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Summary

For the evaluation and improvement of thermal systems, it is essential to understand the
sources of thermodynamic inefficiencies and the interactions among system
components. All real energy conversion processes are irreversible due to effects such as
chemical reaction, heat transfer through a finite temperature difference, mixing of
matter at different compositions or states, unrestrained expansion, and friction. Exergy
balances assist in calculating the exergy destruction within system components. Thus,
the thermodynamic inefficiencies and the processes that cause them are identified. Only
a part of the thermodynamic inefficiencies can be avoided by using the best currently
available technology. Improvement efforts should be centered on avoidable
inefficiencies. Dimensionless variables are used for performance evaluations. An
appropriately defined exergetic efficiency unambiguously characterizes the performance
of a system from the thermodynamic viewpoint.
1. Exergy Balance and Exergy Destruction
All thermodynamic processes are governed by the laws of conservation of mass and
energy. These conservation laws state that mass and energy can neither be created nor
destroyed in a process. Exergy, however, is not conserved but is destroyed by
irreversible processes within a system. Consequently, an exergy balance must contain a
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destruction term, which vanishes only in a reversible process. Furthermore, exergy is
lost, in general, when a material or energy stream is rejected to the environment.
1.1. Closed System Exergy Balance
The change in total exergy ( Esys ,2 − Esys ,1 ) of a closed system caused through transfers
of energy by work and heat between the system and its surroundings is given by
Esys ,2 − Esys ,1 = Eq + Ew − ED .

(1)

The exergy transfer Eq associated with heat transfer Q is
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2⎛
T ⎞
Eq = ∫ ⎜1 − 0 ⎟ δQ ,
1
⎝ Tb ⎠

(2)

where Tb is the temperature at which the heat transfer crosses the system boundary.

The exergy transfer Ew associated with the transfer of energy by work W is given by
Ew = W + p0 (V2 − V1 ) .

(3)

The last term in Eq. (3) accounts for non-useful work done either by the surroundings,
or on the surroundings. For example, in a process in which the system volume increases
(V2 > V1 ) , the work p0 (V2 − V1 ) being done by the system on the surroundings is not
useful.

A part of the exergy supplied to a real thermal system is destroyed due to irreversible
processes within the system. The exergy destruction ED is equal to the product of
entropy generation S gen within the system and the temperature of the reference
environment T0 .

ED = T0 S gen ≥ 0 .

(4)

Hence, the exergy destruction can be calculated either from the entropy generation
using an entropy balance or directly from an exergy balance (Eq. (1)). ED is equal to
zero only in an ideal reversible process.
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Figure 1: Schematic diagram to illustrate the exergy balance for a control volume
system.
1.2. Control Volume Exergy Balance
An exergy transfer across the boundary of a control volume system can be associated
with either a material stream or an energy transfer by work or heat. The general form of
the exergy balance for a control volume system involving multiple inlet and outlet
streams of matter and energy (Figure 1) is
dEcv,sys
dt

nq ⎛
⎛ nw
T ⎞
dV ⎞
= ∑ ⎜1 − 0 ⎟ Q j + ⎜ ∑ W j + p0 cv ⎟
⎜ Tj ⎟
⎜ j =1
dt ⎟⎠
j =1 ⎝
⎠
⎝

E q , j

,

r

p

j =1

j =1

(5)

+ ∑ Ei , j − ∑ Ee, j − E D

where Ei , j and Ee, j are the total exergy transfer rates at the inlet and outlet, respectively
(see Basic Exergy Concepts for the total, physical, chemical, kinetic, and potential
exergy associated with mass transfers). The term Q j represents the time rate of heat

transfer at the location on the boundary where the temperature is T j . The associated rate
of exergy transfer E is given by
q, j

⎛ T ⎞
Eq, j = ⎜1 − 0 ⎟ Q j .
⎜ Tj ⎟
⎝
⎠
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For T j > T0 , the exergy rate Eq, j associated with heat transfer is always smaller than the
heat transfer rate Q j . The ratio

E q, j Q j is shown in Figure 2 for different

temperatures T j .
In applications below the temperature of the environment (T j < T0 ), Eq , j and Q j have
opposite signs: When energy is supplied to the system, exergy is removed from it and
T
vice versa. For T < 0 , the absolute value of the exergy transfer E is greater than the
j

q, j

2

heat transfer Q j . In this case, the minimum theoretical useful work to generate Q j is
greater than Q .
j
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Figure 3 illustrates the directions of heat transfer and the associated transfer of exergy in
a heat exchanger operating above and below the temperature of the reference
environment T0 .

The purpose of purchasing and operating the heat exchanger in Figure 3a is to increase
the temperature of cold stream 1. Here, both energy and exergy are supplied to stream 1.
In a heat exchanger operating below the temperature of the environment (Figure 3b,
T j < T0 , j = 1,..., 4) , energy is transferred from the hot stream to the cold stream, but
exergy is transferred from the cold stream to the hot stream ( E > E , E < E ) . Here,
4

3

2

1

the purpose of the heat exchanger is to cool the hot stream (increase its physical
exergy).

Figure 2: Exergy associated with the transfer of heat at different temperatures T j . Here,
the temperature of the environment is T0 = 298.15K .
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Figure 3: Heat exchangers operating above (Fig. 3a) and below (Fig. 3b) the
temperature of the reference environment T0 .
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In Figure 1 and Eq. (5) the exergy transfer E w associated with the time rate of energy
transfer by work Wcv other than flow work is
nw
dV
dV
E w = ∑ W j + p0 cv = Wcv + p0 cv .
dt
dt
j =1

(7)

The term E D in Eq. (5) accounts for the time rate of exergy destruction due to
irreversible processes within the control volume. Either the exergy balance (Eq. (5)) or
the relationship E D = T0 Sgen can be used to calculate the exergy destruction within a

control volume system.

Under steady state conditions, Eq. (5) becomes
nq

p

r

j =1

j =1

j =1

0 = ∑ E q , j + Wcv + ∑ Ei , j − ∑ Ee, j − E D .

(8)

-
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