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Preface

Efficiency has become a prime topic in energy studies, and has attracted a great deal
of attention from all disciplines from mechanical engineering to physics and from
electrical engineering to architecture. Efficiency calculations are commonly used to
evaluate systems, applications, processes, and services in every sector, ranging
from industrial to residential and from utility to commercial. Efficiency evaluation
is considered a key component in assessing the performance of energy systems.

The two main principles of thermodynamics are the first and second laws of
thermodynamics which lead to energy efficiency and exergy efficiency, respectively.
A few decades ago, a thermodynamic analysis involved the evaluation of energy
efficiencies only without consideration of second law effects. Growing awareness of
limited energy resources and concern for a sustainable economy have made it
necessary to perform more refined thermodynamics studies, which required a realistic
assessment of the degradation of energy due to irreversibilities. Such a necessity has
made exergy efficiency an indispensable tool for performance evaluation.

This book primarily covers energy and exergy efficiencies and their associated
discussion, and provides the necessary tools to analyze various systems and appli-
cations and to make comparisons. Coverage of the material is extensive, and the
amount of information and data presented is sufficient for detailed studies. This
book should be of interest to students, researchers, engineers, and practitioners in
the area of energy as well as people who are interested in evaluating and improving
energy systems and applications. The book should also serve as a valuable refer-
ence and source book for anyone who wishes to learn more about efficiency
assessment.

The first chapter addresses general aspects of energy, efficiency, environment,
and sustainable development as well as linkages between them with some
examples. Chapter 2 introduces both the first and second laws of thermodynamics
and discusses their role and use in practical applications. Chapter 3 goes further
and introduces both energy and exergy efficiencies as valuable tools for perfor-
mance evaluations and illustrates their use through some examples. It also puts
these efficiencies in perspective, and highlights the differences between them.
Chapter 4 deals specifically with energy conversion efficiencies and introduces
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basic formulations for use in common applications. Chapter 5 presents thermody-
namic modeling of power plants and their performance assessment using both
energy and exergy efficiencies. Finally, analysis and performance assessment is
extended in Chap. 6 to refrigeration systems, again through energy and exergy
efficiencies. Incorporated throughout this book is a wide range of examples from a
diverse area of practical applications.

Gaziantep, Turkey Mehmet Kanoglu
Reno, NV, USA Yunus A. Cengel
Oshawa, ON, Canada Ibrahim Dincer
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Chapter 1
Efficiency, Environment, and Sustainability

1.1 Introduction

In thermodynamics, the description of an energy conversion system is usually
followed by an appropriate efficiency definition of the system. A concentrated
study of thermodynamics may be accomplished by the study of various efficiencies
and ways to increase them.

For an engineering system, efficiency, in general, can be defined as the ratio of
desired output to required input. Although this definition provides a simple general
understanding of efficiency, a variety of specific efficiency relations for different
engineering systems and operations has been developed. Different efficiency
definitions based on the first and second laws of thermodynamics have been the
subject of a large number of publications. Various efficiency definitions used for
common energy conversion systems are the topic of this book. Many approaches
that can be used to define efficiencies are provided and their implications are
discussed. This book uses a logical and intuitive approach in defining efficiencies,
and it is intended to provide a clear understanding of various efficiencies used in
many common energy systems.

1.2 Energy, Exergy, Environment, and Sustainable
Development

Using energy-efficient appliances and practicing energy conservation measures
help our pocketbooks by reducing our utility bills. They also help the environment
by reducing the amount of pollutants emitted to the atmosphere during the combus-
tion of fuel at home or at the power plants where electricity is generated. The
combustion of each therm of natural gas produces 6.4 kg of carbon dioxide, which
causes global climate change; 4.7 g of nitrogen oxides and 0.54 g of hydrocarbons,

M. Kanoglu et al., Efficiency Evaluation of Energy Systems, 1
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2 1 Efficiency, Environment, and Sustainability

which cause smog; 2.0 g of carbon monoxide, which is toxic; and 0.030 g of sulfur
dioxide, which causes acid rain. Each therm of natural gas saved eliminates the
emission of these pollutants while saving $0.60 for the average consumer in the
United States. Each kWh of electricity conserved saves 0.4 kg of coal and 1.0 kg of
CO; and 15 g of SO, from a coal power plant [1].

Exergy analysis is useful for improving the efficiency of energy-resource use, for
it quantifies the locations, types, and magnitudes of wastes and losses. In general,
more meaningful efficiencies are evaluated with exergy analysis rather than energy
analysis, because exergy efficiencies are always a measure of how nearly the
efficiency of a process approaches the ideal. Therefore, exergy analysis accurately
identifies the margin available to design more efficient energy systems by reducing
inefficiencies. Many engineers and researchers agree that thermodynamic perfor-
mance is best evaluated using exergy analysis because it provides more insights and
is more useful in efficiency-improvement efforts than energy analysis alone [2].

Measures to increase energy efficiency can reduce environmental impact by
reducing energy losses. From an exergy viewpoint, such activities lead to increased
exergy efficiency and reduced exergy losses (both waste exergy emissions and
internal exergy consumption). A deeper 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 better deal with
environmental damage.

The second law of thermodynamics is instrumental in providing insights into
environmental impact. The most appropriate link between the second law and
environmental impact has been suggested to be exergy, in part because it is a
measure of the departure of the state of a system from that of the environment.
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.

As stated earlier, exergy analysis is based on the combination of the first and
second laws of thermodynamics, and can pinpoint the losses of quality, or work
potential, in a system. Exergy analysis is consequently linked to sustainability
because in increasing the sustainability of energy use, we must be concerned not
only with loss of energy, but also loss of energy quality (or exergy). A key
advantage of exergy analysis over energy analysis is that the exergy content of a
process stream is a better valuation of the stream than the energy content, because
the exergy indicates the fraction of energy that is likely useful and thus utilizable.
This observation applies equally at the component level, the process level, and the
life cycle level. Application of exergy analysis to a component, process, or sector
can lead to insights regarding how to improve the sustainability of the activities
comprising the system by reducing exergy losses.

Sustainable development requires not just that sustainable energy resources be
used, but that the resources be used efficiently. The authors and others feel that
exergy methods can be used to evaluate and improve efficiency and thus to improve
sustainability. Inasmuch as energy can never be “lost” as it is conserved according to
the first law of thermodynamics, whereas exergy can be lost due to internal
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BETTER SUSTAINABILITY

Fig. 1.1 Illustration of how exergy contributes to a better environment and sustainable
development

irreversibilities, exergy losses that represent unused potential, particularly from the
use of nonrenewable energy forms, should be minimized when striving for sustain-
able development. Furthermore, Fig. 1.1 clearly summarizes the key advantages of
exergy as the potential for a better environment and sustainable development. It is
obvious that an understanding of the thermodynamic aspects of sustainable devel-
opment can help in taking sustainable actions regarding energy. Thermodynamic
principles can be used to assess, design, and improve energy and other systems, and
to better understand environmental impact and sustainability issues. For the broadest
understanding, all thermodynamic principles must be used, not just those pertaining
to energy. Thus, many researchers feel that an understanding and appreciation of
exergy, as defined earlier, is essential to discussions of sustainable development.
Figure 1.2 illustratively presents the relation among exergy, sustainability, and
environmental impact. Here, 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, because exergy is only converted from
one form to another without loss, either through internal consumption 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.
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Fig. 1.2 Qualitative representation of the kind of relation that exists between the environmental
impact and sustainability of a process, and its exergy efficiency

The relationships between environmental impact and sustainability versus
exergy efficiency may be expressed quantitatively by some examples. Further
details are available elsewhere [3]. But first we develop the formulation needed
for such an analysis. The exergy efficiency of a power plant may be expressed as

Wout
=— 1.1
‘=X (1.1)
where W, is the net work produced and Xj, is the exergy input, which is equal to
the mass of fuel consumed times the specific fuel exergy. The exergy efficiency of a
refrigeration cycle is expressible as the actual COP divided by the reversible COP
for the same temperature limits:

,_ COPy
~ COPyy

(1.2)

The reversible COP is defined in terms of the temperatures of the low-
temperature reservoir 7; and high-temperature reservoir Ty as

T
COP,oy = ——— 1.3
rev TH _ TL ( )

Connelly and Koshland [4] suggest that the efficiency of fossil fuel consumption
be characterized by a depletion number defined as

D, =22 (1.4)
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Fig. 1.3 Quantitative illustration of the relation between the carbon dioxide emissions and
sustainability index (S/) of power generation, and its exergy efficiency. The fuel is methane
and the results are for 1 kWh of power output

which represents the relationship between the exergy destruction X, and the exergy
input X;, by fuel consumption. The relationship between the depletion factor and
the exergy efficiency is

¢=1-D, (1.5)

Now, we express the sustainability of the fuel resource by a sustainability index
(81) as the inverse of the depletion number:

1
SI = B, (1.6)

As a first example, we consider a power plant using natural gas (approximated as
methane) as the fuel. We express the environmental impact in terms of the amount
of carbon dioxide emissions. A balanced chemical combustion equation of methane
shows that for each kilogram of methane burned, 2.75 kg of carbon dioxide (CO,)
is released. The specific chemical exergy of methane is 51,840 kJ/kg [5]. The
amount of carbon dioxide emitted and the sustainability index as a function of the
exergy efficiency for 1 kWh of power production are plotted in Fig. 1.3. The trends
explained in Fig. 1.2 generally apply to the results shown in Fig. 1.3.

As a second example, we consider an air-conditioner used to maintain a space at
25°C (298 K) when the outdoors is at 35°C (308 K). It is assumed that the electricity
consumed by this air-conditioner is produced in a coal-fired power plant. For one
kilowatt of electricity produced in a coal-fired power plant, 6.38 g of SO, and 3.69 g
of NO, are emitted. In this example, we express the environmental impact in terms
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Fig. 1.4 Quantitative illustration of the relation between the SO, and NO, emissions and the
sustainability index (SI) and its exergy efficiency. The system is an air-conditioner with electricity
as the work input. The results are for 1 kWh of cooling load

of the total SO, and NO, emissions. These emissions and the sustainability index as
a function of the exergy efficiency for 1 kWh of cooling load from the space are
illustrated in Fig. 1.4.

1.3 Efficiency and Energy Management

In the analysis of an energy conversion system, it is important to understand the
difference between energy and exergy efficiencies. By considering both of these
efficiencies, the quality and quantity of the energy used to achieve a given objective
is considered and the degree to which efficient and effective use of energy resources
is achieved can be understood. Improving efficiencies of energy systems is an
important challenge for meeting energy policy objectives. Reductions in energy
use can assist in attaining energy security objectives. Also, efficient energy utiliza-
tion and the introduction of renewable energy technologies can significantly help
solve environmental issues. Increased energy efficiency benefits the environment
by avoiding energy use and the corresponding resource consumption and pollution
generation. From an economic as well as an environmental perspective, improved
energy efficiency has great potential for achieving better sustainability [6].
Accelerated gains in efficiency in energy production and use, particularly in the
power generation and utility sectors, can help reduce environmental impact and
promote energy security. There is a great technical potential for increased efficiency,
however, there exist significant social and economic barriers to its achievement.
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Priority should be given to energy policies and strategies that will yield efficiency
gains. However, reliance on such policies alone is unlikely to overcome these
barriers. For this reason, innovative and bold approaches are required by govern-
ment, in co-operation with decision makers in the power generation industry, to
realize the opportunities for efficiency improvements, and to accelerate the deploy-
ment of new and more efficient technologies.

An engineer designing a system is often expected to aim for the highest reason-
able technical efficiency at the lowest cost under the prevailing technical, eco-
nomic, and legal conditions, and with regard to ethical, ecological, and social
consequences. Exergy methods can assist in such activities, and offer unique
insights into possible improvements. Exergy analysis is a useful tool for addressing
the environmental impact of energy resource utilization, and for furthering the goal
of more efficient energy resource use, for it enables the locations, types, and true
magnitudes of losses to be determined. Also, exergy analysis reveals whether and
by how much it is possible to design more efficient energy systems by reducing
inefficiencies.

Exergy is also strongly related to sustainability and environmental impact.
Sustainability increases and environmental impact decreases as the exergy effi-
ciency of a process increases. As exergy efficiency approaches 100%, the environ-
mental impact associated with process operation approaches zero, because exergy
is only converted from one form to another without loss (either through internal
consumption or waste emissions). Also the process approaches sustainability
because it approaches reversibility. As exergy efficiency approaches 0%, the
process deviates as much as possible from sustainability because exergy-containing
resources (fuel, ores, steam, etc.) are used but nothing is accomplished. Also,
environmental impact increases markedly because, to provide a fixed service, an
ever-increasing quantity of resources must be used and a correspondingly increas-
ing amount of exergy-containing wastes is emitted to the surroundings [6, 7].

Energy and exergy efficiencies are considered by many to be useful for the
assessment of energy conversion and other systems and for efficiency improve-
ment. However, the use of ambiguous efficiencies that are not clearly defined does
not serve this purpose well. A clear, correct, and effective use of energy and exergy
efficiencies is crucial in efficiency improvement efforts, which are often a key
objective in energy management and policy making.

For governments seeking to improve energy and resource security, by increasing
the efficiency with which a society or country uses such resources, exergy provides a
critical perspective. It establishes the limits on what can be done and identifies target
areas for efficiency improvement (i.e., those areas with high exergy losses). Some
work has been done on tracking the exergy flows through regions and economies
(e.g., countries, states, provinces). These efforts mainly focus on understanding the
true efficiency of energy and resource use in these regions and countries, thereby
providing information that is useful to governments and policy makers.



Chapter 2
The First and Second Laws of Thermodynamics

2.1 Introduction

A conventional thermodynamic analysis involves an application of the first law of
thermodynamics, also known as energy analysis. Exergy analysis is a thermodynamic
analysis technique based on the second law of thermodynamics that provides an
alternative and illuminating means of assessing and comparing processes and systems
rationally and meaningfully. In particular, exergy analysis yields efficiencies that
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 and the impact of the built environment on the natural environment. Conse-
quently, exergy analysis can assist in improving and optimizing designs.

Energy and exergy efficiencies are considered by many to be useful for the
assessment of energy conversion and other systems and for efficiency improve-
ment. By considering both of these efficiencies, the quality and quantity of the
energy used to achieve a given objective is considered and the degree to which
efficient and effective use of energy resources is achieved can be understood.
Improving efficiencies of energy systems is an important challenge for meeting
energy policy objectives. Reductions in energy use can assist in attaining energy
security objectives. Also, efficient energy utilization and the introduction of renew-
able energy technologies can significantly help solve environmental issues.
Increased energy efficiency benefits the environment by avoiding energy use and
the corresponding resource consumption and pollution generation. From an eco-
nomic as well as an environmental perspective, improved energy efficiency has
great potential [2].

An engineer designing a system is often expected to aim for the highest
reasonable technical efficiency at the lowest cost under the prevailing technical,
economic, and legal conditions, and with regard to ethical, ecological, and social
consequences. Exergy methods can assist in such activities and offer unique
insights into possible improvements with special emphasis on environment and

M. Kanoglu et al., Efficiency Evaluation of Energy Systems, 9
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sustainability. Exergy analysis is a useful tool for addressing the environmental
impact of energy resource utilization, and for furthering the goal of more
efficient energy-resource use, for it enables the locations, types, and true
magnitudes of losses to be determined. Also, exergy analysis reveals whether
and by how much it is possible to design more efficient energy systems by
reducing inefficiencies.

2.2 Energy Change and Energy Transfer

Energy is the capacity for doing work. The energy of a system consists of internal,
kinetic, and potential energies. Internal energy consists of thermal (sensible and
latent), chemical, and nuclear energies. Unless there is a chemical or nuclear
reaction the internal change of a system is due to thermal energy change. In the
absence of electric, magnetic, and surface tension effects, among others, the total
energy change of a system is expressed as

AE = E, — E; = AU + AKE + APE @2.1)

where internal, kinetic, and potential energy changes are

AU = m(uy —uy) (2.2)
AKE = %m(vg - Vi) (2.3)
APE = %mg(zz — 7)) (2.4)

For most cases, the kinetic and potential energies do not change during a process
and the energy change is due to the internal energy change:

Energy has the unit of kJ or Btu (1 kJ = 0.94782 Btu). Energy per unit of time is
the rate of energy and is expressed as

. E
E= Ar (kW or Btu/h) (2.6)
The energy rate unit is kJ/s, which is equivalent to kW or Btu/h (1 kW = 3412.14

Btu/h). Energy per unit mass is called specific energy; it has the unit of kJ/kg or Btu/
Ibm (1 kJ/kg = 0.430 Btu/lbm).
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(kJ/kg or Btu/lbm) 2.7)

e =

S|tm

Energy can be transferred to or from a system in three forms: mass, heat, and
work. They are briefly described below.

2.2.1 Mass Transfer

The mass entering a system carries energy with it and the energy of the system
increases. The mass leaving a system decreases the energy content of the system.
When a fluid flows into a system at a mass flow rate of m1 (kg/s), the rate of energy
entering is equal to mass times energy of a unit mass of a flowing fluid:
m(h+V?/2 + gz)(kW), where h = u + Pv and Pv is the flow energy (also called
flow work) described below.

2.2.2 Heat Transfer

The definitive experiment which showed that heat was a form of energy convertible
into other forms was carried out by the Scottish physicist James Joule. Heat is the
thermal form of energy and heat transfer takes place when a temperature difference
exists within a medium or between different media. Heat always requires a differ-
ence in temperature for its transfer. Higher temperature differences provide higher
heat transfer rates.

Heat transfer has the same unit as energy. The symbol for heat transfer is Q (kJ).
Heat transfer per unit mass is denoted by ¢ (kJ/kg). Heat transfer per unit time is the
rate of heat transfer Q (kW). If there is no heat transfer involved in a process, it is
called an adiabatic process.

2.2.3 Work

Work is the energy that is transferred by a difference in pressure or under the effect
of a force of any kind and is subdivided into shaft work and flow work. Work is
denoted by W. Shaft work is mechanical energy used to drive a mechanism such as a
pump, compressor, or turbine. Flow work is the energy transferred into a system by
fluid flowing into, or out of, the system. The rate of work transfer per unit time is
called power W(kW). Work has the same unit as energy. The direction of heat and
work interactions can be expressed by sign conventions or using subscripts such as
“in” and “out”.
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Fig. 2.1 A general closed

system with heat and work Mass, m (constant)
interactions Wour &~ State 1
W T State 2 ™ Oin
in
R’
Qout

2.3 The First Law of Thermodynamics

So far, we have considered various forms of energy such as heat O, work W, and
total energy E individually, and no attempt has been made to relate them to each
other during a process. The first law of thermodynamics, also known as the
conservation of energy principle, provides a sound basis for studying the
relationships among the various forms of energy and energy interactions.

Based on experimental observations, the first law of thermodynamics states that
energy can be neither created nor destroyed during a process; it can only change
forms. Therefore, every bit of energy should be accounted for during a process. We
all know that a rock at some elevation possesses some potential energy, and part of
this potential energy is converted to kinetic energy as the rock falls. Experimental
data show that the decrease in potential energy (mgz) exactly equals the increase in
kinetic energy when the air resistance is negligible, thus confirming the conserva-
tion of energy principle for mechanical energy [1].

The first law of thermodynamics can be expressed for a general system inasmuch
as the net change in the total energy of a system during a process is equal to
the difference between the total energy entering and the total energy leaving
the system:

Epn —Eou = AEsyslem (28)
In rate form,
. . dE
Ein - Eout = E (29)

For a closed system undergoing a process between initial and final states (states 1
and 2) with heat and work interactions with the surroundings (Fig. 2.1):

Epn —Eou = AEsystem
(Qin + Win) - (Qout + Wout) = AU + AKE + APE (210)
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Fig. 2.2 A general
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If there is no change in kinetic and potential energies:
(Qin + Win) - (Qout + Wout) =AU = m(“Z - ul) (2.11)

Let us consider a control volume involving a steady-flow process. Mass is
entering and leaving the system and there are heat and work interactions with the
surroundings (Fig. 2.2). During a steady-flow process, the total mass and energy
content of the control volume remains constant, and thus the total energy change of
the system is zero. Then the first law of thermodynamics can be expressed through
the balance equation as

. . dE
Ein — Eon = EZO
Ein = Eout

) . , V2 : - . Vs
Oin +Win + m<hin + % + gzin> = Qout + Wouw + 11 (hom + ;‘“ + gzou[> (2.12)

If the changes in kinetic and potential energies are negligible, it results in
Qin + Win + mhiy, = Qoul + Wout + Hihou (2.13)

Charging and discharging processes may be modeled as unsteady-flow processes.
Consider an unsteady-flow process as shown in Fig. 2.3. Assuming uniform flow
conditions, the mass and energy balance relations may be expressed as

Min — Mour = My — Ny (2.14)
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En — Eout = AEsystem
2

V:
Oin + Win + miy <hin + % + gzin) — Qout — Wour

VZ
— Mout (hom 4 —out gzom> = molty — MUy (2.15)

2

2.4 The Second Law of Thermodynamics

Energy is a conserved property, and no process is known to have taken place in
violation of the first law of thermodynamics. Therefore, it is reasonable to conclude
that a process must satisfy the first law to occur. However, as explained here,
satisfying the first law alone does not ensure that the process will actually take place.

It is common experience that a cup of hot coffee left in a cooler room eventually
loses heat. This process satisfies the first law of thermodynamics because the amount
of energy lost by the coffee is equal to the amount gained by the surrounding air.
Now let us consider the reverse process: the hot coffee getting even hotter in a cooler
room as a result of heat transfer from the room air. We all know that this process
never takes place. Yet, doing so would not violate the first law as long as the amount
of energy lost by the air is equal to the amount gained by the coffee.

As another familiar example, consider the heating of a room by the passage of
electric current through a resistor. Again, the first law dictates that the amount of
electric energy supplied to the resistance wires be equal to the amount of energy
transferred to the room air as heat. Now let us attempt to reverse this process. It will
come as no surprise that transferring some heat to the wires does not cause an
equivalent amount of electric energy to be generated in the wires.

Finally, consider a paddle-wheel mechanism that is operated by the fall of a
mass. The paddle wheel rotates as the mass falls and stirs a fluid within an insulated
container. As a result, the potential energy of the mass decreases, and the internal
energy of the fluid increases in accordance with the conservation of energy princi-
ple. However, the reverse process, raising the mass by transferring heat from the
fluid to the paddle wheel, does not occur in nature, although doing so would not
violate the first law of thermodynamics.

It is clear from these arguments that processes advance in a certain direction and
not in the reverse direction. The first law places no restriction on the direction of a
process, but satisfying the first law does not ensure that the process can actually
occur. This inadequacy of the first law to identify whether a process can take place
is remedied by introducing another general principle, the second law of thermody-
namics. We show later in this chapter that the reverse processes discussed above
violate the second law of thermodynamics. This violation is easily detected with the
help of a property called entropy. A process cannot occur unless it satisfies both the
first and the second laws of thermodynamics.

The use of the second law of thermodynamics is not limited to identifying
the direction of processes. The second law also asserts that energy has quality as
well as quantity. The first law is concerned with the quantity of energy and the
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transformations of energy from one form to another with no regard to its quality.
Preserving the quality of energy is of major concern to engineers, and the second
law provides the necessary means to determine the quality as well as the degree of
degradation of energy during a process. As discussed later in this chapter, more of
high-temperature energy can be converted to work, and thus it has a higher quality
than the same amount of energy at a lower temperature.

The second law of thermodynamics is also used in determining the theoretical
limits for the performance of commonly used engineering systems such as heat
engines and refrigerators, as well as predicting the degree of completion of chemi-
cal reactions. The second law is also closely associated with the concept of
perfection. In fact, the second law defines perfection for thermodynamic processes.
It can be used to quantify the level of perfection of a process, and point out the
direction to eliminate imperfections effectively.

Energy has quality as well as quantity. More of the high-temperature thermal
energy can be converted to work. Therefore, it results in “the higher the temperature
is, the higher the quality of the energy.” Large quantities of solar energy, for
example, can be stored in large bodies of water called solar ponds at about
350 K. This stored energy can then be supplied to a heat engine to produce work
(electricity). However, the efficiency of solar pond power plants is very low (under
5%) because of the low quality of the energy stored in the source, and the
construction and maintenance costs are relatively high. Therefore, they are not
competitive even though the energy supply of such plants is free. The temperature
(and thus the quality) of the solar energy stored could be raised by utilizing
concentrating collectors, but the equipment cost in that case becomes very high.

Work is a more valuable form of energy than heat inasmuch as 100% of work
can be converted to heat, but only a fraction of heat can be converted to work. When
heat is transferred from a high-temperature body to a lower temperature one, it is
degraded because less of it can now be converted to work. For example, if 100 kJ of
heat are transferred from a body at 1,000 K to a body at 300 K, at the end we will
have 100 kJ of thermal energy stored at 300 K, which has no practical value. But if
this conversion were made through a heat engine, up to 1—-300/1000 = 0.70 = 70%
of it could be converted to work, which is a more valuable form of energy. Thus
70 kJ of work potential is wasted as a result of this heat transfer, and energy is
degraded [1].

There are numerous forms of second law statements. Two classical statements
are as follows.

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

The Clausius statement: It is impossible to construct a device, operating in a cycle
(e.g., refrigerator and heat pump), that transfers heat from the low-temperature
side (cooler) to the high-temperature side (hotter), and producing no other effect.
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2.5 Entropy

The second law of thermodynamics often leads to expressions that involve
inequalities. An irreversible (i.e., actual) heat engine, for example, is less efficient
than a reversible one operating between the same two thermal energy reservoirs.
Likewise, an irreversible refrigerator or a heat pump has a lower coefficient of
performance (COP) than a reversible one operating between the same temperature
limits. Another important inequality that has major consequences in thermodynam-
ics is the Clausius inequality. It was first stated by the German physicist R.J.E.
Clausius (1822-1888), one of the founders of thermodynamics, and is expressed as

0Q
f{T <0 (2.16)

That is, the cyclic integral of 6Q/T is always less than or equal to zero. This
inequality is valid for all cycles, reversible or irreversible.

Clausius realized in 1865 that he had discovered a new thermodynamic property,
and he chose to name this property entropy. It is designated S and is defined as

_ (%2
= (T> int rev (217)

Entropy is an extensive property of a system and is sometimes referred to as fotal
entropy. Entropy per unit mass, designated s, is an intensive property and has the
unit kJ/kg - K. The term entropy is generally used to refer to both total entropy and
entropy per unit mass because the context usually clarifies which one is meant.

The entropy change of a system during a process can be determined by
integrating (2.17) between the initial and the final states:

2
AS =S, — S, :/ (5—Q) (2.18)
1 T int rev

Note that entropy is a property, and like all other properties, it has fixed values at
fixed states. Therefore, the entropy change between two specified states is the same
no matter what path, reversible or irreversible, is followed during a process.

Consider a cycle made up of two processes: process 1-2, which is arbitrary
(reversible or irreversible), and process 2-1, which is internally reversible. From the
Clausius inequality it becomes

2 5Q 1 5Q
/1 (T) +/2 (T) int rev SO (219)
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The second integral in the previous relation is recognized as the entropy change
S1 —S,. Therefore,

2
/ (%Q) L8~ S <0 (2.20)
1

which can be rearranged as

2 5Q
Sz*Slzj (7> 2.21)

The inequality sign in the preceding relations is a constant reminder that the
entropy change of a closed system during an irreversible process is always greater
than the entropy transfer. That is, some entropy is generated or created during an
irreversible process, and this generation is due entirely to the presence of irreversi-
bilities. The entropy generated during a process is called entropy generation and is
denoted by Sgen. Noting that the difference between the entropy change of a closed
system and the entropy transfer is equal to entropy generation, (2.21) can be
rewritten as an equality as

2 /5
ASys =Sy — §) = / (TQ) + Sgen (2.22)
1

Note that the entropy generation Sg., is always a positive quantity or zero.
Its value depends on the process, and thus it is not a property of the system. Also,
in the absence of any entropy transfer, the entropy change of a system is equal to the
entropy generation.

Equation 2.22 has far-reaching implications in thermodynamics. For an isolated
system (or simply an adiabatic closed system), the heat transfer is zero, and (2.21)
reduces to

ASisotatea > 0 (2.23)

This equation can be expressed as the entropy of an isolated system during a
process always increases or, in the limiting case of a reversible process, remains
constant. In other words, it never decreases. This is known as the increase of
entropy principle. Note that in the absence of any heat transfer, entropy change is
due to irreversibilities only, and their effect is always to increase entropy.

Entropy is an extensive property, thus the total entropy of a system is equal to the
sum of the entropies of the parts of the system. An isolated system may consist of
any number of subsystems. A system and its surroundings, for example, constitute
an isolated system inasmuch as both can be enclosed by a sufficiently large arbitrary
boundary across which there is no heat, work, or mass transfer. Therefore, a system
and its surroundings can be viewed as the two subsystems of an isolated system, and
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the entropy change of this isolated system during a process is the sum of the entropy
changes of the system and its surroundings, which is equal to the entropy generation
because an isolated system involves no entropy transfer. That is,

Sgen = AStotz:ll = ASsys + ASsurr >0 (224)

where the equality holds for reversible processes and the inequality for irreversible
ones. Note that AS,,, refers to the change in the entropy of the surroundings as a
result of the occurrence of the process under consideration. No actual process is
truly reversible, and so we can conclude that some entropy is generated during a
process, and therefore the entropy of the universe, which can be considered to be an
isolated system, is continuously increasing. The more irreversible a process is, the
larger the entropy generated during that process. No entropy is generated during
reversible processes.

The increase of the entropy principle does not imply that the entropy of a system
cannot decrease. The entropy change of a system can be negative during a process, but
entropy generation cannot. The performance of engineering systems is degraded by the
presence of irreversibilities, and entropy generation is a measure of the magnitudes of
the irreversibilities present during that process. The greater the extent of irreversi-
bilities is, the greater the entropy generation. Therefore, entropy generation can be used
as a quantitative measure of irreversibilities associated with a process. It is also used to
establish criteria for the performance of engineering devices.

2.5.1 Entropy Balance

The entropy property is a measure of molecular disorder or randomness of a system,
and the second law of thermodynamics states that entropy can be created but it
cannot be destroyed. Therefore, the entropy change of a system during a process is
greater than the entropy transfer by an amount equal to the entropy generated during
the process within the system, and the increase of entropy principle for any system
is expressed as

Sin - Soul + Sgen = ASsystem (225)

This relation is often referred to as the entropy balance and is applicable to any
system undergoing any process. The entropy balance relation above can be stated as
the entropy change of a system during a process is equal to the net entropy transfer
through the system boundary and the entropy generated within the system.

Entropy can be transferred by heat and mass. Entropy transfer by heat is
expressed as

Sheal = (226)

S~
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Entropy transfer by mass is given by
Smass = MS (2.27)

When two systems are in contact, the entropy transfer from the warmer system is
equal to the entropy transfer into the cooler one at the point of contact. That is, no
entropy can be created or destroyed at the boundary because the boundary has no
thickness and occupies no volume. Note that work is entropy-free, and no entropy is
transferred by work. The entropy balance in (2.25) can be expressed in the rate form as

Sin - Snut + Sgen = dSsystem/dt (228)

Let us reconsider the closed system in Fig. 2.1. The entropy balance on this
closed system may be written as

IR

Now, consider the control volume in Fig. 2.2 with a steady-flow process. The
entropy balance on this control volume may be expressed as

(%) + n'isin — <%> - msout + Sgen =0 (230)
in out

In these equations T represents the temperature of the boundary at which heat
transfer takes place. If the system is selected such that it includes the immediate
surroundings, the boundary temperature becomes the temperature of the surroundings.
Then one can use the surrounding ambient temperature in these equations. For the
unsteady-flow process shown in Fig. 2.3, the entropy balance can be expressed as

(g> + MinSin — (g> — MoutSout + Sgen = Ma8§3 — Mysy (2.31)
T in T out

In recent decades, much effort has been spent in minimizing the entropy
generation (irreversibility) in thermodynamic systems and applications [8].

2.6 Exergy

The attempts to quantify the quality or “work potential” of energy in the light of the
second law of thermodynamics has resulted in the definition of the exergy property.

Exergy analysis is a thermodynamic analysis technique based on the second law
of thermodynamics that provides an alternative and illuminating means of assessing
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and comparing processes and systems rationally and meaningfully. In particular,
exergy analysis yields efficiencies that 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 and the impact of the built
environment on the natural environment. Consequently, exergy analysis can assist
in improving and optimizing designs. Various books have been written on exergy
analysis and applications [5, 8—11].

Energy and exergy efficiencies are considered by many to be useful for the
assessment of energy conversion and other systems and for efficiency improvement.
By considering both of these efficiencies, the quality and quantity of the energy used to
achieve a given objective is considered and the degree to which efficient and effective
use of energy resources is achieved can be understood. Improving efficiencies of
energy systems is an important challenge for meeting energy policy objectives.
Reductions in energy use can assist in attaining energy security objectives. Also,
efficient energy utilization and the introduction of renewable energy technologies can
significantly help solve environmental issues. Increased energy efficiency benefits the
environment by avoiding energy use and the corresponding resource consumption and
pollution generation. From an economic as well as an environmental perspective,
improved energy efficiency has great potential [2].

An engineer designing a system is often expected to aim for the highest reasonable
technical efficiency at the lowest cost under the prevailing technical, economic, and
legal conditions, and with regard to ethical, ecological, and social consequences.
Exergy methods can assist in such activities and offer unique insights into possible
improvements with special emphasis on environment and sustainability. Exergy
analysis is a useful tool for addressing the environmental impact of energy resource
utilization, and for furthering the goal of more efficient energy-resource use, for it
enables the locations, types, and true magnitudes of losses to be determined. Also,
exergy analysis reveals whether and by how much it is possible to design more
efficient energy systems by reducing inefficiencies. We present exergy as a key tool
for system and process analysis, design, and performance improvement.

2.6.1 WhatIs Exergy?

The useful work potential of a given amount of energy at a specified state is called
exergy.Itis also called the availability or available energy. The work potential of the
energy contained in a system at a specified state, relative to a reference (dead) state,
is simply the maximum useful work that can be obtained from the system [12].

A system is said to be in the dead-state when it is in thermodynamic equilibrium
with its environment. At the dead-state, a system is at the temperature and pressure
of its environment (in thermal and mechanical equilibrium), it has no kinetic or
potential energy relative to the environment (zero velocity and zero elevation above
a reference level), and it does not react with the environment (chemically inert).
Also, there are no unbalanced magnetic, electrical, and surface tension effects
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between the system and its surroundings, if these are relevant to the situation at
hand. The properties of a system at the dead-state are denoted by the subscript zero,
for example, Py, Ty, hg, ug, and so. Unless specified otherwise, the dead-state
temperature and pressure are taken to be T, = 25°C (77°F) and Py =1 atm
(101.325 kPa or 14.7 psia). A system has zero exergy at the dead-state.

The notion that a system must go to the dead-state at the end of the process to
maximize work output can be explained as follows. If the system temperature at the
final state is greater (or less) than the temperature of the environment it is in, we can
always produce additional work by running a heat engine between these two
temperature levels. If the final pressure is greater (or less) than the pressure of the
environment, we can still obtain work by letting the system expand to the pressure
of the environment. If the final velocity of the system is not zero, we can catch that
extra kinetic energy by a turbine and convert it to rotating shaft work, and so on. No
work can be produced from a system that is initially at the dead-state. The
atmosphere around us contains a tremendous amount of energy. However, the
atmosphere is in the dead-state, and the energy it contains has no work potential.

Therefore, we conclude that a system delivers the maximum possible work as it
undergoes a reversible process from the specified initial state to the state of its
environment, that is, the dead-state. It is important to realize that exergy does not
represent the amount of work that a work-producing device will actually deliver
upon installation. Rather, it represents the upper limit on the amount of work a
device can deliver without violating any thermodynamic laws. There will always be
a difference, large or small, between exergy and the actual work delivered by a
device. This difference represents the available room that engineers have for
improvement especially for greener buildings and more sustainable buildings per
ASHRAE’s Sustainability Roadmap.

Note that the exergy of a system at a specified state depends on the conditions of
the environment (the dead-state) as well as the properties of the system. Therefore,
exergy is a property of the system—environment combination and not of the system
alone. Altering the environment is another way of increasing exergy, but it is
definitely not an easy alternative.

The work potential or exergy of the kinetic energy of a system is equal to the
kinetic energy itself because it can be entirely converted to work. Similarly, exergy
of potential energy is equal to the potential energy itself. On the other hand, the
internal energy and enthalpy of a system are not entirely available for work, and
only part of the thermal energy of a system can be converted to work. In other
words, the exergy of thermal energy is less than the magnitude of thermal energy.

2.6.2 Reversibility and Irreversibility

These two concepts are highly important in the analysis of thermodynamic processes
and systems. The reversibility refers to a process during which both the system and
its surroundings can be returned to their initial states. The irreversibility is associated
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with the destruction of exergy, and during an irreversible process, both the system
and its surroundings cannot be returned to their initial states because of the irreversi-
bilities occurring, for example, friction, heat rejection, electrical and mechanical
effects, and the like.

2.6.3 Reversible Work and Exergy Destruction

The reversible work W, is defined as the maximum amount of useful work output
or the minimum work input for a system undergoing a process between the specified
initial and final states in a totally reversible manner.

Any difference between the reversible work W, and the actual work W,, is due
to the irreversibilities present during the process, and this difference is called
irreversibility or exergy destroyed. It is expressed as

Xdestroyed = Wrev,out — Wou or Xdeslroyed = Wiy — Wrev,in (2.32)

Irreversibility is a positive quantity for all actual (irreversible) processes because
Wiey > W for work-producing devices and W,., < W for work-consuming devices.

Irreversibility can be viewed as the wasted work potential or the lost opportunity
to do useful work. It represents the energy that could have been converted to work
but was not. It is important to note that lost opportunities manifest themselves in
environmental degradation and avoidable emissions. The smaller the irreversibility
associated with a process, the greater the work that is produced (or the smaller the
work that is consumed). The performance of a system can be improved by
minimizing the irreversibility associated with it.

2.6.4 Exergy Change

A closed system, in general, may possess kinetic and potential energies, and in the
absence of electric, magnetic, and surface tension effects, the total energy of a
closed system is equal to the sum of its internal, kinetic, and potential energies.
Noting that kinetic and potential energies themselves are forms of exergy, the
exergy of a closed system of mass m is given by

2

1%
X = (U~ Us) +Po(V = Vo) = To(S — S0) + m=—-+mgz (2.33)

where the properties with the subscript zero represent those at the dead-state. On a
unit mass basis, the closed system (or nonflow) exergy is expressed as
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2
¢ = (u—up) + Po(v — vo) —To(s—so)—kvv—&-gz (2.34)

The exergy change of a closed system during a process is simply the difference
between the final and initial exergies of the system as follows:

2 2

V-V
AX = Uy — U, +Po(Vy — Vi) = To(Sy — Sy) + m—2 3 Lt mg(zy —z1) (2.35)

For stationary closed systems, the kinetic and potential energy terms drop out.
The exergy of a flowing fluid is also called flow (or stream) exergy, and is given by

2
W= (h—ho) —To(s —s0) + V? + gz (2.36)

Then the exergy change of a fluid stream as it undergoes a process from state 1 to
state 2 becomes

Vo2 — V2

Ay =Yy =¥y = (ha =) = Tos2 = 1) + ——

+ g(Zz — Z]) (237)

For fluid streams with negligible kinetic and potential energies, the kinetic and
potential energy terms drop out.

Note that the exergy change of a closed system or a fluid stream represents the
maximum amount of useful work that can be done (or the minimum amount of
useful work that needs to be supplied if it is negative) as the system changes from
state 1 to state 2 in a specified environment, and represents the reversible work W,
It is independent of the type of process executed, the kind of system used, and the
nature of energy interactions with the surroundings. Also note that the exergy of a
closed system cannot be negative, but the exergy of a flow stream can at pressures
below the environment pressure Py,.

2.6.5 Exergy Transfer Mechanisms

Heat transfer Q at a location at thermodynamic temperature 7T is always
accompanied by exergy transfer X, in the amount of

T,
Xpear = <1 - %) 0 (2.38)

Exergy is the useful work potential, and the exergy transfer by work can simply
be expressed as
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Xwork = W (2.39)
and for boundary work,
Xwork =W - Wsurr = PO(VZ - Vl) (240)

where Py is the atmospheric pressure and V| and V, are the initial and final volumes
of the system.
Exergy transfer by mass is

V2
Xmass = my = m|(h — ho) — To(s — s0) + 5 + gz (2.41)

2.6.6 Exergy Balance

The nature of exergy is opposite to that of entropy in that exergy can be destroyed,
but it cannot be created. Therefore, the exergy change of a system during a process
is less than the exergy transfer by an amount equal to the exergy destroyed during
the process within the system boundaries. Then the decrease of exergy principle can
be expressed as

Xin — Xout — Xdestroyed = AXsystem (2.42)
In rate form,
. . . ax
Xin — Xou — Xdestroyed = <d_) (243)
U ey

This relation is referred to as the exergy balance and can be stated as the exergy
change of a system during a process is equal to the difference between the net
exergy transfer through the system boundary and the exergy destroyed within the
system boundaries as a result of irreversibilities. Exergy can be transferred to or
from a system by heat, work, and mass.

Irreversibilities such as friction, mixing, chemical reactions, heat transfer
through a finite temperature difference, unrestrained expansion, and nonquasi-
equilibrium compression or expansion always generate entropy, and anything that
generates entropy always destroys exergy. The exergy destroyed is proportional to
the entropy generated, and is expressed as

Xdestroyed = TOSgen (244)

Exergy destruction during a process can be determined from an exergy balance
on the system or from the entropy generation using (2.44).
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Fig. 2.4 A closed system Wt
involving heat input Q;, and
boundary work output W,

Fixed mass m

Initial state 1 k \

Final state 2 0,

A closed system, in general, may possess kinetic and potential energies as the
total energy involved. The exergy change of a closed system during a process is
simply the exergy difference between the final state 2 and initial state 1 of the
system. For a stationary closed system involving heat input Q;, and boundary work
output W, as shown in Fig. 2.4, mass, energy, entropy, and exergy balances can be
expressed as

Mass balance : m; = myp = constant (2.45)

Energy balance : Oin — Wou = m(up — uy) (2.46)
. Qin _

Entropy balance : T + Sgen = m(s2 — 51) (2.47)

Exergy balance :

T
Qin <1 - FO) - [Wout - PO(V2 - Vl )] - Xdestroyed = X2 - Xl (248)

where u is internal energys, s is entropy, T is source temperature, T, is the dead-state
(environment) temperature, Sy, 1S €ntropy generation, Py is the dead-state pressure,
and V is volume. The exergy of a closed system is either positive or zero, and never
becomes negative.

For a control volume involving a steady-flow process with heat input and power
output as shown in Fig. 2.5, mass, energy, entropy, and exergy balances can be
expressed as

Mass balance : my = np (2.49)

Energy balance : mihy + Qin = nmohy + Wom (2.50)
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Fig. 2.5 A control volume
involving heat input and

|_ .
power output k_\ /_’ "

Control volume
Steady-flow

AN

_ | 0
m _/V
T
. Qin ) \ )
Entropy balance : T + 11181 + Sgen = H282 (2.51)
: Ty . ) . ;
Exergy balance : Oin|1- T + ml‘pl = mzl//z + Wou + Xdestroyed (2.52)
where specific exergy of a flowing fluid (i.e., flow exergy) is given by

l// =h-— /’lo - T()(S - S()) (253)

In these equations, kinetic and potential energy changes are assumed to be
negligible. Most control volumes encountered in practice such as turbines,
compressors, heat exchangers, pipes, and ducts operate steadily, and thus they
experience no changes in their mass, energy, entropy, and exergy contents as well
as their volumes. The rate of exergy entering a steady-flow system in all forms
(heat, work, mass transfer) must be equal to the amount of exergy leaving plus the
exergy destroyed.



Chapter 3
Energy and Exergy Efficiencies

3.1 Introduction

Reductions in energy use can assist in attaining energy security objectives. Also,
efficient energy utilization and the introduction of renewable energy technologies
can significantly help solve environmental issues. Increased energy efficiency
benefits the environment by avoiding energy use and the corresponding resource
consumption and pollution generation. From an economic as well as an environ-
mental perspective, improved energy efficiency has great potential [2].

An engineer designing a system is often expected to aim for the highest reasonable
technical efficiency at the lowest cost under the prevailing technical, economic, and
legal conditions, and with regard to ethical, ecological, and social consequences.
Exergy methods can assist in such activities and offer unique insights into possible
improvements with special emphasis on environment and sustainability. Exergy
analysis is a useful tool for addressing the environmental impact of energy resource
utilization, and for furthering the goal of more efficient energy-resource use, for it
enables the locations, types, and true magnitudes of losses to be determined. Also,
exergy analysis reveals whether and by how much it is possible to design more
efficient energy systems by reducing inefficiencies.

Efficiency is a measure of the effectiveness and/or performance of a system.
Although it may take different forms, depending on the application and purpose, it
can generally be defined as

_ Desired output

= 3.1
N Required input G-

The definition of energy efficiency is based on the first law of thermodynamics.
It is denoted by n. It may take different forms and different names depending on the
type of the system. It may be written as

Energy output E E
_ gy ‘ p — out - 1_ loss (32)
Energy input En Ein
M. Kanoglu et al., Efficiency Evaluation of Energy Systems, 27
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where
En = Eoulpul + Eloss (3.3)
or in rate form,
n= Eow _ 1 _ Eos (3.4)
Ein Ein

An alternative way of expressing energy efficiency is

Energy recovered  Eecovered Eioss

~ Energy expended Eexpended =1- Eexpended ©3)
where
Eexpended = Erecovered + Eloss (3.6)
or in rate form,
o oo _ | B .
Eexpended Eexpended

Both (3.2) and (3.5) may be used to find the energy efficiency of a system but one
may be more appropriate than the other depending on the system and application.
They may turn out to be equivalent in some cases and different in others.

The definition of exergy efficiency is based on the second law of thermodynam-
ics. It is also called second law efficiency or exergetic efficiency. Some sources also
call it effectiveness. In this book we use exergy efficiency and second law efficiency
interchangeably. Effectiveness is used with a different meaning for the performance
of some devices.

Exergy efficiency may take different forms depending on the type of the system.
It is denoted by 1., Ny, or &. In this book, we use ¢ for the exergy efficiency symbol
because it is easier to distinguish from the energy efficiency symbol. Exergy
efficiency is generally expressed as

p — Exergy output _ Xow _ \ Xoew (3.8)
Exergy input  Xj, Xin
or in rate form,
g=out _  Ddest (3.9
Xin Xin
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where
Xin = .out +Xdest (310)

Conceptually, second law efficiency is a measure of perfection. Thermodynamic
perfection is reversibility. The second law dictates that no process can be better than
a corresponding reversible process (in everyday terms, nothing can be more perfect
than perfect), as that would be a violation of the second law. Therefore, reversible
operation is the best possible mode of operation of a device, and thus it is natural
that the second law efficiency be 1 or 100% for operations that involve no
irreversibilities or imperfections. This sets the upper limit for second law efficiency,
and current practice adheres to it.

What is essentially lacking is a fundamental definition for the lower limit of
second law efficiency, which should be 0 or 0%. We should establish that
the second law efficiency of a device or process that destroys the entire exergy it
consumes is zero. The way to accomplish this is to change the general definition
of second law efficiency from ¢ = (Exergy output)/(Exergy input) to ¢ = (Exergy
recovered)/(Exergy expended). That is:

X X
— Zrecovered _ 1y Adest G.1D)
Xexpended Xexpended
or in rate form,
g = arecovered 1y Adest (3.12)
Xexpended Xexpended
where
Xexpended = Xrecovered + Xdest (313)

or alternately,

e — Xdelivered o Xdest

(3.14)

X consumed X consumed

That is, the second-law efficiency of a device is the ratio of the exergy recovered
(or delivered) by the device to the exergy expended (or consumed) by the device.
This way, the second law efficiency of a device represents its ability to convert one
form of exergy into another form (as from thermal to mechanical or vice versa). And,
it refers to the resource and it puts the emphasis on the best utilization of a resource.

The difference between the two definitions may appear subtle, but it is funda-
mental. Here Xexpended represents the portion of the exergy coming from the
resource. It is the shaft work input in the case of a compressor, and the decrease
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in the exergy of steam (difference between exergy values at inlet and outlet) in the
case of a steam turbine. Exergy recovered is the portion of the expended exergy that
is retained as exergy, the portion that is saved from destruction within the system
during the process.

Both (3.8) and (3.11) may be used to find the exergy efficiency of a system. In
this book, we provide exergy efficiency formulations based on both approaches.
However, for the reasons explained above, we recommend using the exergy recov-
ered/exergy expended approach [(3.11)].

It should be mentioned that Cornelissen et al. [13] and Kotas [5] provide an
exergy efficiency relation as the ratio of the desired exergy output to the exergy
used. They call this rational efficiency. Here, exergy output is all exergy transfer
from the system, plus any by-product that is produced by the system, whereas
exergy used is the required exergy input for the process to be performed. This is
similar to the exergy efficiency definition as the ratio of product to the fuel where
the fuel represents the resources expended to generate the product [5, 13].

Product

= 3.15
¢ Fuel ( )

Here, both product and fuel must be expressed in exergy terms.

The second law efficiency relation given by (3.11) is essentially the same as the
rational efficiency definition of Cornelissen et al. [13] and Kotas [5]. However, most
researchers utilize (3.8) for calculating exergy efficiencies and (3.11) is rarely used.

3.2 Efficiencies of Cyclic Devices

A heat engine is a device that converts heat to work. A steam power plant, a gas-
turbine power plant, an internal combustion engine, a solar thermal plant, and a
geothermal power plant are some familiar examples. Consider a heat engine as
shown in Fig. 3.1. The high-temperature resource at Ty supplies heat to the heat
engine at a rate of QH. Some of this heat is converted to work Wout and the
remaining heat 0y is rejected to a low-temperature medium at 7;. The energy
efficiency of this cycle is called thermal efficiency, and is expressed as the ratio of
work produced to the heat supplied:

WOU
nth:—‘zl—& (3.16)

Ou On

Now, we consider a refrigeration or heat pump as shown in Fig. 3.2. A household
refrigerator and an air-conditioning system used for cooling and heating are some
familiar examples of such devices. Here heat at the rate of Q. is absorbed from
the low-temperature reservoir at 7; and heat at the rate of QH is rejected to the
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Fig. 3.1 Schematic of a basic
heat engine

Heat

engine

high-temperature reservoir at Tj;. A power input Wi, is needed for the operation of the
cycle. The cycle is called a refrigerator if the purpose is to keep the low-temperature
space at T; and it is called a heat pump if the purpose of the cycle is to keep the high-
temperature medium at 7.

Because the desired output is different for a refrigerator and heat pump, their
efficiencies are defined differently. If we utilize the general definition of efficiency,
“desired output/required input,” in this case, the performance of a refrigerator and a
heat pump can be expressed by their coefficient of performance (COP):

O __ 0
W 0n—0, (
Oy __ Ou
COPyp = — = —"— 3.18
= T 0,0, (3.18)

We are careful not to name this as efficiency because the COP values may be
lower or greater than unity.

A heat engine that consists of all reversible processes is called a reversible heat
engine or a Carnot heat engine. The thermal efficiency of a Carnot heat engine may
be expressed by the temperatures of two reservoirs with which the heat engine
exchanges heat (Fig. 3.1):

N, rev = 1 — 5 (3.19)

where Ty is the source temperature and 7} is the sink temperature where heat is
rejected (i.e., lake, ambient air, etc.). This is the maximum thermal efficiency a heat
engine operating between two reservoirs at 7 and 7 can have.
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Fig. 3.2 Schematic of a basic
refrigeration or heat pump

Refrigerator

or Heat Pump

Because all processes in a Carnot cycle are reversible, the cycle can be reversed.
In this case we obtain a reversed Carnot cycle. A refrigerator or heat pump
operating on a reversed Carnot cycle (Fig. 3.2) would have the maximum COP
values at the given temperature limits 7; and T}, and they are expressible as

COPR rev — o o (320)

Tn
COP vy = 3.21
HP, re TH — TL ( )

Consider two heat engines, both having a thermal efficiency of 30%. One of the
engines (engine A) receives heat from a source at 600 K, and the other one (engine
B) from a source at 1,000 K. Both engines reject heat to a medium at 300 K. At first
glance, both engines seem to be performing equally well. When we take a second
look at these engines in light of the second law of thermodynamics, however,
we see a totally different picture. These engines, at best, can perform as reversible
engines, in which case their efficiencies in terms of the Carnot cycle become

To 300K

=(1- =1———=0.5 or 50%

Nin, rev, A < Tsource) A 600K or 0
Ty ) 300K

=(1- =1————==0.7or 70%
nth, rev, B < source / 1000 K

Engine A has a 50% useful work potential relative to the heat provided to it;
engine B has 70%. Now it is becoming apparent that engine B has a greater work
potential made available to it and thus should do a lot better than engine A.
Therefore, we can say that engine B is performing poorly relative to engine A
even though both have the same thermal efficiency.
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It is obvious from this example that first law efficiency alone is not a realistic
measure of performance of engineering devices. To overcome this deficiency, we
define an exergy efficiency (or second law efficiency) for heat engines as the ratio of
the actual thermal efficiency to the maximum possible (reversible) thermal effi-
ciency under the same conditions:

g— (3.22)

nth, rev

Based on this definition, the exergy efficiencies of the two heat engines
discussed above become

0.30
& = ﬁ = 0.60 or 60%
0.30
=2 043 or 4
&p 070 0.43 or 43%

That is, engine A is converting 60% of the available work potential to useful
work. This ratio is only 43% for engine B.

The second-law efficiency can be expressed for work-producing devices such as
a turbine as the ratio of the useful work output to the maximum possible (reversible)
work output:

WOLI
6= —2 (3.23)
Wrev, out

This definition is more general because it can be applied to processes (in turbines,
piston—cylinder devices, etc.) as well as to cycles. Note that the exergy efficiency
cannot exceed 100%. We can also define an exergy efficiency for work-consuming
noncyclic (such as compressors) and cyclic (such as refrigerators) devices as the
ratio of the minimum (reversible) work input to the useful work input:

Wrev, in

3.24
W (3.24)

& =

For cyclic devices such as refrigerators and heat pumps, it can also be expressed
in terms of the coefficients of performance as

,_ Cop
B CC)Prev

(3.25)
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In the above relations, the reversible work should be determined by using the
same initial and final states as in the actual process.

Example 3.1 A geothermal power plant uses geothermal liquid water at 160°C at a
rate of 440 kg/s as the heat source, and produces 15 MW of net power in an
environment at 25°C. Determine the thermal efficiency, the exergy efficiency,
and the total rate of exergy destroyed in this power plant.

Solution The properties of geothermal water at the inlet of the plant and at the dead-
state are obtained from steam tables to be

T, = 160°C, liquid — Ay = 675.47kJ/kg, s1 = 1.9426kJ/kg.K
Ty = 25°C, Py = 1 atm — hy = 104.83kJ/kg, so = 0.36723kJ/kg.K

The energy of geothermal water may be taken to be the maximum heat that can
be extracted from the geothermal water, and this may be expressed as the enthalpy
difference between the state of geothermal water and the dead-state:

Ein = m(hy — ho) = (440kg/s)[(675.47 — 104.83) kl/kg] = 251,080 kW

The exergy of geothermal water is

Xin = m[(hy — ho) — To(s1 — 50)]
— (440kg/s)[(675.47 — 104.83) ki/kg + 0
— (25 +273K)(1.9426 — 0.36723) kJ/kg K] = 44, 525 kW

The thermal efficiency of the power plant is

Whet, o 15,000kW

£ 251,080kW = 0.0597 or 6.0%

N =

The exergy efficiency of the plant is the ratio of power produced to the exergy
input to the plant:
Woet o 15,000 kW

ot out _ = 0.337 or 33.7%
X, 44,525kW or 2217

& =

The exergy destroyed in this power plant is determined from an exergy balance
on the entire power plant to be
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a Available P Exergy
energy Destroyed
44,525 kW 29,525 kW

18% 66%

Unavailable Net power
energy 15,000 kW
206,557 kW 34%
82%

Fig. 3.3 (a) Only 18% of the energy of geothermal water is available for converting to power.
(b) Only 34% of the exergy of geothermal water is converted to power and the remaining 66% is lost

Xin - W./nct7 out — Xdest =0
44,525 — 15,000 — Xgest = 0 — Xget = 29, 525kW

The results of this example are illustrated in Fig. 3.3a, b. The exergy of
geothermal water constitutes only 18% of its energy, due to its well temperature.
The remaining 82% is not available for useful work and it cannot be converted to
power even by a reversible heat engine. Only 34% of exergy entering the plant is
converted to power and the remaining 66% is lost. In geothermal power plants, the
used geothermal water typically leaves the power plant at a temperature much
greater than the environment temperature and this water is reinjected back to the
ground. The total exergy destroyed (29,525 kW) includes the exergy of this
reinjected brine.

In a typical binary-type geothermal power plant, geothermal water would be
reinjected back to the ground at about 90°C. This water can be used in a district
heating system. Assuming that geothermal water leaves the district at 70°C with a
drop of 20°C during the heat supply, the rate of heat that could be used in the district
system would be

Ohear = AT = (440kg/s)(4.18 kI/kg -° C)(20°C) = 36,780 kW

where c is the specific heat of water. This 36,780 kW heating is in addition to the
15,000 kW power generated. The energy efficiency of this cogeneration system
would be (15,000 + 36,780)/251,080 = 0.206 or 20.6%. The energy efficiency
increases from 6.0% to 20.6% as a result of incorporating a district heating system
into the power plant.

The exergy of heat supplied to the district system is simply the heat supplied
times the Carnot efficiency, which is determined as
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. . T, 278 K
Xheat = Oheat| 1 — = (36,780 kW) 1 ——— | = 7814 kW
heat = Oh t( Source) ( )( 353 K)

where the source temperature is the average temperature of geothermal water (80°C
= 353 K) when supplying heat, and the environment temperature is taken as 5°C
(278 K). This corresponds t0 26.5% (7,814/29,525 = 0.265) of the exergy destruction.

3.3 Efficiencies of Steady-Flow Devices

In this section we provide various efficiencies used for steady-flow devices such as
turbines, compressors, pumps, nozzles, diffusers, and heat exchangers. A power
plant or a refrigeration system consists of a number of these steady-flow devices,
and improving the performance of these devices would improve the performance of
the entire plant or system.

3.3.1 Turbine

A fluid is expanded in a turbine to produce power. Steam and gas turbines are
considered here. Turbines are normally well insulated so that their operation can be
assumed to be adiabatic. The performance of an adiabatic turbine is usually
expressed by isentropic (adiabatic) efficiency.

Consider a turbine with inlet state 1 with temperature 7' and pressure P, and an
exit state 2 with temperature 7, (or steam quality) and pressure P,. The power
output from this compressor would be maximum if the fluid were expanded
reversibly and adiabatically (i.e., isentropically) between the given initial state
and given exit pressure. The isentropic efficiency is then the ratio of actual power
to the isentropic power:

Wactual _ m(hl - hz)
Wisemropic m(hl - th)

n isen, turbine

(3.26)

where #1 is the mass flow rate of fluid (kg/s) and /4 is the enthalpy of the fluid at the
turbine outlet if the process were isentropic. This enthalpy may be obtained from
exit pressure and exit entropy (equal to inlet entropy). Kinetic and potential energy
changes are neglected.

Exergy efficiency of an adiabatic turbine may be determined from an “exergy
recovered/exergy expended” approach. In this case, the exergy resource is steam,
and exergy expended is the exergy supplied to steam to turbine, which is the
decrease in the exergy of steam as it passes through the turbine. Exergy recovered
is the shaft work. Taking state 1 as the inlet and state 2 as the outlet, the second law
efficiency is expressed as
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Xrecovered Wout Wout m(hl - hZ)
Eturbine—1 = — == — = = — (3.27)
rbine=l Xexpended X1 —X Wiev m[(hl —hy — To(S1 - SZ)}
OF  Eurbine 1 = | — 5ot = — =0 g v ou (3.28)

Xexpended Xl _XZ B Xl _XZ

The exergy efficiency definition based on the “exergy out/exergy in” approach is

Xou Wou X Wou
Eturbine—2 = 3 - = l~+ 2 7é 0 : (329)
Xin Xl Wrev

A third definition only assumes power output as the product and inlet exergy as
the input:

.ou Xes .rev_ .ou
Wou _ g _Kaew _y_ Woew — Wom (3.30)
X X X

Eturbine—3 =

Note that the first definition [(3.27)] is consistent with the general definition for
the second law efficiency of work-producing devices (the ratio of actual work to
reversible work), but the second and third definitions (3.29) and (3.30) are not.
Also, the first definition satisfies both bounding conditions for the second law
efficiency: it is 100% when actual work equals reversible work, and 0% when
actual work is zero (and thus the entire expended exergy is destroyed).

It should be noted that isentropic efficiency and second law efficiency are
different definitions. In isentropic efficiency, an ideal isentropic process between
the actual initial state and an assumed hypothetical exit state is used whereas in
exergy efficiency, an ideal reversible process between the actual inlet state and
actual exit state is used. Consequently, close but different values for isentropic and
exergy efficiencies are obtained. Some consequences of isentropic efficiency versus
exergy efficiency for an adiabatic turbine are discussed in [14].

Example 3.2 Consider an adiabatic steam turbine with the following inlet and exit
states: Py = 10,000 kPa, T, = 500°C, P, = 10 kPa, and x, = 0.95. Taking the
dead-state temperature of steam as saturated liquid at 25°C, determine the isentro-
pic efficiency and exergy efficiency based on different approaches.

Solution The various efficiencies are determined from (3.26, 3.27, 3.29), and
(3.30) to be

nisen, turbine — 07427 Eturbine—1 = 08127 Eturbine—2 = 08317 Eturbine—3 = 0.729

That is, the second law efficiency is 72.9% based on (3.29) and it is 81.2% based
on (3.27). In (3.29) and (3.30), the exergy of the steam at the turbine exit is part of
the exergy destroyed by the turbine. However, the turbine should not be held
responsible for the exergy it did not destroy as part of the processes associated
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Fig. 3.4 Effect of turbine inlet pressure on the isentropic and second law efficiencies

with power production. With the first definition, the difference between the exergies
of the inlet and exit steams is used for the exergy expended in the system.

The effect of turbine inlet pressure on isentropic efficiency [(3.26)] and
three forms of exergy efficiencies [(3.27, 3.29, 3.30)] is investigated (Fig. 3.4).
The efficiencies based on four definitions are considerably different. However,
isentropic efficiency and second law efficiency by (3.27) are more appropriate
forms. Interestingly, values of these two efficiencies are close to each other.

3.3.2 Compressor

A compressor is used to increase the pressure of a gas. A power input is needed for
this compression process. The performance of an adiabatic compressor is usually
expressed by isentropic (adiabatic) efficiency.

Consider an adiabatic compressor with inlet state 1 and an exit state 2.
The power input to this compressor would be minimum if the gas were compressed
reversibly and adiabatically (i.e., isentropically) between the given initial state and
given exit pressure. The isentropic efficiency is then the ratio of the isentropic
power to the actual power:

Wisentropic m(th - hl)

, i _n 331
nlSEI‘I, compressor Wacma] m(hz _ hl) ( )

where 1 is the mass flow rate of the gas and /4 is the enthalpy of the fluid at the
compressor outlet if the process were isentropic. This enthalpy may be obtained
from exit pressure and exit entropy (equal to inlet entropy). Kinetic and potential
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energy changes are neglected. If the gas may be modeled as an ideal gas with
constant specific heats, the isentropic power input is determined from

P, Dk
<P—1) —1 (3.32)

where k is the specific heat ratio (k = ¢,/c,). Its value is 1.4 for air at room
temperature.

The gas is sometimes cooled as being compressed in a nonadiabatic compressor
to reduce power input. This is because the power input is proportional to the specific
volume of the gas and cooling the gas decreases its specific volume. The isentropic
efficiency cannot be used in such nonadiabatic compressors. Instead, an isothermal
efficiency may be defined as

kR(T, —Ty) . kRT,

k—1 k-1

Wisentropic =m

Wisolhermal

Nisothermal , compressor : (3 3 3)
Waclual

where the power input for the reversible isothermal case is given for an ideal gas
with constant specific heats to be

: P
Wisothermat = mRT1 In (P_2> (3.34)
1

Here, R is the gas constant, T is the inlet temperature of the gas, and P, and P, are
the pressures at the inlet and exit of the compressor, respectively. In some cases, a
reversible polytropic process may be used as the ideal process for the actual
compression. Then, a polytropic efficiency may be defined as

_ W[{Olytropic (3 35)

npolytropic, compressor
Waclual

where the power input for the reversible polytropic process is given for an ideal gas
with constant specific heats to be

. _nR(T, —T)) . nRTy | [P\ D"
Wpolylropic =m n—1 = ml’l 1 P_l —1 (3.36)

Here, n is the polytropic exponent and its value changes between 1 and specific heat
ratio k.

The exergy efficiency of a compressor may be determined from an “exergy
recovered/exergy expended” approach. Here the resource is shaft work input
(which is exergy expended by the compressor), and exergy recovered is the exergy
supplied to the working fluid of the compressor, which is the increase in the exergy
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of fluid as it passes through the compressor. Again taking state 1 as the inlet and
state 2 as the outlet, the exergy efficiency is expressed as

Xrecovered _ X2 - Xl _ Wrev

Ecompressor — 3 0 (337)
" X expended Win Win
or
Xaes Xes Win = Wiy

Feompressor = o Xcon:lmed =1 WG:: = 111"./in g (338)

The old definition based on the “exergy out/exergy in” approach is

Xou X Wrev

Ecompressor — . 2 # = (3.39)

Xin Xi+Wi Wi

Note that the definition of (3.37) is consistent with the general definition for the
second law efficiency of work-consuming devices (the ratio of reversible work to
actual work), but the definition of (3.39) is not. Also, the definition in (3.37) satisfies
both bounding conditions for the second law efficiency: It is 100% when the exergy
increase of the working fluid equals actual work input, and 0% when the fluid
experiences no increase in exergy as it passes through the compressor (and thus the
entire expended exergy is destroyed).

3.3.3 Pump

A pump is used to increase the pressure of a liquid. A power input is needed for this
process. The liquid may be considered to be an incompressible fluid and the power
input for the isentropic case may be determined from specific volume and pressure
data. When the changes in potential and kinetic energies of a liquid are negligible,
the isentropic efficiency of a pump is defined as

n, _ Wisentropic _ mv(PZ - Pl)
Her pump Waclual Wl(hz - hl)

(3.40)

where v is the specific volume of the liquid, and it is usually taken at the pump inlet.

One can also use (3.31) to determine isentropic efficiency of a pump. However,
because the temperature change across a pump is small, it is difficult to get an
accurate measurement of temperatures, and the corresponding enthalpy values are
not dependable. For this reason, efficiency of a pump should be determined from
the measurements of specific volume, pressures, and the actual power input. If the
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Fig. 3.5 The cryogenic
turbine considered in
Example 3.3

Cryogenic
turbine

LNG, 30 bar
-160°C, 20 kg/s

enthalpy value at the pump exit /4, is needed, it is usually determined from a
knowledge of the pump isentropic efficiency or from the measurement of actual
power input.

The exergy efficiency of a pump can be determined from (3.37) as the reversible
power divided by the actual power where

e _ Xrecovered _ X2 _Xl _ Wrev _ m[hZ - h2 - T()(SZ - Sl)]
pamp Xexpended Win Win Win

(3.41)

We note again that it is difficult to get dependable values for enthalpy and
entropy due to the small temperature change across the pump. Therefore, it is
reasonable to assume that the reversible power input will be approximately equal
to the isentropic power input. Then, the definitions for the exergy efficiency and
isentropic efficiency become equal.

The operation of a hydraulic turbine is similar to that of a pump. Then the
efficiency of a hydraulic turbine may be expressed by modifying (3.40) as

Wactual o W actual

= Py — Py) (3.42)

nisen, hydraulic turbine —
Wisentropic

This is also called hydraulic efficiency, and it may be considered as an isentropic
efficiency definition for a hydraulic turbine.

Example 3.3 Consider an adiabatic cryogenic turbine used in natural gas liquefac-
tion plants (Fig. 3.5). Liquefied natural gas (LNG) enters a cryogenic turbine at
30 bar and —160°C at a rate of 20 kg/s and leaves at 3 bar. If 115 kW power is
produced by the turbine, determine the efficiency of the turbine. Take the density of
LNG to be 423.8 kg/m®.

Solution The maximum possible power that can be obtained from this turbine for
the given inlet and exit pressures can be determined from

. m 20kg/s
isentropic = — (P1 — P2) = —=—=—-—= (3000 — 300)kPa = 127.4kW
Wi trop 0 ( 1 2) 4238kg/m3( ) a
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Given the actual power, the efficiency of this cryogenic turbine becomes

 Waewa  LISKW
n=— = 7 apw = 0903 or 90.3%

Wisemropic

3.3.4 Nozzle

A nozzle is essentially an adiabatic device because of the negligible heat transfer; it
is used to accelerate a fluid. Therefore, the isentropic (i.e., reversible and adiabatic)
process serves as a suitable model for nozzles. The isentropic efficiency of a nozzle
is defined as the ratio of the actual kinetic energy of the fluid at the nozzle exit to the
kinetic energy value at the exit of an isentropic nozzle for the same inlet state and
exit pressure. That is,

2
KEexil, actual Vz

Nisen,nozzle = ;5 — 5 (343)
KEexit, isentropic sz

When the inlet velocity is negligible, the isentropic efficiency of the nozzle can
be expressed in terms of enthalpies:

hy — hy
isen, nozzle — 3.44
Nisen, nozzle hl — h2s ( )

A nozzle is built to convert the enthalpy of a fluid to kinetic energy, just like a
turbine being built to convert the enthalpy of a fluid to shaft work. In a nozzle, the
exergy recovered is the increase in the kinetic energy of the fluid and exergy
expended is the exergy decrease of the fluid stream (but without taking into
consideration the exit kinetic energy of the fluid stream, which corresponds to
shaft work in a turbine). Then the exergy efficiency of a nozzle may be defined
using an “exergy recovered/exergy expended” approach as

Xrecovered (3 45)

€nozzle = 3
Xexpended

and in a more explicit manner it becomes
Xrecovered _ V%/Z — V%/Z
Xexpended hy —hy — TO(SI - 52) + V12/2

~ Vi/2
- /’ll — h2 — T()(Sl — S2)

€nozzle =

(3.46)




3.3 Efficiencies of Steady-Flow Devices 43

Note that expended exergy corresponds to the exit kinetic energy in a reversible
process. When the nozzle is reversible and adiabatic, the exergy efficiency becomes
100%, as expected. For adiabatic nozzles, isentropic and exergy efficiencies are
identical. For nonadiabatic nozzles, the denominator of (3.46) can be modified to
include the exergy of the heat transferred.

3.3.5 Throttling Valve

A throttling valve is used to decrease the pressure of a fluid in a constant-enthalpy
process. Because the energy of the mass at the inlet and exit of the valve are the
same, it is not appropriate to define an efficiency based on the first law of thermo-
dynamics. However, the adiabatic expansion process in a throttling valve is a highly
irreversible process, and thus a second law efficiency may be defined.

Here the resource is the high pressure and temperature fluid, and exergy
expended is the exergy supplied by the fluid, which is the decrease of the exergy
of the fluid as it passes through the valve. There is no exergy recovered in any form,
and thus exergy recovered is zero. Therefore:

X recovered 0

P == = —=0 3.47

exp valve Xexpended X 1= XZ ( )
Xdes X —X

Or  Eexp valve = 1- & =1- 1—2 =0 (3.48)
Xexpended X 1= X2

This indicates that the second law efficiency of a throttling valve is always zero,
which is expected because a throttling valve makes no use of the fluid exergy it
expends. The commonly used definition for the exergy efficiency of a throttling
valve is:

Xouw X
Eexp valve — Xf)m = )72 (349)
in 1
X X -X, X
Or  Eexp valve = 1 - ;est =1- 1X 2 = )72 (350)
in 1 1

Note that the current definition gives misleading results. A throttling valve that
reduces the exergy rate of a fluid from 100 to 90 kW, for example, would have a
second law efficiency of 90% according to the current definition, which is impres-
sive. But this is unrealistic for such a wasteful device.

By similar reasoning, we can infer that the second law efficiency of electric
transmission lines is zero inasmuch as the dissipated electric power is converted to
heat which is rejected to the environment at environment temperature. Also, the



44 3 Energy and Exergy Efficiencies

second law efficiency of steam pipes losing heat to the environment is zero. Here
the exergy of lost heat is zero because it is at the environment temperature, and no
attempt is made to recover its exergy when the lost heat is at the outer surface
temperature of the pipe.

3.3.6 Heat Exchanger

In a heat exchanger, two fluid streams exchange heat without mixing. When it
comes to defining a second law or exergy efficiency for a heat exchanger, general
disagreement is the rule rather than the exception. This is because there are several
ways to define the exergy source. One way is to consider the hot fluid stream as the
source of exergy and to disregard the cold fluid stream as a potential exergy source.
Another way is to consider the exergy content of both fluid streams as the exergy
source. Things are complicated even further when the cold fluid stream is below the
environment temperature and the hot fluid stream is above so that the exergy of both
fluid streams decreases during heat exchange.

When we deal with fluid streams above the environment temperature T, which
is most often the case in practice, the cold fluid stream experiences an increase in its
exergy content and none of the exergy of the incoming cold stream is expended.
Therefore, we believe only the hot fluid stream should be considered as the exergy
source in such cases, and the exergy increase of the cold fluid stream represents the
exergy recovered. Then the exergy efficiency of a heat exchanger can be defined as

8 . Xrecovered B (Xoul - Xin)cold =1 Xdes
heat exchanger — = o D =1—-— -
Xexpended (Xin B Xom)hot (Xi“ - Xom)hot

(3.51)

If the cold fluid is heated from T to T, and the hot fluid is cooled from T5 to T, at
specified pressures, this expression may be written as

(Xout - Xin) 1d mcold[hz - /’11 — T()(Sz — S])}
€ =— 08 = 3.52
heat exchanger (Xin _ Xom)hm Hithot [ h3 — h4 — T()(S3 — S4)] ( )

This relation will result in an exergy efficiency of 100% for a perfect counterflow
heat exchanger where two identical fluids enter the heat exchanger at the same flow
rates and the cold fluid is heated to the inlet temperature of the hot fluid while the
hot fluid is cooled to the inlet temperature of the cold fluid. The exergy efficiency
will be 0% for a heat exchanger that loses heat to its surroundings without
transferring any heat to the cold fluid stream if the immediate surroundings of the
heat exchanger are also taken as part of the system. Equation 3.51 is also valid if
the heat exchanger is losing heat to the environment at temperature T, provided that
the temperature gradient region between the heat exchanger and the environment is
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included in the analysis. If the heat exchanger is losing heat at a rate of QIOSS to a
medium at Tk, the recovered exergy will also include the exergy stored in the
medium at Ty as a result of this heat transfer. Then the exergy efficiency relation
becomes

Xrecovered _ (Xout - Xiﬂ)cold + Qloss(1 - TO/TR)
Xexpended (X in — Xout)hOt

Xdest
(Xi“ - XO“l)hot

€heat exchanger —

=1- (3.53)

Special Case 1: Let us consider a heat exchanger where the hot fluid is cooled to a
temperature above the environment temperature T, and the cold fluid remains
below the environment temperature T, between the inlet and exit as it is heated.
In this case, the exergies of both the hot and cold fluids will decrease and none of
this exergy will be recovered. Therefore, in this case, it is more appropriate to take
the “expended exergy” as the sum of the exergy decrease of the cold and hot fluids.
This sum will be equal to the exergy destruction. As a result, the exergy efficiency
in this case will be zero. That is,

Xrecovered 0
e Xexpended (Xin - Xout)hot + (Xin - Xout)cold
or
X Xin — Koy + (i — Kous),
Sheat exchanger = 1 — 5o — =1 — (X = Xou) = Koo = Xou) g _ (3.55)
Xexpended (Xin - XO”t)hot + (Xin - Xom)cold

Special Case 2: What happens if the cold fluid is heated from a temperature 77,
which is below the environment temperature T to a temperature T,, which is
greater than Ty and the hot fluid is cooled from a temperature T3, which is greater
than T to a temperature 7,4, which is lower than T. In this case, the entire exergy
contents of both the hot and cold fluid streams are expended, and thus the expended
exergy is the sum of the initial exergies of the hot and cold fluid streams. But the hot
fluid stream recovers part of this exergy as it is cooled to the subenvironment
temperature and the cold fluid recovers part of its exergy as it is heated to the above
environment temperature. Therefore, the total recovered exergy is the sum of the
final exergies of the hot and cold fluid streams. Then the exergy efficiency in this
case can be expressed as

Krecovered _ Xoul, cold 1 Xout7 hot Xo+ Xy
Xexpended Xin, cold + Xin‘ hot Xl + X3

Eheatexchanger —

(3.56)
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where

X1 = ticoialhs — ho — To(s1 — s0)] X2 = tircora[ha — ho — To(s2 — so)]

. . 3.57
X3 = titnoe[h3 — ho — To(s3 — S0)] X4 = ticoalha — ho — To(s4 — o)) G->7
These relations are consistent with our general criteria that in the absence of any

irreversibilities the exergy efficiency should be 100%. Indeed, the exergy efficiency
for a perfect counterflow heat exchanger will be 100% if two identical fluid streams,
one at 7| < Ty and the other at T, > T, enter the heat exchanger with identical
mass flow rates because the cold fluid will be heated to T, and the hot fluid will be
cooled to T7.

To generalize, we can say that in the second law analysis of heat exchangers, all
fluid streams that experience a decrease in their exergy content are to be considered
in the evaluation of the expended exergy. Likewise, all fluid streams that experience
an increase in their exergy content are to be considered in the evaluation of the
recovered exergy. A fluid stream that crosses the dead-state is to be considered in
the evaluation of both the expended exergy and recovered exergy. For such a fluid
stream the expended exergy is the exergy at the inlet state, and the recovered exergy
is the exergy at the exit state.

Effectiveness of a Heat Exchanger: The performance of heat exchangers is usually

expressed by their effectiveness. It is then defined as

N B Qactual . Qactual
£f, heat exchs T A “ (n
T 70 o ey VP
_ (meAT) cold or hot (358)

(’hcl’)mjn (Thot. in — Tcold, in)

or using enthalpies

_ Qaclual _ (mAh)cold or hot 3.59

neff, heat exchanger — = ¢ - . ( . )
O max Mmin (hhot, in — fcold, in)

where (riicy),,;, is the smaller of the heat capacity rate between hot and cold fluids,

and #iy, 1s the smaller mass flow rate. The effectiveness of a heat exchanger is

100% when it transfers the maximum amount of heat transfer, and is 0% when it

transfers no heat from the hot to the cold fluid.

Example 3.4 Calculate the exergy efficiency and effectiveness of a heat exchanger
with the following data.

T17 hot — 600C, Tz, hot — 350C, I’i’lhol = 1kg/S, Cp_ hot — 4.18 kJ/kg .© C

T3. cold — SOC, T4A’ cold — ZOOC, Cp, cold = 4.18 kJ/kg .© C7 To =25°C
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Fig. 3.6 A cross-flow heat Exhaust gases
exchanger used to produce 400°C 1 P .
steam 150 kPa 350°C

0.8 kg/s

Heat
exchanger
Saturated steam Water
200°C 20°C
4 3

Solution This heat exchanger operates as explained in Special Case 1. The exergy
decreases of hot and cold fluids are determined to be 7.3 and 4.6 kW, respectively.
The sum of these is 11.9 kW, and it is equal to the expended exergy. None of this
expended exergy is recovered, therefore this is also equal to the exergy destruction,
and the exergy efficiency is zero. The effectiveness is calculated from (3.58) as
0.456 or 45.6%.

Example 3.5 Calculate the exergy efficiency and effectiveness of a heat exchanger
with the following data.

Tl,hot = 6OOC, Tz_’ hot = 150C, rhhm = lkg/S, Cp, hot = 418k]/kg -OC
T3, cold = 10°C, T4 cold = 35°C, ¢, cola = 4.18kJ/kg -° C, Ty = 25°C

Solution This heat exchanger operates as explained in Special Case 2. Then, the
exergy efficiency can be calculated using (3.56) to be 0.179 or 17.9%. The
effectiveness is calculated from (3.58) as 0.90 or 90.0%.

Example 3.6 Hot exhaust gases leaving an internal combustion engine at 400°C
and 150 kPa at a rate of 0.8 kg/s are to be used to produce saturated steam at 200°C
in an insulated heat exchanger (Fig. 3.6). Water enters the heat exchanger at the
ambient temperature of 20°C, and the exhaust gases leave the heat exchanger at
350°C. Determine the rate of steam production, the rate of exergy destruction in the
heat exchanger, and the exergy efficiency of the heat exchanger.

Solution We denote the inlet and exit states of exhaust gases by (1) and (2) and
that of the water by (3) and (4). The properties of water are obtained from the steam
tables to be

T3 = 20°C, liquid — h3 = 83.91kJ/kg, s3 = 0.29649 kJ/kg.K

T4 = 200°C, saturated vapor — hy = 2792.0kJ/kg, s4 = 6.4302kJ/kg.K
An energy balance on the heat exchanger gives the rate of steam production:

tahy + riyhy = rghy + rihy
tacy(Ty — Tp) = rity,(hy — h3)

(0.8 kg/s)(1.063kI/kg°C) (400 — 350)°C = 7,,(2792.0 — 83.91)kI/kg
i, = 0.01570 kg/s
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The specific exergy changes of air and water streams as they flow in the heat
exchanger are

Al//a = CI,(TQ — Tl) — T()(S2 — Sl)
= (1.063kJ/kg.°C) (350 — 400)°C — (20 4 273K)(—0.08206 kJ/kg K)
= —29.106 kJ/kg

Ay, = (hy — h3) — To(ss — s3)
(2792.0 — 83.91)kJ/kg — (20 + 273 K)(6.4302 — 0.29649) kJ/kg.K
— 910.913 kJ/kg

The exergy destruction is determined from an exergy balance as

(malpl + I’l'1wl//3) - (malp3 + n"lwl//4) - Xdestroyed =0

Rearranging and substituting,

Xdestroyed = maAlpa + mm»Ale
— (0.8kg/s)(—29.106 ki/kg) + (0.01570kg/s)(910.913)kJ/kg
= 8.98 kW

The exergy efficiency for a heat exchanger may be defined as the exergy increase
of the cold fluid divided by the exergy decrease of the hot fluid. That is,

A, (0.01570kg/s)(910.913 kJ/kg)
. _ — 0.614 or 61.4%
*T DAy, —(0.8kg/s)(—29.106kI/kg) oronan

The energy efficiency of this heat exchange process is 100% because it is
assumed that all the energy given up by the exhaust gases are picked up by the
water. The process is perfect from an energetic point of view whereas it is far from
ideal from an exergetic perspective. The exergy destruction during this process is
due to heat transfer across a finite temperature difference. This is illustrated in
Fig. 3.7, which shows the exergy efficiency of the heat exchanger as a function of
the exhaust gas inlet temperature for the same temperature drop of 50°C for the
exhaust gases. As the average temperature difference between the exhaust gases
and the water increases, the exergy efficiency decreases. In another words, the
larger the temperature difference is, the larger the exergy destruction.

3.3.7 Mixing Chamber

Two fluid streams mix to produce a third fluid stream in a mixing chamber. When both
incoming fluid streams are above the environment temperature, the exergy resource
is the hot fluid, and the exergy expended is the exergy decrease of the hot fluid.
The exergy recovered is the exergy increase of the cold fluid. Taking state 1 as the hot
fluid inlet, state 2 as the cold fluid inlet, and state 3 as the common state of the mixture,
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Fig. 3.7 The exergy efficiency of a heat exchanger as a function of exhaust gas inlet temperature

Xrecovered _ (XOUI - Xiﬂ)cold _ X3 *XZ
Xexpended (Xin - X"m)hot X1 — X3

_ tieolalhs — hy — To(s3 — 52)] Xgest

Emixing chamber =

(3.60)

fnot [t — h3 — To(s1 — 53)] (Xin — Xout) o

Noting that #eeq(h3 — hy) = riner(hy — h3), manipulating the last equality gives
Xaest = To[litnot (51 — 83) =+ fiteota(s2 — 53)], which provides a check.

If the mixing chamber is losing heat at a rate of Qloss to a medium at Ty, the
recovered exergy will also include the exergy associated with heat transfer,

(3.61)

Emixing chamber =

teotalhs — hy — To(s3 — $2)] + Ouoss (1 — To/Tr)
ot — h3 — To(s1 — 83)]

When the cold stream is below the environment temperature, arguments similar
to those given above for heat exchangers can be given.

3.3.8 Electric Resistance Heating

Here the resource is the electrical energy in the grid, and the exergy expended is the
exergy of electricity expended by the resistance heater. If the heater is indoors at
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Fig. 3.8 An electric
resistance heater used to heat
a room

—=>—
Room
2 kW % 250C 0°C
—

temperature T in an environment at temperature 7, the exergy recovered is the
exergy content of supplied heat to the room at room temperature:

Xrecovered _ Xheat _ Qe(l - TO/Troom) —1- TO
Xexpended We We Troom

(3.62)

Eelectric heater =

Note that the second law efficiency of a resistance heater becomes zero when the
heater is outdoors.

Example 3.7 An electric resistance heater with a power consumption of 2.0 kW is
used to heat a room at 25°C when the outdoor temperature is 0°C (Fig. 3.8).
Determine energy and exergy efficiencies and the rate of exergy destroyed for
this process.

Solution For each unit of electric work consumed, the heater will supply the house
with 1 unit of heat. That is, the heater has a COP of 1. Also, the energy efficiency of
the heater is 100% because the energy output (heat supply to the room) and the
energy input (electric work consumed by the heater) are the same. At the specified
indoor and outdoor temperatures, a reversible heat pump would have a COP of

1 1

COPyp. oy = =
W =T, )Ty 1— (273K)/(298K)

=119

That is, it would supply the house with 11.9 units of heat (extracted from the cold
outside air) for each unit of electric energy it consumes (Fig. 3.9). The exergy
efficiency of this resistance heater is

Ccop = ! = 0.084 or 8.4%

* T COPp.rer 119

The minimum work requirement to the heater is determined from the COP
definition for a heat pump to be

o qupplied _ 2kW

Win min = = =0.17kW
: COPgp oy 11.9
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Room, 25°C

2kW

0.17 kW

Reversible
Heat Pump

Outside air 0°C

Fig. 3.9 A reversible heat pump consuming only 0.17 kW power while supplying 2 kW of heat to
a room

2 kW
1.83 kW
0.17 kW
: / :
Actual work Minimum work Exergy destroyed

Fig. 3.10 Comparison of actual and minimum works with the exergy destroyed

That is, a reversible heat pump would consume only 0.17 kW of electrical energy
to supply the room with 2 kW of heat. The exergy destroyed is the difference
between the actual and minimum work input:

Xestroyed = Win — Win, min = 2.0 — 0.17 = 1.83kW

The results of this example are illustrated in Figs. 3.10 and 3.11. The performance
looks perfect with respect to energy efficiency but not so good from the point of view
of exergy efficiency. About 92% of actual work input to the resistance heater is
wasted during the operation of the resistance heater. There must be better methods of
heating this room. Using a heat pump (preferably a ground-source one) or a natural
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Fig. 3.11 Comparison of energy and exergy efficiencies
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Fig. 3.12 Schematic of a simple heating process

gas furnace would involve lower exergy destruction and correspondingly greater
exergy efficiencies even though the energy efficiency of a natural gas furnace is
lower than that of a resistance heater.

Different heating systems may also be compared using the primary energy ratio
(PER), which is the ratio of useful heat delivered to the primary energy input.
Obviously, the higher the PER is, the more efficient the heating system. The PER
for a heat pump is defined as PER = 7 x COP where 7 is the thermal efficiency
with which the primary energy input is converted into work. For the resistance
heater discussed in this example, the thermal efficiency 1 may be taken to be 0.40 if
the electricity is produced from a natural gas-fueled steam power plant. Because
the COP is 1, the PER becomes 0.40. A natural gas furnace with an efficiency of
0.80 (i.e., heat supplied over the heating value of the fuel) would have a PER value
of 0.80. Furthermore, with a ground-source heat pump using electricity as the work
input, the COP may be taken as 3 and with the same method of electricity
production (n = 0.40), the PER becomes 1.2.

Example 3.8 In an air-conditioning process, air is heated by a heating coil in which
hot water is flowing at an average temperature of 80°C. Using the values given in
Fig. 3.12, determine the exergy destruction and the exergy efficiency for this
process.
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Solution The properties of air at various states (including dead-state, denoted by
the subscript 0) are determined from software with built-in properties to be

vi = 0.810 m’/kg, ho = hy = 25.41kJ/kg, h, = 40.68kJ/kg,
so =81 =5.701kJ/kg - K s, = 5.754kJ/kg - K,
wp = wy = 0.00609 kg water/kg air, RH, = 0.31

The dead-state temperature is taken to be the same as the inlet temperature of air.
The mass flow rate of air and the rate of heat input are

1%
i, = — = 0.617kg/s
Vi
0., = a(hy — hy) = 9.43kW
The exergies of the air stream at the inlet and exit become
X1 =0 and X, =rit[(hy — ho) — To(sy — 50)] = 0.267 kW

The rates of exergy input and the exergy destroyed are

Ty

Xin = Qin(l - ) = 1.87kW

source

Xgestroyed = Xin — Xou = 1.87 — 0.267 = 1.60kW

where the temperature at which heat is transferred to the air stream is taken as the
average temperature of water flowing in the heating coils (80°C). The exergy
efficiency is

Xour 0.267kW
T X T 1STRW 0.143 or 14.3%

About 86% of exergy input is destroyed due to irreversible heat transfer in the
heating section. Air-conditioning processes typically involve high rates of exergy
destructions as high-temperature (i.e., high-quality) heat or high-quality electricity
is used to obtain a low-quality product. The irreversibilities can be minimized using
lower quality energy sources and fewer irreversible processes. For example, if heat
is supplied at an average temperature of 60°C instead of 80°C, the exergy destroyed
would decrease from 1.60 to 1.15 kW and the exergy efficiency would increase
from 14.3% to 18.8%. The exit temperature of air also affects the exergy efficiency.
For example, if air is heated to 20°C instead of 25°C, the exergy efficiency would
decrease from 14.3% to 10.1%. These two examples also show that the smaller
the temperature difference between the heat source and the air being heated is, the
larger the exergy efficiency.



Chapter 4
Energy Conversion Efficiencies

4.1 Conversion Efficiencies of Common Devices

Performance or efficiency, in general, is expressed in terms of the desired output
and the required input as

Desired output

Efficiency = 4.1

Required input
In this section, we provide definitions for energy conversion efficiency of some
common devices.

4.1.1 Electric Resistance Heater

An electric resistance heater converts the electrical energy consumed by the device
to the heat supplied to the space. Its conversion efficiency is then defined as

= (4.2)

where Q is the rate of heat supplied and W, is the electrical power consumed.

What is the conversion efficiency of an electric resistance heater with a power
rating of 2.4 kW when it is on? This heater consumes 2.4 kW electricity.
The conservation of energy principle requires that all of this electricity be converted
to heat, and 2.4 kW of heat will be supplied to the space to be heated. Therefore, its
conversion efficiency is 100%. Work can be converted to heat 100% as the work is
the highest quality form of energy and heat is the lowest quality one. On the other
hand, the Kelvin—Plank statement of the second law of thermodynamics expresses
that heat-to-work conversion must always be less than 100%.

M. Kanoglu et al., Efficiency Evaluation of Energy Systems, 55
SpringerBriefs in Energy, DOI 10.1007/978-1-4614-2242-6_4,
© Mehmet Kanoglu, Yunus A. Cengel, Ibrahim Dinger 2012
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4.1.2 Electric Water Heater

The efficiency of an electric water heater is defined as the ratio of the energy
delivered to the house by hot water to the electricity supplied to the water heater:

n= Qv&fater _ n'1w(h2' - hl) _ n.’le[,(T.‘z - Tl) 4.3)
W, W, W,

where Qwam is the rate of heat supplied to water (kW), We is the electrical power
consumed (kW), r1,, is the mass flow rate of water (kg/s), i, and h, are enthalpies of
water at the inlet and outlet of the water heater (kJ/kg), T and T, are temperatures
of water at the inlet and outlet of the heater (°C), and c,, is the specific heat of water
(kl/kg- °C).

The efficiency of a conventional electric water heater is about 90%. You may
find this confusing inasmuch as the heating elements of electric water heaters are
resistance heaters, and the efficiency of all resistance heaters is 100% as they
convert all the electrical energy they consume into thermal energy. The meaning
of 90% conversion efficiency is that the heat losses from the hot-water tank to the
surrounding air amount to 10% of the electrical energy consumed.

4.1.3 Natural Gas Water Heater

The efficiency of a natural gas water heater is defined as the ratio of the energy
delivered to the house by hot water to the energy supplied to the heater by natural gas:

_ Qwarer _ mw(h2 - hl) _ ”i’lwcp(Tz — Tl)

= =— =— (4.4)
mfuelHV Miyel HV mfuelHV

where HV is the heating value of the fuel (kJ/kg) and #i, is the consumption rate
of fuel (kg/s).

4.1.4 Combustion Efficiency

The efficiency of equipment that involves the combustion of a fuel is based on the
heating value of the fuel. The performance of combustion equipment can be
characterized by combustion efficiency, defined as

Qreleased
. = 4‘5
Mcombustion mfuel HV ( )

where Qreleased is the rate of heat released during combustion.
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A combustion efficiency of 100% indicates that the amount of heat released
during a combustion process is equal to the heating value of the fuel. As an
example, the combustion efficiency of a diesel automobile engine is about 98%.
The 2% loss is mostly due to unburned fuel and carbon monoxide emission (CO is a
fuel with a heating value as well as being a very undesirable pollutant) due to the
very short time of combustion and nonhomogeneous air—fuel mixture. The com-
bustion efficiency of gasoline engines is lower due to the smaller air—fuel mixture in
the combustion chamber.

4.1.5 Heating Values

The heating value of the fuel is the amount of heat released when a unit amount
of fuel at room temperature is completely burned and the combustion products
are cooled to room temperature. Most fuels contain hydrogen, which forms water
when burned, and the heating value of a fuel will be different, depending on
whether the water in combustion products is in liquid or vapor form. The heating
value is called the lower heating value, or LHV, when the water leaves as a vapor,
and the higher heating value, or HHV, when the water in the combustion gases
is completely condensed and thus the heat of vaporization is also recovered.
The difference between these two heating values is equal to the product of
the amount of water and the enthalpy of vaporization of water at room temperature.
For example, the lower and higher heating values of gasoline are 44,000 kJ/kg
and 47,300 kJ/kg, respectively. An efficiency definition should make it clear
whether it is based on the higher or lower heating value of the fuel. Efficiencies
of cars and jet engines are normally based on lower heating values because water
normally leaves as a vapor in the exhaust gases, and it is not practical to try to
recover the heat of vaporization.

4.1.6 Boiler Efficiency

A boiler is used to obtain steam by transferring the heat of a burning fuel. A boiler
can also be used to heat water as in a natural gas water heater or to heat industrial
oil or another fluid. When steam is obtained, the efficiency of a boiler can be
defined as

n= Quseful — msteam(hz - hl)
mfuelHV mfuelHV

(4.6)

where Quseful is the rate of useful heat supplied to the water, A, is the enthalpy of
water at the boiler inlet, and £, is the enthalpy of steam at the boiler outlet. The steam
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usually leaves the boiler as a saturated vapor. In this case /4, is the enthalpy of
the saturated vapor at the boiler pressure. If the water is saturated liquid at the
boiler inlet and saturated vapor at the boiler exit, the boiler efficiency may be
determined from

— Quseful _ msteamh]‘g
mueHV  mige HV

.7

where &y, is the enthalpy of vaporization of water at the given boiler pressure.
You may have realized that some manufacturers list the efficiencies of their
boilers to be greater than 100%. Is this possible? See the following example.

Example 4.1 A natural gas fueled boiler is used to produce saturated steam at 5 bar
pressure. Water enters the boiler at 70°C at a rate of 58 L/min. It is measured that
500 m® natural gas entering at 25°C and 101 kPa are consumed during a two-hour
test. Calculate the efficiency of the boiler based on the lower and higher heating
values of natural gas.

Solution The properties of water at the inlet and exit of the boiler are obtained from
steam tables to be

T, = 70°C, liquid — hy = 293.1kJ/kg, vi = 0.001023 m3/kg
T, = 25°C, saturated vapor — hy = 2748 kJ/kg

The mass flow rate of water is

_ Vi (0.058/60) m*/s

A —0.9451 k
T T 0.001023 mi/kg &fs

The density of natural gas (assumed to be methane gas) at 25°C and 101 kPa is
obtained from methane tables to be 0.6548 m> /kg. Then, the rate of fuel consumed is

500 m?

n.'lfuel = pV = (06548 kg/mS)m

= 0.04547 kg/s

The higher and lower heating values of natural gas are 55,500 and 50,000 kJ/kg,
respectively. Then, the boiler efficiencies based on HHV and LHV are determined from

il — hi)  (0.9451kg/s)(2748 — 293.1) kl/kg
" imaHHV  (0.04547kg/s)(55, 500 kI/kg)

=0.919 or 91.9%

ig(hy — hy)  (0.9451kg/s)(2748 — 293.1) kl/kg
© mpaLHV  (0.04547 kg/s)(50, 000 kl/kg)

=1.021 or 102.1%
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A 91.9% boiler efficiency indicates that 8.1% of the heating value of the fuel is
lost mainly due to heat content of the exhaust gases and heat transfer from the boiler
surfaces.

The boiler efficiency is greater than 100% when it is calculated based on the
lower heating value. It is clear that in this boiler, the water in the combustion gases
is condensed and thus some of the heat of vaporization is recovered. In order to
avoid an efficiency value greater than 100%, the boiler efficiency should always be
calculated based on the higher heating value.

4.1.7 Generator Efficiency and Overall Efficiency

A generator is a device that converts mechanical energy to electrical energy, and the
effectiveness of a generator is characterized by the generator efficiency, which is
the ratio of the electrical power output to the mechanical power input. The thermal
efficiency of a power plant, which is of primary interest in thermodynamics, is
usually defined as the ratio of the net shaft work output of the turbine to the heat
input to the working fluid. The effects of other factors are incorporated by defining
an overall efficiency for the power plant as the ratio of the net electrical power
output to the rate of fuel energy input. That is,

o o Wnet,electric 4.8
MNoverall = 11combustionnthermalngenerator - l’i1t‘ue1HHV ( . )

4.1.8 Lighting Efficacy

We are all familiar with the conversion of electrical energy to light by incandescent
lightbulbs, fluorescent tubes, and high-intensity discharge lamps. The efficiency for
the conversion of electricity to light can be defined as the ratio of the energy
converted to light to the electrical energy consumed. For example, common incan-
descent lightbulbs convert about 5% of the electrical energy they consume to light;
the rest of the energy consumed is dissipated as heat, which adds to the cooling load
of the air-conditioner in summer. However, it is more common to express the
effectiveness of this conversion process by lighting efficacy, which is defined as
the amount of light output in lumens per W of electricity consumed. The lighting
efficacy of an ordinary incandescent lightbulb is between 6 and 20 Im/W and that of
a compact fluorescent is between 40 and 90 Im/W. For white light sources the
theoretical limit is about 300 Im/W [1].
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4.2 Efficiencies of Mechanical and Electrical Devices

The transfer of mechanical energy is usually accomplished by a rotating shaft, and
thus mechanical work is often referred to as shaft work. A pump or a fan receives
shaft work (usually from an electric motor) and transfers it to the fluid as mechanical
energy (fewer frictional losses). A turbine, on the other hand, converts the mechani-
cal energy of a fluid to shaft work. In the absence of any irreversibilities such as
friction, mechanical energy can be converted entirely from one mechanical form to
another, and the mechanical efficiency of a device or process can be defined as

Emech,out -1 Emech,loss

Nmeech = =——— = (4.9)
mee Emech7in Emech,in
For example, the mechanical efficiency of a fan may be defined as
AEnechmuia V3 /2
MNmech,fan = e == 2/ (4.10)

Wshafl,in Wshaftﬁin

where i is the mass flow rate of air flowing through the casing of the fan, V is the
velocity of air at the fan exit, and Wy in is the shaft power input to the fan. The
overall efficiency of the fan may be defined as

AE h, fluid
nfan, overall — M (41 l)
Welecl, in

where Welect, in 18 the electrical power consumed by the fan. Similarly, the efficiency
of a wind turbine may be expressed as

_ Welecl, out Welecl, out 4.12
MNwind turbine, overall — - - V2 7 ( . )
AEmech, fluid mVvi /

where V| is the velocity of air at the turbine inlet and Welecwut is the electrical power
output from the turbine. Note that this efficiency is also equal to the exergy
efficiency of a wind turbine because exergy expended is equal to the kinetic energy
of the air at the turbine inlet.

A conversion efficiency of less than 100% indicates that conversion is less than
perfect and some losses have occurred during conversion. A mechanical efficiency
of 97% indicates that 3% of the mechanical energy input is converted to thermal
energy as a result of frictional heating, and this will manifest itself as a slight rise in
the temperature of the fluid.

In fluid systems, we are usually interested in increasing the pressure, velocity,
and/or elevation of a fluid. This is done by supplying mechanical energy to the fluid
by a pump, a fan, or a compressor (we refer to all of them as pumps). Or we are
interested in the reverse process of extracting mechanical energy from a fluid by a
turbine and producing mechanical power in the form of a rotating shaft that can
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drive a generator or any other rotary device. The degree of perfection of the
conversion process between the mechanical work supplied or extracted and the
mechanical energy of the fluid is expressed by the pump efficiency and turbine
efficiency, defined as

AEmech fluid
MNpump = ———— (4.13)
pump Wshaft,in
w
Nturbine = . shaftout (4 14)
AE mech fuuid

A pump or turbine efficiency of 100% indicates perfect conversion between the
shaft work and the mechanical energy of the fluid, and this value can be approached
(but never attained) as the frictional effects are minimized.

Electrical energy is commonly converted to rotating mechanical energy by
electric motors to drive fans, compressors, robot arms, car starters, and so forth.
The effectiveness of this conversion process is characterized by the motor efficiency
Nmotor» Which is the ratio of the mechanical energy output of the motor to the
electrical energy input. The full-load motor efficiencies range from about 35% for
small motors to over 97% for large high-efficiency motors. The difference between
the electrical energy consumed and the mechanical energy delivered is dissipated as
waste heat.

The mechanical efficiency should not be confused with the motor efficiency and
the generator efficiency, which are defined as

Wshaft out
MNmotor = 77 (4.15)
Welect,in
Welect out
MNgenerator = 77 (4.16)
Wshaft,in

A pump is usually packaged together with its motor, and a turbine with its
generator. Therefore, we are usually interested in the combined or overall efficiency
of pump-motor and turbine—generator combinations, which are defined as

AEmech fluid
1,]pump,ow:rz:lll = T]pumpnpump = : ’ (4 17)
Welect,in
Welect out
T]turbine,overall = nturbinengenerator = A : (4 1 8)
Emech,ﬂuid

All the efficiencies just defined range between 0 and 100%. The lower limit of
0% corresponds to the conversion of the entire mechanical or electric energy input
to thermal energy, and the device in this case functions as a resistance heater. The
upper limit of 100% corresponds to the case of perfect conversion with no friction
or other irreversibilities, and thus no conversion of mechanical or electric energy to
thermal energy [1].
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Example 4.2 Consider a hydroelectric power plant operating at an elevation of
55 m. The flow rate of water through the hydraulic turbine is 25,000 L/s. The
electrical power output is measured as 1,500 kW. Determine the overall efficiency
of the plant.

Solution The mechanical energy of the water is equal to its potential energy,
which can be determined from the properties of water at the inlet and exit of the
boiler and are obtained from steam tables to be

. ] 1kN
) 2
AE ecn = mgz = pVgz = (1kg/L)(2500L/s)(9.81 m/s”)(55m) (1000kgm/s2)
= 1349kW

where the density of water is taken as 1 kg/L.

_ Welect.out o 1349kW
nlurbme-ove"a" a AEmech,ﬂuid B 1500 kW

=0.899 or 89.9%

4.3 Cryogenic Turbine Efficiencies

In conventional natural gas liquefaction plants, the high-pressure liquefied natural
gas (LNG) is expanded in a throttling valve, also called a Joule-Thompson valve,
where it undergoes a condensation process. The object of throttling is to decrease
the LNG pressure to levels manageable for economic transportation and to allow
the refrigeration cycle to be completed. A throttling process is essentially a constant
enthalpy process and heat transfer to the fluid is negligible. From a thermodynamic
point of view, a throttling valve can be replaced with a turbine. This way, the same
pressure drop can be exploited by producing power. However, this replacement is
often neither practical nor economical. A cryogenic turbine has been developed and
tested by a private company for the replacement of the throttling valve in LNG
liquefaction plants. An investigation of this cryogenic turbine revealed that
replacing the throttling valve with the cryogenic turbine can save an LNG liquefac-
tion plant about half a million dollars a year in electricity costs [15].

In this section, to establish a suitable model for the assessment of cryogenic
turbine performance, the isentropic efficiency, the hydraulic efficiency, and the
exergetic efficiency are studied and compared. LNG usually consists of about 99%
methane and therefore the thermodynamic properties of pure methane were used.
This section is based on Kanoglu [16].

Cryogenic turbines operate based on the hydraulic turbine principles. An hydrau-
lic turbine extracts energy from a fluid, which possesses potential energy in the form
of a high pressure head. The head represents the energy of a unit weight of the fluid.
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Energy transfer occurs between the fluid in motion and a rotating shaft due to
dynamic action, which results in changes in pressure and fluid momentum [17].

The cryogenic turbine is a radial inflow reaction turbine with an induction
generator mounted on an integral shaft. The entire unit including the turbine and
generator is submerged in the cryogenic liquid. In applications where a high power
output is required, a radial turbine runner is more effective than a mixed flow or
axial runner because the energy transfer between the fluid and the runner is
enhanced by the reduction in radius along the fluid path through the runner.
In addition, radial turbine runners have the advantage of lower runaway speeds
when compared to mixed flow or axial runners. To expand high differential
pressures, multistage turbines with multiple identical runners are utilized. Radial
multistage turbines are both difficult to build and costly [18].

The isentropic efficiencies used to calculate the temperature changes across the
cryogenic turbine are obtained from the following relation,

Wgen

_— 4.19
pmegV (TDH) @19

Nhya =

which is the defining relation for hydraulic efficiency. Theoretically isentropic and
hydraulic efficiencies can be used interchangeably. The numerator in (4.19) is the
actual power output from the generator and the denominator is the maximum
possible power output. Density, volume flow rate, and total dynamic head are
calculated from temperature and pressure measurements in the turbine. Below,
the details of these calculations are given.

Densities at the turbine inlet and exit are calculated from the relations

p1 =1.692(Ta, —T1)+p (4.20)
pr =1.692(Ta, —T2) +p (4.21)
where p is a known density at a given liquid temperature 7. Theoretically, an

infinite number of p and T combinations satisfy (4.20) and (4.21). The following
combination is provided here to be used in these formulas.

p=5929kg/m®> and T = —49.76°C
This relation successfully accounts for the dependence of density with tempera-
ture. This empirical formula is obtained by correlating data. Density, as used in

(4.19), is the average of these two densities. That is,

_P1t P
pave - 2

4.22)

Volume flow rate is determined from



64 4 Energy Conversion Efficiencies

. AP
V = CyAy p—V (4.23)
1

where the quantity Cy is the valve flow coefficient, tabulated in the manufacturers’
brochures. The values of Cy in the literature increase nearly as the square of the size
of the valve [19].

The total dynamic head is determined from

-2

P —P, V(1 1

TDH = — 2+—(—2——2>+zl—22 (4.24)
Pae8 28 \AT A3

The heads due to velocity and elevation change are small, and the first term on
the right-hand side of (4.24) dominates the calculation of total dynamic head.

Noticing the value of exergy analysis for all thermodynamic systems, the
exergetic efficiencies of cryogenic turbines are also of importance. The exergetic
efficiency of a turbine is defined as a measure of how well the stream exergy of the
fluid is converted into actual turbine work output [11]. That is,

Wout

&= b=V, (4.25)
where work output from the turbine is

Wout = 1 — Ip (4.26)

and the exergies of the fluid at the turbine inlet and exit are
Wy = hy — ho — To(s1 — o) 4.27)
Yo = hy — ho — To(s2 — s0) (4.28)

Substituting (4.26) through (4.28) into (4.25), we find

e In o (4.29)

B h1 — h2 — T()(Sl — S2)
Note that the arithmetic difference between the numerator and denominator in

(4.29) is simply the specific exergy destruction in the turbine. The exergy destruc-
tion (irreversibility) due to heat loss from the turbine can be determined from

Ty
j eat loss — Youl I —— 4.30
Iheat 1 q t( T1> (4.30)
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Table 4.1 Operational data for testing facility

(a) Temperature change of LNG across the cryogenic turbine and the throttling valve (TV)

AT, °C AT, °C
T,,°C Py, bar P, bar T, °C (Turbine) T5, °C (TV) (Turbine) (TV)

Test 1 —160.20  44.79 5.17 —159.54 —157.24 0.66 2.96
Test 2 —160.10  44.79 5.17 —159.38 —157.14 0.72 2.96
Test 3 —160.80  43.96 5.17 —159.98 —157.88 0.82 2.92
Test 4 —159.80 45.27 4.96 —158.84 —156.81 0.96 2.99
Test 5 —162.60 44.82 5.38 —161.39 —159.60 1.21 3.00

(b) Additional operational data for the cryogenic turbine

Mass flow Volume flow Density Power Isentropic Exergy

rate (kg/s) rate (m>/s) (kg/m®) (kW) eff. (1) eff. ()
Test 1 129.22 0.2738 471.95 846.1 0.78 0.54
Test2  130.47 0.2775 470.16 835.6 0.76 0.51
Test3  137.73 0.2862 481.24 799.3 0.72 0.46
Test4  117.95 0.2530 466.21 693.5 0.68 0.42
Test5  110.80 0.2405 460.71 569.1 0.60 0.32

The heat loss from the cryogenic turbines is usually negligible. The rest of
exergy destruction in the turbine is due to internal irreversibilities within the
turbine, and can be determined from

linternal = T()Sgen 4.31)

For the cryogenic turbine tested, the pressure and temperature at the turbine inlet
(Pq and T), the pressure at the turbine exit (P,), and the isentropic efficiency of the
turbine (7)) are specified. The isentropic efficiency of an adiabatic turbine is given by

_ h—h
T

For cryogenic turbines, the isentropic efficiency, (4.32), and the hydraulic
efficiency, (4.19), are essentially equal because the cryogenic liquid remains
100% liquid throughout the turbine and the enthalpy difference across the turbine
in the isentropic case is essentially given by the denominator of (4.19). Note that the
generator efficiency is included in the turbine efficiency so that the power output
from the generator can be used in (4.19).

We now try to answer the question of whether isentropic efficiency or hydraulic
efficiency is better suited for the determination of cryogenic turbine efficiency.
The use of (4.32) is based on the determination of enthalpies from the measured
pressure and temperature data at the turbine inlet and exit whereas (4.19) is based on
the determination of generator power, density, volume flow rate, and total dynamic
head. The determination of enthalpies requires the use of property relations.

A set of test operating data is provided by the testing facility in Tables 4.1 and 4.2.
Table 4.1 gives temperature and other operational data. The data given in Table 4.2
include pressure and temperature measurements at the turbine inlet and exit and

4.32)
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Table 4.2 Isentropic, hydraulic, and exergetic efficiencies for the cryogenic turbine. The fluid is
liquid propane

T, °C P, bar T, °C P>, bar AT, °C Ns Thyd &

Prototype test two-stage turbine

Test 1 —50.12  10.98 —49.64  1.11 0.48 0346  0.593 0.297
Test2  —49.30  12.14 —48.81 1.10 0.49 0.402 0518 0.348
Test3  —51.10 8.03 —50.25 1.06 0.85 -0.570 0474  —0.390
Test4  —48.55 15.87 —47.81 1.10 0.74 0331  0.464 0.279
Test5 —50.44 1681 —49.83 1.13 0.61 0475  0.444 0.417
Test6 ~ —4834  14.90 —4742  1.08 0.92 0.119  0.279 0.094
Prototype test single stage turbine

Test 1 —50.43 6.03 -50.74  1.10 —0.31 1.684  0.582 2.536
Test2  —48.04 9.93 —47.70  1.15 0.34 0469  0.571 0.420
Test3  —48.00 9.75 —47.99 1.14 0.01 0944  0.551 0.980
Test4  —48.08 8.73 —47.95 1.11 0.13 0.742 0433 0.722
Test5  —51.57 8.75 —51.21 1.11 0.36 0360  0.428 0.315
Test6 ~ —51.43 4.50 —51.03 1.06 0.40 —0470 0352 —0.345

hydraulic efficiencies determined using (4.19). The first six sets of test data are from
a prototype two-stage turbine and the remaining six from a prototype single-stage
turbine. This time, testing of the cryogenic turbine is done using liquid propane.
However, the analysis should be equally applicable to the case of LNG because
liquid propane exhibits similar cryogenic behavior through the turbine.
The properties of propane are obtained from Klein [20]. Using the temperature
and pressure measurements at the turbine inlet and exit, isentropic efficiencies are
determined using (4.32). The results are obtained for 12 sets of test data and they are
listed in Table 4.2 together with hydraulic efficiencies for comparison. Also listed in
Table 4.2 are the temperature changes of propane across the turbine and the
exergetic efficiencies. Environment temperature is taken to be 25°C in the calcula-
tion of exergetic efficiencies.

A quick observation of Table 4.2 shows that the isentropic efficiencies are not at
all close to the hydraulic efficiencies. There seems to be no correlation between the
two. Among 12 efficiencies calculated three are not thermodynamically possible
because isentropic efficiency cannot be negative or greater than 1. The remaining
nine are possible but grossly in error. This is also true for exergetic efficiencies.
We now try to explain these results.

The temperature at the turbine exit is measured by a thermocouple whose accuracy
is no better than £0.33°C. The temperature at the turbine inlet is measured by a silicon
diode thermometer with a much greater accuracy, +0.04°C. Using a thermocouple at
the turbine exit is due to practical and operational limitations. Both enthalpy and
entropy are strong functions of temperature, and the temperature change of liquid
propane across the turbine is extremely small, up to about 0.9°C. Consequently, the
enthalpy and entropy changes of liquid propane across the turbine are small. With
the temperatures measured, it is not possible to capture the exact enthalpy changes of
the liquid across the turbine, thus causing erroneous results from the use of (4.32).
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The uncertainties on pressure measurements at the turbine inlet and exit are estimated
to be £0.097% and £0.53%, respectively. Compared with temperature, the
uncertainties on pressure measurements have no significant effect on enthalpy and
entropy calculations. This is because both the enthalpy and entropy are much more
dependent on temperature than pressure. Note that the fluid undergoes a large pressure
drop while experiencing very little temperature change.

A second factor that affects the isentropic efficiency calculation is the relations
used in thermodynamic property evaluation. Such property relations are of limited
accuracy and different references may use different property relations to determine
the same fluid properties. The inaccuracies in property relations may have a
significant effect on the isentropic efficiency calculation particularly when the
temperature change, and thus the enthalpy change, is small as is the case in
cryogenic turbines.

The argument given in the preceding paragraph for isentropic efficiency is equally
valid for exergetic efficiency of cryogenic turbines. For actual thermodynamic systems,
the second law (exergetic) efficiencies are greater than the first law efficiencies.
Isentropic efficiency for turbines is also called the first law adiabatic efficiency.
For steam turbines, the exergetic efficiencies are always greater than the isen-
tropic efficiencies, the difference being small. It is therefore expected for the exergetic
efficiencies to be greater than the isentropic efficiencies for the cryogenic turbines. The
results listed in Table 4.2 show that this is not the case. This can be explained with the
argument given in the preceding paragraph. The isentropic efficiency and exergetic
efficiency results in Table 4.2 are obtained using the same reference [20] for property
evaluation and these efficiencies should not be taken literally.

To provide yet another comparison between the isentropic and exergetic
efficiencies of cryogenic turbines, exergetic efficiencies for the five sets of test
data provided in Table 4.1 are calculated. The results are listed in Table 4.1b and
depicted in Fig. 4.1. The exergetic efficiencies range between 0.54 and 0.32
whereas the isentropic efficiencies range between 0.78 and 0.60. It appears that
the exergetic efficiencies are on average 0.26 smaller than the isentropic
efficiencies. This is again in contrast to the steam turbines. For the same reasons
explained, these results should not be taken literally. However, without drawing any
conclusion, we notice the trend that isentropic efficiencies are greater than the
exergetic efficiencies.

We have a good level of confidence in the hydraulic efficiency inasmuch as its
calculation is based on the determination of generator power, density, volume flow
rate, and total dynamic head and they all can be determined with reasonable
accuracies. To check the validity of turbine hydraulic efficiencies, effects of
uncertainties in the measurements of temperature, pressure, and generator power
on the turbine hydraulic efficiency are studied based on test operating data, and the
uncertainty in turbine hydraulic efficiency is estimated to be £0.20%. This uncer-
tainty in the turbine efficiency appears to be reasonable and acceptable in the
assessment of turbine performance. The details of the uncertainty analysis of the
cryogenic turbines as well as certain thermodynamics aspects of cryogenic turbines
can be found in [21].
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Fig. 4.1 Comparison of isentropic and exergetic efficiencies of cryogenic turbine for five sets of
test data. The fluid is LNG and the values are from Table 4.1(b)

It should be clear from the results that the cryogenic turbine efficiency should be
determined using the hydraulic efficiency and not the isentropic efficiency. How-
ever, the isentropic efficiency (and/or the exergetic efficiency) is a good way to
assess performance of the gas and steam turbines because the difference in the fluid
temperature across the turbine is high, and so are the enthalpy differences. As a
result, effects of the temperature measurement uncertainties and the inaccuracies
involved in property relations on the isentropic efficiency are usually insignificant.
For fluids other than liquids, the enthalpy difference in the isentropic case cannot be
expressed by the expression given in the denominator of (4.19). Therefore, for the
gas and steam turbines we have to rely on isentropic efficiency (and/or exergetic
efficiency) to assess the turbine performance.



Chapter 5
Efficiencies of Power Plants

5.1 Introduction

To assist in improving the efficiencies of power plants, their thermodynamic
characteristics and performance are usually investigated. Power plants are normally
examined using energy analysis but, as pointed out previously, a better understand-
ing is attained when a more complete thermodynamic view is taken, which uses the
second law of thermodynamics in conjunction with energy analysis via exergy
methods.

Although exergy analysis can be generally applied to energy and other systems,
it appears to be a more powerful tool than energy analysis for power cycles because
it helps determine the true magnitudes of losses and their causes and locations, and
improve the overall system and its components. In this chapter, we provide an
overview of various energy- and exergy-based efficiencies used in the analysis of
power cycles, including vapor and gas power, cogeneration and geothermal power
plants. Differences in design aspects are considered. The various approaches that
can be used in defining efficiencies are identified and their implications discussed.
Numerical examples are provided to illustrate the use of the different efficiencies,
and the results include combined energy and exergy diagrams.

Note that the emphasis in this chapter is to describe various energy- and exergy-based
efficiencies used in power plants and discuss the implications associated with each
definition. Therefore, simple cycles are selected to keep the complexity of the plants
at a minimum level for gas and vapor cycles the better to facilitate understanding
of the efficiencies, which can be very useful for improved energy management in
power plants. One can easily adapt the efficiencies discussed here to more complex
power systems. Some efficiency definitions for gas cycles found in many thermody-
namics textbooks are repeated so that the coverage in this chapter is comprehensive
and can serve as a convenient and practical tool for students, engineers, and researchers.
It is shown that a better understanding of energy and exergy efficiencies and their
successful use can help improve energy management in power plants [6].

M. Kanoglu et al., Efficiency Evaluation of Energy Systems, 69
SpringerBriefs in Energy, DOI 10.1007/978-1-4614-2242-6_5,
© Mehmet Kanoglu, Yunus A. Cengel, Ibrahim Dinger 2012
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5.2 Efficiencies of Vapor Power Cycles

The thermal efficiency, also referred to as the energy efficiency or the first law
efficiency, of a power cycle is defined as

Ny = Whet, out —1— Gout .1
qin qin

where Wy our 15 the specific net work output, gy is the specific heat rejected from
the cycle, and g, is the specific heat input to the cycle, which is usually taken to be
the specific heat input to the steam in the boiler of a steam power plant. That is,

din = h3 — Iy (5.2)

where & denotes specific enthalpy and the subscripts refer to state points in Fig. 5.1.
This simple approach neglects the losses occurring in the furnace—boiler system due
to the energy lost with hot exhaust gases, incomplete combustion, and so on. To
incorporate these losses, one can express the thermal efficiency of the cycle by a
second approach as

Wnet, out

- (5.3)
MfyeldHV

Nth—2 =

where 7 1S the mass flow rate of fuel and gy is the heating value of the fuel,
which can be chosen as the higher or lower heating value. For furnace—boiler
systems where the water in the exhaust gases is not expected to condense, as in
internal combustion engines, it is customary to use the lower heating value [22].

Condenser

Whet, out

Boiler

L

Fig. 5.1 Simple steam power
plant
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Some tend to use lower heating values to make a device appear more efficient.
This is frequently done in manufacturer descriptions of commercial boilers. Often a
claimed efficiency exceeds 100%, as discussed in Chap. 4. This is due to recovering
some of the heat of condensation of steam in the exhaust gases while still defining
boiler efficiency based on the lower heating value. This is misleading and a
thermodynamically improper use of efficiency. If there is any possibility of
recovering some of the energy of condensing steam in exhaust gases, the efficiency
should be based on the higher heating value.

The second law efficiency, also referred to as exergy efficiency, of a power-
producing cycle is defined as

Whet, out
€= =1
Xin Xin

(54)

where x;, is the specific exergy input to the cycle and x4 is the specific total exergy
destruction in the cycle. One can express the exergy input to the cycle as the exergy
increase of the working fluid in the boiler of a steam power plant (Fig. 5.1) as

Xin = /’13 - /’lz — T()(S3 — Sz) (55)

where T, is the dead-state or environment temperature and s is the specific entropy.
Substituting (5.5) into (5.4),

Whet, out

Ty —hy— To(s3 — 82)

€] (5.6)

In this definition, the irreversibilities during energy transfer from the furnace to the
steam in the boiler are not accounted for. Alternatively, the exergy input to the cycle
may be defined as the exergy input to the boiler accompanying the heat transfer.
The exergy efficiency in this case becomes

Whet, out

Ty
in 1——
I ( n)

where T is the source temperature, which is the temperature of the heat source (i.e.,
furnace), and ¢;, is given by (5.2). This efficiency definition incorporates the
irreversibility during heat transfer to the steam in the boiler. We may also incorpo-
rate in the efficiency definition the exergy destruction associated with fuel combus-
tion and the exergy lost with exhaust gases from the furnace. In this third approach,
the exergy efficiency can be expressed as

€ = (5.7)

Wnel, out
8=
Mfyel Xfuel

(5.8)
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where xy,) is the specific exergy of the fuel. The exergy of a fuel may be obtained by
writing the complete combustion reaction of the fuel and calculating the reversible
work by assuming all products are at the state of the surroundings. Then the exergy
of fuel is equivalent to the calculated reversible work. For fuels whose combustion
reaction involves water in the products, the exergy of the fuel is different depending
on the phase of the water (vapor or liquid). The exergies of various fuels listed in [10]
are based on the vapor phase of water in combustion gases.

Different efficiency definitions are possible if one selects different system
boundaries. Clearly defining the system boundary allows the efficiency to be
defined unambiguously. For example, the exergy efficiencies in (5.7) and (5.8)
correspond to systems whose boundaries are given by the inner and outer dashed
lines, respectively, in Fig. 5.1.

Example 5.1 A numerical example is used to illustrate and contrast the various
efficiencies defined in this section. We consider a simple steam power plant with a
net power output of 10 MW and boiler and condenser pressures of 10,000 and
10 kPa, respectively (Fig. 5.1). We assume a turbine inlet temperature of 500°C and
isentropic efficiencies of 85% for both the turbine and the pump. In addition, we
assume that the furnace—boiler system has an efficiency of 75%. That is, 75% of the
lower heating value of the fuel is transferred to the steam flowing through the boiler
and the remaining 25% is lost, mostly with the hot exhaust gases passing through
the chimney. The source and sink temperatures in (5.7) are taken as 1,300 and
298 K, respectively. We consider methane as the fuel with a lower heating value of
50,050 kJ/kg and a chemical exergy of 51,840 kJ/kg [10].
For the given values and assumptions, an analysis of this cycle yields

Whet, out = 1,081KI/kg, gin = 3, 172KI/kg, Xin_1 = 1,400KJI/Kg, Xin_a
= 2,444KJ/kg

as well as the following efficiency values:
Ny = 34.1% , Ny = 25.6%, &1 = 77.2%, & = 44.2%, &3 =24.7%

When the energy and exergy losses in the furnace—boiler system are not considered,
the thermal efficiency is 34.1% whereas the corresponding exergy efficiency is much
higher (77.2%). However, when the losses in the furnace—boiler are considered, the
exergy efficiency (24.7%) is lower than the thermal efficiency (25.6%). When teach-
ing undergraduate thermodynamics, it is normally stated that the exergy efficiency is
greater than the thermal efficiency for heat engines, referring to the first approach here.
This point is made by emphasizing that thermal efficiency is the fraction of heat input
that is converted to work whereas exergy efficiency is the fraction of the work
potential of the heat (this work potential, i.e., exergy, is smaller than heat) that is
converted to work. However, when one considers the effect of furnace—boiler losses,
and uses the chemical exergy of the fuel in the exergy efficiency and the heating value
of the fuel in the thermal efficiency, the exergy efficiency becomes smaller than the
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Fig. 5.2 Combined energy and exergy diagram for the steam power plant considered

thermal efficiency. In thermodynamics, it is often misleading to make generalized
statements as they may not always apply. For example, can we state that the exergy
efficiency, based on the third approach in (5.8) (¢3), is always lower than the thermal
efficiency as defined by the second approach in (5.3) (742)? The answer will be
yes only if the chemical exergy of the fuel is always greater than its heating value.
According to data in [10], this is the case for methane but not for hydrogen (g yv
= 119,950 kJ/kg, xgue1 = 117,120 kJ/kg).

For a reversible heat engine cycle operating between a source at 7 and a sink at
Ty, the thermal efficiency is given by

Ty

T, (5.9)

Nith, rev = 1 -

The ratio of the actual thermal efficiency to the thermal efficiency of a reversible
heat engine operating between the same temperature limits gives a type of exergy
efficiency of the heat engine. For a furnace temperature of 7y, = 1,300 K and an
environment temperature of 7, = 298 K, the reversible thermal efficiency found with
(5.9) is 77.1%. Dividing the actual thermal efficiency of 34.1% by this efficiency
(0.341/0.771) gives 44.2%. Note that this is the same as the exergy efficiency obtained
using (5.7).

The results of the numerical example considered in this section are shown in a
combined energy and exergy diagram in Fig. 5.2. In many studies with energy and
exergy analyses of power cycles, energy and exergy flow diagrams are given
separately. The combined flow diagram approach used here appears to be useful
in conveying energy and exergy results of the cycle in a scaled, compact, and
comprehensive manner. The heating value of the fuel is normalized to 100 units of
energy and other values are normalized accordingly. The thermal and exergy
efficiencies discussed in this section can easily be obtained using the values in
this diagram by taking the ratios of various terms. The total exergy destruction in
this power plant is 78 kJ for a total exergy input of 103.6 kJ. The exergy destruction
in the cycle based on an exergy input of 33.2 kJ is only 7.6 kJ (33.2-25.6), which is
only 9.7% of total exergy destruction. That is, the exergy destructions in the
furnace—boiler system account for the remaining 90.3% of the total exergy destruc-
tion. This significant exergy destruction is not considered in an exergy efficiency
definition neglecting the destructions in the furnace—boiler system [see (5.4)].
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One may question the value of exergy analysis as a tool for assessing a power
plant because the thermal efficiency based on the heating value of the fuel [(5.3)]
and the exergy efficiency based on the exergy of the fuel [(5.8)] are very close.
Although the exergy efficiency in this case adds little new information for
addressing cycle efficiency, we have to remember that a major use of exergy
analysis is to analyze the system components separately and to identify and quantify
the sites of exergy destruction. This information can then be used to improve the
performance of the system by trying to minimize the exergy destructions in a
prioritized manner. Note that the exergy efficiency defined in (5.6) addresses the
fact that only a fraction of the heat from combustion that is transferred to the steam
in the boiler is available for work, and the exergy efficiency compares the actual
work output to this available work (i.e., exergy). The exergy efficiencies in these
cases become greater than the corresponding thermal efficiencies, providing more
realistic measures of system performance compared to the corresponding thermal
efficiencies. For a more comprehensive thermodynamic analysis of a power cycle,
the various energy- and exergy-based efficiencies are best considered.

5.3 Efficiencies of Gas Power Plants

The schematic of an open-cycle gas turbine power plant is given in Fig. 5.3. The
thermal efficiency of this plant may be expressed as

Wa
Ny = — et, out (510)
MtyeldHV

The exergy efficiency of this gas-turbine engine is

e = I')Vnet7 out (511)
Mtyel Xfuel
Fuel
) ]
Combustion
chamber

Compressor Turbine Wet,ou

Exhaust
gases

Fig. 5.3 An open-cycle gas-turbine engine
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Fig. 5.4 A closed-cycle gas-turbine engine

This engine is sometimes modeled by a closed-cycle gas-turbine engine as
shown in Fig. 5.4. The working fluid is assumed to be air and the combustion
process is replaced by a heat addition process. In this cycle, the energy efficiency
may be written as

Wnet, out Wnet, out Wturb, out — Wcomp, in
MfueldHV  MairGin Htgir (3 — ho)

Ny = (5.12)

Note that the heat added to the cycle is equal to the heat resulting from the
combustion process. Equation 5.12 is equivalent to (5.10). The exergy efficiency
may be written by different approaches as

Waet, ou
g =—rn M _ (5.13)
Qin(1 _%>
Wne ou Wne ou
£ Lot — Lot (5.14)

T Xs— Xy titlhs — o — To(s3 — 52)]

Here, (5.11, 5.13), and (5.14) give different results for the exergetic efficiency
values. Equation 5.13 does not account for the exergy destruction during the
combustion process whereas (5.14) does not account for the exergy destructions
during combustion and during the heat transfer to the working fluid in the cycle.
The efficiency will be highest in (5.14) and lowest in (5.11).

Energy and exergy efficiencies of an actual internal combustion engine can be
expressed using (5.10) and (5.11). For the idealized models of internal combustion
engines (Otto, Diesel, and Dual cycles), modified versions of (5.12) through (5.14)
may easily be obtained using the same principles.
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Simplified thermal efficiency relations of idealized cycles for internal combustion
engines and gas-turbine cycles are available. When the Otto cycle is used to
represent the operation of an internal combustion engine, the thermal efficiency
under air-standard assumptions (working fluid is air; air is an ideal gas with constant
specific heats) is

N, ovo = 1 =577 (5.15)

where r is the compression ratio and k is the specific heat ratio. Similarly, the
thermal efficiency of the Diesel cycle, which is the idealized model for compression
ignition engines, is

1 rf —1
Nth, Diesel — 1 - prasy [m} (5.16)

where r,. is the cutoff ratio, defined as the ratio of cylinder volumes after and before
the combustion process. The efficiency relation for the Dual cycle is

1 rrk —1
1 P'c 1
Nth, Dual A1 |:krp(rc —1)+r,— 1} (5.17)

where ), is the ratio of pressures after and before the constant-volume heat addition
process. The thermal efficiency of the simple Brayton cycle, which is the idealized
model for gas-turbine engines, is expressed using the air-standard assumption as

1
nthﬁ Brayton — 1 - m (518)
P

where 7, is the ratio of maximum and minimum pressures in the cycle. For the
idealized regenerative Brayton cycle, the efficiency relation is

T\ -
N, Brayton, regen 1 (7—3) r,()l‘ D/k (519)

where T and T3 are the temperatures at the inlets of the compressor and the turbine,
respectively.

The operational description of these idealized cycles may be found in most
thermodynamics textbooks [1, 23]. Equations 5.15 through 5.19 are only applicable
to the idealized cycles considered, and they should not be used to determine the
thermal efficiencies of actual internal combustion engines or gas-turbine cycles.
Equations 5.15 through 5.19 are useful in that they illustrate the effects of some key
design parameters such as compression ratio, cutoff ratio, and pressure ratio on
cycle efficiency.
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5.4 Efficiencies of Cogeneration Plants

Cogeneration refers to the simultaneous generation of more than one form of energy
product. Performance assessment of various cogeneration plants are given in
Kanoglu and Dincer [24]. For a cogeneration plant producing electric power
Wnewut and process heating Qprocess, a first-law-based efficiency is defined as the
ratio of useful energy output to energy input:

T]cogen -

Wnet, out + Qprocess -1 Q'loss (520)
Qin Qin
where Q.proCess is the output rate of process heat and Q/m is the heat lost in the
condenser. This relation is referred to as the utilization efficiency to differentiate it
from the thermal efficiency which is used for a power plant where the single output
is power. Students are consistently taught not to compare apples and oranges, which
usually refers to two commodities that are different. Work and heat have the same
units but are fundamentally difficult to add because they are different, with work
being a more valuable commodity than heat.

We can overcome this situation by defining the efficiency of a cogeneration plant
based on exergy, as the ratio of total exergy output to exergy input:

.

out Wnel, out + Xprocess Xdest
Scogen: o = =1—-——

(5.21)
X in X in X in

where Xprocess is the exergy transfer rate associated with the transfer of process heat,

expressible as

. . T,
Xpl‘OCCSS - 6Qprocess 1 - ? (5'22)

where T is the instantaneous source temperature from which the process heat is
transferred. This relation is of little practical value unless the functional relationship
between the process heat rate Q'pmcess and temperature 7T is known. In many cases,
the process heat is utilized by the transfer of heat from a working fluid exiting the
heat producing device (e.g., a turbine or an internal combustion engine) to a
secondary fluid in a heat exchanger (Fig. 5.5). One can express the exergy rate of
process heat as the exergy decrease of the hot fluid in the heat exchanger as

Xprocess—l = 7AXhol = mhot [hl - h2 - TO(SI - S2)]hot (523)

or by the increase of the exergy of the cold fluid in the heat exchanger

Xproce5572 = AXcold = Micold [h4 —h3 — TO(S4 - 33)} (5.24)

cold
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Fig. 5.5 Cogeneration plant with a diesel engine and a heat exchanger for steam production

where the subscripts refer to state points in Fig. 5.5. The difference between these
two exergies is the exergy destruction in the heat exchanger. Then, from (5.21), the
exergy efficiencies based on these two approaches become

Wnet, out + Mot [hl —hy — TO(SI - s2)}hol
Xin

(5.25)

Ecogen—1 =

and

Wnet, out + Meold [h4 —h3 =Ty (S4 - S3)}cold
Xin

€cogen—2 = (526)

The exergy input in these relations can be expressed differently using various
inputs as in the denominators of (5.6) through (5.8), yielding different exergy
efficiencies.

Example 5.2 To illustrate the use of these efficiencies, we consider a diesel engine-
based cogeneration plant, The outputs are electrical power and process heat, which
is transferred from the hot exhaust gases to water to produce steam in a heat
exchanger (Fig. 5.5). Some of the data used in this example are from an actual
diesel engine power plant [25]. The net power output from the plant is 18,900 kW
when the rate of fuel consumption rate is 1.03 kg/s and the air—fuel ratio is 40.4.
This corresponds to an exhaust flow rate of 41.6 kg/s. The plant uses heavy diesel
fuel with a lower heating value of 39,300 kJ/kg. The exhaust gases enter the process
heating unit (i.e., heat exchanger) at 383°C and experience a temperature drop of
175°C whereas compressed liquid water enters at 15°C and exits as saturated vapor
at 200°C. Applications of (5.20) through (5.26) produce the following results.

Oprocess = TT84kW, Xiy = 43, 110KW, Xprocess—1 = 3678 kW

Kprocess—2 = 2509 KW, Noggen = 65.9%, Ecogen—1 = 52.4%, Ecogen—2 = 49.7%

The exergy of heavy diesel fuel with an unknown composition is taken as 1.065
times the lower heating value of the fuel following the approach by Brzustowski and
Brena [26]. Properties of air with variable specific heats are used for exhaust gases.

The difference between the energy and exergy efficiencies in this cogeneration
plant appears to be much greater than the difference for a power plant, when the
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Fig. 5.6 Combined energy and exergy diagram for the cogeneration plant considered

energy and exergy efficiencies are respectively defined based on the energy and
exergy of the fuel, as discussed in the previous section. The difference is attribut-
able to one of the product outputs being process heat. The different approaches used
in (5.18) and (5.19) to define the exergy of the process heat result in a small exergy
efficiency difference of only 52.4—49.7 = 2.7%. The greater the average tempera-
ture difference between the hot and cold fluids in the process heater, the greater is
the exergy destruction and the greater is the difference between the two definitions
of exergy efficiencies in (5.25) and (5.26), respectively.

The results are presented in a combined energy and exergy diagram in Fig. 5.6.
The heating value of the fuel (i.e., heat input) is normalized to 100 units of energy
and other values are modified accordingly. The energy and exergy efficiencies
discussed in this section can be found using this diagram. The total exergy destruc-
tion in this cogeneration plant is 50.7 kJ based on the first approach and 53.6 kJ
based on the second approach, for a total exergy input of 106.5 kJ. The difference
between these exergy destructions is the exergy destruction in the process heater,
which is 5.7% of total exergy destruction or 2.7% of exergy input.

5.4.1 Steam-Turbine-Based Cogeneration Plant

Referring to Fig. 5.7 for the states, the energy efficiency is expressible as

Wnel + mwater(hl() - h9)
= 5.27
Teogen Mfuel LAV 627

where 75 1S the mass flow rate of fuel and ¢y v is the lower heating value of the
fuel. Higher heating value can also be used in this equation. Using a higher heating
value would correspond to a lower energy efficiency compared to using a lower
heating value.

The value of the mass flow rate of the steam extracted from the turbine at state 5
(Fig. 5.7) affects the energy efficiency of the cogeneration plant. The greater the
amount of mass extracted is, the greater the amount of heating and the smaller the
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Fig. 5.7 A steam-turbine cogeneration plant

power output. The optimum value should be selected depending on the heat and
power demands.
The exergy input to a steam cogeneration plant can be expressed as

Xin = MiuelXfuel (5.28)

where x¢ is the specific exergy of the fuel. The exergy of a fuel may be obtained
by writing the complete combustion reaction of the fuel and calculating the
reversible work obtainable assuming all products are at the state of surroundings.
The exergy of the fuel is equal to the reversible work. For fuels that yield water as a
combustion product, the exergy of the fuel differs depending on the water’s phase
(vapor or liquid). Szargut et al. [10] list the exergies of various fuels based on the
vapor phase of water in combustion gases.
Referring to the states as given in Fig. 5.7, we obtain the exergy efficiency as

Whet + Hiyater [0 — ho — To(s10 — 59)]
mfueleuel

(5.29)

Ecogen =

As an illustrative example, we consider a cogeneration steam power plant with a
net power output of 10 MW and boiler and condenser pressures of 10,000 and
10 kPa, respectively (Fig. 5.7). The turbine inlet temperature is 500°C and isentro-
pic efficiencies for both the turbine and the pump are assumed to be 85%. Steam is
extracted from the turbine at 2 MPa pressure and used to obtain hot water for the
radiator from the heater. The steam exits the heater at the same pressure as a
saturated liquid. The liquid water, heated to 90°C, is used to heat buildings and
returns to the cogeneration plant at 50°C as a common practice.



5.4 Efficiencies of Cogeneration Plants 81

Fuel 51 6 %Water

| Combustion
chamber

Heater

Compressor Turbine

Fig. 5.8 A gas-turbine cogeneration plant

The energy efficiency of the furnace—boiler system is taken to be 90%. That is,
90% of the lower heating value of the fuel is transferred to the steam generated in
the boiler and the remaining 10% is lost, mostly with the hot exhaust gases passing
through the chimney. The dead-state temperature is taken to be 25°C. We consider
methane as the fuel with a lower heating value of 50,050 kJ/kg and a chemical
exergy of 51,840 kJ/kg [10].

For anet power output of 10 MW, the mass flow rate through the boileris 16.17 kg/
s and the extracted steam mass flow from the turbine for heating water is 6.78 kg/s.
Under these operating conditions, the mass flow rate of liquid water is 80.5 kg/s and
the corresponding heat transfer in the heater is 13.5 MW.

5.4.2 Gas-Turbine-Based Cogeneration Plant

The energy efficiency of a gas-turbine cogeneration plant can be expressed as

Wnet + mwater (h7 - hﬁ)
= - 5.30
Meagen MfuelJLHV ( )

where #iyqer 18 the mass flow rate of water and the state numbers are shown in
Fig. 5.8. The exergy efficiency is given by

Wnet + mwater[h7 - hﬁ - TO(S7 - 56)]

Mlfyel Xfuel

(5.31)

Ecogen =

Asanillustrative example, we consider a cogeneration gas-turbine power plant with
a net power output of 10 MW and maximum and minimum pressures of 1,200 and
100 kPa in the system, respectively (Fig. 5.8). The fuel is methane, the turbine inlet
temperature is 700°C and the isentropic efficiencies of both the turbine and compressor
are 85%. Under these operating conditions, exhaust gases leave the turbine at 303°C
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and the mass flow rate steam through the turbine is 141.9 kg/s. For the water heated
in the heater, the same inlet and exit temperatures and mass flow rate as in Sect. 5.3
are considered, so the heat transfer rate in the heater remains 13.5 MW.

5.5 Efficiencies of Geothermal Power Plants

The technology for producing power from geothermal resources is well established
and there are many geothermal power plants operating worldwide [27]. Depending
on the state of the geothermal fluid in the reservoir, different power-producing
cycles may be used including direct steam, flash-steam (single and double-flash),
binary and combined flash—binary cycles. In general, the thermal efficiency of a
geothermal power plant may be expressed as

W
M1 == (5.32)

where Ej, is the energy input rate to the power plant, which may be expressed as the
specific enthalpy of the geothermal water with respect to the environment state
multiplied by the mass flow rate of geothermal water #1ge,. That is,

WHCL out

— 5.33
mgeo(hgeo - hO) ( )

Nth—1 =

The state of the geothermal water may be taken as that in the reservoir or at the well
head. Those who use the reservoir state argue that a realistic and more meaningful
comparison between geothermal power plants needs to account for methods of
harvesting the geothermal fluid. However, those who use the well-head-state argue
that taking the reservoir as the input is not appropriate for geothermal power plants
because conventional power plants are evaluated on the basis of the energy of the fuel
burned at the plant site [28-30]. In (5.33), the energy input to the power plant
represents the maximum heat the geothermal water can deliver, which occurs when
the geothermal water is cooled to the temperature of the environment.

The simplest geothermal cycle is the direct steam cycle. Steam from the geothermal
well is passed through a turbine and exhausted to the atmosphere or to a condenser.
Flash steam plants are used to generate power from liquid-dominated resources that
are hot enough to flash a significant proportion of the water to steam in surface
equipment, either at one or two pressure stages (single-flash or double-flash plants)
as shown in Figs. 5.9 and 5.10, respectively. The steam flows through a steam turbine
to produce power while the brine is reinjected back to the ground. Steam exiting the
turbine is condensed with cooling water obtained in a cooling tower or a spray pond
before being reinjected. Binary cycle plants use the geothermal brine from liquid-
dominated resources (Fig. 5.11). These plants operate on a Rankine cycle with a binary
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working fluid (isobutane, isopentane, R-114, etc.) that has a low boiling temperature.
The working fluid is completely vaporized and usually superheated by the geothermal
heat in the vaporizer. The vapor expands in the turbine, and then condenses in a water-
cooled condenser or dry cooling tower before being pumped back to the vaporizer to
complete the cycle. Combined flash/binary plants (Fig. 5.12) incorporate both a binary
unit and a flashing unit to exploit the advantages associated with both systems. The
liquid portion of the geothermal mixture serves as the input heat for the binary cycle
and the steam portion drives a steam turbine to produce power.

The actual heat input to a geothermal power cycle is less than the term in the
denominator of (5.33) inasmuch as part of geothermal water is reinjected back to
the ground at a temperature much greater than the temperature of the environment.
In an approach that accounts for the actual reinjection temperature, the thermal
efficiency is expressed as

Wne , oul
Ny = Q‘ ! (5.34)

For a single-flash cycle, the thermal efficiency may be expressed as

Wnet. out _ Wnﬁ[, out
0,  rtahy —rishs

nlh, single flash — (535)

where the subscripts refer to state points in Fig. 5.9. For a double-flash cycle, the
efficiency becomes

Wnel, out
I’i12//l2 — Ih3h3) + (l’i15h5 — Ihéhﬁ)

Nih, double flash = ( (5.36)

where the state points are shown in Fig. 5.10. Referring to Fig. 5.11, for a binary
cycle we obtain

Wﬂet. out
Nih, binary = =75 % (5.37)
th, binary mgeo(hl — hz)
or
Waet, ou
MNth, binary = o (5.38)

where #iyinary 1s the mass flow rate of binary working fluid. For a combined flash-
binary cycle, the thermal efficiency is
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Wnet, out
Vilzhz — I’i’l3h3) + (Vi’l3h3 - I’I"l7h7)

Nth, flash—binary — ( (5.39)

where the state points are shown in Fig. 5.12.

Using the exergy of geothermal water (in the reservoir or at the well head) as the
exergy input to the plant, the exergy efficiency of a geothermal power plant can be
expressed as

_ Wnet. out Wﬂetﬁ out

B Xin B mgeo [h'geo - hO - TO (Sgeo - SO)]

(5.40)

Using the exergy change of geothermal water in the cycle as the exergy input to
the cycle, the exergy efficiencies may be expressed for single-flash, double-flash,
and combined flash—binary cycles as

Wnet. out

Esingle flash = — .
maXxy — M3Xx3

Wnel out
= .0 (5.41)
tia[hy — ho — To(s2 — s0)] — ma[hs — ho — To(s3 — o))

Wne[ out

u sh — 7= - ’ N " 5.42

o s ey — Fitaxa) + (ritsXs — rteXe) (542)
Wﬂe , ou

Eflash—binary—1 = L ou (543)

(maxy — m3x3) + (maxs — nigxy)

where ex is the specific flow exergy of the fluid. For a binary cycle, the exergy
efficiency may be defined based on the exergy decrease of geothermal water or the
exergy increase of the binary working fluid in the heat exchanger. That is,

Wnet out
Ehinary—1 = — : (5.44)
pinary =1 Mgeo[hy — hi — To(s2 — s1)]
Wet, ou
Ebinary—2 = et o (5.45)

mbinary [h4 - h3 - TQ (S4 — S3)]

The difference between the denominators of (5.44) and (5.45) is the exergy
destruction in the heat exchanger. The exergy efficiency definitions in (5.44) and
(5.45) can be illustrated by considering the different systems indicated by the inner
and outer dashed lines, respectively, in Fig. 5.11.

By adapting the approach used in (5.45), one may express the exergy efficiency
for a combined flash-binary cycle as
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Wnet, out
HipX — M13X3) + Hibinary (X11 — X10)

8flash—binary—z = ( (546)

The efficiency in (5.43) is more advantageous than that in (5.46) because exergy
input is expressed by the exergy change of geothermal water for both the flash and
binary parts of the cycle in (5.43), respectively.

Example 5.3 Consider a binary geothermal power plant like that in Fig. 5.11 using
geothermal water at 165°C with isobutane as the working fluid. The mass flow rate
of geothermal water is 555 kg/s. In this cycle, isobutane is heated and vaporized in
the heat exchanger by geothermal water. Then the isobutane flows through the
turbine, is condensed, and pumped back to the heat exchanger, completing the
binary cycle. The heat exchanger and condenser pressures are taken to be 3,000 and
400 kPa, respectively, and the temperature at the turbine inlet (or heat exchanger
exit) is taken to be 150°C, which is 15°C lower than the geothermal water
temperature at the heat exchanger inlet. The isentropic efficiencies of the turbine
and pump are taken to be 80% and 70%, respectively. About 10% of the power
output is used for internal demands such as powering fans in the air-cooled
condenser. These values closely correspond to those of an actual power plant
[31]. Noting that a pinch-point will occur at the start of vaporization of the working
fluid in the heat exchanger, the energy balance relations for the heat exchanger can
be written as

mgeocgeo [Tl - (Tvap + ATpp)] = mbinary (h4 - hbinary,f) (5.47)
mgeocgeo [(Tvap + ATpp) - TZ] = mbinary (hbinary,f - h3) (548)

where #ipinary is the mass flow rate of the binary fluid, cg, is the specific heat of
geothermal water, T, is the vaporization temperature of the binary fluid at the heat
exchanger pressure, AT, is the pinch-point temperature difference, and /yinary  is
the specific enthalpy of the binary fluid at the start of vaporization. The pinch-point
temperature difference is assumed to be 6°C. Equations 5.47 and 5.48 can be used
to establish the mass flow rate of the binary fluid, and the geothermal water
temperature at the heat exchanger exit. The analysis of the cycle with the stated
values produces the following results.

Whet, out = 22,382kW, Ej, = 328, 786kW, Qi, = 185, 181kW, T, = 86.6°C
Xin = 60,014kW, AX;_, = 46,904kW, AX5_4 = 37,316 kW,
nn-1 = 6.8% [Eq.(5.33)], Np_n = 12.1% [Eq.(5.37)]

e = 37.3% [Eq.(5.40)], €vinary—1 = 47.7% [Eq.(5.44)],
Ebinary—2 = 600% [Eq(545)]
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Fig. 5.13 Combined energy and exergy diagram for the binary geothermal power plant
considered

It is clear that using different definitions leads to significantly different thermal
and exergy efficiencies. This is typical of geothermal power plants. The results are
presented in a combined energy and exergy diagram in Fig. 5.13. Because of the
large range of values involved, the exergy of geothermal water at the heat
exchanger inlet is normalized to 100 units of energy and other values are modified
accordingly. The energy and exergy efficiencies can be obtained using terms in this
diagram. The thermal and exergy efficiencies are 6.8% and 37.3%, respectively,
based on the energy and exergy of geothermal water at the heat exchanger inlet.
The thermal efficiency increases from 6.8% to 12.1% when the heat input to the
binary fluid in the heat exchanger is used as the energy input to the cycle instead of
the energy of the geothermal water at the inlet of the plant. This is analogous to
using the heating value of fuel versus using the heat transferred to the steam in the
boiler as the heat input to a steam power plant.

The exergy efficiency is only 37.3% when the exergy of geothermal water at the
plant inlet is used. Using the exergy decrease of geothermal water in the heat
exchanger as the exergy input to the cycle yields an exergy efficiency of 47.7%
whereas using the exergy increase of the binary fluid yields an exergy efficiency of
60.0%. These three approaches are analogous to using the exergy of the fuel [(5.8)],
the exergy transfer to the steam accompanying the heat input to the cycle [(5.7)],
and the exergy increase of the steam in the boiler [(5.6)]. The exergy of the
geothermal water at the exit of the heat exchanger, which is reinjected to the
ground, represents 21.8% of the exergy input to the cycle. This significant percent-
age is due to the relatively high temperature of the geothermal water (86.6°C).
The exergy destruction in the heat exchanger accounts for 16.0% of the exergy
input. The remaining exergy destructions (100 — 21.8 — 16.0 — 37.3 = 24.9) are
due to irreversibilities in the turbine, pump, and condenser.

The efficiencies for the plants considered as examples yield some important
information on the relative magnitudes of heat losses and exergy destructions in the
plants. Combined energy and exergy diagrams present the results concisely and
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clearly. The efficiencies for power cycles not specifically discussed in this chapter
can be deduced from the relations given for the cycles considered.

For the current state of thermodynamics, it seems almost impossible to have a
common efficiency definition for all energy systems. Therefore, the best way of
avoiding misuse and misunderstanding is to define the efficiency used in any
application carefully. An understanding of both energy and exergy efficiencies is
essential for designing, analyzing, optimizing, and improving energy systems
through appropriate energy policies and strategies. If such policies and strategies
are in place, numerous measures can be applied to improve the efficiency of
electrical generating plants. These measures should be weighed against other
factors and, where appropriate, implemented. It should be understood that decisions
on power plant operations are normally based primarily on economic criteria. Often
other criteria such as environmental considerations are also important. Economic
and exergy analyses can be combined by means of exergoeconomic analyses, which
can include exergetic life cycle assessment. A rational efficiency definition should
accompany such an analysis. It is more appropriate to use an exergy efficiency
based on the exergy of the fuel in a fossil-fuel power or cogeneration system
because an important part of exergy costing involves fuel cost. All exergy losses
are accounted for in this approach. For renewable energy systems, it is more
appropriate to use the exergy of an energy source as the exergy input to the system.
This approach allows all exergy destructions to be accounted for, including those in
heat exchange equipment. All losses are ultimately related to the economics of the
system operation. The difference between efficiency definitions often relates to the
selection of different system boundaries. Depending on the selection, losses occur-
ring at a particular site may be accounted for in a definition or excluded [6].

A detailed case study on efficiency evaluation of a binary geothermal power
plant is given in Appendix A.

5.6 Energetic and Exergetic Analyses of a Photovoltaic System

This analysis is based on references [32-34]. An example of solar technology is
adopted to demonstrate the link between sustainability and efficiency. An effective
way to maintain a good electrical efficiency by removing heat from the solar panels
and to have a better overall efficiency of a photovoltaic system is to utilize both
technologies simultaneously. This kind of system is known as a hybrid photovol-
taic/thermal (PV/T) system and can be beneficial for low-temperature thermal
applications such as water heating, air heating, agricultural crop drying, solar
greenhouses, and space heating among others, along with electricity generation
that can further be beneficial for rural electrification and agricultural applications
including solar water pumping and so on. In this case study we give a simple
demonstration of how both technologies together give better efficiency, which
directly relates to better sustainability.
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Based on the first law of thermodynamics, the energy efficiency of a PV/T
system can be defined as a ratio of total energy (electrical and thermal) produced
by a PV/T system to the total solar energy falling on the photovoltaic surface and
can be given as [19, 20]:

E Vol +0
n =

5.49
StA StA (549)

where

0= heA (Tcell - Tamb) and h., = 5.7+ 3.8v.

Here, h.4, A, Teelt, Tamp, Ise, and V. are the convective heat transfer coefficient
from the photovoltaic cell to the ambient area of the photovoltaic surface, cell
temperature, ambient temperature, short circuit current, and open circuit voltage,
respectively. The convective (and radiative) heat transfer coefficient from the
photovoltaic cell to ambient, can be calculated by considering wind velocity (v),
density of the air, and the surrounding (ambient) conditions.

The exergy efficiency is based on the second law of thermodynamics that not
only gives the quantitative assessment of energy but also the qualitative. This is also
called exergy efficiency. A comparison of the PV and PV/T systems is also
presented in the form of a case study later in this section.

The exergy efficiency of a photovoltaic system can be given as

X
X solar

& =

(5.50)

where X is the exergy of the PV system which is mainly the electrical power output
of the system. The thermal energy gained by the system during operation is not
desirable in the case of a PV system, therefore this becomes a heat loss to the system
and hence needs to be subtracted from the former in order to calculate the exergy of
a PV system. Xm]ar is the exergy rate from the solar irradiance in W/m? which can
be given as

7 Tam
Xsolar = (1 - T b>STA (5.51)

sun

An expression for the exergy of PV can be given as

. T\ -
X = Vol — (1 - ”>Q (5.52)
Tcell

Here, I,,, and V,, are the actual current and voltage.
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Unlike PV systems, the PV/T system uses the thermal energy available on the
PV panel and this time the thermal energy gain can be utilized as useful energy and
hence, the exergy of the PV/T system becomes the sum of the electrical exergy and
thermal exergy of the system and the exergy efficiency can be defined as

X X, +Xu
e= 0 T An (5.53)
X solar X solar
An expression for the exergy of the PV/T system can be given as [20]:
. T\ -
X = Vol + (1 - —b>Q (5.54)
Tcell

We now apply the model presented above to some actual data sets as obtained
through experiments in New Delhi, India, which is located at 77°12'E longitude and
28°35'N latitude. The test was performed from 9:00 a.m. to 4:00 p.m. on March 27,
2006 and the data measured included total solar irradiation, voltage, open-circuit
voltage, current, short-circuit current, cell temperature, ambient temperature, and
velocity of the air just above the photovoltaic surface. The data for hourly total solar
radiation and the wind velocity were measured for different places on the photovol-
taic surface and an average value for both was used to calculate the energy and
exergy of the photovoltaic system. The uncertainty analysis of the measured global
radiation was done and the internal estimate of uncertainty was evaluated following
[32] and it was found that the value for uncertainty for the measured global
radiation was 2.23%. The system included two modules in series, and the area of
one solar cell is 0.0139 m?. The number of solar cells in the two modules was 72.
Therefore, the efficiency analysis of a PV system for its performance assessment is
done here based on some experimental data as explained above (Fig. 5.14).

Using (5.47) through (5.52) and experimental data from Joshi, Dincer, and
Reddy [33], energy and exergy efficiencies are calculated and shown in Fig. 5.13.
It is clear from the figure that the energy efficiency (33—45%) is higher than that of
the exergy efficiency (11-16%) of the PV/T system and (7.8-13.8%) of the PV
system. Maximum exergy efficiency for the PV/T (16%) and PV (13.8) can also be
seen at 4 p.m. where as a minimum exergy efficiency for the PV/T (11%) and PV
(7.8%) is at 12 p.m. In the present study, natural air is used to derive the heat from
the photovoltaic surface. However, if air is supplied beneath the photovoltaic
surface by a forced mode (e.g., by putting a fan beneath the photovoltaic panel),
more thermal energy can be removed in a better as well as convenient way. In that
case a higher energy and exergy efficiency can be achieved.

Figure 5.15 shows the comparison of exergy efficiencies of both PV as well as
PV/T systems. Comparing both curves one can see that the exergy efficiency of PV/
T is on average 20% more than that of PV. Carbon dioxide, a major greenhouse gas,
is responsible for global warming hence there is a need to understand the ways by
which we can reduce such emissions. One solution to this problem can be adopting



92

W

Efficiencies of Power Plants

50
45 o
40 e
ol //‘o- —————— O o——"""
351 Ny e
NS °
g sor -o-Exergy Efficiency (PV/T)
? 25 -a-Exergy Efficiency (PV)
'g -e-Energy Efficiency
i 20r
-
15 mmmmee — P -
Br————— a7~ e R o—————" - T
10 o i —
R
5+
0 L L L 1 | | ) ) ,
8 9 10 11 12 13 14 15 16 17
Time (hour)

Fig. 5.14 Energy and exergy efficiencies of PV and PV/T systems (modified from Ref. [20])
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Fig. 5.15 Comparison of exergy efficiency of PV and PV/T systems (modified from Ref. [20])

unconventional energy sources wherever applicable; for example, for water heating
one can use solar energy which is more eco-friendly as compared to using an
electrical water heater that runs on electricity produced by conventional sources.
Another example could be solar pumping: farmers irrigate their fields in the
daytime and they can use solar water pumping instead of using an oil-based
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generator to produce electricity and use it to run the water pump. The unconven-
tional energy sources (often called renewable energy sources) are environmentally
benign as they emit fewer greenhouse gases into the atmosphere as compared to
conventional ones. Although the nonrenewable or conventional sources of energy
such as coal, oil, and natural gas are more economical than the renewable sources,
they pollute the environment at a much faster rate. Coal-based electricity generation
causes the highest greenhouse gas emission among all the conventional and uncon-
ventional sources during the operation and the installation of a power plant.



Chapter 6
Efficiencies of Refrigeration Systems

6.1 Refrigerators and Heat Pumps

A refrigerator is a device used to transfer heat from a low- to a high-temperature
medium. They are cyclic devices. Figure 6.1a shows the schematic of a vapor-
compression refrigeration cycle. A working fluid (called refrigerant) enters the com-
pressor as a vapor and is compressed to the condenser pressure. The high-temperature
refrigerant cools in the condenser by rejecting heat to a high-temperature medium
(at Ty). The refrigerant enters the expansion valve as liquid. It is expanded in an
expansion valve and its pressure and temperature drops. The refrigerant is a mixture
of vapor and liquid at the inlet of the evaporator. It absorbs heat from a low-temperature
medium (at 7, ) as it flows in the evaporator. The cycle is completed when the refrigerant
leaves the evaporator as a vapor and enters the compressor. The cycle is demonstrated in
a simplified form in Fig. 6.1b.
An energy balance on the refrigeration cycle gives

Oy =0, +W (6.1)

The efficiency indicator for a refrigeration cycle is the coefficient of perfor-
mance (COP), which is defined as the heat absorbed from the cooled space divided
by the work input in the compressor:

COPg = % (6.2)

This can also be expressed as

o 1
On—0Qr Qu/QL—1
A heat pump is basically the same device as an evaporator. The difference is

their purpose. The purpose of a refrigerator is to absorb heat from a cooled space to
keep it at a desired low temperature (7). The purpose of a heat pump is to transfer

COPr =

6.3)

M. Kanoglu et al., Efficiency Evaluation of Energy Systems, 95
SpringerBriefs in Energy, DOI 10.1007/978-1-4614-2242-6_6,
© Mehmet Kanoglu, Yunus A. Cengel, Ibrahim Dinger 2012
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Fig. 6.1 (a) A vapor-compression refrigeration cycle. (b) Simplified schematic of refrigeration cycle

heat to a heated space to keep it at a desired high temperature (7). Thus, the COP
of a heat pump is defined as

COPyp = % (6.4)

This can also be expressed as

Ou 1

COPyp = =
T 0y —0, 1-0,/04

(6.5)

It can be easily shown that for given values Q; and Q the COPs of a refrigerator
and a heat pump are related to each other by

COPpp = COPr + 1 (6.6)

This shows that the COP of a heat pump is greater than 1. The COP of a
refrigerator can be less than or greater than 1.

6.1.1 Heat Pump Efficiencies

There are different criteria used to describe heat pump efficiency. In all of these
criteria, the higher the number is, the higher the efficiency of the system. Heat pump
efficiency is determined by comparing the amount of energy delivered by the heat
pump to the amount of energy it consumes.
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6.1.1.1 Coefficient of Performance (COP)

The COP is the most common measurement used to rate heat pump efficiency. COP
is the ratio of the heat pump’s heat output to the electrical energy input, as follows.

COP = Heat Output/Electrical Energy Input 6.7)

6.1.1.2 Primary Energy Ratio (PER)

Heat pumps may be activated either electrically or by engines (e.g., internal
combustion engines or gas motors). Unless electricity comes from an alternative
source (e.g., hydro, wind, solar, etc.), heat pumps also utilize primary energy
sources upstream like a thermoelectric plant or on-spot like a natural gas motor.
When comparing heat pump systems driven by different energy sources it is more
appropriate to use the PER, as defined by Holland et al. [35], as the ratio of useful
heat delivered to the primary energy input. So this can be related to the COP by the
following equation.

PER = 1 COP (6.8)

where 7 is the efficiency with which the primary energy input is converted into
work up to the shaft of the compressor.

However, due to high COP, the PER, as given below, becomes high relative to
conventional fossil fuel fired systems. In the case of an electrically driven compres-
sor where the electricity is generated from a coal-burning power plant, the efficiency
1 may be as low as 25%. The above equation indicates that gas engine driven heat
pumps are very attractive from a primary energy ratio point of view because values
for 1 of 0.75 or better can be obtained. However, heat recovery systems tend to be
judged on their potential money savings rather than their potential energy savings.

6.1.1.3 Energy Efficiency Ratio (EER)
The EER is used for evaluating a heat pump’s efficiency in the cooling cycle. The
same rating system is used for air-conditioners, making it easy to compare different
units. EER is the ratio of cooling capacity in Btu/h provided to electricity consumed
in W as follows.
EER = Cooling Capacity (Btu/h)/Electrical Energy Input(W) (6.9)
Because 1 W = 3.412 Btu/h, the relationship between the COP and EER is

EER = 3.412 COP (6.10)
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6.1.1.4 Heating Season Performance Factor (HSPF)

A heat pump’s performance varies depending on the weather and how much
supplementary heat is required. Therefore, a more realistic measurement, especially
for air-to-air heat pumps, is calculated on a seasonal basis. These measurements are
referred to as the heating season performance factor (HSPF) for the heating cycle.
The industry standard test for overall heating efficiency provides an HSPF rating.
Such a laboratory test attempts to take into account the reductions in efficiency
caused by defrosting, temperature fluctuations, supplemental heat, fans, and on/off
cycling. HSPF is the estimated seasonal heating output in Btu/h divided by the
seasonal power consumption in W, as follows.

HSPF = Total Seasonal Heating Output (Btu/h)/Total Electrical Energy Input (W) (6.11)

It can be thought of as the “average COP” for the entire heating system.

6.1.1.5 Seasonal Energy Efficiency Ratio (SEER)

As explained above, a heat pump’s performance varies depending on the weather
and the amount of supplementary heat required. Thus, a more realistic measure-
ment, particularly for air-to-air heat pumps, is calculated on a seasonal basis. These
measurements are referred to as the seasonal energy efficiency ratio (SEER) for the
cooling cycle. Therefore SEER rates the seasonal cooling performance of the heat
pump. The SEER is the ratio of the total cooling of the heat pump in Btu/h to the
total electrical energy input in W during the same period.

SEER = Total Seasonal Cooling Output (Btu/h)/Total Electrical Energy Input (W) (6.12)

Naturally, the SEER for a unit will vary depending on where in the country it is
located. The higher the SEER is, the more efficiently the heat pump cools.
The SEER is the ratio of heat energy removed from the house compared to the
energy used to operate the heat pump, including fans. The SEER is usually
noticeably higher than the HSPF because defrosting is not needed and there is no
need for expensive supplemental heat during air-conditioning weather.

6.1.2 The Carnot Refrigeration Cycle

The Carnot cycle is a theoretical model that is useful for understanding a refrigera-
tion cycle. It is the most efficient cycle operating between the given temperature
limits Tf; and T;. The COP of the Carnot refrigeration cycle may be expressed as
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o O Ty

COPR, 1oy = W On -0, = P (6.13)
It can also be expressed as

COPR, rev = : = ! (6.14)

’ Ou/QL—1 Tu/TL—1

For a reversible heat pump, the following relations apply.

0 0 Ty
COPyp, 1oy = WH = o —HQL =TT (6.15)
or

COPp, rev = ! ! (6.16)

1-0,/0y 1-T./Tu

The above relations provide the maximum COPs for a refrigerator or a heat
pump operating between the temperature limits of 7, and Tj. Actual refrigerators
and heat pumps involve inefficiencies and thus, they will have lower COPs. The
COP of a Carnot refrigeration cycle can be increased by either (a) increasing 7, or
(b) decreasing Ty.

Example 6.1 A refrigeration cycle is used to keep a food department at —15°C in
an environment at 25°C. The total heat gain to the food department is estimated to
be 1,500 kJ/h and the heat rejection in the condenser is 2,600 kJ/h. Determine (a) the
power input to the compressor in kW, (b) the COP of the refrigerator, and (c) the
minimum power input to the compressor if a reversible refrigerator was used.

Solution

(a) The power input is determined from an energy balance on the refrigeration
cycle:

. . . 1 kW
Win = 0y — O = 2600 — 1500 = 1100kJ/h = (1100kJ/h) <m>

= 0.306 kW

(b) The COP of the refrigerator is

0, (1500/3600)kW
Ppr=—L =" _q
COPr Wi 0.306 kW 36
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(c) The maximum COP of the cycle and the corresponding minimum power input are

T, 258
P rev — = = .4
COPR, e Ty — T, 298 — 258 6.45
. ) 1 Kk
W min 0L _ (1500/3600)kW _ o oesivy

~ COPg_rey 6.45

6.2 Second Law Analysis of Vapor-Compression
Refrigeration Cycle

Consider the vapor-compression refrigeration cycle operating between a low-
temperature medium at 7, and a high-temperature medium at Ty as shown in
Fig. 6.2. Actual refrigeration cycles are not as efficient as ideal ones such as the
Carnot cycle because of the irreversibilities involved. But the conclusion we can
draw from (6.13) that the COP is inversely proportional to the temperature differ-
ence Ty — Ty is equally valid for actual refrigeration cycles.

The goal of a second law or exergy analysis of a refrigeration system is to
determine the components that can benefit the most by improvements. This is done
by identifying the locations of greatest exergy destruction and the components with
the lowest exergy or second law efficiency. Exergy destruction in a component can
be determined directly from an exergy balance or indirectly by first calculating the
entropy generation and then using the relation

Xdest = TOSgen (6.17)

where T is the environment (the dead-state) temperature. For a refrigerator, T is
usually the temperature of the high-temperature medium T (for a heat pump it is
T;). Exergy destructions and exergy or the second law efficiencies for major
components of a refrigeration system operating on the cycle shown in Fig. 6.2
may be written as follows.

Compressor (adiabatic):

Xaes1-2 = ToSgen,1-2 = itTo(s2 — 1) (6.18)
ec _ X'vrecovered _ Wrev _ m[hZ —h — TO(SZ - Sl)} _ lpz - l//1
o Xexpended Wact, in m(h2 - hl) hy — hy
_ X 12 6.19)

Wact, in
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Fig. 6.2 A vapor-compression refrigeration system for analysis and its temperature-entropy
diagram for the ideal case

Condenser:

Xeest, 23 = TOSgen, 2-3 =To|m(s3 —s2) + % (6.20)
H

Xrecovered . XQ,, _ QH(1 - TO/TH)

& = — = — D .
cond Xexpended X2 - X3 X2 - X3
), (1 —To/T X dest o
__ QU =To/Th) _y_ Xiewas (6.21)
m[hz — h3 — T()(S2 — 53)] Xz 7X3

Note that when Ty = T, which is usually the case for refrigerators, econg = 0
because there is no recoverable exergy in this case.

Expansion valve:

Xeest, 34 = TOSgen, 34 = mTo(s4 — 53) (6.22)
EExoValve = Xrecovered _ 0 -0 or
e Xexpended X3 - X4
. . . (6.23)
Xdest, 3— X; —X
EExpValve = 1 — dest 34 23 4 0
Xexpended X3 - X4
Evaporator:
- Iy ey o))
deesl7 4-1 — T()Sgen, 4-1 — TO m(sl - 54) I (624)
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Xrecovered _ XQL o QL(TO - TL)/TL

EBvap — = == — = 0 0
* Xexpended X4 - Xl X4 — Xl
_ OL(To —T1)/TL _q  Xaest 41 (6.25)
mlhs — hy — To(sq — s1)] X, — X, ‘

Here X represents the positive of the exergy rate associated with the with-
drawal of heat from the low-temperature medium at 7} at a rate of QL Note that the
directions of heat and exergy transfer become opposite when T, < Ty (i.e., the
exergy of the low-temperature medium increases as it loses heat). Also, XQ-Lis
equivalent to the power that can be produced by a Carnot heat engine receiving
heat from the environment at T, and rejecting heat to the low-temperature medium
at T at a rate of QL, which can be shown to be

TL

—o, 20 (6.26)

From the definition of reversibility, this is equivalent to the minimum or
reversible power input required to remove heat at a rate of QL and reject it to the
environment at T,. That is, W,e‘ in = Wmln in = XQ- .

Note that when T; = T, which is often the case for heat pumps, My, gyap = 0
inasmuch as there is no recoverable exergy in this case.

The total exergy destruction associated with the cycle is the sum of the exergy
destructions:

Xaest, total = Xaest, 1-2 + Xdest, 23 + Xetest, 34 + Xdest 41 (6.27)

It can be shown that the total exergy destruction associated with a refrigeration
cycle can also be obtained by taking the difference between the exergy supplied
(power input) and the exergy recovered (the exergy of the heat withdrawn from the
low-temperature medium):

Xdest, total = Win - X (628)

O

The second law or exergy efficiency of the cycle can then be expressed as

Eeycle = )V(Vi = an;/ n_q_ % th (ol (6.29)
- . To—T
Substituting Wi, = Cgp and X; =0, ——= into (6.29) gives
Xo, QL(TO —T.)/Tr COPr COPy

~ = (6.30)
Win QL/COPR TL/(TH - TL) COPR, rev

Ecycle =
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Fig. 6.3 Temperature-
entropy diagram of vapor-
compression refrigeration
cycle considered in Example
6.2

7/

because Ty = T for arefrigeration cycle. Thus, the second law efficiency is also equal
to the ratio of actual and maximum COPs for the cycle. This second law efficiency
definition accounts for all irreversibilities associated within the refrigerator, including
the heat transfers with the refrigerated space and the environment.

Example 6.2 A refrigerator using R-134a as the refrigerant is used to keep a space
at —10°C by rejecting heat to ambient air at 22°C. R-134a enters the compressor at
140 kPa at a flow rate of 375 L/min as a saturated vapor. The isentropic efficiency of
the compressor is 80%. The refrigerant leaves the condenser at 46.3°C as a
saturated liquid. Determine (a) the rate of cooling provided by the system, (b) the
COP, (c) the exergy destruction in each component of the cycle, (d) the second law
efficiency of the cycle, and (e) the total exergy destruction in the cycle.

Solution The temperature-entropy diagram of the cycle is given in Fig. 6.3.

(a) The properties of R-134a are (R-134a tables)

hy =239.17kl/kg

51 = 0.9446 kl/kg - K

v1 = 0.1402 m?/kg
P3 = Pgass3.c = 1200kPa

Py = 140kPa

X1 =

P> =1200kPa
sy =s1 = 0.9446kJ/kg - K

P3 =1200kPa | hy; = 117.77 KJ/kg
53 = 0.4244KJ/kg - K

hy = hy = 117.77kJ/kg

}th = 284.09kJ/kg

X3 =0

P, =140kPa

s4 = 0.4674KkJ/kg - K
hy =117.77kJ/kg
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_ has — hy
hy — Iy
284.09 — 239.17

080 = =200 295.32K)
h—239.17 ke

Nc

P, =1200kPa

— 0.9783kl/kg - K
hy =295.32 kJ/kg }52 e

The mass flow rate of the refrigerant is

Vi (0.375/60) m?/s
Lo 2 2 TR 0.04458 &
v 0.1402m3/kg efs

The refrigeration load, the rate of heat rejected, and the power input are

0, = m(hy — hy) = (0.04458 kg/s)(239.17 — 117.77)kl/kg = 5.41 kW

Oy = ri(hy — hs) = (0.04458kg/s)(295.32 — 117.77)kl/kg = 7.92kW
W = ri(hy — hy) = (0.04458 kg/s)(295.32 — 239.17)k)/kg = 2.50kW

(b) The COP of the cycle is

) 5.41kW
COP = Q.L =

=22 216
Wi 2.50kW

(c) Noting that the dead-state temperature is Ty = Ty = 295 K, the exergy destruc-
tion in each component of the cycle is determined as follows.

Compressor:

Seen. 1.2 = ri(sy — s1) = (0.04458 kg/s)(0.9783 — 0.9446)kI/kg - K
= 0.001502 kW/K

Xaest, 1-2 = ToSgen, 1-2 = (295K)(0.001502 kW/K) = 0.4432kW

Condenser:
SgenA 2-3 :I/).’l(S_g - S2) + %
7.92kW

=(0.04458 kg/s)(0.4244 — 0.9783)kJ/kg - K
(0.04458 kg/s) (0 0.9783)kI/kg - K + =0

= 0.002138 kW/K
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Xest, 2.3 = T()S‘gem 2-3 = (295K)(0.002138 kJ/kg - K) = 0.6308 kW
Expansion valve:

Seen. 34 = 1i(sq — 53) = (0.04458 kg/s)(0.4674 — 0.4244)kI/kg - K
= 0.001916 KW/K

Xest.3-4 = ToSgen 3-4 = (295K)(0.001916 kJ/kg - K) = 0.5651 kW

Evaporator:
Seen, 4-1 = H1(s1 — 84) — T—Z
5.41kW
= (0.04458 kg/s)(0.9446 — 0.4674)kJ/kg - K — 263K = 0.0006964 kW/K

Xaest, 41 = ToSgen 41 = (295K)(0.0006964 kW/K) = 0.2054 kW

(d) The exergy of the heat transferred from the low-temperature medium is

. : To 295
Ex; =—0,(1-22) = —(5.41kW) (1 -2 ) =0.3163k
x5, QL( TL) (5 W)( 263) 0.3163kW

This is also the minimum power input for the cycle. The second law

efficiency of the cycle is

Ex; 0.3163
0L
= = = .2 2 . (7
& 2503 0.263 or 26.3%

This efficiency may also be determined from

,_ cop
" COPy,
where
T, (—10 +273)K
COPg_ 1oy = - =822
Ry =Ty =T, 22— (—10)K
Substituting,

COP 216 _ 1563 or 26.3%

*~Ccop., 822
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The results are identical as expected.

(e) The total exergy destruction in the cycle is the difference between the exergy
supplied (power input) and the exergy recovered (the exergy of the heat
transferred from the low-temperature medium):

Xoest, 1ot = W — Exg = 2.503 — 0.3163 = 1.845kW

The total exergy destruction can also be determined by adding exergy
destructions in each component:

Xdest, total = Xdest, 1-2 + Xdest, 23 + Xdest, 34 + Xdest, 4-1
= 0.4432 + 0.6308 + 0.5651 + 0.2054 = 1.845kW

The results are identical as expected. The exergy input to the cycle is equal to the
actual work input, which is 2.503 kW. The same cooling load could have been
accomplished by only 26.3% of this power (0.3163 kW) if a reversible system were
used. The difference between the two is the exergy destroyed in the cycle (1.845kW). It
can be shown that increasing the evaporating temperature and decreasing the condens-
ing temperature would also decrease the exergy destruction in these components.

6.3 Energy and Exergy Efficiencies of Vapor-Compression
Heat Pump Cycle

Energy and exergy analyses of a vapor-compression heat pump cycle are very
similar to the energy analysis of the vapor-compression refrigeration cycle as given
earlier in this chapter. We refer to Fig. 6.2 in the following treatment. A heat pump
is used to supply heat to the high-temperature space. Therefore, the coefficient of
performance of the heat pump cycle is defined as
COP = % (6.31)
W

The maximum COP of a heat pump cycle operating between temperature limits
of T; and Ty based on the Carnot heat pump cycle was given as

Ty 1
Ty —T, 1-T./Ty

COPcymot = (632)

This is the maximum COP a heat pump operating between 7, and T} can have.
Equation 6.13 indicates that a smaller temperature difference between the heat sink
and the heat source (T, — T,) provides greater heat pump COP.

The aim in an exergy analysis is usually to determine the exergy destruction in each
component of the system and to determine exergy efficiencies. The components with
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greater exergy destruction are also those with more potential for improvements. Exergy
destruction in a component can be determined from an exergy balance on the compo-
nent. It can also be determined by first calculating the entropy generation and using

Exdest = TOSgen (6.33)

where T is the dead-state temperature or environment temperature. In a heat pump,
Ty is usually equal to the temperature of the low-temperature medium 7. Exergy
destruction and exergy efficciencies for compressor and expansion valve are the
same as those in a refrigeration cycle as discussed in Sect. 6.2. For condenser and
evaporator, we have

Condenser:
. _ . L du
Xdest, 2=3 = T0Sgen, 2-3 = Ty (83 — 52+ T_) (6.34)
H
ECond = Xrecovered _ XQH _ QH(1 - TO/TH)
Xexpended X2 - X3 X2 - X3
)y (1 —To/T Xdest. 2—
_ Oy =To/T)  _y Xaew2s (6.35)
m[h2 —h3 _TO(S2 —S3)] X2 —X3
Evaporator:
. B . L qr
Exgest, -1 = ToSgen, 4a—1 = mTo| 51 — 54 — T (6.36)
L
c o Xrecovered o XQL o QL(TO — TL)/TL
EVH. —_ 0 —_ 0 0 —_ 0 O
Y Xexpended X4 — X1 X4 — Xy
), (To — T1)/T, Xdest4—
_ O (To—TL)/TL  _ | _ Kdesta 6.37)
mlhy — hy — To(s4 — 51)] Xa— Xy

Note that when T = T, which is usually the case for heat pumps, egy.p, =0
because there is no recoverable exergy in this case.

The total exergy destruction in the cycle can be determined by adding the exergy
destruction in each component:

Xaest, total = Xdest, 1-2 + Xaest, 2-3 + Xaest, 3-4 + Xaest, 4-1 (6.38)

It can be shown that the total exergy destruction in the cycle can also be expressed
as the difference between the exergy supplied (power input) and the exergy recov-
ered (the exergy of the heat transferred to the high-temperature medium):

Xaest, o = W = X5, (6.39)
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where the exergy of the heat transferred to the high-temperature medium is given by
. . To
Xe, = Qu (1 — ) (6.40)

This is in fact the minimum power input to accomplish the required heating
load Qy:

Wonin = Xy (6.41)

The second law efficiency (or exergy efficiency) of the cycle is defined as

6= ﬁ _ Wr.mn —1_ dest: total (642)
w W w
Substituting
. Oy . T,
W—@ and XQH_QH 1—E
into the second law efficiency equation
. Q 1 Ty
SZX&: H Ty ~9 <1&>COP COP _ 6(0) % (6.43)
w QH " TH QH T4H COPCarnot '
CoP Ty T,

because T). = T;. Thus, the second law efficiency is also equal to the ratio of actual
and maximum COPs for the cycle. This second law efficiency definition accounts
for irreversibilities within the heat pump inasmuch as heat transfers with the high-
and low-temperature reservoirs are assumed reversible.

Example 6.3 A heat pump is used to keep a room at 25°C by rejecting heat to an
environment at 5°C. The total heat loss from the room to the environment is estimated
to be 45,000 kJ/h and the power input to the compressor is 6.5 kW. Determine (a) the
rate of heat absorbed from the environment in kJ/h, (b) the COP of the heat pump,
(c) the maximum rate of heat supply to the room for the given power input, and (d) the
second law efficiency of the cycle. (e) Also, determine the minimum power input for
the same heating load and the exergy destruction of the cycle.

Solution

(a) The rate of heat absorbed from the environment in kJ/h is

3600kJ/h

), =0y —W =4 KJ/h — (4.5kW) [ ——
0, = 0, — W = 45,000kJ/h (SW)( oW

) — 28,800kJ/h



6.4 Absorption Refrigeration Cycle 109
(b) The COP of the heat pump is

Oy _ (45,000/3600)kW

= =2.78
W 4.5kW

COP =

(c) The COP of the Carnot cycle operating between the same temperature limits
and the maximum rate of heat supply to the room for the given power input are

Ty 298
Ty —T, 298 —278

COPcarmot = =149

3600kJ/h

oW )(14.9) = 241,380kJ /h

QH, max — WCOPCarnot = (45 kW) (

(d) The second law efficiency of the cycle is

coP 278
= 2% 186 or 18.6%
¢ COPurme 149 or ¢

(e) The minimum power input for the same heating load and the exergy destruction
of the cycle are

. . . T, 278
Wnin = X5 =0y 1—=2) = (45,000k)/h) (1 —=— ) = 3020kJ/h
6 QH< TH> (45,000 J/h)( 298> 3020kJ/

Xiest = W — Wain = (4.5 x 3600)kJ/h — 3020kJ/h = 13,180kJ /h

The second law efficiency may alternatively be determined from

W inin 3020 kJ/h
— Dmin _ = 0.186 or 18.6%
W (45 x 3600)kJ/h or 10.5%

The result is the same as expected.

6.4 Absorption Refrigeration Cycle

An absorption refrigeration cycle uses a heat source in place of power input to a
compressor (Fig. 6.4). The system involves a power input to a pump and heat inputin a
generator. Therefore, the coefficient of performance of the system can be expressed as

COP = L (6.44)
Wp+ Qgen
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Fig. 6.4 The basic absorption refrigeration system

where QL is the rate of cooling in the evaporator, Qgen is the rate of heat supplied to
the generator, and Wp is the power input to the pump. The power input is usually
neglected as its value is small compared to heat input. The second law efficiency
may be expressed as

X 01 -Ty/Ty)
We+Xp . We+0u(l—To/Ty)

Nu (6.45)

where Ty, T;, and T, are the temperatures of dead-state, cooled space, and heat
source, respectively.

In order to develop a relation for the maximum (reversible) COP of an absorption
refrigeration system, we consider a reversible heat engine and a reversible refriger-
ator as shown in Fig. 6.5. Heat is absorbed from a source at T by a reversible heat
engine and the waste heat is rejected to an environment 7,. Work output from the
heat engine is used as the work input in the reversible refrigerator, which keeps a
refrigerated space at T, while rejecting heat to the environment at T,,. Using the
definition of COP for an absorption refrigeration system, thermal efficiency of a
reversible heat engine, and the COP of a reversible refrigerator, we obtain

) W 0 T, T
COPyp oy = 2 = W 9L Mt 1evCOPR_ v = (1 - —0) <—L) (6.46)
Qgen Qgen 14 TS T(] - TL

Using this result, the second law efficiency of an absorption refrigeration system
can also be expressed as

COPaCtual
E=——

6.4
COP,e, 647
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Reversible Reversible

heat engine refrigerator

Fig. 6.5 The system used to develop reversible COP of an absorption refrigeration system

6.5 Liquefaction of Gases

Cryogenics is associated with low temperatures, usually defined to be below
—100°C (173 K). The general scope of cryogenic engineering is the design,
development, and improvement of low-temperature systems and components.
The applications of cryogenic engineering include liquefaction of gases, separation
of gases, high-field magnets, and sophisticated electronic devices that use the
superconductivity property of materials at low temperatures, space simulation,
food freezing, medical procedures such as cryogenic surgery, and various chemical
processes [36, 37].

The liquefaction of gases has always been an important area of refrigeration
inasmuch as many important scientific and engineering processes at cryogenic
temperatures depend on liquefied gases. Some examples of such processes are the
separation of oxygen and nitrogen from air, preparation of liquid propellants for
rockets, study of material properties at low temperatures, and study of some exciting
phenomena such as superconductivity. At temperatures above the critical-point
value, a substance exists in the gas phase only. The critical temperatures of helium,
hydrogen, and nitrogen (three commonly used liquefied gases) are —268°C,
—240°C, and —147°C, respectively [1]. Therefore, none of these substances will
exist in liquid form at atmospheric conditions. Furthermore, low temperatures of this
magnitude cannot be obtained with ordinary refrigeration techniques.

The general principles of various gas liquefaction cycles, including the
Linde—-Hampson cycle, and their general thermodynamic analyses are presented
elsewhere [38—40].

Here we present the methodology for the first and second law based performance
analyses of the simple Linde—Hampson cycle, and investigate the effects of gas
inlet and liquefaction temperatures on various cycle performance parameters.
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Fig. 6.6 Schematic and temperature-entropy diagram for a simple Linde—Hampson liquefaction
cycle [41]

6.5.1 Linde—Hampson Cycle

Several cycles, some complex and others simple, are used successfully for the
liquefaction of gases. Here we consider the simple Linde—Hampson cycle, which is
shown schematically and on a T — s diagram in Fig. 6.6, in order to describe energy
and exergy analyses of liquefaction cycles. See Kanoglu et al. [41] for the details of
the analysis in this section. Makeup gas is mixed with the uncondensed portion of
the gas from the previous cycle, and the mixture at state 1 is compressed by an
isothermal compressor to state 2. The temperature is kept constant by rejecting
compression heat to a coolant. The high-pressure gas is further cooled in a regener-
ative counterflow heat exchanger by the uncondensed portion of gas from the
previous cycle to state 3, and is then throttled to state 4, where it is a saturated
liquid—vapor mixture. The liquid (state 6) is collected as the desired product, and
the vapor (state 5) is routed through the heat exchanger to cool the high-pressure gas
approaching the throttling valve. Finally, the gas is mixed with fresh makeup gas,
and the cycle is repeated.

The refrigeration effect for this cycle can be defined as the heat removed from the
makeup gas in order to turn into a liquid at state 6. Assuming ideal operation for
the heat exchanger (i.e., the gas leaving the heat exchanger and the makeup gas are at
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the same state as state 1, which is the compressor inlet state. This is also the dead-state:
T, = Ty), the refrigeration effect per unit mass of the liquefied gas is given by

qr=h —he=h — Iy (per unit mass of liquefaction) (6.48)
where /i is the enthalpy of saturated liquid that is withdrawn. From an energy
balance on the cycle, the refrigeration effect per unit mass of the gas in the cycle
prior to liquefaction may be expressed as

q. =h —hy (per unit mass of gas in the cycle) (6.49)
The maximum liquefaction occurs when the difference between #; and 4, (i.e.,

the refrigeration effect) is maximized. The ratio of (5.2) and (5.1) is the fraction of
the gas in the cycle that is liquefied. That is,

hy — hy
= 6.50
s (6.50)
An energy balance on the heat exchanger gives
/’12 —h3 :X(hl —h5) (651)

where x is the quality of the mixture at state 4. The fraction of the gas that is
liquefied may also be determined from

y=1-x (6.52)

An energy balance on the compressor gives the work of compression per unit
mass of the gas in the cycle as

Wactual = 2 — b1 — T1(s2 — s1)  (per unit mass of gas in the cycle) (6.53)
Note that Ty = Tj. The last term in this equation is the isothermal heat rejection
from the gas as it is compressed. Considering that the gas generally behaves as an
ideal gas during this isothermal compression process, the compression work may

also be determined from
Wactual — RT] ln(Pz/Pl) (654)

The coefficient of performance of this cycle is given by

qL _ hy — hy
Wactial N2 — h1 — T (s2 — 51)

COPyctpal = (655)


http://dx.doi.org/10.1007/978-1-4614-2242-6_5
http://dx.doi.org/10.1007/978-1-4614-2242-6_5
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In liquefaction cycles, one performance parameter used is the work consumed in
the cycle for the liquefaction of a unit mass of the gas. This is expressed as

hy —hy —Ti(sy —
Wactual = 2 l ) (2 = 1) (per unit mass of liquefaction) (6.56)

As the liquefaction temperature decreases, the work consumption increases.
Noting that different gases have different thermophysical properties and require
different liquefaction temperatures, this work parameter should not be used to
compare work consumption for the liquefaction of different gases. A reasonable
use is to compare different cycles used for the liquefaction of the same gas.

An important object of exergy analysis for systems that consume work such as
liquefaction of gases is finding the minimum work required for a certain desired
result and comparing it to the actual work consumption. The ratio of these two
quantities is often considered the exergy efficiency of such a liquefaction process
[42]. Engineers are interested in comparing the actual work used to obtain a unit
mass of liquefied gas to the minimum work requirement to obtain the same output.
Such a comparison may be performed using the second law of thermodynamics. For
instance, the minimum work input requirement (reversible work) and the actual
work for a given set of processes may be related to each other by

Wactual = Wrev 1 TOSgen = Wrev 1 Xdest (6.57)

where T, is the environment temperature, sy, is the specific entropy generation, and
Xdest 18 the specific exergy destruction during the processes. The reversible work for
the simple Linde—Hampson cycle shown in Fig. 6.6 may be expressed by the stream
exergy difference of states 1 and 6 as

Wrey = Xg — X1 = ]’l6 — ]’ll — T()(S6 — Sl) (658)

where state 1 has the properties of the makeup gas, which is usually the dead-state.
As this equation clearly shows, the minimum work required for liquefaction
depends only on the properties of the incoming and outgoing gas being liquefied
and the ambient temperature Ty. An exergy efficiency may be defined as the
reversible work input divided by the actual work input, both per unit mass of the
liquefaction:

Wrey he —hy — To(ss — 1)
. _ (6.59)
Wacwal ~ (1/y)[ha — hi — T1(s2 — s51)]

The exergy efficiency may also be defined using actual and reversible COPs of
the system as

_ COPactual

6.60
COP rev ( )

&
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Fig. 6.7 A Carnot T, Ts Liquefied
; iquefie
re.fr{gerator that uses a Gas @ > gas
minimum amount of work
for a liquefaction process
Carnot
Ref.
Ty
where the reversible COP is given by
hy —h
COP,,, = L Lo 6.61)

Wev o h6 — h] — T()(S6 — Sl)

The minimum work input for the liquefaction process is simply the work input
required for the operation of a Carnot refrigerator for a given heat removal, which

can be expressed as
Ty
rev = 0 I —— 6.62
w J q( T) (6.62)

where dq is the differential heat transfer and T is the instantaneous temperature at
the boundary where the heat transfer takes place. Note that T is smaller than T, for
the liquefaction process and to get a positive work input we have to take the sign of
heat transfer to be negative because it is a heat output. The evaluation of (6.62)
requires knowledge of the functional relationship between the heat transfer g and
the boundary temperature 7, which is usually not available. Equation 6.62 is also an
expression of the exergy flow associated with the heat removal from the gas being
liquefied.

The liquefaction process is essentially the removal of heat from the gas. There-
fore, the minimum work can be determined by utilizing a reversible or Carnot
refrigerator as shown in Fig. 6.7. The Carnot refrigerator receives heat from the gas
and supplies it to the heat sink at T as the gas is cooled from T to Ts. The amount
of work that needs to be supplied to this Carnot refrigerator is given by (6.57).

Example 6.4 We present an illustrative example for the simple Linde—Hampson
cycle shown in Fig. 6.6. It is assumed that the compressor is reversible and
isothermal, the heat exchanger has an effectiveness of 100% (i.e., the gas leaving
the liquid reservoir is heated in the heat exchanger to the temperature of the gas
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Table 6.1 Various properties and performance parameters of the cycle in Fig. 6.6 for T} = 25°C,
P, = 1 atm (0.101 MPa), and P, = 20 MPa. The fluid is air

hy =298.4kl/kg 51 = 6.86kJ/kg - K q = 424kJ/kgliquid
hy =263.5kl/kg s =5.23kl/kg - K Wactual = 451 kJ/kg gas

h3 = 61.9kl/kg sy =2.98kJ/kg -K Wactual = 5481 kJ/kg liquid
hy = 61.9kl/kg T, =—1942°C Wrey = 733 kJ/kg liquid
hs = 78.8kl/kg x4 =0.9177 COPycytal = 0.0775

he = —126.1kl/kg y = 0.0823 COPy., = 0.578

hy = —126.1kl/kg q; = 34.9kJ/kg gas ¢=0.134

Table 6.2 Performance parameters of a simple Linde—Hampson cycle for various fluids

Item Air Nitrogen  Oxygen  Argon Methane  Fluorine
Liquefaction temp. —194.2 —195.8 —183.0 —185.8 —161.5 —188.1

T, (°C)

Fraction liquefied 0.0823 0.0756 0.107 0.122 0.199 0.0765
y

Refrigeration effect 34.9 32.6 43.3 332 181 26.3

qr. (kl/kg gas)

Refrigeration effect ¢, 424 431 405 272 910 344
(kl/kg liquid)

Work input 451 468 402 322 773 341

win (kJ/kg gas)

Work input 5,481 6,193 3,755 2,650 3,889 4,459

Win (kJ/kg liquid)

Minimum work input 733 762 629 472 1080 565

Wrey (KJ/kg liquid)

COP,cryal 0.0775 0.0697 0.108 0.103 0.234 0.0771
COP,, 0.578 0.566 0.644 0.576 0.843 0.609
Exergy efficiency 13.4 12.3 16.8 17.8 27.8 12.7

&, (%)

leaving the compressor), the expansion valve is isenthalpic, and there is no heat leak
to the cycle. Furthermore, the gas is taken to be air, at 25°C and 1 atm (0.101 MPa)
at the compressor inlet, and the pressure of the gas is 20 MPa at the compressor
outlet. With these assumptions and specifications, the various properties at the
different states of the cycle and the performance parameters discussed above are
determined and listed in Table 6.1. The properties of air and other substances
considered are obtained using EES software [20]. This analysis is repeated for
different fluids, and the results are listed in Table 6.2.

The COP of a Carnot refrigerator is expressed by the temperatures of the heat
TEeServoirs as

1
Prev i r— .
CO To/T 1 (6.63)
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Fig. 6.8 The exergy efficiency versus liquefaction temperature for various gases

Here T represents the temperature of the gas being liquefied in Fig. 6.7, which
changes between T and T during the liquefaction process. An average value of T
may be obtained using (6.63) with COP,., = 0.578 and T, = 25°C, yielding T =
—156°C. This is the temperature a heat reservoir would have if a Carnot refrigerator
with a COP of 0.578 operated between this reservoir at —156°C and another
reservoir at 25°C. Note that the same reservoir temperature 7 could be obtained
by writing (6.62) in the form

T
Wrey = —q (1 - 7°> (6.64)

where g, = 424 kJ/kg, wrey = 733 kJ/kg, and T, = 25°C.

As part of the analysis, the effects of liquefaction temperature on exergy
efficiency are given in Fig. 6.8. The exergy efficiency increases with increasing
liquefaction temperature and decreasing inlet gas temperature for all gases consid-
ered as shown in Fig. 6.8. In Fig. 6.8, the exergy efficiency reaches a maximum
before decreasing at higher temperatures. The decreasing trend at higher liquefac-
tion temperatures is of no practical importance because liquefaction at these high
temperatures requires higher inlet pressures, which are not normally used.

The actual exergy efficiencies of the Linde—Hampson liquefaction cycle is
usually under 10% [42]. The difference between the actual and reversible work
consumption in liquefaction systems is due to exergy losses that occur during
various processes in the cycle. Irreversible compression in the compressor, heat
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transfer across a finite temperature difference in heat exchangers (e.g., regenerator,
evaporator, compressor), and friction are major sources of exergy losses in these
systems. In actual refrigeration systems, these irreversibilities are normally reduced
by applying modifications to the simple Linde—Hampson cycle such as utilizing
multistage compression and using a turbine in place of an expansion valve or in
conjunction with an expansion valve (Claude cycle). Other modified cycles that
have resulted in greater efficiency are known as the dual-pressure Claude cycle and
the Collins helium cycle. For natural gas liquefaction, mixed-refrigerant, cascade,
and gas-expansion cycles are used [42]. In most large natural gas liquefaction
plants, the mixed-refrigerant cycle is used in which the natural gas stream is cooled
by the successive vaporization of propane, ethylene, and methane. Each refrigerant
may be vaporized at two or three pressure levels to minimize the irreversibilities
and thus increase the exergy efficiency of the system. This requires a more complex
and costly system but the advantages usually more than offset the extra cost in large
liquefaction plants.

6.5.2 Precooled Linde-Hampson Liquefaction Cycle

The precooled Linde—Hampson cycle is a well-known and relatively simple system
used for the liquefaction of gases including hydrogen (Fig. 6.9). Makeup gas is
mixed with the uncondensed portion of the gas from the previous cycle, and the
mixture at state 1 is compressed to state 2. Heat is rejected from the compressed gas
to a coolant. The high-pressure gas is cooled to state 3 in a regenerative counterflow

LNZ GN2 LN2 GN2
|t
l II | 111 l v |
ENIPY Y EX I 6
NN\~
10 9 y
aE:
7
g 8
f Liquid

Fig. 6.9 Precooled Linde-Hampson liquefaction cycle
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heat exchanger (I) by the uncondensed gas, and is cooled further by flowing through
two nitrogen baths (Il and IV) and two regenerative heat exchangers (III and V)
before being throttled to state 8, where it is a saturated liquid—vapor mixture. The
liquid is collected as the desired product, and the vapor is routed through the bottom
half of the cycle. Finally, the gas is mixed with fresh makeup gas, and the cycle is
repeated.

Using an energy balance of heat exchanger V and the throttling valve taken
together, the fraction of the liquefied gas can be determined to be

= 2 6.65
Jiig ho — hy ( )

Energy balances for the heat exchangers can be written as

hy —hy = (1 = ) (hny — o) (6.66)
hy —hs = (1 — fiiq) (1o — ho) (6.67)
he —hy = (1 — friq) (ho — hy) (6.68)

Because the gas behaves ideally during compression, the specific compression
work may be determined from

RTyIn(P,/P
Win = w (per unit mass of gas in the cycle) (6.69)
comp

where 7comp is the isothermal efficiency of the compressor, R is the gas constant,
and P is the pressure. The numerator of the right side represents the work input for a
corresponding isothermal process. The specific work input to the liquefaction cycle
per unit mass of liquefaction is

Winliq = (per unit mass of liquefaction) (6.70)

f liq
A detailed case study on efficiency evaluation of a multistage cascade refrigera-
tion cycle for natural gas liquefaction is given in Appendix B.

Example 6.5 Hydrogen gas at 25°C and 1 atm (101.325 kPa) is to be liquefied in a
precooled Linde—Hampson cycle. Hydrogen gas is compressed to a pressure of
10 MPa in the compressor which has an isothermal efficiency of 65%. The effec-
tiveness of heat exchangers is 90%. Determine (a) the heat removed from hydrogen
and the minimum work input, (b) the fraction of the gas liquefied, (c) the work
input in the compressor per unit mass of liquefied hydrogen, and (d) the second
law efficiency of the cycle if the work required for nitrogen liquefaction is
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15,200 kJ per kg of hydrogen gas in the cycle. Properties of hydrogen in the cycle at
various states are:

hy = 271.1kJ/kg

ho = 4200kJ/kg

he = 965.4kI/kg

he = 1147.7kJ/kg
sp = 17.09kJ/kg - K
so = 70.42kJ/kg - K

Solution

(a) The heat rejection from hydrogen gas is
qr = ho — hy = (4200 — 271.1)kJ/kg = 3929 kJ /kg

Taking the dead-state temperature to be To = T; = 25°C = 298.15 K, the
minimum work input is determined from

Wmin = ho — hf —Ty (S() — Sf)
= (4200 — 271.1)kJ/kg — (298.15 K) (70.42 - 17.09)kJ/kg -K
= 11,963kJ /kg

(b) The fraction of the gas liquefied is

hg—he 11477 — 965.4

fiig = ho —hy 11477 —271.1

=0.208

(c) The work input in the compressor per unit mass of hydrogen gas compressed is

RTyIn(P,/P 4.124)(298.15) In(1 101.32
Ncomp 0.85

Per unit mass of liquefaction,

Win 8682

Win _ 207 _ 41,740 k3 /k
Fig 0208 1/ke

Win, liq =
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Fig. 6.10 A Carnot
refrigerator operating
between T, and Ty as
considered in Example 6.6

Carnot

Refrigerator

(d) The total work input for the cycle per unit mass of liquefied hydrogen is

Win + Win, nitrogen 8682 + 15,200
in, total = : = = 114,800kJ,
Win, total fliq 0.208 /kg

(e) The second law efficiency is determined from

Wain 11,963

= =0.104 or 10.4%
Win, total 1 14, 800 or ¢

& =

Example 6.6 Natural gas at 77°F and 1 atm (14.7 psia) at a rate of 2,500 Ibm/h is to
be liquefied in a natural gas liquefaction plant. Natural gas leaves the plant at 1 atm
as a saturated liquid. The power consumption is estimated to be 1,650 kW. Using
methane properties for natural gas determine (a) the temperature of natural gas after
the liquefaction process and the rate of heat rejection from the natural gas during
this process, (b) the minimum power input, (c) the actual COP and the second law
efficiency, and (d) the reversible COP. (e) If the liquefaction is done by a Carnot
refrigerator between temperature limits of 7;; = 77°F and T, with the same revers-
ible COP, determine the temperature 7, (see Fig. 6.10). Various properties of
methane before and after the liquefaction process are given as follows.

h; = —0.4254 Btu/lbm

h, = —391.62 Btu/lbm

s; = —0.0006128 Btu/lbm - R
s, = —1.5946 Btu/lbm - R
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Solution
(a) The state of natural gas after the liquefaction is 14.7 psia and saturated liquid.
The temperature at this state is determined from methane tables to be
T, = —259°F

The rate of heat rejection from the natural gas during the liquefaction process is

O, = r(hy — hy) = (2500 1bm/h)[(—0.4254) — (—391.62)|Btu/lbm
= 978,000 Btu/h

(b) Taking the dead-state temperature to be To = T} = 77°C = 536 R, the mini-
mum work input is determined from

Winin = mi[hy — hy — To(s2 — s51)]
— (2500 1bm/h)[(—391.62) — (—0.4254)]Btu/lbm — (537R)
— (—0.0006128)Btu/Ibm - R]

=1.162 x 10° Btu/h = 340.5 kW

(c) The COP and the second law efficiency are

. 5
COP — .QL _ 9.78 x 10° Btu/h 01737

W actual (1650kW) <M)

1kW
Wiin _ 340.5kW
Wt 1650KW

= 0.2064

&=

(d) The reversible COP is

0,  9.78 x 10° Btu/h

=L _ = 0.842
Woin  1.162 x 10° Btu/h

COP;y =

The second law efficiency can also be determined from COP/COP, .y,
= 0.1737/0.842 = 0.206.

(e) The temperature T, is determined from

I I
COPgpoy =~ —0842=———— T, = 245R
Reev ST T -1 (S37R)/T, —1 "

It may also be determined from

. . T
Win = =0y, (1 - T—°> 1.162 x 10° Btu/h
L

537R

L

= —(978,000 Btu/h) (1 - ) — T, =245R
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6.6 Efficiency Analysis of Psychrometric Processes

Psychrometrics is the science of air and water vapor and deals with the properties of
moist air. A thorough understanding of psychrometrics is of great significance,
particularly to the HVAC&R community. Psychrometrics plays a key role not only
in heating and cooling processes and the comfort of the occupants, but in building
insulation; roofing properties; and the stability, deformation, and fire-resistance of
building materials [37].

In this section, we examine the efficiency aspects of psychrometric processes
for HVAC&R and develop mass, energy, entropy, and exergy balances and exergy
efficiency relations for some key HVAC&R processes that include heating and cooling,
heating with humidification, cooling with dehumidification, evaporative cooling, and
adiabatic mixing of air streams. A heating process with humidification is considered as
an illustrative example.

6.6.1 Balance Equations for Common Air-Conditioning
Processes

In the analysis of air-conditioning processes, four important balances need to be
addressed, including mass (i.e., the continuity equation), energy (i.e., the first law of
thermodynamics), entropy, and exergy (i.e., the second law of thermodynamics).
Air-conditioning processes are essentially steady-flow processes and the general
mass, energy, and exergy balances may be written as follows.

Mass balance for dry air:

Zn‘qa = Zm 6.71)

out

Mass balance for water:

E ny, = g m,, or E e = E Mg or
in out in out (672)
mw - ma ((Uou[ - win)

Energy balance (with negligible kinetic and potential energies and work):

Qi+ > _1ith = Qg + Y _rith (6.73)

out
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Entropy balance (with negligible kinetic and potential energies and work):

Sin - Sout + Sgen =0

ZSQJerYfZSQ 7ZMS+Sgen =0

out out (6-74)
Z%—FZMS—Z%—ZMS—FSgen =0
in in out out

Exergy balance (with negligible kinetic and potential energies and work):

ZXQ+Zm¢_ZXQ _Zmlp_xdest =0

out out
6.75)
(T . (T o (
S0(1- )+ S - 20(1- ) - o K=
in in out out
The stream flow exergy is given by

l// =h-— /’lo — T()(S — S()) (676)

The exergy destruction is proportional to entropy generation due to irreversi-
bilities, and can be expressed as

Xdest = TOSgen (6.77)

Equation 6.76 is useful when the enthalpy and entropy of moist air can be
obtained directly from a property database. Alternatively, the stream flow exergy
can be determined by considering dry air and water vapor as an ideal gas to be [43]

T T - P
W= (czw + a)cw,)To (T_o —1—-In T—O) + (1 4+ ®@)R,Ty ln}T0

1+ d)} 6.78)

R,To|(1+ @)1 24 Hln—
+ o{( +w)n1+w+wnwo

where the last term is the specific chemical exergy. The proportionality between
specific humidity ratio o and specific humidity ratio on a molar basis @ is given by

o = 1.608w (6.79)
where the humidity ratio is

w=m,/m, (6.80)
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Fig. 6.11 Simple heating or Heating or
cooling process as cooling coils
represented on a
psychrometric chart
Tl — @ T2
RH, - AIR RH,

Humidity ratio

Dry-bulb temperature

The exergy efficiency of an air-conditioning process may be written as

_ g Kaew (6.81)
X in X in

where X, and Xj, are the exergy output and input for the component, respec-

tively, and X is the exergy destruction during the process.

Common air-conditioning processes are shown schematically and on a psychro-
metric chart in Figs. 6.11 through 6.15. Cengel and Boles [1] provide mass and
energy balances of these processes. They are also extensively discussed in Kanoglu
et al. [44]. Figure 6.11 shows a heating or cooling process during which only a
change in sensible heat is encountered. There is no change in latent heat due to the
constant humidity ratio of the air. Figure 6.12 is an example of a heating and
humidification process. Air is first heated in a heating section (process 1-2) and then
humidified (process 2-3) by the injection of steam. In the cooling and dehumidifica-
tion process shown in Fig. 6.13, air is cooled at a constant humidity ratio until it is
saturated (process 1-x). Further cooling of air (process x-2) results in dehumidifica-
tion. Figure 6.14 illustrates adiabatic humidification (i.e., evaporative cooling) at a
constant wet-bulb temperature, as occurs in spray type humidification. In this
process, water should be injected at the temperature of the exiting air. Figure 6.15
shows a mixing process of two streams of air (one at state 1 and other at 2, and the
resulting mixture reaches state 3).
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Fig. 6.12 Heating with l Sat. vapor

humidification as represented Heating 100°C

on a psychrometric chart coils m
T,=10°C T,=25°C
RH;=0.70 —— g — RH;=0.60
¥, =0.5mds P=1 atm

Humidity ratio

Dry-bulb temperature

Balances for each of these air-conditioning processes are developed, based on
the general formulations given in (6.70) through (6.81). Subscripts refer to the
associated state points in Figs. 6.11 through 6.15 and the state of water is
represented by the subscript w.

6.6.2 Heating or Cooling

Dry air mass balance: 1,1 = nigp (6.82)
Water mass balance: m,; = ni,n (6.83)
Energy balance: Qin + Mg hy = mghy  (heating) (6.84)

fathy = titaghy + Oy (cooling) (6.85)



Fig. 6.13 Cooling with
dehumidification as
represented on a
psychrometric chart

Fig. 6.14 Evaporative
cooling as represented on a
psychrometric chart

Cooling
coils T

P 6.6
AIR d o d 7 d
lCondensate

Dry-bulb temperature

Tl
RH,

AIR T,
> RH,

Dry-bulb temperature

Humidity ratio

Humidity ratio
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Fig. 6.15 Adiabatic mixing
of airstreams as represented @

: T
on a psychrometric chart 1

RH,
P T
o AIR — RH, ®
T,
RH,

Humidity ratio

Dry-bulb temperature

Entropy balance: ma181 + % — Mps? + Sgen =0 (heating) (6.86)

Mg1S1 — Q]O,‘“ — 113252 + Sgen = 0 (cooling) (6.87)

Exergy balance: Oin (1 — %) + g, — Mgy — Exges =0 (heating)

(6.88)
Y SN |
Kdest = TOSgen =To| mepsy — mgy181 — ? (heatmg) (6.89)
. . . Ty ; )
MWy — MWy — Oou | 1 — 7)) Xgest =0 (cooling) (6.90)

Xdest = TOSgen = TO <ma252 - malsl - ;ut) (COOlng) (691)
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Exergy efficiency: Eheating = MaVy T (6.92)
. . 0
gy + Qi (1 - 7)
. . T
maleZ + Qout (1 - ?0)
Ecooling — 5 (693)
ling mallpl
6.6.3 Heating with Humidification
Dry air mass balance: ni,) = Hign = Hig (6.94)
Water mass balance: n1,,; = 1, (6.95)
me + mw = mw3 I ma2w2 + mw = ma3w3 (696)
Energy balance: Qin + Mg hy = mghy  (process 1-2) (6.97)
Hghy + myhy, = mgzhs  (process 2—3) (6.98)
O, + Maihy + gy, = mgzhs  (process 1—3) (6.99)

Entropy balance: Ma181 + Sy + % — Mg383 + Sgen =0 (process 1-3)

(6.100)

. T .
Exergy balance: Oin (1 — 7()) + gy — Mg, — Xgest =0 (process 1—2)

(6.101)

Wy + iy, — s — Xaen =0 (process 2—3) (6.102)

O (1 - %) + gy + i, — mgaPs — Xaet =0 (process 1-3)  (6.103)

Xaest = ToSeen = To ('%3&3 — My181 — WSy — %) (process 1-3)  (6.104)

I’i’l,ﬁ lp3
Ty

Qin (1 - 7) + malwl + mwlpw

Exergy efficiency: €= (6.105)
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6.6.4 Cooling with Dehumidification

Dry air mass balance: 1,1 = nigp
Water mass balance: n,; = niyp + 1y, — Hlg 1 = Hlgo + My,

Energy balance: Mg hy = Q.Out + Highy + myhy,

out

T

Entropy balance: Ma181 — HlySy — — 11282 + Sgen = 0

Exergy balance:

. . T . . .
mallpl - Qout (1 - 70> - malez - mw‘pw — Xgest =0

; : : : Oout
Xgest = TOSgen =Ty (maZSZ + mysy + ;Ut — Mg181

Qout (1 - %) + maZ‘pz + mw‘pw
M1 %

Exergy efficiency: ¢

6.6.5 Evaporative Cooling

Dry air mass balance: ni,) = Higpn
Water mass balance: 1, + #nt, = M, — M, W) + WL, = M)
Energy balance: Ma1thy = mphy — hy = hy
malhl + mwhw = ma2h2
Entropy balance: Mg1S1 + PyS, — MgnSy + S sen = 0
Exergy balance: Mg + my, — Hig, — Xgest =0

Xdest = TOSgen = TO(mHZSZ - malsl - ’hwsw)

.. maZ‘pz
Exergy efficiency: E=—""
gy y malwl + mw‘/Jw

(6.106)

(6.107)

(6.108)

(6.109)

(6.110)

6.111)

(6.112)

(6.113)
(6.114)
(6.115)

(6.116)
6.117)
(6.118)

(6.119)

(6.120)



6.6 Efficiency Analysis of Psychrometric Processes 131

6.6.6 Adiabatic Mixing of Air Streams

Dry air mass balance: ni,) + iz = Higs (6.121)

Water mass balance: n1,; + Hi,p = Wi,z — W 01 + Mgy = mzws  (6.122)

Energy balance: ni,1hy + maphy = mgsh; (6.123)

Entropy balance: 1,18| + Hipsy — Higss + Sgen =0 (6.124)
Exergy balance: it W/, + gy — titga; — Xgest = 0 (6.125)
Xaest = ToSgen = To(1M4353 — Ma181 — 1g2s2) (6.126)

Exergy efficiency: €= L% (6.127)

B n'm% + maZ‘#z

Example 6.7 A heating process with humidification is considered using the values
shown in Fig. 6.12. Based on the balances [(6.94) through (6.105)] and using an
equation solver with built-in thermodynamic functions [20], we obtain following
results.

g, = 0.618kg/s, m,, = 0.00406kg/s, T, = 24.2°C, Q;, = 8.90kW
Xin = 4.565kW, Xgeq = 4.238kW, & = 0.0718 or 7.2%

The dead-state properties of air are taken to be the same as the inlet air properties
whereas the dead-state properties of water are obtained using the temperature of
inlet air and the atmospheric pressure. The temperature at which heat transfer takes
place is assumed to be equal to the temperature of the saturated water vapor used for
humidification. When property data for the fluid flowing in the heating coil are
available, we do not have to assume a temperature for heat transfer. For example, let
us assume that a refrigerant flows in the heating coil and the properties of the
refrigerant at the inlet (denoted by subscript R1) and exit (denoted by subscript R2)
of the heating section are given. The balances in this case become

Energy balance:  Qy, + Hig1hy = mgphy (process 1-2)
Mathy + mghgy = mahs + mghg, (process 1-2)

g hy + mghgy + rivyhy, = mghy + mghgo (process 1-3)
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Entropy balance:
W81 + MRSRL + NSy — Hig3S3 — MRSRa + Sgen = 0 (process 1—3)

Exergy balance:

Ha Wy + Mgy 4 i, — maas — mgWpy — Xaest = 0 (process 1—3)
Xaest = ToSgen = To (114353 + Migsga — 1151 — Higsg1 — 1S, (process 1-3)

Ma3Ys + MrY g,
Ma | + mpp, + My,

Exergy efficiency: ¢ =

The exergy efficiency of the process is calculated to be 7.2%, which is low.
This is typical of air-conditioning processes during which irreversibilities occur
mainly due to heat transfer across a relatively high temperature difference and
humidification. The effect of some of the operating parameters on system perfor-
mance is investigated in Kanoglu et al. [44].
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This case study is based on the study by

M. Kanoglu and A. Bolatturk: Performance and parametric investigation of
a binary geothermal power plant by exergy, in Renewable Energy, 33:
2366-2374, 2008.

A.1 A Case Study of Efficiency Evaluation of a Binary
Geothermal Power Plant

A.l1.1 Introduction

Geothermal energy is widely used as a reliable source of electricity generation.
Geothermal plants are in operation in 21 countries and have a combined installed
capacity of over 6,000 MW. Electricity has been generated from geothermal
resources since the early 1960s. Most of the world’s geothermal power plants
were built in the 1970s and 1980s following the 1973 oil crisis. The urgency to
generate electricity from alternative energy sources and the fact that geothermal
energy was essentially free led to nonoptimal plant designs for using geothermal
resources.

Three major types of power plants are operating today: dry-steam plants, flash-
steam plants, and binary-cycle plants where binary and combined flash/binary
plants are relatively new designs. Even though new geothermal power plants are
being built using current technologies such as combined flash/binary cycles, not
many new geothermal power plants are expected to be built. The thermal
efficiencies of conventional combustion-based power plants have increased signifi-
cantly in recent decades with the use of combined cycles. The initial cost of
building a geothermal power plant has increased over the years. There is, however,
a great potential to increase efficiencies of some existing binary geothermal power
plants by replacing the binary fluid for a better match between the changing

M. Kanoglu et al., Efficiency Evaluation of Energy Systems, 133
SpringerBriefs in Energy, DOI 10.1007/978-1-4614-2242-6,
© Mehmet Kanoglu, Yunus A. Cengel, Ibrahim Dinger 2012
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resource conditions and the power generation equipment, using the moderate-
temperature reinjected brine for heating and cooling applications, and considering
cogeneration and other means when possible. Also, supercritical cycles for geo-
thermal power generation systems were studied to raise the power output and
thermal efficiency by selecting the most suitable working fluids and optimizing
the cyclic parameters.

Geothermal energy is used to generate electricity and for direct uses such as
space heating and cooling, industrial processes, and greenhouse heating. High-
temperature geothermal resources above 150°C are generally used for power
generation. Moderate-temperature (between 90°C and 150°C) and low-temperature
(below 90°C) geothermal resources are best suited for direct uses. However,
geothermal energy is more effective when used directly than when converted to
electricity, particularly for moderate- and low-temperature geothermal resources
because the direct use of geothermal heat for heating and cooling would replace the
burning of fossil fuels from which electricity is generated much more efficiently.

Exergy analysis based on the second law of thermodynamics has proven to be a
powerful tool in performance evaluation and the thermodynamic analysis of energy
systems. This also applies to performance evaluation of geothermal power plants.
The temperatures of geothermal fluids are relatively low, so the first law efficiencies
of geothermal power plants are also inherently low. Consequently, the difference
between the first law efficiency of a good performing and that of a poorly
performing geothermal power plant located at similar sites is small. It then becomes
difficult to make a comparison on the basis of first law efficiencies only. This is
especially true in binary geothermal power plants inasmuch as the resource tem-
perature is lower than in single-and double-flash systems.

In this case study, a geothermal power plant in Reno, Nevada, United States, is
considered and the exergy analysis of the plant is performed. The exergy and energy
efficiencies are calculated for both the entire plant and for the individual plant
components. The sites of exergy destruction are identified and quantified. Also, the
effects of turbine inlet pressure and temperature and the condenser pressure on
exergy and energy efficiencies, the net power output, and the brine reinjection
temperature are investigated and the trends are explained.

A.1.2 Plant Operation

Binary cycle plants use the geothermal brine from liquid-dominated resources.
These plants operate with a binary working fluid (isobutane, isopentane, R-114,
etc.) that has a low boiling temperature in a Rankine cycle. The working fluid is
completely vaporized and usually superheated by the geothermal heat in the
vaporizer. The vapor expands in the turbine, and is then condensed in an air- or
water-cooled condenser before being pumped back to the vaporizer to complete
the cycle.
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Fig. A.1 Schematic layout of the plant

The geothermal power plant analyzed is a binary design plant that generates a
yearly average net power output of about 27 MW. The plant consists of two
identical units, each having two identical turbines. Only one unit is considered
for the rest of the appendix. The schematic of one unit and the properties at various
states are given in Fig. A.1 and Table A.1, respectively. Brine is extracted from five
production wells whose average depth is about 160 m. The power plant operates on
a liquid-dominated resource at 160°C. The brine passes through the heat exchanger
system that consists of a series of counterflow heat exchangers where heat is
transferred to the working (binary) fluid isobutane before the brine is reinjected
back to the ground. Isobutane is found superheated at the heat exchanger exit.
An equal amount of isobutane flows through each turbine. The mechanical power
extracted from the turbines is converted to electrical power in generators. It utilizes
a dry-air condenser to condense the working fluid so no fresh water is consumed.
Isobutane circulates in a closed cycle, which is based on the Rankine cycle.

The harvested geothermal fluid is saturated liquid at 160°C and 1,264 kPa in the
reservoir. The heat source for the plant is the flow of geothermal water (brine)
entering the plant at 158°C and 609 kPa with a total mass flow rate of 555.9 kg/s.
Geothermal fluid remains as a liquid throughout the plant. The brine leaving the
heat exchangers is directed to the reinjection wells where it is reinjected back into
the ground at 90°C and 423 kPa.
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Fig. A.2 Temperature—entropy (7—s) diagram of binary Rankine cycle

In the plant, the mass flow rate 305.6 kg/s of working fluid circulates through the
cycle. The working fluid enters the heat exchanger at 13.7°C and leaves after it is
evaporated at 128°C and superheated to 146.8°C. The working fluid then passes
through the turbines at each mass flow rate of 152.8 kg/s. It exhausts to an air-
cooled condenser at about 79.5°C where it condenses to a temperature of 11.7°C.
Approximately 8,580 kg/s air at an ambient temperature of 3°C is required to absorb
the heat yielded by the working fluid. This raises the air temperature to 19.4°C. The
working fluid is pumped to the heat exchanger pressure to complete the Rankine
cycle. The isobutane cycle on a T — s diagram is shown in Fig. A.2. It is noted in
Fig. A.2 that the saturated vapor line of isobutane has a positive slope ensuring a
superheated vapor state at the turbine outlet. Thus, no moisture is involved in the
turbine operation. This is one reason isobutane is a suitable working fluid in binary
geothermal power plants.

The heat exchange process between the geothermal brine and working fluid
isobutane is shown in Fig. A.3. An energy balance can be written from Fig. A.3 for
the heat exchanger as

mgeo(h6 - hpp) - mbinary (h3 - hf,bina.ry) (Al)
and

mgeo(hpp - h7) = mbinary (hf,binary - hZ) (AZ)
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Fig. A.3 Diagram showing T[°C]
the heat exchange process
between the geothermal brine

and the working fluid Te=158 _
isobutane in the heat Brine flow
exchanger T3=146.8

Tyap=128

Isobutane flow * T,=90

VT,=13.7

where 7igeo and Hipinary are the mass flow rate of geothermal brine and binary fluid,
respectively. Also, Agpinary 1S the saturated liquid enthalpy of isobutane at the
saturated (vaporization) temperature, T, to be 128°C, and hy;, is the enthalpy of
the brine at the pinch-point temperature of the brine. Solving these equations for
hpp, we determine the corresponding brine pinch-point temperature T,, to be
133.9°C. The pinch-point temperature difference AT}, is simply the difference
between the brine pinch-point temperature and the vaporization temperature of
isobutane, resulting in 5.9°C.

A.1.3 Energy and Exergy Analyses

Mass, energy, and exergy balances for any control volume at steady-state with
negligible kinetic and potential energy changes can be expressed, respectively, by

D it =Y ritow (A3)
QO+ W => ritouhou — »_ ritinhin (A.4)

Eheat + W = ZEout - ZEin +I (AS)
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where the subscripts in and out represent the inlet and exit states, Q and W are the
net heat and work inputs, #1 is the mass flow rate, / is the enthalpy, and [ is the rate
of irreversibility (exergy destruction). The subscript 0 stands for the restricted dead-
state. Also, Epeq is the net exergy transfer by heat at the temperature T, which is
given by

. To\ -
Enew =Y (1 - T°> 0 (A6)
The specific flow exergy is given by
e=h— h() — T()(S — S()) (A7)

Multiplying specific exergy by the mass flow rate of the fluid gives the exergy
rate

E = e (A.8)

The exergetic efficiency of a turbine is defined as a measure of how well the
stream exergy of the fluid is converted into actual turbine output. Then,

Wt rb
Mex,turb = er:rev (A.9)

where erb is the actual turbine power and erb‘,rev is the reversible turbine power,
which is equal to Wy, + 1. The exergy efficiency of the compressor is defined
similarly as

Wpump rev
ex pump = ———— A.10
n ,pump Wpump ( )

where Wpump,rev is the reversible pump power, which is equal to Wpump —1. The
exergetic efficiencies of a heat exchanger and condenser may be measured by an
increase in the exergy of the cold stream divided by the decrease in the exergy of the
stream. Applying this definition to a heat exchanger or condenser, we obtain

(Eout - Ein)cold

Tex heatexc,cond — (E (A.11)

in — Eom)hot

where the subscripts cold and hot represent the cold stream and the hot stream,
respectively. The difference between the numerator and denominator of (A.11) is
the exergy destruction in the heat exchanger or condenser. One may take all the
exergy given up by the hot fluid in the condenser as part of the exergy destruction
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for the power plant. This is the value used in exergy destruction diagram shown
later in the appendix.

In general, the thermal efficiency of a geothermal power plant may be
expressed as

My = —hon__ (A.12)
' Mgeo (hgeo - hO)

where the expression in the denominator is the energy input to the power plant,
which is expressed as the enthalpy of the geothermal water with respect to the
environment state multiplied by the mass flow rate of geothermal water. Using the
states, it becomes

Wnel out
= (A.13)
77th,1 mgeo (hj _ h())
or according to the energy of geothermal water at the heat exchanger inlet:
Wnet,out (Al4)

Thy = =77
th2 Mgeo (hé - h())

In (A.13), the energy input to the power plant represents the maximum heat the
geothermal water can give and this can only happen when the geothermal water is
cooled to the temperature of the environment.

The actual heat input to a geothermal power cycle is less than the term in the
denominator of (A.13) because part of the geothermal water is reinjected back to
the ground at a temperature much greater than the temperature of the environment.
In this approach, the thermal efficiency is determined from

Wne .ou
Ny = Q‘ - (A.15)

The thermal efficiency may be expressed based on the heat transfer to the binary
Rankine cycle (i.e., the heat transfer in the heat exchanger):

Wnel out
inary — - : (A16)
’r]th,b ary mgeo(h6 _ h7)
or
Wne oul
nth,binary = oo (A17)
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Using the exergy of geothermal water as the exergy input to the plant, the exergy
efficiency of a geothermal power plant can be expressed as

Wnet out Wnet out
ex,1 — == : (A.18)
ex1 Ew  Tigeolhs —ho — To(s5s — 50)]
or according to the exergy of geothermal water at the heat exchanger inlet ,
Wnet out Wnet out
Ly = —bout ’ (A.19)
"le 2 E(, mbinary [h6 - hO - TO(SG - SO)]

For a binary cycle, the exergy efficiency may be defined based on the exergy
decrease of geothermal water or exergy increase of the binary working fluid in the
heat exchanger. That is,

Wnet,oul
Mgeo[he — h7 — To(s6 — 57)]

(A.20)

nex,binary,l =

N b _ Wnet,oul
ex.binary.2 mbinary [hS - h2 - TO (53 - S2)]

(A21)

The difference between the denominators of (A.20) and (A.21) is the exergy
destruction in the heat exchanger.
The total exergy lost in cycle is determined from

Icycle = Ipump + ]heatexchanger + Iturbine + Icondenser + Ireinjection (A22)

The total exergy destruction in the plant is the difference between the brine
exergy at the heat exchanger inlet and the net power output from the cycle:

Iplam = Ein - Wnet,out (A23)

This includes various exergy losses in the plant components as well as the exergy
of the brine leaving the heat exchanger. One may argue that the exergy of used brine
is a recovered exergy, and it should not be considered to be part of the exergy loss.
However, the used brine is reinjected back to the ground without any attempt to
make use of it.

The exergetic efficiencies and exergy destruction of major plant components and
the entire plant are calculated as explained in this section, and listed in Table A.2.
All values are for one representative unit. To pinpoint the sites of exergy destruction
and quantify those losses, an exergy diagram is given in Fig. A.4. An energy
diagram is given in Fig. A.5 to provide a comparison with the exergy flow diagram.
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Table A.2 Some exergetic and energetic performance data provided for one representative unit of
the plant

Effectiveness or

Exergy destruction  Exergetic Heat transfer  isentropic

Component (kW) efficiency (%) or power (kW) efficiency (%)

Reinjection well 26,706 - 202,742 -

Heat exchanger 9,552 80.5 160,929 47.1

Air-cooled 14,307 28.2 141,271 88.6

condenser

Turbine I 2,411 81.8 10,872 78.2

Turbine II 2411 81.8 10,872 78.2

Circulation pump 541 74.1 2,087 73.4

Parasitic power 3,262

Cycle 51,891 41.7 (Ba- A2 16,396 10.2 Ba- AID
33.5 (Ed. A20) 102 (Ed- A16)
1.7 (Ea. A19) 4.5 (Ea. A14)
21,1 Ea. A18) 4.4 (Ea. A13)

Turbine

Circulation Pump

541 kW
0.8% Condenser

4822 kW
6.4%

Brine reinjection 14307 kW
26706 kW 18.9%
35.3%

Heat exchanger
9552 kW
12.6%

Parasitic power

Net power 3262 kW
16396 kW 4.3%
21.7%

Fig. A.4 Exergy losses diagram. Given as the percentages of brine exergy input (75,586 kW),
which is taken as the exergy of brine at state 6 in Fig. A.1

The power output from the turbines is 10,872 kW in Turbine I and 10,872 kW in
Turbine II. The pump power requirement for the circulation pumps is calculated to
be 2,087 kW. The net power outputs form Rankine cycle then become 19,657 kW.
It is further estimated based on plant data about 16.6% of the net power generated in
the cycle is consumed by the plant unit parasites, which corresponds to 3,262 kW.
Parasitic power includes brine production pumps, condenser fans, and other
auxiliaries. Subtracting the parasitic power from the net power generated in the
cycle, the net power output becomes 16,396 kW.
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Net power
16396 kW
Brine Reinjection 4.5%
202742 kW
55.7%

Condenser losses

Parasitic power 141271 kW
1Tl Wi
38.9%
3262 kW
0.9%

Fig. A.5 Energy losses diagram. Given as the percentages of brine energy input (363,671 kW),
which is taken as the energy of brine at state 6 in Fig. A.1

In Table A.1, temperature, pressure, and mass flow rate data for geothermal
fluid, working fluid, and air are given according to their state numbers specified in
Fig. A.1. Exergy rates are calculated for each state, and listed in Table A.1. States 0,
0" and 0" are the restricted dead-states for the geothermal fluid, working fluid, and
air, respectively. They correspond to an environment temperature of 3°C and an
atmospheric pressure of 84 kPa, which were the values measured at the time when
the plant data were obtained. For geothermal fluid, the thermodynamic properties of
water are used. By doing so, effects of salts and noncondensable gases that might
present in the geothermal brine are neglected. This should not cause any significant
error in calculations because their fractions are estimated by the plant management
to be small. Thermodynamic properties of the working fluid, isobutane, are
obtained from EES software with built-in thermodynamic property functions.

As part of the analysis, we investigated the effects of turbine inlet pressure and
temperature and the condenser pressure on exergy and energy efficiencies, the net
power output, and the brine reinjection temperature. In order to facilitate this
parametric study, we used the given geothermal inlet temperature and flow rate
values (158°C, 555.9 kg/s) and the calculated isentropic efficiencies for the turbine
(0.782) and pump (0.734), and the pinch-point temperature difference (6°C).
The brine temperature at the heat exchanger exit (reinjection temperature) and the
mass flow rate of isobutane are the unknown parameters in this analysis. The results
of this parametric study are given in Figs. A.6 through A.11.

A.1.4 Results and Discussion

An investigation of the exergy pie diagram given in Fig. A.4 shows that 74% of the
exergy entering the plant is lost. The remaining 26% is converted to power and
21.7% of this power is used for parasitic load in the plant. The exergetic efficiency
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Fig. A.6 Variation of exergy and energy efficiencies versus turbine inlet pressure

of the plant is determined to be 41.7% [(A.21)] and 33.5% [(A.20)] based on the
exergy input to the isobutane Rankine cycles (i.e., exergy drops of the brine in the
heat exchanger) and 21.1% [(A.18)] and 21.7% [(A.19)] based on the exergy input
to the plant (i.e., exergy of the brine at the reservoir and the heat exchanger inlet,
respectively; Table A.2).

Using low-temperature resources, geothermal power plants generally have low
first law efficiencies. Consequently, the first law efficiency of the plant is calculated
to be 4.4% [(A.13)] and 4.5% [(A.14)] based on the energy input to the plant
and 10.2% [(A.17)] based on the energy input to the isobutane Rankine cycles.
This means that more than 90% of the energy of the brine in the reservoir is
discarded as waste heat. There is a strong argument here for the use of geothermal
resources for direct applications such as district heating instead of power generation
when economically feasible. A cogeneration scheme involving power generation
and district heating may also be considered when used brine is reinjected back to
the ground at a relatively high temperature. The energy losses diagram in Fig. A.5
shows that 55.7% of the energy of the brine is reinjected, 38.9% of it is rejected in
the condenser, and the remaining is converted to power. Yet it provides no specific
information on where the power potentials are lost. This shows the value of an
exergy analysis.

The causes of exergy destruction in the plant include heat exchanger losses,
turbine-pump losses, the exergy of the brine reinjected, and the exergy of isobutane
lost in the condenser. They represent 18.9%, 7.2%, 35.3%, and 12.6% of the brine
exergy input, respectively (Fig. A.4). The exergetic efficiencies and effectiveness
of heat exchanger are 80.5% and 47.1%, respectively. This exergetic efficiency
can be considered to be high, and indicate a satisfactory performance of the heat
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Fig. A.7 Variation of net power and brine reinjection temperature versus turbine inlet pressure

exchange system. In binary geothermal power plants heat exchangers are important
components and their individual performances affect the overall performance of the
plant considerably.

The exergetic efficiency of the turbine is 81.8%, which is reasonable. The
exergetic efficiencies of the condensers are in the range of 28.2%, making them
the least efficient components in the plant. This is primarily due to the high average
temperature difference between the isobutane and the cooling air. The brine is
reinjected back to the ground at about 90°C.

For binary geothermal power plants using air as the cooling medium, the
condenser temperature varies as the ambient air temperature fluctuates throughout
the year and even throughout the day. As a result, the power output decreases by up
to 50% from winter to summer. Consequently, the exergy destruction rates and
percentages at various sites change, this effect being most noticeable in the
condenser.

As part of the analysis, we investigate the effect of some operating parameters on
exergy and energy efficiencies, the net power output, and the brine reinjection
temperature. The energy and exergy efficiencies are those given in (A.16) and
(A.20), respectively. The effect of turbine inlet pressure on the exergy and energy
efficiencies is given in Fig. A.6. Both the exergy and energy efficiencies increase
with the turbine inlet pressure. The critical pressure of isobutane is 3,640 kPa.
As the pressure approaches the critical pressure the increase in exergy efficiency
becomes more dramatic. On the other hand, energy efficiency shows a different
trend as the pressure approaches the critical value. Figure A.7 indicates a pressure
of about 3,430 kPa at which the net power from the plant is minimized. This is also
about the same pressure at which the brine reinjection temperature is a maximum.
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Fig. A.8 Variation of exergy and energy efficiencies versus turbine inlet temperature

This means that less heat is picked up from the geothermal brine by the isobutane.
For geothermal power plants where the brine leaving the heat exchanger is used for
no useful purpose and directly reinjected to the ground, maximizing the power
output (not the energy or exergy efficiency) is a priority. This is the case for this
particular power plant. Note that the brine temperature is high enough for use in
district heating systems. This may be explored if there is a residential, commercial,
or industrial district within close proximity to the power plant.

The exergy efficiency decreases and the energy efficiency increases with
increasing turbine inlet temperature as shown in Fig. A.8. The reason for the
decreasing exergy efficiency trend is this: as the temperature increases the power
potential increases but the power output decreases (Fig. A.9). The reason for the
decreasing trend in the power output is the decrease in mass flow rate of isobutane.
It decreases from 457 kg/s at 130°C to 266 kg/s at 155°C. The reason for the
increasing trend in energy efficiency is because both the power output and the heat
input decrease with increasing turbine inlet temperature whereas heat input
decreases at a greater rate than power output. The reason for decreasing heat
input is due to the decreasing mass flow of isobutane.

Figures A.10 and A.11 show that exergy and energy efficiencies and the net
power decrease as the condenser pressure increases. The reinjection temperature
remains almost constant with varying condenser pressure. Note that the mass flow
rate of isobutane and the rate of heat input to the Rankine cycle remains essentially
constant when condenser pressure is changed because changing condenser pressure
only affects part of the heat exchange process described in (A.2) whose effect is
very small.
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Conclusions

The aim of the exergy analysis for a power plant is usually to identify and quantify
the sites of exergy destruction so that the directions for any attempt to improve the
performance can be identified. The efficiency evaluation based on exergy analysis
serves this purpose well. The investigation of some operating parameters in the
cycle on the cycle performance parameters yielded some important insights to the
plant operation and heat exchange process, and this information can be used in
the design, analysis, and performance improvement of binary geothermal power
plants.
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This case study is based on the study by

M. Kanoglu, Exergy analysis of multistage cascade refrigeration cycle used for
natural gas liquefaction, in the International Journal of Energy Research, 26:
763-774, 2002.

B.1 A Case Study on Efficiency Evaluation of a Multistage
Cascade Refrigeration Cycle for Natural Gas Liquefaction

B.1.1 Introduction

Natural gas is a mixture of components, consisting mainly of methane (60—98%)
with small amounts of other hydrocarbon fuel components. It also contains various
amounts of nitrogen, carbon dioxide, helium, and traces of other gases. It is stored
as compressed natural gas (CNG) at pressures of 16—25 MPa and around room
temperature, or as a liquefied natural gas (LNG) at pressures of 70—500 kPa and
around —150°C or lower. When transportation of natural gas in pipelines is not
feasible for economic and other reasons, it is first liquefied using unconventional
refrigeration cycles and then it is usually transported by marine ships in specially
made insulated tanks. It is regasified in receiving stations before given off the
pipeline for end use. In fact, different refrigeration cycles with different refrigerants
can be used for natural gas liquefaction.

The first (and still commonly) used cycle for natural gas liquefaction was the
multistage cascade refrigeration cycle that uses three different refrigerants, namely
propane, ethane (or ethylene), and methane in their individual refrigeration cycles.
A great amount of work is consumed to obtain LNG at about —150°C which enters
the cycle at about atmospheric temperature in the gas phase. Minimizing the work

149
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ndenser I valve
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Fig. B.1 Schematic of the cascade refrigeration cycle (showing only one stage for each refrigerant
cycle for simplicity)

consumed in the cycle is the most effective measure to reduce the cost of LNG.
In this regard, exergy appears to be a potential tool for the design, optimization, and
performance evaluation of such systems. Note that identifying the main sites of
exergy destruction shows the direction for potential improvements. An important
object of exergy analysis for systems that consume work such as liquefaction of
gases and distillation of water is finding the minimum work required for a certain
desired result.

B.1.2 Description of the Cycle

Figure B.1 shows a schematic of the cascade refrigeration cycle and its components.
The cycle consists of three subcycles and each one uses a different refrigerant.
In the first cycle, propane leaves the compressor at a high temperature and pressure
and enters the condenser where the cooling water or air is used as the coolant.
The condensed propane then enters the expansion valve where its pressure is
decreased to the evaporator pressure. As the propane evaporates, the heat of
evaporation comes from the condensing ethane, cooling methane, and cooling
natural gas. Propane leaves the evaporator and enters the compressor, thus
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completing the cycle. The condensed ethane expands in the expansion valve and
evaporates as methane condenses and natural gas is further cooled and liquefied.
Finally, methane expands and then evaporates as natural gas is liquefied and
subcooled. As methane enters the compressor to complete the cycle, the LNG
pressure is dropped in an expansion valve to the storage pressure. The three
refrigerant cycles have multistage compression and expansion, usually with three
stages, and consequently three evaporation temperature levels for each refrigerant.
The mass flows in each stage are usually different. Natural gas from the pipeline
goes through a process during which the acid gases are removed and its pressure is
increased to an average value of 40 bar before entering the cycle.

B.1.3 Exergy Analysis

The flow exergy of any fluid in a control volume can be written as follows (with the
negligible changes in kinetic and potential energies).

X = re = m|(h — hy) — To(s — o)) (B.1)

where T is the dead-state temperature, 4 and s are the enthalpy and entropy of the
fluid at the specified state, and £, and s, are the corresponding properties at the
dead- (reference) state.

The specific exergy change between two states (e.g., inlet and outlet) is

Ae = e — ey = (h] — hz) — T()(S] — S2) (B2)

As mentioned earlier, some part of the specific exergy change is lost during the
process due to entropy generation; referring to TpAs for the above equation, this is
i = TyAs = Tys,., known as specific irreversibility. Here sqc, is the entropy gener-
ation. Two main causes for entropy generation are friction and heat transfer across a
finite temperature difference. Heat transfer is always accompanied by exergy

transfer, which is given by
T
%:/MO_%) (B.3)

where 98¢ is the differential heat transfer and T is the source temperature where heat
transfer takes place. Heat transfer is assumed to occur with the surroundings at 7.
If this heat transfer shows an undesired heat loss, (B.3) also expresses the exergy
lost by heat.

The following are the exergy destruction and exergetic efficiency relations for
various cycle components as shown in Fig. B.1.
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B.1.3.1 Evaporators and Condensers

The evaporators and condensers in the system are treated as heat exchangers. There
are a total of four evaporator—condenser systems in the cycle. The first system,
named evaporator—condenser-1, is the propane cycle evaporator and the ethane and
methane cycle condenser. Similarly, the system named evaporator—condenser-II is
the ethane cycle evaporator and the methane cycle condenser. The third system is
the methane cycle evaporator and the fourth system is the propane cycle condenser
where the cooling water is used as coolant. An exergy balance written on the
evaporator—condenser I should express the exergy loss in the system as the differ-
ence of exergies of incoming and outgoing streams. That is,

j = Eiﬂ - EOUt = {Z (mpe[’) + Z (meee) + Z (mmem) + ("hded)] n (B 4)
= [3° Ginpey) + 3 Geee) + 3 (imen) + Gines)] '

where the subscripts in, out, p, e, m, and n stand for inlet, outlet, propane, ethane,
methane, and natural gas, respectively. The summation signs are due to the fact that
there are three stages in each refrigerant cycle with different pressures, evaporation
temperatures, and mass flow rates.

The exergetic efficiency of a heat exchanger can be defined as the ratio of total
outgoing stream exergies to total incoming stream exergies as follows.

out

_ > (mpep)om +> (’heeE)out +> (mme’”)out + (mﬂe’l)oul
Z (mpel’)jn + Z (mfef)in + Z (mmem)in + (mﬂe")in

(B.5)

The second definition for the exergy efficiency of heat exchangers can be the
ratio of the increase in the exergy of the cold fluid to the decrease in the exergy of
the hot. In the system, the only fluid with an exergy increase is propane whereas the
exergies of ethane, methane, and natural gas decrease. Therefore, the equation
becomes:

Z (mpep)out — Z (m[’e[’)in
> (1eee) iy =D (Meee) oy + D2 (Mmem)in — D (Mmem) oy + (Mtnen )iy — (Hinen) oy
(B.6)

&=

The above two methods used to determine the exergetic efficiency of a heat
exchanger are sometimes called the scientific approach and the engineering
approach, respectively. The efficiencies calculated using these two approaches
are usually very close to each other. Here in this example, the engineering approach
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is used in the following relations. The relations for exergy destruction and exergetic
efficiency for evaporator—condenser II are determined as

[ = B~ Ean = [ 3 (eed) + 3 Citmen) + ()|

m

- {Z (reee) + Y (rimen) + (n’enen)} (B.7)

out

_ Z (mt’el’)out — Z (méee)in
£ > (Fmem)in — 22 (Hmem) oy + (Mnen )iy — (HinXn) oy B8

From the exergy balance on the evaporator of the methane cycle the following
exergy destruction and exergetic efficiency expressions can be written.

[ = B = o = |3 Omen) + (ines)| =[S (nen) + (ies)| — (B9)

n out

2 (mem) g — 22 (Fmem)iy (B.10)

(mnen)in - (m’le")oul

& =

Finally, for the condenser of the propane cycle the following can be obtained,

[ =Ein — Eow = [Z (rtpey) + (rhwew)] - [Z (ipey) + (iwew)|  (B.11)

mn out

(mwew)oul _ (mWeW>in

= B.12
TS Gpen), — 3 (i) .12

where the subscript w stands for water.

B.1.3.2 Compressors

There is one multistage compressor in the cycle for each refrigerant. The total work
consumed in the cycle is the sum of work input to the compressors. There is no
exergy destruction in a compressor if irreversibilities can be totally eliminated.
This results in a minimum work input for the compressor. In reality, there are
irreversibilities due to friction, heat loss, and other dissipative effects. The exergy
destruction in propane, ethane, and methane compressors can be expressed, respec-
tively, as

Iy = Ein—Eouw=Y_ (ipe,). +Wyin— Y (mpey) (B.13)

ie = Ein - Eout = Z (meee)in + quin - Z (meee>0ut (B14)
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im = Ein - Eout = Z (mmem)in + Wm,in - Z (”"7r;1err1)0ut (B.15)

where Wmn, Wg_im and Wm,in are the actual power inputs to the propane, ethane,
and methane compressors, respectively. They are part of the exergy inputs to the
compressors. The exergetic efficiency of the compressor can be defined as the ratio
of the minimum work input to the actual work input. The minimum work is simply
the exergy difference between the actual inlet and exit states. Applying this defini-
tion to propane, ethane, and methane compressors, respectively, the exergy effi-
ciency equations become

= s (B.16)

gy = Z (mﬁe@)out. — Z (mf’ee)in B.17)
We.in

&y = Z (rhmem)out. — Z (mme'")in (B.18)

B.1.3.3 Expansion Valves

Beside the expansion valves in the refrigeration cycles, one is used to drop the
pressure of LNG to the storage pressure. Expansion valves are considered essen-
tially isenthalpic devices with no work interaction and negligible heat transfer with

the surroundings. From an exergy balance, the exergy destruction equations for
propane, ethane, methane, and LNG expansion valves can be written as

Iy =Ein—Eou =Y (rpe,). — > (riey) (B.19)
ie = Ein - Eout = Z (meee)in - Z (meee)om (B.20)
im = Ein - Eout = Z (mmenl)in - Z (mmem)out (B.21)

in = Ein - Eoul = Z (mnen)in - Z (m"en)out (B.22)

The exergetic efficiency of expansion valves can be defined as the ratio of the
total exergy output to the total exergy input. Therefore, the exergy efficiencies for
all expansion valves become

gy = Sl Pout (B.23)
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- 72((”:;3;))@ (B.24)

bn = 7223: (Zh’”e:’))‘fm (B.25)

(B.26)

B.1.3.4 Cycle

The total exergy destruction in the cycle is simply the sum of exergy destruction in
condensers, evaporators, compressors, and expansion valves. This total can be
obtained by adding the exergy destruction terms in the above equations. Then,
the overall exergy efficiency of the cycle can be defined as

e — Eou.t - Ein _ Wac[u'al — j[otal (B27)
Wactual Wactual

where given in the numerator is the exergy difference or the actual work input to the
cycle Wacewal minus the total exergy destruction /. The actual work input to the cycle
is the sum of the work inputs to the propane, ethane, and methane compressors, as
follows.

Waclual = Wp,in + We,in + Wm.in (BZS)
In this regard, the exergetic efficiency of the cycle can also be expressed as

Wmin
£=— (B.29)
Wactual

where Wi is the minimum work input to the cycle. Here, a process is proposed to
determine the minimum work input to the cycle, or in other words, the minimum
work for liquefaction process.

The exergetic efficiency of the natural gas liquefaction process can be defined as
the ratio of the minimum work required to produce a certain amount of LNG to the
actual work input. An exergy analysis needs to be performed on the cycle to
determine the minimum work input. The liquefaction process is essentially the
removal of heat from the natural gas. Therefore, the minimum work can be
determined by utilizing a reversible or Carnot refrigerator. The minimum work
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gas LNG

Fig. B.2 Determination of minimum work for the cycle

input for the liquefaction process is simply the work input required for the operation
of a Carnot refrigerator for a given heat removal. It can be expressed as

Winin = /5q<1 —%) (B.30)

where 0q is the differential heat transfer and T is the instantaneous temperature at
the boundary where the heat transfer takes place. Note that T is smaller than T, for
the liquefaction process and to get a positive work input we have to take the sign of
heat transfer to be negative inasmuch as it is a heat output. The evaluation of (B.30)
requires knowledge of the functional relationship between the heat transfer 8¢ and
the boundary temperature T, which is usually not available.

As seen in Fig. B.1, natural gas flows through three evaporator—condenser
systems in the multistage refrigeration cycle before it is fully liquefied. Thermody-
namically, this three-stage heat removal from natural gas can be accomplished
using three Carnot refrigerators as seen in Fig. B.2. The first Carnot refrigerator
receives heat from the natural gas and supplies it to the heat sink at T} as the natural
gas is cooled from T to T,. Similarly, the second Carnot refrigerator receives heat
from the natural gas and supplies it to the heat sink at T, as the natural gas is cooled
from T, to T5. Finally, the third Carnot refrigerator receives heat from the natural
gas and supplies it to the heat sink at T as the natural gas is further cooled from T3
to T4, where it exists as LNG. The amount of power that needs to be supplied to
each Carnot refrigerator can be determined from

Winin = W1 + Wa + W3 = rir,(e) — eq) = nity[hy — hy — To(s1 —s4)]  (B.31)

where Wl, Wz, and W3 are the power inputs to the first, second, and third Carnot
refrigerators, respectively:

W] = mn(el — 62) = I’}.’ln[h1 — ]’12 — To(sl — 52)] (B32)
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Wz = I’il,,(ez — 63) = I’i?n[hz — h3 — T()(Sz — 53)] (B33)
W3 = rii,(e3 — es) = riy[hs — ha — To(s3 — s4)] (B.34)

This is the expression for the minimum power input for the liquefaction process.
This minimum power can be obtained by using a single Carnot refrigerator that
receives heat from the natural gas and supplies it to the heat sink at T as the natural
gas is cooled from T, to Ty4. That is, this Carnot refrigerator is equivalent to the
combination of three Carnot refrigerators as shown in Fig. B.2. The minimum work
required for the liquefaction process depends only on the properties of the incoming
and outgoing natural gas and the ambient temperature T,

B.1.3.5 Illustrative Example

We use numerical values to study the multistage cascade refrigeration cycle used
for natural gas liquefaction. A numerical value of the minimum work can be
calculated using typical values of incoming and outgoing natural gas properties.
The pressure of natural gas is around 40 bar when entering the cycle. The tempera-
ture of natural gas at the cycle inlet can be taken to be the same as the ambient
temperature T; = Ty = 25°C. Natural gas leaves the cycle liquefied at about 4 bar
pressure and —150°C temperature. The natural gas in the cycle usually consists of
more than 95% methane, therefore thermodynamic properties for methane can be
used for natural gas. Using these inlet and exit states, the minimum work input
to produce a unit mass of LNG can be determined from (B.31) to be 456.8 kJ/kg.
The heat removed from the natural gas during the liquefaction process is deter-
mined from

O = i, (hy — hs) (B.35)

For the inlet and exit states of natural gas described above, the heat removed
from the natural gas can be determined from (B.35) to be 823.0 kJ/kg. That is, for
the removal of 823.0 kJ/kg heat from the natural gas, a minimum of 456.8 kJ/kg
work is required. Because the ratio of heat removed to the work input is defined as
the COP of a refrigerator, this corresponds to a COP of 1.8. That is, the COP of the
Carnot refrigerator used for natural gas liquefaction is only 1.8. This is expected
due to the high difference between the temperature T and T, in (B.30). An average
value of T can be obtained from the definition of the COP for a Carnot refrigerator,
which is expressed as

1

COPRyey = ————
R )T = 1

(B.36)



158 Appendix B

800 — T T T T

700 - k

600 E

500 - b

Wpin (kJ/kg)

400 - b

300 h

200 n 1 n 1 n 1 n 1 n 1 n 1 n
-220 -200 -180 -160 -140 -120 -100 -80

T(C)

Fig. B.3 Minimum work (w,,;,) versus natural gas liquefaction temperature

Using this equation, for COP = 1.8 and Ty = 25°C we determine T = —81.3°C.
This is the temperature a heat reservoir would have if a Carnot refrigerator with a
COP of 1.8 operated between this reservoir and another reservoir at 25°C. Note that
the same result could be obtained by writing (B.30) in the form

T
Winin = ¢ (1 - 7‘)) (B.37)

where ¢ = 823.0 kJ/kg, wiin = 456.8 kJ/kg, and T, = 25°C.

As part of the analysis we now investigate how the minimum work changes with
the natural gas liquefaction temperature. We take the inlet pressure of natural gas to
be 40 bar, the inlet temperature to be T} = Ty = 25°C, and the exit state to be the
saturated liquid at the specified temperature. The properties of methane are
obtained from thermodynamic tables. Using the minimum work relation in
(B.37), the plot shown in Fig. B.3 is obtained. Using (B.36), the variation of COP
of the Carnot refrigerator with the natural gas liquefaction temperature is also
obtained and shown in Fig. B.4.

As shown in the figure, the minimum work required to liquefy a unit mass of
natural gas increases almost linearly with the decreasing liquefaction temperature.
Obtaining LNG at —200°C requires exactly three times the minimum work required
to obtain LNG at —100°C. Similarly, obtaining LNG at —150°C requires exactly
1.76 times the minimum work required to obtain LNG at —100°C. The COP of the
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Fig. B.4 COP versus natural gas liquefaction temperature

Carnot refrigerator decreases almost linearly with the decreasing liquefaction
temperature as shown in Fig. B.4. The COP decreases almost by half when the
liquefaction temperature decreases from —100°C to —200°C. These figures show
that the maximum possible liquefaction temperature should be used to minimize the
work input. In another words, the LNG should not be liquefied to lower
temperatures than needed.

For a typical natural gas inlet and exit states specified in the previous section, the
minimum work is determined to be 456.8 kJ/kg of LNG. A typical actual value of
work input for a cascade cycle used for natural gas liquefaction may be 1,188 kJ/kg
of LNG. Then the exergetic efficiency of a typical cascade cycle can be determined
to be 38.5%. The actual work input required depends mainly on the feed and
ambient conditions, and on the compressor efficiency.

It has been possible to replace the JT valve of the cycle with a cryogenic
hydraulic turbine. The same pressure drop as in a JT valve is achieved with the
turbine while producing power. Using the same typical values as taken before, the
cryogenic turbine inlet state is 40 bar and —150°C. Assuming isentropic expansion
to a pressure of 4 bar, the work output is calculated to be 8.88 kJ/kg of LNG. This
corresponds to a decrease of 2% in the minimum work input.

Note that the main site of exergy destruction in the cycle is the compressors. Any
improvement in the exergetic efficiency of the compressors will automatically yield
lower work input for the liquefaction process. Having three-stage evaporation for
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each refrigerant in the cascade cycle results in a total of nine evaporation
temperatures. Also, having multiple stages makes the average temperature differ-
ence between the natural gas and the refrigerants small. This results in a smaller
exergy destruction in the evaporators because the greater the temperature differ-
ence, the greater the exergy destruction. As the number of evaporation stages
increases the exergy destruction decreases. However, adding more stages means
additional equipment cost and more than three stages for each refrigerant are not
justified.



Nomenclature

Cp Specific heat at constant pressure (kJ/kg - K)
c, Specific heat at constant volume (kJ/kg - K)
Ccop Coefficient of performance

E Energy (kJ)

EER Energy efficiency ratio

g Gravitational acceleration (m/sz)
h Enthalpy (kJ/kg)

hy, Enthalpy of vaporization (kJ/kg)
HV Heating value (kJ/kg)

HHV Higher heating value (kJ/kg)

1 Current (amp)

k Specific heat ratio

KE Kinetic energy (kJ)

LHV Lower heating value (kJ/kg)

m Mass (kg)

m Mass flow rate (kg/s)

n Polytropic constant

P Pressure (kPa)

PE Potential energy (kJ)

PER Primary energy ratio

q Specific heat transfer (kJ/kg)

r Compression ratio

r. Cutoff ratio

r, Pressure ratio

R Gas constant (kJ/kg - K)

0 amount of heat transfer (kJ)

0 Rate of heat transfer (kW)

Specific entropy (kJ/kg - K)
Total entropy (kJ/K)
Entropy generation (kJ/K)
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X destroyed
X
z

Greek Letters

Subscripts
0

amb
Comp
Cond

Cv

e

elect
Evap

Exp Valve
H

HP

in

isen

L

mech

out

Nomenclature

Seasonal energy efficiency ratio
Time (s)

Temperature (K or °C)
Specific internal energy (kJ/kg)
Total internal energy (kJ)
Specific volume (m3/kg)
Velocity (m/s)

Voltage (V)

Volume (m?)

Volume flow rate (m>/s)
Amount of work (kJ)

Rate of work or power (kW)
Specific exergy (kJ/kg)
Amount of exergy (kJ)

Exergy destruction (kJ)

Rate of exergy (kW)

Elevation (m)

Exergy efficiency
Energy efficiency
Thermal efficiency
Nonflow exergy (kJ/kg)
Flow exergy (kJ/kg)

Dead (environmental) state
Ambient
Compressor
Condenser
Control volume
Electricity
Electricity
Evaporator
Expansion valve
High temperature
Heat pump

Inlet

Isentropic

Low temperature
Mechanical
Outlet

Pump



Nomenclature

R
regen
rev

surr
th

Refrigerator
Regenerator
Reversible
Source, isentropic
Surroundings
Thermal

Water
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A

Absorption refrigeration cycle, 109-111
Adiabatic cryogenic turbine, 4142
Adiabatic process, 11

Adiabatic steam turbine, 37-38

B
Binary geothermal power plant, 84, 87-89
condenser pressure
vs. exergy and energy effciencies, 147
vs. net power, 148
energy and exergy analyses, 138—143
first law efficiency, 144
plant operation
brine, 135
exergy rates and properties, 135, 136
heat exchange process, 137, 138
net power vs. turbine inlet
temperature, 147
temperature—entropy diagram, 137
working fluid, 134
turbine inlet pressure
vs. exergy and energy
effciencies, 146
vs. net power, 145
uses, 133—-134
Boiler efficiency, 57-59

C
Carnot refrigeration cycle, 98—100
Clausius inequality, 16
Clausius statement, 15
Closed-cycle gas-turbine engine, 75
Cogeneration plants

diesel engine, 78-79

gas-turbine, 81
steam-turbine, 79-81
Combined flash-binary geothermal power
plant, 82, 84
Combustion efficiency, 56-57
Conservation of energy principle.

See First law of thermodynamics

Conversion efficiencies

boiler efficiency, 57-59

combustion efficiency, 56-57

electric resistance heater, 55

electric water heater, 56

generator, 59

heating value, 57

lighting efficacy, 59

mechanical and electrical devices,
60-62

natural gas water heater, 56

Cryogenic turbine efficiencies

isentropic efficiencies, 63

isentropic, hydraulic and exergetic
efficiencies, 66

isentropic vs. exergetic efficiency,
67, 68

Joule-Thompson valve, 62

operational data, 65

thermodynamic property relations, 67

throttling, 62

total dynamic head, 64

D

Depletion number, 4

Diesel engine-based cogeneration
plant, 7879

Double-flash geothermal power
plant, 82, 83
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E
Electric resistance
heater, 55
heating, 49-53
Electric water heater, 56
Energy change and energy transfer
heat transfer, 11
internal energy, 10
mass transfer, 11
work, 11
Energy efficiency
closed-cycle gas-turbine engine, 75
cogeneration plants
diesel engine, 78-79
gas-turbine, 81
steam-turbine, 79-81
definition, 27-28
gas power plants, 74-76
gas-turbine cogeneration plant, 81
geothermal power plants, 82—89
photovoltaic system, 89-93
refrigeration systems (see Refrigeration
systems)
steam-turbine-based cogeneration plant, 79
vapor power cycles, 70-72
Energy management, 6—7
Entropy. See also Second law of
thermodynamics
balance, 18-19
definition, 16
generation, 17
increase of entropy principle, 17
Environment and sustainable
development, 1-6
Exergy
change, 22-23
description, 20-21
destruction, 22
efficiency
cyclic devices, 30-34
definition, 27-28
gas-turbine engine, 74-75
geothermal power plant, 3436
photovoltaic system, 89-93
steady-flow devices (see Steady-flow
devices)
steam power plant, 71
environment and sustainable
development, 3-5
exergy balance, 24-26
irreversibility, 21-22
reversibility, 21
reversible work, 22

Index

transfer mechanisms, 23-24
uses, 20
Exergy losses diagram, 142-143

F

First law efficiency. See Thermal efficiency

First law of thermodynamics
heat and work interactions, 12
steady-flow control volume, 13
unsteady-flow process, 13-14

G
Gas-turbine cogeneration plant, 81
Generator efficiency
common devices, 59
mechanical and electrical devices, 61
Geothermal power plants
binary and combined flash-binary
geothermal power plant, 82, 84
direct steam cycle, 82
double-flash, 82, 83
exergy efficiency, 86—87
single-flash, 82, 83
thermal efficiency, 85

H
Heat exchanger, 4448
Heat pump, 30-32
coefficient of performance, 97, 104
energy efficiency ratio, 97
heating season performance factor, 98
PER, 97
primary energy ratio, 52
reversible, 51
SEER, 98
Heat transfer, 11
Hybrid photovoltaic/thermal (PV/T)
system, 89-90
Hydraulic efficiency, turbine, 41
Hydroelectric power plant, overall
efficiency, 62

I

Isentropic efficiency
adiabatic turbine, 65
compressor, 38
vs. exergetic efficiency, 68
nozzle, 42
pump, 40
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J

Joule-Thompson valve, 62

K
Kelvin—Plank statement, 15

L
Lighting efficacy, 59
Linde—Hampson cycle
Carnot refrigerator, 114-115
coefficient of performance and energy
balance, 113
dead-state, 113
example, 115-118
exergy efficiency, 114-115
temperature-entropy diagram, 112
Liquefaction, of gases
cryogenics, 111
examples, 111
Linde—Hampson cycle
Carnot refrigerator, 114-115
coefficient of performance and
energy balance, 113
dead-state, 113
example, 115-118
exergy efficiency, 114-115
temperature-entropy diagram, 112
precooled Linde-Hampson cycle,
118-122

M
Mass transfer, 11
Mechanical efficiency, device, 60
Mixing chamber, 48—49
Motor efficiency, 61
Multistage cascade refrigeration cycle
example, 157-160
exergy analysis
compressors, 153-154
cycle, 155-156
evaporators and condensers, 152—-153
expansion valves, 154—155
schematic diagram, 150

N
Natural gas water heater, efficiency of, 56
Nozzle, 4243
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(0]
Open-cycle gas-turbine engine, 74

P
Paddle-wheel mechanism, 14
PER. See Primary energy ratio (PER)
Photovoltaic system, 89-93
Pie diagram, exergy, 142
Precooled Linde—-Hampson cycle, 118-122
Primary energy ratio (PER), 97
Psychrometric processes
adiabatic mixing, air streams, 128, 131-132
balance equations, air-conditioning
processes
energy balance, 123
entropy balance, 124
exergy balance, 124
mass balance, 123
stream flow exergy, 124
cooling with dehumidification, 127, 130
evaporative cooling, 127, 130
heating/cooling, 125-129
heating with humidification, 126, 129
role of, 123

R
Refrigeration systems
absorption refrigeration cycle, 109-111
Carnot refrigeration cycle, 98—100
heat pump efficiencies
coefficient of performance, 97, 104
energy efficiency ratio, 97
HSPF, 98
PER, 97
SEER, 98
liquefaction (see Liquefaction, of gases)
psychrometric processes
adiabatic mixing, air streams, 131-132
balance equations, air-conditioning
processes, 123—-126
cooling with dehumidification, 130
evaporative cooling, 130
heating/cooling, 126-129
heating with humidification, 129
role of, 123
vapor-compression refrigeration cycle
(see Vapor-compression
refrigeration cycle)
Reversible work, 22
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S
Seasonal energy efficiency ratio (SEER), 98
Second law of thermodynamics
Clausius statement, 15
environmental impact, 2
examples, 14
exergy
change, 22-23
description, 20-21
destruction, 22
exergy balance, 24-26
irreversibility, 21-22
reversibility, 21
reversible work, 22
transfer mechanisms, 23-24
uses, 20
Kelvin—Plank statement, 15
SEER. See Seasonal energy efficiency
ratio (SEER)
Shaft work, 60
Simple steam power plant
combined energy and exergy diagram, 73
exergy efficiency, 71-72
thermal efficiency, 73
Single-flash geothermal power plant, 82, 83
Solar pond power plants, 15
Steady-flow devices
compressor, 38—40
electric resistance heating, 49-53
heat exchanger, 44-48
mixing chamber, 48—49
nozzle, 42-43
pump
exergy efficiency, 41
hydraulic efficiency, 41
isentropic efficiency, 40

Index

throttling valve, 43—44
turbine
exergy recovered/exergy expended
approach, 36-37
isentropic efficiency, 36
Steam-turbine cogeneration plant, 79-81

T
Temperature-entropy diagram
binary Rankine cycle, 137
Linde-Hampson cycle, 112
vapor-compression refrigeration
cycle, 101, 103
Thermal efficiency
gas power plants, 76
heat engines, 32-33
steam power plant, 70
Throttling process, 62
Turbine efficiency, 61

v
Vapor-compression refrigeration cycle
energy and exergy efficiencies, 106108
exergy destruction, 106
schematic diagram, 95, 96
second law analysis
compressor, 100, 104
condenser, 101, 104-105
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