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Preface

Optimization is a significant tool in engineering for determining the best, or optimal,
value for the decision variable(s) of a system. For various reasons, it is important
to optimize processes so that a chosen quantity, known as the objective function,
is maximized or minimized. For example, the output, profit, productivity, product
quality, and so on, may be maximized, or the cost per item, investment, energy input,
and so on, may be minimized. The success and growth of industries today is strongly
based on their ability to optimize systems and processes, as well as their designs. With
the advent in recent years of new materials, such as composites and ceramics, and
new manufacturing processes, several traditional industries (e.g., steel) have faced
significant challenges and, in some cases, diminished in size, while many new fields
have emerged. It is important to exploit new techniques for product improvement
and cost reduction in traditional and new industries. Even in expanding areas, such as
consumer electronics, the prosperity of a company is closely connected to its ability
to apply optimization to new and existing process and system designs. Consequently,
engineering design, which has always been important, has become increasingly coupled
with optimization.
Energy engineering is a field where optimization plays a particularly important role.

Engineers involved in thermal engineering, for instance, are required to answer such
questions as
• What processes or equipment should be selected for a system, and how should the

parts be arranged for the best outcome?
• What are the best characteristics for the components (e.g., size, capacity, cost)?
• What are the best process parameters (e.g., temperature, pressure, flow rate, and com-

position) of each stream interacting with the system?

In order to answer such questions, engineers are required to formulate an appropriate
optimization problem. Proper formulation is usually themost important and sometimes
the most difficult step in optimization. To formulate an optimization problem, there are
numerous elements that need to be defined, including system boundaries, optimization
criteria, decision variables, and objective functions. In order to have an optimized sys-
tem that can reduce the cost and environmental impact and at a same time increase the
efficiency of the system, optimization is useful.
This book is a research-oriented textbook. It provides comprehensive coverage of fun-

damentals and main concepts, and can be used for system design, analysis, assessment,
optimization, and hence improvement. The book includes practical features in a usable
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format often not included in other solely academic textbooks. The book can used by
senior undergraduate and graduate students in mainstream engineering fields (such as
mechanical and electrical engineering) and as well as specialized engineering programs
on energy systems.
This book consists of twelve chapters. Chapter 1 addresses general concepts,

fundamental principles and basic aspects of thermodynamics, energy, entropy, and
exergy. These topics are covered in a broad manner, so as to furnish the reader with
the background information necessary for subsequent chapters. Chapter 2 describes
several modeling techniques and optimization methods and the formulation of an
optimization problem. Objective functions and how to select them for enhanced
sustainability, optimization constraints for energy systems, and optimization algo-
rithms are explained in detail in this chapter. Chapter 3 focuses on modeling and
optimization of thermal components. Chapter 4 covers the modeling and optimization
of various types of heat exchanger as well as sensitivity analyses of the optimization
results. Chapter 5 provides necessary information for modeling and optimization of
refrigeration systems. Chapter 6 describes the modeling and optimization of heat pump
systems. Chapter 7 focuses on fuel cell system modeling, analysis, assessment, and
optimization. Chapter 8 covers a range of renewable energy systems and their model-
ing, analysis, and optimization. Chapter 9 focuses on conventional power generating
systems. Chapter 10 addresses the modeling and optimization of cogeneration and
trigeneration systems. Chapter 11 delves into the modeling, analysis, and optimization
of integrated multigeneration systems for the production of multiple useful outputs.
Incorporated throughout are many illustrative examples and case studies, which pro-

vide the reader with a substantial learning experience, especially in areas of practical
application. Complete references are included to point the curious reader in the right
direction. Information on topics not covered fully in the text can, therefore, be eas-
ily found. We hope this book brings a new dimension to energy system modeling and
optimization practice and helps the community implement better solutions for a better
future.

Ibrahim Dincer, Marc A. Rosen, and Pouria Ahmadi
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1

Thermodynamic Fundamentals

1.1 Introduction

Energy plays a critical role in driving almost all practical processes and is essential
to sustain life. Energy exists in several forms, for example, light, heat, and electricity.
Energy systems are widespread and used in diverse industries such as power generation,
petrochemical processing, refrigeration, hydrogen production, chemical processing,
and manufacturing. Interest is growing in producing superior energy products at
minimal cost, while satisfying concerns regarding environmental impact, safety, and
other issues. It is no longer adequate to develop a system that simply performs a desired
task. For various reasons, it is often important to optimize processes so that a chosen
quantity, known as the objective function, is maximized or minimized. For example,
the output, profit, productivity, product quality, and so on, may be maximized, or the
cost per item, financial investment, energy input, and so on, may be minimized. The
success and growth of industries today is strongly based on their ability to optimize
designs and systems.
When an engineer undertakes the analysis of an energy system and/or its applica-

tion, she or he should deal with several basic factors first. These depend on the type of
the problem being studied, and often involve such disciplines as thermodynamics, fluid
mechanics, and heat transfer. Consequently, it is helpful to introduce several fundamen-
tal definitions and concepts before moving on to detailed energy systems applications,
especially for readers who lack a background in thermodynamics, fluid mechanics, or
heat transfer.
This chapter provides such a review, and is intended to give novice and practicing

energy systems engineers a strong understanding of fundamentals, including physical
phenomena, basic laws and principles, and governing relations, as well as a solid
grounding in practical aspects. This introductory chapter covers relevant fundamentals
involved in the optimization of energy systems. We begin the chapter with a summary
of fundamental definitions and physical quantities, with their units, dimensions, and
interrelations. We then consider introductory aspects of thermodynamics, with a
particular focus on energy, exergy, and heat transfer.

1.2 Thermodynamics

Energy is needed for almost every activity. In simple terms, energy is usually thought
of as the ability to carry out useful tasks like producing work and heating. Energy is
Optimization of Energy Systems, First Edition. Ibrahim Dincer, Marc A. Rosen, and Pouria Ahmadi.
© 2017 John Wiley & Sons Ltd. Published 2017 by John Wiley & Sons Ltd.
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contained in the fuel we use, the food we eat, and the places we live. Energy enables
such outcomes as transportation, fresh water, and thermal comfort in buildings.
Energy use has drawbacks too. It can be dangerous if not used cautiously and often

leads to pollution and environmental damage.
Energy can be converted from one form to another, but cannot be created or

destroyed. Work and heat are two categories of energy in transit. Thermodynamics
plays a key role in the analysis of processes, systems, and devices in which energy
transfers and transformations occur. The implications of thermodynamics are far
reaching and applications span the range of human enterprise. Nature allows the
conversion of work completely into heat, but not the reverse. Additionally, converting
heat into work requires a device, which is often complex (e.g., an engine).
Although energy can be transformed into different forms, the principle of conser-

vation of energy states that the total energy of a system can only change if energy is
transferred into or out of the system.This implies that it is impossible to create or destroy
energy.The total energy of a systemcan this be calculated by adding all forms of energy in
the system. Examples of energy transfer and transformation include generating or mak-
ing use of electric energy, performing chemical reactions and lifting an object. Lifting
against gravity performs work on the object and stores gravitational potential energy; if
the object falls, gravity does work on the object, which transforms its potential energy
into kinetic energy associated with its speed.
The name “thermodynamics” stems from the Greek words therme (heat) and dynamis

(power), which is descriptive of efforts to convert heat into power [1]. The discipline
of thermodynamics is based primarily on two fundamental natural laws, known as the
first and second laws. The first law of thermodynamics is simply an expression of the
conservation of energy principle. It states that energy, as a thermodynamic quantity,
is neither created nor destroyed during a process. The second law of thermodynamics
states that energy has quality as well as quantity, and that processes naturally occur in
the direction of decreasing quality of energy [2].

1.3 The First Law of Thermodynamics

The first law of thermodynamics (FLT) embodies the principle of energy conserva-
tion, which states that, although energy can change form, it can be neither created
nor destroyed. The FLT defines internal energy as a state function and provides a
formal statement of the conservation of energy [2]. However, the first law provides
no information about the direction in which processes can spontaneously occur, that
is, reversibility aspects of thermodynamic processes. For example, the FLT cannot
indicate how cells can perform work while existing in an isothermal environment.
The FLT provides no information about the inability of any thermodynamic process
to convert heat fully into mechanical work, or any insight into why mixtures cannot
spontaneously separate or unmix themselves. A principle to explain these phenomena
and to characterize the availability of energy is required. Such a principle is embodied
in the second law of thermodynamics (SLT), which we explain later in this chapter.
A simple example of energy conversion is the process in which a body that has some

potential energy at some elevation falls, and part of the potential energy is converted
into kinetic energy. Experimental data show that the decrease in potential energy is
equal to the increase in kinetic energy if air resistance is negligible.This simple example
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demonstrates the conservation of energy principle. In order to analyze energy systems,
we need to use energy balance equations, which express the balance of the energy enter-
ing and leaving a system and the energy change in the system. That is, the net change
in the total energy of the system during a process is equal to the difference between the
total energy entering and the total energy leaving the system during that process, or(

Total energy
entering system

)
−
(

Total energy
leaving system

)
=
(

Change intotal
energy of system

)
This relation can also be written as

Ein − Eout = ΔEsystem (1.1)

The energy E may include internal energy U, kinetic energy (KE) and potential energy
(PE) terms as follows:

E = U + KE + PE (1.2)

For a change of state from state 1 to state 2 with a constant gravitational acceleration
(g), Equation 1.2 can be used to show the following:

E2 − E1 = (U2 −U1) +
1
2
m(V 2

2 − V 2
1 ) +mg(Z2 − Z1) (1.3)

where m denotes the fixed amount of mass in the system, V the velocity, and Z the
elevation. In order to apply the FLT to an energy system, we need to know some further
concepts, which are described in the following sections.

1.3.1 Thermodynamic System

A thermodynamic system is a region or device or combination of devices that contains
a certain quantity of matter. It is important to carefully define the system under consid-
eration during an analysis and its boundaries. Three important types of systems can be
defined:

• Closed system. Such a system is defined as one across the boundaries of which no
material crosses. It therefore contains a fixed quantity of matter. Sometimes this is
also called a control mass.

• Open system. This is defined as a system in which material (mass) is allowed to cross
the boundaries. The term open system is sometimes referred to as a control volume.

• Isolated system. This is a closed system that is independent and unaffected by the
surroundings. No mass, heat, or work crosses its boundary.

1.3.2 Process

A process is a physical or chemical change in the properties of matter or the conversion
of energy from one form to another. In some processes, one property remains constant.
The prefix “iso” is employed to describe such as process, for example isothermal (con-
stant temperature), isobaric (constant pressure), and isochoric (constant volume).

1.3.3 Cycle

A cycle is a series of thermodynamic processes in which the end point conditions or
properties of the matter are identical to the initial conditions.
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1.3.4 Heat

Heat is the thermal form of energy, and heat transfer takes place when a temperature dif-
ference exists within a medium or between different media. The definitive experiment
that showed heat to be a form of energy, convertible into other forms, was carried out
by Scottish physicist James Joule. Heat transfer always requires a difference in tempera-
ture, and higher temperature differences provide higher heat transfer rates.The units for
heat are joules or kilojoules in the International System (SI) and the foot pound force or
British thermal unit (Btu) in the English system. In terms of sign conventions in thermo-
dynamic calculations, a common one states that heat transfer to a system is considered
positive, while heat transfer froma system is negative. If there is no heat transfer involved
in a process, it is called adiabatic.

1.3.5 Work

Work is the energy that is transferred by a difference in pressure or force of any kind, and
is subdivided into shaft work and flow work. Shaft work is the mechanical energy used
to drive a mechanism such as a pump, compressor, or turbine. Flow work is the energy
transferred into a system by a fluid flowing into, or out of, it. Both forms are usually
expressed in kilojoules. Work can also be expressed on a unit mass basis (e.g., in kJ/kg).
By one common convention, work done by a system is usually considered positive and
work done on a system (work input) is considered negative.The SI unit for power or rate
of work is joules per second, which is a Watt (W).

1.3.6 Thermodynamic Property

A thermodynamic property is a physical characteristic of a substance, often used to
describe its state. Any two properties usually define the state or condition of a substance,
and all other properties can be derived from these. Some examples of properties are tem-
perature, pressure, enthalpy, and entropy. Thermodynamic properties can be classified
as intensive (independent of the size or scale, e.g., pressure, temperature and density)
and extensive properties (dependent on size or scale, e.g., mass and total volume). Exten-
sive properties become intensive properties when expressed on a per unit mass basis,
such as is the case for specific volume.
Property diagrams of substances can be presented in graphical form and present the

main properties listed in property tables, for example refrigerant or steam tables. In
analyzing an energy system, the thermodynamic properties should be defined so as to
permit the simulation (and hence optimization) of the system. In this book, Engineering
Equation Solver (EES) and Refprop software are utilized to calculate thermodynamic
properties.

1.3.6.1 Specific Internal Energy
Internal energy represents a molecular state type of energy. Specific internal energy is
a measure per unit mass of the energy of a simple system in equilibrium, and can be
expressed as the function cvdT. For many thermodynamic processes in closed systems,
the only significant energy changes are internal energy changes, and the work done by
the system in the absence of friction is the work of pressure-volume expansion, such as
in a piston-cylinder mechanism.
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The specific internal energy of a mixture of liquid and vapor can be written as

u = (1 − x)uliq + xuvap = uliq + xuliq,vap (1.4)

where uliq,vap = uvap − uliq.

1.3.6.2 Specific Enthalpy
Specific enthalpy is another measure of the energy per unit mass of a substance. Specific
enthalpy, usually expressed in kJ/kg or Btu/lb, is normally expressed as a function of
cpdT . Since enthalpy is a state function, it is necessary to measure it relative to some
reference state.The usual practice is to determine the reference values, which are called
the standard enthalpy of formation (or the heat of formation), particularly in combustion
thermodynamics.
The specific enthalpy of a mixture of liquid and vapor components can be written as

h = (1 − x)hliq + xhvap = hliq + xhliq,vap (1.5)

where hliq,vap = hvap − hliq.

1.3.6.3 Specific Entropy
Entropy is the ratio of the heat added to a substance to the absolute temperature at which
it is added, and is a measure of the molecular disorder of a substance at a given state.
The specific entropy of a mixture of liquid and vapor components can be written as

s = (1 − x)sliq + xsvap = sliq + xsliq,vap (1.6)

where sliq,vap = svap − sliq.

1.3.7 Thermodynamic Tables

Thermodynamic tables were first published in 1936 as steam tables by Keenan and
Keyes; in 1969 and 1978 these were revised and republished.Thermodynamic tables are
available for many substances, ranging from water to refrigerants, and are commonly
employed in process design calculations. Some thermodynamic tables include steam
and vapor tables. In this book, we usually imply these types of tables when we refer to
thermodynamic tables. Such tables normally have distinct phases (parts); for example,
four different parts for water tables include those for saturated water, superheated water
vapor, compressed liquid water, and saturated solid-saturated vapor water. Similarly,
two distinct parts for R-134a include saturated and superheated tables. Most tables
are tabulated according to values of temperature and pressure, and then list values
of various other thermodynamic parameters such as specific volume, internal energy,
enthalpy, and entropy. Often when we have values for two independent variables, we
may obtain other data from the respective table. In learning how to use these tables, it
is important to specify the state using any two independent parameters (unless more
are needed). In some design calculations, if we do not have the exact values of the
parameters, we use interpolation to find the necessary values.
Beyond thermodynamic tables, much attention has recently been paid to computer-

ized tables for design calculations and other purposes. Although computerized tables
can eliminate data reading problems, they may not provide a good understanding of the
concepts involved and a good comprehension of the subject. Hence, in thermodynamics
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courses, it is important for the students to know how to obtain thermodynamic data
from the appropriate thermodynamic tables.
The Handbook of Thermodynamic Tables [3] is one of the most valuable data

resources, with data for numerous solid, liquid, and gaseous substances.

1.3.8 Engineering Equation Solver (EES)

EES is a software package that solves a system of linear or nonlinear algebraic or dif-
ferential equations numerically. It consists of a large library of built in thermodynamic
properties as well as mathematical functions. Unlike other available software packages,
EES does not solve engineering problems explicitly; rather it solves the equations,
and it is the user’s responsibility to apply relevant physical laws, relations, and under-
standing. EES saves the user considerable time and effort by solving the mathematical
equations, and has the capability to connect to other professional software such
as Matlab.
EES is one of themost suitable software packages for energy systems analyses and ther-

modynamic properties. The software is straightforward to use, as shown in Figure 1.1,
where the thermodynamic modeling of a vapor compression refrigeration system and
its components is presented along with the results of a parametric study conducted by
varying the temperature at point 1. This software comes with several examples and has
been used to model and analyze complex systems such as advanced power plants, com-
bined heat and power systems, desalination plants, hydrogen production plants, and
renewable energy-based systems.

Figure 1.1 Sample screen of Engineering Equation Solver (EES) for thermodynamic analyses of energy
systems.



�

� �

�

1 Thermodynamic Fundamentals 7

10–310–410–5 10–2 10–1 100 101 102 103
0

100

200

300

400

500

600

700

Specific volume (m3/kg)

T
e
m

p
e
ra

tu
re

 (
°C

)

500 kPa

3000 kPa

14000 kPa

Water

Critical point

Saturated liquid-vapor region

Compressed liquid

Superheated vapor region

Constant pressure lines

Figure 1.2 Temperature-specific volume diagram for phase changes of water.

The professional version of the software can perform single objective optimization
but not multi-objective optimization. However, several methods can be implemented
to connect EES with Matlab software to conduct multi-objective optimization, as is
discussed in subsequent chapters.
In EES, we can easily create thermodynamic diagrams (e.g., T-V , T-S, P-V , P-h, and

h-S). For example, Figure 1.2 shows a temperature-volume diagram for water at several
pressures.The state of a system or substance is defined as the condition of the system or
substance characterized by certain observable macroscopic values of its properties such
as temperature and pressure.
The term “state” is often used interchangeably with the term “phase,” for example solid

phase or gaseous phase of a substance. Each of the properties of a substance at a given
state has only one definite value, regardless of how the substance reached the state. For
example, when sufficient heat is added or removed under certain conditions, most sub-
stances undergo a state change.The temperature remains constant until the state change
is complete. As shown in Figure 1.2, there are three regions on theT-v diagram forwater:
compressed liquid, saturated two-phase region (which is also known as the wet region)
and superheated vapor region. As the pressure increases, the saturated line continues
to shrink, as shown in Figure 1.2, and eventually it becomes a point when the pressure
reaches 22.06 MPa for water. This point is called the critical point and is defined as the
point which the saturated liquid and saturated vapor are identical. This is indicated in
Figure 1.2. EES can also generate temperature-specific entropy (T-s) diagrams for var-
ious refrigerants, as shown in Figure 1.3. The software contains a large fluids database.
Table 1.1 lists the properties of the various refrigerants shown in Figure 1.3. In this table,
Tb

a is the normal boiling point, while Pcr
b and Tcr

a are the critical pressure and critical
temperature, respectively.
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Figure 1.3 T-s diagrams of selected refrigerants, as generated by EES.

Table 1.1 Thermophysical properties of selected working fluids.

Substance Molecular mass
(kg/kmol)

Tb
a (K) Pcr

b (MPa) Tcr
a (K)

R123 152.93 300.97 3.66 456.83
R134a 102.03 247.08 4.059 374.21
R124 136.48 261.22 3.62 395.43
R11 137.37 296.86 4.40 471.11
R12 120.91 243.4 4.13 385.12
R143a 84.04 161.34 3.76 345.86
R113 187.38 320.74 3.39 487.21
R125 120.02 172.52 3.61 339.17
R141b 116.95 305.2 4.46 479.96

Example 1.1: Apply EES to the vapor compression refrigeration cycle using R134a as
a working fluid, as shown in Figure 1.4. The working fluid mass flow rate is 0.1 kg/s.
Assume that there are no pressure drops across the condenser and that the compressor
isentropic efficiency is 0.8.

Part 1) Show the cycle on a P-h diagram with all temperatures at each state point.
Part 2) Calculate the coefficient of performance (COP), compressor specific work and
cooling load when the evaporator and condenser temperatures are 10∘C and 45∘C,
respectively.

Part 3) Plot the effect of evaporator temperature on COP and cooling load of the cycle
when the evaporator temperature varies from 10∘C to 18∘C, and discuss the results.
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Figure 1.4 Schematic of vapor compression refrigeration cycle.

Solution: A refrigeration system operating on a vapor compression cycle is considered
here.

Assumptions: 1: Steady operating conditions exist. 2: Kinetic and potential energy
changes are negligible.

Analysis:

1) The working fluid leaving the evaporator is a saturated vapor with a quality x= 1.
Therefore this point lies on the saturated vapor line in a P-h diagram, as shown
in Figure 1.5. We know that the pressure at point 1, P1, is the saturation pressure

–50 0 50 100 150 200 250 300
9x100

102

103

104

105

h [kJ/kg]

P
[k

P
a

]

45°C

 10°C 

R134a

1

23

4

Figure 1.5 P-h diagram of vapor compression refrigeration cycle.
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at the evaporator temperature (TEVP = 10∘C). Using EES and the thermodynamic
properties for R134a, this pressure is found to be 538 kPa. Since there is no pres-
sure drop across the evaporator, P1 =P4. Similarly, the pressure at point 3 is equal to
the saturation pressure at the condenser temperature. This information yields that
P3 = 1161 kPa. Connecting these points forms the P-h diagram.

2) In order to calculate the COP and cooling load, the thermodynamic properties at all
points need to be determined. Using EES we find:

x1 = 1
P1 = pressure (R134a, T = T1, x = x1) = 415 kPa
h1 = specific enthalpy (R134a, T = T1, x = x1) = 256.2 kJ kg−1

s1 = specific entropy (R134a, T = T1, x = x1) = 0.926 kJ(kg.K)−1

P2 = pressure (R134a, T = T3, x = 0) = 1161 kPa
h2,ideal = specific enthalpy (R134a, P = P2, s2 = s1) = 277.5 kJ kg−1

wcomp,ideal = (h2,ideal − h1) = 21.31 kJ kg−1

𝜂comp =
wcomp,ideal

wcomp,act
→ wcomp,act =

(h2,ideal − h1)
𝜂comp

= 26.64 kJ kg−1

h2 = h1 + wcomp,act = 282.8kJ kg−1

s2 = specific entropy (R134a, h = h2, P = P2) = 0.926 kJ(kg.K)−1

T2 = temperature (R134a, h = h2, P = P2) = 53∘C

Since the condenser temperature is given (45∘C) and P3 =P2 because there is no pres-
sure drop across the condenser, we have:

h3 = specific enthalpy (R134a, T = T3, x = 0) = 115.8 kJ kg−1

s3 = specific entropy (R134a, T = T3, x = 0) = 0.418 kJ(kg.K)−1

The process in the throttle valve is isenthalpic, so h4 = h3. Since there is no pressure
drop across the evaporator, P4 =P1. Point 4 is in the saturation region and the quality
at point 4 is defined as follows:

x4 = quality (R134a, h = h4, P = P4 ) = 0.26
s4 = specific entropy (R134a, h = h4, P = P4) = 0.43 kJ(kg.K)−1

T4 = temperature (R134a, h = h4, P = P4) = 10∘C

Now that the thermodynamic properties at all points are calculated, we can use the
energy balance equation for a control volume around the evaporator and compressor
in order to determine the cooling load and compressor work rate as follows:

Q̇Evp = ṁ(h1 − h4) = 14.04 kW
Ẇcomp = ṁwcomp,act = 2.66 kW

The coefficient of performance (COP) of the refrigerator is expressed as

COP =
Cooling load

Work input rate
=

Q̇Evp

Ẇcomp
= 14.04 kW

2.66 kW
= 5.27
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Figure 1.6 Screen shot of the parametric analysis of the system using EES.

3) To assess the effect of evaporator temperature on the COP and the cooling load, we
use parametric tables in EES. To do this, we need to remove the evaporator temper-
ature (T1) in EES and go to the Table option in EES and select New Parametric Table
and add T1, COP and Q̇Evp. Next, we need to enter the range for evaporator temper-
ature as shown in Figure 1.6. After entering all inputs, we press the green button to
run and obtain the results (see Figure 1.7).
Figure 1.7 shows the variation of evaporator temperature on both cooling load
and system COP. An increase in this temperature while other design parameters
are fixed results in an increase the specific enthalpy at point 1, which eventu-
ally leads to an increase in the evaporator cooling load. Similarly, this increase
results in an increase in the COP of the system according to the COP definition
(COP = (Cooling load produced)∕(Work input)). It is clear that the higher the
evaporator temperature, the higher the cooling load and the COP of the system.

Example 1.2: Consider the adiabatic combustion of methane at 25∘C with a stoichio-
metric amount of air at 25∘C, as shown in Figure 1.8. Plot the variation of adiabatic
combustion temperature with percentage of excess air.

Solution: An adiabatic reactor is considered in which combustion takes place with a
stoichiometric amount of air at 25∘C.
The combustion reaction for methane with stoichiometric air at 25∘C and X% excess

air is:

CH4 + 2
(
1 + X

100

)
(O2 + 3.76N2)↔ CO2 + 2H2O

+ 3.76
(
2 + 2X

100

)
N2 +

2X
100

O2

Denoting the adiabatic combustion temperature Tf , we can write the energy balance
for a control volume around the reactor:∑

NpHp =
∑

NRHR
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where NP and NR are the stoichiometric coefficients for products and reactants and HR
and HP are the enthalpies of the products and reactants, calculated as:

HR = enthalpy (CH4, T = 298) + 2
(
1 + X

100

)
entahlpy (O2, T = 298 kJ kg−1)

+ 3.76
(
2 + 2X

100

)
enthalpy (N2,T = 298 kJ kg−1)

HP = enthalpy (CO2 T = Tf ) + 2entahlpy (H2O, T = Tf )

+ 3.76
(
2 + 2X

100

)
enthalpy (N2,T = Tf ) +

2X
100

enthalpy (O2, T = Tf )

Then, we solve the energy balance equation (
∑

NpHp =
∑

NRHR) for Tf at any given
excess air percentage X% (see Figure 1.9).

1.4 The Second Law of Thermodynamics

As mentioned earlier, the first law is the energy conservation principle. The second law
of thermodynamics (SLT) is instrumental in determining inefficiencies of practical ther-
modynamic systems, and indicates that it is impossible to achieve 100% efficiency (in
terms of reversible conversion) in energy conversion processes. Two primary statements
of the second law follow:

• Kelvin/Planck statement: It is impossible to construct a device, operating in a cycle
(e.g., a heat engine), that accomplishes only the extraction of heat from some source
and its complete conversion to work. This statement describes the impossibility of
having a heat engine with a thermal efficiency of 100%.



�

� �

�

1 Thermodynamic Fundamentals 13

0 25 50 75 100 125 150 175 200

1000

1200

1400

1600

1800

2000

2200

2400

Percentage of Excess Air [%]

F
la

m
e
 T

e
m

p
e
ra

tu
re

 [
K

]

Figure 1.9 Effect of varying excess air on combustion flame temperature.

• Clausius statement: It is impossible to construct a device, operating in a cycle (e.g.,
refrigerator or heat pump), that transfers heat from a low temperature (cooler) region
to a high temperature (hotter) region, of itself.

A simpleway to illustrate the implications of both the first and second laws is a desktop
game (known as “Newton’s Cradle”) that consists of several pendulums (withmetal balls
at the ends), one in contact with the other. When you raise the first of the balls, you give
energy to the system in the form of potential energy. Releasing this ball allows it to gain
kinetic energy at the expense of the potential energy.When this ball hits the second ball,
a small elastic deformation transforms the kinetic energy, again as a form of potential
energy. The energy is transferred from one ball to the other. The last ball again gains
kinetic energy, allowing it to rise. The cycle continues, but every time the balls rise to
a slightly lower level, until all motion finally stops. The first law concerns why the balls
keep moving, while the second law explains why they do not do it forever. In this game
the energy is lost in sound and heat, as the motion declines.
The second law also states that the entropy in the universe always increases. As men-

tioned before, entropy is a measure of degree of disorder, and every process happening
in the universe increases the entropy of the universe to a higher level.The entropy of the
state of a system is proportional to (depends on) its probability, which provides us with
an opportunity to define the second law in a broader manner as “the entropy of a system
increases in any heat transfer or conversion of energy within a closed system.” That is
why all energy transfers or conversions are irreversible. From the entropy perspective,
the basis of the second law is the statement that the sum of the entropy changes of a
system plus that of its surroundings must always be positive. Recently, much effort has
been invested inminimizing the entropy generation (irreversibilities) in thermodynamic
systems and applications.
Dincer and Rosen [2] indicate that exergy, which is based mainly on the SLT, can help

with four tasks: design, analysis, performance assessment, and improvement.
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Consequently, the second law is the linkage between entropy and the usefulness of
energy. Second law analysis has found applications in a wide variety of disciplines, such
as chemistry, economics, ecology, environment, and sociology, some of which are far
removed from engineering thermodynamic applications.

1.5 Reversibility and Irreversibility

Reversibility and irreversibility are two important concepts in assessing thermodynamic
processes and systems. Reversibility is defined by the statement that only for a reversible
process can both a systemand its surroundings be returned to their initial states, without
additional external energy input. Such a process is only theoretical.
Irreversibility during a process describes the destruction of useful energy or its avail-

ability. Without new inputs, both a system and its surroundings cannot be returned
to their initial states due to the irreversibilities that occur, for example friction, heat
transfer or rejection, electrical, and mechanical effects. For instance, an actual system
provides an amount of work that is less than the ideal reversible work, with the dif-
ference between these two values determining the irreversibility of that system. In real
applications, there are always such differences, and therefore real processes and cycles
are always irreversible.

1.6 Exergy

Exergy (also called availability) is defined as the maximum amount of work that can be
produced by a stream of matter or energy (heat, work, etc.) as it comes to equilibrium
with a reference environment. Exergy is a measure of the potential of a flow or system
to cause change, as a consequence of not being in complete stable equilibrium relative
to a reference environment. For exergy analysis, the state of the reference environment,
or the reference state, must be specified completely. This is commonly done by specify-
ing the temperature, pressure, and chemical composition of the reference environment.
Exergy is not subject to a conservation law. Rather, exergy is consumed or destroyed due
to irreversibilities in any process. Table 1.2 compares energy and exergy from the point
of view of thermodynamics.
As pointed out by Dincer and Rosen [2], exergy is a measure of usefulness or quality.

It is also a measure of the potential of a flow or system to cause change, and there-
fore can be seen as a type of measure of the potential of a substance to impact on the
environment.
Exergy analysis is useful for improving the efficiency of energy-resource use, for it

quantifies the locations, types, and magnitudes of wastes and losses. In general, more
meaningful efficiencies are evaluated with exergy analysis than with energy analysis,
since exergy efficiencies are always a measure of the approach to the ideal. Therefore,
exergy analysis identifies accurately the margin available to design more efficient energy
systems by reducing inefficiencies. Many engineers and scientists suggest that thermo-
dynamic performance is best evaluated using exergy analysis because it provides more
insights and is more useful in efficiency improvement efforts than energy analysis.
From the point of view of energy and exergy efficiencies, it is important to note that if

a fossil fuel-based energy source is used for a low temperature thermal application like
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Table 1.2 Comparison between energy and exergy.

Energy Exergy

• Dependent on parameters of matter
or energy flow only, and independent
of environment parameters.

• Has values different from zero (and is
equal to mc2 in accordance with
Einstein’s equation).

• Guided by the first law of
thermodynamics for all processes.

• Limited by the second law of
thermodynamics for all processes
(including reversible ones).

• Dependent both on the parameters of matter
or energy flow and on environment
parameters.

• Can equal zero (in dead state, by virtue of
being in equilibrium with the environment).

• Guided by the first and second laws of
thermodynamics for reversible processes
(where it is conserved) and irreversible
processes (where it is destroyed partly or
completely).

• Not limited for reversible processes owing to
the second law of thermodynamics.

Source: Dincer 2012. Reproduced with permission of Elsevier.

space heating or cooling, there would be a great difference between the corresponding
energy and exergy efficiencies, perhaps with values of 50−70% for the energy efficiency
and 5% for the exergy efficiency [2]. One may ask why and, to address that question, we
point out the following:

• High quality (e.g., capable of high temperature heating) energy sources such as fossil
fuels are often used for relatively low-quality (e.g., low temperature heating) processes
like water and space heating or cooling.

• Exergy efficiency permits a better matching of energy sources and uses, leading
to high quality energy being reserved for high quality tasks and not employed for
low-quality end uses.

1.6.1 Exergy Associated with Kinetic and Potential Energy

Kinetic energy is a form of mechanical energy, and therefore can be entirely converted
intowork.Thus, the exergy of the kinetic energy of a system is equal to the kinetic energy
itself regardless of the temperature and pressure of the environment, and is

exKE =
V 2

2
(kJ kg−1) (1.7)

where V is the velocity of the system in relation to the environment.
Potential energy is also a formofmechanical energy, and can also be entirely converted

into work.The exergy of the potential energy of a system is equal to the potential energy
itself and does not depend on pressure and temperature [2, 4]. That is,

exKE = gZ (1.8)

where g is the gravitational acceleration and Z is the elevation of the system.
In summary, the exergy values associated with kinetic and potential energy are equal

for each and they are entirely available to do work. Kinetic and potential exergy have
the same values as the corresponding energy terms. Kinetic exergy is particularly rele-
vant where speeds are significant, as in a turbine, whereas potential exergy is especially
relevant for electrical or hydraulic systems. In many practical cases involving industrial
processes, kinetic and potential exergy terms can be neglected.
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1.6.2 Physical Exergy

Physical exergy represents the maximum amount of work that can be obtained from a
system as its pressure and temperature are changed to the pressure and temperature of
the reference environment.The specific physical exergy exph is determined with specific
enthalpy and entropy values of the stream at a given temperature and pressure, and the
reference environmental state temperature (T0) and pressure (P0), as follows [2, 5]:

exph = [h(T ,P) − h(T0,P0)] − T0[s(T ,P) − s(T0,P0)] (1.9)

where h(T ,P) and s(T ,P) are the specific enthalpy and specific entropy of the stream at
a given temperature and pressure, respectively. Values for specific enthalpy and specific
entropy can be found either from thermodynamic tables or EES.

1.6.3 Chemical Exergy

Chemical exergy represents the maximum work that can be obtained when a substance
is brought from the reference environment state to the dead state by a process includ-
ing heat transfer and exchange of substances only with the reference environment. The
maximumwork is attainedwhen the process is reversible. Alternatively, chemical exergy
can also be viewed as the exergy of a substance that is at the reference environment state.
Chemical exergy is also equivalent to the minimum amount of work necessary to

produce a substance at the reference environment state from the constituents of the
reference environment. Chemical exergy has two main parts, reactive exergy resulting
from the chemical reactions necessary to produce species which do not exist as stable
components in the reference environment, and concentration exergy resulting from the
difference between the chemical concentration of a species in a system and its chemi-
cal concentration in the reference environment.The concentration part is related to the
exergy of purifying or diluting a substance, such as separating oxygen from air.
To determine a substance’s chemical exergy, we need to define a reference environ-

ment in terms of its temperature T0, pressure P0, and chemical composition. In some
reference environment models, substances present in the atmosphere, the hydrosphere,
and upper part of the crust of the earth, at P0 and T0, form the basis of the reference
environment. In other models, these substances are allowed to react with each other
hypothetically and allowed to reach a stable state with a minimum Gibbs energy, at sea
level, at rest without other force fields [2, 5, 6].
Once a reference environment is defined for an exergy analysis, the exergy of any

substance at pressure P and temperature T can be evaluated relative to the reference
environment. Note that it is not possible to obtain work by allowing substances in the
reference environment to interact with each other.
A stream ofmatter also carries chemical exergy, conceptually determined as discussed

above for a quantity of a substance.

1.6.3.1 Standard Chemical Exergy
In thermodynamics, the standard molar chemical exergy of a constituent i is defined
as consisting of the molar free enthalpy Δg0f for the formation of the compound in the
standard state from its constituent elements and the stoichiometric sum of the standard
chemical exergy values of the elements in their stable state at the temperature T0 and
pressure P0.
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Standard Chemical Exergy for Components of Air In the natural environment, there are
many substances that, like nitrogen in the atmosphere, cannot react toward a more
stable configuration to produce a new material. They can be considered as part of the
reference environment. Transformations, including chemical and nuclear reactions,
cannot convert these components into more stable components [6]. So, we cannot
extract useful work from these substances and a specific exergy value of 0 kJ mol−1 can
be assigned to them.
Often, these substances include the normal composition of air (including gases such as

N2, O2, CO2, H2O, Ar, He, Ne), at T0 = 298.15 K and P0 = 100 kPa.The partial pressure
Pi and molar fraction of each of these substances in air at a given relative humidity are
given in Table 1.3.
The standard chemical exergy at P0 for air can be written as

ex0
ch = RT0 ln

(P0

Pi

)
(1.10)

Standard chemical values for the main constituents of air are listed in Table 1.4.
Note that exergy values for elements in their stable condition at T0 = 298.15 K and
P0 = 101.325 kPa are called standard chemical exergies, and these are used in the
calculation of chemical exergy for various substances.

1.6.3.2 Chemical Exergy of Gas Mixtures
The chemical exergy of a mixture of N gases, in which all are constituents of the envi-
ronment, can be obtained similarly. In this case, we hypothesize N chambers. If each gas
has a molar fraction xk and enters the chamber at T0 and with a partial pressure xkPo,
then each gas exits at the same temperature and a partial pressure xe

k . Summing for all
constituents, the chemical exergy per mole of the mixture can be calculated as follows:

exch =
∑

xkexk
ch + RT0

∑
xk ln(xk) (1.11)

1.6.3.3 Chemical Exergy of Humid Air
The state of the local atmosphere is determined by its intensive parameters: T0, P0, and
its composition. For humid air, the gas composition for all species other than vapor can

Table 1.3 Partial pressures and molar fractions of various
constituents of air.

Constituent Pi (kPa) Molar fraction (%)

N2 75.78 75.67
O2 20.39 20.34
CO2 0.00335 0.03
H2O 2.2 3.03
He 0.00048 0.00052
Ne 0.00177 0.0018
Ar 0.906 0.92
Kr 0.000097 0.000076

Source: [7].
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Table 1.4 Standard chemical exergy values at P0 and T0 of various
constituents of air.

Constituent ex
0

ch (kJ∕mol) Constituent ex
0

ch (kJ∕mol)

N2 0.72 He 30.37
O2 3.97 Ne 27.19
CO2 19.87 Ar 11.69
H2O 9.49 Kr 34.36

Source: [2, 6].

CH4

Air Combustion

Gases
Combustion

Chamber1

2

3

Figure 1.10 Combustion chamber
used in gas turbine cycle.

be considered fixed. So, the composition variation is linked to the moisture content. To
calculate the molar fraction of water vapor, we use:

xe
H2o

= 𝜑
Pgas,0

P0
(1.12)

Here 𝜑 is relative humidity (RH) and Pgas,0 is the saturation pressure at T0. In the case
when the molar fraction of dry air is assumed to be constant, the local atmospheric
molar fraction of gases other than water is expressed as xe

i = (1 − xe
H2O
)xdry

i , in which the
molar fraction of constituent i corresponds to the atmospheric partial pressure of the
species.

1.6.3.4 Chemical Exergy of LiquidWater and Ice
Themolar chemical exergy of liquid water is expressed as [7]:

exw
ch = 𝜐(P0 − Pgas,0) − RT0 ln𝜑 (1.13)

Here 𝜐 is the molar fraction of compressed water, Pgas,0 is the saturation pressure at T0
and 𝜑 is relative humidity. This equation is valid for solid water (ice) as well [7].

Example 1.3: The combustion chamber is a major component of both gas turbine and
combined cycle plants. A combustion chamber for a gas turbine engine is shown in
Figure 1.10. Compressed air enters at point 1, and methane (CH4) fuel is injected into
the combustion chamber at point 2 at a mass flow rate of 1.5 kg s−1. Combustion gases
exit at point 3. In this example, air enters the combustion chamber at T1 = 550 K and
P1 = 10 bar and the combustion gases exit at T3 = 1400 K. The molar composition of
air is taken to be 0.7748 N2, 0.2059 O2, 0.0003 CO2 and 0.019 H2O.
The following assumptions are invoked:

• The combustion chamber operates at steady state.
• The air and combustion gases can both be treated as ideal gas mixtures.
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• Combustion is complete.
• Changes in potential and kinetic energies are negligible.

1) The heat loss from the combustion chamber is 2% of the lower heating value of the
fuel. Determine the fuel-to-air ratio, and themolar fractions of the combustion gases.

2) Find the specific physical and chemical exergy values at point 3.

Solution: A combustion chamber is considered here.

Part 1:
To solve this problem, we first define the molar fuel-air ratio 𝜆as:

ṅF

ṅa
= 𝜆

So,
ṅP

ṅa
=

ṅa + ṅF

ṅa
= 𝜆 + 1

On a permole of air basis, the combustion equation occurring in the combustion cham-
ber can be written as:

𝜆CH4 + [0.7748N2 + 0.2059O2 + 0.0003 CO2 + 0.019H2O]
→ [𝜆 + 1][xN2

N2 + xO2
O2 + xCO2

CO2 + xH2OH2O]

To find the molar fraction of combustion gases, carbon, hydrogen, oxygen and nitrogen
balances are written:

xN2
= 0.7748
𝜆 + 1

, xO2
= 0.2059 − 2𝜆

𝜆 + 1

xCO2
= 0.0003 + 𝜆

𝜆 + 1
, xH2O =

0.019 + 2𝜆
𝜆 + 1

The molar breakdown of the combustion gases is known once 𝜆 is determined. An
energy rate balance is used to determine the fuel-air ratio as follows:

Q̇CV − ẆCV + ṅF hF + ṅaha − ṅPhP = 0

Since heat loss from the combustion chamber is 2% of the lower heating value of the fuel,

Q̇CV = −0.02 ṅF LHV = ṅa(−0.02𝜆 × LHV )

Combining the above two equations yields

−0.02𝜆 LHV + ha + 𝜆hF − (1 + 𝜆 )hP = 0

Employing ideal gas mixture principles to calculate the enthalpies of the air and the
combustion gases, where T1 = 550 K and T3 = 1400 K, we obtain:

ha = [0.7748hN2
+ 0.2059hO2

+ 0.0003hCO2
+ 0.019hH2O]atT1

hP =
1

𝜆 + 1
[0.7748hN2

+ (0.2059 − 2𝜆 )hO2
+ (0.0003 + 𝜆 )hCO2

+(0.019 + 𝜆 )hH2O]atT3
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Then, solving the energy rate balance for 𝜆 yields:

𝜆 =
0.7748ΔhN2

+ 0.2059ΔhO2
+ 0.0003ΔhCO2

+ 0.019ΔhH2O

hF − 0.02LHV − (−2hO2
+ hCO2

+ 2hH2O)(T4)

Using specific enthalpy values from thermodynamic tables [4] and considering

hF = −74,872 kJ∕kmol, LHV = 802,361 kJ∕kmol

we find 𝜆 = 0.0393. Using this value and the combustion gasmolar fractions determined
earlier, the following molar breakdown of the combustion products is obtained:

Component N2 CO2 H2O O2

Molar breakdown (%) 74.55 3.81 9.39 12.24

Part 2:
To calculate the specific physical exergy at point 3, the specific physical exergy expres-
sion described earlier is employed:

exph,3 = (h3 − h0) − T0(s3 − s0) = Cp(T3 − T0) − T0

[
Cp ln

(T3

T0

)
− R ln

(P3

P0

)]
Since the pressure drop through the combustion chamber is treated as negligible P3 =
P1 = 10 bar. For the combustion gases, we consider a fixed specific heat at constant
pressure asCp = 1.14 kJ∕kg K. Substituting these values into the specific physical exergy
expression yields exph,3 = 933.1 kJ∕kg.
To determine the specific chemical exergy at point 3, Equation 3.15 is used:

exch,3 =
∑

xkexk
ch + RT0

∑
xk ln xk

= (0.1224 × 3970 + 0.0381 × 19870 + 0.0939 × 9490 + 0.745 × 720)
+ (8.314 × 298.15

× [0.1224 ln (0.1224) + 0.0381 ln (0.0381) + 0.0939 ln (0.0939)
+ 0.745 ln (0.745)])

= 632.1 kJ
kmol

= 22.95 kJ
kg

When a mixture including gaseous combustion products containing water vapor is
cooled at a constant pressure, the dew point temperature, which is the saturation tem-
perature corresponding the partial pressure of water vapor, leads to the formation of
liquid water. Thus, cooling such a mixture at constant pressure below the dew point
temperature can result in condensation. For example, if the combustion gas mixture
were cooled to 25∘C at a pressure of 1 atm, some condensation would occur. In this case
we can model the results at 25∘C as a gas phase containing saturated water vapor in
equilibrium with a liquid water phase. To find the dew point temperature, we first cal-
culate the partial pressure of water vapor. According to Part 1 of this problem, themolar
fraction of H2O in the combustion gases is 0.0939, so the partial pressure of water vapor
is Pv = xvP0 = (0.0939)(1.013 bar) = 0.0951 bar. The corresponding saturation temper-
ature at this pressure is 44.81∘C; the reference environment temperature is therefore
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below the dew point, which leads to the formation of liquid water. On the basis of 1 kmol
of combustion products, the gas phase at 25∘C consists of 0.9061 kmol of dry products
(0.7455 N2, 0.3810 CO2, 0.1224 O2) plus nv kmol of water vapor. The partial pressure
of water vapor is equal to the saturation pressure at 25∘C, which is 0.0317 bar. The
amount ofwater vapor is calculated asPv = xvP0 = nv∕(0.9061 + nv) × P0, wherenv is the
amount of water vapor. Hence, 0.0317 bar = (nv × 1.013 bar)∕(0.9061 + nv)which yields
nv = 0.02927kmol. Thus, the molar fractional composition of the combustion products
at 25∘C and 1 atm is 0.7455 N2, 0.3810 CO2, 0.1224 O2, 0.02927 H2O (g), and 0.06583
H2O (l). At point 3 in the present analysis, 0.06583 kmol of liquid water is present on the
basis of 1 kmol of mixture, following the method outlined by Bejan et al. [5]. Therefore,
the specific chemical exergy at point 3 after modification is:

exch,3 = (1 − 0.06583) × 22.95 + 0.06583 × 900
18

= 24.32 kJ∕kg

Here, the first term is the percentage of dry combustion gases multiplied by the specific
chemical exergy obtained from part 2, and the second term is the product of the molar
fraction of liquid water due to the condensation and specific chemical exergy of liquid
water.
Finally, the specific exergy at point 3 can be determined as:

ex3 = exch,3 + exph,3 = 24.32 + 933.1 = 957.42 kJ∕kg

1.6.3.5 Chemical Exergy for Absorption Chillers
For the absorption cooling system, because a water and LiBr solution is not ideal, the
following expression is used for the molar chemical exergy calculation:

exch = (1∕Msol)

[ n∑
i=1

yi exk
ch + R T0

n∑
i=1

yi ln(ai)

]
(1.14)

Extending this equation for a LiBr-water solution we obtain:

exch = (1∕Msol)

[
yH2O ex0

H2O + yLiBr ex0
LiBr+

R T0 (yH2O ln(aH2O) + yLiBr ln(aLiBr)

]
(1.15)

Here, aH2O is the water activity defined as the vapor pressure of water in the mixture
divided by the vapor pressure of pure water, and aLiBr is LiBr activity defined as the vapor
pressure of LiBr in the mixture divided by the vapor pressure of LiBr. This equation
consists of two parts, standard chemical exergy of the pure species and exergy due to
the dissolution process, defined as follows:

ex0
ch =

1
Msol

(yH2O ex0
H2O + yLiBr ex0

LiBr) (1.16)

exdis
ch =

RT0

Msol

[yH2O ln(aH2O) + yLiBr ln(aLiBr)] (1.17)

where yi is the molar fraction defined as

yH2O =
(1 − x1w)MLiBr

(1 − x1w)MLiBr + x1wMH2O

(1.18)

yLiBr = 1 − yH2O (1.19)
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Table 1.5 Standard molar chemical exergy values for selected substances at
T0 = 298.15 K and P0 = 1 atm.

Element ex
0

ch (kJ∕mol) Element ex
0

ch (kJ∕mol)

Ag (s) 70.2 Kr (g) 34.36
Al (s) 888.4 Li (s) 393.0
Ar (s) 11.69 Mg (s) 633.8
As (s) 494.6 Mn (s

𝛼
) 482.3

Au (s) 15.4 Mo (s) 730.3
B (s) 628.8 N2 (g) 0.72
Ba (s) 747.4 Na (s) 336.6
Bi (s) 274.5 Ne (g) 27.19
Br2 (l) 101.2 Ni (s) 232.7
C (s, graphite) 410.26 O2 (g) 3.97
Ca (s) 712.4 P (s, red) 863.6
Cd (s

𝛼
) 293.2 Pb (s) 232.8

Cl2 (g) 123.6 Rb (s) 388.6
Co (s

𝛼
) 265.0 S (s, rhombic) 609.6

Cr (s) 544.3 Sb (s) 435.8
Cs (s) 404.4 Se (s, black) 346.5
Cu (s) 134.2 Si (s) 854.6
D2 (g) 263.8 Sn (s, white) 544.8
F2 (g) 466.3 Sn (s) 730.2
Fe (s

𝛼
) 376.4 Ti (s) 906.9

H2 (g) 236.1 U (s) 1190.7
He (g) 30.37 V (s) 721.1
Hg (l) 115.9 W (s) 827.5
I2 (s) 174.7 Xe (g) 40.33
K (s) 366.6 Zn (s) 339.2

Source: [2, 8].

Here, x1w is defined as

x1w =
xLiBr

100
(1.20)

where xLiBr is the LiBr-water solution concentration in percent, and MLiBr and MH2O are
86.85 kg/kmol and 18.02 kg/kmol, respectively.
To calculate the chemical exergy for components not listed in Table 1.5, we may refer

to reactions for which the standard chemical exergy of constituents are given. In this
case, we can calculate the chemical exergy for the new constituent. Since the standard
chemical exergy of LiBr is not listed in Table 1.5, the following reaction is used to calcu-
late the molar chemical exergy of LiBr [8]:

ex0
ch = g0f +

n∑
i=1

ex0
ch,i (1.21)
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Li + 1
2
Br2 → LiBr (1.22)

ex0
ch,LiBr = g0f ,LiBr + ex0

ch,Li +
1
2

ex0
ch,Br2 (1.23)

Here, g0f ,LiBr = −324
kJ
mol

[9].
Figure 1.11 shows the variation of chemical exergy as a function of LiBr mass basis

concentration based on Equations 1.16 and 1.17. As shown in this figure, an increase in
LiBr concentration results in an increase in the total chemical exergy of the LiBr–water
solution.
Therefore, based on the LiBr concentration, the total chemical exergy at each point in

a single effect absorption chiller can be straightforwardly calculated.

1.6.4 Exergy Balance Equation

By combining the conservation principle for energy and non-conservation principle for
entropy (i.e., the second law of thermodynamics), the exergy balance equation can be
obtained as follows:∑

Exergy Input =
∑

Exergy Output + ExergyDestruction (1.24)

In terms of symbols, the following exergy rate balance can be written:

ĖxQ +
∑

i
ṁiexi =

∑
e

ṁeexe + ĖxW + ĖxD (1.25)
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Figure 1.11 Variation of standard chemical exergy (exch,0), chemical exergy due to dissolution (exdis)
and total specific chemical exergy as a function of LiBr mass basis concentration at T0 = 25∘C.
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where subscripts i and e denote the control volume inlet and outlet, respectively, ĖxD is
the exergy destruction rate and other terms are defined as follows:

ĖxQ =
(
1 −

T0

Ti

)
Q̇i (1.26)

Ėxw = Ẇ (1.27)
ex = exph + exch (1.28)

Here, ĖxQ is the exergy rate of heat transfer crossing the boundary of the control vol-
ume at absolute temperature T , the subscript 0 refers to the reference environment
conditions and ĖxW is the exergy rate associated with shaft work. Table 1.6 lists exergy
destruction rate expressions for some standard components.

1.6.5 Exergy Efficiency

Efficiencies are often evaluated as ratios of energy quantities, and are often used to assess
and compare various systems. Power plants, heaters, refrigerators, and thermal storages,
for example, are often compared based on energy efficiencies or energy-basedmeasures
of merit. However, energy efficiencies are often misleading in that they do not always
provide a measure of how nearly the performance of a system approaches ideality. Fur-
ther, the thermodynamic losses that occur in a system (i.e., those factors that cause
performance to deviate from ideality) are often not accurately identified and assessed
using energy analysis. The results of energy analysis can indicate the main inefficiencies
to be within the wrong sections of a system, and a state of technological efficiency dif-
ferent than actually exists. Exergy efficiency computes the efficiency of a process taking
the second law of thermodynamics into account. From the second law of thermody-
namics, it can be demonstrated that no real system can ever achieve 100% efficiency.
When calculating the energy efficiency of a system, no indication is provided of how the
system compares to a thermodynamically perfect one operating under the same condi-
tions. Exergy efficiency is a better measure and shows how a system works compared
to a perfect one. The exergy efficiency is usually defined as the product exergy output
divided by the exergy input.
Exergy efficiencies often give more illuminating insights into process performance

than energy efficiencies because (1) they weigh energy flows according to their exergy
contents, and (2) they separate inefficiencies into those associated with effluent losses
and those due to irreversibilities. In general, exergy efficiencies provide a measure of
potential for improvement.

1.6.6 Procedure for Energy and Exergy Analyses

A simple procedure for performing energy and exergy analyses involves the following
steps:

• Subdivide the process under consideration into as many sections as desired, depend-
ing on the depth of detail and understanding desired from the analysis.

• Perform conventional mass and energy balances on the process, and determine all
basic quantities (e.g., work, heat) and properties (e.g., temperature, pressure).

• Based on the nature of the process, the acceptable degree of analysis complexity and
accuracy and the questions for which answers are sought, select a reference environ-
ment model.
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Table 1.6 Expressions for exergy destruction rates for some selected components.

Component Illustration Exergy destruction rate expression

Air
compressor

Air

Compressor

1

2

W
AC ̇ExD,AC = ̇Ex1 − ̇Ex2 + ẆAC

Turbine

1

2

Turbine
W

̇ExD,T = ̇Ex1 − ̇Ex2 − ẆT

Combustion
chamber 1 2

mf

Combustion

Chamber

̇ExD,CC = ̇Ex1 + ̇Exf − ̇Ex2
̇Exf = ṁf × Φ × LHV
ΦCH4

= 1.06
ΦH2

= 0.985

Air preheater

6
5

3

2

Air

Pre Heater ̇ExD,PH = ̇Ex2 + ̇Ex5 − ̇Ex3 − ̇Ex6

Condenser

1

2

Q ̇ExD,Cond = ̇Ex1 − ̇Ex2 − ̇ExQ

Pump
1

Pump

2

W

̇ExD,Pump = ̇Ex1 − ̇Ex2 + Ẇ

(Continued)
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Table 1.6 (Continued)

Component Illustration Exergy destruction rate expression

Ejector

1

2

3

Ejector

̇ExD,EJ = ̇Ex1 + ̇Ex2 − ̇Ex3

Boiler

Flue gas

Coal

Air

Ash

4
5

6

7

8

3

2

1
̇ExD,Boiler = ̇Ex1 + ̇Ex2 + ̇Ex5
+ ̇Ex7 − ̇Ex3 − ̇Ex4 − ̇Ex6
− ̇Ex8

Flat plate solar
collector

1

2
̇ExD,FPC = ̇Ex1 + ̇Exsun − ̇Ex2
̇Exsun = IsunAFPC

×

[
1 − 4

3

( T0

Tsun

)
+ 1

3

( T0

Tsun

)4
]

Deaerator

3
Air vent

1

2

4

Steam

Boiler feed water

To feed water pump

̇ExD,DEA = ̇Ex1 + ̇Ex2 − ̇Ex3 − ̇Ex4
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• Evaluate energy and exergy values relative to the selected reference environment
model.

• Perform exergy balances including the determination of exergy consumptions.
• Select efficiency definitions, depending on the measures of merit desired, and evalu-

ate values for the efficiencies.
• Interpret the results and draw appropriate conclusions and recommendations.These

can relate to such issues as designs and design changes, retrofitted plant modifica-
tions, and so on.

1.7 Concluding Remarks

In this chapter, a summary is presented of the general introductory aspects of thermo-
dynamics and related fundamental definitions and physical quantities, to help provide
necessary background for understanding energy systems and applications, and their
operations. The coverage of fundamentals provided here is particularly useful for the
energy, exergy, and other analyses presented subsequently. EES was introduced as use-
ful software for energy systems analyses. Some illustrative examples are presented and
discussed. The FLT refers to energy conservation and treats all energy forms equally,
thus not identifying losses of energy quality or work potential and possible improve-
ments in the use of resources. For example, energy alone cannot identify the losses in an
adiabatic throttling process. However, the SLT involves exergy and entropy concepts and
considers irreversibilities and the consequent non-conservation of exergy and entropy.
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Study Questions/Problems

1 Define the following forms of energy and explain their differences: internal energy,
thermal energy, heat, sensible energy, latent energy, chemical energy, nuclear
energy, flow energy, flow work and enthalpy.

2 What is specific heat? Define two commonly used specific heats. Is specific heat a
function of temperature?

3 What is the difference between an adiabatic system and an isolated system?

4 Define the critical point and explain the difference between it and the triple point.

5 Consider example 1.1, and perform an exergy analysis, including calculation of
the exergy destruction rate for each component and the exergetic COP of the
refrigeration system. Also, plot the variation of reference environment tempera-
ture and evaporator temperature with exergetic COP and total exergy destruction,
and compare the results.

6 Consider example 1.3, for a reference state ofT0 = 298.15 K and P0 = 101.325 kPa.
Determine the exergy destruction rate and exergy efficiency of the combustion
chamber and compare the results with information in the literature.

7 Define the terms energy, exergy, entropy, and enthalpy.

8 What is a second law efficiency? How does it differ from a first law efficiency?

9 What is the relationship between entropy generation and irreversibility?

10 When we enter a pool of water at 22∘C, it often feels more than cool—it often
feels cold. When we walk into a 22∘C room, it is comfortable. Why is there such a
difference between these cases, even though our body is surrounded by the same
temperature?

11 Howdoes an exergy analysis help further the goal ofmore efficient energy-resource
use? What are the advantages of using exergy analysis?

12 In example 1.3, what is the effect of varying P1 and T1 on the specific chemical
exergy at point 3 and the total exergy destruction rate of the combustion chamber?

13 On a hot day of summer, occupants return to their well-sealed house and find the
house is at 32∘C. They turn on the air conditioner, which cools the entire house
to 21∘C in 15 min. If the COP of the air conditioning system is 2.5, determine the
power drawn by the air conditioner. Assume the entire mass within the house is
equivalent to 700 kg of air for which Cv = 0.72 kJ∕kg.K and Cp = 1 kJ∕kg.K.
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14 Air is compressed steadily by a 10 kW compressor from 100 kPa and 15∘C to
600 kPa and 170∘C at a rate of 3 kg/min (see Figure 1.12). Neglecting changes in
kinetic and potential energies, determine (a) the increase in the exergy of the air,
and (b) the rate of exergy destruction during this process. Assume the surround-
ings to be at 15∘C.

Figure 1.12 Schematic of an air compressor. Air

600 kPa

170°C

Air

100 kPa

15°C

10 kW

2

Air

Compressor

15 Biomass is a biological material formed from living or recently living organisms,
and is often viewed as a renewable source of energy. As an energy source, biomass
can either be used directly, or converted into other energy products such as biofu-
els. Calculate the chemical exergy of the biomass “pine sawdust” using the follow-
ing composition and other data:

Biomass type Pine sawdust

Moisture content in biomass (by weight) 10%
Elemental analysis (dry basis by weight)
Carbon (C) 50.54%
Hydrogen (H) 7.08%
Oxygen (O) 41.11%
Sulfur (S) 0.57%

Also, determine the molar composition of the product gases when pine sawdust is
combusted according to the following reaction:

CxHyOz + 𝜔H2O + 𝛾(O2 + 3.76N2) → aCO2 + bH2O + cN2

16 Consider the simple gas turbine power plant shown in Figure 1.13. Air at
ambient conditions enters the air compressor at point 1 and exits after
compression at point 2. The hot air enters the combustion chamber (CC)
into which fuel is injected, and hot combustion gases exit (point 3) and


