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Readings and Handouts

1. Ch.2  �Thermodynamics Revisited� Jakob 
de Swaan Arons

2. Ch.10  �Exergy� Norio Sato

3. Appendix, tables of standard chemical 
exergy, Szargut

4. Derivation of Mixing Entropy



Why available work?

1. rigorous framework
2. based on 2nd law (lost Vs transformed)
3. can account for materials energy 

potential (credit)
4. allows combined accounting of fuel and 

non-fuel materials
5. other advantages when dealing with 

waste heat (quality of waste heat)



Outline
� Thermodynamics Review
� Exergy & Exergy Accounting
� Physical Exergy

� hot & cold water mixing 
� Chemical Exergy

� chemical reactions; burning carbon, and 
oxidizing aluminum

� iron ore processing
� 5 Homeworks



Energy from 1st Law

� U =  internal energy of molecules and atoms

� E =   U + K.E. + P.E.   =   U + ½mv² + mgz
� �isolated� systems    ∆E=0, or  ∆U=0 (v=const, z=const)

� �closed� system ∆U =  Qin � Wout

� �open system� can exchange energy and mass



The 1st Law
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Availability

�The First Law states that in every cyclic 
process either work is converted into heat 
or heat is converted into work.  In this 
sense it makes no distinction between 
work and heat except to indicate a means 
of measuring each in terms of equivalent 
units.  Once this technique of 
measurement is established, work and 
heat become entirely equivalent for all 
applications of the First Law.�

Keenan, 1941



Availability

� �The Second Law, on the other hand, 
marks the distinction between these two 
quantities by stating that heat from a 
single source whose temperature is 
uniform cannot be completely converted 
into work in any cyclic process, whereas 
work from a single source can always be 
completely converted into heat.�

Keenan, 1941



Availability

�The efforts of the engineer are very largely 
directed toward the control of processes 
so as to produce the maximum amount of 
work, or so as to consume the minimum 
amount of it.  The success of these efforts 
can be measured by comparing the 
amount of work produced in a given 
process with the maximum possible 
amount of work that could be produced in 
the course of a change of state identical 
with that which occurs in the process.�

Keenan, 1941



State Variables
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State Variables

� T = temperature

� P = pressure

� V = volume

� U = internal energy

� H = enthalpy (H = U + PV)
� S = entropy

intensive variables

extensive
and

intensive
variables



Enthalpy H=U+PV

Here the Work done is W = P(V2 � V1)

The First Law can be written as Q = (U+PV)2 � (U + PV)1

The quantity in parenthesis is Enthalpy  H = U + PV

The First Law can be written as Qin = ∆H

Constant Pressure Equilibrium Process



Open flow system



Energy Balance for an Open 
System
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The Second Law

� ∆W and ∆Q are not equivalent
� something gets lost



Heat Engine
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The Second Law
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Entropy: State Variable
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Entropy Balance for an Open 
System
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Consider the WorkConsider the WorkConsider the WorkConsider the Work

�to bring the system from the reference 
environment at standard conditions, To, po
to the state at  T, p

po, To

p, T

W

Q
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Work to bring system from Po, To to P, T



Minimum Work
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Exergy is…

min
min w
m

Wb =≡
&

&

kPa.PK.T o 3101,2298valuesref.Standard 0 == o

This is the minimum amount of  work to bring the 
system from the reference environment at 
standard conditions, To, po to the state at  T, p

po, To

p, T

W

Q



Exergy also is …

max
max w
m

Wb =≡
&

&

kPa.PK.T o 3101,2298valuesref.Standard 0 == o

… the maximum amount of work that can be
obtained from a system in reference to the
environment at standard conditions, To, Po

p, T

po, To

W

Q

See if you can derive this as a homework problem



Exergy

System State

Reference State

Maximum work obtainable
between System and Reference
States.



Exergy

System State

Reference State

Maximum work obtainable
between System and Reference
States; or minimum work needed
to raise System from the reference
state to the System State



Definition of Exergy “B”

�Exergy is the amount of work obtainable 
when some matter is brought to a state of 
thermodynamic equilibrium with the 
common components of the natural 
surroundings by means of reversible 
processes, involving interaction only with 
the above mentioned components of 
nature� [Szargut et al 1988].



Exergy Accounting
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Example: mixing hot and cold 
water

1 kg
100°C

1 kg
0°C

2 kg
50°C

1st Law: H1 + H2 = H3

recall; ∆H = ∫m Cp ∆T



Example: mixing hot and cold 
water

Το calculate the 2nd

law property; 

∆B = ∆H – To∆S

Tref = 25°C

Pressure = constant

We need to know the 
temperature 
dependence of 
enthalpy and 
entropy

1 kg
100°C

1 kg
0°C

2 kg
50°C



temperature and pressure 
dependence of H and S
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for constant pressure
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calculating ∆H-T0∆S
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Bin � Bout = Blost
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Ref Sussmann �80 and de Swaan Arons �04



Physical and Chemical Physical and Chemical Physical and Chemical Physical and Chemical ExergyExergyExergyExergy

� B = Bph + Bch

� Bph(T=To, p=po) =0
� this is the �restricted dead state�

� Bch(µ=µo) = 0
� when B = Bph + Bch = 0

� this is the �dead state�



Chemical Reaction Chemical Reaction Chemical Reaction Chemical Reaction 
nnnn1111RRRR1 1 1 1 + n+ n+ n+ n2 2 2 2 RRRR2222 →→→→ nnnn3333ΠΠΠΠ3333

� H1 + H2 �H3 -W �Q = 0
� S1 + S2 �S3 � Q/T + Sgen = 0
 µ = h � T s,   ∆G°f = n3µ3 � n1µ1 �n2 µ2

 W = - ∆G°f � TSgen

 Wideal =  - ∆G°f =   B1 + B2 � B3

1

2
3

W

Q



Chemical Reactions

kJ/molein given  is bexergy  where

....
balance""exergy 

.......
balance mass tricstoichiome
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Example: Burning Carbon

C + O2 ! CO2

BC + BO2 - BCO2 = ∆B
410.3 kJ   +   3.97 kJ  � 19.9 kJ  =  394.4kJ

mole mole mole

The maximum work you can get out of one mole of carbon is
394.4 kJ      =   32.9  MJ

mole of carbon kg
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Example: Oxidation of Aluminum
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See Appendix of Szargut for exegy values



Materials can do work? 

System State (TH) 

Reference State (TL)

Wrev

QH

QL

Insert reversible
heat engine between
high and low 
temperatures



Chemical Properties referenced to 
the �environment�

Crust

Oceans

Atmosphere

T0 = 298.2 K, P0 = 101.3 kPA



ExergyExergyExergyExergy Reference SystemReference SystemReference SystemReference System

pure metal, element

oxides, sulfides�

crustal component
earth�s crust (ground state)

chemical 
reactions

extraction



Exergy Reference System

Aluminum (c=1) 888.4 kJ/mole

Al2O3 (c=1) 200.4 kJ/mole

Al2SiO5 (c=1) 15.4kJ/mole
Al2SiO5 (c = 2 x 10-3) 0 kJ/mole (ground)



Example; making pure iron from 
the crust

Fe (c = 1) 376.4 kJ/mole

reduction

Fe2O3 (c=1) 16.5  kJ/mole
extraction

Fe2O3 (c = 1.3 x 10-3) 0 kJ/mole (ground)





Extraction from the crust
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Note: R = k Navo (Boltzmann�s constant X Avogadro�s number)



Reduction of Fe2O3 (Hematite)

2Fe2O3 + 3C !4Fe + 3CO2

2 x 16.5 + 3 x 410.3 � 4 x 376.4 � 3 x 19.9 =

Blost = - 301.4 kJ 
this is an endothermic reaction

i.e. minimum energy required to reduce 2 mole of hematite



Iron Ore Reduction

Recall C + O2 ! CO2 produces 394.8 kJ/mole C

We need     moles of carbon

2Fe2O3 + 3.76C + 0.76O2 ! 4Fe + 3.76 CO2

76.0
8.394
4.301 =



Iron Ore Reduction

but the efficiency of the use of carbon
is only 30.3%

therefore the actual reaction is

2Fe2O3 + 12.42C + 9.42O2 ! 4Fe + 12.42CO2
33kJ  + 5095.9 + 37.7   - 1505.6  - 247.2kJ  =

3,413.8 kJ for 4 mole of Fe
this is 15.2 MJ/kg (Fe)



Iron Ore ReductionIron Ore ReductionIron Ore ReductionIron Ore Reduction
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Summary for Iron Ore

fuel used = 22 MJ/kg ≈ 15.2(Blost)  + 6.7(BFe)

Lost exergy from making iron
from Fe2O3

�Credit� for producing
pure iron from the crust



Homework Problem

� Calculate the minimum work to reduce iron 
using hydrogen

� Fe2O3 + H2 = 2 Fe3O4 + H2O (1)
Fe3O4 + H2 = 3 FeO + H2O
FeO + H2 = Fe + H2O 

� Now assume the H2 comes from 
electrolysis and add this in

� 2 H20 = 2 H2 + O2



Energy data from Smil



Summary

� Exergy = Available work referred to the �dead state�

� Both fuel and non-fuel materials have 
exergy equivalents

� Exergy is not conserved

lostoutin BBB ∆=−



Exergy Homeworks

3. What is the minimum work required for 
photosynthesis?

4. What is the maximum work one could 
obtain from auto-respiration?

5. What is the maximum work one could 
obtain from burning the following fuels 
with oxygen: octane? methane? 
methanol? hydrogen? How much CO2 is 
generated for each?



Applications

� Exergy Analysis of Extraction, Smelting
� Exergy Analysis of Industry (Ayres et al)
� Exergy Analysis of Natural Systems 

(Bakshi)
� Exergy of Mfg Processes
� Exergy Analysis of Recycling Flows


