - 0.1

W/(neRT)= - 0.2

W/(neRT)= - 0.3

%25y e,O2
=

e,O

1,O

2

2

n

n
FR




=

nO2,e

nN2,e

yO2,e

yN2,e

nO2,1

nN2,1

yO2,1

yN2,1

nO2,2

nN2,2

yO2,2

yN2,2

W

Recovery Factor

Concentration Factor

e,O1,O 22
y/yFC =

FC

FR





N2

O2

surplus

heat

exergy
surplus

process
drive

process
steam

condensate
return line

flue gases

ashes

particles

separator

cyclone

condenser

CO2

membrane

separator

1

3

54

6



1

3

3

4

air

1

2

oxyfuel boiler

scada

Tflue

2
PLCSP

T

process
heat

supercritical
CO2

water

surplus

Tcomb

biomass

drying drum

PLC

degasser

5

6

2

PLCSP

SP

nCO
T

Non Condensables

< 100% de O2

kg

kJ
51.42w 



Next class: CHEMICAL EXERGY

chemical 

reactor

Wmax

OH2/bCOa)N76.3O()2/c4/ba(OHC 22

T,P

22cba

00

+→+−++

OH2/b 2)N76.3O()2/c4/ba( 22 +−+

2COa cba OHC 2N76.3)2/c4/ba( −++

The maximum amount of mechanical work (organized
energy) that can be obtained from a chemical compound

in a specific environment…

liq. gás

gás liq.



http://www.youtube.com/user/PSeleghim
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