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EXERGY ANALYSIS:
Gibbs free energy and chemical exergy
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Potential to generate work from differences in chemical composition
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Available energy
Exergetic energy

DEFINITIONS Reversile work

Etc.

Exergy...

J. Willard Gibbs

def
X=(U-Up) +P,(V-Vp) - To(S-5Sy)
\ J

!
thermodynamic exergy

XZ(U—U,)+P,(V-V,)=T,(S—S,) +EP +EC
\ )\

| |
thermodynamic exergy mechanical exergy

J

J | J
| ! |

exergia exergia exergia
termodinamica mecanica quimica

XZ(U-U,)+P,(V-V,)=T,(S-S,)+EP +EC +[EQ
\ ] |




THERMODYNAMICS OF CHEMICAL REACTIONS:
Gibbs free energy and chemical exergy
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Entry point:

How to quantify the spontaneity of a bio,
thermo or chemical process ?
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GIBBS FREE ENERGY:

Assessing the spontaneity of a process:
thermodynamic potential that vanishes when
the process reaches equilibrium at constant
temperature and pressure ... A




GIBBS FREE ENERGY:

Assessing the spontaneity of a process:
thermodynamic potential that vanishes when
the process reaches equilibrium at constant

temperature and pressure ... J Willrd Gibbe
Gibbs free energy DOLE BT
Gibbs function ALIVE
GIBBS FREE ENERGY [ > Gibbs potential ¥
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T=T¢

Npg) + Ogg) = 2NO,



T=T¢

Npg) + Ogg) = 2NO,

AH= Y H(T)= > H(T)

prod reag



T=T¢

Npg) + Ogg) = 2NO,

AH = > H(T)= 2 H(T

prod reag

kJ
Mol

AH = 2(90,29 j 1.(0+0)=+180,58 kJ




T=T¢

Npg) + Ogg) = 2NO,

AH= Y H(T)= > H(T)

prod reag

kJ
Mol

AH = 2.(90,29 j 1.(0+0)=+180,58 kJ

Endothermic —

A energia necessaria para a reacao pode ser vir
de uma fonte externa, ou da prépria
temperatura das moléculas...




CONJECTURES:

AH > 0 (endothermic) — “less” spontaneous

AH < 0 (exothermic) — "more” spontaneous

-
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Case 1: AH< 0 e AS > (0 aweniver
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greater

Case 1: AH< 0 e AS > (0 aweniver

energy

“0 ¢
®

Crash test: two
cars hitting each
other and
spreading various
pieces...



greater

Case 1: AH< 0 e AS > 0 oo

energy

G % G Crash test: two
cars hitting each
G Q other and

spreading various
pieces...

Spontaneous in the indicated sense (Vv Temperature)

e Opposite sense — smaller probability of three molecules bumping into
each other at the same time to form two molecules

e The products (three molecules) are at a lower energy level compared
with the reagents (AH<O0)




smaller

Case 1: AH< 0 e AS < Q awniver
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smaller

Case 1: AH< 0 e AS < Q awniver

energy

% “Inverse” crash test:

G.G many parts bumping
into each other

0 assembling a car...

Conditionally spontaneous in the indicated direction

e Low temperature: favors spontaneity (greater and better contact time
for the parts to assemble in the correct way...)

e High temperature: hinders spontaneity (contact time is too short and
kinetic energy is too high...)




Spontaneity Table

AH < 0

AH > 0

AS > 0

AS <0

less disorder




Spontaneity Table

AH <0 AH > 0

AS > 0 ?




Spontaneity Table
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endothermic

spontaneous




Spontaneity Table
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Spontaneity Table

AH < 0

AH > 0

endothermic

AS > 0

spontaneous

AS <0

less disorder




Spontaneity Table

AH < 0O AH >0

exothermic endothermic

AS > O spontaneous ?

AS < O non spontaneous
less disorder




Spontaneity Table

AH < 0 AH >0

exothermic endothermic
spontaneous at
AS > O Spontaneous high temperatures




Spontaneity Table

AH < 0 AH >0

exothermic endothermic
spontaneous at
AS > O Spontaneous high temperatures




Spontaneity Table

AH < 0 AH >0

exothermic endothermic

spontaneous at
AS > O Spontaneous high temperatures

more disorder

AS < O spontaneous at
U 9]0 adl 1E0
low temperatures

less disorder




Spontaneity Table

AH < 0 AH >0

exothermic endothermic
spontaneous at
AS > O Spontaneous high temperatures

more disorder

AS < O spontaneous at
U 9]0 adl 1E0
low temperatures

less disorder

water : ice




Prop

AG = A(AH)+B(T,AS)

J. Willard Gibbs

A measure of a processes' spontaneity:
thermodynamic potential that vanishes when
the system reaches equilibrium
at constant pressure and temperature...




Prop

AG = A(AH)+B(T,AS)

J. Willard Gibbs

def ntaneous
G0 AG :{<O—>spo

>0 — non spontaneous

dG>0 dG=0




Prop

AG = A(AH)+B(T,AS)

AG det (< 0 — spontaneous
>0 — non spontaneous

AH < 0

exothermic

AH > 0

endothermic

AS > 0

more disorder

spontaneous

spontaneous at
high temperatures

AS < 0

less disorder

spontaneous at
low temperatures

non spontaneous

J. Willard Gibbs



Prop

AG = A(AH)+B(T,AS)

J. Willard Gibbs

Prop
AG = —+ AH — ... AS « different physical units

AH< O AH >0

exothermic endothermic

spontaneous at
AS > 0 spontaneous high temperatures

more disorder

spontaneous at
AS < 0 low temperatures hon spontaneous
less disorder




Prop

AG = A(AH)+B(T,AS)

J. Willard Gibbs

Prop
AG = +AH+...—T-AS

AH< O AH >0

exothermic endothermic

spontaneous at
AS > 0 spontaneous high temperatures

more disorder

spontaneous at
AS < 0 low temperatures hon spontaneous
less disorder




Prop

AG = A(AH)+B(T,AS)

J. Willard Gibbs

def
AG = AH=T-AS

AH <0 AH > 0

exothermic endothermic

spontaneous at
AS > 0 spontaneous hch temperatures

more disorder

spontaneous at
AS < 0 low temperatures non spontaneous

less disorder




Prop

AG = A(AH)+B(T,AS)

J. Willard Gibbs

de<C G d:c H-T-S




Practical application:

-



Example: spontaneity analysis of carbon monoxide oxidation in
function of the temperature

] latm
COg + 502(9) — COyg)

energy

:

CO —
] To CO,
" 2
2
The energy content of the
combustion products is

inferior to the reagents



Example: spontaneity analysis of carbon monoxide oxidation in
function of the temperature

] latm
COg + 502(9) — COyg)

kinetic energy of the
molecules (temperature)

energy

:

{ Drawn from the translational




Oxidation occurring @ T¢ (25°C = 298K)

def

AG = AH-T-AS

AH? = > nAh?, - > nAhY,

prod reag

AS* = » nAst — > nAsh,

prod reag



Charted data...

ARh? - =-110,53 kJ/mol AS? 6 =197,67 J/mol /K
Ahfo, =0 As?o =20514J/mol/K
AR? oo, = -393,51kJ/mol A} o, =213,74J/mol /K

Cp.0, = 29.38 J/mol

CP,C02 — 37,] ] J/mO|




AH® = > nAh!, - > n AN,

prod reag
AH? = [1-(-393,51)]-[1-(-110,53) +1/2-(0)]

AH® =-282,98 kJ

AS® = ¥ NS, — > N ASY,

prod reag
AS® =[1-(213,74)|-[1-(197.67) +1/2-(205,1 4)]

AS® = 8653
<



AG? = AH* —T- AS°

AH? =-282,98kJ AS® =-86,5 %

AG? = —282,98 kJ— 298K - (-86,5-10° kJ/K)

AG® = 257,203 kJ

] latm
CO(g) + 502(9) —> COQ(Q) > Spontaneous @ latm, 25°C




Oxidation occurring @ T = T¢ (Hess law)

] :eoc;do
T=T COg +5 2 - COyyg)
A
cooling ACO A02 ACOQ heating
 /  /
] rTiac;c“Jo
T=T CO + 502(9) - COyyg)
AH. = A +An +AHT  +A
reac -~ —CO O, reac cO,




T

T

Oxidation occurring @ T = T¢ (Hess law)

] AH:eoc;do
- T¢ COg +5 2 - COyy
A
cooling ACO A02 ACOQ heating
v v
d) ] AHrTiac;do
=1 COg + 5 Oag - COyy

T
AI( — ink J‘T(I) CP,I( ) dT

A, =xtnCp ) - (T- T%)



Oxidation occurring @ T = T¢ (Hess law)
A =£nCp - (T-T*)
Croo=2914J/mol  Acg=-1-2914-(T—-298) = -29,14 (T -298)
Cro,=2938J/mol Ao, =-1/2-29,38-(T—298)=-14,69 - (T —298)

Creo, =3711J/mol  Aco, =+1-37,11-(T - 298) = +37,1 1-(T - 298)

AH!

reac reac

AH'

reac

= (-2914-14,69+37,11)-107 - (T—298) - 282,98

AH!  =-280,98-6,72-107-T

reac




Oxidation occurring @ T = T¢ (Hess law)

T=T CO) + %Oz(g) S7 COyy
AN
cooling [Aco Ao, Aco, | heating
\ 4 v -
T=T COy + %OQ(Q) 57 COyy

TC
AI( :ink"‘q)TP,k.dT ObS.:Pk=Cte
T




Oxidation occurring @ T = T¢ (Hess law)
A, =+n,Cp, - IN(T/T)
Croo=2914J/mol  Aco=-1-2914-In(T/298)=-29,14-In(T/298)
Cro,=29.38J/mol  Ag =-1/2-29,38-In(T/298)=—-14,69-In(T/298)

Coco, =3711J/mol Ao =+1-3711-In(T/298) = +37,1 1-In(T/ 298)

AS!

_ T
reac =Aco +Ap, +AS +Aco,

reac

AS!

reac

=(-2914-14,69+37,11)-In(T/298) - 86,5

AS) . =—86,5—6,72-In(T/298)

reac



Oxidation occurring @ T = T¢ (Hess law)

AHlooe =-280,98-672:-10°-T  |aHL .| =kl
AStoee =-865-672:In(1/298)  [asT .| =)

AG® = AH? —T. AS

AG!

reac

= -280,98-6.72-10°%.T-T-[-86,5—6,72-In(T/298)]- 10

AG!

reac

= —28098+T-79,78 +6,72-In(T/298)]-107°




] latm
COy + 502(9) — COyy)

200 | | | |
kJ spontaneous non spontaneous
100 J,_..-/
2679 °C /
0 /
AG(T) /
-100 f//
=300 '_,-""'/
=300 . . - .
0 500 1000 1500 2000 2500 3000 3500 4000
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100

AG(T)

=100

=200

=300

1

latm
COy + 502(9) — COyy

| |
spontaneous

non spontaneous

e

2679 °C /
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e
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CHEMICAL EXERGY

-



The capacity of generating
useful mechanical work
(exergy) Is a COMBINED
environment/system

property...
\

~

EQ

XZ(U-Uy)+P,(V-V,)=T,(S—S,)+EP +EC +
\ ]\

J |

J

| !

|

thermodynamic mechanical chemical

exergy exergy

exergy



Chemical exergy:

the maximum quantity of useful

mechanical work that can be obtained

from a system when it chemically
transforms itself until chemical

equilibrium is stablished with

the

environment..|—

Name Formula
Nitrogen No
Oxygen 09
Argon Ar

Carbon dioxide CO29

Neon Ne
Helium He
Methane CHy

Volume®)
in ppmv(® in %

780,840 78.084

209,460 20.946

9,340 0.9340

397 0.0397
18.18 0.001818
524 0.000524
1.79 0.000179

J. Willard Gibbs

85 km

50 km DIEID

i :‘  weatmer Baioon

temperature increases to 2000
deg

But atmosphere is so thin it feels
cold

Includes the lonosphere - creates
Auroras and important for radio
waves

atmosphere becomes much
thinner
temperature decreases 2 deg/km

temperature increases 1 deg/km
19% of gases, but little water vapor
contains the important ozone layer

80% of mass of atmosphere
temperature decreases 6 deg./km
All weather occurs here



Standard Chemical Exergy of Atmospheric Gases:

Bringing earth’s atmosphere to its pre industrial

revolution composition



Recovering the pre industrial revolution atmosphere

2016
“environment”

- -
_ ~




Standard Chemical Exergy of Atmospheric Gases
Py =1bar, Ty, =25 °C

Py, =1bar, T, =25°C
P2 = Xen2Po

Gas Volume®

def
ch 7~
e, =W

Name Formula in ppmv® in %

{ nitrogen Ns 780 840

78084 |
Oxygen

209,460 20.946

rev

Argon

9,340 0.9340

Reversible expansion work
from Py to Py, @ T=T, (cte)

W,., = Rl -In(PNe2 /P,)

Carbon dioxide

397 0.0397

Neon

18.18 0.001818

Helium

524 0.000524

Methane

1.79 0.000179

Wrey = —RTj ln(XIEIZ)



Standard Chemical Exergy of Atmospheric Gases

atmosfera = “estado morto”

Gas Volume!®

Name Formula in ppmv® in% eﬁg — _RTO * |n (Xﬁlz) — cee
T T e T ae ] ]
Argon Ar 9,340 0.9340 coe — —8314 ’ (25 + 2731)'( ’ |ﬂ (0781)
Carbon dioxide | CO; 397 0.0397 Mo
mrm Jen | | o ez =613.2J/mol
ed) =RT, - In(x5,) =...
/ ..=—-8.314 (25 + 273.1)K - In(0.2095)
u molK

ed) =3874.9J/mol

Extracting O, from the atmosphere requires more exergy than
extracting N, because its molar concentration is smaller




Standard Chemical Exergy of Atmospheric Gases

atmosfera = “estado morto”

Gas Volume!®

Name Formula  in ppmv(® in % ei\}: — _RTO . |n (Xir) — e
Nitrogen Na 780,840 78.084
Oxygen 0, 209,460 20.946 J
= e o ..=-8.314 (25 + 273.1)K - In(0.00934)
Carbon dioxide | CO; 397 00397 Mo
Neon Ne 18.18 0.001818
Helium He 5.24 0.000524 ei\? — ‘| ‘| 5846 J / mO|
Methane CHy 1.79 0.000179

h

/ ...=—-8.314 ) (25 + 273.1)K -In(0.000397)
u mMolK

e, =19413.0J/mol




Standard Chemical Exergy of a Mixture of Environmental Gases

I:)O’TO

I:)O1TO

Generic environment

e =—RT, > %, -In(xg /x,)
' Y x°.Comp,
. . . k
The weighted sum of reversible expansion K
works @ T=cte of each mixture component

expanding from x,-P, to x&-P,

e =—RTy > x (Inxg —Inx,)=...

Compositional differences enable
the production of work...




Standard Chemical Exergy of a Mixture of Environmental Gases

e =—RT, > x, {Inxg —Inx, ) =...
X
< e =—RT, -In(x¢)
X

X
Chemical exergy based on Molar concentration defines a “chemical
a model environment distance” to the environment

X, =X Vk = e"=0




Standard Chemical Exergy of a Mixture of Environmental Gases

e =—RT, > x, {Inxg —Inx, ) =...

X
< e =—RT, -In(x¢)
X

X
Chemical exergy based on Molar concentration defines a “chemical
a model environment distance” to the environment

X, =X Vk = e"=0

Chemical exergy can also be defined as the minimum amount of
mechanical work necessary to reconstitute the state and
composition of a system from the environment through
compression, chemical reaction, etc.




Recovering the pre industrial revolution atmosphere

2016
“environment”

- -
_ ~




Recovering the pre industrial revolution atmosphere

2016 1800
enwronment

444 :;’:
i}& s:ﬂgi‘r =




Recovering the pre industrial revolution atmosphere

2016 1800

But is it feasible ? What is the minimum amount of
exergy necessary to remove CO2 from the atmosphere
so that its concentration drops to levels prior to the
iIndustrial revolution ?



Recovering the pre industrial revolution atmosphere

2016 1800

“environment” “system”
(x5, | [78.0840% )
| X, | _)20.9460% | ) >
XS, 0.9340%
(Xcoz | 1[0.0360%]. ‘\ (Xcoz ) { O-OPTO% ,
1-X
X = 1% e Xy
—Xco2

Winin = —RTo D X (Inxg =Inx, ) =....



Recovering the pre industrial revolution atmosphere

Winin = —RTo D X (Inxg =Inx, ) = ...

w, . =-8.314(25+ 273.15)[0.780887(In(0.78040) — (In (0.78088) ) + 0.209473...

gas Lﬂﬁ:ﬂ J Wmin — _OO] 3] 5~J / mO| __ total mas of earth’s
W =-0.01315—>x ! « 5.1480x10'® kg
MOl 26T3.97g/mol

atmospheric air

W._. =-2.337x10"° J

in o

Wiorig = 78.4 x 1018 J ~ eleven days !

(world power consumption)




1.6 Cost of CO, Capture 27

100

%

ml
+ 74% Capture

2nd-Law Efficiency (%)

0.01
Hg #
90°% Capture
0.001 . a . . : : i i i
1.E+00 1.E-01 1.E-02 1.E-03 1E-04 1E05 1.E06 1E-07 1E-08 1.E-09

Mole Fraction (decreasing)

Fig. 1.12 Plot showing the relationship between the 2nd-law efficiency and concentration of initial
gas mixture

that low-sulfur Appalachian bituminous coal was burned in a 500-MW utility boiler.
The capture technologies assumed for CO,, SOy, NO,, and Hg consisted of amine
scrubbing, wet flue gas desulfurization, selective catalytic reduction, and activated
carbon injection, respectively. In the case of NGCC, precombustion separation based
upon amine scrubbing is assumed for a 477-MW plant|It is interesting to note that

the 2nd-law efficiency decreases with decreasing CO» concentration [48].
plies that there are still efficiencies to gain in SO, NO,, and Hg capture since these
processes do not include regeneration, yet they still follow the trend,

48, House KZ, Baclig AC, Ranjan M, van Nierop EA, Wilcox J, Herzog HJ (2011) Economic and
energetic analysis of capturing CO; from ambient air. Proc Natl Acad Sci U S A 108(51):20428—
20433

Ihy /.
‘. ’/’" »

Jennifer Wilcox

Carbon

Capture

Q_: Springer




Chemical exergy of substances not present in the environment

The chemical exergy of any substance can be determined considering its chemical
transformation to the environment constituents ...

____________________________________________________________

ambiente
a To, Po

(xS, =78.0840% | |
xS, = 20.9460 %t-- -

xS, =0.9340%
xS, = 0.0360%

N

'

infinite supply




Chemical exergy of substances not present in the environment

The chemical exergy of any substance can be determined considering its chemical
transformation to the environment constituents ...

ambiente

__________________________

=la-heg, +b/2-hpo |-l +(@+b/4-C/2)-h,]  1e0e

Q
_I_VC +S|: +(O+b/4_c/2)802_0SCOZ_b/ZSHZO +Gvc/n|: :O b_entropia
0




opia
ntr
b. e
0

/Ne

+ O,c

O

" SH2

/2

o

2

O

. SC

@)

2

) So

/2

C

4 —

b/

_|_

(a

_|_

S¢

_|_

vC

T



QTVC +Sp+(a+PD/4-C/2)- 50, —QSco, =0/ 2:Sp0 + 0y /M =0 b entopia
0

Qe :_To'[SF +(O+b/4_c/2)'502_O°SC02_b/2'SHZO+Gvc/nF]



C+se+(a+b/d4-c/2)-S5, —A-Sco, —0/2:S 0 +0,. /N =0

TO
Que =—To-[se +(@+D/4—-C/2)-50, Q- Scop =0/ 2 Syp0 + O ye /1]
> W
Civc - —|a-heo, +072 o |- |he +(@+b/4-c/2)-hg, ]
F F

b. entropia

1a Lei



=+ +(a+b/4-C/2) 50, —A:Sco, =0/ 250 +0,c /N =0 b entopia

To
Que =Ty [s: +(@+b/4-C/2)-50, —A-Scop D/ 2-Sip0 + 0y /e
> W,
C?\vc - nvc :[O°hC02 +b/2'hHZO]_[hF +(o+b/4—C/2)-h02] 1@ Lei
F F
W, b c o b cC o Gye
. :{hF+(O+Z—Ej'hoz—O-hcoz—Etho}—To'{SF+(O+Z—E)‘502_O‘Scoz_E’SHzo _Ton—F




=+ +(a+b/4-C/2) 50, —A:Sco, =0/ 250 +0,c /N =0 b entopia

TO
Que =—To |5 +(@+0/4-C/2)-56, Q- Scop =0/ 25150 + 6, /1]
> W
Civc - —|a-heo, +072 o |- |he +(@+b/4-c/2)-hg, ] 1 Lei
F F

c b cC b b cC o
ef” :|:hF+(O+Z_Ej°hOZ_O'hCOZ_E'hHZO:|_TO'|:SF+(O+Z_EJ'SOZ_O'SCOZ_E°SH20:|

Enthalpies and entropies are calculated at T, and at
the corresponding partial pressure of the
environment component...




I:>O'T0
CHO. +(a+b/4-c/2).-0, — a-CO,+b/2-H,0

]\ J ( ]\ J

Y Y Y Y
sélido, liquido gas gas gas

ou gas X*02-Po X*cozPo X*02"Po

b cC b
|:hF +(O+Z _Ej'hoz(To)_C"hcoz(To)_E’tho(To)} + ...

)

Y
gas ideal, h = h(T)

b ¢ o
=T '{SF +£C' +Z _E]’Soz(Po'To)_O’Scoz(Xce:oz 'PO'TO)_E°SHZO(XﬁZO Py, To)

( J
Y

gas ideal, s = ...

Se(xg Py To) =5 (P, Ty) —R-In(xg)

{7

ds=CP-$—R- 5 < gas ideal




I:>O'TO
CHO. +(a+b/4-c/2).0, — a-CO,+b/2-H,0

( ]\ J ( ]\ J
Y Y Y Y

sélido, liquido gas gas gas

ou gaS Xeoz'Po XeCOZ'PO XeOZ'PO

b c o
e" = h. + c1+9—S -hoz—o-hCOZ—E-tho —To|Sg+| A+ —=——=1|So, —O*Scor — = Shoo +...
4 2 2 (Po.To) 42 2 (Po.To)

(Xe )G+b/4—c/2
... +RT,In eozg 7
(XZo2)™ * (Xi0)

Obs: se o componente for
liguido ou sélido, x®q, = 1.




I:>O'TO
CHO. +(a+b/4-c/2).0, — a-CO,+b/2-H,0

( ]\ J ( ]\ J
Y Y Y Y

sélido, liquido gas gas gas

ou gaS Xeoz'Po XeCOZ'PO XeOZ'PO

b c o
e" = h. + c1+9—S -hoz—o-hCOZ—E-tho —To|Sg+| A+ —=——=1|So, —O*Scor — = Shoo +...
4 2 2 (Po.To) 42 2 (Po.To)

(Xe )G+b/4—c/2
... +RT,In eozc 7
(XZo2)™ * (Xi0)

Obs: se o componente for
liguido ou sélido, x®q, = 1.

def
G=H-T-S

J. Willard Gibbs



I:>O'TO
CHO. +(a+b/4-c/2).0, — a-CO,+b/2-H,0

( ]\ J ( ]\ J
Y Y Y Y

sélido, liquido gas gas gas
ou gas Xeoz'Po XeCOZ'PO XeOZ'PO
er = 275 ‘h _’tho} _TO'{SF‘F(CH'Z_EJ'SOZ_O°SCOZ_E'SH20:| +...
(Po.To) (Po.To)

(Xe )G+b/4—c/2
A RT I 22—
(XZo2)™ * (Xi0)

Obs: se o componente for
liguido ou sélido, x®q, = 1.

: J. Willard Gibbs

c b cC b e
er" :{QF +(Q+Z—E]'Qoz —0-Gcoe _E'gH20:| +RT0IH{ xc,

a+b/4-c/2
) }

b/2
(Po-To) (X(e:OZ)O ) (XﬁZO)



b cC b x & a+b/4-c/2
ch:{QF"{CHZ_E]'goz_Q'gcoz_E'QHzo} +RTOIH{ IXo,)
(Po.To)

o
(X2o2)” - (Xiz0) /2

Obs.1: the first term in the right side corresponds to the reaction’s total Gibbs free energy
variation... Therefore, the more spontaneous the greater the chemical exergy ...

Obs.2: To bring all calculations to a common energy reference the Gibbs free energies can be
calculated according to the following

(TO'P )_ gformogao T [g(T 'P ) ref' ef)]

(X(e)z)0+b/4_C/2

_(Xce:oz)OI - (XH20




Exergy analysis of an internal
combustion engine

atmospheric air
@ 25°C, 1bar

1.25 kg/min CgHyg
@ 25°C, 1lbar

e
yo

combustion gases
@ 890K, 1bar




[CaHigio) +125-O, + 47N, |

Model do Environment

Exergy analysis of an internal combustion engine

25°C 1bar

Temperature
Pressure

Composition

T,=298.15K

P,=1atm

(i) Atmospheric air saturated with H>O at T,, and P, having the

following composition:

Air constituents  Mole fraction

N
0,
H,0
Ar
CO,
H>

0.7567
0.2035
0.0303
0.0091
0.0003
0.0001

(ii) The following condensed phases at T, and P,:

Water (H,O)

Limestone (CaCO3)
Gypsum (CaSOy - 2H,0)

Source: Adapted from Gaggioli and Petit (1977).

0

combustion gases
@ 890K, 1bar

—> [8 * COZ + 9 ¢ HZO(gOS) + 47 ° NZ]

890K 1bar

atmospheric air
@ 25°C, 1bar

1125 kg/mln C8H18
@ 25°C, 1bar




Exergy analysis of an internal combustion engine

[CaHigio) +125-O, + 47N, | —[8-CO, +9-H,0, 40 + 47N, |

25°C 1bar 890K 1bar

1alei—» Qe — Wy =Ng- th — th

prod reag

atmospheric air
@ 25°C, 1bar

1125 kg/mln C8H18
@ 25°C, 1bar

combustion gases
@ 890K, 1bar



Que

B ch

N

= [8-(h + Ah)ey + 9+ (N + Ao + 47 - (N + Ah)y, |+ ...

Exergy analysis of an internal combustion engine

[CeHigig) +125-0, +47-N, ], —[8-CO, +9-H,0, 40 + 47N, |

5°C 1bar 890K 1bar

1alel — ch _ch =Ng - th - th

prod reag
atmospheric air
@ 25°C, 1bar

1.25 kg/mln C8H18
@ 25°C, 1bar

.......

combustion gases
@ 890K, 1bar



Exergy analysis of an internal combustion engine

=0

Qv _Wv
Cn c = [8 (hf + Ah)eo, + 9+ (N7 + Ah)pog) + 47 (/? + Ah)N2]89OK,1bGr + ...
F

=0

=0 =0 =0 =0
e T [1 (h? + %)C8H18(qu) +12,5- (7’? T A/4)oz + 47 (/S + %)NZ ]25°C,1bor

Entalpias de formacéo Entalpias sensiveis
h?,csms(nq) — _249.910kJ/mol Peo, =8/(8+9+47)-1=0125bar — h-5,(890K) = 49.811kJ /MmOl
N cone = ~393.520k)/mo — Neo, (298K) = 22.293kJ/ mol

N ho0g = —241.820kJ/mol Pve =47/(8+9+47)-1=0,734bar — hy,(890K) = 26.573kJ/mol

— Ny, (298K) = 8.661kJ /Mol

Pioo =9/(8+9+47)-1=0141bar — h,5(890K) = 65.472kJ/ mol
— h,(298K) = 45.871kJ / mol

— h,,6(298K) =1.877kJ /MmOl



Exergy analysis of an internal combustion engine

=0

Q.. — W
Vcn e = [8 (hf + Ah)eo, + 9+ (N7 + Ah)pog) + 47 (/? + Ah)N2]89OK,1bGr +...
F - =0 =0 -0 =0
ves T [1 (hy + %)osmsuiq) +12,5- (7? + A%)oz + 47 (/f + %)NZ ]25°C,1bor
- fsvc - 3170 = [8-(~393.52 + 49.81— 22.29) + 9- (—241.82 + 65.472 — 45.871) + 47 - (0 + 26.57 — 8.66)] + 249.91
60 0.11422

Q,. =—-329.73kW

ve —




Exergy analysis of an internal combustion engine

1.25 kg/min CgHig 496 HP
—_ e
@ 25°C, 1bar Sty 370 kW

atmospheric air

combustion gases

@ 25°C, 1lbar @ 890K, 1bar
.Qgcomb
gases de combustdo
@ 298K, lbar
Q,. =-329.73kW
oo = shaft mehanical power .
I°Lei — . —
© supplied heat e
We' O
MNieei = > = Mmaox

Weixo + ch + C‘)gcomb



heo, (890K) = 49.811kJ /mol
heoa (298K) = 22.293kJ/mol
hy, (890K) = 26.573kJ/mol
hy, (298K ) = 8.661kJ/mol
hupyo (890K) = 67.439kJ /mol
hypao (298K ) = 45.871kJ/mol

Exergy analysis of an internal combustion engine

1.25 kg/min CgHyg 496 HP
—_—) e
@ 25°C, 1bar P =% 370 kW
atmospheric air combustion gases
@ 25°C, lbar @ 890K, 1lbar
. Qgcomb
gases de combustao
@ 298K, 1lbar

Q,. =-329.73kW

[8-CO, +9-H,0,40y +47- Nz]sgommr —[8-CO, +9-H,04 + 47N, ]Z%Kllbor

Qgcomb
1.25/60/0.11422 B-hco, +9-huo +47 0y Ly e, ~B-Nco, +9-No +47 0 Ly
Q
geomp =8-(22.293 - 49.811) +9-(1.877 — 65.472) + 47 - (8.661 — 26.573) = —298.088kW

1.25/60/0.11422



Exergy analysis of an internal combustion engine

1.25 kg/min CgHig 496 HP
@ 25°C, 1bar P = 370 kW

atmospheric air
@ 25°C, 1bar

combustion gases
@ 890K, 1lbar

.Qgcomb

gases de combustdo
@ 298K, lbar

Q,. =-329.73kW

Qfomec = Weixo + ch + Qgcomb

Qioroe =370 + 329.726 + 298.088 = 997.814kW



Exergy analysis of an internal combustion engine

1.25 kg/min CgHyg 496 HP
@ 25°C, lbar . = = 370 kW

CQfomec
atmospheric air combustion gases
@ 25°C, 1bar @ 890K, 1lbar
Heating Values . gcomb

Higher, Lower, gasze 5’ 8ge fl:c)) mbustdo

HHV LHV @ » oar
Substance (kJ/kg) (kl/kg) _

Q. =-329.73kW

Butane 49,500 45,720
Pentane 49.010 45,350
| Octane 48,260 44,790 | Qfomec = Weixo + ch + Qgcomb
Octane 47.900 44,430
Benzene 42,270 40,580

Qioroe =370 + 329.726 + 298.088 = 997.814kW

Qiomec = % 48260=1005.417kW



Exergy analysis of an internal combustion engine

1.25 kg/min CgHig 496 HP
—> D
@ 25°C, 1bar 370 kW

atmospheric air

combustion gases

@ 25°C, 1bar @ 890K, 1bar
Q,. =-329.73kW
S pot.mecdnica liquida n
el calor fornecido =~ "M%
370
NieLei = =37.1% <Npox 217

370 +329.726 + 298.814



Exergy analysis of an internal combustion engine

1.25 kg/min CgHig 496 HP
—_ e
@ 25°C, 1bar 370 kW

atmospheric air
@ 25°C, 1bar

combustion gases
@ 890K, 1lbar

Q,. =-329.73kW

available exergy
supplied exergy

Noolej =



Exergy analysis of an internal combustion engine

Supplied exergy corresponds to the
maximum mechanical power that
can be obtained when fuel is being |1.25 kg/min CgHig 496 HP
chemically transformed to the @ 25°C, 1bar s T 370 kW
environment components..

Compounds present in the atmospheric air combustion gases

environment @ 25°C, 1bar @ 890K, 1lbar
Q,. =-329.73kW
Moot = available exergy
“t T supplied exergy
shaft mechanical power
Noolei =

fuel exergy content



Exergy analysis of an internal combustion engine

b c o
=9t CHZ_E 'goz_O‘gcoz_E’gHzo +RTyIn
(Po.To)

Csg ngﬁa:& b=18, c=0

ef" =[gr +12.5- 90, =8+ Geop — 9 gHZO](PO,TO) +RT, |n{

(X82)0+b/4—c/2 :|

o
(X2o2)” - (Xi20) /2

(xS2)** }

8
(XCo2) - (Xﬁzo)g

x5, = 0.7567molar g™ =6.610kJ/mol
xS, = 0.2035molar g&? = 0kJ/mol

XS0, = 0.0003molar o3, = -394.38kJ/mol
X&,0 = 0.0312molar glos =—228.59kJ/mol

T— Mto Varigvel...




Exergy analysis of an internal combustion engine

b c o
ef" =| O +| A+ —=—=|"Jo2 — - Feos — = o +RTyIn
4 2 2 (Po.To)

Csg ngﬁa:& b=18, c=0

ef" =[gr +12.5- 90, =8+ Geop — 9 gHZO](PO,TO) +RT, |n{

I

ec" =[6.61+12.5-0—8-(~394.38) - 9 - (—228.59)] +8.314 - 298- In{

(X82)0+b/4—c/2 :|

o
(X2o2)” - (Xi20) /2

(xS2)** }

8 9
(X2o2)” - (Xi20)

0.2035%2°
0.0003% -0.0312°

ec" =5407.843kJ/mol




Exergy analysis of an internal combustion engine

ec" =5407.843kJ/ mol

kJ x1.25 k9 X 1
Mol 60s 0.11422kg/mol

WEN = 5407.843

WEN = 986.372kW

shaft mechanical power

N2etel =7 g exergy content
370
ol paj — — 37.5%
N2vtel 986 372




Exergy analysis of an internal combustion engine

W
Nielei = o e =37.1%
fornec C8H18
" Q,. =329kW l Qromee = 997kW
Navtei = en = 37-5% e W = 986KW

F

W

eixo

= 370kW



How does batteries
compare with liquid
fuelsin terms of
energy storage ¢

“volumetric” density — smaller

4

A

»
»

mass density — lighter



How does batteries
compare with liquid
fuelsin terms of
energy storage ¢

200

700

100

“v
A

olumetric” density — smaller

Raf: 18650; 4.04N

l. ”."-“,n;u\\

1|1l
It ."".l
: "".“.I‘“} Ls-P Lidon

fow Sistone

Ref: 18050; 2 04K

Ni M’i
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y
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Lead-Acid

Wo 200

>
800

mass density — lighter



How does batteries

. T smaller
compare with liquid exergy / volume
fuelsin terms of (Wh/liter)
A

lig.fuels

U D
A .

energy storage ¢

10 x

S 100 x
<103:| g

v

. , ©Exergy / mass
104 (Wh/kg)

lighter




smaller

exergy / volume
(Wh/liter)

Hybrid cars...

lig.fuels

U D
A .

10 x

v

S 100 x
<103:| g

. , ©Exergy / mass
104 (Wh/kg)

lighter
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Proxima Aula...

flue gases
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Analise exergética de uma caldeira de oxicombustao de biomassa...



TABLE A-25 Thermochemical Properties of Sclected Substances at 298K and 1 atm

Analise Exerc

ch _ ch _

N Nne

N? cerusiiq) = —249.910kJ/mol

Nfr20(g) = —241.820kJ/mol

8- (? + Ah)eo, i

Heating Values

Enthalpy of Gibbs Function Absolute Higher, Lower,
Molar Mass, | Formation, /17 | of Formation, Entropy. 3 HHV LHV

Substance Formula M (kg/kmol) (kJ/kmol) 27 (kJ/kmol) (kJ/kmol - K) | (kJ/kg) (kJ/kg)
Carbon C(s) 12.01 0 0 5.74 32,770 32,770

Hi(g) 2.016 0 0 130.57 141,780 | 119,950

Na(g) 28.01 0 0 191.50 E =
Oxygen Ox(g) 32.00 0 0 205.03 - -
Carbon monoxide CO(g) 28.01 -110,530 -137.150 197.54 — -
Carbon dioxide COs(g) 44.01 —393,520 —394.380 2l3.§9 - —
Water H.O(g) 18.02 —241,820 =228.590 188.72 — —

. Water H,O(D) 18.02 —285.830 —237.180 69.95 — - 1b
-.0ar
Hydrogen peroxide | H,0,(g) 34.02 -136,310 - 105,600 232.63 — —
Ammonia NH;(g) 17.03 —46,190 —16,590 192.33 — —
Oxygen O(g) 16.00 249,170 231,770 160.95 — — :
Hydrogen H(g) 1.008 218,000 203,290 114.61 — =l
Nitrogen N(g) 14.01 472,680 455,510 153.19 — — | wn | wne
Hydroxyl OH(g) 17.01 39.460 34,280 183.75 - — 32770 | 32770
Methane CHy(g) 16.04 —74,850 -50,790 186.16 55510 | 50,020 | 0|10
Acetylene C,Hi(g) 26.04 226,730 209,170 200.85 49910 48220 | — -
Ethylene C,Hs(g) 28.05 52,280 68,120 219.83 50,300 | 47,160 F=——
Ethane C,Hy(g) 30.07 ~84,680 -32,890 229.49 51870 | 47480 [ — T —
Propylene CH () 42,08 20,410 62,720 266.94 48920 | 45780 | — | -
Propanc C.Hy(g) 44.09 ~103,850 ~23.490 269.91 50,350 | 46360 | — | —
Butane CiHo(g) 58.12 —126,150 —15,710 310.03 49,500 45,720 | — -
Pentane CsHx(g) 72.15 - 146,440 -8.200 348.40 49,010 45,350 | sssi0 | soom
Octane CsHys(p) 114.22 —208.450 17.320 463.67 48.260 | 44,790 | Vo | 0
[Octane CeHyg(l) 114.22 ~249.910 6.610 360.79 47,900 | 24.430] i | 40

Benzene CeHelg) 78.11 82,930 129.660 269.20 42270 | 40,580 | 890 w70
Methyl alcohol CH,OH(g) 32.04 —200,890 —-162,140 239.70 23,850 21110 | oo | i
Methy! alcohol CH,OH(I) 32.04 —-238.810 —166.290 126.80 22,670 19.920 B2 ﬁ-zggl
Ethyl alcohol C,H:OH(g) 46.07 —-235,310 —168,570 282.59 30,590 27,720 270 [ 050
Ethy! alcohol C,HOH(D) 46.07 -277.690 174,890 160.70 29.670 26,800 el
Source: Based on JANAF Thermochemical Tables, NSRDS-NBS-37, 1971; Selected Values of Chemical Thermodynamic Properties, NBS Tech. | %0 | 2720

Note 270-3, 1968; and API Research Project 44, Carnegie Press, 1953, Heating values calculated.

Note 270-3, 1968: and API Research Project 44, Carnegie Press, 1953. Heating values calculated.

Properties, NBS Tech.



