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Carbon capture, fransportation and geological storage
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21st Century Energy Infrastructure:
Policy Recommendations for Development of American CO, Pipeline Networks

Oil Production Well

CO, Injection Well
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CO, Sources
Size proportional by annual emissions
© Electric Power Plant
O Oil/ Gas Facility Source: National Energy Technology Laboratory, “National Carbon Sequestration
© Ethanol Plant Database.” https://www.netl.doe.gov/research/coal/carbon-storage/natcarb-atlas

(accessed February 9, 2016)

- Prepared by the State CO,-EOR Deployment Work Group
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Figure 1 — Overview of CO; pipelines included in the study.

As questdes postadas no Chatdo YouTube
seraorespondidasaofinaldaaula.




How to transform GHG emitting industrial units to
producers of scCQO2 for geological storage ¢
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“Refrofiting1G sugarcane mills into Sun Powered CCS Machine...”
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Exergy Analysis:
fuel fo exergy + CO2 carrier
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@40% humidity

biomass 750°C

@ 150 ton/h
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e§h=2193£- 122.12.__K9 _17.958™MJ

Mol 10°mol kg

Fuel = C4,H,,0, . 3
@40% humidity E =1 7.958w 150 107kg

-60% =...
biomass kg 36005

@ 150ton/h

\ E — 4 48 9 5 M W Table A.42  Enthalpy and exergy of formation for organic substances at reference state
F — . (I, =298.15K. P, = 101.325 kPa)

Chemical Namne State Molar  Enthalpy  Exergy
formula mass of formation

kg/kmol  [kJ/mol]  [kJ/mol]

Thermodynamic Properties of Plant Biomass Components. Heat Capacity, Combustion Energy, and C4H19O0y4 Erythrite s 1221219 1874.7 2193.0 |
Gasification Equilibria of Lignin C4HgO4 Succinic acid s 118.09002  1356.9 1609.4
Por: Voitkevich, Olga V.; Kabo, Gennady J.; Blokhin, Andrey V.; et al. C4H404 Malon?c ac?d 5 116.07408  1271.3 1495.7
JOURNAL OF CHEMICAL AND ENGINEERING DATA Volume: 57 Edigao: 7 Péaginas: 1903-1908 Publicado: JUL C4H404 Fumaric acid s 116.07408 1249.1 1471.5
2012 CeHgO Phenol s 9411412 29259 31285
O5FX | Texto integral do editor Visualizar resumo CeH1406 Dulcn_e s 182.17488  2729.6 31963
CeH 1404 Mannit s 182.1748%8 27396 3204.8
CeH 1204 a-D-Galactose s 180.15894 2529.6 2928.8
Thermodynamic Properties of Plant Biomass Components. Heat Capacity, Combustion Energy, and CeH206 L-Sorbose S 180.15894 25446 20390
Gasification Equilibria of Cellulose C7HgO, Benzoic acid s 12212467 30972 33435
Por: Blokhin, Andrey V.; Voitkevich, Olga V.; Kabo, Gennady J_; et al. C7HgO3 Hydroxybenzoic acid s 138.12407 2888.1 31512
JOURNAL OF CHEMICAL AND ENGINEERING DATA Volume: 56 Edigo: 9 Péginas: 3523-3531 Publicado: SEP CsH405 Phthalic acid anhydride s 14811928 31738 34348
2011 CsHgO4 Phthalic acid s 166.13462 30943 3412.6

Os:FX | Texto integral do editor Visualizar resumo



]
e =45 _[1802. K9 | _o497
10" mol 10™mol kg

Fuel = C,H,,0, . 3
@40% humidity Eroo = 2.497E 150 —= 107kg - 40% =

biomass kg 3600 S
o

T~ EH o0 = 41.62 kW TABLE A-26 Standard Molar Chemical Exergy, 8 (kJ/kmol), of

Selected Substances at 298 K and p,

Substance Formula Model I¢ Model 11°

Nitrogen Ny (g) 640 720

Oxygen O,(g) 3,950 3,970

Carbon dioxide COs(g) 14,175 19,870

Water H,0(g) 8,635 9,500

Water H,O(1) 45 900

Carbon (graphite) C(s) 404,590 410,260

Hydrogen Hy(2) 235,250 236,100

Sulfur S(s) 598,160 609,600

~ Carbon monoxide CO(g) 269,410 275,100
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Thermodynamic Analysis...
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Biomass Combustion Analysis
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Nwe’CaHLOC + Ny Oy + Nyyp'Ny + 0yt Hy O = N, CO, + (N0t a) - H,0 + Ny N,

Nco2:'CO; + (Npoo + Nyer) *H0+Ny N,

ST 1

nfuel'CaHbOc
nhum'HZO

\ There are no losses of

heat to the environment



H: the reaction is

n — n + n . 7 4
wat = Thum ™ Trec ‘ adlalcl)atlco ‘ supposed to be complete

Nuer CaHpOC + Nz Oy + Nyp' Ny + NyarrHy O = Ny CO, + (Nyyp0+Nyat) - Ho O + Ny N,

wat

25°C | Teomb

Nco2'CO, + (Npoo + Nyer) -H20+Ny N,

ST 1

nfuel'CaHboc
nhum'HZO

\ There are no losses of

1 heat to the environment



H: the reaction is

nwatznhum+ Niec j adlabétICO r su
, pposed to be complete
NuelCaHpOc + N2 05 + Nya'Ny + Ny Hy0 = Nepy°CO, + (NypotNyar)-H0 + N,

25°C | Teomb

Obs: Reaction Stoichiometry

a-Ngye = 1:Nco, Ncoz = A Niyel
b-Nfyel = 2:Np0 Nhao = b-Ngye/2
C-Ngyer + 2:Ngy = 2Ny + 1Ny Noy = Neerr(a+b/4 —c/2)

Obs: biomass humidity

Nhum = Wrgel' Niyel

n = r]rec + nhum

wat

n As questdes postadas no Chatdo YouTube
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adiabatico
Nuer CaHEOC + NoyrOy + Ny Ny + Ny Hy O = Ny -CO, + (Nyyp0+nyae)-H 0 + NypeN,

25°C | Teomb

%{—y/z > nh P T) = D> nh (B T)

rod red
adiabatico W > J

anhk(P )= anhk(P )

prod reag
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adiabatico

Nfuer'CaHpOc + N2 05 + NNy + NyorHy0 = Ny CO, + (Nyyp0+N ) - Ha O + niyoN,

adiabatico W

The generated thermal energy is fully
absorbed by the combustion
products, which raises T.,p

YouTube

25°C | Teomb

anhk(P )= anhk(P )

/ y/ rod red
-0 e g

anhk(Pk'Tk): anhk(P )

prod reag

As questOes postadas no Chatdo YouTube
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Enthalpies of different substances
may have different reference
states (h=0) and, therefore, it is
necessary to normalize them.



adiabatico

Nuer CaHpOC + Nz Oy + Nyp' Ny + NyarrHy O = Ny CO, + (Nyyp0+Nyat) - Ho O + Ny N,

A

adiabatico W=0

25°C | Teomb

anhk(P )= anhk(P )

prod reag

Enthalpies of different substances

The generated thermal energy is fully Z ﬂkhk (Pk ’ Tl( ) — Z ﬂkhk (P ’ TI( ) may have different reference

absorbed by the combustlon states (h=0) and, therefore, it is
products, which raises T.,p prod reag :
necessary to normalize them.

J

AP, T)=h°(P, T0)+ | R (P, T)~ h* (P, T°)] <J

\

T T

entalpiade entalpiasem um
formacao referencial arbitrario



AH

reggdo
Nuer CaHpOC + Ny Oy + Nyp' Ny + NyarrHy O = Ny CO, + (Nyyp0+Nyat) H2 O + Ny N,
25°C | 25°C

HESS LaW L> = j : 1 AHsensivel

AH.ocao = AH

- N~~-CO, + NyronrH- O+ N, -H,O+ny--N
reacdo CO2 2 H20 2 rec 2 N2 2

sensivel

Germain Henri Hess

i Tcomb

AP, T) = 0P, T°) + [n° (P, T) - h°(P°, T°) |

\ J \ J
T T

entalpiade entalpiasem um
formacao referencial arbitrario
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Enthalpy of formation of a substance is the heat absorbed
during ifs formation reaction from the corresponding
constituent elements, products and reagents being at a
reference state “0" (25°C, 1bar)

1kmol de C(s) 1kmol de O,(g)
@ 25°C, 1atm @ 25°C, 1latm

chemical

reactor Q =-393,520 kJ

1kmol de CO,
@ 25°C, 1atm
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H2,gas + O.SOzlgas% Hzth + ('285.8kJ)

Cootig + 0-503 gas—> CO4us + (-110.5k))

H, gos + 0.50, gos—> H,0,, + (-241.8kJ)

Species 4+ Phase ~ Chemical formula ¢ AH? (kJ/mol) #
Water Liquid H>O -285.8
Carbon Gas C 716.67
Carbon dioxide Gas CO- -393.509
Carbon disulfide Gas CSy 116.7
Carbon monoxide Gas CO -110.525
Hydrogen Gas Ho 0
Water Gas H>O -241.818
Hydrogen cyanide Gas HCN 130.5
Hydrogen chloride Gas HCI -92.30
Hydrogen fluoride Gas HF -273.3
Hydrogen iodide Gas HI 26.5
lodine Gas I» 62.438
Ammonia Gas NH5 -45.90
Nitrogen dioxide Gas NO-> 33.2
Nitrous oxide Gas N>O 82.05
Nitric oxide Gas NO 90.29




adiabatico

Nuer CaHpOC + Nz Oy + Nyp' Ny + NyarrHy O = Ny CO, + (Nyyp0+Nyat) - Ho O + Ny N,

25°C Teomb
anhk(Pk'Tk) = anhk(P )
prod reag

nfuelhfuel‘%o +NoaNo2 (Poz ™ 25°C) + Niphyp (™ 25°C) + Ny 'tho‘%oC e

d d d
o = NN (PES  Teoms ) + (Moo + Nuvat) Moo (o + Teoms ) F MuoNie (B + Teomo )

u As questdes postadas no Chatdo YouTube
Y seraorespondidasaofinaldaaula.



adiabatico

Nuer CaHpOC + Nz Oy + Nyp' Ny + NyarrHy O = Ny CO, + (Nyyp0+Nyat) - Ho O + Ny N,

25°C Teomb
anhk(Pk'Tk) = anhk(P )
prod reag

reCKg reCK; —
nf*el Mrcel ‘250 T n?zhoz( 25°C)+ nNTQhNQ( 25°C) + ano’r ‘ tho‘%oC = .

solid gas gas liquid
prod prod prod
T nC?Z COQ( CO2 ' comb ) + (nI}IQO + n\;v o’r) hHQO (PHQO comb ) + nI\TIQhNQ (P comb )
gas gas gas gas

» P = [Poz +P + PHZO]reog [ coz +Fo + PNZ]prOd

n As questdes postadas no Chatdo YouTube
Y seraorespondidasaofinaldaaula.



NissDiale: +NozNoa P2, 25°C) + Nph o (PE,25°C) + Ny -go e = -

. = NeoNco2(PEo + Teomp ) F (Nhoo +Niuvat) Nioo (120 Teomo ) + MioNie (B Teomo )
N

5 PCOQ:n +n C(J)rQn +n P

P _ AN P o CO2 H20 wat N2

N e, 40 - -

02 N2 | . -®» P = Nhoo T Nwat P

N Ea' L1 HQO_nCOQ+nHQO+nwo’r+nN2

Py =02 Ty |
No2 + N2 A il ! Nz
__________________ i PNQ = P
Nco2 T Nhzo TMwat N2

nfuelhfuel‘%o +NooNos(Por ° 25°C) + Ny (R ™ 25°C) + Ny ‘tho‘%oC =

d d d
=Nco2Nco2 [ngz (nWOt)'Tcomb]+ (Nh2o +Nyat) Nz [Prﬁ)zr% (Nt ) T, comb]+ N2z [Ppro (Nyat)

As questOes postadas no Chatdo YouTube
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However...

... for an ideal gas enthalpy is strongly
dependent on tfemperature and is weakly
INnfluenced by pressure.

u As questdes postadas no Chatdo YouTube
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Niel hfuel ‘ 250

prod

FNognoa (P29,25°C) + Nph o (Be 25°C) + Ny, - Moo = -

d d
= r]COZ COQ( CO2 ' comb ) + (nHQO + nW o’r) hHQO( pr% comb ) + nNQhNQ (Ppro T omb)

N
Py, = N2 p ez
Noy TN\
N
_ 02
POZ — * P
Noo + N2

enthalpy of CO,
inkJ/kg
200
180
160
140
120
100
80
60
40

temperature (°C)

Neoo P
Neo2 T Moo TNy ot Mg

Pcoz =

N +N
E@ PHZO — H20 w af P

Neoo T Moo TNy o N2

1,8
667,9
648,1
628,6
609,3
590,4
571,8
553,6
535,6
518,1

1,6
668,0
648,2
628,7
609,4
590,5
571,9
553,7
535,8
518,2

N2
P = -P
Neoo T Noo TNy o Nk

0,4
668,4
648,7
629,2

pressure (bar)

1,4 1,2 1 0,8
668,1 668,2 668,2 668,3
648,3 648,4 648,4 648,5
628,8 628,8 628,9 629,0
609,5 609,6 609,7 609,8
590,6 590,7 590,8 590,9
572,0 572,2 572,3 572,4
553,8 553,9 554,1 554,2
535,9 536,1 536,2 536,4
518,4 518,6 518,7 518,9

Iyl

591,1
554,5
519,2



Calculations for C,H,,0, @ 0% humidity

I ' u As questbes postadas no Chatdo YouTube
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adiabatico @ 1bar Nyat :%m T Nrec

1-C,H,,0, + 4.5-0, + n,-H,0 - 4-CO, + (5+n...)-H,0

rec

25°C | Teomb

anhk(P )= anhk(P )

prod reag

] 'hfueI‘QSo +4.5-Ny(25°C) + Npee - N (25°C) = 4 - Neoo (Teomp ) + 9 - Nizo (Teomb )+ Nrec * Mizo (Teom )

As questOes postadas no Chatdo YouTube
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1-CyH,,0, + 4.5-0, + n . .-H,0 = 4-CO, + (5+n

hfuel ‘250

adiabatico @ 1bar

)'Hzo

rec

25°C | Teomb

anhk(P )= anhk(Pk'Tk)

prod reag

N

wat

:%m + nrec

+4.5- hOQ(QSOC) T Nrec hHQO (QSOC) =4- hCOQ (Tcomb) +9- hHQO (Tcomb) T Nrec hHQO (Tcomb)

h

fuel —

YouTube

Ao oo = Niger = — 1874.4kJ/mol|

25°C

0
fuel

25°C

As questOes postadas no Chatdo YouTube
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1-CyH,,0, + 4.5-0, + n . .-H,0 = 4-CO, + (5+n

hfuel ‘250

adiabatico @ 1bar

)'Hzo

rec

25°C | Teomb

anhk(P )= anhk(Pk'Tk)

prod reag

N

wat

:%m + nrec

+4.5- hOQ(QSOC) T Nrec hHQO (QSOC) =4- hCOQ (Tcomb) +9- hHQO (Tcomb) T Nrec hHQO (Tcomb)

fuel —

YouTube

F ANy rgore oo = Diger = — 1874.4kJ/mol|

25°C

0
fuel

25°C

As questOes postadas no Chatdo YouTube
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1 hfuel‘

1-CyH,,0, + 4.5-0, + n . .-H,0 = 4-CO, + (5+n

+4.5

25° )

adiabatico @ 1bar Nyat :%m T Nrec

)'HzO

rec

25°C | Teomb

anhk(P )= anhk(P )

prod reag

ho,(25°C)

T Niec hHQO (ZSOC) =4 hC02 (Tcomb) +9- hHQO (Tcomb) + Ny - hHQO (Tcomb)

25°C

_ Ko _
No2 =hos + AR, nsible‘ZSOC — Ng, =0

e

As questOes postadas no Chatdo YouTube
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adiabatico @ 1bar Nyat :%m T Nrec

1-C,H,,0, + 4.5-0, + n,-H,0 - 4-CO, + (5+n...)-H,0

rec

25°C | Teomb

anhk(P )= anhk(P )

prod reag

] 'hfueI‘QSo +4.5-Npy(25°C) + Npee M1 (25°C) 1= 4 - Neoo (Teomp ) + 9 - Nizo (Teomb )+ Nrec * Mizo (Teom )

0
H20

- hiyo =—285.8kJ/moal|

sengible ‘25°C

—> N0 =h +Ah

‘ 25°C 25°C

As questOes postadas no Chatdo YouTube
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1-CyH,,0, + 4.5-0, + n . .-H,0 = 4-CO, + (5+n

adiabatico @ 1bar

25°C | Teomb

nWOT :%m + Iqrec

) '}-lzz(:)

rec

anhk(P )= anhk(Pk'Tk)

prod reag

I hfuel‘%o +4.5- N0, (25°C) + Nige - N (25°C) = 4 1o (Teoms )

_ Ko
> hCOZ - hCOZ ‘

25°C

+ AN 5 heg, = |- 393.5]

sensible e

+9- hHQO (Tcomb) T Nrec - hHQO (Tcomb)

+ ColTeomp) - 10 - (Teomp = 25)] kJ/mol

T

C.(T)=0.0123-T + 43.738
0.5-0.8 bar /200—- 1400 °C

As questOes postadas no Chatdo YouTube
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1-CyH,,0, + 4.5-0, + n . .-H,0 = 4-CO, + (5+n

adiabatico @ 1bar

) '}-lzz(:)

rec

25°C | Teomb

anhk(P )= anhk(Pk'Tk)

prod reag

]'hfuel‘%o +4.5:N55(25°C) + Npee - Niy20(25°C) =4 - heoo (Teomp ) + 9 1Moo (Teoms )

N ¢
—— Nipo =MPeo |

25°C

AN e 5 hypo = |- 241.8]

25°C

sensible e

!

Co(T)=0.0115-T +32.907
0.5-0.8 bar /200 - 1400 °C

As questOes postadas no Chatdo YouTube
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+ColToomp) 107 - (Toopms —25)] kJ/mol



adiabatico @ 1bar Nyat :%m T Nrec

1-C,H,,0, + 4.5-0, + n,-H,0 - 4-CO, + (5+n...)-H,0

rec

25°C | Teomb

anhk(P )= anhk(Pk'Tk)

prod reag

] 'hfuel‘250 +4.5-Npy(25°C) + Npee - N (25°C) = 4 - Neoo (Teomp ) + 9 - Nizo (Teomb )+ Nrec 120 (Teoms )

O
— tho = tho

+40.6686 + Cp (o) 107 - (Toms — 25)| kJ/mol

!

Co(T)=0.0115-T +32.907
0.5-0.8 bar /200 - 1400 °C

= o = |- 241.8]

<t Ahbf‘]bor + Ah

‘25 sensible e

As questOes postadas no Chatdo YouTube
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adiabatico @ 1bar Nyat :%m T Nrec

1-C,H,,0, + 4.5-0, + n,-H,0 - 4-CO, + (5+n...)-H,0

rec

25°C | Teomb

znkhk(Pk'Tk) = anhk(Pk'Tk)

prod reag

] 'hfuel‘250 +4.5-Ny(25°C) + Npee - N (25°C) = 4 - Neoo (Teomp ) + 9 - Nizo (Teomb )+ Nrec * Mizo (Teom )

| 1-(-1874.4)+n,, (- 285.8)=4-|-393.5+(0.0123- T, +43.738)- 10 - (T.o., — 25)] +...

e+ (5 Nee) |- 241.84(0.0115- Ty +32.907)- 1073 (.o — 25)] +Niee. - (+40.6686)

n__ — 1.83417-10° —6.73639-10° - T, — 2.134-10% - TZ_ .
rec 1.676918-10° +6.5239-10* -T__  +23-T>

n As questdes postadas no Chatdo YouTube
Y seraorespondidasaofinaldaaula.



adiabdtico @ 1bar Nyat :%m + Nrec

1'C4H1004 + 4.5'02 + nreC'Hzo _59 4'COZ + (5+nrec)°H20
25°C | Teomp
r]rec(-l-comb) 10
mol/mol N
| \\
7 2
\ 5.266- 18.0 =0.777
6 122.12
5.266 mol/mol <“"““5' ____________________________\:‘ """""" r-->0.777 kg de H,0 / kg de C4H00,
4 \\
3200 300 400 500 600 700 I 800 900 1000 Teoms (°C
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adiabatico @ 1bar r 5.266

1'C4H1004 + 4.5'02 + nreC'Hzo _éé 4'C02 + (5+nrec)'H20
25°C 750°C
1.51 kg H,0 @ 750°C (51.18%)
1.44 kg de CO, @ 750°C (48.82%)
1 kg de C,H,,0, =)
@
P . :
= : D
| | ,
I « 0.777 kg de agua @ 25°C
YTy |
I ] L1 LI ] | ] L LI 1
 \ :

1.18 kg de O, @ 25°C «—(5.07 kg de ar @ 25°C)



process process

CESULTS
e

-
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

%
!
. 3 N
| 265.5 ton/h
@ 750°C, 1b
90 ton C,H,,0,/h 48.81% CO,
E=448.95 MW
60 ton H,0 /h
E=41.62kW
e Recycled water flow rate
Musg = 0.777-90— 60 = 9.93ton/h
106.2 ton/h of 02 Recovered water flow rate and exergy
Maec| = 0512126515+ P193 (12519 tanfh
air : 103 1
Etea =/125.9 45 =87.33kW
v 3600 18.02
125.9ton/h of H20
E=87.33kW




Oxygen Separation Process






@)

air

YouTube

A+B Ll @ P, Tctes
Tq ) aVv
k A entra

Obs: by convention W>0
= going out of the cv

Obs: by convention Q>0
= going into the cv
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air

EYEY YaYals

adiabatic
process

@ P, T ctes

permanent

As questOes postadas no Chatdo YouTube
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permanent
regime



i
i
1
1
1
1
1
1
————y ]
N, A+B i) @P Tctes
3 T )\ - . dv/. .
k k entra saida
adiabatic minimum permanent absence of permanent
process separation work regime irreversibilities regime
entra saida
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O
air @ P, T ctes
: - dV - dX
C y y _ C
entra saida
adiabatic minimum permanent absence of permanent
process separation work regime irreversibilities regime
entra saida

Exergy associated to the
X = (h hO) — TO (S — SO) +Eep + + ©(  process of reduction of the
level of disorder...

T=cte; gases ideais



|

YorOxtynN, —>1¢ 1bar, 25°C

1> YOZ'OZ (210/0 V/V)

2—> YNy, (79% v/v)

W= ) mx, - D mx,

entra saida

W = Mo, '(on,e - on,l) +My, '(XNz,e - XNZ,Z)

W — mOQTO ‘ (SOQ,] _SOQ,G) + mNQTO ‘ (SN2'2 _SNQ,G) h'S:CTe

As questOes postadas no Chatdo YouTube
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1> YOZ'OZ (210/0 V/V)

YorOxtynN, —>1¢ 1bar, 25°C
2—> YNy, (79% v/v)
W m M
: :TO' -02 (SOQ,I_SOQ,e)_'_ — (SNQ,Q_SNQ,e)
mOr mCIr m(]r

specific work— W = TO . [y02 (502 1 SQQ,e) + YNQ (SN2 2 SNQ,e )]

_T . . ) Exergy necessary for the disorder
W= TO [yOQ ASOQ + yNg ASNQ ] level reduction process (separation)...

\ J
|

THE TOTAL ENTROPY REDUCES DUE TO THE
SEPARATION PROCESS!




R Ta T Xal s

"""""""""" 1> sz'Oz (210/0 V/V)
N, Yo O tyno:N, —>= - 1bar, 25°C
2—> YNy, (79% v/v)
T=cte
nRT e © 6°%00 o
_[P dV = j Q-W=AU=0
AS:g:ﬂi_* %o dw
W =nRT-In(V, /V,) T T Poost
W =nRT-In(P,/P,) AS =nR-In(y)
AS=R->'n-In(y,)
k




1—> Y00,  (21% v/v)

Yor Op+yeN, —>  1bar, 25°C Mgy =0.21-32+0.79-28 = 28.8g/mol

2—> YNy, (79% v/v)

— W =RIT}, ‘[YO2 In(yo, )+ Yy, -Infyy, )]

— W =Rl 'ZYK In(yy)
K



5fﬁﬁhﬁﬁﬁm

1> YOZ'OZ (210/0 V/V)

YorOrtyN, —3l  1bar, 25°C Mgy =0.21-32+0.79-28 = 28.8g/mol

2—> YNy, (79% v/v)

As=R-D Ty In(y ) > w=T[yo, -a5o, +yy, As, |
k

-3
w=28,2314 107k (25+ 273,15)K- [0,21 -In(0,21)+ 0,79 In(O,79)]
mol -K
w:—1.274£—> w=-1.274 kJ 1000 =—44.097ﬁ

mol mol 28.8kg/mol kg




process process
heat drive

KESULTS

--""'--'

-
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

90 ton C,H,,0,/h
E=448.95 MW
60 ton H,0 /h
E=41.62kW

265.5 ton/h
@ 750°C, 1ba
48.81% CO,

455.1ton/h—£—>

W = 5.58 MW

> (D
_____ BEBH S 9,93 ton/h of H20

106.2 ton/h of 02

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

A 4

125.9ton/h of H20

E=87.33kW

| .

Air flow rate

J 1002 288 LLias nlltan i

m.. =
T 121%] 132
Separationrequired power

3
W =455.14. 1D -44.097 = 5.575MW

3600
Separation required power

3
VL1401 plot s

3600 28.01

Ey, = (455.14-106.2)



Heat transfer at the boiler tubes...
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nsteam «

E REFPROP - NIST Reference Fluid Properties (DLL version 9,1)
File Edit Options Substance Calculate Plot Window Help Cautions

Nsteam l 2 carbon dioxide/water: Specified state poi =8 EoR ="
(]
750 C Temperature | Pressure| Density | Enthalpy | Entropy Cp
(0 (ban) | (ka/m) | (kdka) | (kgK) | (kikg)
265.5 ton/h 1| 80000 | 1.0000 | 028372 | 2791.7 | 7.0694 | 1.8111
2| 75000 | 1.0000 | 029759 | 2701.8 | 7.0036 | 1.7870
3| 70000 | 1.0000 | 0.31290 | 26131 | 63147 | 1.7623
4] B5000 | 1.0000 | 032986 | 25256 | 6.8224 | 1.7370
5| 60000 | 1.0000 | 034678 | 24394 | 67264 | 17111
6| 55000 | 1.0000 | 037000 | 23545 | 6.6263 | 1.6847
7| s0000 | 1.0000 | 039397 | 22709 | 65215 | 1.6578
flue gases @ T 8 45000 | 1.0000 | 042128 | 21867 | 64116 | 16304
comb 9] 40000 | 1.0000 | 045267 | 2107.9 | 6.2958 | 16026
10] 35000 | 1.0000 | 0.48915 | 20264 | 61732 | 15744
1.51 kg H,0 / kg de C,H,,0, 11| 30000 | 10000 | 053205 | 19504 | 60427 | 15460
12| 25000 | 1.0000 | 058329 | 18739 | 59029 | 15175
1.44 kg de COZ/ kg de C,H4,0, 13 200,00 | 10000 | 064559 | 1798.7 | 57519 | 1,4899




temperature

4

comb
Tsteam
Q | f |
A
v flue gases
o)
ngases =170 °C ! T_ ! Teond <~
_> 1
E P= I:)boiler =150 bar flue gases @ T.orp
. ' | 1.51 kg H,0 / kg de C4H1004
Tcond = 100 C ________________________________________________________________ 1.44 kg de COZ/kg de C4H1004
» area
Q _ nfgoses Ahfgdses
Balancosde

energia para
um trocador
de calor...

[> Q= Nsteam Ahs’reclm
Q=UA-AT.

ngas es



265.5 ton/h _l

c.gases

Q

_265.5-1 0’

750°C
_l

170°C
_l

Q — nfg | [hfg (P'Tcomb) _ hfg (P' ngoses )]

3600

.[2701.8 -1754.2]

REFPROP - NIST Reference Fluid Properties (DLL version 9,1) temperature
File Edit Options Substance Calculate Plot Window Help Cautions 4
3: carbon dioxide/water: Specified state points (48,814/51,186) =2 =R ="
Tcomb ””””””””
Temperature | Pressure| Density | Enthalpy| Entropy Cp
Q) (bar) | (ka/m?) | (kdfkg) |(kdikgK)|(kkgK)
1 750,00 1.0000 | 0,29759 | 27018 | 70036 | 1.,7670 Q
2| 170,00 1.0000 | 0,68992 | 17542 | 56548 | 1,4745
3

Trgases = 170 °C

Teong = 100°C

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

__________________________________________

_______________________________________________________

________________________________________________________

— Q=69.89MW

T

G

op =750 °C

steam

e

1 69.89 MW

7 :
T pe Pooiier = 150 bar

—_—

v

seraorespondidasao finaldaaula.

YouTube

darea
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69.89 I\/IW—l 750°C _l l_ 100°C
Q= Ngte [hs’re (P'Ts’ream) — hs’re (P'Tcond)]

steam

69.89-10° =n,,, -[3965.2 — 430.39]

Ni. =19.777kg/s temperature
ste R
REFPROP (water) - NIST Reference Fluid Properties (DLL version 9,1) T 7777777777777777 L o i T _ 750 °C
File Edit Options Substance Calculate Plot Window Help Cautions comb r r + ‘comb T
B 5: water: Specified state points =8 =R |
. ) [ s Tsteam mMax n
Temperature |Pressure| Density | Enthalpy| Entropy Cp Quality Q ; ; | :
Q) (bar) | (kgfm?) | (kdfkg) |(kdikoK)|(kdkaK)[  (katkg) | i § ;
1 750,00 150,00 | 32906 | 39652 | 70836 | 25174 | Superheated 69.89 MW
2 100,00 160,00 | 965,20 | 430,39 | 1.2958 | 41828 | Subcooled | :
e | | |
— 0 - e R :
ngases =170°C i : { i
p— !
P= I:‘boiler =150 bar
_ o~ | ‘ _________________________ |
Tcond =100°C ! |
» drea

As questOes postadas no Chatdo YouTube
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19.78 kg/s

@ 150bar, 750°C -

265.5 ton/h
@ 1bar, 170°C

19.78 kg/s
@ 150bar, 100°C

265.5 ton/h
@ 1bar, 750°C

As questOes postadas no Chatdo YouTube
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process process
heat drive

O\
19.78 kg/s
. ®’é 100°C
<
| 265.5 ton/h
@ 750°C, 1ba
90 ton C,H,,0,/h 48.81% CO,
E = 448.95 MW 51.18% H,0
60 ton H,0 /h ¢
E=41.62 kW

A b N

9,93 ton/h of H20

106.2 ton/h of 02

455.1 ton/h-g—r 291,8 ton/h of N2

E=2.2MW

W = 5.58 MW !i

\

y

125.9ton/h of H20
E=87.33kW

RESULTS
—

nc




Steam Power Cycle...



S

air




6: water: Specified state points

Water temperature x entropy diagram

oG- S]
Temperature | Pressure| Density | Enthalpy| Entropy Cp Quality
(C) (bar) | (kg/m?) | (kdkg) |(kdikgK)| (kdkgK) (kgfkg)
1 100,00 1,0142 | 958,35 | 41917 [ 1.3072 42157 Subcooled
2 101,02 150,00 | 964,48 | 43466 | 13072 41838 Subcooled
3 750,00 150,00 | 32,906 | 39652 | 7.0836 25174 | Superheated
4 100,00 10142 | 0,62618 | 25746 | 70836 | Undefined 0,95526
5

Rankine cycle without
reheating

temperature Q = 69.89 MW

A

150 bar

Nye =19.78kg /s Wy = Ezy

Tcond )

Es = (1-To/Teona) Qg

As questOes postadas no Chatdo YouTube
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Water temperature x entropy diagram

&water: Specified state points | = || (=] ||§|
Temperature | Pressure| Density | Enthalpy| Entropy Cp Quality
('C) (bar) | (ka/m?) | (kd/kg) [(kdkgK)| (kdkgK) (kg/kg)
1 100,00 1,0142 | 958,35 | 41917 [ 1.3072 42157 Subcooled
2 101,02 150,00 | 964,48 | 434,66 | 1.3072 41838 Subcooled
3 750,00 150,00 | 32,906 | 39652 | 7.0836 25174 Superheated
4 100,00 1.0142 | 062618 | 25746 | 7.0836 | Undefined 0,95526
5

27.51-0.306

MicLei =

69.89

= 38.9%

W, =N - |, —h, ]
W,, =19.78-[419.17 — 434.66] =-306.39kW
Qus =Ny - |Ng —h, ]
Q,; =19.78-[3965.2 - 434.66)] =69.83MW
W, =Ny, - |hs —hs ]
W,, =19.78-[3965.2 - 2574.6] =27.51MW
Q, =Ny, - [ =h,]

Q, =19.78-[419.17 —2574.6] =-42.63MW



process
heat

process
drive

KESULTS

Q=42.63 MW
E=8.57MW

90 ton C,H,,0,/h
E=448.95 MW
60 ton H,0 /h
E=41.62kW

| 265.5 ton/h
@ 750°C, 1ba
48.81% CO,

———"

455.1 ton/h'E—>

W = 5.58 MW

106.

2ton/hof 02

E=2.2MW

125.9

291,8 ton/h of N2

A 4

ton/h of H20
E=87.33kW

| .

Rejected heat exergy content

25+273.15
ERej = 1=
100+273.15

j - 42.63 =8.568MW



Dewatering cyclone...
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A
scCO,

-

Lo

AL

=l

&

o1

&
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X0 = 0.512 kg/kg
Xco2 = 0.488 kg/kg

|

265.5 ton/h
@ 1 bar, 170°C

129.6 ton/h de CO,
@ 25 °C

——————————————————————————————————————————————————

|:§j‘> ngases

__________________________________________________

135,98 ton/h H,0
@ 25 °C

As questOes postadas no Chatdo YouTube
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adiabatico @ 1bar r 5.3

1-C,H,,0, + 4.5:0,+ n,.-H,0 —> 4-CO, + (5+n,..)-H,0 @ 25 °C

25°C | 750°C e B T

Xi20 = 0.512 kg/kg 265.5 ton/h T
Xco2 = 0.488 kg/kg @ 1 bar, 170°C :jl> fgases

129.6 ton/h de CO,

Xpo0 = 0.7203 mol/mol
Xcon = 0.2797 mol/mol

Pcoz = 0.2797 bar

P.,o = 0.7203 bar

! Bl 2: carbon dioxide: Specified state points [o] &[]
1

1

| Temperature | Pressure| Density | Enthalpy| Entropy Quality Flow Exergy
| (0 (hary | (ka/m®) | fkdfka) |(kdkaK)|  (kafka) (kfka)

1

' 1 170,00 0,27970 | 0,33420 | 638,93 | 33418 | Superheated 212,57
' 2 25,000 0,27970 | 0,49725 | 506,52 | 29816 | Superheated 157,56
! 3

1

1

1

1

1

I

|

1

AN

AN

1 —

2202 Q= Q0 + Qe

AN

L AAnR>

1

1

|

1

: izwater:Speciﬁedstatepoints [E]
1

1

| Temperature | Pressure| Density | Enthalpy| Entropy Quality Flow Exergy
| (<) (bar) | (kg/im?) | (kifkg) |(kdkaK)|  (kakg) (kJfkg)

1

' 1 170.00 0,72030 | 035391 | 2817.9 | 7.8605 | Superheated (37.52
' 2 25,000 0.27970 | 997.01 | 10485 | 0.36722 | Subcooled 158,63
' 3

1

__________________________________________________

135,98 ton/h H,0
@ 25 °C 1bar

As questOes postadas no Chatdo YouTube
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Qco2 =Ncoz ANy

B2 carbon diovide Specified state points =

] 2 9 ¢ 6 ) ] O 3 kg kJ Temperature | Pressure| Density | Enthal Entro Quality Flow Exer

Q CO?2 — 3 600 ‘ (50 6 . 5 2 - 6 38 . 9 3) |<_ — _4 . 7 6 7 kW (EC) (bar) | (ka/m?) (kJJ’kt_!lj)y (kakg?lz) (kafka) (kakg)gy
S g

170,00 0,27970 | 0,33420 | 638,93 | 33418 | Superheated 212,57
25,000 027970 | 0,49725 | 506,52 | 29816 | Superheated 157,56

—_

o

Qi20 =Nh2o - Ao
AN

22 Q=-107.25 kW

ANNAD>

. 3 g
195:78-19°k9 . 2817.9 -104.85) < = ~102.48kW
3600 k9

Qoo =

3: water: Specified state points o = @

Temperature | Pressure| Density | Enthalpy| Entropy Quality Flow Exergy
(G (bar) | (kg/m?) | (kdfkg) [(kdkgH)|  (ka/kg) (kdfka)

170.00 0.,72030 | 0,35391 | 2817.9 | 7.8605 | Superheated (37.52
25,000 0.27970 | 997.01 | 10485 | 0.36722 | Subcooled 158,63

—

ra

£, =107.25.[1-—22% 27515 155 978w
170+ 25)/2+273.15

As questOes postadas no Chatdo YouTube
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process process

heat drive
i 750°C
E=27.2 MW n=38.9% | (Ck :
19.78 kg/s :
100°C ‘ —
Q=42.63 MW . ®’é 100°C
E=8.57 MW =
8.5 | 265.5 ton/h
@ 750°C, 1ba
90 ton C,H,,0,/h 48.81% CO,
E=448.95 MW .z 51.18% H,0 N
60 ton H,0 /h oS-l
E=41.62kW
AN Q=107.25kW
[paaasaail 9,93ton/hof H20 E=20.978 kW

106.2 ton/h of 02

455.1ton/h ofair-E—> 291,8 ton/h of N2

E=2.2MW

W = 5.58 MW !i 125.9

A 4

ton/h of H20
E=87.33kW

RESULTS
—

nc




CO2 compression to scCO?2...



A\ 4
scCO,

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

[ ———

Tcomb

<)

biomass m&
-1

TIAESA AN

|||||||||

_




129.6 ton/h de CO,
@ 0.232 bar, 25 °C

I--- ------------------------I carbon dioxide - CO2 [(CAS# 124-38-9) bt
1 1 _G az phase
: : Malar mazs Triple pt. termp. Marmal zubl. pt. dipole at MEP
1 1 | 4401 kg/kmol | BBESET | -7o464°TC | 0, debype
| 1
Z W 1 | Critical Paint
comp II } : Temperature Preszure Denszity Acentric factar
1 I | angracC | 73.773bar | 4675 kg/n? 022334
1 1
: : Ranage of applicability
I I FirirLim termp. b axirnunn kermp. b amimurn pressure b aximurmn denszity
| | BEESZT | 17269 °C | 8000, bar | 16333 kg/n?
1
: 1 - — . - |
I [ -l [l = ul -
1 1 LITERATURE REFEREMCE
1 1 Fenghour, &, W akehar, WA, Yesovic, V.,
1 1 "The Yiscozity of Carbon Dioxide,"
: | J. Phyz. Chem. Ref. Data, 27:31-44, 1993,
1
| 1 The uncertainty in viscosity ranges from 0.3% in the dilute gas near room
: : terperature to 5% at the highest prezsures.
1 1
I-------------l------------I--l
Equation of State II Wigoozity T hermal Conductivity I
Surface tenzion | Melking Line I Sublirmation Line I
ok Cancel | Prirt | Copy Copy All |
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P

critica
v=cte
temperatura 1‘
A 30,98°C L
1‘ Py

T @
i S
7
Y volume
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critica

’
/

v=cte
temperatura ,t\ H7p
30,98°C } . = : =
73,77bar | ____ ’/i // 1: carbon diowide: V/L sat. T=20, to 30, °C E@
y i , “apor Liguid “Yapor Liguid “apor
: e Temperature Yiscosity| Kin. Viscosity | Kin. Wiscosity | Flow Exergy | Flow Exergy
-\ ' (0 (WPacs) | (o) | () | (kdkg) | (kdikg)
E 1 20,000 18,1687 | 0,00085530 | 0.00093653 212,62 210,03
' 2| 21000 18,501 | 000034505 | 0.00091446 | 21275 210,76
T p 3 22,000 18,847 | 0,00083474 | 0000892584 212,89 211,46
| o1 4 23.000 19,231 | 0,00082432 | 000087166 213.05% 212,15
i ______ ’ 5 24,000 19663 | 0.00081374 | 000085086 213.23 212,80
i G 25.000 20157 | 000030292 | 0.00083040 213.43 213.43
i 7 26.000 20,731 | 000079175 | 0.00081024 213,65 214,02
i 27.000 21,417 | 000075007 | 0.00079027 213.89 214,57
] 26.000 22,272 | 0.00076764 | 000077037 21417 215,08
i 10 29,000 23411 | 0,000753495 | 000075027 214,49 215,53
AN\ ’ 11 30,000 25170 | 0.00073769 | 0.00072336 | 21488 215,68
T @
v volume

As questoes postadas no Chatdo YouTube
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temperatura

A

N\

v=cte

30,98¢°C

P

’
/

critica

densidade
(kg/m3)
A
829,7 — liquido
saturado\
593,1
Py
500,0 " Psc pliq
345,1
- vapor
1551 ==S53turado
> A A >
volume
14°C 30,0 &/ = 31,0 46°C temperatura
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critica

’
/

v=cte
temperatura ,t\
30,98°C }
73,77bar ¥
T Py
I W Wy ]
Ty N
Y volume

v=p/p

1: carbon dioxide: V/L sat. T=20, to 30, °C (o[- (3]
Liguid Liguid “Yapor Liguid “apor
Temperature [Fressure| Density Kin. %iscosity | Kin. Viscosity | Flow Exergy | Flow Exergy

(] (bar | (ka/m® [Em&s) [Em3fs) [kl [CARs)]

1 20.000 57,291 | 77339 0.00085530 [ 0.00093653 212,62 210,03
2 21.000 BE.645 | 76240 0.00084505 [ 000041446 212,75 210,78
3 22,000 60031 | 780,77 000083474 [ 0.00089284 212,89 211,48
4 23.000 61,440 | 738,36 000082432 [ 0.00087166 213.05% 212,15
5 24,000 B2877 | 72502 000081374 [ 0.00085086 213.23 212,80
G 25.000 64,342 | 710,50 000080292 [ 0000583040 213.43 213.43
7 26.000 65837 | B94.46 000079175 [ 0000581024 213,65 214,02
i 27.000 67,361 | G76.36 0.00073007 [ 000079027 213.89 214,57
] 26.000 BE.915 | G558 0.00076764 [ 000077037 21417 215,08
10 29.000 70,509 | 629,36 0.00075395 [ 000075027 214,49 215,53
11 30.000 72137 | 59331 0.00073769 [ 000072336 214,85 215,68

As questoes postadas no Chatdo YouTube
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lCI’I’ti ca
v=cte
temperatura ,t‘
N 30’ 98°C i// /,/,
73,77bar ¥
T @ ——————
| S
7
Y, volume

viscosidade
(uPa.s)
N
= |iquido
76.06 saturado
43,77
\
AN
\
36,26 = Hsc = Hyvap
25,17
vapor
16,75 —saturado
A A >
14°C 30,0 &/ = 31,0 46°C temperatura
Psc = Piiq
- v=u/p—0
Hsc = Hyvap




temperature

129.6 ton/h de CO,
@ 0.232 bar, 25 °C + 80 bar Pint = ?
l---é------------------------l
1 1
] 1
1 I
1 I
: :
z Wcomp ——= !
i
1
1
)} ! . scCO,
1 @ 80bar
I

0.232 bar

~.-73.7 bar

»
»

entropy

minimize W = f(Pt)

comp

constrainedto (R, T,), (T, = 70°C)...
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Dados

Revisdo Exibir

Q Diga-me o que vocé deseja fazer

min W compressdo scCO2.xlsk - Excel

&% Compartilhar

1E—3
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Area de Transferéncia [ Fonte [ Alinhamento N Mimero ] Estilos Células Edigdo ~

AD14 & 5 <
A B C | D E F 3 H | ] K L M N (o} P Q R s T U v W X Y z Ab AB AC AD AE |~
1 T1 25 oC Pint wl2 g23 w34 gd5 soma w P1 T1 s1 h1 s2=51 p2 T2 h2 pP3=p2 T3=T1 s3 h3 sd=53 P4=P5 T4 ha P5 T5 h5
2 P1 0,232 bar 1 -96,5821 -97,294 -394,325 -637,122 490,9066 0,232 25 3,017013 506,5658 3,017013 1 133,0768 603,1478 1 25 2,739325 505,8538 2,739325 80 428,1986 900,174 80 25 263,0562
2 P5 80 bar 1,25 -114,063 -115,008 -365,15 -607,715 479,2133 0,232 25 3,017013 506,5658 3,017013 1,25 151,5157 620,6291 1,25 25 2,696622 505,621 2,696622 80 402,9392 870,771 20 25 263,0562
4 T5 25 oC 1,5 -128,929 -130,107 -342,079 -584,411 471,008 0,232 25 3,017013 506,5658 3,017013 1,5 166,9834 635,4544 1,5 25 2,66163 505,3877 2,66163 80 382,8062 8474671 80 25 263,0562
o 1,75 -141,915 -143,327 -323,098 -5365,196 465,0139 0,232 25 3,017013 506,5658 3,017013 1,75 180,3485 6484812 1,73 25 2,631959 505,154 2,631959 80 366,1297 B828,2524 80 25 263,0562
6 2 -153,481 -155,127 -307,037 -548,901 460,5187 0,232 25 3,017013 506,5658 3,017013 2 192,1421 660,0471 2 25 2,606182 504,9197 2,606182 80 351,9344 B11,9571 20 25 263,0562
7 2,25 -163,931 -165,812 -293,159 -534,788 457,0901 0,232 25 3,017013 506,5658 3,017013 2,25 202,7138 670,4967 2,25 25 2,583378 504,6849 2583378 80 339,6023 797844 80 25 263,0562
8 2,5 -173,478 -175,595 -280,97 -522,364 454,4488 0,232 25 3,017013 506,5658 3,017013 2,5 212,3064 680,0442 2,5 25 2,56292 504,4496 2,56292 80 328,7184 7854199 80 25 263,0562
9 2,75 -182,28 -184,632 -270,125 -511,283 4524055 0,232 25 3,017013 506,5658 3,017013 2,75 221,0957 688,8458 2,75 25 2,544359 504,2138 2,544359 80 318,9906 774,3392 20 25 263,0562
10 3 -190,454 -193,042 -260,373 -501,295 450,8272 0,232 25 3,017013 506,5658 3,017013 3 229,2134 697,0195 3 25 2,527365 503,9774 2527365 80 310,2059 764,3509 80 25 263,0562
11 3,25 -198,091 -200,916 -251,526 -492,211 449,6173 0,232 25 3,017013 506,5658 3,017013 3,25 236,7008 704,6566 3,23 25 2,511685 503,7405 2,511685 80 302,2046 755,267 80 25 263,0562
12 3,5 -205,264 -208,326 -243,44 -483,887 448,7038 0,232 25 3,017013 506,5658 3,017013 3,5 2438173 7T11,8293 3,5 25 2,497125 503,5031 2,497125 80 294,8636 746,9435 20 25 263,0562
13 3,75 -212,03 -215,331 -236,002 -476,211 448,0323 0,232 25 3,017013 506,5658 3,017013 3,75 250,4467 718,5958 3,73 25 2,48353 503,2652 2,48353 80 288,0865 739,2674 80 25 263,0562
14 4 -218,438 -221,977 -229,122 -469,093 4475002 0,232 25 3,017013 500,5658 3,017013 4 256,7008 725,0038 4 23 2,470775 503,0268 2470773 80 281,7962 732,149 80 25 263,05 62' .l
15 4,25 -224,527 -228,305 -222,728 -462,455 4472545 0,232 25 3,017013 506,5658 3,017013 4,25 262,6223 731,0927 4,25 25 2,458758 502,7878 2458758 30 275,93 725,5153 30 25 263,0562
16 4,5 -230,33 -234,347 -216,759 -456,251 4470885 0,232 25 3,017013 506,5658 3,017013 4,5 268,2471 736,8956 4.5 25 2,447394 502,5482 2,447394 80 2704366 719,3068 80 25 263,0562
17| 447 4,75 -235,875 -240,133 -211,166 -450,418 447,0407 0,232 25 3,017013 506,5658 3,017013 4,75 273,6053 742,4407 4,75 25 2,436012 502,3081 2436612 80 265,2732 713,474 80 25 263,0562
18 5 -241,186 -245,684 -205,908 -444,919 4470938 0,232 25 3,017013 506,5658 3,017013 5 278,7225 747,7519 5 25 2,426353 502,0675 2,426353 80 260,4039 7079752 20 25 263,0562
19 5,25 -246,284 -251,024 -200,949 -439,719 4472333 0,232 25 3,017013 506,5658 3,017013 5,25 283,6209 752,85 5,25 25 2,416565 501,8263 2416565 80 255,7983 702,7754 80 25 263,0562
20 5,5 -251,187 -256,168 -196,26 -434,738 4474471 0,232 25 3,017013 506,5658 3,017013 5,5 288,31%6 757,753 5,3 25 2,40720 485
21 5,75 -255,911 -261,134 -1591,815 -430,101 447,7254 0,232 25 3,017013 506,5658 3,017013 5,75 292,8353 762,4766 5,75 25 2,39823 450
22 6 -260469 -265,935 -187,591 -425,634 4480596 0,232 25 3,017013 506,5658 3,017013 6 297,1826 767,0348 6 25 2,38961
23 6,25 -264,874 -270,584 -183,569 -421,368 4484425 0,232 25 3,017013 506,5658 3,017013 6,25 301,3745 7714397 6,23 25 2,3813:2 485
24 6,5 -269,137 -275,09 -179,731 -417,287 4488681 0,232 25 3,017013 506,5658 3,017013 6,5 3054223 775,7024 6,5 25 2,3733 480
25 6,75 -273,267 -279,465 -176,064 -413,375 449,331 0,232 25 3,017013 506,5658 3,017013 6,75 309,3363 779,8326 6,75 25 2,36562 Q 475
26 7 -277,273 -283,717 -172,554  -409,62 449,8267 0,232 25 3,017013 506,5658 3,017013 7 313,1257 783,839 7 25 2,35817 =
27 7,25 -281,164 -287,853 -169,188 -406,008 450,3514 0,232 25 3,017013 506,5658 3,017013 7,25 316,7986 787,7296 7,25 25 2,3509¢ g 470
28 7.5 -284,946 -291,881 -165,956 -402,53 450,9014 0,232 25 3,017013 506,5658 3,017013 7,5 320,3625 791,5114 7.5 25 2,343973 E 465
29 7,75 -288,625 -295,808 -162,849 -399,176 451,474 0,232 25 3,017013 506,5658 3,017013 7,73 323,8241 795,191 7,73 25 2,3371§ B 450
30 8 -292,208 -299,638 -159,858 -395,938 452,06064 0,232 25 3,017013 506,5658 3,017013 8 327,1895 798,7743 8 25 2,33060 g
31 8,25 -295,701 -303,379 -156,976 -392,807 452,6763 0,232 25 3,017013 506,5658 3,017013 8,25 3304642 B802,2666 8,25 25 2,3241¢ 435
2a 8,5 -299,107 -307,034 -154,195 -389,778 453,3018 0,232 25 3,017013 506,5658 3,017013 8,5 333,6533 B805,6729 8,5 25 2,3179¢6 450
33 8,75 -302,432 -310,608 -151,509 -386,843 453,941 0,232 25 3,017013 506,5658 3,017013 8,75 336,7615 BO08,9978 8,75 25 2,3118% 445
34 9 -305,68 -314,105 -148,913 -383,996 454,5923 0,232 25 3,017013 506,5658 3,017013 9 339,7931 8122453 9 25 2,30597%
35 9,25 -308,854 -317,53 -146,401 -381,234 455,2543 0,232 25 3,017013 506,5658 3,017013 9,25 342,752 8154195 9,25 25 2,30020 440 0 ) . . B 10 I 12 I
36 9,5 -311,958 -320,885 -143,968 -378,55 455,9257 0,232 25 3,017013 506,5658 3,017013 9,5 345,6419 B18,5238 9,5 25 2,25945¢ Pint (bar)
37 9,75 -314,996 -324,175 -14161 -375,94 456,6054 0,232 25 3,017013 506,5658 3,017013 9,75 3484661 821,5615 9,75 25 2,28905
38 100 -317,97 -327,401 -139,323 -373,401 457,2925 0,232 25 3,017013 506,5658 3,017013 10 351,2277 B824,5357 10 25 2,2836 -
Planilhal ® 4 3

Pronto ] mo- 1 +  100%




h, = 506.57 ki/kg
h, = 742.44 k/kg
h; =502.31 ki/kg
h, = 713.47 kl/kg
he = 263.06 ki/kg

w,, = -235.87 ki/kg
0,3 = -240.13 kl/kg
W, =-211.16 kl/kg
Qus = -450.41 ki /kg

temperature

A

80 b
ar 4

o T o D/

265.3°C o

31°C Ao ,

25°C {--- R

~_.73.7 bar

minimize X*W —

comp

»
»

T(Bt)

constrainedto (P, T,).(T; = 70°C)...

.75 bar

0.232 bar



129.6 ton/h de CO,
@ 0.232 bar, 25 °C

SW %DL—
obo!

m
8
=

265.3°C

wy, = -235.87 kl/kg
d,3 =-240.13 kJ/kg
Wa, =-211.16 kl/kg
Qus = -450.41 kl/kg



129.6 ton/h de CO,
@ 0.232 bar, 25°C

4 W, = 22‘20'(1)03 235.87 = 8.49 IMW
s )rECOQ Qs = 293‘?5;03 1240.13=8.645MW
- Es W, = 22':6(])()3 211,16 =7.602MW
wyp=23587K/kg Q= - 22’20'(1)03 .450.41=16.21TMW

Wa, =-211.16 ki/kg



129.6 ton/h de CO,
@ 0.232 bar, 25°C

; 4 (1 25+273.15 844
! (273.6+25)/2+273.15

E23 _

)} 265.3° )'E°’Ec02 E,; =3.928 MW
somw_ts21w | e (1. 25+27315 3,
3.93MW  7.22MW * (265.3+25)/2+273.15)

E,s =7.218 MW

Wy, = -235.87 kl/kg
Gys = -240.13 ki/kg
Wy, =-211.16 kl/kg
Qqs =-450.41 kl/kg



129.6 ton/h de CO,
@ 0.232 bar, 25°C

o de =(1—T—Oj-5a =(1—T—OjoCP(T)odT
T T

16.09 MW - i T
i | .
| 273.6°C )} 265.3° )'!'°"Ec02 23 J-Tz( T ] o(T)
E----igfl.l_'\f'y\_/_____1_6_'3_1_'\_"_V_V_.__i ©23 = .[ - (] il 5) ' (0.0007 T+ 0.8623). dT

25

393MW  7.22 MW T+273.15

Cp(T)=0.0007 - T +0.8623 103
_127.6-10 67.133=2.417MW

r 5: carbon dioxide: Specified state points oo =4 ] 23 — 3 6 O O

emperature | Pressure| Density |Enthalpy| Cp
Q) (har) | (ka/m?) | (kd/kg) |(kd/kgK)

30000 47500 | 43942 | 770.33 | 1.0643
250,00 47500 | 48195 | 717.84 | 1.0348
200,00 47500 | 53376 | 666,89 | 1,0028
150,00 47500 | 59835 | B17.60 | 0,96524
100,00 47500 | 68133 | 570,10 | 0,93150
50,000 476500 | 7.9249 | 52446 | 0.89459
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

|~ ||| || ra|—




129.6 ton/h de CO,
@ 0.232 bar, 25 °C

16.09 MW

9

: 265.3°

273.6°C

- - -

16.21 MW

3.93MW

2.41TMW
Cp(T)=2.0024-107 -T* =1.7633-10° - T° +...

.. +5.6896-107*.72 -7.9742.1072 . T+ 5.2385

5: carbon dioxide: Specified state points E@@
Temperature |Pressure| Density |Enthalpy| Cp

Q) (har) | (ka/m?) | (kd/kg) |(kd/kgK)
1 30000 47500 | 43942 | 770.33 | 1.0643
2 250,00 47500 | 48195 | 717.84 | 1.0348
3 200,00 47500 | 53376 | 666,89 | 1,0028
4 150,00 47500 | 59835 | B17.60 | 0,96524
5 100,00 47500 | 68133 | 570,10 | 0.93150
6 50,000 476500 | 7.9249 | 52446 | 0.89459
7 25,000 47500 | 86399 | 502,31 | 0.87797
i

deys :j

Ty

To

4,75 bar

0.232 bar

temperature
4 80 bar
273.6°C
265.3°C | S ) e
31°C 4
25°C 9/




129.6 ton/h de CO,

@ 0.232 bar, 25 °C T T
R de45=( —Toj-SQz(l—TO]-CP(T)-dT

de —j“[ —T—Oj-c (T)-aT
273.6°C )} 265,53 T0*Eco, ok, T i

265.3 25+273.15
623 - I ] —
25 T+273.15

8.64MW  16.21 MW

393MW  7.22 MW
DAIMW  3.03MW

Cp(T)=2.0024-107 -T* =1.7633-107¢ - T° + ...
..+ 5.6896-107% .72 -7.9742-1072.T+ 5.2385

)(2.0024-10-9 T

..—1.7633-10°-T° +5.6896-107* . T2 —7.9742-102 - T +...
...+ 5.2385).dT

5: carbon dioxide: Specified state points ‘ — ” = |@

Temperature |Pressure| Density |Enthalpy| Cp
Q) (har) | (ka/m?) | (kd/kg) |(kd/kgK)

3
30000 | 47500 | 43942 | 770.33 | 10643 ] 29 . 6 . ] O
25000 | 47500 | 48195 | 717.84 | 10348 _ _
20000 | 47500 | 53376 | 666,89 | 1,0028 E23 — 84 . ] 6 7 — 3 . 03 M W
15000 | 47500 | 59835 | 61760 | 0,96824
100,00 | 47500 | 68133 | 570.10 | 0.83150 3 600
50000 | 47500 | 79249 | 52446 | 0.89459
25000 | 47500 | 86399 | 502.31 | 0.87797

|~ ||| || ra|—




129.6 ton/h de CO,
@ 0.232 bar, 25 °C

___é ------------------------ e =215.52 |<J/|<9

CO2 |25:c 80bar

16.09 MW

9

273.6°C )} 26535 010> /. O6 MW = _ 129.6-10°
©02 3600

215.52=...

8.64MW  16.21 MW

393MW  7.22 MW
DAIMW  3.03MW

- - -

Eco, =7.759 MW

As questOes postadas no Chatdo YouTube
seraorespondidasao finaldaaula.




process process
heat drive
E=16.09 MW -
i 750°C
E=27.2 MW n=38.9% | (Ck
19.78 kg/s :
100°C ‘ —
Q=42.63 MW . ®’é 100°C
E=8.57 MW %=
8.5 | 265.5 ton/h
@ 750°C, 1ba
90 ton C,H,,0,/h 48.81% CO,
E=448.95 MW .z 51.18% H,0 N
60 ton H,0 /h oS-l
E=41.62kW
(EEEEE Q=107.25 kW
[paaasaail 9,93ton/hof H20 E=20.978 kW

106.2 ton/h of 02

455.1ton/h ofair-E—> 291,8 ton/h of N2

E=2.2MW

W = 5.58 MW !i 125.9

A 4

ton/h of H20
E=87.33kW

KESULTS

|

Q=8.64 MW
E=2.41MW

nc

A 4

129.6 ton/h
E=7.76 MW

Q=16.21 MW
E=3.03 MW




Results and analysis...



process process

KESULTS

| 750°C N
E=27.2MW 1=38.9% | @ |
19.78 kg/s I
100°C ’ -~
Q=42.63 MW , ®"é 100°C ).T
_ N/
E=8.57MW | 265.5 ton/h
@ 750°C, 1ba
90 ton C,H;0,/h 48.81% CO,
E = 448.95 MW _, 51.18% H,O
60 ton H,0 /h T
E=41.62 kW L
L1111
B ESSS8 BN 5 93 ton/h of H20 MW =(2712 11559 +[16.09 =|5.52 MW
SW = +5.52 MW [ S3ton/ho T | .
, Without oxyfuel and CO2 compression
: 106.2 ton/h of 02
E >W=27.2 MW
455.1 ton/h of air 29_1'8 ton/h of N2 >
E=2.2MW ! ...but no wateris recov ered. &
W = 5.58 MW 125.9 ton/h of H20
E=87.33kW




- 1500w 8

, 1
A
flue gases
E = 448.95 MW E Tcomb
E=41.62 kW I ° é
i > é‘ Q)
s [ |‘| L] J e Did
>W =+5.52MW |




Xyost =16.09—-27.20 - 8.57 + 448.95+0.0416 + 5.59 — 2.2 - 0.0873 - 0.02098 — 2.41-3.03 - 7.76

E=8-57MW ______________ | Xd g = 4] 9393 MW
-
Al 5.52+17.09 419.393

_ 7 504% - : _6.59%
=" 118.95 Nexeray = '™ 448951+ 0.04162

EW =+5.52MW

]
I
I
I
I
I
]
I
I
I
|
1
1
1
1
1
1
1
|
|
|
|
|
|
|
|
|
|
|
|
|
1
|
|
|
|
|
-
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
1
|
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Sources of exergy destruction / Design optimizationc

___________________

I
E=448.95 Mw [
E=2.645 Mw [l




Sources of exergy destruction / Design optimization

Wl
| expansdo
| ndo resistida

t mistura /

___________________

reacao quimica

E =448.95 MW
E=2.645 MW




Combustion chamber exergy analysis...

TABLE A-26 Standard Molar Chemical Exergy, €" (kJ/kmol), of

1'C4H1004 + 4502 + 53H20 —> 4C02 + 1O3H20 Selected Substances at 298 K and p,

Substance Formula Model I¢ Model 11
. . Nitrogen N,(g) 640 720
1.51 kg H,0 @ 750°C (51.18%) Oxygen 0,(2) 3,950 3.970
1.44 kg de c02 @ 750°C (48.82%) Carbon dioxide CO,(g) 14,175 19,870
Water H,0(g) 8,635 9,500
Water H,O(1) 45 900
Carbon (graphite) C(s) 404,590 410,260
Hydrogen H,(2) 235,250 236,100
:D Sulfur S(s) 598,160 609,600
1 kg (:4H10(:)4 e Carbon monoxide CO(g) 269,410 275,100
| : Sulfur dioxide SO,(g) 301,940 313,400
|

I | Nitrogen monoxide NO(g) 88,850 88,900
! : - Nitrogen dioxide NO,(g) 55,565 55.600
: : 0.777 k Hydrogen sulfide H,S(g) 799,890 812,000
1 I : g Ammonia NH;(g) 336,685 337,900
! I H,O0 @ 25°C Methane CH.(g) 824,350 831,650
[ ‘I Ethane C,Hy(2) 1,482,035 1,495,840
Methyl alcohol CH;OH(g) 715,070 722,300

o
' 1.18 kg de O, @ 25°C Methyl alcohol CH,OH(1) 710,745 718,000
Ethyl alcohol C,H;OH(g) 1,348,330 1,363,900
Ethyl alcohol C,H;OH(1) 1,342,085 1,357,700

Xdest = [] € +4.5-€0, +3.3 €0 ]@250(: ~ [4 +€cop +10.3- eHQO]@750°C



Combustion chamber exergy analysis...

er =6/ +ef" =0+ 2193kJ/mol
25°C,bar

€or =€0)| +ed =0+3.950 kJ/mol

25°C,bar

€10 = e*HhQO\%OCJbGr +eSh, =0+0.045=0.045 kJ/mol

€cor =€lo +ell, =14.598+14.175=28.773 kJ/mol

750°C,0.28bar

eHQO — eTHhQO‘75OOC,O72bor + eﬁgo - 2] .33 + 0045: 2] .375 kJ/mO|

X oy = 1876kJ/mol = n=1-1876/2193=14.5%



Boiler heat exchangers exergy analysis...

19.78 kg/s
@ 150bar, 750°C

19.78 kg/s
@ 150bar, 100°C

=

flue gases

265.5 ton/h
@ 1bar, 750°C

51.18% H,0 kg/kg
48.82 CO, kg/kg

=
2
=

265.5 ton/h
@ 1bar, 170°C



Sources of exergy destruction / Design optimization

temperature

A

comb

69.89 MW

Toases = 170 °C

Teong = 100°C

>

T

YouTube

Y

comb = 750 °C

Tsteamt max ™M

L pe Pooier = 150 bar

area

As questOes postadas no Chatdo YouTube
seraorespondidasao finaldaaula.

Sources of irreversibilities:

Heat transfer at finite AT

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

19.78 kg/s

@ 150bar, 750°C -

19.78 kg/s

@ 150bar, 100°C -

# E:>
flue gases E:> 265.5 tOn/h

= @ 1bar, 170°C

Q=69.89 MW

N

UL

265.5 ton/h
@ 1bar, 750°C
51.18% H,0 kg/kg

48.82 €O, kg/kg



dXx

T, ) . dV :
0 vC V V _ vC
Z - Qk_ W_PO +Zmexe_zmsxs_xdesf—
T dt dt
Xdes’r - ms’reomAxs’reom + mngSGSAngGSGS
iovide/water. Specified state points (43,82/51,18 F=n o z pecified state points =8 o
Temperature |Pressure| Density | Enthalpy Quality Flow Exergy Temperature [ Pressure| Density | Enthalpy Quality Flow Exergy
(C) (bar) | (ka/m?) | (kdkg) | (kakg) (kJrkg) (0 (bar) | (ka/m?) | (kdkg) | (karkg) (k)
1 750,00 1.0000 | 0.29761 | 2701.6 | Superheated 10336 1 100,00 160,00 | 96520 | 430,39 | Subcooled 207,31
2| 170,00 1,0000 | 0,68996 | 17541 | Superheated 486,11 2| 75000 160,00 | 32,906 | 39652 | Superheated 2016.5
3 3
19.78 kg/s -

As questoes postadas no Chatdo YouTube

seraorespondidasaofinaldaaula.

@ 150bar, 750°C

19.78 kg/s
@ 150bar, 100°C

-

UL

265.5 ton/h
@ 1bar, 750°C
51.18% H,0 kg/kg

48.82 €O, kg/kg

=Y
Tlue gases |::>

=Y

265.5 ton/h

@ 1bar, 170°C



Z(]—%}Qk —(W—PO av

! . dX,
k ch+2mex =) M, = Xgogt = d’rc

Xdes’r s’reomAXs’reom + mfgoses AX fgases

X o =19.78-(207.31-2016.5) + 265.5-10° / 3600 - (1033.6 — 488.11)

11: water: Specified state points E’

L]
Temperature | Pressure| Density | Enthalpy Quality Flow Exergy X f— _3 5 7 9 M W 40 2 3 M W
[g®] (bar) | (kg/m?) | (kdfkg) (kgfkg) (kdfkg) d e S 1‘ ° + °

1 100.00 150,00 | 96520 | 430,33 | Subcooled 207.31

2 750,00 150,00 | 32,906 | 39652 | Superheated 2016,5
0 o .
absorvida cedida pelos gases

B 12: carbon dioxide/water: Specified state points (48,82/51,18) o |- ]S

pelo vapor de combustdo
Temperature | Pressure| Density | Enthalpy Quality Flow Exergy
(Q (bar) | (ka/m?) | (kJfkg) (karka) (kJfkg)
1 750,00 10000 | 0.,29761 | 2701.6 | Superheated 10336
2| 170,00 10000 | 0,68396 | 17541 | Superheated | 48811
: . 19.78 kg/s P

@ 150bar, 750°C

X o = 4.44MW

170°C
I W
Megases | = 265.5 ton/h

2 @ 1bar, 170°C

@ ﬁl
19.78 kg/s
=

n=1-444/4023=89% T T =

265.5 ton/h
@ 1bar, 750°C

As questdes postadas no Chatdo YouTube P
seraorespondidasao finalda aula.

YouTube



Design Optimization Possibilities

Rankine with reheat

E'Ig oxyfuel boiler
-

E = 448.95 MW
E=2.645 MW




Design Optimization Possibilities

temperature Rankine with reheat

A

750°C -

100°C -

entropy

Obs.: CAPEX T

As questOes postadas no Chatdo YouTube
seraorespondidasao finaldaaula.




n.cond

process drive

scCO,

=~ heat

O

A J

compressed nitfrogen

biomass
air

water

xergy surplus



It Is technically possible to capture atmospheric
CO2 and transtorm it to scCQO2 suitable for
geological storage:

Sun Powered CCS Machines...

As questoes postadas no Chatdo YouTube
aorespondidasao finalda aula.
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