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EnergyEnergy--Based Thermodynamic AnalysisBased Thermodynamic Analysis

• Identifies only energy transfers to the environmen t
as thermodynamic inefficiencies

• Fails to identify any inefficiencies in an adiabati c
process (e.g., throttling valve)

• Misleads the engineer by considering as an
inefficiency the heat rejection to the environment
dictated by the second-law of thermodynamics
(e.g., Carnot process)

There is a need for an additional concept.



EXERGY EXERGY -- DefinitionDefinition
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Exergy is the maximum theoretical useful work
(shaft work or electrical work) obtainable from a t hermal 
system as it is brought into thermodynamic equilibr ium 
with the environment while interacting with the 
environment only.

Exergy is a measure of the quality of energy and also of 
the departure of the state of the system from the s tate of 
the  environment .

Exergy represents the useful part of energy for 
processes operating above the   ambient   temperature .
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Large equilibrium system in which the state variabl es
( T0 , p0 ) and the chemical potential of the chemical 
components ( µ0 ) contained in it remain constant, when,
in a thermodynamic process, heat and materials are 
exchanged between another system and the environmen t.

No chemical reactions can take place between the 
environmental chemical components.

The environment is free of irreversibilities.

The exergy of the environment is equal to zero.
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Total specific exergy on a mass basis

Total exergy of a system
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Exergy Components: Exergy Components: E E KNKN and and E E PTPT

²vm
2
1

E KN r
====Kinetic exergy

Potential exergy mgzE PT ====

where
m – mass;      g – gravitational acceleration;
v – velocity;  z - elevation
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Exergy Components: Exergy Components: E E PHPH

Physical exergy associated with a system

Physical exergy is the maximum theoretical useful work 
obtainable as the system passes from its initial st ate 
( T , p , µ )  to the restricted dead state  ( T0 , p0 , µ )

Physical exergy associated with a material stream

(((( )))) (((( )))) (((( )))) SSTVVpUUE 00000
PH
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Exergy Components: Exergy Components: E E PHPH

System boundary

Boundary of the combined system. Only work interact ions are 
allowed. Total volume is constant.

Environment at T0 , p0

Wc

Closed 
system

Heat and work 
interactions 
between the 
system and the 
environment

(((( )))) (((( )))) (((( )))) gen000000c STSSTVVpUUW −−−−−−−−−−−−−−−−++++−−−−====
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Exergy Components: Exergy Components: E E PHPH
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Exergy Components: Exergy Components: E E PHPH

Physical exergy associated with a material stream
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Thermal exergy

Mechanical exergy
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Exergy Components: Exergy Components: E E PHPH= = E E TT+ + E E MM

M
ms

T
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PH
ms eee ++++====
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Thermal component
of physical exergy

Mechanical component
of physical exergy

Physical exergy associated with material streams on a 
mass basis
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Thermal and mechanical components of physical exerg y

Point 1 - T1>T0; p1>p0; 
e1

T=e1-ea; e1
M=ea-e0; 

e1
T+e1

M=e1-e0

Point 2 - T2<T0; p2>p0; 
e2

T=e2-ea; e2
M=ea-e0

Point 3 - T3<T0; p3<p0; 
e3

T=e3-eb; e3
M=eb-e0;

e3
T+e3

M=e3; e3
M<0; e3

T>0

Point 4 - T4>T0; p4<p0; 
e4

T=e4-ec; e4
M=ec-e0

Exergy Components: Exergy Components: E E PHPH= = E E TT+ + E E MM
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Exergy Components: Exergy Components: E E PHPH= = E E TT+ + E E MM

•••• thermodynamic parameters in the point being considered
( p, T, h, s),

•••• thermodynamic parameters in the point 0
( p0 , T0 , h0 , s0 ),

•••• values of enthalpy ( h* ) and entropy ( s* ) in point ����
where p* = p and T * =T0

(((( )))) (((( )))) (((( )))) (((( )))) constTOOOO
PH
ms O

*hh*ssT*ssT*hhe ====−−−−−−−−−−−−++++−−−−−−−−−−−−====

eT eM

Splitting the physical exergy into its thermal and 
mechanical components for engineering calculations,  for 
any position of point being considered ( p, T, h, s ) 
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Chemical exergy is the maximum useful work as the 
system at temperature T0 and pressure p0 is brought into 
chemical equilibrium with the environment.

Standard chemical exergies for substances contained in 
the environment at standard conditions ( Tref = 298.15 K 
and pref ) are tabulated.

Exergy Components: Exergy Components: E E CHCH
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Exergy Components: Exergy Components: E E CHCH

Standard molar chemical exergies
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Exergy Components: Exergy Components: E E CHCH
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Exergy Components: Exergy Components: E E CHCH

where
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Exergy Components: Exergy Components: E E CHCH
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Chemical exergy of an ideal mixture of  N ideal gases

Chemical exergy of solution of liquids

Where γk is activity coefficient
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The standard molar chemical exergy of any substance
not present in the environment can be determined us ing 
the change in the specific Gibbs function for the r eaction 
of this substance with substances present in the 
environment

∑∑∑∑ ∑∑∑∑
≠≠≠≠

++++−−−−====++++−−−−====
i si

CH
iiii

CHCH
s egege νννννννν∆∆∆∆∆∆∆∆

Exergy Components: Exergy Components: E E CHCH

where               and            denote, for the i-th substance, 
the Gibbs function at T0 and p0, the stoichiometric
coefficient in the reaction, and the chemical exerg y, 
respectively.

ii ,g νννν CH
ie
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≈≈≈≈
 04.100.1

 00.198.0

 985.095.0

HHV

eCH
f

for gaseous fuels

for liquid fuels

for solid fuels

For hydrogen and methane, this ratio is 0.83 and 0. 94, 
respectively, when the model of Ahrends is used.

Chemical exergy of a fuel
The higher heating value ( HHV ) is the main contributor 
to the chemical exergy of a fossil fuel. For back-o f-the 
envelope calculations, the molar chemical exergy of  a 
fossil fuel may be estimated with the aid of its mo lar 
higher heating value

Exergy Components: Exergy Components: E E CHCH
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Change in total exergy of a closed system caused 
through transfers of energy by work and heat betwee n the 
system and its surroundings
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ExergyExergy Transfer Associated with Heat TransferTransfer Associated with Heat Transfer
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Control Volume Exergy BalanceControl Volume Exergy Balance
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Control Volume Exergy BalanceControl Volume Exergy Balance
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Exergy BalancesExergy Balances

System k-th
component

tot,Ltot,Dtot,Ptot,F EEEE &&&& ++++++++==== k,Dk,Pk,F EEE &&& ++++====
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Exergy of fuel
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Exergetic Variables: Exergetic Variables: E E PP
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Exergy of product

The desired result, expressed in exergy terms, achi eved by 
the system (the k-th component) being considered

The product is defined to be equal to:
• all the exergy values to be considered at the outlet 

(including the exergy of energy streams generated in the
k-th component)

plus
•        all the exergy increases between inlet and outlet (i.e., the

exergy additions to the respective material streams) that
are in accord with the purpose of the k-th component.
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Exergetic Variables: Exergetic Variables: E E FF
28

Exergy of fuel

The exergetic resources expended to generate the ex ergy 
of the product

The fuel is defined to be equal to:
• all the exergy values to be considered at the inlet

(including the exergy of energy streams supplied to the
component)

plus
•          all the exergy decreases between inlet and outlet (i.e., the

exergy removals from the respective material streams)
minus
•         all the exergy increases (between inlet and outlet) that are

not in accord with the purpose of the component.
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Exergetic Variables: Exergetic Variables: E E DD , , E E LL and and εε
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Exergy destruction: 

Exergy destroyed due to irreversibilities within a s ystem 
(the k-th component)

Exergy loss: 

Exergy transfer to the system surroundings. This ex ergy 
transfer is not further used in the installation be ing 
considered or another one

Exergetic efficiency: 

The ratio between exergy of product and exergy of f uel

tot,F

tot,Ltot,D

tot,F

tot,P
tot E

EE
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εεεε



Exergetic Variables: Exergetic Variables: y y D,kD,k
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Exergy destruction ratio for the k-th component

Exergetic efficiency of the overall system
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All real processes are irreversible due to effects such as:

• heat transfer through a finite temperature
difference, 

• mixing of matter at different compositions or
states, 

• unrestrained expansion, 
• friction, and
• chemical reaction.



Heat Transfer Heat Transfer -- 11
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Temperature profiles and thermodynamic average 
temperatures for two streams passing through an 
adiabatic heat exchanger at constant pressure.
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Hot stream

Cold stream

1 2

34

Heat Transfer Heat Transfer -- 22
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Exergy destruction due to heat transfer from the ho t 
stream 3 to the cold stream 1

with the thermodynamic average temperature

For constant pressure
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Heat Transfer Heat Transfer -- 33
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Friction Friction -- 11

Heat Exchanger with Pressure Drop

Hot stream

Cold stream1 2

34 3a

1a

4a33a3 pp;hh ========

2a11a1 pp;hh ========

Hot stream

Cold stream1 2

34 4a

2a

a434a4 pp;hh ========

a212a2 pp;hh ========



Rate of exergy destruction associated with friction

Where Ta is the thermodynamic average temperature o f 

the working fluid, and              is the head  lo ss.

The effect of friction is more significant at highe r mass 
flow rates and lower temperature levels.
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Friction Friction -- 22
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Evaporator including steam drum
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Exergetic Efficiency: Heat TransferExergetic Efficiency: Heat Transfer
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Exergetic Efficiency: Compressor, Pump, or FanExergetic Efficiency: Compressor, Pump, or Fan
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Exergetic Efficiency: Turbine or ExpanderExergetic Efficiency: Turbine or Expander
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Exergetic Efficiency: Expansion in RefrigerationExergetic Efficiency: Expansion in Refrigeration
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Exergetic Efficiency: Combustion ChamberExergetic Efficiency: Combustion Chamber
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Exergetic Efficiency: Exergetic Efficiency: GasifierGasifier and Steam Reformerand Steam Reformer
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Exergetic Efficiency: Fuel CellExergetic Efficiency: Fuel Cell
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Exergetic Efficiency: Distillation ColumnExergetic Efficiency: Distillation Column
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Dissipative ComponentsDissipative Components
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GasGas--Fired Steam Generator: Steam DataFired Steam Generator: Steam Data
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GasGas--Fired Steam Generator: Exergy DestructionFired Steam Generator: Exergy Destruction
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Cogeneration System: Steam DataCogeneration System: Steam Data
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Cogeneration System: Exergy AnalysisCogeneration System: Exergy Analysis



400 MW Coal400 MW Coal--Fired Subcritical Power PlantFired Subcritical Power Plant
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400 MW Coal400 MW Coal--Fired Subcritical Power PlantFired Subcritical Power Plant



57

Institute for
Energy 
Engineering

G. Tsatsaronis • TU Berlin
1st Inspire Workshop • Nova Gorica, Slovenija • June 5-8, 2007 

ExergyExergy--Based Thermodynamic AnalysisBased Thermodynamic Analysis

An exergy-based thermodynamic analysis identifies 
the location, the magnitude, and the causes of 
thermodynamic inefficiencies in a thermal system, 
which are the exergy destruction within the system, 
and the exergy loss (exergy transfer to the 
environment).


