
374 Exergy Analysis

The value of the exergy of the system depends only on its initial and
final state, which is set by the conditions of the environment. The term
T0PS is always positive, and it does depends on how an actual process
is realized. As we have seen, it is often convenient to perform analysis
and calculations with intensive properties, therefore the specific exergy
function is given by

esys = (e− u0) + P0 (v − v0)− T0 (s− s0) ,

where

esys = u+ ν2/2 + gz.

The term (u− u0) + P0(vsys − v0)− T0(ssys − s0) is often called physical
exergy, while the exergy resulting from the system having kinetic and po-
tential energy are called kinetic and potential exergy respectively. These
are therefore indicated as follows

ePH
sys ≡ (u− u0) + P0(v − v0)− T0(s− s0)

eKN
sys ≡ ν2/2

ePT
sys ≡ gz

Note that both kinetic and potential energy are forms of mechanical en-
ergy and can be converted completely into work, therefore in this case
there is no difference between energy and exergy.

We anticipate here that a system can also have exergy associated with
the potential for work of chemical reactions, and that therefore also chem-
ical exergy can contribute to the overall exergy of a certain system.

Improving the use of energy in a chemical process. As an applica-
tion of the exergy concept, suppose a certain chemical process needs 2 kg/s
of steam at 1 MPa and 320�, and the steam generator of a nearby power
plant makes steam available at 2 MPa and 600 �. We could simply flow
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the steam through a valve, dropping its pressure, thence though a heat
exchanger in order to cool it down at the desired temperature, but in the
interest of an efficient use of energy we decide to explore the possibilities of
generating power as a side benefit of this steam-state change. How much
power could we get? From FluidProp, by setting the thermodynamic
model for water to IF97 and the input specification to PT we obtain

State 1

h1 = 3691 kJ/kg

s1 = 7.704 kJ/(kg ·K)

State 2

h2 = 3094 kJ/kg

s2 = 7.198 kJ/(kg ·K)

Taking T0 as 20 � = 293.15 K,

e1 = h1 − T0s1 = 3691− 293.15× 7.704 = 1432.2 kJ/kg

e2 = 3094− 293.15× 7.198 = 984.3 kJ/kg

Therefore

Ẇmax = 2 kg/s× (1432.2− 984.3) kJ/kg = 896 kW

We see that the valve system would be wasting up to almost 1 MW. A
good engineer could realize (or buy) a steam turbine set that is approxi-
mately 75 % efficient for this low power capacity. At 0.1 e/(kW · h), or
0.07 $ /(kW · h), the value of the electricity amounts to approximately
420,000 e, or 300,000 $.† The investment and maintenance cost of the
steam turbine system would have to be weighted against the utility bill
saving in deciding wether or not to implement this solution.

Geothermally driven cooling system. Let’s now assume that in a
remote desert area a small geothermal well produces 50 kg/h of saturated
steam at 150�. The environment temperature is 45� on average during
the day and it is thought that a clever engineer might be able to devise a

† For a utilization factor of 70 %.
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Fig. 9.3. A geothermally driven cooling system.
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system to use the geothermal steam and to produce cooling for homes at
23 � (fig. 9.3a). The steam will emerge from this system as condensate
at 1 atm. Figure 9.3b shows the process representation in the T − s

diagram; the dotted line indicates that we really are not committed to
any particular process connecting the inlet and discharge states. What is
the maximum cooling rate that could be provided by this system?

The control volume we analyze is shown in fig. 9.3a. We assume steady-
flow, steady-state, one-dimensional flows at the inlet and outlet, and ne-
glect the kinetic and potential energy changes of the flow. The energy
balance gives

Q̇cooling + Ṁh1︸ ︷︷ ︸
energy input rate

= Q̇0 + Ṁh2︸ ︷︷ ︸
energy output rate

.

The entropy bookkeeping is

Ps =

(
Q̇0

T0
+ Ṁs2

)
−

(
Q̇cooling

Tcooling
+ Ṁs1

)
.

Combining and solving for Qcooling gives

Q̇cooling =
Ṁ [(h1 − T0s1)− (h2 − T0s2)]− T0Ps

(T0/Tcooling)− 1

The second law requires that Ps ≥ 0. Therefore, for a given discharge
state 2, the maximum that Qcooling can be is

Q̇cooling,max =
Ṁ (e1 − e2)

T0/Tcooling − 1
,

where again

e = h− T0s

is the specific steady-flow exergy function. Note that any irreversibility
in the device makes Ps > 0 thus reducing Qcooling with respect to its
maximum value.
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By using FluidProp (Model = IF97) we obtain
State 1

T1 = 150 � (423.15 K)

q1 = 1 (saturated vapor)

h1 = 2745.9 kJ/kg

s1 = 6.837 kJ/(kg ·K),

and
State 2

T2 = 100 � (373.15 K)

q2 = 0 (saturated liquid)

h2 = 419.1 kJ/kg

s2 = 1.307 kJ/(kg ·K).

Therefore, since T0 = 318.15 K (45 �),

e1 = h1 − T0s1 = 2745.9− 318.15× 6.837 = 570.7 kJ/kg

e2 = h2 − T0s2 = 419.1− 318.15× 1.307 = 3.3 kJ/kg.

Finally, with Tcooling = 296.15 K, we obtain

Q̇cooling,max =
50 kg/h× (570.7− 3.3)kJ/kg

318.15/296.15− 1

= 3.82 · 105 kJ/h = 106 kW.

Any actual device would have a lower cooling capacity, because of irre-
versibilities. A clever engineer could easily come up with a design that
could provide 50 kW of cooling. We again note that the maximum per-
formance was determined without any particular choice of process; this
can be done because of the great power of fundamental thermodynamics.


	Cover
	Table of Contents
	List of Tables
	List of Illustrations
	6 Thermodynamics of state
	6.1 Equation of state for the ideal gas
	Definition.
	Other forms.
	Temperature of a perfect gas.
	Internal energy and temperature.
	Enthalpy and temperature.
	Entropy.
	Temperature dependance.
	Reduced pressure and volume.
	Isentropic process analysis.
	Example.
	Constant specific heat (or polytropic) model.
	Example.
	Polytropic process.

	6.2 Thermodynamic functions and property relations
	Helmholtz free energy.
	Gibbs free energy.
	Maxwell relations.

	6.3 Properties from P = P(v,T) and cP (or v)IG
	Internal energy, entropy and enthalpy.
	Isochoric and isobaric specific heat and their ratio.
	Speed of sound.
	Example: the derivation of the speed of sound.
	Isentropic, isobaric and isothermal compressibility.
	Necessary partial derivatives and integral.
	Example: the van der Waals equation of state.

	6.4 The principle of corresponding states
	6.5 Some other useful relations
	6.6 Properties from fundamental equations
	6.7 Virial equation of state for gases
	Example.

	6.8 Process fluids and their characteristics
	6.9 Complex equations of state
	Cubic equations of state.
	Multiparameter volumetric equations of state.
	Helmholtz-based equations of state.
	Equations of state from statistical thermodynamics, or ``molecular'' equations of state.

	6.10 Equations for the ideal gas heat capacity
	Example.

	6.11 Vapor-liquid equilibrium
	The saturation line and fugacity.
	Example.
	Example.
	Phase rule for pure substances.
	Clapeyron equation.
	Example.

	6.12 Stability for simple compressible fluids
	6.13 The choice of a thermodynamic model

	7 Energy conversion systems
	7.1 Analysis of thermodynamic systems
	7.2 The Rankine cycle
	7.3 Vapor power plants
	Superheating and reheating.
	Supercritical cycle.
	Dearator, regenerator, and economizer.
	Example.
	Organic Rankine cycle turbogenerator.
	Example.

	7.4 Refrigeration
	Vapor-compression refrigeration
	Example.
	Absorption refrigeration.

	7.5 The Brayton cycle
	7.6 Gas turbines
	Regeneration.
	Intercooling.
	Reheating.
	Utra-efficient gas turbines.
	Closed Brayton cycle gas turbine.

	7.7 Other gas power cycles and engines
	Otto cycle
	Diesel cycle
	Stirling cycle

	7.8 Fuel Cells
	7.9 Combined, cogenerating and binary cycle power plants
	7.10 Thermodynamic design, sustainability and other criteria
	Example.


	9 Exergy Analysis
	9.1 Available energy
	9.2 Definition and evaluation of exergy
	Improving the use of energy in a chemical process.
	Geothermally driven cooling system.

	9.3 Control volume exergy analysis
	Interpretation of the exergy balance for a control volume.
	Steady-state exergy balance.
	Example: valve.
	Example: heat exchanger.
	Example: compressor.
	Causes of exergy losses.

	9.4 A useful thermodynamic efficiency based on exergy
	Example: domestic heating.
	Example: heat exchanger.
	Example: turbine.
	Example: mixer or contact heat exchanger.
	Example: exergy analysis of a simple Rankine cycle power plant.

	9.5 Concluding remarks




