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How to transform GHG emitting industrial units to 

producers of scCO2 for geological storage ?



“Retrofitting1G sugarcane mills into Sun Powered CCS Machine...”



Exergy Analysis:

fuel to exergy + CO2 carrier
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Thermodynamic Analysis…
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Biomass Combustion Analysis
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nO2O2 + nN2N2

nCO2CO2 + (nH2O + nwet) H2O+nN2N2

There are no losses of 
heat to the environment
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Obs: Reaction Stoichiometry

anfuel = 1nCO2

bnfuel = 2nH2O

cnfuel + 2nO2 = 2nCO2 + 1nH2O

nCO2 = anfuel

nH2O = bnfuel/2

nO2 = nfuel(a+b/4 – c/2)

Obs: biomass humidity

nwat = nrec + nhum

nhum = wfuelnfuel

nrec = recirculated water...

nfuelCaHbOc + nO2O2 + nN2N2 + nwatH2O → nCO2CO2 + (nH2O+nwat)H2O + nN2N2

H: the reaction is 
supposed to be complete

nwat = nhum + nrec
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nfuelCaHbOc + nO2O2 + nN2N2 + nwatH2O → nCO2CO2 + (nH2O+nwat)H2O + nN2N2



Enthalpy of formation of a substance is the heat absorbed
during its formation reaction from the corresponding

constituent elements, products and reagents being at a

reference state “0” (25°C, 1bar)

1kmol de CO2

@ 25°C, 1atm

1kmol de O2(g)
@ 25°C, 1atm

1kmol de C(s)
@ 25°C, 1atm

Q = -393,520 kJ
chemical
reactor



H2,gas + 0.5O2,gas → H2Ogas + (-241.8kJ)

H2,gas + 0.5O2,gas → H2Oliq + (-285.8kJ)

Csolid + 0.5O2,gas → COgas + (-110.5kJ)
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However…
… for an ideal gas enthalpy is strongly 

dependent on temperature and is weakly 

influenced by pressure.
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Calculations for C4H10O4 @ 0% humidity
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adiabático @ 1bar

)T(n combrec

mol/mol

)C(Tcomb 

rechumwat nnn +=

5.266 mol/mol

777.0
12.122

02.18
266.5 =

0.777 kg de H2O / kg de C4H10O4

1C4H10O4 + 4.5O2 + nrecH2O → 4CO2 + (5+nrec)H2O



1 kg de C4H10O4

0.777 kg de água @ 25°C

1.18 kg de O2 @ 25°C

1.51 kg H2O @ 750°C (51.18%)

25°C 750°C

adiabático @ 1bar

1C4H10O4 + 4.5O2 + nrecH2O → 4CO2 + (5+nrec)H2O

(5.07 kg de ar @ 25°C)

1.44 kg de CO2 @ 750°C (48.82%)

5.266
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Oxygen Separation Process
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Exergy necessary for the disorder 
level reduction process (separation)…
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E = 2.2 MW
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E = 87.33 kW



Heat transfer at the boiler tubes…
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nsteam

flue gases @ Tcomb

nsteam

1.51 kg H2O / kg de C4H10O4

1.44 kg de CO2 / kg de C4H10O4

750°C

170°C

265.5 ton/h



temperature

area

Tfgases = 170 °C

Tcond = 100°C

Tcomb = 750 °C

Tsteam

Tfgases

Tcond

Tsteam

Tcomb

Q

P= Pboiler = 150 bar

Balanços de 
energia para 
um trocador 

de calor...

lnTUAQ =

fgasesfgases hnQ =

steamsteam hnQ =

flue gases @ Tcomb

1.51 kg H2O / kg de C4H10O4

1.44 kg de CO2 / kg de C4H10O4
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= MW89.69Q =→

60.66 MW69.89 MW

265.5 ton/h
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100°C69.89 MW 750°C
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s/kg777.19nste =

60.66 MW69.89 MW

max 



19.78 kg/s
@ 150bar, 100°C 750°C

170°C

19.78 kg/s
@ 150bar, 750°C

265.5 ton/h
@ 1bar, 750°C

265.5 ton/h
@ 1bar, 170°C

Q = 69.89 MW
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E = 448.95 MW
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48.81% CO2
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W  = 5.58 MW 125.9 ton/h of H2O
E = 87.33 kW

69.89 MW

750°C

100°C

19.78 kg/s
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Steam Power Cycle…
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Water temperature x entropy diagram

temperature

entropy

150 bar

Tsteam

Tcond

1 bar

1 4

2

3

Rankine cycle without 
reheating

Q = 69.89 MW

Q41

E41 = (1-T0/Tcond)Q41

W34 = E34

750°C

100°C

s/kg78.19nste =

T2
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%9.38
89.69

306.051.27
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−
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Water temperature x entropy diagram
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291,8 ton/h of N2
E = 2.2 MW

90 ton C4H10O4 /h
E = 448.95 MW

60 ton H2O /h
E = 41.62 kW

265.5 ton/h 
@ 750°C, 1bar

48.81% CO2

51.18% H2O

MW568.863.42
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Rejected heat exergy content

W  = 5.58 MW 125.9 ton/h of H2O
E = 87.33 kW

69.89 MW

750°C

170°C

E = 27.2 MW =38.9%

19.78 kg/s
100°C

Q = 42.63 MW
E = 8.57 MW

100°C



Dewatering cyclone…
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Q

1bar

Tfgases

Tdwater

xH2O = 0.512 kg/kg

xCO2 = 0.488 kg/kg

265.5 ton/h
@ 1 bar, 170°C

129.6 ton/h de CO2

@ 25 °C

135,98 ton/h H2O
@ 25 °C



1bar

Tfgases

Tdwater

xH2O = 0.7203 mol/mol

xCO2 = 0.2797 mol/mol

PH2O = 0.7203 bar

PCO2 = 0.2797 bar

Q = QH2O + QCO2

xH2O = 0.512 kg/kg

xCO2 = 0.488 kg/kg

265.5 ton/h
@ 1 bar, 170°C

129.6 ton/h de CO2

@ 25 °C

135,98 ton/h H2O
@ 25 °C 1bar



Q = - 107.25 kW
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106.2 ton/h of O2

9,93 ton/h of H2O

process
heat

455.1 ton/h of air
291,8 ton/h of N2
E = 2.2 MW

90 ton C4H10O4 /h
E = 448.95 MW

60 ton H2O /h
E = 41.62 kW

265.5 ton/h 
@ 750°C, 1bar

48.81% CO2

51.18% H2O

W  = 5.58 MW 125.9 ton/h of H2O
E = 87.33 kW

69.89 MW

750°C

170°C

E = 27.2 MW =38.9%

19.78 kg/s
100°C

Q = 42.63 MW
E = 8.57 MW

Q = 107.25 kW
E = 20.978 kW

100°C



CO2 compression to scCO2…
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129.6 ton/h de CO2

@ 0.232 bar, 25 °C

 Wcomp

1

32 4 scCO2

@ 80bar
5



volume

temperatura

T1
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v=cte
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Pcrítica

30,98oC
73,77bar
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v
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v=cte
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Pcrítica

30,98oC
73,77bar

sc → liq

densidade
(kg/m3)

30,0 46oC14oC

155,1

500,0

829,7

temperatura

sc

345,1

593,1

líquido
saturado

vapor
saturado

31,0
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v=cte
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30,98oC
73,77bar

sc → vap

viscosidade
(Pa.s)

30,0 46oC14oC

16,75

36,26

76,06

temperatura

sc

25,17

43,77

líquido
saturado

vapor
saturado

31,0

0/ →=
sc → liq
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entropy

25°C

Pint = ?

31°C

80 bar

73.7 bar

15

2

0.232 bar

temperature

 Wcomp = W12 + W34

)P(fW intcomp =

)P(fWminimize intcomp =

)...C70(T ),T,(P to dconstraine 311 =

3

4





)P(fWminimize intcomp =

)...C70(T ),T,(P to dconstraine 311 =

25°C

4.75 bar

31°C

80 bar

73.7 bar

15

2

0.232 bar

temperature

3

4

273.6°C

265.3°C

h2 = 742.44 kJ/kg

h1 = 506.57 kJ/kg

h3 = 502.31 kJ/kg

h4 = 713.47 kJ/kg

h5 = 263.06 kJ/kg

q45 = -450.41 kJ/kg

w34 = -211.16 kJ/kg

q23 = -240.13 kJ/kg

w12 = -235.87 kJ/kg



W

45E23E

q45 = -450.41 kJ/kg

w34 = -211.16 kJ/kg

q23 = -240.13 kJ/kg

w12 = -235.87 kJ/kg

273.6°C 265.3°C 2COE
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MW09.16

273.6°C 265.3°C 2COE

q45 = -450.41 kJ/kg

w34 = -211.16 kJ/kg

q23 = -240.13 kJ/kg

w12 = -235.87 kJ/kg
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273.6°C 265.3°C MW928.3E23 =

8.64 MW 16.21 MW

21.16
15.2732/)253.265(

15.27325
1E45 









++

+
−=

MW218.7E45 =
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q45 = -450.41 kJ/kg

w34 = -211.16 kJ/kg

q23 = -240.13 kJ/kg

w12 = -235.87 kJ/kg
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51.18% H2O

W  = 5.58 MW 125.9 ton/h of H2O
E = 87.33 kW
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750°C
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E = 27.2 MW =38.9%

19.78 kg/s
100°C
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E = 16.09 MW
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E = 7.76 MW

129.6 ton/h

100°C



Results and analysis…
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9,93 ton/h of H2O
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heat

455.1 ton/h of air
291,8 ton/h of N2
E = 2.2 MW

90 ton C4H10O4 /h
E = 448.95 MW

60 ton H2O /h
E = 41.62 kW

265.5 ton/h 
@ 750°C, 1bar

48.81% CO2

51.18% H2O

W  = 5.58 MW 125.9 ton/h of H2O
E = 87.33 kW

69.89 MW

750°C

170°C

E = 27.2 MW =38.9%

19.78 kg/s
100°C

Q = 42.63 MW
E = 8.57 MW

Q = 107.25 kW
E = 20.978 kW

E = 16.09 MW

Q = 8.64 MW
E = 2.41 kW

Q = 16.21 MW
E = 3.03 kW

E = 7.76 MW

129.6 ton/hQ = 8.64 MW
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Q = 16.21 MW
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129.6 ton/h

MW52.5W +=
MW52.509.1659.52.27W =−−=

Without oxyfuel and CO2 compression

MW2.27W =

…but no water is recovered.

100°C



E = 448.95 MW
E = 41.62 kW

E = 2.2 MW

W  = 5.59 MW

E = 27.20 MW

E = 8.57 MW

E = 2.41 MW

E = 87.3 kW

E = 16.09 MW

E = 20.98 kW E = 3.03 MW

E = 7.76 MW

GLOBAL EXERGY BALANCE

MW52.5W +=



E = 448.95 MW
E = 2.645 MW

E = 1.77 MW E = 8.64 MW

E = 5.55 MW

E = 107.25 kW E = 16.21 MW

E = 17.09 MW
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W  = 5.59 MW

E = 27.20 MW

E = 8.57 MW

E = 2.41 MW

E = 87.3 kW

E = 16.09 MW

E = 20.98 kW E = 3.03 MW

E = 7.76 MW
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GLOBAL EXERGY BALANCE



Sources of exergy destruction / Design optimizationc

E = 448.95 MW
E = 2.645 MW



T finito

T finito T finitoT finito
mistura /

reação química

expansão
não resistida

E = 448.95 MW
E = 2.645 MW

T finito

Sources of exergy destruction / Design optimization



Combustion chamber exergy analysis...

1C4H10O4 + 4.5O2 + 5.3H2O → 4CO2 + 10.3H2O

   
C750@O2H2COC25@O2H2OFdest e3.10e4e3.5e5.4e1x


+−++=
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1C4H10O4(s) + 4.5O2(g) + 5.3H2O(l) → 4CO2(g) + 10.3H2O(g)

mol/kJ773.28175.14598.14eee ch
2CO
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Combustion chamber exergy analysis...



19.78 kg/s
@ 150bar, 100°C 750°C

170°C

19.78 kg/s
@ 150bar, 750°C

265.5 ton/h
@ 1bar, 750°C

265.5 ton/h
@ 1bar, 170°C

Q = 69.89 MW

51.18% H2O kg/kg

48.82 CO2 kg/kg

Boiler heat exchangers exergy analysis...



Sources of irreversibilities:
• Heat transfer at finite T

• Internal friction

• Non resisted expansion / compression

• Mixing of different substances

• Spontaneous chemical reaction

• Passage of electric current through a resistor

• Inelastic deformation of a solid body

• Shock waves in transonic flows

69.89 MW

max 

Tmed  0

Sources of exergy destruction / Design optimization
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Design Optimization Possibilities

T finito

Rankine with reheat

E = 448.95 MW
E = 2.645 MW



Obs.: CAPEX 

temperature

entropy

150 bar

750°C

100°C

1 bar

1

2

3

Pint

4

5

6

 Tmed  1ª
342.16°C 

Design Optimization Possibilities

Rankine with reheat



compressed nitrogen
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%50

150bar

50bar



It is technically possible to capture atmospheric 

CO2 and transform it to scCO2 suitable for 
geological storage:

Sun Powered CCS Machines...





https://www.youtube.com/pseleghim


