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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.




Separation operations in the process industry:

e Correspond to approximately 40 — 90 % of total costs
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MOTIVATION:

what is the minimum amount of work
necessary for the separation of the
components of a given mixture ?
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Gas Volume!®)

Name Formula in ppmv(B) in %
Nitrogen Ny 780,840 78.084
Oxygen 02 209,460 20.946
Argon Ar 9,340 0.9340
Carbon dioxide CO2 397 0.0397
Neon Ne 18.18 0.001818
Helium He 524 0.000524
Methane CHyg 1.79 0.000179
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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 2" laws...

$ Exergy, Gibbs, etc.




AVAILABLE ENERGY:

“The greatest amount of mechanical
work which can be obtained from a I Willnd Gibb
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...”




DEFINITIONS

“Useful work potential”: is the maximum
amount of mechanical energy that one can s wir ciees
obtain from a system, the difference being

inevitably lost to the environment due to

the implications of the 2" law.

Available energy
Exergetic energy

EXERGY L) Availability

Reversible work
Etc.
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@ P, T ctes
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k entra saida
adiabatic minimum permanent absence of permanent
process separation work regime
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A+B @ P, T ctes
Tn /| - - dV - dX
0 C : : . C
k k entra saida
adiabatic minimum permanent absence of permanent
process separation work regime irreversibilities regime
entra saida




A+B iniini @ P, T ctes
Tn /) - - dV
0 C :
k entra saida
adiabatic minimum permanent absence of permanent
process separation work regime irreversibilities regime
entra saida

Exergy associated to the
= (h O S So ) + SO + process of reduction of the
level of disorder...

T=cte; gases ideais



Example: specific demand of energy necessary to separate
oxygen from the atmosphere

w

|

Yo OotynyN, —>1 - 1bar, 25°C

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

2—> YNy, (79% v/v)

W= Y mx, - D> mx,

entra saida

W — m02 ) (XOZ,e B on,l) T mNz . (XNZ’e N XN2’2)




Example: specific demand of energy necessary to separate
oxygen from the atmosphere

W — mOQ TO | (SOQ d SOQ ,e) + mNQ TO . (SNQ 2 SNQ'e)

Sey 1 —S )+mN2(s —5y o)
O, O,.e m—cr N, ,2 N, .e
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specific work— W = TO . [y02 (502 1 502 ,e) + YN2 (SN2,2 _ SI\l2 e )]

_ . . ) Exergy necessary for the disorder
W = TO [y02 ASOQ T yNg ASNQ ] level reduction process (separation)...
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THE TOTAL ENTROPY REDUCES DUE TO THE
SEPARATION PROCESS!
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w=1,- [Yo2 (502 Al SOg,e) T YN, (SNz 2 TN, e )]
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Obs: perfecto gases
T=cte=U=cfte



Trabalho de Compressao Isotérmica

0,21bar 1bar vacuum

separation >

pressure,

Pz_'

W =nRT-In(V, /V,)

initial W =nRT-In(P, /P,)

> W =nRT:-In(y) [y]l= mol/mol

Vv, ! volume
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AS=R- D>y, In(y, )
k

W=l - [yo2 -ASo_ + YN, -ASNQ]

W =Rl -Zyk -In(yk) [w] = ka/mol
k

\ J
|

MINIMUM SEPARATION WORK @
CONSTANT TEMPERATURE AND PRESSURE !



W=RT,- > v, In(y, )
k

-3
w=831419 %05, 97315 [0.21-IN(0,21) + 0.79 - In(0,79)]
mol -K
kJ
W = —] .274— « entering the cv
Mol
w=—1.274 K 1000 — —42.51ﬁ

mol 29,9/7kg/mol kg




Gas Volume®
Name Formula | in ppmv(®) in %
Nitrogen No 780,840 78.084
Oxygen 02 209,460 20.946
Argon Ar 9,340 0.9340
Carbon dioxide CO9 397 0.0397
Neon Ne 18.18 0.001818
Helium He 524 0.000524
Methane CH, 179 0.000179 ( )
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Gas Volume®)
Name Formula in ppmv(®) in %

Nitrogen N, 780,840 78.084

Oxygen Qs 200 460 20.046
— | Argon Ar 9,340 0.9340

Carbon dioxide COs 397 0.0397

Neon Ne 18.18 0.001818

Helium He 5.24 0.000524

Methane CHy 1.79 0.000179



Heating Values

Higher, Lower,
HHV LHV

Substance Formula (kl/kg) (kl/kg)
Ethylene C,H,(g) 50,300 47,160
Ethane C,H(g) 51,870 47480
Propylene C Hqlg) 48,920 45,780
Propane C;Hg(g) 50,350 46,360
Butane CHo(g) 49,500 45,720
Pentane CsH,.(g) 49,010 45,350
Octane CsHs(g) 48,260 44,790
Octane CgHys(1) 47,900 44,430
Benzene CsHglg) 42,270 40,580
Methyl alcohol CH,OH(g) 23,850 21,110
Methyl alcohol CH;OH(1) 22,670 19,920
Ethyl alcohol C,H;OH(g) 30,590 27,720
Ethyl alcohol C,H;OH(D 29,670 26,800
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Reference Sugarcane Production and Processing System

CO, water
sunlight water CO, 2t/h 1000 t/h

v ¥ ¢

20 ol 40 thI harvesting

[ sugar
(35 t/h)

ethanol
(42 m3/h)

electricity
(50 MW)

200 MUSS

_ 50-10°%kW _ 340 KW-S _ag0Kd . ofwhich 42.5ki/kg would be
ret 10%kg B kg B kg used to separate O, from the
500 atmosphere (~15%).

3600s
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Membrane Gas Separation
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Example: specific demand of energy necessary to partially
separate oxygen from the atmosphere

W < Wmin

|

product of interest (O,) exiting

product of interest (0O,)

entering at a specified input —>je

flow rate and concentration

1bar, 25°C

—> at a specified output flow rate
and concentration

—> other constituents

w. . =—42.51k]/kg
0/100% O,

Obs.: W, = for complete separation



Example: specific demand of energy necessary to partially
separate oxygen from the atmosphere

W < Wmin

|

Yer02OatYemz N, —> 1bar, 25°C

L %T Y1,02:02+Y1,mn2-N;

2 Hi Y2,02:02+Y2,n2-N>

w. . =—42.51k]/kg
0/100% O,

Obs.: W, = for complete separation



Example: specific demand of energy necessary to partially
separate oxygen from the atmosphere

W < Wmin

|

Yer02OatYemz N, —> 1bar, 25°C

L %T Y1,02:02+Y1,mn2-N;

2 Hi Y2,02:02+Y2,n2-N>

processo

adiabatico
Ta /N - - dVv - dX
0 C : : . C
z@_ G —[W-py e | S, = T, Xy =
k k entra saida
regime regime
permanente permanente

Obs.: W, = for complete separation



Example: specific demand of energy necessary to partially
separate oxygen from the atmosphere

W < Wmin

|

Yer02OatYemz N, —> 1bar, 25°C

L %T Y1,02:02+Y1,mn2-N;

2 Hi Y2,02:02+Y2,n2-N>

processo
adiabatico
Qk W — P E m,X, — E M X — Xost =
entra saida
minimo trabalho regime auséncia de regime
de separagao permanente irreversibiidades permanente

Obs.: W, = for complete separation



Example: specific demand of energy necessary to partially
separate oxygen from the atmosphere

W < Wmin

|

Yer02OatYemz N, —> 1bar, 25°C

L %T Y1,02:02+Y1,mn2-N;

2 Hi Y2,02:02+Y2,n2-N>

W= "mx, — > mx,

entra saida

W= (m02 eX0o,,e TIM\, XN, ,e)_ (m02 Xo, 1 My, XN, )+

cee — (mOQIQXOQ 2 + rhl\lz ,2XN2,2)

Obs.: W, = for complete separation



ART, —[y% N(Yo,. )+yN2,e|ﬂ(yN2,e)]+

[Yo2 IN(Yo, 1)+ Y, 1IN(YN,, )]

[YO2 N(Yo, 2)+ Yn, 2IN(Yn, 2)]




W < Wmin

l product of interest (O,) exiting
1 —> at a specified output flow rate
and concentration

product of interest (0O,)
entering at a specified input —fc 1 par, 25°C
flow rate and concentration

2 ——> other constituents

molar flow rate

No,1=No, e

concentration

Yo,1=Yo,e Yo, =100%

Obs.: W, for complete separation




W<W,

i

r.]e'yOQ,e —>  lbar, 25°C

—> Yo,

2 ——> other constituents

molar flow rate

nOQ,] = nOQ,e ______________________________________________ .i- __________

No, y / W=cte < Wy

concentration

Yo,1=100%

Yo,1=Yo,.e

Obs.: W, for complete separation




Construction of the theoretical
operational envelope...




variables/parameters
describing the problem = 15

Noze Yoz,e
Nn2e Ynze

:|>ne%e

1bar, 25°C

1No2,1 Yoz,1

Mnz,1 Yzt

1No2,2 Yo2,2

NMn2,2 Yn2,2



1= n, 1No2,1 Yo2,1
Mnz,1 Yzt

variables/parameters ___  no. yoz,e}neﬁe tbar 25°C

describing the problem = 15 Mze Ynze

> n, 1N02,2 Yo2,2
NMn2,2 Yn2,2

W

|

N nl_noz,1 Yo2,1
Mn2,1 Yt

parameters known a priori = 5 —> 0% Joze }ne —sl 1bar, 25°C

nN2,e YNZ,e

. n, 1No02,2 Yo2,2
NMn2,2 Yn2,2




- n, 1No2,1 Yoz,1

variables/parameters _ _ noye voue }n I - M1 Yo,
describing the problem = 15 e Ynze | € ' oy
' n,1 02,2 Y02,2
NMn2,2 Yn2,2
W

|

s nl_noz,1 Yo02,1
Mn2,1 Yt

parameters known a priori = 5 —> 0% Joze }ne —sl 1bar, 25°C

nN2,e YNZ,e

parameters calculated = 3 A, {Noz2 Yoz,2

NMn2,2 Yn2,2

YN =1=Yo,1 Yn,e=1-Yo,e
No2e =Yo,e Ne

Nze = YNy e Ne




variables/parameters

describing the problem = 15

parameters known a priori=5 —

parameters calculated = 3

Yn,1 = 1= Yo,

YNQ,e - ]_YOQ,e |

No2e =Yo,e " Ne

Noze Yoz,e
Nn2e Ynze

No2,e Yoz,e
nN2,e YNZ,e

Nuze = Yn,e Ne

Noze Yo2,e
Nn2e Ynze

1bar, 25°C

W

|

1bar, 25°C

W

|

1bar, 25°C

No2,1 Yo2,1
Mnz,1 Yzt

No2,2 Yo2,2

NMn2,2 Yn2,2

1No2,1 Yo2,1

Mn2,1 Yt

No2,2 Yo2,2

NMn2,2 Yn2,2

No2,1 Yo2,1
Mn2,1 Yz 1

No2,2 Yo2,2

Nn2,2 Y22

< YN, =1-Yo,,



variables/parameters
describing the problem = 15

parameters known a priori=5 —

parameters calculated = 3

Yn,1 = 1= Yo,

YNQ,e - ]_YOQ,e |

No2e =Yo,e " Ne

Noze Yoz,e
Nn2e Ynze

No2,e Yoz,e
nN2,e YNZ,e

Nuze = Yn,e Ne

Noze Yo2,e
Nn2e Ynze

1bar, 25°C

W

|

1bar, 25°C

W

|

1bar, 25°C

No2,1 Yo2,1
Mnz,1 Yzt

No2,2 Yo2,2
NMn2,2 Yn2,2

1No2,1 Yo2,1

Mn2,1 Yt

No2,2 Yo2,2

NMn2,2 Yn2,2

No2,1 Yo2,1
Mn2,1 Yz 1

No2,2 Yo2,2

Nn2,2 Y22

< YN, =1-Yo,,

coupled
equations



Functional iteration method

Noze Yoz,e

Nn2e Ynze

W
| |

}ne %E

1bar, 25°C

1 nl_noz,1 Yo2,1
Mnz,1 Yz 1

= n, 1N02,2Y02,2

NMn2,2 Yn2,2

coupled
equations



Functional iteration method W

J— [n 1No2,1 Yo2,1
1
n y Mnz,1 Yz 1
Oze (P%E Ln, — 1bar, 25°C
Nnze Ynze | € ’n coupled
:—> n,q 022 Yo2,2 equations
NMn2,2 Yn2,2
Mass balances:
No2e =No21 T No2o
Yooe ‘Ne =Yo21 M+ Yoo Ny
ﬁne =N, +n,
Yo2e *Ne =Yo21 N+ Yoo - (Ne —Ny)
~ Yo2e ‘Ne =Yoo M ~ Yo2e = Yoo1 M /Ng
Yoo = —>Yox =
N, —N, 1-n,/ng

Eq.l/T




Functional iteration method W

. nl_n02,1 Yo2,1
Noy e Y Mnz,1 Yz 1
nOZ,e yOZ,e N, —>  1bar, 25°C ed
N2,e YN2,e couple
n .
:—> n,q 022 Yo2,2 equations
NMn2,2 Yn2,2

Exergy balance:

W
o —[yoﬁln(yoge)+yNQe|ﬂ(yNQe] [y% IN(Yo, )+ Y, IN(Yn, 1)]+
0

e

——[y02 IN(Yo, 2)+ Y, 2| (VNQ,Q)]

n 1 W

. ([YOQ,G |n(y02le) + yNQ,e |n(YN2,e )]_ neRTO .

e [y02,1|n(y02,1)+YN2,]|n(yN2,])]
Eq.24T

__[YO2 IN(yo,2)+ Yn, 2 |n(YN22)]]

Ny /Ne =1-Nny /N j Yszz]—Yozz—T
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—— Eqg.l > EQ.2 >




MODIFICATION OF THE ITERATION DIAGRAM...

X = 9 '(f(x,))

f(x)

N1 /Ne Yo22 N1 /Ne
Eq.1 > EqQ.2 >
Y022\ N1 /Ne Yo22

Eq.i

Eq.ii

X = Xg x f(X)

(%)
(Xl = [Xc] = [JGC]_][f(Xk)]



Solution by the Newton-Raphson method: 1D

/
3

Equation of tangent line:
y=a-x+b
a=T(xo)

f(xg)=1"(Xg) Xo + b

Root of tangent line:

X=-Pb/a

f(Xo)

X; =Xy —
L o)

\ b = f{xo) = F(Xo) - Xo

Recurrence formula:

1
j> X = X — (%) x F(X, )

59
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'UVOQ,e IN(Yo,.e)* Yn,e ln(yNQ,e)]— -
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1 nl_noz,1 Y02,1

Mn2,1 Yot

1No2,2 Yo2,2

Mn2,2 YNz,

W

e

J \
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J
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|
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N .M
ne ne
—— Yo =
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Next class: CHEMICAL EXERGY

PO 'TO

CH.O. +(a+b/4-c/2)-(0,+3.76N,) — a-CO,+b/2-H,0

COHbOC —> ||q_

(a+b/4-c/2)- (O, +3.76N,)—>| gas

chemical
reactor

lig. —— b/2-H,0

|

W,

max

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