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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 ?

A+B
A

B

W

OK A+B
A

B ? C+D
A

B

energy



low

temperature

2N

2O

NO2high 

temperature

2N

2O

22 ON +

medium

temperature

2N

2O
NOON 22

1
22

1 ++



GIBBS FREE ENERGY: 

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

J. Willard Gibbs



GIBBS FREE ENERGY: 

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

GIBBS FREE ENERGY

Gibbs free energy
Gibbs function

Gibbs potential
Free enthalpy
Etc.

J. Willard Gibbs

THE GIBB BROTHERs
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Endothermic
A energia necessária para a reação pode ser vir 

de uma fonte externa, ou da própria 
temperatura das moléculas...
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CONJECTURES:

H > 0 (endothermic) → “less” spontaneous

H < 0 (exothermic)   → “more” spontaneous



Case 1: H < 0 e S > 0 
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Spontaneous in the indicated sense ( Temperature)

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

• The products (three molecules) are at a lower energy level compared 
with the reagents (H<0)
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“Inverse” crash test: 
many parts bumping 
into each other 
assembling a car...A

B B

energy

Conditionally spontaneous in the indicated direction

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

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

Case 1: H < 0 e S < 0 
smaller
quantity of 
microstates
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J. Willard Gibbs

)S,T(B)H(AG
prop
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A measure of a processes' spontaneity: 
thermodynamic potential that vanishes when 

the system reaches equilibrium 
at constant pressure and temperature…
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J. Willard Gibbs
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−+=  different physical units



J. Willard Gibbs
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J. Willard Gibbs
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J. Willard Gibbs
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Practical application:



Example: spontaneity analysis of carbon monoxide oxidation in 

function of the temperature
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function of the temperature



Oxidation occurring @ T (25ºC = 298K)
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Oxidation occurring @ T  T (Hess law)
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CHEMICAL EXERGY



The capacity of generating 

useful mechanical work 

(exergy) is a COMBINED 

environment/system 

property…
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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… 

J. Willard Gibbs



Standard Chemical Exergy of Atmospheric Gases:

Bringing earth’s atmosphere to its pre industrial 

revolution composition



2016 1800

Recovering the pre industrial revolution atmosphere

“environment” “system”



Standard Chemical Exergy of Atmospheric Gases

100% N2

PN2 = 1 bar, TN2 = 25 °C
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Standard Chemical Exergy of Atmospheric Gases

Extracting O2 from the atmosphere requires more exergy than 

extracting N2 because its molar concentration is smaller
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Standard Chemical Exergy of a Mixture of Environmental Gases

Generic environment
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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.

Standard Chemical Exergy of a Mixture of Environmental Gases
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2016 1800

“environment” “system”

MCO2

Recovering the pre industrial revolution atmosphere



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

industrial revolution ?

2016 1800

“environment” “system”

MCO2

Recovering the pre industrial revolution atmosphere

W
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Recovering the pre industrial revolution atmosphere

~ eleven days !Wworld  78.4  1018 J
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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 …
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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 …
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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 …



Exergy analysis of an internal 
combustion engine

atmospheric air

@ 25°C, 1bar

1.25 kg/min C8H18

@ 25°C, 1bar

combustion gases

@ 890K, 1bar

496 HP

370 kW



Exergy analysis of an internal combustion engine

   
bar,K)gas(bar,C)liq( NOHCONO,HC

189022212522188 479847512 ++→++


atmospheric air

@ 25°C, 1bar

1.25 kg/min C8H18

@ 25°C, 1bar

combustion gases

@ 890K, 1bar

496 HP

370 kW

Model do Environment
















−=− 

reag

k

prod

kFvcvc hhnWQ1ra Lei →

   
bar,K)gas(bar,C)liq( NOHCONO,HC

189022212522188 479847512 ++→++


1.25 kg/min C8H18

@ 25°C, 1bar

496 HP

370 kW

Exergy analysis of an internal combustion engine

atmospheric air

@ 25°C, 1bar

combustion gases

@ 890K, 1bar



1.25 kg/min C8H18

@ 25°C, 1bar

496 HP

370 kW

1ra Lei →

  ...)hh()hh()hh(
n

WQ
Nf)g(OHfCOf

F

vcvc ++++++=
−

2
0

2
0

2
0 4798

 2
0

2
0

188
0 475121 NfOf)liq(HCf )hh()hh(,)hh(... +++++−

   
bar,K)gas(bar,C)liq( NOHCONO,HC

189022212522188 479847512 ++→++


Exergy analysis of an internal combustion engine

atmospheric air

@ 25°C, 1bar

combustion gases

@ 890K, 1bar














−=− 

reag

k

prod

kFvcvc hhnWQ



  ...)hh()hh()hh(
n

WQ
bar,KNf)g(OHfCOf

F

vcvc ++++++=
−

18902
0

2
0

2
0 4798

 
bar,CNfOf)liq(HCf )hh()hh(,)hh(...

1252
0

2
0

188
0 475121


+++++−

=0=0=0=0=0

mol/kJ.h )liq(HC,f 9102490
188 −=

mol/kJ.h )g(OH,f 8202410
2 −=

mol/kJ.h )g(CO,f 5203930
2 −=

mol/kJ.)K(hbar,)/(P COCO 811498901250147988 22 =→=++=

mol/kJ.)K(hCO 293222982 =→

mol/kJ.)K(hbar,)/(P OHOH 472658901410147989 22 =→=++=

mol/kJ.)K(hbar,)/(P NN 5732689073401479847 22 =→=++=

mol/kJ.)K(hN 66182982 =→

Entalpias de formação Entalpias sensíveis

=0

mol/kJ.)K(h OH 871452982 =→

mol/kJ.)K(h OH 87712982 =→

Exergy analysis of an internal combustion engine



 
bar,CNfOf)liq(HCf )hh()hh(,)hh(...

1252
0

2
0

188
0 475121


+++++−

=0=0=0=0=0

  912496685726047871454726582241929228149523938

114220

1

60

251

370
.)..()...()...(

.

.

Qvc +−++−+−+−+−=



−

=0

kW.Qvc 73329−=

  ...)hh()hh()hh(
n

WQ
bar,KNf)g(OHfCOf

F

vcvc ++++++=
−

18902
0

2
0

2
0 4798

Exergy analysis of an internal combustion engine



1.25 kg/min C8H18

@ 25°C, 1bar

496 HP

370 kW

kW73.329Qvc −=

maxLei1
heatpliedsup

powermehanicalshaft
= 

max

gcombvceixo

eixo
Lei

QQW

W


++
= 1

gases de combustão

@ 298K, 1bar

gcombQ

Exergy analysis of an internal combustion engine

combustion gases

@ 890K, 1bar

atmospheric air

@ 25°C, 1bar



496 HP

370 kW

   
bar,K)liq(bar,K)gas( NOHCONOHCO

12982221890222 47984798 ++→++

   
bar,KNOHCObar,KNOHCO

gcomb
hhhhhh

.//.

Q

18901298 222222
47984798

11422060251
++−++=

kW.)..()..()..(
.//.

Qgcomb
08829857326661847472658771981149293228

11422060251
−−+−+−=

1.25 kg/min C8H18

@ 25°C, 1bar

gases de combustão

@ 298K, 1bar

gcombQ

Exergy analysis of an internal combustion engine

combustion gases

@ 890K, 1bar

atmospheric air

@ 25°C, 1bar

kW73.329Qvc −=



496 HP

370 kW

1.25 kg/min C8H18

@ 25°C, 1bar

gcombvceixofornec QQWQ ++=

kW...Qfornec 814997088298726329370 =++=

gases de combustão

@ 298K, 1bar

gcombQ

Exergy analysis of an internal combustion engine

combustion gases

@ 890K, 1bar

atmospheric air

@ 25°C, 1bar

kW73.329Qvc −=



496 HP

370 kW

1.25 kg/min C8H18

@ 25°C, 1bar

fornecQ

kW.
.

Qfornec 417100548260
60

251
==

gcombvceixofornec QQWQ ++=

gases de combustão

@ 298K, 1bar

gcombQ

kW...Qfornec 814997088298726329370 =++=

Exergy analysis of an internal combustion engine

combustion gases

@ 890K, 1bar

atmospheric air

@ 25°C, 1bar

kW73.329Qvc −=



496 HP

370 kW

maxLei
fornecidocalor

líquidamecânica.pot
= 1

maxLei %.
..

=
++

=  137
814298726329370

370
1 ?!?

1.25 kg/min C8H18

@ 25°C, 1bar

Exergy analysis of an internal combustion engine

combustion gases

@ 890K, 1bar

atmospheric air

@ 25°C, 1bar

kW73.329Qvc −=



496 HP

370 kW

1.25 kg/min C8H18

@ 25°C, 1bar

Exergy analysis of an internal combustion engine

combustion gases

@ 890K, 1bar

atmospheric air

@ 25°C, 1bar

exergypliedsup

exergyavailable
Leiº2 =

kW73.329Qvc −=



1.25 kg/min C8H18

@ 25°C, 1bar

combustion gases

@ 890K, 1bar

496 HP

370 kW

contentexergyfuel

powermechanicalshaft
Leiº2 =

Supplied exergy corresponds to the 

maximum mechanical power that 

can be obtained when fuel is being  

chemically transformed to the 

environment components.. 

Compounds present in the 

environment

atmospheric air

@ 25°C, 1bar

exergypliedsup

exergyavailable
Leiº2 =

Exergy analysis of an internal combustion engine

kW73.329Qvc −=













+

−+

2
22

24
2

0 /be
OH

ae
CO

/c/bae
O

)x()x(

)x(
lnRT

)T,P(

OHCOOF
ch
F g

b
gag

cb
age

00

222
224









−−








−++=











+

9
2

8
2

512
2

0
)x()x(

)x(
lnRT

e
OH

e
CO

.e
O 

)T,P(OHCOOF
ch
F ggg.ge

00
222 98512 −−+=

C8H18 a=8, b=18, c=0

molar.xe
O 203502 =

molar.xe
CO 000302 =

molar.xe
OH 031202 =

molar.xe
N 756702 = mol/kJ.gF 61060 =

mol/kJgO 00
2 =

mol/kJ.gCO 383940
2 −=

mol/kJ.g OH 592280
2 −=

Mto variável...

Exergy analysis of an internal combustion engine













+

−+

2
22

24
2

0 /be
OH

ae
CO

/c/bae
O

)x()x(

)x(
lnRT

)T,P(

OHCOOF
ch
F g

b
gag

cb
age

00

222
224









−−








−++=











+

9
2

8
2

512
2

0
)x()x(

)x(
lnRT

e
OH

e
CO

.e
O 

)T,P(OHCOOF
ch
F ggg.ge

00
222 98512 −−+=

C8H18 a=8, b=18, c=0











+

98

512

0312000030

20350
2983148

..

.
ln.

.

 ).().(..ech
F 5922893839480512616 −−−−+=

mol/kJ.ech
F 8435407=

Exergy analysis of an internal combustion engine



mol/kJ.ech
F 8435407=

mol/kg.s

kg
.

mol

kJ
.Wch

F
114220

1

60
2518435407 =

kW.Wch
F 372986=

%.
.

Leiº 537
372986

370
2 ==

Exergy analysis of an internal combustion engine

contentexergyfuel

powermechanicalshaft
Leiº2 =



kWQgcomb 298=

kWWch
F 986=

kWQvc 329=

kWWeixo 370=

kWQfornec 997=

%.
W

W
ch
F

eixo
Leiº 5372 ==

%.
Q

W

fornec

eixo
Lei 1371 == 

C8H18

Exergy analysis of an internal combustion engine



How does batteries 

compare with liquid 

fuels in terms of 

energy storage ?

“volumetric” density → smaller

mass density → lighter



How does batteries 

compare with liquid 

fuels in terms of 

energy storage ?

lighter

“volumetric” density → smaller

mass density → lighter



104

<103

exergy / volume

(Wh/liter)

exergy / mass

(Wh/kg)104102

liq.fuels

10 

100 

How does batteries 

compare with liquid 

fuels in terms of 

energy storage ?

lighter

smaller



104

<103

exergy / mass

(Wh/kg)104102

liq.fuels

10 

100 

Hybrid cars… exergy / volume

(Wh/liter)

lighter

smaller



lighter

smaller

Propellent fuel: PBAN-APCP



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



Próxima Aula...

Análise exergética de uma caldeira de oxicombustão de biomassa...



Análise Exergética de um Motor de Combustão Interna
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