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PREFACE

Exergy analysis is a method that uses the conservation of mass and conservation of energy principles together with
the second law of thermodynamics for the analysis, design and improvement of energy and other systems. The exergy
method is a useful tool for furthering the goal of more efficient energy-resource use, for it enables the locations, types
and magnitudes of wastes and losses to be identified and meaningful efficiencies to be determined.

During the past two decades we have witnessed revolutionary changes in the way thermodynamics is taught, researched
and practiced. The methods of exergy analysis, entropy generation minimization and thermoeconomics are the most
visible and established forms of this change. Today there is a much stronger emphasis on exergy aspects of systems and
processes. The emphasis is now on system analysis and thermodynamic optimization, not only in the mainstream of
engineering but also in physics, biology, economics and management. As a result of these recent changes and advances,
exergy has gone beyond thermodynamics and become a new distinct discipline because of its interdisciplinary character
as the confluence of energy, environment and sustainable development.

This book is a research-oriented textbook and therefore includes practical features in a usable format often not
included in other, solely academic textbooks. This book is essentially intended for use by advanced undergraduate or
graduate students in several engineering and non-engineering disciplines and as an essential tool for practitioners. Theory
and analysis are emphasized throughout this comprehensive book, reflecting new techniques, models and applications,
together with complementary materials and recent information. Coverage of the material is extensive, and the amount
of information and data presented is sufficient for exergy-related courses or as a supplement for energy, environment
and sustainable development courses, if studied in detail. We believe that this book will be of interest to students
and practitioners, as well as individuals and institutions, who are interested in exergy and its applications to various
systems in diverse areas. This volume is also a valuable and readable reference for anyone who wishes to learn about
exergy.

The introductory chapter 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 provides detailed information on energy and exergy and
contrasts analysis approaches based on each. In Chapter 3, extensive coverage is provided of environmental concerns,
the impact of energy use on the environment and linkages between exergy and the environment. Throughout this chapter,
emphasis is placed on the role of exergy in moving to sustainable development.

Chapter 4 delves into the use of exergy techniques by industry for various systems and processes and in activities such
as design and optimization. This chapter lays the foundation for the many applications presented in Chapters 5 to 16, which
represent the heart of the book. The applications covered range from policy development (Chapter 5), psychrometric
processes (Chapter 6), heat pumps (Chapter 7), drying (Chapter 8), thermal storage (Chapter 9), renewable energy systems
(Chapter 10), power plants (Chapter 11), cogeneration and district energy (Chapter 12), cryogenic systems (Chapter 13),
crude oil distillation (Chapter 14), fuel cells (Chapter 15) and aircraft systems (Chapter 16).

Chapter 17 covers the relation between exergy and economics, and the exploitation of that link through analysis tools
such as exergoeconomics. Chapter 18 extends exergy applications to large-scale systems such as countries, regions and
sectors of an economy, focusing on how efficiently energy resources are utilized in societies. Chapter 19 focuses the
utilization of exergy within life cycle assessment and presents various applications. Chapter 20 discusses how exergy
complements and can be used with industrial ecology. The book closes by speculating on the potential of exergy in the
future in Chapter 21.

Incorporated throughout are many illustrative examples and case studies, which provide the reader with a substantial
learning experience, especially in areas of practical application.

The appendices contain unit conversion factors and tables and charts of thermophysical properties of various materials
in the International System of units (SI).
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Complete references are included to point the truly curious reader in the right direction. Information on topics not

covered fully in the text can, therefore, be easily found.
‘We hope this volume allows exergy methods to be more widely applied and the benefits of such efforts more broadly

derived, so that energy use can be made more efficient, clean and sustainable.

Ibrahim Dincer and Marc A. Rosen
June 2007
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Chapter 1

THERMODYNAMIC FUNDAMENTALS

1.1. Introduction

Energy, entropy and exergy concepts stem from thermodynamics and are applicable to all fields of science and engineering.
This chapter provides the necessary background for understanding these concepts, as well as basic principles, general
definitions and practical applications and implications. Illustrative examples are provided to highlight the important
aspects of energy, entropy and exergy.

The scope of this chapter is partly illustrated in Fig. 1.1, where the domains of energy, entropy and exergy are shown.
This chapter focuses on the portion of the field of thermodynamics at the intersection of the energy, entropy and exergy
fields. Note that entropy and exergy are also used in other fields (such as statistics and information theory), and therefore
they are not subsets of energy. Also, some forms of energy (such as shaft work) are entropy-free, and thus entropy
subtends only part of the energy field. Likewise, exergy subtends only part of the energy field since some systems (such
as air at atmospheric conditions) possess energy but no exergy. Most thermodynamic systems (such as steam in a power
plant) possess energy, entropy and exergy, and thus appear at the intersection of these three fields.

Fig. 1.1. Interactions between the domains of energy, entropy and exergy.

1.2. Energy

Energy comes in many forms. Thermodynamics plays a key role in the analysis of processes, systems and devices in
which energy transfers and energy transformations occur. The implications of thermodynamics are far-reaching and
applications span the range of the human enterprise. Throughout our technological history, our ability to harness energy
and use it for society’s needs has improved. The industrial revolution was fueled by the discovery of how to exploit
energy in a large scale and how to convert heat into work. Nature allows the conversion of work completely into heat,
but heat cannot be entirely converted into work, and doing so requires a device (e.g., a cyclic engine). Engines attempt
to optimize the conversion of heat to work.

1.2.1. Applications of energy

Most of our daily activities involve energy transfer and energy change. The human body is a familiar example of a
biological system in which the chemical energy of food or body fat is transformed into other forms of energy such as heat
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and work. Engineering applications of energy processes are wide ranging and include power plants to generate electricity,
engines to run automobiles and aircraft, refrigeration and air-conditioning systems, etc.

Many examples of such systems are discussed here. In a hydroelectric power system, the potential energy of water is
converted into mechanical energy through the use of a hydraulic turbine. The mechanical energy is then converted into
electric energy by an electric generator coupled to the shaft of the turbine. In a steam power generating plant, chemical or
nuclear energy is converted into thermal energy in a boiler or a reactor. The energy is imparted to water, which vaporizes
into steam. The energy of the steam is used to drive a steam turbine, and the resulting mechanical energy is used to drive
a generator to produce electric power. The steam leaving the turbine is then condensed, and the condensate is pumped
back to the boiler to complete the cycle. Breeder reactors use uranium-235 as a fuel source and can produce some more
fuel in the process. A solar power plant uses solar concentrators (parabolic or flat mirrors) to heat a working fluid in
a receiver located on a tower, where a heated fluid expands in a turbogenerator as in a conventional power plant. In
a spark-ignition internal combustion engine, chemical energy of fuel is converted into mechanical work. An air—fuel
mixture is compressed and combustion is initiated by a spark device. The expansion of the combustion gases pushes
against a piston, which results in the rotation of a crankshaft. Gas turbine engines, commonly used for aircraft propulsion,
convert the chemical energy of fuel into thermal energy that is used to run a gas turbine. The turbine is directly coupled
to a compressor that supplies the air required for combustion. The exhaust gases, on expanding in a nozzle, create thrust.
For power generation, the turbine is coupled to an electric generator and drives both the compressor and the generator. In
a liquid-fuel rocket, a fuel and an oxidizer are combined, and combustion gases expand in a nozzle creating a propulsive
force (thrust) to propel the rocket. A typical nuclear rocket propulsion engine offers a higher specific impulse when
compared to chemical rockets. A fuel cell converts chemical energy into electric energy directly making use of an ion-
exchange membrane. When a fuel such as hydrogen is ionized, it flows from the anode through the membrane toward
the cathode. The released electrons at the anode flow through an external load. In a magnetohydrodynamic generator,
electricity is produced by moving a high-temperature plasma through a magnetic field. A refrigeration system utilizes
work supplied by an electric motor to transfer heat from a refrigerated space. Low-temperature boiling fluids such as
ammonia and refrigerant-134a absorb thermal energy as they vaporize in the evaporator causing a cooling effect in the
region being cooled.

These are only some of the numerous engineering applications. Thermodynamics is relevant to a much wider range
of processes and applications not only in engineering, but also in science. A good understanding of this topic is required
to improve the design and performance of energy transfer systems.

1.2.2. Concept of energy

The concept of energy was first introduced in mechanics by Newton when he hypothesized about kinetic and potential
energies. However, the emergence of energy as a unifying concept in physics was not adopted until the middle of the 19th
century and is considered one of the major scientific achievements in that century. The concept of energy is so familiar
to us today that it seems intuitively obvious to understand, yet we often have difficulty defining it precisely.

Energy is a scalar quantity that cannot be observed directly but can be recorded and evaluated by indirect measure-
ments. The absolute value of the energy of a system is difficult to measure, whereas the energy change is relatively easy
to evaluate.

Examples of energy use in life experiences are endless. The sun is the major source of the earth’s energy. It emits
a spectrum of energy that travels across space as electromagnetic radiation. Energy is also associated with the structure
of matter and can be released by chemical and atomic reactions. Throughout history, the emergence of civilizations has
been characterized by the discovery and effective application of energy to help meet society’s needs.

1.2.3. Forms of energy

Energy manifests itself in many forms, which are either internal or transient. Energy can be converted from one form to
another. In thermodynamic analysis, the forms of energy can be classified into two groups: macroscopic and microscopic.

Macroscopic forms of energy: are those which an overall system possesses with respect to a reference frame, e.g.,
kinetic and potential energies. For example, the macroscopic energy of arising object changes with velocity and elevation.
The macroscopic energy of a system is related to motion and the influence of external effects such as gravity, magnetism,
electricity and surface tension.
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The energy that a system possesses as a result of its motion relative to some reference frame is kinetic energy. Kinetic
energy refers to the energy of the system because of its ‘overall’ motion, either translational or rotational. Overall is used
here to specify that we refer to the kinetic energy of the entire system, not the kinetic energy of the molecules in the
system. If the system is a gas, for example, the kinetic energy is the energy due to the macroscopic flow of the gas, not
the motion of individual molecules.

The potential energy of a system is the sum of the gravitational, centrifugal, electrical and magnetic potential energies.
The energy that a system possesses as a result of its elevation in a gravitational field is called gravitational potential energy
(or commonly just potential energy). For example, a 1 kg mass, 100 m above the ground, has a greater potential energy than
the same mass on the ground. Potential energy can be converted into other forms of energy, such as kinetic energy, if the
mass is allowed to fall.

Kinetic and potential energy depend on the environment in which the system exists. In particular, the potential energy
of a system depends on the choice of a zero level. For example, if ground level is considered to be at zero potential energy,
then the potential energy of the mass 100 m above the ground has a positive potential energy equal to the mass (1kg)
multiplied by the gravitational constant (g =9.807 m/s) and the height above the ground (100 m). Its potential energy
will be 980.7 (kgm2 )/s? (or 980.7 Newton-meters (Nm), or 980.7 J). The datum plane for potential energy can be chosen
arbitrarily. If it had been chosen at 100 m above the ground level, the potential energy of the mass would have been zero.
Of course, the difference in potential energy between the mass at 100 m and the mass at ground level is independent of
the datum plane.

Microscopic forms of energy: are those related to the molecular structure of a system and the degree of molecular
activity, and are independent of outside reference frames. The sum of all the microscopic forms of energy of a system is
its internal energy. The internal energy of a system depends on the inherent qualities, or properties, of the materials in the
system, such as composition and physical form, as well as the environmental variables (temperature, pressure, electric
field, magnetic field, etc.). Internal energy can have many forms, including mechanical, chemical, electrical, magnetic,
surface and thermal. Some examples are considered for illustration:

o A spring that is compressed has a higher internal energy (mechanical energy) than a spring that is not compressed,
because the compressed spring can do work on changing (expanding) to the uncompressed state.

« Two identical vessels, each containing hydrogen and oxygen, are considered that have different chemical energies.
In the first, the gases are contained in the elemental form, pure hydrogen and pure oxygen, in a ratio of 2:1. The
second contains an identical number of atoms, but in the form of water. The internal energies of these systems
differ. A spark may set off a violent release of energy in the first container, but not in the second.

The structure of thermodynamics involves the concept of equilibrium states and postulates that the change in the value
of thermodynamic quantities, such as internal energy, between two equilibrium states of a system does not depend on
the thermodynamic path the system takes to get from one state to the other. The change is defined by the final and initial
equilibrium states of the system. Consequently, the internal energy change of a system is determined by the parameters
that specify the system in its final and initial states. The parameters include pressure, temperature, magnetic field, surface
area, mass, etc. If a system changes from state 1 to state 2, the change in internal energy AU is (U, — U)), the internal
energy in the final state is less than in the initial state. The difference does not depend on how the system gets from state 1
to state 2. The internal energy thus is referred to as a state function, or a point function, i.e., a function of the state of the
system only, and not its history.

The thermal energy of a system is the internal energy of a system which increases as temperature is increased. For
instance, we have to add energy to an iron bar to raise its temperature. The thermal energy of a system is not referred to
as heat, as heat is energy in transit between systems.

1.2.4. The first law of thermodynamics

The first law of thermodynamics (FLT) is the law of the conservation of energy, 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.

However, it provides no information about the direction in which processes can spontaneously occur, i.e., the
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
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un-mix themselves. A principle to explain these phenomena and to characterize the availability of energy is required to
do this. That principle is embodied in the second law of thermodynamics (SLT) which we explain later.

1.2.5. Energy and the FLT

For a control mass, the energy interactions for a system may be divided into two parts: dQ, the amount of heat, and dW,
the amount of work. Unlike the change in total internal energy dE, the quantities dQ and dW are not independent of the
manner of transformation, so we cannot specify dQ and dW simply by knowing the initial and final states. Hence it is
not possible to define a function Q which depends on the initial and final states, i.e., heat is not a state function. The FLT
for a control mass can be written as follows:

dQ = dE + dW (1.1)

When Egq. (1.1) is integrated from an initial state 1 to a final state 2, it results in
OQro=E—E+Wino or E—E =015—W (1.2)

where E| and E, denote the initial and final values of the energy E of the control mass, Q)5 is the heat transferred to the
control mass during the process from state 1 to state 2, and W,_; is the work done by the control mass during the process
from state 1 to state 2.

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

E=U+KE+ PE (1.3)
For a change of state from state 1 to state 2 with a constant gravitational acceleration g, Eq. (1.3) becomes
Ey—E =U,— U +m(V; — V)2 4+ mg(Z, — Zy) (1.4)

where m denotes the fixed amount of mass contained in the system, V the velocity and Z the elevation.

The quantities dQ and dW can be specified in terms of the rate laws for heat transfer and work. For a control volume
an additional term appears from the fluid flowing across the control surface (entering at state i and exiting at state e¢). The
FLT for a control volume can be written as

ch = Ecv + ch + Zme;le - Zmlill or Ecv = ch - WCV + Zmlhl - Zmeile (15)

where i1 is mass flow rate per unit time, h is total specific energy, equal to the sum of specific enthalpy, kinetic energy
and potential energy, i.e., h=h+ V%2 +gZ.

1.2.6. Economic aspects of energy

Although all forms of energy are expressed in the same units (joules, megajoules, gigajoules, etc.), the financial value
of energy varies enormously with its grade or quality. Typically, electrical and mechanical energy are the most costly,
followed by high-grade thermal energy. At the other extreme, thermal energy which is only a few degrees from ambient
has virtually no commercial value. These examples highlight the weakness of trying to equate the energy contained in
steam or the heat content of geothermal fluids with the high-grade energy obtainable from fossil fuels or nuclear reactions.
Economics usually suggests that one should avoid using energy at a significantly higher grade than needed for a task.
For example, electrical energy, which has a high energy grade, should be used for such purposes as mechanical energy
generation, production of light, sound and very high temperatures in electrical furnaces. Electric space heating, on the
other hand, in which electricity is used for raising the temperature of ambient air only to about 20°C, is an extremely
wasteful use of electricity. This observation applies in both domestic and industrial contexts. In many jurisdictions,
there is excess electricity generation capacity at night and therefore some of the nighttime electricity is sold at reduced
prices for space heating purposes, even though this is inherently wasteful. It is often more advantageous and efficient
in such situations to utilize energy storage such as flywheels, compressed air or pumped water, which leads to reduced
thermodynamic irreversibility.
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In industry settings, tasks often require energy, but at different grades. The opportunity often exists to use the waste
heat from one process to serve the needs of another in an effective and efficient manner. Sometimes a cascade of tasks
can be satisfied in this manner; for example, a typical glass works releases waste heat at between 400°C and 500°C,
which is sufficient for raising intermediate-pressure steam for running back-pressure turbines to produce electricity or
raising low-pressure steam at about 120°C for other purposes, or for heating operations at temperatures as high as almost
400-500°C. The heat exhausted from a steam turbine can, in turn, be used to evaporate moisture from agricultural
products. The water vapor obtainable from such processes can be condensed to provide warm water at about 60°C, which
can be employed for space heating or for the supply of heat to fish farms or greenhouses. In this example, the original
supply of high-grade energy obtained by burning coal, oil or natural gas performs four separate tasks:

1. The various glass constituents are melted after being heated to above their solidification temperature (about
1500°C).

2. Medium-pressure steam is used to produce electricity (500°C).

3. The exhaust-steam from the back-pressure turbine is used for crop drying (120°C).

4. The condensed water vapor heats water for use in space heating, fish farms or greenhouses (60°C).

1.2.7. Energy audit methods

Energy management opportunities often exist to improve the effectiveness and efficiency with which energy is used.
For instance, energy processes in industrial, commercial and institutional facilities, including heating, cooling and air
conditioning, can often be improved. Many of these opportunities are recognizable during a walk-through audit or more
detailed examination of a facility. Such an audit is usually more meaningful if someone from outside the facility but
generally familiar with energy management is involved. Typical energy saving items noted during a walk-through audit
include steam and water leaks at connections and other locations, damaged insulation, excessive lighting, etc. Alert
management and operating staff and good maintenance procedures can, with little effort, reduce energy usage and save
money.

Not all items noted in a walk-through audit are easy to analyze. For example, a stream of cooling water may be
directed to a drain after being used for a cooling application, even though some thermal energy remains in the water. The
economics of recovering this heat needs to be investigated to determine if it is worth recovering. Some relevant questions
to consider in such an assessment include the following:

« How much thermal energy is available in the waste stream?

o Is there a use for this energy?

« What are the capital and operating costs involved in recovering the energy?

Will the energy and associated cost savings pay for the equipment required to recover the energy?

A diagnostic audit is required to determine the thermal energy available in a waste stream, how much energy can
be recovered, and if there is a use for this recovered energy within or outside the facility. The cost savings associated
with recovering the energy are determined and, along with the cost to supply and install the heat recovery equipment, the
simple payback period can be evaluated for the measure to establish its financial viability.

1.2.8. Energy management

Energy management refers to the process of using energy carefully so as to save money or achieve other objectives.
Energy management measures can be divided into the following categories: maintenance (or housekeeping), low cost
(or simple) and retrofit. Many energy management measures are outlined here along with their potential energy savings.
This list is not intended to be comprehensive (e.g., it does not cover all opportunities available for heating, cooling and
air-conditioning equipment), but rather to help those involved in management, operations and maintenance to identify
energy savings opportunities specific to a particular facility. Other energy management opportunities exist.

Energy management is best approached in an open manner that allows previously accepted inefficient practices
to be explored. Improved awareness on the part of the staff managing, operating or maintaining a facility, combined
with imagination and/or expert assistance, can yield large dividends in terms of energy use and cost reductions. Several
practical energy management measures are covered below.
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Maintenance opportunities: Maintenance measures for energy management are those carried out on a regular basis,
normally no more than annually, and include the following:

 Sealing leaks at valves, fittings and gaskets.

» Repairing damaged insulation.

Maintaining temperature and pressure controls.

Maintaining steam traps.

Cleaning heat transfer surfaces.

Ensuring steam quality is adequate for the application.

 Ensuring steam pressure and temperature ranges are within the tolerances specified for equipment.

» Ensuring steam traps are correctly sized to remove all condensate.

« Ensuring heating coils slope from steam inlet to steam trap to prevent coils from flooding with condensate.

Low-cost opportunities: Low-cost energy management measures are normally once-off actions for which the cost is
not considered great:

« Shutting equipment when not required.

» Providing lockable covers for control equipment such as thermostats to prevent unauthorized tampering.

» Operating equipment at or near capacity whenever possible, and avoiding running multiple units at reduced
capacity.

o Adding thermostatic air vents.

» Adding measuring and monitoring equipment to provide the operating data needed to improve system operation.

o Assessing the location of control devices to ensure best operation.

Retrofit opportunities: Retrofit energy management measures are normally once-off actions with significant costs
that involve modifications to existing equipment. Many of these measures require detailed analysis and are beyond the
scope of this chapter. Worked examples are provided for some of the listed energy management opportunities, while in
other cases there is only commentary. Typical energy management measures in this category follow:

« Converting from direct to indirect steam heated equipment and recovery of condensate.

Installing/upgrading insulation on equipment.

Relocating steam heated equipment from central building areas to areas with exterior exposures so that heat loss
from the equipment can assist in heating the area.

Reviewing general building heating concepts as opposed to task heating concepts.

Modifying processes to stabilize or reduce steam or water demand.

Investigating scheduling of process operations in an attempt to reduce peak steam or water demands.

Evaluating waste water streams exiting a facility for heat recovery opportunities.

1.3. Entropy

In this section, basic phenomena like order and disorder as well as reversibility and irreversibility are discussed. Entropy
and the SLT are also covered, along with their significance.

1.3.1. Order and disorder and reversibility and irreversibility

Within the past 50 years our view of Nature has changed drastically. Classical science emphasized equilibrium and
stability. Now we observe fluctuations, instability and evolutionary processes on all levels from chemistry and biology to
cosmology. Everywhere we observe irreversible processes in which time symmetry is broken. The distinction between
reversible and irreversible processes was first introduced in thermodynamics through the concept ‘entropy.’

The formulation of entropy is in the modern context fundamental for understanding thermodynamic aspects of self-
organization and the evolution of order and life that we observe in nature. When a system is isolated, the entropy of a system
continually increases due to irreversible processes, and reaches the maximum possible value when the system attains a
state of thermodynamic equilibrium. In the state of equilibrium, all irreversible processes cease. When a system begins
to exchange entropy with its surroundings then, in general, it is driven away from the equilibrium state it reached when
isolated, and entropy-producing irreversible processes begin. An exchange of entropy is associated with the exchange of



Thermodynamic fundamentals 7

heat and matter. When no accumulation of entropy within a system occurs, the entropy flowing out of the system is always
larger than the entropy flowing in, the difference arising due to the entropy produced by irreversible processes within the
system. As we shall see in the following chapters, systems that exchange entropy with their surroundings do not simply
increase the entropy of the surroundings, but may undergo dramatic spontaneous transformations to ‘self-organization.’
Irreversible processes that produce entropy create these organized states. Such self-organized states range from convection
patterns in fluids to organized life structures. Irreversible processes are the driving force that creates this order.

Much of the internal energy of a substance is randomly distributed as kinetic energy at the molecular and sub-molecular
levels and as energy associated with attractive or repulsive forces between molecular and sub-molecular entities, which
can move closer together or further apart. This energy is sometimes described as being ‘disordered’ as it is not accessible
as work at the macroscopic level in the same way as is the kinetic energy or gravitational potential energy that an overall
system possesses due to its velocity or position in a gravitational field. Although some energy forms represent the capacity
to do work, it is not possible directly to access the minute quantities of disordered energy possessed at a given instant by
the entities within a substance so as to yield mechanical shaft work on a macroscopic scale. The term disorder refers to
the lack of information about exactly how much and what type of energy is associated at any moment with each molecular
or sub-molecular entity within a system.

At the molecular and sub-molecular level there also exists ‘ordered energy’ associated with the attractive and repulsive
forces between entities that have fixed mean relative positions. Part of this energy is, in principle, accessible as work at
the macroscopic level under special conditions, which are beyond the scope of this book.

Temperature is the property that reflects whether a system that is in equilibrium will experience a decrease or increase
inits disordered energy if it is brought into contact with another system that is in equilibrium. If the systems have different
temperature, disordered energy will be redistributed from the system at the higher temperature to the one at the lower
temperature. The process reduces the information about precisely where that energy resides, as it is now dispersed over
the two systems.

Heat transfer to a system increases its disordered energy, while heat transfer from a system reduces its disordered
energy. Reversible heat transfer is characterized by both the amount of energy transferred to or from the system and the
temperature at which this occurs. The property entropy, whose change between states is defined as the integral of the ratio
of the reversible heat transfer to the absolute temperature, is a measure of the state of disorder of the system. This ‘state of
disorder’ is characterized by the amount of disordered energy and its temperature. Reversible heat transfer from one system
to another requires that both systems have the same temperature and that the increase in the disorder of one be exactly
matched by a decrease in disorder of the other. When reversible adiabatic work is done on or by a system, its ordered
energy increases or decreases by exactly the amount of the work and the temperature changes correspondingly, depending
on the substances involved. Reversible work is characterized by the amount of energy transferred to or from the system,
irrespective of the temperature of the system. Irreversible work, such as stirring work or friction work between subsystems,
involves a change in the disorder of the system and, like heat transfer to a system, has the effect of increasing the entropy.

1.3.2. Characteristics of entropy

We now introduce the thermodynamic property entropy, which is a measure of the amount of molecular disorder within
a system. A system possessing a high degree of molecular disorder (such as a high-temperature gas) has a high entropy
and vice versa. Values for specific entropy are commonly listed in thermodynamic tables along with other property data
(e.g., specific volume, specific internal energy, specific enthalpy). A fundamental property related to the SLT, entropy
has the following characteristics:

o The entropy of a system is a measure of its internal molecular disorder.
» A system can only generate, not destroy, entropy.
« The entropy of a system can be increased or decreased by energy transports across the system boundary.

Heat and work are mechanisms of energy transfer. They can cause changes in the internal energy in a body as energy
is transferred to or from it. Work is accomplished by a force acting through a distance. Heat requires a difference in
temperature for its transfer. The definition of heat can be broadened to include the energy stored in a hot gas as the
average kinetic energy of randomly moving molecules. This description helps explain the natural flow of heat from a hot
to a cooler substance. The concept of random motion can be translated into the notion of order and disorder, and leads
to a relation between order and disorder and probability. Energy transfers associated with a system can cause changes
in its state. The natural direction of the change in state of a system is from a state of low probability to one of higher
probability. Since disordered states are more probable than ordered ones, the natural direction of change of state of a
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system is from order to disorder. Entropy is a measure of order that helps explain the natural direction for energy transfers
and conversions. The entropy of a system at a specific state depends on its probability. Thus the SLT can be expressed
more broadly in terms of entropy in the following way:

In any transfer or conversion of energy within a closed system, the entropy of the system increases. The consequences
of the second law can thus be stated as (1) the spontaneous or natural direction of energy transfer or conversion is toward
increasing entropy or (2) all energy transfers or conversions are irreversible. More loosely, the FLT implies ‘You can’t
win’ because energy is conserved so you cannot get more energy out of a system than you put in, while the SLT states
“You can’t break even’ because irreversibilities during real processes do not allow you to recover the original quality of
energy you put into a system.

Low-entropy energy sources are normally desired and used to drive energy processes, since low-entropy energy is
‘useful.” Energy sources can be rated on an entropy or usefulness scale, with zero-entropy energy forms like work and
kinetic and gravitational potential energy being the most useful, and high-entropy forms like heat being less useful.

This broader interpretation of the SLT suggests that real ‘energy conservation’ should consider the conservation of
both energy quantity and quality. For high thermodynamic efficiency, energy transfers or conversions should be arranged,
all else being equal, so that the change in entropy is a minimum. This requires that energy sources be matched in entropy
to energy end use.

1.3.3. Significance of entropy

The entropy of a system at some state is a measure of the probability of its occurrence, with states of low probability
having low entropy and states of high probability having high entropy. From the previous section, it is seen that the
entropy of a system must increase in any transfer or conversion of energy, because the spontaneous direction of the
change of state of a closed system is from a less to a more probable state. Consequently, a simple statement of the second
law is ‘In any energy transfer or conversion within a closed system, the entropy of the system increases.’

In open systems, energy conversions can occur which cause the entropy of part or all of a system to decrease. Charging
a storage battery, freezing ice cubes, and the growth of living entities are examples. In each of these examples, the order
of the system increases and the entropy decreases. If the combination of the system and its surroundings is considered,
however, the overall net effect is always to increase disorder. To charge a battery we must provide a certain minimum
amount of external energy of a certain quality to re-form the chemical combinations in the battery plates. In the case
of the battery, the input energy can be in the form of electricity. Some of this low-entropy electrical energy is lost as it
is converted into high-entropy heat in the current-carrying wires. In freezing ice, we increase order by decreasing the
entropy of the water in the ice cube trays through removal of heat. The removed heat is transferred into a substance that
is at a lower temperature, increasing its entropy and disorder. The net change in entropy is positive. For ice cubes in a
freezer, we also supply to the motor low-entropy electrical energy, which ultimately is degraded to heat. In life processes,
highly ordered structures are built from simpler structures of various chemicals, but to accomplish this living entities take
in relatively low-entropy energy — sunlight and chemical energy — and release high-entropy heat and other wastes. The
entropy of the overall system again increases.

Figure 1.2 illustrates a heat transfer process from the entropy point of view. During the heat transfer process, the net
entropy increases, with the increase in entropy of the cold body more than offsetting the decrease in entropy of the hot
body. This must occur to avoid violating the SLT.

More generally, processes can occur only in the direction of increased overall entropy or disorder. This implies that
the entire universe is becoming more chaotic every day.

Heat transfer
Hot body Cold body

Entropy decreases Entropy increases

Fig. 1.2. Illustration of entropy increase and decrease for cold and hot bodies during heat transfer.
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Another way of explaining this consequence of the SLT is to state that all energy transfers or conversions are
irreversible. Absent external energy inputs, such processes occur spontaneously in the direction of increasing entropy.
In a power plant, for example, although some of the losses can be reduced, they cannot be entirely eliminated. Entropy
must increase. Usual mechanisms for low-entropy energy to be converted to high-entropy heat are irreversibilities like
friction or electrical resistance or leakage of high-temperature, low-entropy heat to a lower-temperature region and its
subsequent degradation.

1.3.4. Carnot’s contribution

Another statement of the SLT was developed more than one hundred years ago. One of the most brilliant contributions
was made by a young French physicist, Sadi Carnot, in the 19th century. Carnot, studying early steam engines, was
able to abstract from the pumping pistons and spinning wheels that the conversion of heat to mechanical work requires a
difference of temperature. The purpose of a heat engine, as he described it, is to take heat from a high-temperature source,
convert some of it to mechanical work, and then reject the rest of the heat to a lower-temperature heat reservoir. Carnot
described heat engines using a simple analogy to waterwheels. The energy available for conversion in a waterwheel is
the gravitational energy contained in water as it flows from some height (behind a dam or from a mountain lake) down
through the wheel. The amount of energy available depends on the difference in height — the ‘head’ as it is called —
between the source and the pool below the wheel. The energy available to a heat engine depends on the ‘temperature
head.” Just as a high dam can provide more energy than a low one, a large temperature difference can provide more
energy to be converted by a heat engine than can a small temperature difference. In the example of a heat engine, the
high-temperature reservoir is the hot steam produced in the power plant furnace.

For a steam turbine and condenser assembly, the low-temperature reservoir to which the device rejects the unconverted
energy is the condenser cooling water. The important temperature difference is thus the difference in temperature between
the incoming steam, usually about 700°C, and the water in the condenser, which is typically between environmental
conditions (around 0-25°C) and the boiling temperature of water (100°C). The ‘temperature head’ in this example would
therefore be 600-700°C. Carnot’s explanation of heat engines led to the second law. Once energy is in the form of heat,
it cannot be converted entirely to mechanical energy. Some heat will always be exhausted.

1.3.5. The second law of thermodynamics

Although a spontaneous process can proceed only in a definite direction, the FLT gives no information about direction;
it merely states that when one form of energy is converted to another, the quantities of energy involved are conserved
regardless of feasibility of the process. Thus, processes can be envisioned that do not violate the FLT but do violate the
SLT, e.g., transfer of a certain quantity of heat from a low-temperature body to a high-temperature body, without the
input of an adequate external energy form like work. However, such a process is impossible, emphasizing that the FLT
is itself inadequate for explaining energy processes.

The SLT establishes the difference in the quality of different forms of energy and explains why some processes can
spontaneously occur while other cannot. The SLT is usually expressed as an inequality, stating that the total entropy after
a process is equal to or greater than that before. The equality only holds for ideal or reversible processes. The SLT has
been confirmed experimentally.

The SLT defines the fundamental quantity entropy as a randomized energy state unavailable for direct conversion
to work. It also states that all spontaneous processes, both physical and chemical, proceed to maximize entropy, i.e., to
become more randomized and to convert energy to a less available form. A direct consequence of fundamental importance
is the implication that at thermodynamic equilibrium the entropy of a system is at a relative maximum; i.e., no further
increase in disorder is possible without changing the thermodynamic state of the system by some external means (such
as adding heat). A corollary of the SLT is the statement that the sum of the entropy changes of a system and that of its
surroundings must always be positive. In other words, the universe (the sum of all systems and surroundings) is constrained
to become forever more disordered and to proceed toward thermodynamic equilibrium with some absolute maximum
value of entropy. From a biological standpoint this is intuitively reasonable since, unless gradients in concentration
and temperature are forcibly maintained by the consumption of energy, organisms proceed spontaneously toward the
biological equivalent of equilibrium-death.

The SLT is general. However, when intermolecular forces are long range, as in the case of particles interacting through
gravitation, there are difficulties because our classification into extensive variables (proportional to size) and intensive
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variables (independent of size) does not apply. The total energy is no longer proportional to size. Fortunately gravitational
forces are very weak compared to short-range intermolecular forces. It is only on the astrophysical scale that this problem
becomes important. The generality of the SLT provides a powerful means to understand the thermodynamic aspects of real
systems through the use of ideal systems. A classic example is Planck’s analysis of radiation in thermodynamic equilibrium
with matter (blackbody radiation) in which Planck considered idealized simple harmonic oscillators interacting with
radiation. Planck considered simple harmonic oscillators not merely because they are good approximations of molecules
but because the properties of radiation in thermal equilibrium with matter are universal, regardless of the particular nature
of the matter with which the radiation interacts. The conclusions one arrives at using idealized oscillators and the laws
of thermodynamics must also be valid for all other forms of matter, however complex.

What makes this statement of the SLT valuable as a guide to formulating energy policy is the relationship between
entropy and the usefulness of energy. Energy is most useful to us when it is available to do work or we can get it to flow
from one substance to another, e.g., to warm a house. Useful energy thus must have low entropy so that the SLT will
allow transfer or conversions to occur spontaneously.

1.3.6. SLT statements

Although there are various formulations of the SLT, two are particularly well known:

1. Clausius statement: It is impossible for heat to move of itself from a lower-temperature reservoir to a higher-
temperature reservoir. That is, heat transfer can only occur spontaneously in the direction of temperature decrease.
For example, we cannot construct a refrigerator that operates without any work input.

2. Kelvin—Planck statement: It is impossible for a system to receive a given amount of heat from a high-temperature
reservoir and to provide an equal amount of work output. While a system converting work to an equivalent energy
transfer as heat is possible, a device converting heat to an equivalent energy transfer as work is impossible.
Alternatively, a heat engine cannot have a thermal efficiency of 100%.

1.3.7. The Clausius inequality

The Clausius inequality provides a mathematical statement of the second law, which is a precursor to second law
statements involving entropy. German physicist RJE Clausius, one of the founders of thermodynamics, stated

%(SQ/T) <0 (1.6)

where the integral symbol ¢ shows the integration should be done for the entire system. The cyclic integral of §Q/T is
always less than or equal to zero. The system undergoes only reversible processes (or cycles) if the cyclic integral equals
zero, and irreversible processes (or cycles) if it is less than zero.

Equation (1.6) can be expressed without the inequality as

Sgen = — f (8Q/T) 1.7

where
Sgen = ASiotal = ASsys + ASurr

The quantity S, is the entropy generation associated with a process or cycle, due to irreversibilities. The following are
cases for values of Sge,:

* Sgen =0 for a reversible process
* Sgen > 0 for an irreversible process
¢ Sgen < 0 for no process (i.e., negative values for Sg, are not possible)

Consequently, one can write for a reversible process,

ASgys = (Q/Tey  and  ASquyr = —(Q/Trey (1.8)
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For an irreversible process,
ASsys > (Q/T)surr (1.9)

due to entropy generation within the system as a result of internal irreversibilities. Hence, although the change in entropy
of the system and its surroundings may individually increase, decrease or remain constant, the total entropy change or
the total entropy generation cannot be less than zero for any process.

1.3.8. Useful relationships

It is helpful to list some common relations for a process involving a pure substance and assuming the absence of
electricity, magnetism, solid distortion effects and surface tension. The following four equations apply, subject to the
noted restrictions:

o 3q =du+ dw (a FLT statement applicable to any simple compressible closed system)

e 8q =du+ pdv (a FLT statement restricted to reversible processes for a closed system)

o T ds=du+ dw (a combined statement of the FLT and SLT, with Tds = 3¢q)

e T'ds=du+ pdv (a combined statement of the FLT and SLT valid for all processes between equilibrium states)

1.4. Exergy

A very important class of problems in engineering thermodynamics concerns systems or substances that can be modeled
as being in equilibrium or stable equilibrium, but that are not in mutual stable equilibrium with the surroundings. For
example, within the earth there are reserves of fuels that are not in mutual stable equilibrium with the atmosphere and
the sea. The requirements of mutual chemical equilibrium are not met. Any system at a temperature above or below that
of the environment is not in mutual stable equilibrium with the environment. In this case the requirements of mutual
thermal equilibrium are not met. Any lack of mutual stable equilibrium between a system and the environment can be
used to produce shaft work.

With the SLT, the maximum work that can be produced can be determined. Exergy is a useful quantity that stems
from the SLT, and helps in analyzing energy and other systems and processes.

1.4.1. The quantity exergy

The exergy of a system is defined as the maximum shaft work that can be done by the composite of the system and a
specified reference environment. The reference environment is assumed to be infinite, in equilibrium, and to enclose all
other systems. Typically, the environment is specified by stating its temperature, pressure and chemical composition.
Exergy is not simply a thermodynamic property, but rather is a property of both a system and the reference environment.
The term exergy comes from the Greek words ex and ergon, meaning from and work. The exergy of a system can be
increased if exergy is input to it (e.g., work is done on it). The following are some terms found in the literature that are
equivalent or nearly equivalent to exergy: available energy, essergy, utilizable energy, available energy and availability.

1.4.2. Exergy analysis

Exergy has the characteristic that it is conserved only when all processes occuring in a system and the environment are
reversible. Exergy is destroyed whenever an irreversible process occurs. When an exergy analysis is performed on a
plant such as a power station, a chemical processing plant or a refrigeration facility, the thermodynamic imperfections
can be quantified as exergy destructions, which represent losses in energy quality or usefulness (e.g., wasted shaft work
or wasted potential for the production of shaft work). Like energy, exergy can be transferred or transported across the
boundary of a system. For each type of energy transfer or transport there is a corresponding exergy transfer or transport.

Exergy analysis takes into account the different thermodynamic values of different energy forms and quantities,
e.g., work and heat. The exergy transfer associated with shaft work is equal to the shaft work. The exergy transfer
associated with heat transfer, however, depends on the temperature at which it occurs in relation to the temperature of
the environment.



12 Exergy: Energy, Environment and Sustainable Development
1.4.3. Characteristics of exergy

Some important characteristics of exergy are described and illustrated:

e A system in complete equilibrium with its environment does not have any exergy. No difference appears in

temperature, pressure, concentration, etc. so there is no driving force for any process.

The exergy of a system increases the more it deviates from the environment. For instance, a specified quantity of

hot water has a higher exergy content during the winter than on a hot summer day. A block of ice carries little

exergy in winter while it can have significant exergy in summer.

o When energy loses its quality, exergy is destroyed. Exergy is the part of energy which is useful and therefore has

economic value and is worth managing carefully.

Exergy by definition depends not just on the state of a system or flow, but also on the state of the environment.

Exergy efficiencies are a measure of approach to ideality (or reversibility). This is not necessarily true for energy

efficiencies, which are often misleading.

o Exergy can generally be considered a valuable resource. There are both energy or non-energy resources and exergy
is observed to be a measure of value for both:

» Energy forms with high exergy contents are typically more valued and useful than energy forms with low exergy.
Fossil fuels, for instance, have high energy and energy contents. Waste heat at a near environmental condition,
on the other hand, has little exergy, even though it may contain much energy, and thus is of limited value. Solar
energy, which is thermal radiation emitted at the temperature of the sun (approximately 5800 K), contains much
energy and exergy.

o A concentrated mineral deposit ‘contrasts’ with the environment and thus has exergy. This contrast and exergy
increase with the concentration of the mineral. When the mineral is mined the exergy content of the mineral is
retained, and if it is enriched or purified the exergy content increases. A poor quality mineral deposit contains less
exergy and can accordingly be utilized only through a larger input of external exergy. Today this substitution of
exergy often comes from exergy forms such as coal and oil. When a concentrated mineral is dispersed the exergy
content is decreased.

An engineer designing a system makes trade-offs among competing factors. The engineer is expected to aim for the
highest reasonable technical efficiency at the lowest reasonable cost under the prevailing technical, economic and legal
conditions, and also accounting for ethical, ecological and social consequences and objectives. Exergy analysis is a tool
that can facilitate this work. Exergy methods provide unique insights into the types, locations and causes of losses and
can thereby help identify possible improvements. For instance, Exergetic Life Cycle Assessment (EXLCA) is suggested
as a method to better meet environmental objectives as studied in detail in Chapter 19.

Before discussing in detail linkages between energy and exergy, and the relations between exergy and both the
environment and sustainable development, some key points that highlight the importance of exergy and its utilization are
provided. Specifically, exergy analysis is an effective method and tool for:

» Combining and applying the conservation of mass and conservation of energy principles together with the SLT
for the design and analysis of energy systems.

Improving the efficiency of energy and other resource use (by identifying efficiencies that always measure the
approach to ideality as well as the locations, types and true magnitudes of wastes and losses).

Revealing whether or not and by how much it is possible to design more efficient systems by reducing the
inefficiencies in existing systems.

Addressing the impact on the environment of energy and other resource utilization, and reducing or mitigating
that impact.

Identifying whether a system contributes to achieving sustainable development or is unsustainable.

1.4.4. The reference environment

Since the value of the exergy of a system or flow depends on the state of both the system or flow and a reference
environment, a reference environment must be specified prior to the performance of an exergy analysis.

The environment is often modeled as a reference environment similar to the actual environment in which a system or
flow exists. This ability to tailor the reference environment to match the actual local environment is often an advantage
of exergy analysis.
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Some, however, consider the need to select a reference environment a difficulty of exergy analysis. To circumvent
this perceived difficulty, some suggest that a ‘standard environment’ be defined with a specified chemical composition,
temperature and pressure. A possible chemical standard environment for global use could, for instance, be based on a
standard atmosphere, a standard sea and a layer of the earth’s crust. The definition of such a reference environment is
usually problematic, however, as these systems are not in equilibrium with each other.

In accounting for local conditions, a reference environment can vary spatially and temporally. The need to account
for spatial dependence is clear if one considers an air conditioning and heating system operating in the different climates
across the earth. In addition, an aircraft or rocket experiences different environmental conditions as it ascends through
the atmosphere. The importance of accounting for temporal dependence is highlighted by considering a technology like
a seasonal thermal energy storage unit, in which heating or cooling capacity can be stored from one season where it is
available in the environment to another season when it is unavailable but in demand.

1.4.5. Exergy vs. energy

Energy analysis is the traditional method of assessing the way energy is used in an operation involving the physical or
chemical processing of materials and the transfer and/or conversion of energy. This usually entails performing energy
balances, which are based on the FLT, and evaluating energy efficiencies. This balance is employed to determine and
reduce waste exergy emissions like heat losses and sometimes to enhance waste and heat recovery.

However, an energy balance provides no information on the degradation of energy or resources during a process and
does not quantify the usefulness or quality of the various energy and material streams flowing through a system and
exiting as products and wastes.

The exergy method of analysis overcomes the limitations of the FLT. The concept of exergy is based on both the FLT
and the SLT. Exergy analysis clearly indicates the locations of energy degradation in a process and can therefore lead to
improved operation or technology. Exergy analysis can also quantify the quality of heat in a waste stream. A main aim
of exergy analysis is to identify meaningful (exergy) efficiencies and the causes and true magnitudes of exergy losses.
Table 1.1 presents a general comparison of energy and exergy.

It is important to distinguish between exergy and energy in order to avoid confusion with traditional energy-based
methods of thermal system analysis and design. Energy flows into and out of a system with mass flows, heat transfers and

Table 1.1. Comparison of energy and exergy.

Energy Exergy

Dependent on properties of only a matter or energy | Dependent on properties of both a
flow, and independent of environment properties matter or energy flow and the environment

Has values different from zero when in equilibrium | Equal to zero when in the dead state by virtue of being
with the environment (including being equal to mc? | in complete equilibrium with the environment
in accordance with Einstein’s equation)

Conserved for all processes, based on the FLT Conserved for reversible processes and not conserved
for real processes (where it is partly or completely
destroyed due to irreversibilities), based on the SLT

Can be neither destroyed nor produced Can be neither destroyed nor produced
in a reversible process, but is always destroyed
(consumed) in an irreversible process

Appears in many forms (e.g., kinetic energy, Appears in many forms (e.g., kinetic exergy,
potential energy, work, heat) and is measured potential exergy, work, thermal exergy), and is
in that form measured on the basis of work or ability to

produce work

A measure of quantity only A measure of quantity and quality
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work interactions (e.g., work associated with shafts and piston rods). Energy is conserved, in line with the FLT. Exergy,
although similar in some respects, is different. It loosely represents a quantitative measure of the usefulness or quality of
an energy or material substance. More rigorously, exergy is a measure of the ability to do work (or the work potential)
of the great variety of streams (mass, heat, work) that flow through a system. A key attribute of exergy is that it makes it
possible to compare on a common basis interactions (inputs, outputs) that are quite different in a physical sense. Another
benefit is that by accounting for all the exergy streams of the system it is possible to determine the extent to which the
system destroys exergy. The destroyed exergy is proportional to the generated entropy. Exergy is always destroyed in
real processes, partially or totally, in line with the SLT. The destroyed exergy, or the generated entropy, is responsible for
the less-than-ideal efficiencies of systems or processes.

1.4.6. Exergy efficiencies

The exergy efficiency is an efficiency based on the SLT. In this section, we describe the use of exergy efficiencies in
assessing the utilization efficiency of energy and other resources.

Engineers make frequent use of efficiencies to gauge the performance of devices and processes. Many of these
expressions are based on energy, and are thus FLT-based. Also useful are measures of performance that take into account
limitations imposed by the second law. Efficiencies of this type are SLT-based efficiencies.

To illustrate the idea of a performance parameter based on the SLT and to contrast it with an analogous energy-based
efficiency, consider a control volume at steady-state for which energy and exergy balances can be written, respectively, as

(Energy in) = (Energy output in product) + (Energy emitted with waste) (1.10)
(Exergy in) = (Exergy output in product) 4 (Exergy emitted with waste) 4 (Exergy destruction) (1.11)

In these equations, the term product might refer to shaft work, electricity, a certain heat transfer, one or more particular
exit streams, or some combination of these. The latter two terms in the exergy balance (Eq. (1.11)) combine to constitute
the exergy losses. Losses include such emissions to the surroundings as waste heat and stack gases. The exergy destruction
term in the exergy balance is caused by internal irreversibilities.

From energy or exergy viewpoints, a gauge of how effectively the input is converted to the product is the ratio of
product to input. That is, the energy efficiency n can be written as

n = Energy output in product/Energy input = 1 — [Energy loss/Energy input] (1.12)
and the exergy efficiency i as

Y = Exergy output in product/Exergy input = 1 — [Exergy loss/Exergy input]

= 1 — [(Exergy waste emission + Exergy destruction)/Exergy input] (1.13)

The exergy efficiency ¥ frequently gives a finer understanding of performance than the energy efficiency 7. In evaluating n,
the same weight is assigned to energy whether it is shaft work or a stream of low-temperature fluid. Also, the energy
efficiency centers attention on reducing energy emissions to improve efficiency. The parameter ¢ weights energy flows
by accounting for each in terms of exergy. It stresses that both waste emissions (or external irreversibilities) and internal
irreversibilities need to be dealt with to improve performance. In many cases it is the irreversibilities that are more
significant and more difficult to address.

Efficiency expressions each define a class of efficiencies because judgment has to be made about what is the product,
what is counted as a loss and what is the input. Different decisions about these lead to different efficiency expressions
within the class.

Other SLT-based efficiency expressions also appear in the literature. One of these is evaluated as the ratio of the sum
of the exergy exiting to the sum of the exergy entering. Another class of second law efficiencies is composed of task
efficiencies.

1.4.7. Solar exergy and the earth

Most energy in the thin top layer of the earth’s surface, where life is found, derives from the sun.
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Sunlight, rich in exergy, is incident on the earth. Much is reflected by the atmosphere, while some is absorbed by
atmospheric constituents or reaches the surface of the earth where it is absorbed. Most of the absorbed solar radiation
is converted to thermal energy which is emitted at the temperature of the earth’s surface and atmosphere, and leaves the
earth as thermal radiation (heat) with no exergy relative to the earth. Thus, while almost all the energy input to the earth
with solar energy is re-emitted to space as thermal energy, the exergy associated with solar radiation is delivered to the
earth.

The net exergy absorbed by the earth is gradually destroyed but during this destruction it manages to drive the
earth’s water and wind systems and to support life. Green plants absorb exergy from the sunlight and convert it via
photosynthesis into chemical exergy. The chemical exergy then passes through different food chains in ecosystems, from
micro-organisms to people. There exists no material waste.

1.5. Illustrative examples

We provide four illustrative examples to highlight the concepts discussed in this chapter and their importance and
to demonstrate their application in engineering settings. The examples cover entropy generation during heat transfer
processes, entropy generation in a wall due to heat transfer and sensible energy storage. Examples 1-3 are adapted from
examples of Cengel and Boles (2006).

1.5.1. Illustrative example 1

A heat source at 800 K loses 2000 kJ of heat to a sink at (a) 500 K and (b) 750 K. Determine which heat transfer process
is more irreversible.

Solution: A sketch of the reservoirs is shown in Fig. 1.3. Both cases involve heat transfer through a finite temperature
difference and are therefore irreversible. The magnitude of the irreversibility associated with each process can be deter-
mined by calculating the total entropy change for each case. The total entropy change for a heat transfer process involving
two reservoirs (a source and a sink) is the sum of the entropy changes of each reservoir since the two reservoirs form an
adiabatic system.

Source Sink A
@ | 8OOK =+ " 500K
2000kJ
b Source “ Sink B
®) [ gook 750K
Fig. 1.3. Schematic for the example on entropy generation during heat transfer.

Or do they? The problem statement gives the impression that the two reservoirs are in direct contact during the heat
transfer process. But this cannot be the case since the temperature at a point can have only one value, and thus it cannot
be 800 K on one side of the point of contact and 500 K on the other side. In other words, the temperature function cannot
have a discontinuity. Therefore, it is reasonable to assume that the two reservoirs are separated by a partition through
which the temperature drops from 800 K on one side to 500 K (or 750 K) on the other. Therefore, the entropy change of
the partition should also be considered when evaluating the total entropy change for this process. However, considering
that entropy is a property and the values of properties depend on the state of a system, we can argue that the entropy
change of the partition is zero since the partition appears to have undergone a steady process and thus experienced no
change in its properties at any point. We base this argument on the fact that the temperature on both sides of the partition
and thus throughout remain constant during this process. Therefore, we are justified to assume that ASp,qition = 0 since
the entropy (as well as the energy) content of the partition remains constant during the process.

Since each reservoir undergoes an internally reversible, isothermal process, the entropy change for each reservoir can
be determined from AS = Q/T where T is the constant absolute temperature of the system and Q is the heat transfer for
the internally reversible process.
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(a) For the heat transfer process to a sink at 500 K:

ASsource = Qsourcc/Tsourcc = —2000 kJ/SOO K=-25 kJ/K
ASsink = Qsink/Tsink = 2000kJ /500K = 4.0kJ/K

and

Sgen = ASiotal = ASsource + ASsink = (=2.5+4.0)kJ/K = 1.5kJ/K

Therefore, 1.5kJ/K of entropy is generated during this process. Noting that both reservoirs undergo internally
reversible processes, the entire entropy generation occurs in the partition.

(b) Repeating the calculations in part (a) for a sink temperature of 750 K, we obtain

ASsource =-23 kJ/K
ASgn =2.7KJ /K

and

Seen = ASioral = (—2.5+2.7)kJ/K = 0.2kJ/K

The total entropy change for the process in part (b) is smaller, and therefore it is less irreversible. This is expected
since the process in (b) involves a smaller temperature difference and thus a smaller irreversibility.

Discussion: The irreversibilities associated with both processes can be eliminated by operating a Carnot heat engine
between the source and the sink. For this case it can be shown that ASiy, = 0.

1.5.2. Illustrative example 2

Consider steady heat transfer through a 5 m x 6 m brick wall of a house of thickness 30 cm. On a day when the temperature
of the outdoors is 0°C, the house is maintained at 27°C. The temperatures of the inner and outer surfaces of the brick wall
are measured to be 20°C and 5°C, respectively, and the rate of heat transfer through the wall is 1035 W. Determine the
rate of entropy generation in the wall, and the rate of total entropy generation associated with this heat transfer process.

Solution: We first take the wall as the system (Fig. 1.4). This is a closed system since no mass crosses the system
boundary during the process. We note that the entropy change of the wall is zero during this process since the state and
thus the entropy of the wall do not change anywhere in the wall. Heat and entropy enter from one side of the wall and
leave from the other side.

Brick wall

© 1y

27°C

/ 30cm \

20°C 5°C

Fig. 1.4. Schematic for the example on entropy generation in a wall due to heat transfer.

Assumptions: (i) The process is steady, and thus the rate of heat transfer through the wall is constant. (ii) Heat transfer
through the wall is one-dimensional.
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Analysis: The rate form of the entropy balance for the wall simplifies to

(Sin - Soul) + Sgen = Assystem =0
(Q/T)in — (Q/T)out + Sgen = 0 = (1035 W /293 K) — (1035 W/278 K) + Sgen = 0
= Sgen = 0.191 W/K

Therefore, the rate of entropy generation in the wall is 0.191 W/K.

Note that entropy transfer by heat at any location is Q/T at that location, and the direction of entropy transfer is the
same as the direction of heat transfer.

To determine the rate of total entropy generation during this heat transfer process, we extend the system to include the
regions on both sides of the wall that experience a temperature change. Then one side of the system boundary becomes
room temperature while the other side becomes the temperature of the outdoors. The entropy balance for this extended
system (system and its immediate surroundings) will be the same as that given above, except the two boundary temperatures
will be 300 and 273 K instead of 293 and 278 K, respectively. Then the rate of total entropy generation becomes

(1035 W /300K) — (1035 W/273 K) + Sgensotat = 0 => Sgenora = 0.341 W/K

Discussion: Note that the entropy change of this extended system is also zero since the state of air does not change at
any point during the process. The difference between the two entropy generation rates is 0.150 W/K, and represents the
entropy generation rate in the air layers on both sides of the wall. The entropy generation in this case is entirely due to
irreversible heat transfer across a finite temperature difference.

1.5.3. Illustrative example 3

Consider a frictionless piston—cylinder device containing a saturated liquid—vapor mixture of water at 100°C. During a
constant-pressure process, 600 kJ of heat is transferred to the surrounding air at 25°C. As a result, part of the water vapor
contained in the cylinder condenses. Determine (a) the entropy change of the water and (b) the total entropy generation
during this heat transfer process.

Solution: We first take the water in the cylinder as the system (Fig. 1.5). This is a closed system since no mass crosses
the system boundary during the process. Note that the pressure and thus the temperature of water in the cylinder remain
constant during the process. Also, the entropy of the system decreases during the process because of heat loss.

T =100°C

600kJ

I
I

H>0 il Ton=25C
I

——— ——— — ]

Fig. 1.5. Schematic for the example on entropy generation associated with heat transfer from a piston—cylinder device.

Assumptions: (i) There are no irreversibilities involved within the system boundaries, and thus the process is internally
reversible. (ii) The water temperature remains constant at 100°C everywhere, including at the boundaries.
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Analysis: (a) Noting that water undergoes an internally reversible isothermal process, its entropy change can be
determined from

ASgystem = O/ Tsysem = —600kJ /(100 4 273) K = —1.61kJ/K

(b) To determine the total entropy generation during this process, we consider the extended system, which includes the
water, the piston—cylinder device, and the region immediately outside the system that experiences a temperature change
so that the entire boundary of the extended system is at the surrounding temperature of 25°C. The entropy balance for
this extended system (system and its immediate surroundings) yields

Sin — Sout + Sgen = ASsystem = _Qout/Tb + Sgen = ASsystem

or

Sgen = Qout/To + ASqysem = 600kI/(25 + 273)K + (—1.61 kJ/K) = 0.40kJ /K

The entropy generation in this case is entirely due to irreversible heat transfer through a finite temperature difference.

Note that the entropy change of this extended system is equivalent to the entropy change of the water since the
piston—cylinder device and the immediate surroundings do not experience any change of state at any point, and thus any
change in any property, including entropy.

Discussion: For illustration, consider the reverse process (i.e., the transfer of 600kJ of heat from the surrounding air at
25°C to saturated water at 100°C) and see if the increase of entropy principle can detect the impossibility of this process.
This time, heat transfer is to the water (heat is gained instead of lost), and thus the entropy change of water is 1.61 kJ/K.
Also, the entropy transfer at the boundary of the extended system has the same magnitude but opposite direction. This
process results in an entropy generation of —0.4 kJ/K. A negative entropy generation indicates that the reverse process is
impossible.

To complete the discussion, consider the case where the surrounding air temperature is a differential amount below
100°C (say 99.999...9°C) instead of being 25°C. This time, heat transfer from the saturated water to the surrounding air
occurs through a differential temperature difference rendering this process reversible. It can be shown that Sge, =0 for
this process.

Remember that reversible processes are idealized, and they can be approached but never reached in reality.

Further discussion on entropy generation associated with heat transfer:

In the example above it is determined that 0.4 kJ/K of entropy is generated during the heat transfer process, but it is not
clear exactly where the entropy generation takes place, and how. To pinpoint the location of entropy generation, we need
to be more precise about the description of the system, its surroundings, and the system boundary.

In the example, we assumed both the system and the surrounding air to be isothermal at 100°C and 25°C, respectively.
This assumption is reasonable if both fluids are well mixed. The inner surface of the wall must also be at 100°C while
the outer surface is at 25°C since two bodies in physical contact must have the same temperature at the point of contact.
Considering that entropy transfer with heat transfer Q through a surface at constant temperature 7 is Q/T, the entropy
transfer from the water to the wall is Q/Tys = 1.61 kJ/K. Likewise, the entropy transfer from the outer surface of the wall
into the surrounding air is Q/ T, = 2.01 kJ/K. Clearly, entropy in the amount of (2.01 — 1.61) =0.4kJ/K is generated
in the wall, as illustrated in Fig. 1.6b.

Identifying the location of entropy generation enables us to determine whether a process is internally reversible.
A process is internally reversible if no entropy is generated within the system boundaries. Therefore, the heat transfer
process discussed in the example above is internally reversible if the inner surface of the wall is taken as the system
boundary, and thus the system excludes the container wall. If the system boundary is taken to be the outer surface of the
container wall, then the process is no longer internally reversible since the wall, which is the site of entropy generation,
is now part of the system.

For thin walls, it is tempting to ignore the mass of the wall and to regard the wall as the boundary between the system
and the surroundings. This seemingly harmless choice hides the site of entropy generation and is a source of confusion.
The temperature in this case drops suddenly from Ty to Ty at the boundary surface (see Fig. 1.6a), and confusion
arises as to which temperature to use in the relation Q/T for entropy transfer at the boundary.

Note that if the system and the surrounding air are not isothermal as a result of insufficient mixing, then part of the
entropy generation occurs in both the system and the surrounding air in the vicinity of the wall, as shown in Fig. 1.6c.
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Fig. 1.6. Schematic representation of entropy generation during a heat transfer process through a finite temperature
difference.

1.5.4. Illustrative example 4

Consider two sensible thermal energy storage systems, X and Y, in an environment at a temperature of 25°C. Each
storage receives a quantity of heat from a stream of 500 kg of water, which is cooled from 80°C to 30°C. The recovery
operation and the storage duration for the two storages differ. Determine (a) the energy recovery, loss and efficiency for
each storage and (b) the corresponding exergy parameters. Compare the storages.

Solution:

Assumption: The thermal storage system is assumed to be comprised of three processes: charging, storing and discharging
(Fig. 1.7). This simple model is used in order to distinguish energy and exergy concepts clearly, and highlight the
importance of exergy as a tool for practical thermodynamic systems.

Qr,l
o}
1. Charging period
Qr,2
2. Storing period
o}
Qr,3

3. Discharging period

Fig. 1.7. Schematic of three processes in a storage cycle for a sensible thermal energy storage system.
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Both sensible thermal storage systems X and Y receive a quantity of heat from a stream of 500 kg of water, which
is cooled from 80°C to 30°C. Therefore, the heat input to each storage during the charging period is

O = mic, AT = 500 x 4.186 x (80 — 30) = 104,650kJ

For system X:
After one day, 94,185 kJ of heat is recovered during the discharging period from storage system X by a stream
of 4500 kg of water being heated from 30°C to 35°C. That is,

Qo = mocp AT = 4500 x 4.186 x (35 — 30) = 94,185k]J
Therefore, the energy efficiency for sensible thermal storage X becomes
nx = Qo/0i = 94,185/104,650 = 0.90
The heat rejection to the surroundings during storage is
Or = Qi — Q, = 104,650 — 94,185 = 10,465kJ

For system Y:

The heat recovered during discharging, the energy efficiency and the heat rejection to the surroundings can be
evaluated for storage system Y in a similar way. Storage system Y stores the heat for 90 days, after which a
quantity of heat is recovered during the discharging period by heating a stream of 500 kg of water from 30°C to
75°C. The heat recovered during discharging for storage Y is

Qo = mocp AT = 500 x 4.186 x (75 — 30) = 94,185kJ

which is the same as that for storage X. Thus, the energy efficiency for storage Y is the same as that for storage
X, i.e. ny =0.90, and the heat rejection to the surroundings for storage Y is the same as that for storage X, i.e.
10,465 kJ.

It is useful to note that the ability to store sensible heat in a tank or container strongly depends on the value
for the storage material of p cj,.

Both storage systems have the same energy efficiency, but storage system Y, which stores the heat for 90
days rather than 1 day, and which returns the heat at the much more useful temperature of 75°C rather than
35°C, provides considerably better performance. It is clear that a more perceptive comparative measure than that
provided by the energy efficiency of the storage is needed if the true usefulness of a sensible thermal storage
is to be assessed and a rational basis for the optimization of its economic value established. An efficiency
defined simply as the percentage of the total energy stored in a system which can be recovered ignores the
quality of the recovered energy, and so cannot provide a measure of ideal performance as mentioned earlier. The
exergy efficiency provides such a measure of the effectiveness of a sensible thermal storage system and thus is
advantageous.

An exergy analysis is conducted for sensible thermal energy storage systems X and Y. The exergy change during
the charging period can be obtained as

AEx; = mjcp[(Ty — T2) — To(In (T1/T>)] = 500 x 4.186 x [(353 — 303) — 298 x (In(353/303)] = 9387kJ

For system X:
The exergy change during the discharging period for storage system X can be evaluated as follows:

AEx, = mocp[(T1 — T2) — To(In (T /T2)] = 4500 x 4.186 x [(308 — 303) — 298 x (In(308/303)] = 2310kJ
Therefore, the exergy efficiency for storage X is

Yy = AEx,/AEx; = 2310/9387 = 0.25
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For system Y:
Since heat is recovered from the storage after 90 days by a stream of 500 kg of water entering at 30°C and leaving
at 75°C, the exergy change and efficiency of storage system Y can be obtained as follows:

AEx, = mocp[(T1 — T2) — To(In (T1/T2)] = 500 x 4.186 x [(348 — 303) — 298 x (In (348/303)] = 7820kJ
Yy = AEx,/AEx; = 7820/9387 = 0.83

The energy efficiencies for both storage systems are determined to be the same at 90% despite having two
different storage periods and different heat recovery temperatures. This situation clearly indicates that the FLT
is not sufficient to distinguish these two sensible thermal energy storage systems. This deficiency highlights the
advantage of exergy methods. The different behaviors of the two storage systems are more apparent using exergy
analysis, as different exergy efficiencies are obtained (25% for system X and 83% for system Y). Thermal storage
system Y is more effective than system X, because it returns heat at a higher temperature and thus with greater
exergy content, despite having a longer storage period.

This example illustrates in a practical manner some of the more abstract concepts discussed in this chapter and
highlights the importance of understanding and considering exergy, rather than or together with energy. Exergy is
demonstrated to be a more effective tool for analyzing and comparing the performance of sensible thermal energy storage
systems. Specifically, exergy analysis

o Provides a clearer, more meaningful and useful accounting of efficiencies and losses in a thermal energy storage

system, by using the conservation of mass and energy principles together with the second law for design and
analysis.

o Reflects more correctly the thermodynamic and economic values of thermal energy storage systems.
* Reveals whether or not and by how much it is possible to design more efficient sensible thermal energy storage

systems by reducing inefficiencies.

1.6. Closing remarks

Despite the existence of the Zeroth and third laws of thermodynamics, thermodynamics is very much a science of energy
and exergy (including entropy). The FLT refers to energy conservation and treats all energy forms equally, thus not
identifying losses of energy quality or work potential and possible improvements 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.

During the past several decades, exergy-related studies have received increasing attention from various disci-
plines ranging from mechanical and chemical engineering, to environmental engineering and ecology and so on. As
a consequence, the international exergy community has expanded significantly in recent years.

Problems
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1.2

1.3
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1.5

1.6

Define the macroscopic and microscopic forms of energy and explain their use in thermodynamic analyses.
Define the following forms of energy and explain their differences: internal energy, thermal energy, heat, heat
transfer, sensible energy, latent energy, chemical energy, nuclear energy, flow energy, flow work and enthalpy.
Give some actual engineering examples where a high-quality energy form is used to satisfy a low-quality energy
application. Explain how the same applications can be accomplished using lower-quality energy sources.

The most common application of geothermal energy is power generation. Some other uses are process heating,
district heating, district cooling, greenhouse heating and heating for fish farming. From a thermodynamic point
of view and considering the quality of energy, explain which of these uses you recommend most.

Some people claim that solar energy is in fact the source of all other renewable energy sources such as geothermal,
wind, hydro and biomass. Evaluate this claim, providing appropriate justification.

Solar energy is renewable, free and available in many parts of the world. Despite these advantages, there are few
commercial solar steam power plants currently operating. Explain why this is the case and if you think there will
be more of these power plants in the future.
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1.7
1.8

1.9

1.10
1.11

1.12
1.13
1.14
1.15
1.16
1.17
1.18

1.19

1.20

1.21
1.22
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Can the entropy of a system decrease during a process? If so, does this violate the increase of entropy principle?
Consider a system undergoing a process that takes it from one state to another. Does the entropy change of the
system depend on the process path followed during the process? Explain.

There are two classical statements of the second law of thermodynamics (the Kelvin—Plank and Clausius state-
ments). Can there be other valid statements? If so, why are these classical definitions repeated in almost every
thermodynamics textbook?

Can you determine if a process is possible by performing an entropy analysis? Explain.

The first law of thermodynamics is also known as the conservation of energy principle and leads to energy balances.
Is there a corresponding entropy balance or exergy balance? Express general energy, entropy and exergy balances
using words.

Provide a statement for the second law of thermodynamics using exergy.

What is the relationship between entropy generation and irreversibility?

Which is a more effective method for improving the efficiency of a system: reducing entropy generation or
reducing exergy destruction due to irreversibilities?

Does an exergy analysis replace an energy analysis? Describe any advantages of exergy analysis over energy
analysis.

Can you perform an exergy analysis without an energy analysis? Explain.

Does the reference environment have any effect on the results of an exergy analysis?

Do you recommend using standard atmospheric conditions (1 atm, 25°C) or actual atmospheric conditions as
reference environment in an exergy analysis? Explain.

Some people claim that, for a fossil-fuel power plant, energy analysis is superior to exergy analysis because the
heat input is directly related to the amount of fuel burned and consequently the cost of fuel to generate a certain
amount of power. Evaluate this claim.

The energy efficiency of a cogeneration plant involving power and process heat outputs may be expressed as the
sum of the power and process heat divided by the heat input. This is also sometimes known as the utilization
efficiency. As a senior or graduate student of engineering does it seem counter-intuitive to add power and heat, or
like you are adding apples and oranges. Can you get around this awkward situation by using exergy efficiency?
How?

Explain why friction and heat transfer across a finite temperature difference cause a process to be irreversible.
Noting that heat transfer does not occur without a temperature difference and that heat transfer across a finite
temperature difference is irreversible, is there such a thing as reversible heat transfer? Explain.



Chapter 2

EXERGY AND ENERGY ANALYSES

2.1. Introduction

Exergy analysis is a thermodynamic analysis technique based on the second law of thermodynamics which provides an
alternative and illuminating means of assessing and comparing processes and systems rationally and meaningfully. In
particular, exergy analysis yields efficiencies which provide a true measure of how nearly actual performance approaches
the ideal, and identifies more clearly than energy analysis the causes and locations of thermodynamic losses. Consequently,
exergy analysis can assist in improving and optimizing designs.

Increasing application and recognition of the usefulness of exergy methods by those in industry, government and
academia has been observed in recent years. Exergy has also become increasingly used internationally. The present
authors, for instance, have examined exergy analysis methodologies and applied them to industrial systems (e.g., Rosen
and Horazak, 1995; Rosen and Scott, 1998; Rosen and Dincer, 2003a, b, 2004b; Rosen and Etele, 2004; Rosen et al.,
2005), thermal energy storage (e.g., Dincer and Rosen, 2002; Rosen et al., 2004), countries (e.g., Rosen, 1992; Rosen
and Dincer, 1997b) and environmental impact assessments (e.g., Crane et al., 1992; Rosen and Dincer, 1997a, 1999;
Gaggioli, 1998; Gunnewiek and Rosen, 1998).

In this chapter, theoretical and practical aspects of thermodynamics most relevant to energy and exergy analyses
are described. This section reviews fundamental principles and such related issues as reference-environment selection,
efficiency definition and material properties acquisition are discussed. General implications of exergy analysis results
are discussed, and a step-by-step procedure for energy and exergy analyses is given.

2.2. Why energy and exergy analyses?

Thermodynamics permits the behavior, performance and efficiency to be described for systems for the conversion of
energy from one form to another. Conventional thermodynamic analysis is based primarily on the first law of thermo-
dynamics, which states the principle of conservation of energy. An energy analysis of an energy-conversion system is
essentially an accounting of the energies entering and exiting. The exiting energy can be broken down into products and
wastes. 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-based measures 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. Further, the thermodynamic losses which occur within a system (i.e., those
factors which cause performance to deviate from ideality) often are not accurately identified and assessed with energy
analysis. The results of energy analysis can indicate the main inefficiencies to be within the wrong sections of the system,
and a state of technological efficiency different than actually exists.

Exergy analysis permits many of the shortcomings of energy analysis to be overcome. Exergy analysis is based on
the second law of thermodynamics, and is useful in identifying the causes, locations and magnitudes of process ineffi-
ciencies. The exergy associated with an energy quantity is a quantitative assessment of its usefulness or quality. Exergy
analysis acknowledges that, although energy cannot be created or destroyed, it can be degraded in quality, eventually
reaching a state in which it is in complete equilibrium with the surroundings and hence of no further use for performing
tasks.

For energy storage systems, for example, exergy analysis allows one to determine the maximum potential associ-
ated with the incoming energy. This maximum is retained and recovered only if the energy undergoes processes in a
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reversible manner. Losses in the potential for exergy recovery occur in the real world because actual processes are always
irreversible.

The exergy flow rate of a flowing commodity is the maximum rate that work may be obtained from it as it passes
reversibly to the environmental state, exchanging heat and materials only with the surroundings. In essence, exergy
analysis states the theoretical limitations imposed on a system, clearly pointing out that no real system can conserve
exergy and that only a portion of the input exergy can be recovered. Also, exergy analysis quantitatively specifies
practical limitations by providing losses in a form in which they are a direct measure of lost exergy.

2.3. Nomenclature

Although a relatively standard terminology and nomenclature has evolved for conventional classical thermodynamics,
there is at present no generally agreed on terminology and nomenclature for exergy analysis. A diversity of symbols
and names exist for basic and derived quantities (Kotas et al., 1987; Lucca, 1990). For example, exergy is often called
available energy, availability, work capability, essergy, etc.; and exergy consumption is often called irreversibility, lost
work, dissipated work, dissipation, etc. The exergy-analysis nomenclature used here follows that proposed by Kotas et al.
(1987) as a standard exergy-analysis nomenclature. For the reader unfamiliar with exergy, a glossary of selected exergy
terminology is included (see Appendix A).

2.4. Balances for mass, energy and entropy

2.4.1. Conceptual balances
A general balance for a quantity in a system may be written as
Input 4 Generation — Output — Consumption = Accumulation (2.1)

Input and output refer respectively to quantities entering and exiting through system boundaries. Generation and con-
sumption refer respectively to quantities produced and consumed within the system. Accumulation refers to build up
(either positive or negative) of the quantity within the system.

Versions of the general balance equation above may be written for mass, energy, entropy and exergy. Mass and energy,
being subject to conservation laws (neglecting nuclear reactions), can be neither generated nor consumed. Consequently,
the general balance (Eq. (2.1)) written for each of these quantities becomes

Mass input — Mass output = Mass accumulation (2.2)
Energy input — Energy output = Energy accumulation (2.3)

Before giving the balance equation for exergy, it is useful to examine that for entropy:
Entropy input + Entropy generation — Entropy output = Entropy accumulation 2.4)

Entropy is created during a process due to irreversibilities, but cannot be consumed.
These balances describe what is happening in a system between two instants of time. For a complete cyclic process
where the initial and final states of the system are identical, the accumulation terms in all the balances are zero.

2.4.2. Detailed balances

Two types of systems are normally considered: open (flow) and closed (non-flow). In general, open systems have mass,
heat and work interactions, and closed systems have heat and work interactions. Mass flow into, heat transfer into and
work transfer out of the system are defined to be positive. Mathematical formulations of the principles of mass and energy
conservation and entropy non-conservation can be written for any system, following the general physical interpretations
in Eqgs. (2.2) through (2.4).
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Consider a non-steady flow process in a time interval #; to #,. Balances of mass, energy and entropy, respectively,

can be written for a control volume as
Zmi—Zmezmz—ml (25)
i e

D e+ Pvyimi — Y (e+Pvieme+ ()12 — (Wia = Ey — E (2.6)

Dosmi= Y seme+ Y Q/Tona+ [, =55 Q.7

Here, m; and m, denote respectively the amounts of mass input across port i and exiting across port e; (Q,); 2 denotes
the amount of heat transferred into the control volume across region r on the control surface; (W’); , denotes the amount
of work transferred out of the control volume; ]_[1’2 denotes the amount of entropy created in the control volume (and
is also referred to as Sy, in this text); my, E; and S; denote respectively the amounts of mass, energy and entropy in
the control volume at time #; and my, E> and S, denote respectively the same quantities at time #,; and e, s, P, T and v
denote specific energy, specific entropy, absolute pressure, absolute temperature and specific volume, respectively. The
total work W’ done by a system excludes flow work, and can be written as

W =W+W, (2.8)

where W is the work done by a system due to change in its volume and W, is the shaft work done by the system. The
term ‘shaft work’ includes all forms of work that can be used to raise a weight (i.e., mechanical work, electrical work,
etc.) but excludes work done by a system due to change in its volume. The specific energy e is given by

e =u+ ke + pe 2.9)

where u, ke and pe denote respectively specific internal, kinetic and potential (due to conservative force fields) energies.
For irreversible processes [ ], , > 0, and for reversible processes [, , =0.

The left sides of Eqs. (2.5) through (2.7) represent the net amounts of mass, energy and entropy transferred into (and
in the case of entropy created within) the control volume, while the right sides represent the amounts of these quantities
accumulated within the control volume.

For the mass flow m; across port j,

I

J

n

Here, p is the density of matter crossing an area element dA on the control surface in time interval ¢ to t, and V,, is the
velocity component of the matter flow normal to dA. The integration is performed over port j on the control surface.
One-dimensional flow (i.e., flow in which the velocity and other intensive properties do not vary with position across the
port) is often assumed. Then the previous equation becomes

B
m; = / (pV,A)dt (2.11)
1

It has been assumed that heat transfers occur at discrete regions on the control surface and the temperature across
these regions is constant. If the temperature varies across a region of heat transfer,

Qo= /

/(qu), dr 2.12)
and

(O /T s = /

f (q/T),dA, |dt (2.13)
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where 7, is the temperature at the point on the control surface where the heat flux is g,. The integral is performed over
the surface area of region A,.

The quantities of mass, energy and entropy in the control volume (denoted by m, E and S) on the right sides of
Eqgs. (2.5) through (2.7), respectively, are given more generally by

"= /,odV (2.14)
E = /pedV (2.15)
S = /psst (2.16)

where the integrals are over the control volume.
For a closed system, m; = m, =0 and Eqgs. (2.5) through (2.7) become

0=my —m 2.17)
> @ (W), =E—E (2.18)
D@/ T +]] =55 (2.19)

2.5. Exergy of systems and flows

Several quantities related to the conceptual exergy balance are described here, following the presentations by Moran
(1989) and Kotas (1995).

2.5.1. Exergy of a closed system

The exergy Expon-flow Of a closed system of mass m, or the non-flow exergy, can be expressed as

EXqon-flow = Exph + Exo + Exiin + Expot (2.20)
where
Expor = PE 2.21)
Exy, = KE (2.22)
Exo =Y (tio — Hioo)N; (223)
i
Exnon-ﬂow,ph = (U - Uo) + PO(V - Vo) - TO(S - SO) (224)

where the system has a temperature T, pressure P, chemical potential 1, for species i, entropy S, energy E, volume V and
number of moles N; of species i. The system is within a conceptual environment in an equilibrium state with intensive
properties Ty, P, and [t;00. The quantity w;, denotes the value of w at the environmental state (i.e., at T, and P,). The
terms on the right side of Eq. (2.20) represent respectively physical, chemical, kinetic and potential components of the
non-flow exergy of the system.

The exergy Ex is a property of the system and conceptual environment, combining the intensive and extensive
properties of the system with the intensive properties of the environment.

Physical non-flow exergy is the maximum work obtainable from a system as it is brought to the environmental state
(i.e., to thermal and mechanical equilibrium with the environment), and chemical non-flow exergy is the maximum work
obtainable from a system as it is brought from the environmental state to the dead state (i.e., to complete equilibrium
with the environment).
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2.5.2. Exergy of flows

Exergy of a matter flow

The exergy of a flowing stream of matter Exgo, is the sum of non-flow exergy and the exergy associated with the flow
work of the stream (with reference to P,), i.e.,

Exﬂow = Exnon-ﬂow + (P - PO)V (225)

Alternatively, Exgoy can be expressed following Eq. (2.20) in terms of physical, chemical, kinetic and potential
components:

Exfiow = Expn + Exo + Exyin + Expo (2.26)
where
Expot = PE (2.27)
Exiin = KE (2.28)
Exo =Y (ttio — Hioo)N; (2.29)
Exﬂow,ph = (H - Ho) - TO(S - So) (230)

Exergy of thermal energy

Consider a control mass, initially at the dead state, being heated or cooled at constant volume in an interaction with
some other system. The heat transfer experienced by the control mass is Q. The flow of exergy associated with the heat
transfer Q is denoted by Ex,, and can be expressed as

A
Exp = /(1 —T,/T)Q0 (2.31)

where 30 is an incremental heat transfer, and the integral is from the initial state (i) to the final state (). This ‘thermal
exergy’ is the minimum work required by the combined system of the control mass and the environment in bringing the
control mass to the final state from the dead state.

Often the dimensionless quantity in parentheses in this expression is called the ‘exergetic temperature factor’ and
denoted t:

t=1-T,/T (2.32)

The relation between t and the temperature ratio 7/7, is illustrated in Fig. 2.1.
If the temperature T of the control mass is constant, the thermal exergy transfer associated with a heat transfer is

Exg=(1—T,/T)Q =1Q (2.33)

For heat transfer across a region r on a control surface for which the temperature may vary,

Ergp = / [4:(1 = T/T,)dA, ] (2.34)

where ¢, is the heat flow per unit area at a region on the control surface at which the temperature is 7.
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Fig. 2.1. The relation between the exergetic temperature factor t and the absolute temperature ratio 7'/T,. The factor 7 is
equal to zero when T = T, For heat transfer at above-environment temperatures (i.e., T > T,), 0 < 7 < 1. For heat transfer
at sub-environment temperatures (i.e., T < T,), T <0, implying that exergy and energy flow in opposite directions in
such cases. Note that the magnitude of the exergy flow exceeds that of the energy flow when v < —1, which corresponds
to T < T,/2.

Exergy of work

Equation (2.8) separates total work W’ into two components W, and W. The exergy associated with shaft work Exy is
by definition W,.
The exergy transfer associated with work done by a system due to volume change is the net usable work due to the
volume change, and is denoted by Wngr. Thus for a process in time interval #; to #,,
(Wnemh12 = Wia — Po(Va — V1) (2.35)

where W, is the work done by the system due to volume change (V> — V). The term P,(V, — V)) is the displacement
work necessary to change the volume against the constant pressure P, exerted by the environment.

Exergy of electricity

As for shaft work, the exergy associated with electricity is equal to the energy.

2.6. Exergy consumption

For a process occuring in a system, the difference between the total exergy flows into and out of the system, less the
exergy accumulation in the system, is the exergy consumption /, expressible as

I = ToSgen (2.36)
Equation (2.36) points out that exergy consumption is proportional to entropy creation, and is known as the Gouy—Stodola
relation.
2.7. Exergy balance
By combining the conservation law for energy and non-conservation law for entropy, the exergy balance can be obtained:
Exergy input — Exergy output — Exergy consumption = Exergy accumulation (2.37)
Exergy is consumed due to irreversibilities. Exergy consumption is proportional to entropy creation. Equations (2.4)

and (2.37) demonstrate an important main difference between energy and exergy: energy is conserved while exergy, a
measure of energy quality or work potential, can be consumed.
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An analogous balance to those given in Egs. (2.5) through (2.7) can be written for exergy, following the physical
interpretation of Eq. (2.37). For a non-steady flow process during time interval #; to #,,

D eximi— Y exome + Y (Exp )12 — (Exw)ia — (Waenia — ha = Exy — Exy (2.38)
i e r

where (Wngr)1 2 is given by Eq. (2.35) and

)]

(Exp )12 = / /(1 —To/Tr)qrdA, |dt (2.39)
1 r

11,2 = Tosgen,l,Z (240)

Ex = /p&dV (2.41)

Here, I and S, respectively denote exergy consumption and entropy creation, Ex denotes exergy, and the integral for Ex
is performed over the control volume. The first two terms on the left side of Eq. (2.38) represent the net input of exergy
associated with matter, the third term the net input of exergy associated with heat, the fourth and fifth terms the net input
of exergy associated with work, and the sixth term the exergy consumption. The right side of Eq. (2.38) represents the
accumulation of exergy.

For a closed system, Eq. (2.38) simplifies to

Z (Exg, )12 — (Exw)i12 — (Wner)12 — l12 = Exo — Ex (2.42)

When volume is fixed, (Wngr)12 =0 in Egs. (2.38) and (2.42). Also, when the initial and final states are identical, as in
a complete cycle, the right sides of Eqgs. (2.38) and (2.42) are zero.

2.8. Reference environment

Exergy is evaluated with respect to a reference environment, so the intensive properties of the reference environment
determine the exergy of a stream or system.

2.8.1. Theoretical characteristics of the reference environment

The reference environment is in stable equilibrium, with all parts at rest relative to one another. No chemical reactions
can occur between the environmental components. The reference environment acts as an infinite system, and is a sink
and source for heat and materials. It experiences only internally reversible processes in which its intensive state remains
unaltered (i.e., its temperature 7,, pressure P, and the chemical potentials 1o, for each of the i components present
remain constant). The exergy of the reference environment is zero. The exergy of a stream or system is zero when it is
in equilibrium with the reference environment.

The natural environment does not have the theoretical characteristics of a reference environment. The natural environ-
ment is not in equilibrium, and its intensive properties exhibit spatial and temporal variations. Many chemical reactions
in the natural environment are blocked because the transport mechanisms necessary to reach equilibrium are too slow at
ambient conditions. Thus, the exergy of the natural environment is not zero; work could be obtained if it were to come to
equilibrium. Consequently, models for the reference environment are used which try to achieve a compromise between
the theoretical requirements of the reference environment and the actual behavior of the natural environment.

2.8.2. Models for the reference environment

Several classes of reference-environment models are described below:

o Natural-environment-subsystem models: An important class of reference-environment models is the natural-
environment-subsystem type. These models attempt to simulate realistically subsystems of the natural
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environment. One such model consisting of saturated moist air and liquid water in phase equilibrium was proposed
by Baehr and Schmidt (1963). An extension of the above model which allowed sulfur-containing materials to be
analyzed was proposed by Gaggioli and Petit (1977) and Rodriguez (1980). The temperature and pressure of this
reference environment (see Table 2.1) are normally taken to be 25°C and 1 atm, respectively, and the chemical
composition is taken to consist of air saturated with water vapor, and the following condensed phases at 25°C and
1 atm: water (H,0), gypsum (CaSOy, - 2H,;0) and limestone (CaCQOs3). The stable configurations of C, O and N
respectively are taken to be those of CO,, O, and N as they exist in air saturated with liquid water at 7, and Py;
of hydrogen is taken to be in the liquid phase of water saturated with air at 7, and P,; and of S and Ca respectively
are taken to be those of CaSOy - 2H,0 and CaCOs at T, and P,,.

Analyses often use the natural-environment-subsystem model described in Table 2.1, but with a temperature
modified to reflect the approximate mean ambient temperature of the location of the system or process for the
time period under consideration.

Table 2.1. A reference-environment model.

Temperature | 7, =298.15K
Pressure P,=1atm

Composition | (i) Atmospheric air saturated with H,O at T, and P,, having the
following composition:

Air constituents Mole fraction

N, 0.7567
0, 0.2035
H,0 0.0303
Ar 0.0091
CO, 0.0003
H, 0.0001

(i) The following condensed phases at 7, and Py:
Water (H,O)
Limestone (CaCO3)
Gypsum (CaSO; - 2H,0)

Source: Adapted from Gaggioli and Petit (1977).

» Reference-substance models: Here, a ‘reference substance’ is selected and assigned zero exergy for every chemical

element. One such model in which the reference substances were selected as the most valueless substances found
in abundance in the natural environment was proposed by Szargut (1967). The criteria for selecting such reference
substances is consistent with the notion of simulating the natural environment, but is primarily economic in nature,
and is vague and arbitrary with respect to the selection of reference substances. Part of this environment is the
composition of moist air, including N, O,, CO,, H,O and the noble gases; gypsum (for sulfur) and limestone
(for calcium).

Another model in this class, in which reference substances are selected arbitrarily, was proposed by Sussman
(1980, 1981). This model is not similar to the natural environment. Consequently absolute exergies evaluated with
this model do not relate to the natural environment, and cannot be used rationally to evaluate efficiencies. Since
exergy-consumption values are independent of the choice of reference substances, they can be rationally used in
analyses.

Equilibrium models: A model in which all the materials present in the atmosphere, oceans and a layer of the crust
of the earth are pooled together and an equilibrium composition is calculated for a given temperature was proposed
by Ahrendts (1980). The selection of the thickness of crust considered is subjective and is intended to include
all materials accessible to technical processes. Ahrendts considered thicknesses varying from 1 to 1000 m, and a
temperature of 25°C. For all thicknesses, Ahrendts found that the model differed significantly from the natural
environment. Exergy values obtained using these environments are significantly dependent on the thickness of
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crust considered, and represent the absolute maximum amount of work obtainable from a material. Since there is
no technical process available which can obtain this work from materials, Ahrendts’ equilibrium model does not
give meaningful exergy values when applied to the analysis of real processes.

o Constrained-equilibrium models: Ahrendts (1980) also proposed a modified version of his equilibrium environ-
ment in which the calculation of an equilibrium composition excludes the possibility of the formation of nitric
acid (HNOs3) and its compounds. That is, all chemical reactions in which these substances are formed are in
constrained equilibrium, and all other reactions are in unconstrained equilibrium. When a thickness of crust of
1 m and temperature of 25°C were used, the model was similar to the natural environment.

o Process-dependent models: A model which contains only components that participate in the process being exam-
ined in a stable equilibrium composition at the temperature and total pressure of the natural environment was
proposed by Bosnjakovic (1963). This model is dependent on the process examined, and is not general. Exer-
gies evaluated for a specific process-dependent model are relevant only to the process; they cannot rationally be
compared with exergies evaluated for other process-dependent models.

Many researchers have examined the characteristics of and models for reference environments (e.g., Ahrendts,
1980; Wepfer and Gaggioli, 1980; Sussman, 1981), and the sensitivities of exergy values to different reference-
environment models (Rosen and Dincer, 2004a).

2.9. Efficiencies and other measures of merit

Efficiency has always been an important consideration in decision making regarding resource utilization. Efficiency is
defined as ‘the ability to produce a desired effect without waste of, or with minimum use of, energy, time, resources,
etc.,” and is used by people to mean the effectiveness with which something is used to produce something else, or the
degree to which the ideal is approached in performing a task.

For general engineering systems, non-dimensional ratios of quantities are typically used to determine efficiencies.
Ratios of energy are conventionally used to determine efficiencies of engineering systems whose primary purpose is
the transformation of energy. These efficiencies are based on the first law of thermodynamics. A process has maximum
efficiency according to the first law if energy input equals recoverable energy output (i.e., if no ‘energy losses’ occur).
However, efficiencies determined using energy are misleading because in general they are not measures of ‘an approach
to an ideal.’

To determine more meaningful efficiencies, a quantity is required for which ratios can be established which do
provide a measure of an approach to an ideal. Thus, the second law must be involved, as this law states that maximum
efficiency is attained (i.e., ideality is achieved) for a reversible process. However, the second law must be quantified
before efficiencies can be defined.

The ‘increase of entropy principle,” which states that entropy is created due to irreversibilities, quantifies the second
law. From the viewpoint of entropy, maximum efficiency is attained for a process in which entropy is conserved. Entropy
is created for non-ideal processes. The magnitude of entropy creation is a measure of the non-ideality or irreversibility
of a process. In general, however, ratios of entropy do not provide a measure of an approach to an ideal.

A quantity which has been discussed in the context of meaningful measures of efficiency is negentropy (Hafele,
1981). Negentropy is defined such that the negentropy consumption due to irreversibilities is equal to the entropy
creation due to irreversibilities. As a consequence of the ‘increase of entropy principle,” maximum efficiency is attained
from the viewpoint of negentropy for a process in which negentropy is conserved. Negentropy is consumed for non-ideal
processes. Negentropy is a measure of order. Consumptions of negentropy are therefore equivalent to degradations of
order. Since the abstract property of order is what is valued and useful, it is logical to attempt to use negentropy in
developing efficiencies. However, general efficiencies cannot be determined based on negentropy because its absolute
magnitude is not defined.

Negentropy can be further quantified through the ability to perform work. Then, maximum efficiency is attainable
only if, at the completion of a process, the sum of all energy involved has an ability to do work equal to the sum before
the process occurred. Exergy is a measure of the ability to perform work, and from the viewpoint of exergy, maximum
efficiency is attained for a process in which exergy is conserved. Efficiencies determined using ratios of exergy do provide
a measure of an approach to an ideal. Exergy efficiencies are often more intuitively rational than energy efficiencies
because efficiencies between 0% and 100% are always obtained. Measures which can be greater than 100% when energy
is considered, such as coefficient of performance, normally are between 0% and 100% when exergy is considered. In
fact, some researchers (e.g., Gaggioli, 1983) call exergy efficiencies ‘real’ or ‘true’ efficiencies, while calling energy
efficiencies ‘approximations to real’ efficiencies.
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Energy (1) and exergy () efficiencies are often written for steady-state processes occurring in systems as

__ Energy in product outputs | Energy loss 2.43)
= Energy in inputs o Energy in inputs '
v = Exergy in product outputs  Exergy loss plus consumption 2.44)
- Exergy in inputs - Exergy in inputs '
Two other common exergy-based efficiencies for steady-state devices are as follows:
Total tput E ti
Rational efficiency = ——+ o8y OWPWL _ | _ BXeray consumpron (2.45)
Total exergy input Total exergy input

Task efficiency — Theoretical minimum exergy input required (2.46)
Actual 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 (ii) 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.

2.10. 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, depending on the depth of detail and
understanding desired from the analysis.

o 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-environment model.

» Evaluate energy and exergy values, relative to the selected reference-environment model.

o Perform exergy balances, including the determination of exergy consumptions.

Select efficiency definitions, depending on the measures of merit desired, and evaluate values for the efficiencies.

Interpret the results, and draw appropriate conclusions and recommendations, relating to such issues as design

changes, retrofit plant modifications, etc.

2.11. Energy and exergy properties

Many material properties are needed for energy and exergy analyses of processes. Sources of conventional property data
are abundant for many substances (e.g., steam, air and combustion gases and chemical substances).

Energy values of heat and work flows are absolute, while the energy values of material flows are relative. Enthalpies
are evaluated relative to a reference level. Since energy analyses are typically concerned only with energy differences,
the reference level used for enthalpy calculations can be arbitrary. For the determination of some energy efficiencies,
however, the enthalpies must be evaluated relative to specific reference levels (e.g., for energy-conversion processes, the
reference level is often selected so that the enthalpy of a material equals its higher heating value (HHV).

If, however, the results from energy and exergy analyses are to be compared, it is necessary to specify reference
levels for enthalpy calculations such that the enthalpy of a compound is evaluated relative to the stable components of the
reference environment. Thus, a compound which exists as a stable component of the reference environment is defined
to have an enthalpy of zero at T, and P,. Enthalpies calculated with respect to such conditions are referred to as ‘base
enthalpies’ (Rodriguez, 1980). The base enthalpy is similar to the enthalpy of formation. While the latter is the enthalpy
of a compound (at 7, and P,) relative to the elements (at 7, and P,) from which it would be formed, the former is the
enthalpy of a component (at 7, and P,) relative to the stable components of the environment (at 7, and P,). For many
environment models, the base enthalpies of material fuels are equal to their HHVs.
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Base enthalpies for many substances, corresponding to the reference-environment model in Table 2.1, are listed in
Table 2.2.

It is necessary for chemical exergy values to be determined for exergy analysis. Many researchers have developed
methods for evaluating chemical exergies and tabulated values (e.g., Szargut, 1967; Rodriguez, 1980; Sussman, 1980).
Included are methods for evaluating the chemical exergies of solids, liquids and gases. For complex materials (e.g., coal,
tar, ash), approximation methods have been developed. By considering environmental air and gaseous process streams
as ideal gas mixtures, chemical exergy can be calculated for gaseous streams using component chemical exergy values
(i.e., values of (itjo — Mioo) listed in Table 2.2).

Table 2.2. Base enthalpy and chemical exergy values of selected species.

Specific base enthalpy | Specific chemical exergy*
Species (kJ/g-mol) (kJ/g-mol)
Ammonia (NH3) 382.585 2.478907 Iny 4+ 337.861
Carbon (graphite) (C) 393.505 410.535
Carbon dioxide (CO,) 0.000 2.478907 Iny +20.108
Carbon monoxide (CO) 282.964 2.478907 Iny +275.224
Ethane (C,Hg) 1564.080 2.478907 Iny 4 1484.952
Hydrogen (H;) 285.851 2.478907 Iny +235.153
Methane (CHy) 890.359 2.478907 Iny +830.212
Nitrogen (N) 0.000 2.478907Iny +0.693
Oxygen (O,) 0.000 2.478907Iny +3.948
Sulfur (rhombic) (S) 636.052 608.967
Sulfur dioxide (SO,) 339.155 2.478907 Iny +295.736
Water (H,0) 44.001 2.478907 Iny 4 8.595

*y represents the molal fraction for each of the respective species.
Source: Compiled from data in Rodriguez (1980) and Gaggioli and Petit (1977).

2.12. Implications of results of exergy analyses

The results of exergy analyses of processes and systems have direct implications on application decisions and on research
and development (R&D) directions.

Further, exergy analyses more than energy analyses provide insights into the ‘best’ directions for R&D effort. Here,
‘best’ is loosely taken to mean ‘most promising for significant efficiency gains.” There are two main reasons for this
statement:

1. Exergy losses represent true losses of the potential that exists to generate the desired product from the given
driving input. This is not true in general for energy losses. Thus, if the objective is to increase efficiency, focusing
on exergy losses permits R&D to focus on reducing losses that will affect the objective.

2. Exergy efficiencies always provide a measure of how nearly the operation of a system approaches the ideal or
theoretical upper limit. This is not in general true for energy efficiencies. By focusing R&D effort on those
plant sections or processes with the lowest exergy efficiencies, the effort is being directed to those areas which
inherently have the largest margins for efficiency improvement. By focusing on energy efficiencies, on the other
hand, one can expend R&D effort on topics for which little margins for improvement, even theoretically, exist.

Exergy analysis results typically suggest that R&D efforts should concentrate more on internal rather than external
exergy losses, based on thermodynamic considerations, with a higher priority for the processes having larger exergy
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losses. Although this statement suggests focusing on those areas for which margins for improvement are greatest, it does
not indicate that R&D should not be devoted to those processes having low exergy losses, as simple and cost-effective
ways to increase efficiency by reducing small exergy losses should certainly be considered when identified.

More generally, it is noted that application and R&D allocation decisions should not be based exclusively on the
results of energy and exergy analyses, even though these results provide useful information to assist in such decision
making. Other factors must be considered also, such as economics, environmental impact, safety, and social and political
implications.

2.13. Closing remarks

This chapter has covered theoretical and practical aspects of thermodynamics that are of most relevance to energy
and exergy analyses of systems. The chapter discusses fundamental principles and such related issues as reference-
environment selection, efficiency definition and acquisition of material properties. General implications of exergy analysis
results are elaborated, and a step-by-step procedure for both energy and exergy analyses is given.

Problems

2.1 Explain why exergy analysis has become a major topic in many thermodynamics courses and why increasing
numbers of people use it in the analysis of energy systems.

2.2 Exergy analysis allows the determination of the upper limits of system efficiency and quantification of the causes
of degradation of system performance. Can similar results be obtained using an energy analysis?

2.3 Define the following terms and explain, where appropriate, their differences: exergy, available energy, availability,
work capability, essergy, exergy consumption, irreversibility, lost work, dissipated work, dissipation, exergy
destruction and recovered exergy.

2.4 Carry outresearch to find out who invented the word ‘exergy’ and when. Why is the term ‘exergy’ more commonly
used than ‘availability’?

2.5 Investigate the literature to identify the various symbols used for exergy, closed system exergy, flow exergy and
irreversibility. Are there any standard or commonly accepted symbols for these terms?

2.6 What is the difference between closed system exergy and flow exergy? Express flow exergy in terms of closed
system exergy.

2.7 The exergies of kinetic and potential energy are equal to the kinetic and potential energy, respectively. Conse-
quently, some people argue that an exergy analysis involving a wind turbine or a hydroelectric power plant is
meaningless. Do you agree? Explain.

2.8 Is there any relationship between the exergy of heat transfer and work output for a Carnot heat engine? Explain.

2.9 s this statement always correct: the exergy of work is equal to work? Explain.

2.10 Write mass, energy, entropy and exergy balances for the following devices: (a) an adiabatic steam turbine, (b) an
air compressor with heat loss from the air to the surroundings, (c) an adiabatic nozzle and (d) a diffuser with heat
loss to the surroundings.

2.11 Why have several classes of reference-environment models been proposed?

2.12 Some researchers argue that ‘efficiency should be used only after it is clearly defined.” Do you agree? Explain.

2.13 What is the difference between energy and exergy efficiency? Define both for an adiabatic turbine.

2.14 Some researchers consider the ‘isentropic efficiency’ a type of ‘first-law adiabatic efficiency’ even though
isentropic is a term associated with the second law of thermodynamics. What is your opinion?

2.15 One person claims that the exergy efficiency of a system is always greater than its energy efficiency while another
person claims the opposite. Which person is correct? Explain with examples.

2.16 Define each of the following efficiencies for a compressor and explain under which conditions they should be
used: (a) isentropic efficiency, (b) isothermal efficiency and (c) exergy efficiency.

2.17 An engineer wants to express the performance of a hydraulic turbine using an isentropic efficiency, in terms of
enthalpies. Is this reasonable? Explain with examples. Can you recommend better alternatives?

2.18 How do you define and express the exergy of a fuel? Is there any relationship between the exergy of a fuel and its
lower or higher heating value?

2.19 A student claims that the thermal and exergy efficiencies of a fossil-fuel power plant are very close to each other.
Do you agree? Explain.
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How can one use the results of an exergy analysis to improve system efficiency?

Can exergy analysis be used in the design of a thermal system? Explain.

Can exergy analysis be used in the optimization of a thermal system? Explain.

An exergy analysis of the components of a system indicates that the exergy efficiency of component A is much
smaller than that of component B. Does this mean that the priority for investing resources should be improving
the performance of component A rather than component B?



Chapter 3

EXERGY, ENVIRONMENT AND SUSTAINABLE DEVELOPMENT

3.1. Introduction

The relationship between energy and economics was a prime concern in 1970s. At that time, the linkage between energy
and the environment did not receive much attention. As environmental concerns, such as acid rain, ozone depletion and
global climate change, became major issues in the 1980s, the link between energy utilization and the environment became
more recognized. Since then, there has been increasing attention on this connection, as it has become more clear that
energy production, transformation, transport and use all impact the earth’s environment, and that environmental impacts
are associated with the thermal, chemical and nuclear emissions which are a necessary consequence of the processes
that provide benefits to humanity. Simultaneously concerns have been expressed about the non-sustainable nature of
human activities, and extensive efforts have begun to be devoted toward developing methods for achieving sustainable
development.

The relation between sustainable development and the use of resources, particularly energy resources, is of great
significance to societies. Attaining sustainable development requires that sustainable energy resources be used, and is
assisted if resources are used efficiently. Exergy methods are important since they are useful for improving efficiency. The
relations between exergy and both energy and the environment makes it clear that exergy is directly related to sustainable
development.

That these topics are connected can be seen relatively straightforwardly. For instance, the environmental impact of
emissions can be reduced by increasing the efficiency of resource utilization. As this measure helps preserve resources,
it is sometimes referred to as ‘energy conservation.” However, increasing efficiency has sustainability implications as it
lengthens the lives of existing resource reserves, but generally entails greater use of materials, labor and more complex
devices. Depending on the situation and the players involved, the additional cost may be justified by the added security
associated with a decreased dependence on energy resources, by the reduced environmental impact and by the social
stability obtained through increased productive employment.

Many suggest that mitigating the environmental impact of energy resource utilization and achieving increased resource
utilization efficiency are best addressed by considering exergy. By extension, since these topics are critical elements in
achieving sustainable development, exergy also appears to provide the basis for developing comprehensive methodologies
for sustainability. The exergy of an energy form or a substance is a measure of its usefulness or quality or potential to
cause change. The latter point suggests that exergy may be, or provide the basis for, an effective measure of the potential
of a substance or energy form to impact the environment. In practice, the authors feel that a thorough understanding
of exergy and the insights it can provide into the efficiency, environmental impact and sustainability of energy systems
are required for the engineer or scientist working in the area of energy systems and the environment. Further, as energy
policies increasingly play an important role in addressing sustainability issues and a broad range of local, regional and
global environmental concerns, policy makers also need to appreciate the exergy concept and its ties to these concerns.
The need to understand the linkages between exergy and energy, sustainable development and environmental impact has
become increasingly significant.

Despite the fact that many studies appeared during the past two decades concerning the close relationship between
energy and the environment, there has only recently been an increasing number of works on the linkage between the
exergy and the environment (e.g., Reistad, 1970; Szargut, 1980; Wepfer and Gaggioli, 1980; Crane et al., 1992; Rosen
and Dincer, 1997a; 2001; Dincer and Rosen, 1999a; Sciubba, 1999). In this chapter, which extends ideas presented
in our earlier works, we consider exergy as the confluence of energy, environment and sustainable development, as
illustrated in Fig. 3.1. The basis for this treatment is the interdisciplinary character of exergy and its relation to each of
these disciplines. The primary objective of this chapter is to present a unified exergy-based structure that provides useful
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development

Fig. 3.1. Interdisciplinary triangle covered by the field of exergy analysis.

insights and direction to those involved in exergy, environment and sustainable development for analyzing and addressing
appropriately each of these areas using exergy concepts.

3.2. Exergy and environmental problems

3.2.1. Environmental concerns

Environmental problems, issues and concerns span a continuously growing range of pollutants, hazards and ecosystem
degradation factors that affect areas ranging from local through regional to global. Some of these concerns arise from
observable, chronic effects on, for instance, human health, while others stem from actual or perceived environmental
risks such as possible accidental releases of hazardous materials.

Many environmental issues are caused by or related to the production, transformation and use of energy. For example,
11 major areas of environmental concern in which energy plays a significant role have been identified, namely major
environmental accidents, water pollution, maritime pollution, land use and siting impact, radiation and radioactivity, solid
waste disposal, hazardous air pollutants, ambient air quality, acid deposition, stratospheric ozone depletion, and global
climate change. While energy policy was concerned mainly with economic considerations in the 1970s and early 1980s,
environmental-impact control, though clean fuels and energy technologies as well as energy efficiency, have received
increasing attention over the last couple of decades.

Environmental problems are often complex and constantly evolving. Generally, our ability to identify and quantify
scientifically the sources, causes and effects of potentially harmful substances has greatly advanced. Throughout the
1970s most environmental analyses and legal instruments of control focused on conventional pollutants (e.g., SO,, NO,,
CO and particulates). Recently, environmental control efforts have been extended to (i) hazardous air pollutants, which
are usually toxic chemical substances that are harmful in small doses and (ii) globally significant pollutants such as
CO,;. Developments in industrial processes and systems often lead to new environmental problems. For instance, major
increases in recent decades in the transport of industrial goods and people by car have led to increases in road traffic which
in turn have enlarged the attention paid to the effects and sources of NO, and volatile organic compound (VOC) emissions.

Other important aspects of environmental impact are the effects of industrial devices on the esthetics and ecology
of the planet. The relatively low costs of fossil fuels has made humanity increasingly dependent on them and caused
significant pollution, endangering many biological systems and reducing the planet’s ecological diversity. Researchers
and others can play a vital role in our planet’s evolution by guiding the development of industrial society, in part by using
exergy as a tool to reduce energy consumption and environmental degradation.

In the past two decades the risks and reality of environmental degradation have become apparent. The environmental
impact of human activities has grown due to increasing world population, energy consumption, industrial activity, etc.
Details on pollutants and their impacts on the environment and humans may be found in Dincer (1998). The most
internationally significant environmental issues are usually considered to be acid precipitation, stratospheric ozone
depletion and global climate change, which are the focus of this section.

Global climate change

Global climate change, including global warming, refers to the warming contribution of the earth of increased atmospheric
concentration of CO, and other greenhouse gases. In Table 3.1, the contributions of various greenhouse gases to the
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Table 3.1. Contributions of selected substances to global climate change.

Atmospheric concentration (ppm)

Substance | ARIRR? Pre-industrial 1990s AGR® (%) | SGEHA® (%) | SGEIHAY (%)

CO, 1 275 346 0.4 71 50+£5

CH4 25 0.75 1.65 1 8 15£5

N,O 250 0.25 0.35 0.2 18 942

R-11 17,500 0 0.00023 5 1 13£3

R-12 20,000 0 0.00040 5 2 13£3
# Ability to retain infrared radiation relative to CO,.
® Annual growth rate.
¢ Share in the greenhouse effect due to human activities.
d Share in the greenhouse effect increase due to human activities.
Source: Dincer and Rosen (1999b).
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Fig. 3.2. Processes involved in the greenhouse effect.

i

processes involved in global climate change are summarized. CO, emissions account for about 50% of the anthropogenic
greenhouse effect. Other gases such as CHy, CFCs, halons, N,O, ground ozone and peroxyacetylnitrate, produced by
industrial and domestic activities, also contribute to raising the earth’s temperature (Fig. 3.2).

Global climate change is associated with increasing atmospheric concentrations of greenhouse gases, which trap heat
radiated from the earth’s surface, thereby raising the surface temperature of the earth. The earth’s surface temperature
has increased about 0.6°C over the last century, and as a consequence the sea level has risen by perhaps 20 cm. The role
of various greenhouse gases is summarized in Dincer and Rosen (1999b).

Humankind contributes to the increase in atmospheric concentrations of greenhouse gases. CO; releases from fossil
fuel combustion, methane emissions from human activity, chlorofluorocarbon releases and deforestation all contribute
to the greenhouse effect. Most scientists and researchers agree that emissions of greenhouse gases have led to global
warming and that if atmospheric concentrations of greenhouse gases continue to increase, as present trends in fossil
fuel consumption suggest, the earth’s temperature may increase this century by 2—4°C. If this prediction is realized, the
sea level could rise from 30 to 60 cm by 2100, leading to flooding of coastal settlements, displacement of fertile zones
for agriculture and food production toward higher latitudes, reduced fresh water for irrigation and other uses, and other
consequences that could jeopardize populations. The magnitude of the greenhouse effect now and in the future is debated,
but most agree that greenhouse gas emissions are to some extent harmful to the environment.
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Most efforts to control global climate change must consider the costs of reducing carbon emissions. Achieving a
balance between economic development and emissions abatement requires policies aimed at improving the efficiency of
energy use, encouraging energy conservation and renewable energy use, and facilitating fuel switching (particularly to
hydrogen), and increasing access to advanced technologies.

Stratospheric ozone depletion

Ozone in the stratosphere (altitudes of 12-25km) absorbs ultraviolet (UV) radiation (wavelengths 240-320 nm) and
infrared radiation. The regional depletion of the stratospheric ozone layer, which has been shown to be caused by
emissions of CFCs, halons (chlorinated and brominated organic compounds) and nitrogen oxides (NO,) (Fig. 3.3), can
lead to increased levels of damaging UV radiation reaching the ground, causing increased rates of skin cancer, eye damage

and other harm to biological species.
{::} Cosmic radiation

O3 +hv—>0,+ 0O Photo dissociation

Cl+ 03— CIO + O,

NO + 03— NO, + O, Ozone depletion reactions
Stratosphere etc.
Troposphere
NO,
ﬁ CFCs
» Combustion processes ﬂ HCl NO,
« Natural denitrification * Refrigeration ﬂ ﬂ
* Nuclear explosions * Aerosol sprays
« Nitrogen fertilizers * Polymer foams * Volcanic activities| * Aircraft ‘

Earth’s surface
Fig. 3.3. Processes involved in stratospheric ozone depletion.

Many activities lead to stratospheric ozone depletion. CFCs, which are used in air conditioning and refrigerating
equipment as refrigerants and in foam insulation as blowing agents, and NO, emissions from fossil fuel and biomass
combustion, natural denitrification, nitrogen fertilizers and aircrafts, are the most significant contributors to ozone
depletion. In 1987 an international landmark protocol was signed in Montreal to reduce the production of CFCs and
halons, and commitments for further reductions and eventually banning were undertaken subsequently (e.g., the 1990
London Conference). Researchers have studied the chemical and physical phenomena associated with ozone depletion,
mapped ozone losses in the stratosphere, and investigated the causes and impacts of the problem.

Alternative technologies that do not use CFCs have increased substantially and may allow for a total ban of CFCs.
More time will be needed in developing countries, some of which have invested heavily in CFC-related technologies.

Acid precipitation

Acid rain (acid precipitation) is the result of emissions from combustion of fossil fuels from stationary devices, such as
smelters for non-ferrous ores and industrial boilers, and transportation vehicles. The emissions are transported through
the atmosphere and deposited via precipitation on the earth. The acid precipitation from one country may fall on other
countries, where it exhibits its damaging effects on the ecology of water systems and forests, infrastructure and historical
and cultural artifacts.

Acid rain is mainly attributable to emissions of SO, and NO, which react with water and oxygen in the atmosphere
to form such substances as sulfuric and nitric acids (Fig. 3.4). In the atmosphere, these substances react to form acids,
which are sometimes deposited on ecosystems that are vulnerable to excessive acidity. The control of acid precipitation
requires control of SO, and NO, emissions. These pollutants cause local concerns related to health and contribute to
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Fig. 3.4. Processes involved in the formation and transport of acid precipitation. Note that acid-formation reactions shown
in box are shown only to illustrate reactants and products, and thus exclude coefficients.

the regional and trans-boundary problem of acid precipitation. Attention has also begun focusing on other contributing
substances such as VOCs, chlorides, ozone and trace metals, which may participate in chemical transformations in the
atmosphere that result in acid precipitation and other pollutants.

The impacts of acid precipitation are as follows:

« acidification of lakes, streams and ground waters;

o damage to forests, crops and plants due to the toxicity of excessive acid concentration;

« harm to fish and aquatic life;

e deterioration of materials (e.g., buildings, metal structures and fabrics);

« alterations of the physical and optical properties of clouds due to the influence of sulfate aerosols.

Many energy-related activities lead to acid precipitation. Electric power generation, residential heating and industrial
energy use account for about 80% of SO, emissions. Sour gas treatment releases H,S that reacts to form SO, when
exposed to air. Most NO, emissions are from fossil fuel combustion in stationary devices and road transport. VOCs from
various sources contribute to acid precipitation. The largest contributors to acid precipitation have been the USA, China
and the countries from the former Soviet Union.

Some gaseous pollutants are listed in Table 3.2, along with their environmental impacts.

3.2.2. Potential solutions to environmental problems

Potential solutions to current environmental problems including pollutant emissions have recently evolved, including:

e recycling;

e process change and sectoral modification;
acceleration of forestation;

application of carbon and/or fuel taxes;
materials substitution;

promoting public transport;
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Table 3.2. Impacts on the environment of selected gaseous pollutants.

Pollutants Greenhouse effect | Stratospheric ozone depletion | Acid precipitation | Smog
Carbon monoxide (CO) . . . .
Carbon dioxide (CO,) + +/— . .
Methane (CHy) + +/— B .
Nitric oxide (NO) and . +/— + +
nitrogen dioxide (NO;)

Nitrous oxide (N,O) + +/— . .
Sulfur dioxide (SO;) — + B .
Chlorofluorocarbons (CFCs) + + . .
Ozone (O3) + . . +

Note: 4 denotes a contributing effect, — denotes that the substance exhibits an impact which varies with conditions and chemistry
and may not be a general contributor and ¢ denotes no impact.
Source: Speight (1996).

o changing lifestyles;

e increasing public awareness of energy-related environmental problems;
e increased education and training;

« policy integration.

Potential solutions to energy-related environmental concerns have also evolved. These include:

» use of renewable and advanced energy technologies;

» energy conservation and increasing the efficiency of energy utilization;

« application of cogeneration, trigeneration, and district heating and cooling;

 use of alternative energy forms and sources for transport;

¢ energy source switching from fossil fuels to environmentally benign energy forms;
« use of clean coal technologies;

« use of energy storage;

o optimum monitoring and evaluation of energy indicators.

Among the potential solutions listed above, some of the most important are the use of renewable and advanced
energy technologies. An important step in moving toward the implementation of such technologies is to identify and
remove barriers. Several barriers have in the past been identified to the development and introduction of cleaner energy
processes, devices and products. The barriers can also affect the financing of efforts to augment the supply of renewable
and advanced energy technologies.

Some of the barriers faced by many renewable and advanced energy technologies include:

« technical constraints;

o financial constraints;

e limited information and knowledge of options;

o lack of necessary infrastructure for recycling, recovery and re-use of materials and products;

o lack of facilities;

« lack of expertise within industry and research organizations, and/or lack of coordinated expertise;
¢ poorly coordinated and/or ambiguous national aims related to energy and the environment;

» uncertainties in government regulations and standards;

« lack of adequate organizational structures;

« lack of differentiated electrical rates to encourage off-peak electricity use;

+ mismanagement of human resources;

« lack of societal acceptability of new renewable and advanced energy technologies;

» absence of, or limited consumer demand for, renewable and advanced energy products and processes.
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Establishing useful methods for promoting renewable and advanced energy technologies requires analysis and clari-
fication about how to combine environmental objectives, social and economic systems, and technical development. It is
important to employ tools that encourage technological development and diffusion, and to align government policies in
energy and environment.

3.2.3. Energy and environmental impact

Energy resources are required to supply the basic human needs of food, water and shelter, and to improve the quality of life.
The United Nations indicates that the energy sector must be addressed in any broad atmosphere-protection strategy through
programs in two major areas: increasing energy efficiency and shifting to environmentally sound energy systems. The
major areas investigated promote: (i) the energy transition; (ii) increased energy efficiency and, consequently, increased
exergy efficiency; (iii) renewable energy sources and (iv) sustainable transportation systems. It was reported that (i) a
major energy efficiency program would provide an important means of reducing CO, emissions and (ii) the activities
should be accompanied by measures to reduce the fossil fuel component of the energy mix and to develop alternative
energy sources. These ideas have been reflected in many recent studies concentrating on the provision of energy services
with the lowest reasonable environmental impact and cost and the highest reasonable energy security.

Waste heat emissions to the environment are also of concern, as irresponsible management of waste heat can signifi-
cantly increase the temperature of portions of the environment, resulting in thermal pollution. If not carefully controlled
so that local temperature increases are kept within safe and desirable levels, thermal pollution can disrupt marine life and
ecological balances in lakes and rivers.

Measures to increase energy efficiency can reduce environmental impact by reducing energy losses. Within the scope
of exergy methods, as discussed in the next section, such activities lead to increased exergy efficiency and reduced exergy
losses (both waste exergy emissions and internal exergy consumptions). In practice, potential efficiency improvements
can be identified by means of modeling and computer simulation. Increased efficiency can help achieve energy security
in an environmentally acceptable way by reducing the emissions that might otherwise occur. Increased efficiency also
reduces the requirement for new facilities for the production, transportation, transformation and distribution of the various
energy forms, and the associated environmental impact of these additional facilities. To control pollution, efficiency
improvement actions often need to be supported by pollution amelioration technologies or fuel substitution. The most
significant measures for environmental protection are usually those undertaken at the regional or national levels, rather
than by individual projects.

3.2.4. Thermodynamics and the environment

People have long been intrigued by the implications of the laws of thermodynamics on the environment. One myth speaks
of Ouroboros, a serpent like creature which survived and regenerated itself by eating only its own tail. By neither taking
from nor adding to its environment, this creature was said to be completely environmentally benign and selfsufficient. Itis
useful to examine this creature in light of the thermodynamic principles recognized today. Assuming that Ouroboros was
an isolated system (i.e., it received no energy from the sun or the environment, and emitted no energy during any process),
Ouroboros’ existence would have violated neither the conservation law for mass nor the first law of thermodynamics
(which states energy is conserved). However, unless it was a reversible creature, Ouroboros’ existence would have
violated the second law (which states that exergy is reduced for all real processes), since Ouroboros would have had to
obtain exergy externally to regenerate the tail it ate into an equally ordered part of its body (or it would ultimately have
dissipated itself to an unordered lump of mass). Thus, Ouroboros would have to have had an impact on its environment.
Besides demonstrating that, within the limits imposed by the laws of thermodynamics, all real processes must have
some impact on the environment, this example is intended to illustrate the following key point: the second law is instru-
mental in providing insights into environmental impact (e.g., Hafele, 1981; Edgerton, 1992; Rosen and Dincer, 1997a).
Today, the principles demonstrated through this example remain relevant, and technologies are sought having Ouroboros’
characteristics of being environmentally benign and self-sufficient (e.g., University of Minnesota researchers built an
‘energy-conserving’ house called Ouroboros (Markovich, 1978)). The importance of the second law in understanding
environmental impact implies that exergy, which is based on the second law, has an important role to play in this field.
The most appropriate link between the second law and environmental impact has been suggested to be exergy (Rosen
and Dincer, 1997a), in part because it is a measure of the departure of the state of a system from that of the environment.
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The magnitude of the exergy of a system depends on the states of both the system and the environment. This departure
is zero only when the system is in equilibrium with its environment. The concept of exergy analysis as it applies to the
environment is discussed in detail elsewhere (Rosen and Dincer, 1997).

An understanding of the relations between exergy and the environment may reveal the underlying fundamental
patterns and forces affecting changes in the environment, and help researchers deal better with environmental damage.
Tribus and Mclrvine (1971) suggest that performing exergy analyses of the natural processes occurring on the earth
could form a foundation for ecologically sound planning because it would indicate the disturbance caused by large-scale
changes. Three relationships between exergy and environmental impact (Rosen and Dincer, 1997a) are discussed below:

o Order destruction and chaos creation: The destruction of order, or the creation of chaos, is a form of environmental
damage. Entropy is fundamentally a measure of chaos, and exergy of order. A system of high entropy is more
chaotic or disordered than one of the low entropy, and relative to the same environment, the exergy of an ordered
system is greater than that of a chaotic one. For example, a field with papers scattered about has higher entropy and
lower exergy than the field with the papers neatly piled. The exergy difference of the two systems is a measure of
(i) the exergy (and order) destroyed when the wind scatters the stack of papers and (ii) the minimum work required
to convert the chaotic system to the ordered one (i.e., to collect the scattered papers). In reality, more than this
minimum work, which only applies if a reversible clean-up process is employed, is required. The observations
that people are bothered by a landscape polluted with papers chaotically scattered about, but value the order of a
clean field with the papers neatly piled at the side, suggests that, on a more abstract level, ideas relating exergy
and order in the environment may involve human values (Hafele, 1981) and that human values may in part be
based on exergy and order.

o Resource degradation: The degradation of resources found in nature is a form of environmental damage. Kestin
(1980) defines a resource as a material, found in nature or created artificially, which is in a state of disequilibrium
with the environment, and notes that resources have exergy as a consequence of this disequilibrium. Two main
characteristics of resources are valued:

(1) Composition (e.g., metal ores): Many processes exist to increase the value of such resources by purifying
them, which increases their exergy. Note that purification is accomplished at the expense of consuming at
least an equivalent amount of exergy elsewhere (e.g., using coal to drive metal ore refining).

(i1) Reactivity (e.g., fuels): Their potential to cause change, or ‘drive’ a task or process.

Two principal general approaches exist to reduce the environmental impact associated with resource degradation:

(1) Increased efficiency: Increased efficiency preserves exergy by reducing the exergy necessary for a process,
and therefore reduces environmental damage. Increased efficiency also usually reduces exergy emissions
which, as discussed in the next section, also play a role in environmental damage.

(ii) Using external exergy resources (e.g., solar energy): The earth is an open system subject to a net influx
of exergy from the sun. It is the exergy (or order states) delivered with solar radiation that is valued; all
the energy received from the sun is ultimately radiated out to the universe. Environmental damage can be
reduced by taking advantage of the openness of the earth and utilizing solar radiation (instead of degrading
resources found in nature to supply exergy demands). This would not be possible if the earth was a closed
system, as it would eventually become more and more degraded or ‘entropic.’

o Waste exergy emissions: The exergy associated with waste emissions can be viewed as a potential for environmental
damage in that the exergy of the wastes, as a consequence of not being in stable equilibrium with the environment,
represents a potential to cause change. When emitted to the environment, this exergy represents a potential to
change the environment. Usually, emitted exergy causes a change which is damaging to the environment, such
as the deaths of fish and plants in some lakes due to the release of specific substances in stack gases as they
react and come to equilibrium with the environment, although in some cases the change may be perceived to be
beneficial (e.g., the increased growth rate of fish and plants near the cooling-water outlets from thermal power
plants). Further, exergy emissions to the environment can interfere with the net input of exergy via solar radiation
to the earth (e.g., emissions of CO, and other greenhouse gases from many processes appear to cause changes to
the atmospheric CO, concentration, affecting the receiving and re-radiating of solar radiation by the earth). The
relation between waste exergy emissions and environmental damage has been recognized by several researchers
(e.g., Reistad, 1970). By considering the economic value of exergy in fuels, Reistad developed an air-pollution
rating that he felt was preferable to the mainly empirical ratings then in use, in which the air-pollution cost for a
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fuel was estimated as either (i) the cost to remove the pollutant or (ii) the cost to society of the pollution in the
form of a tax which should be levied if pollutants are not removed from effluent streams.

Although the previous two points indicate simultaneously that exergy in the environment in the form of resources is
of value while exergy in the environment in the form of emissions is harmful due to its potential to cause environmental
damage, confusion can be avoided by considering whether or not the exergy is constrained (see Fig. 3.5). Most resources
found in the environment are constrained and by virtue of their exergy are of value, while unconstrained emissions of
exergy are free to impact in an uncontrolled manner on the environment. To elaborate further on this point, consider a
scenario in which emissions to the environment are constrained (e.g., by separating sulfur from stack gases). This action
yields two potential benefits: the potential for environmental damage is restrained from entering the environment, and
the now-constrained emission potentially becomes a valued commodity (i.e., a source of exergy).

The decrease in the environmental impact of a process, in terms of several measures, as the process exergy efficiency
increases is illustrated approximately in Fig. 3.6.

Unconstrained exergy
(a potential to cause a change in the environment)

Emissions of exergy
to the environment

Constrained
exergy
(a potential to
cause a change)

Fig. 3.5. Comparison of constrained and unconstrained exergy illustrating that exergy constrained in a system represents
a resource, while exergy emitted to the environment becomes unconstrained and represents a driving potential for
environmental damage.

e Order destruction and
chaos creation

» Resource degradation

» Waste exergy emissions

»
»

Process exergy efficiency

Fig. 3.6. Qualitative illustration of the relation between the exergy efficiency of a process and the associated environmental
impact in terms of order destruction and chaos creation, or resource degradation, or waste exergy emissions.
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3.3. Exergy and sustainable development

Energy resources are needed for societal development, and sustainable development requires a supply of energy resources
that is sustainably available at reasonable cost and causes no or minimal negative societal impacts. Clearly, energy
resources such as fossil fuels are finite and thus lack the characteristics needed for sustainability, while others such as
renewable energy sources are sustainable over the relatively long term. Environmental concerns are also a major factor
in sustainable development, as activities which degrade the environment are not sustainable. Since much environmental
impact is associated with energy use, sustainable development requires the use of energy resources which cause as
little environmental impact as reasonably possible. Clearly, limitations on sustainable development due to environmental
emissions can be in part overcome through increased efficiency, as this usually leads to less environmental impact for
the same services or products.

The diversity of energy choices is but one reason why exergy plays a key role in the context of sustainable development.

Many factors contribute to achieving sustainable development. For example, for development to be sustainable:

o it must satisfy the needs and aspirations of society;
« it must be environmentally and ecologically benign;
o sufficient resources (natural and human) must be available.

The second point reinforces the importance of environmental concerns in sustainable development. Clearly, activities
which continually degrade the environment are not sustainable over time, while those that have no or little negative impact
on the environment are more likely to contribute to sustainable development (provided, of course, that they satisfy the
other conditions for sustainable development).

3.3.1. Sustainable development

The term sustainable development was introduced in 1980, popularized in the 1987 report of the World Commission on
Environment and Development (the Brundtland Commission), and given a global mission status by the UN Conference
on Environment and Development in Rio de Janeiro in 1992.

The Brundtland Commission defined sustainable development as ‘development that meets the needs of the present
without compromising the ability of future generations to meet their own needs.” The Commission noted that its definition
contains two key concepts: needs, meaning ‘in particular the essential needs of the world’s poor,” and limitations, meaning
‘limitations imposed by the state of technology and social organization on the environment’s ability to meet present and
future needs’ (OECD, 1996).

The Brundtland Commission’s definition was thus not only about sustainability and its various aspects but also
about equity, equity among present inhabitants of the planet and equity among generations. Sustainable development
for the Brundtland Commission includes environmental, social and economic factors, but considers remediation of
current social and economic problems an initial priority. The chief tools cited for remediation are ‘more rapid eco-
nomic growth in both industrial and developing countries, freer market access for the products of developing countries,
greater technology transfer, and significantly larger capital flows, both concessional and commercial.” Such growth
was said to be compatible with recognized environmental constraints, but the extent of the compatibility was not
explored.

An enhanced definition of global sustainable development is presented in the Encyclopedia of Life Support Systems
(EOLSS, 1998): ‘the wise use of resources through critical attention to policy, social, economic, technological, and
ecological management of natural and human engineered capital so as to promote innovations that assure a higher
degree of human needs fulfillment, or life support, across all regions of the world, while at the same time ensuring
intergenerational equity.

3.3.2. Sustainability and its need

The world is changing rapidly due in part to the increasing wealth and size of the population. A growing need exists for
more efficient and sustainable production processes. As our world increasingly strives for a more sustainable society, we
must overcome some major problems, for example, increasing population, lack of and inequitable distribution of wealth,
insufficient food production and energy supply, and increasing environmental impact.
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Sustainability has been called a key to solving current ecological, economic and developmental problems. Sus-
tainability has been broadly discussed since it was brought to public attention by the Brundtland Report and has since
been developed into a blueprint for reconciling economic and ecological necessities. Many have contributed to make
this concept scientifically acceptable so that it can be utilized as a yard stick for strategic planning. Two features that
make sustainability useful for strategic planning are its inherent long-term view and its ability to accommodate changing
conditions.

Sustainability and sustainable development became fashionable terms in the 1990s, a legacy of concerns about the
environment expressed during the 1970s and 1980s. The media often refer to the same concepts via such terms as
sustainable architecture, sustainable food production, sustainable future, sustainable community, sustainable economic
development, sustainable policy, etc.

Some key component requirements for sustainable development (see Fig. 3.7) are societal, economic, environmental
and technological sustainability. Some topics within each of these component areas are listed in the figure.

Societal sustainability Economic sustainability
» Meet societal needs * Supply affordable resources
* Facilitate societal aspirations « Provide affordable technologies and
» Satisfy societal standards, culturally, services
ethically, etc. « Facilitate attainment of a good
» Ensure awareness and education standard of living
Sustainable

development

Environmental sustainability Technological sustainability
» Maintain a healthy, esthetically * Supply necessary resources
pleasing and utilizable environment » Accommodate green and
» Keep environmental impacts as low as environmentally friendly technologies
reasonably possible « Provide well educated and skilled work
» Remediate environmental damage as force
appropriate « Utilize life cycle assessment
« Utilize industrial ecology

Fig. 3.7. Some key requirements of sustainable development.

3.3.3. Dimensions of sustainability

The kinds of techno-economic changes envisaged by many as necessary for long-term sustainability usually include
sharp reductions in the use of fossil fuels to minimize the danger of global climate change. Alternatives to using fossil
fuels include use of nuclear power, large-scale photovoltaics, intensive biomass cultivation and large-scale hydroelectric
projects (in applicable regions), as well as major changes in patterns of energy consumption and conservation. Again,
there are disputes over which of these energy alternatives is the most desirable, feasible, etc. However, understanding
future energy patterns, from both supply and demand perspectives, is critical (van Schijndel et al., 1998).

The ecological criterion for sustainability acknowledges the likelihood that some important functions of the natural
environment cannot be replaced within any realistic time frame, if ever, by human technology, however sophisticated.
Some examples include the need for arable land, water and a benign climate for agriculture, the role of reducing bacteria in
recycling nutrient elements in the biosphere, and the protection provided by the stratospheric ozone layer. The ecological
criterion for long-term sustainability implicitly allows for some technological intervention. For example, methods of
artificially accelerating tree growth may compensate for some net decrease in the land area devoted to forests. But, absent
any plausible technological fixes, sustainability does not allow for major climate change, widespread desertification,
deforestation of the tropics, accumulation of toxic heavy metals and non-biodegradable halogenated organics in soils and
sediments, sharp reductions in biodiversity, etc.
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3.3.4. Environmental limits and geographic scope

The report of the Brundtland Commission stimulated debate not only about the environmental impacts of industrialization
and the legacy of present activities for coming generations, but also about what might be the physical or ecological limits
to economic growth. From this perspective, sustainability can be defined in terms of carrying capacity of the ecosystem,
and described with input—output models of energy and resource consumption. Sustainability then becomes an economic
state where the demands placed on the environment by people and commerce can be met without reducing the capacity
of the environment to provide for future generations. Some (e.g., Dincer, 2002) have expressed this idea in simple terms
as an economic rule for a restorative economy as: ‘Leave the world better than you found it, take no more than you need,
try not to harm life or the environment, make amends if you do.’
Sustainability-related limits on society’s material and energy throughputs might be set as follows (OECD, 1996):

o The rates of use of renewable resources should not exceed their rates of regeneration.

e The rates of use of non-renewable resources should not exceed the rates at which renewable substitutes are
developed.

o The rates of pollutant emissions should not exceed the corresponding assimilative capacity of the environment.

Sustainability, or alternatively unsustainability, must also be considered in terms of geographic scope. Some activities
may be globally unsustainable. For example, they may result in climate change or depletion of the stratospheric ozone
layer, and so affect several geographic regions, if not the whole world. Other activities may be regionally unsustainable,
perhaps by producing and dispersing tropospheric ozone or acidifying gases that can kill vegetation and cause famine
in one region but not in other parts of the world. Still other activities may be locally unsustainable, perhaps because
they lead to hazardous ambient levels of CO locally or because the noise they produce makes habitation impossible.
Overall, sustainability appears to be more a global than a regional or local concern. If an environmental impact exceeds
the carrying capacity of the planet, for instance, then life is threatened, but it is beyond the carrying capacity of one area,
then that area may become uninhabitable but life can most likely continue elsewhere.

3.3.5. Environmental, social and economic components of sustainability

The focus of this discussion on physical limits does not ignore the social and economic aspects of sustainability. Some may
consider a way of life may not worth sustaining under certain circumstances, such as extreme oppression or deprivation.
In fact, oppression or deprivation can interfere with efforts to make human activity environmentally benign. Nonetheless,
if ecosystems are irreparably altered by human activity, then subsequent human existence may become not merely
unpalatable, but infeasible. Thus the environmental component of sustainability is essential.

The heterogeneity of the environmental, social and economic aspects of sustainability should also be recognized.
Environmental and social considerations often refer to ends, the former having perhaps more to do with the welfare of
future generations and the latter with the welfare of present people. Rather than an end, economic considerations can
perhaps more helpfully be seen as a means to the various ends implied by environmental and social sustainability.

3.3.6. Industrial ecology and resource conservation

In the field of industrial ecology, Connelly and Koshland (2001a) have recently stated that the several processes that
de-link consumption from depletion in evolving biological ecosystems can be used as resource conservation strategies
for de-linking consumption from depletion in immature industrial systems. These processes include waste cascading,
resource cycling, increasing exergy efficiency and renewable exergy use.

Connelly and Koshland (2001a, b) demonstrate that the relation between these strategies and an exergy-based defi-
nition they propose for ecosystem evolution follows directly from first- and second-law principles. They discuss the four
conservation strategies in the context of a simple, hypothetical industrial ecosystem consisting initially of two solvent
consumption processes and the chain of industrial processes required to deliver solvent to these two processes. One solvent
consuming process is assumed to require lower-purity feedstock than the other. All solvent feedstocks are derived from
non-renewable, fossil sources, and all solvent leaving the two consumptive processes is emitted to the atmosphere. This
is a linear process that takes in useful energy and materials and releases waste energy and material. The four conservation
strategies are each described below:

o Waste cascading: Waste cascading may be described in thermodynamic terms as using outputs from one or more
consumptive processes as inputs to other consumptive processes requiring equal or lower exergy. Waste cascading
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reduces resource consumption in two ways: by reducing the rate of exergy loss caused by the dissipation of poten-
tially usable wastes in the environment, and by reducing the need to refine virgin resources. In our hypothetical
industrial ecosystem, cascading allows used (i.e., partially consumed) solvent from the first process to be used in
the second solvent consumption process, eliminating solvent emissions from the first process and the need to refine
and supply pure solvent to the second process. The solvent consumption rate in the two processes is unchanged,
but the rate of resource depletion associated with these processes is reduced. Although waste cascading reduces
demand for other resources and hence is an important resource conservation strategy, cascading does not avoid
emissions of waste exergy entirely. Thus, cascading cannot form a resource cycle. Losses associated with the
upgrade and supply of solvent to the top of the cascade, the consumption of resources in the two processes
constituting the cascade, and dissipation of waste solvent released from the bottom of the cascade cannot be
avoided. Cascading can thus reduce the linkage between consumption and depletion, but it cannot fully de-link
the two.

Resource cycling: To reduce emissions from the bottom of a waste cascade (or at the outlet of a single con-
sumptive process) and return this bottom waste to the top of a resource cascade, the exergy removed from a
resource during consumption must be returned to it. This process of exergy loss through consumption followed
by exergy return through transfer is the basis of resource cycling. Adding a solvent recycling process and its
associated chain of industrial processes to the hypothetical system reduces depletion both by eliminating exergy
loss from the dissipation of released solvents and by substituting a post-consumption upgrade path for a virgin
resource upgrade path. An activated carbon solvent separation system, for example, will generally be far less
exergy intensive than the fossil-based manufacture of virgin solvent. Cycling cannot, however, eliminate deple-
tion. In accordance with the second law, all exergy transfers in real (irreversible) processes must be accompanied
by exergy loss (i.e., total exergy must always decrease). Hence, in any real cycling process, the overall resource
depletion rate will exceed the rate of exergy loss in the consumptive process whose wastes are being cycled. In
the above example, the two solvent consumption processes and the exergy removed from non-renewed resources
for the purpose of upgrading the solvent would contribute to resource depletion in the case of complete solvent
cycling.

Increasing exergy efficiency: One way to reduce the resource depletion associated with cycling is to reduce the
losses that accompany the transfer of exergy to consumed resources by increasing the efficiency of exergy transfer
between resources (i.e., increasing the fraction of exergy removed from one resource that is transferred to another).
Exergy efficiency may be defined as

Exergy efficiency = Exergy output/exergy input

where

Exergy loss = Exergy input — exergy output

Compared to energy efficiency, exergy efficiency may be thought of as a more meaningful measure of efficiency
that accounts for quantity and quality aspects of energy flows. Unlike energy efficiency, exergy efficiency pro-
vides an absolute measure of efficiency that accounts for first- and second-law limitations. In the current example,
increasing exergy efficiency in the case of complete cycling would involve increasing the efficiency of the solvent
upgrade process. Although technological and economic limitations to efficiency gains prevent exergy efficiency
from approaching unity, many industrial processes today operate at very low efficiencies, and it is widely rec-
ognized that large margins for efficiency improvement often remain. However, even if exergy efficiency could
be brought to 100%, the resource depletion associated with solvent consumption and upgrade in the example
would still not be eliminated. Recycling with a 100% exergy efficient upgrade process would result in a depletion
rate equal to the consumption rate of the two solvent consumption processes. To fully de-link consumption from
depletion, it is necessary to use resources that supply exergy without being depleted.

Renewable exergy use: To fully de-link consumption from depletion, the exergy used to upgrade consumption
products must be derived from renewable exergy sources (i.e., sources such as electricity generated directly
or indirectly from solar radiation or sources such as sustainably harvested biomass feedstocks). In the solvent
cycling example, using a sustainably harvested biomass fuel as the exergy source for the solvent upgrade process
could in theory create a solvent cycling system in which a closed solvent cycle is driven entirely by renewable
exergy inputs. In this situation, the depletion rate becomes independent of the exergy efficiency of the solvent
upgrade process.
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3.3.7. Energy and sustainable development

The relation between sustainable development and the use of resources, particularly energy resources, is of great signif-
icance to societies (e.g., Goldemberg et al., 1988; MacRae, 1992). A supply of energy resources is generally agreed to
be a necessary, but not sufficient, requirement for development within a society. Societies, such as countries or regions,
that undergo significant industrial and economic development almost always have access to a supply of energy resources.
In some countries (e.g., Canada) energy resources are available domestically, while in others (e.g., Japan) they must be
imported.

For development that is sustainable over long periods of time, there are further conditions that must be met. Principally,
such societies must have access to and utilize energy resources that are sustainable in a broad sense, i.e., that are obtainable
in a secure and reliable manner, safely utilizable to satisfy the energy services for which they are intended with minimal
negative environmental, health and societal impacts, and usable at reasonable costs.

An important implication of the above statements is that sustainable development requires not just that sustainable
energy resources be used, but that the resources be used efficiently. Exergy methods are essential in evaluating and
improving efficiency. Through efficient utilization, society maximizes the benefits it derives from its resources, while
minimizing the negative impacts (such as environmental damage) associated with their use. This implication acknowledges
that most energy resources are to some degree finite, so that greater efficiency in utilization allows such resources to
contribute to development over a longer period of time, i.e., to make development more sustainable. Even if one or
more energy resources eventually become inexpensive and widely available, increases in efficiency will likely remain
sought to reduce the associated environmental impacts, and the resource requirements (energy, material, etc.) to create
and maintain systems to harvest the energy.

3.3.8. Energy and environmental sustainability

The environmental aspects of energy use merit further consideration, as a large portion of the environmental impact
in a society is associated with energy resource utilization. Ideally, a society seeking sustainable development utilizes
only energy resources which cause no environmental impact. Such a condition can be attained or nearly attained by
using energy resources in ways that cause little or no wastes to be emitted into the environment, and/or that produce
only waste emissions that have no or minimal negative impact on the environment. This latter condition is usually met
when relatively inert emissions that do not react in the environment are released, or when the waste emissions are in or
nearly in equilibrium (thermal, mechanical and chemical) with the environment, i.e., when the waste exergy emissions
are minimal.

In reality, however, all resource use leads to some degree of environmental impact. A direct relation exists between
exergy efficiency (and sometimes energy efficiency) and environmental impact, in that through increased efficiency, a
fixed level of services can be satisfied with less energy resources and, in most instances, reduced levels of related waste
emissions. Therefore, it follows that the limitations imposed on sustainable development by environmental emissions
and their negative impacts can be in part overcome through increased efficiency, i.e., increased efficiency can make
development more sustainable.

3.3.9. Exergy and sustainability

Exergy can be considered the confluence of energy, environment and sustainable development, as shown in Fig. 3.1,
which illustrates the interdisciplinary character of exergy and its central focus among these disciplines.

Exergy methods can be used to improve sustainability. For example, in a recent study on thermodynamics and
sustainable development, Cornelissen (1997) points out that one important element in obtaining sustainable development
is the use of exergy analysis. By noting that energy can never be ‘lost’, as it is conserved according to the first law
of thermodynamics, while exergy can be lost due to internal irreversibilities, that study suggests that exergy losses,
particularly due to the use of non-renewable energy forms, should be minimized to obtain sustainable development.
Further, the study shows that environmental effects associated with emissions and resource depletion can be expressed
in terms of one exergy-based indicator, which is founded on physical principles.

Sustainable development also includes economic viability. Thus, the methods relating exergy and economics also
reinforce the link between exergy and sustainable development. The objectives of most existing analysis techniques
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integrating exergy and economics include the determination of (i) the appropriate allocation of economic resources so
as to optimize the design and operation of a system and/or (ii) the economic feasibility and profitability of a system.
Exergy-based economic analysis methods are referred to by such names as thermoeconomics, second-law costing, cost
accounting and exergoeconomics.

Figure 3.8 illustratively presents the relation between exergy and sustainability and environmental impact. There,
sustainability is seen to increase and environmental impact to decrease as the process exergy efficiency increases. The two
limiting efficiency cases are significant. First, as exergy efficiency approaches 100%, environmental impact approaches
zero, since exergy is only converted from one form to another without loss, either through internal consumptions or
waste emissions. Also sustainability approaches infinity because the process approaches reversibility. Second, as exergy
efficiency approaches 0%, sustainability approaches zero because exergy-containing resources are used but nothing is
accomplished. Also, environmental impact approaches infinity because, to provide a fixed service, an ever increasing
quantity of resources must be used and a correspondingly increasing amount of exergy-containing wastes are emitted.

Environmental impact
Sustainability

0 100
Exergy efficiency (%)

Fig. 3.8. Qualitative illustration of the relation between the environmental impact and sustainability of a process, and its
exergy efficiency.

Some important contributions, that can be derived from exergy methods, for increasing the sustainability of devel-
opment which is non-sustainable are presented in Fig. 3.9. Development typical of most modern processes, which
are generally non-sustainable, is shown at the bottom of the figure. A future in which development is sustainable is
shown at the top of the figure, while some key exergy-based contributions toward making development more sustainable
are shown, and include increased exergy efficiency, reduction of exergy-based environmental degradation and use of
sustainable exergy resources.

Sustainable development

y

Use of sustainable exergy resources

A

< Reduction of exergy-related environmental degradation

< Increased exergy efficiency

Non-sustainable development

Fig. 3.9. Some key contributions of exergy methods to increasing the sustainability of non-sustainable systems and
processes.
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3.3.10. Exergetic aspects of sustainable processes

Figure 3.10 outlines a typical industrial process, with its throughputs of materials and energy. Cleaner production of
materials, goods and services is one of the tools for sustainable development. Such production entails the efficient use of
resources and the corresponding production of only small amounts of waste. Clean production often also involves the use
of renewable resources. Yet the quality of the products remains important. This does not mean that cleaner production is
necessarily contradictory to the economic approach of minimizing costs and maximizing profits. The challenge is often
to generate win—win situations, such as those that, by minimizing the use of resources and the corresponding emissions,
also decrease the costs of a given process.

Energy resources

Material

resources >

Process Useful products

Wastes

Fig. 3.10. Model of an industrial process.

As mentioned earlier, life cycle assessment (LCA) aims to improve or to optimize processes so that they consume
fewer resources and produces less emissions and wastes. Common routes for achieving this often include end-of-pipe
treatment such as wastewater treatment plants, filters and scrubbers. These provide only partial solutions, as they do not
decrease the environmental load, but rather shift it from one phase and location to another (e.g., water or air to soil).
In many cases, however, expensive end-of-pipe treatment solutions are unavoidable. Exergy analysis appears to be a
significant tool for improving processes by changing their characteristics, rather than simply via end-of-pipe fixes. Thus
exergy methods can help achieve more sustainable processes.

As a basic example, consider the conversion of mechanical work to heat ideally, i.e., with 100% efficiency. Heat has
a lower exergy, or quality than work. Therefore, heat cannot be converted to work with a 100% energy efficiency. But,
the conversion can be in theory achieved with a 100% exergy efficiency. Thus exergy analysis helps identify the upper
limit for efficiency improvements.

Some examples of the difference between energy and exergy are shown in Table 3.3. Hot water and steam with the
same enthalpy have different exergy, the value for steam being higher than for hot water. Fuels like natural gas and
gasoline have exergetic values comparable to their net heating values. Work and electricity have the same exergy and
energy. Exergy is calculated in Table 3.3 as the product of energy and a quality factor.

Table 3.3. Energy and exergy values of various energy forms.

Source Energy (J) | Exergy (J) | Exergy/energy ratio*
Water at 80°C 100 16 0.16
Steam at 120°C 100 24 0.24
Natural gas 100 99 0.99
Electricity/work 100 100 1.00

*For heat, the exergy/energy ratio is the exergetic temperature factor
v =1—Ty/T;, where Ty is the absolute temperature of the environment and T
is the absolute temperature of the stream. Calculations can often be simplified
as Exergy = Energy x exergy/energy ratio.
Modified from: Van Schijndel et al. (1998).

3.3.11. Renewables and tools for sustainable development

Renewable energy resources are often sustainable. Most energy supplies on earth derive from the sun, which continually
warms us and supports plant growth via photosynthesis. Solar energy heats the land and sea differentially and so causes
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winds and consequently waves. Solar energy also drives evaporation, which leads to rain and in turn hydropower. Tides
are the result of the gravitational pull of the moon and sun, and geothermal heat is the result of radioactive decay within
the earth.

Many diverse energy-related problems and challenges which relate to renewable energy are faced today. Some
examples follow (Dincer, 2000):

o Growing energy demand. The annual population growth rate is currently around 2% worldwide and higher in many

countries. By 2050, world population is expected to double and economic development is expected to continue

improving standards of living in many countries. Consequently, global demand for energy services is expected to
increase by up to 10 times by 2050 and primary energy demand by 1.5-3 times.

Excessive dependence on specific energy forms. Society is extremely dependent on access to specific types of

energy currencies. The effect of the multi-day blackout of 2003 in Ontario and several northeastern U.S. states illus-

trated the dependency on electricity supply, as access was lost or curtailed to computers, elevators, air conditioners,
lights and health care. Developed societies would come to a virtual standstill without energy resources.

e Energy-related environmental impacts. Continued degradation of the environment by people, most agree, will
have a negative impact on the future, and energy processes lead to many environmental problems, including
global climate change, acid precipitation, stratospheric ozone depletion, emissions of a wide range of pollutants
including radioactive and toxic substances, and loss of forests and arable land.

e The dominance of non-sustainable and non-renewable energy resources. Limited use is made today of renew-
able energy resources and corresponding technologies, even though such resources and technologies provides a
potential solution to current and future energy resource shortages. By considering engineering practicality, reli-
ability, applicability, economics and public acceptability, appropriate uses for sustainable and renewable energy
resources can be found. Of course, financial and other resources should not always be dedicated to renewable
energy resources, as excessively extravagant or impractical plans are often best avoided.

» Energy pricing that does not reflect actual costs. Many energy resource prices have increased over the last couple
of decades, in part to account for environmental costs, yet many suggest that energy prices still do not reflect
actual societal costs.

» Global disparity in energy use. Wealthy industrialized economies which contain 25% of the world’s population
use 75% of the world’s energy supply.

These and other energy-related issues need to be resolved if humanity and society are to develop sustainably in
the future. Renewable energy resources appear to provide one component of an effective sustainable solution, and can
contribute over the long term to achieving sustainable solutions to today’s energy problems.

Attributes, benefits and drawbacks of renewables

The attributes of renewable energy technologies (e.g., modularity, flexibility, low operating costs) differ considerably
from those for traditional, fossil fuel-based energy technologies (e.g., large capital investments, long implementation
lead times, operating cost uncertainties regarding future fuel costs). Renewable energy technologies can provide cost-
effective and environmentally beneficial alternatives to conventional energy systems. Some of the benefits that make
energy conversion systems based on renewable energy attractive follow:

o They are relatively independent of the cost of oil and other fossil fuels, which are projected to rise significantly
over time. Thus, cost estimates can be made reliably for renewable energy systems and they can help reduce the
depletion of the world’s non-renewable energy resources.

» Implementation is relatively straightforward.

» They normally do not cause excessive environmental degradation and so can help resolve environmental problems.
Widespread use of renewable energy systems would certainly reduce pollution levels.

o They are often advantageous in developing countries. The market demand for renewable energy technologies in
developing nations will likely grow as they seek better standards of living.

Renewable energy resources have some characteristics that lead to problematic but often solvable technical and
economic challenges:

« generally diffuse,

« not fully accessible,

e sometimes intermittent,
« regionally variable.
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The overall benefits of renewable energy technologies are often not well understood, leading to such technologies
often being assessed as less cost effective than traditional technologies. For renewable energy technologies to be assessed
comprehensively, all of their benefits must be considered. For example, many renewable energy technologies can provide,
with short lead times, small incremental capacity additions to existing energy systems. Such power generation units usually
provide more flexibility in incremental supply than large devices like nuclear power stations.

The role of renewables in sustainable development

Renewable energy has an important role to play in meeting future energy needs in both rural and urban areas (Hui, 1997).
The development and utilization of renewable energy should be given a high priority, especially in the light of increased
awareness of the adverse environmental impacts of fossil-based generation. The need for sustainable energy development
is increasing rapidly in the world. Widespread use of renewable energy is important for achieving sustainability in the
energy sectors in both developing and industrialized countries.

Renewable energy resources and technologies are a key component of sustainable development for three main reasons:

1. They generally cause less environmental impact than other energy sources. The variety of renewable energy
resources provides a flexible array of options for their use.

2. They cannot be depleted. If used carefully in appropriate applications, renewable energy resources can provide
areliable and sustainable supply of energy almost indefinitely. In contrast, fossil fuel and uranium resources are
diminished by extraction and consumption.

3. They favor system decentralization and local solutions that are somewhat independent of the national network,
thus enhancing the flexibility of the system and providing economic benefits to small isolated populations. Also,
the small scale of the equipment often reduces the time required from initial design to operation, providing greater
adaptability in responding to unpredictable growth and/or changes in energy demand.

Not all renewable energy resources are inherently clean in that they cause no burden on the environment in terms of
waste emissions, resource extraction or other environmental disruptions. Nevertheless, the use of renewable energy
resources almost certainly can provide a cleaner and more sustainable energy system than increased controls on
conventional energy systems.

To seize the opportunities, countries should establish renewable energy markets and gradually develop experience
with renewable technologies. The barriers and constraints to the diffusion of renewables should be removed. The legal,
administrative and financing infrastructure should be established to facilitate planning and application of renewable
energy projects. Government could play a useful role in promoting renewable energy technologies by initiating surveys
and studies to establish their potential in both urban and rural areas. Figure 3.11 shows the major considerations for
developing renewable energy technologies.

Increased
sustainability

y

Increased utilization of
renewable energy

Social and Technical aspects Economic factors Commercialization
environmental impacts (Availability, grid (Investments, (Research and
(Social benefits, connection, generation costs, development,
environmental impact, technology level externalities, etc.) innovation, incentives,
etc.) and use, etc.) training, etc.)

Fig. 3.11. Major considerations involved in the development of renewable energy technologies for sustainable
development.
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As existing energy utilities often play a key role in determining the adoption and contribution of renewable energy
technologies, the utility structure and the strategy for integrating renewables should be reviewed and studied. Utility
regulations should be framed to reflect the varying costs over the networks, increase competitiveness and facilitate access
of independent renewable energy production. A major challenge for renewables is to get them into a reliable market at
a price which is competitive with energy derived from fossil fuels, without disrupting local economies. Since the use
of renewable energy often involves awareness of perceived needs and sometimes a change of lifestyle and design, it is
essential to develop effective information exchange, education and training programs. Knowledge of renewable energy
technologies should be strengthened by establishing education and training programs. Energy research and development
and demonstration projects should be encouraged to improve information and raise public awareness. The technology
transfer and development process should be institutionalized through international exchanges and networking.

To overcome obstacles in initial implementation, programs should be designed to stimulate a renewable energy
market so that options can be exploited by industries as soon as they become cost effective. Financial incentives should
be provided to reduce up-front investment commitments and to encourage design innovation.

Tools for environmental impact and sustainability

An energy system is normally designed to work under various conditions to meet different expectations (e.g., load,
environment and social expectations). Table 3.4 lists some available environmental tools, and detailed descriptions of
each tool follow (e.g., Lundin et al., 2000; Tangsubkul et al., 2002):

e Life cycle assessment (LCA): LCA is an analytical tool used to assess the environmental burden of products at the
various stages in a product’s life cycle. In other words, LCA examines such products ‘from cradle-to-grave’. The
term ‘product’ is used in this context to mean both physical goods as well as services. LCA can be applied to help
design an energy system and its subsystems to meet sustainability criteria through every stage of the life cycle.
LCA, as an environmental accounting tool, is very important.

o Environmental impact assessment (EIA): EIA is an environmental tool used in assessing the potential environmental

impact of a proposed activity. The derived information can assist in making a decision on whether or not the

proposed activity will pose any adverse environmental impacts. The EIA process assesses the level of impacts
and provides recommendations to minimize such impacts on the environment.

Ecological footprints: Ecological footprints analysis is an accounting tool enabling the estimation of resource

consumption and waste assimilation requirements of a defined human population or economy in terms of

corresponding productive land use.

Sustainable process index (SPI): SPI is a measu