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Preface

Originally, humankind used wood as their fuel source fuel and later discovered
fossil fuels, bringing about the industrial revolution as a starting point of technology
developments. Since then, humankind has striven for greater prosperity and better
wealth.

Energy-hungry devices, ranging from airplanes to mobile phones, are introduced
to the consumers at a brisk rate to meet their perceived need for better lifestyle need.
The extensive use of fossil fuels has been influential in changing the weather
patterns and climatic cycles, due to the enormously increasing CO, emissions,
resulting in harsher summers and winters around the globe. The earth’s average
temperature has constantly been increasing at a constant rate over the past few
decades due to the extensive use of fossil fuels. The use of air-conditioning systems
for the provision of heating and cooling has also increased due to the harsher
climates with the drawback of a dependency on the energy-hungry technology. This
increase has resulted in a sudden surge in peak electricity demand and government
and private sector alike are unable to meet this demand. Extensive fossil fuel usage
and environmental problems have drawn researcher focus to new refrigeration
technology that can offset the use of fossil fuels and provide heating and cooling in
a comparatively environmentally friendly manner.

The current book presents an overview of all the alternative refrigeration tech-
nologies that are either available on the market or are in the research phase, with a
focus on an absorption refrigeration systems. An absorption refrigeration system is
an attractive alternative to the conventional air-conditioning system, as it is mainly
waste heat or low-grade heat dependent. However, as with all other technologies,
absorption refrigeration systems also have some drawbacks that cannot be ignored.

The present book consists of eight chapters. Absorption refrigeration system
background, components, operating principles, usage, and fundamentals are pre-
sented in Chap. 1. Also, the comparison of absorption refrigeration systems with
other innovative refrigeration systems is presented in this chapter. Chapter 2 aims at
helping the reader understand how to perform an in-depth energy, exergy, exer-
goeconomic, exergoenvironmental, and optimization analyses of a basic absorption
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refrigeration system. Detailed system description, energy, exergy, exergoeconomic,
exergoenvironmental, and optimization studies of the single effect absorption
refrigeration system with numerical values are presented in Chap. 3. Chapter 4
offers comprehensive system description alongside numerical energy, exergy,
exergoeconomic, exergoenvironmental, and optimization analyses of the double
effect absorption refrigeration system. A thorough system description of more
advanced triple effect absorption refrigeration system with numerical energy,
exergy, exergoeconomic, exergoenvironmental, and optimization analyses is pre-
sented in Chap. 5. The system description with numerical energy, exergy, exer-
goeconomic, exergoenvironmental, and optimization studies of the most advanced
and novel quadruple effect absorption refrigeration system is provided in Chap. 6.
Chapter 7 presents different case studies related to the integrated absorption
refrigeration system. This chapter also presents analysis and results of the multi-
generation systems shedding light on the usage of absorption refrigeration systems
in different walks of life. Chapter 8 highlights recent developments in an area of
absorption refrigeration systems. Also presented in this chapter are different energy
sources based absorption refrigeration systems, novel designs, advanced numerical
and optimization models, and unique working mixtures of the absorption refrig-
eration systems.

Detailed references are provided to direct the readers that require more infor-
mation in the correct direction. We sincerely hope that this book provides an
in-depth knowledge in the area of absorption refrigeration systems so that the world
can move towards more environmentally friendly, cost-efficient, and sustainable
heating and cooling technologies in near future. The book is written in a way that it
can be helpful to undergraduate students, postgraduate students, as well as people
requiring advanced knowledge, governmental organizations, and industries alike.

Ontario, Canada Ibrahim Dincer
Sindh, Pakistan Tahir Abdul Hussain Ratlamwala
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Chapter 1
Fundamentals of Absorption Refrigeration
Systems

1.1 Introduction

Since the industrial revolution, humankind’s demand for a better lifestyle and
greater comfort has increased considerably. In order to meet such demands, an
increasing number of energy-consuming technological devices and products are
being introduced almost daily. In countries around the globe, the demand for energy
required for cooling and heating applications has risen dramatically and it is
expected to increase exponentially every day, making it difficult for countries to
meet the growing demand. At present, the majority of power plants run on fossil
fuels, including coal, oil, and natural gas, due to their easy availability and low cost
in certain countries, especially in the Gulf region. However, such systems release
toxic gases, such as CO, and NO,, etc., which are harmful not only to the envi-
ronment, but to all living things. The maximum amount of energy available in the
grid of countries situated in either hot or cold regions is used to provide cooling or
heating, respectively, by installing conventional energy-hungry vapor-compression
cycles. These cycles use an ample amount of energy to run the compressor to
achieve the required cooling or heating rate of the system. This high energy con-
sumption not only affects the environment but also affects the individual in terms of
running cost. Therefore, it has become more crucial to design air-conditioning,
cooling, and refrigeration systems that are more cost-effective, more eco-friendly,
and can be operated using low-grade heat sources, such as solar, geothermal,
biomass, as well as process/waste heat. The performance of such a cooling cycle is
represented by the coefficient of performance (COP) which is the ratio of cooling
rate provided to the energy input to the system. This chapter sheds light on fun-
damental and conceptual aspects of absorption refrigeration systems for various
applications, ranging from the residential sector to the industrial sector, using
various sources of low-grade heat.

© Springer International Publishing Switzerland 2016 1
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1.2 Absorption Process

Absorption is defined as a process in which two fluids entering at different states
such as a gas or liquid are combined to leave at a single state, as either a gas or
liquid as shown in Fig. 1.1. A cooling system that works on the principle of
absorption is known as an absorption refrigeration system. It is important to dif-
ferentiate between air-conditioning and refrigeration systems. Air-conditioning
systems are used to provide cooling above 0 °C, whereas refrigeration systems are
used to provide cooling both below and above 0 °C. A common example of an
air-conditioning system is a cooling unit in a house and an example of a refriger-
ation system is a food storage unit. The absorption refrigeration system was first
introduced in 1846 with the concept of producing ice while using heat as an energy
input. The introduction of the absorption process in the cooling industry resulted in
the ability to produce cooling using less electrical energy than conventional
vapor-compression cooling systems. Absorption refrigeration technology is among
the best alternatives to vapor-compression cooling with respect to energy diversi-
fication and environmental protection. Since absorption refrigeration technology is
used extensively in practical applications, a number of high-performance absorption
refrigeration cycles have been introduced for both residential and industrial
applications.

1.3 Absorbents and Refrigerants

The word “absorbent" or “refrigerant’ in an absorption refrigeration system refers to
the working fluid of the system. As the name “absorption refrigeration system'
implies, the absorbent or refrigerant is a mixture of two fluids, which are used in such
a way that the saturation temperature of one fluid is lower than the other. The fluid
with lower saturation temperature is selected based on the mixture used and the
working environment. This lower saturation temperature fluid acts as a refrigerant

Fig. 1.1 Schematic illustration of an absorption process
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Refrigerants
1
I T T T 1
Inorganic Azeotropic Nonazeotropic
LR TS Compounds Mixtures Mixtures
R-11 R-50 Ammonia R-500 R-11 + R-12
R-12 R-170 Water R-502 R-12 + R-22
R-113 R-290 Air R-503 R-12 +R-114
R-114 R-600 (i o R-504 R-13B1 +R-152a
Dioxide
R-115 R-600a Sulfur R-22 +R-114
Dioxide

R-114 + R-152a
Fig. 1.2 Classification of refrigerants for various applications

and the other fluid acts as an absorbent that absorbs the refrigerant in an absorber.
The refrigerants used in absorption refrigeration systems are classified into five
categories namely halocarbons, hydrocarbons, inorganic compounds, azeotropic
mixtures, and nonazeotropic mixtures as shown in Fig. 1.2. Different types of
absorbents used in these systems include water, LiBr, LiCl, ZnCl,, Li,ZnCly,
Li,CaCly, and CaZnCly. Several working fluids are used in an absorption refriger-
ation system which include ammonia—water, lithium—bromide—water, Tridroxide—
water, and Alkitrate—water. The most commonly used among them are ammonia—
water and lithium—bromide—water. For residential air-conditioning applications, the
lithium—-bromide—water solution is preferred due to its high coefficient of perfor-
mance and easy management. However, a major drawback to the LiBr—water system
is the high operational costs that arise because of corrosion that occurs with working
temperatures above 473.15 K as well as crystallization issues. The working tem-
perature restriction in lithium—bromide—water working fluid prevents it from being
used on a large scale, and the salt used in the system to solve the corrosion problem is
expensive, which drives the operation cost of the system high. On the other hand, the
ammonia—water system is preferred for industrial use as it can run at high temper-
atures without the problem of crystallization. Although the ammonia—water
absorption refrigeration system also faces the problem of corrosion, the cure for this
problem is sea salt which helps to reduce the operational costs . Other proposed
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working fluids are still in the testing phase and are not able to compete with the COP
or operation cost of the conventional LiBr—water and ammonia—water absorption
refrigeration systems.

1.4 Classification of Absorption Refrigeration Systems

Concerns related to the harmful effects of using fossil fuels for power generation
have resulted in a push for the development of a cooling system that can run on
low-grade energy and can minimize the use of power in the cooling or heating
process. One such technology to provide cooling is the absorption refrigeration
system. Absorption refrigeration systems can be classified into several categories
which are single effect absorption refrigeration systems, half effect absorption
refrigeration systems, and multiple effect absorption refrigeration systems as shown
in Fig. 1.3. This classification is made based on the number of generators used and
the way they are connected to each other. A single effect absorption refrigeration
system is the simplest form and consists of a generator, a condenser, an absorber, an
evaporator, a pump, and expansion valves. These components can be arranged
either in series or in parallel depending on the application and the provided space.
An enhanced form of single effect absorption refrigeration system is the half effect
absorption refrigeration system which makes it possible to provide cooling while
using a heat source at relatively lower temperature than the single effect absorption

Fig. 1.3 Classification of
absorption refrigeration

Absorption Refrigeration Systems
systems = 2 B

Single Effect Half Effect Multiple Effect

Double Effect

Triple Effect

Quadruple Effect
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refrigeration system. A half effect absorption refrigeration system consists of two
generators, two absorbers, two pumps, three expansion valves, a condenser, and an
evaporator. In the half effect absorption refrigeration system, heat is supplied to
both generators from a single source. The drawback to using a half effect absorption
refrigeration system is that it has very low COP compared to the single effect
absorption refrigeration system. In order to enhance the COP of the absorption
refrigeration system, researchers have introduced multiple effect absorption
refrigeration systems varying from double effect to quadruple effect.

Although the increasing the number of effects drastically enhances the COP of the
system from 0.7 for single effect to 2.5 for quadruple effect, it does so at the cost of a
higher temperature heat source requirement compared to a lower effect absorption
refrigeration system. A recent advancement in energy recovery from the cycle also
led to the advancement of absorption refrigeration system working on the concept of
internal heat recovery. The absorption refrigeration systems working on the concept
of the heat recovery consist of an additional heat exchanger and are classified as
absorption refrigeration systems with agenerator absorber heat exchanger (GAX).
The addition of GAX in the cycle helps recovery of heat from the weak solution
returning from the generator in the form of preheating of the strong solution going
toward the generator.

1.5 Components of Absorption Refrigeration Systems

Absorption refrigeration systems are cooling generating devices that rely more on
thermal energy than electrical energy to provide the desired output. An absorption
refrigeration system generally comprises six basic subsystems which are generator,
absorber, condenser, evaporator, pump, and an expansion valve as shown in
Fig. 1.4. Each of these subsystems has a specific task to perform in order suc-
cessfully to run the absorption refrigeration system.

1.5.1 Generator

Generator is a subsystem of the absorption refrigeration system whose job is to
separate the refrigerant from the working fluid mixture using heat as an energy
source. A generator of the absorption refrigeration system has the structure of a
shell-and— tube heat exchanger with two inlets and three outlets as shown in
Fig. 1.5. In the generator, the strong solution (a mixture of refrigerant and absor-
bent) from the absorber enters from the bottom where it is heated from the high
temperature fluid from the heat source. As the strong solution boils, the refrigerant
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with comparitively lower boiling temperature than the absorbent leaves the gen-
erator from the top in superheated vapor form. The mixture containing a smaller
amount of refrigerant compared to the strong solution leaves the generator as a
weak solution to be recirculated back to the absorber.

1.5.2 Absorber

An absorber is a sub-system of the absorption refrigeration system, whose task is to
mix together the refrigerant from the evaporator and the weak solution from the
generator. An absorber is a simple mixing chamber in which two fluids enter
the chamber to leave as a single fluid as shown in Fig. 1.6. The refrigerant from the
evaporator first gains heat from the cooled space then enters the absorber from the
top. The weak solution from the generator first passes through the expansion valve,
where its pressure drops to that of the absorber before it enters the absorber. The use
of an expansion valve before the absorber is necessary to ensure that both fluids
entering the absorber are at the same pressure for mixing to take place. The
refrigerant and the weak solution mix together in the absorber and release heat to
the cooling water. After mixing and releasing heat in the absorber, the mixture
leaves as a strong solution to be supplied to the generator.

Fig. 1.6 Schematic of Refrigerant
absorber
Cooling
Water In
Weak
Solution
I — » Cooling
Absorber Water Out
| * |
v )
Strong

Solution



8 1 Fundamentals of Absorption Refrigeration Systems

1.5.3 Condenser

The condenser of an absorption refrigeration system acts as a heat exchanger whose
job is to cool the refrigerant from the generator. In the condenser, the vaporized
refrigerant from the generator ejects heat to the cooling water as shown in Fig. 1.7.
The cooled refrigerant leaving the condenser then passes through the expansion
valve to enter the evaporator. The cooling water used to cool the refrigerant leaves
the condenser at a relatively higher temperature that can be further used for
domestic heating purposes.

1.5.4 Evaporator

An evaporator of the absorption refrigeration system is a simple heat exchanger,
tasked with cooling the space by absorbing heat from the cooled space as shown in
Fig. 1.8. The refrigerant leaving the condenser passes through the expansion valve
before entering the evaporator. In the expansion valve, the pressure of the refrig-
erant is suddenly drops which results in a saturated mixture of refrigerant that is
high in vapor content. This high vapor content refrigerant then enters the evaporator
where it absorbs heat from the cooled space and leaves as a saturated mixture
refrigerant. This saturated mixture refrigerant then enters the absorber to be
absorbed in the weak solution.

Fig. 1.7 Schematic of Refrigerant
condenser vapor

Cooling
Water In

| » Cooling

Water Out
Condenser|

Saturated
Refrigerant
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Fig. 1.8 Schematic of Refrigerant In
evaporator

Wis

Cooling
Water In
Cooling
Water Out
Evaporator
Saturated Refrigerant
Out
Fig. 1.9 Schematic of Work In
positive displacement pump
Strong /J\ Strong
Solution Solution
Outlet ; ; Inlet

1.5.5 Pump

The pump used in an absorption refrigeration system is a positive displacement
pump. The pump is used to increase the pressure of the strong solution to be
supplied to the generator as shown in Fig. 1.9.

1.5.6 Expansion Valve

In an absorption refrigeration system, at least two expansion valves are used, one
for the weak solution and one for the refrigerant as shown in Fig. 1.10. The
expansion valve used for the weak solution is tasked with reducing the pressure of
the weak solution to that of the absorber. The expansion valve used for the
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(a) (b)

Weak Weak
Solution «—— Solution  Refrigerant Refrigerant
Outlet Inlet Outlet Inlet

Fig. 1.10 Schematic of expansion valve for a weak solution and b refrigerant

refrigerant acts as a throttling valve in which the pressure of the refrigerant is
suddenly dropped to increase the vapor content in the saturated mixture entering the
evaporator.

1.6 Operating Principle

A basic absorption refrigeration system consists of a generator, an absorber, a con-
denser, an evaporator, a pump, and two expansion valves as shown in Fig. 1.4. Heatis
supplied to the generator where strong solution enters at state 2. This strong solution is
heated to in order to separate the refrigerant from the solution on the basis of saturation
temperature difference between refrigerant and absorbent. The vaporized refrigerant
leaves the generator at state 3 and the weak solution leaves the generator at state 4. The
vaporized refrigerant at state 3 then enters the condenser where it rejects heat to the
cooling fluid to leave at state 5 as a saturated mixture. The saturated mixture then
passes through the expansion valve where its pressure drops suddenly to increase the
vapor content in the saturated mixture and leaves at state 6 to enter the evaporator. In
the evaporator, the saturated refrigerant mixture of the refrigerant gains heat from the
cooled space and leaves at state 7 to enter the absorber. The weak solution returning
from the generator passes through the expansion valve where its pressure drops to
leave at state 8 to enter the absorber. The weak solution and the refrigerant then mix
together in the absorber and reject heat to the cooling fluid to leave as a strong solution
in liquid form at state 1. The strong solution leaving the absorber at state 1 first passes
through the pump, where the pressure of the strong solution increases before it enters
the generator at state 2, respectively.

1.7 Types of Absorption Refrigeration Systems

An absorption refrigeration system can be designed in several different ways based
on generator arrangement. A simple absorption refrigeration system, also known as
single effect absorption refrigeration system, consists of a generator, an absorber, a
condenser, an evaporator, a pump, and two expansion valves. The present work
considers, several absorption refrigeration designs including single effect, double
effect, triple effect, and multiple effect absorption refrigeration systems.
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1.7.1 Single Effect Absorption Refrigeration System

A single effect absorption refrigeration system is the simplest form of absorption
refrigeration system.It is made up of a generator, an absorber, a condenser, an
evaporator, a heat recovery heat exchanger, a pump, and two expansion valves as
shown in Fig. 1.11. The process starts when the strong solution leaves the absorber
at state 1 to enter the pump. In the pump, the pressure of the strong solution
increases to the generator pressure and it leaves at state 2. The strong solution then
enters the heat recovery heat exchanger at state 2, where it gains heat from the
returning weak solution to leave at a slightly higher temperature at state 3. The
strong solution at state 3 then enters the generator, where it gains heat from the heat
source and starts boiling. The refrigerant mixed with the strong solution vaporizes
before the absorbent and leaves at state 7. Once the refrigerant vaporizes from the
strong solution, what is left in the generator is a weak solution which leaves at state
4. The vaporized refrigerant leaving at state 7 later enters the condenser, where it
rejects heat to the surroundings to leave at a relatively lower temperature at state 8.
The precooled refrigerant then enters the expansion valve, where it experiences a
sudden pressure drop to leave at state 9 as a vapor-heavy saturated mixture. This
vapor-heavy saturated mixture later enters the evaporator, where it gains heat from
the cooled space to leave at state 10. The refrigerant leaving at state 10 then enters

7
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Fig. 1.11 Schematic of single effect absorption refrigeration system
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the absorber. The weak solution exiting the generator at state 4 enters the heat
recovery heat exchanger, where it loses heat to the incoming strong solution to
leave at state 5 at comparatively lower temperature. The weak solution at state 5
then enters the expansion valve, where its pressure drops to the absorber pressure
before entering the absorber at state 6. In the absorber, the weak solution and the
refrigerant mix together and release heat to leave as a strong solution at state 1.

1.7.2 Double Effect Absorption Refrigeration System

A double effect absorption refrigeration system differs from a single effect
absorption refrigeration system in that it double effect absorption refrigeration
system has two generators and three heat recovery heat exchangers as shown in
Fig. 1.12. In the double effect absorption refrigeration system, a strong solution
leaves the absorber at state 1 to enter the solution pump. In the pump, the pressure
of the strong solution increases and leaves at state 2. The strong solution at state 2 is
then separated into two streams for energy recovery purposes. One strong solution
stream at state 3 enters the low temperature heat exchanger, where it gains heat
from the returning weak solution to leave at state 4 as a preheated stream. This
preheated strong solution then divides into two streams from which one is directed

23
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_ 7
- T 10
Heat In A — Ex‘l;::lvseion
High\ Low Cond 11
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Fig. 1.12 Schematic of double-effect absorption refrigeration system
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toward the low temperature generator (state 20) and the other one toward the high
temperature heat exchanger (state 5). The strong solution at state 5 then enters the
high temperature heat exchanger, where it gains heat from the returning fluid to
leave at state 6 at a comparatively higher temperature than state 4. The strong
solution at state 6 then enters the high temperature generator where high temper-
ature heat from a heat source is supplied. This supplied high temperature heat helps
in breaking the strong solution into weak solution and refrigerant vapor due to the
difference in the saturation temperature of the refrigerant and absorbent. The
vaporized refrigerant leaves the high temperature generator at state 7 to enter the
low temperature generator. The high temperature vapor entering the low tempera-
ture generator at state 7 releases heat to the incoming strong solution at state 21.
The release of heat from high temperature vapor helps to break thestrong solution
into refrigerant vapor and weak solution. The refrigerant entering at state 7 leaves at
state 8 and the refrigerated vapor generated in the low temperature generator leaves
at state 23 to enter the condenser. The refrigerant vapor at state 8 enters the
condenser heat exchanger, where it releases heat to the incoming strong solution at
state 18 leaving at a relatively lower temperature to enter condenser at state 9. The
strong solution entering at state 18 leaves the condenser heat exchanger at state
19 mixing with the strong solution at state 20 to enter the low temperature generator
at state 21. In the condenser, the refrigerant vapor from state 23 and state 9 releases
heat to leave at state 10 at a relatively lower temperature. The refrigerant at state
10 then enters the expansion valve where its pressure is dropped suddenly to leave
at state 11. The low pressure refrigerant at state 11 then enters the evaporator, where
it gains heat from the cooling space before entering the absorber at state 12. The
weak solution leaving the high temperature generator at state 13 passes through the
high temperature heat exchanger to release heat to the incoming strong solution
before leaving at state 14. The weak solution at state 14 then combines with the
weak solution returning from the low temperature generator at state 22 to leave at
state 16. The weak solution at state 15 then enters the low temperature heat
exchanger, where it releases heat to the strong solution before leaving at a relatively
lower temperature at state 16. The weak solution at state 16 enters the expansion
valve, where its pressure drops to the pressure of the absorber before entering the
absorber at state 17. In the absorber, the refrigerant from state 12 and weak solution
from state 17 mix together and release heat to leave at state 1 in the form of a strong
solution.

1.7.3 Triple Effect Absorption Refrigeration System

A triple effect absorption refrigeration system consists of three generators, an
absorber, a condenser, an evaporator, two expansion valves, a pump, and four
energy recovery heat exchangers as shown in Fig. 1.13. Heat from an external
source is supplied to the high temperature generator to produce cooling. In the high
temperature generator, the strong solution from the absorber at state 29 is heated to
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leave as a weak solution at state 30 and refrigerant vapor at state 31. The weak
solution leaving the high temperature generator at state 30 then rejects heat in the
high temperature heat exchanger before combining with the weak solution from the
medium temperature generator at state 12 to leave at state 33. This weak solution
from state 33 then rejects heat in the medium temperature heat exchanger and
combines with the weak solution from state 23 to leave at state 14. This weak
solution then enters the low temperature heat exchanger where it heats up the strong
solution from state 19. After rejecting heat, the weak solution at state 15 enters the
expansion valve where its pressure and temperature decrease before entering the
absorber at state 16. The vapor at state 31 enters the medium temperature generator
where it heats the strong solution from state 26 and leaves the medium temperature
generator in two streams as refrigerant vapor at state 4 and state 27. These two
refrigerant vapor streams are then combined together at state 5 before entering the
low temperature generator. In the low temperature generator, the strong solution
coming from state 22 is heated and leaves the low temperature generator as
refrigerant vapor at state 6 and state 7. The vapor stream at state 7 is directed to the
condenser while the vapor stream at state 6 is directed to the condenser heat
exchanger to reject heat to the strong solution from state 17 and leaves at state 18.
The refrigerant vapor stream leaving the condenser heat exchanger at state 8 enters
the condenser where it rejects heat and leaves at state 9. This stream then passes
through the expansion valve where its pressure drops to that of the evaporator and
leaves at state 10. In the evaporator, heat is gained by the refrigerant from
the production of chilled water production and the heated mixture leaves the
evaporator at state 11 before entering the absorber. In the absorber, all three streams
mix together and reject heat to the cooling fluid before entering the solution pump
at state 1.

1.7.4 Multiple Effect Absorption Refrigeration System

A new advancement in the area of absorption refrigeration systems has led to the
study of multiple effect absorption refrigeration systems beyond triple effect. One
such system is the quadruple effect absorption refrigeration system which consists
of four generators, an absorber, a condenser, an evaporator, two expansion valves, a
pump, and five heat recovery heat exchangers as shown in Fig. 1.14. In a very high
temperature generator, the strong solution from the absorber at state 14 is heated to
leave as a weak solution at state 16 and refrigerant vapor at state 15. The weak
solution exiting at state 34 after releasing heat in the very high temperature heat
exchanger mixes with the weak solution from state 20 to leave at state 35. This
weak solution from state 35 then releases heat in the high temperature heat
exchanger and combines with the weak solution from state 24 to leave at state 37.
This weak solution from state 37 then releases heat in the the medium temperature
heat exchanger and combines with the weak solution from state 29 to leave at state
39. This weak solution then enters low temperature heat exchanger, where it heats
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the strong solution from state 4. After releasing heat, the weak solution at state 40
enters the expansion valve where its pressure and temperature decrease before
entering an absorber at state 41. The refrigerant vapor from state 15 then enters the
high temperature generator, where it heats the strong solution from state 13 and
leaves as refrigerant vapor at state 17 and state 18. These two refrigerant vapor
streams mix together and leave at state 19 to enter the medium temperature gen-
erator, where it heats the strong solution from state 9 and leaves as refrigerant vapor
at state 21 and state 22. These two refrigerant vapors are then combined together
before leaving at state 23. The refrigerant vapor at state 23 enters the low tem-
perature generator heats the strong solution from state 28, and leaves as refrigerant
vapor at state 25 and state 26. The stream at state 26 goes directly into the con-
denser while the stream at state 25 is directed to the condenser heat exchanger to
lose heat to part of the strong solution that is fed backward by the pump at state 3.
The strong solution gains heat and leaves the condenser heat exchanger at state 30.
The refrigerant vapor leaving condenser heat exchanger at state 27 enters the
condenser, releases heat, and then leaves at state 31. The refrigerant stream then
passes through the expansion valve and leaves at state 32 to enter the evaporator. In
the evaporator, heat is gained by the refrigerant from the cooled space. The
refrigerant is heated in the evaporator and leaves at state 33 to enter the absorber. In
the absorber, all three streams mix together and release heat to the surrounding and
leave at state 1 in liquid form to enter the pump.

1.8 Heat Sources

An absorption refrigeration system is mainly a low-grade heat-driven cooling
system, which means that the operating temperature of the system determines the
amount of cooling it can produce. A single effect absorption refrigeration system
can run in the temperature range of 80—150 °C and is capable of producing cooling
ranging from 1 to100 tons. A double effect absorption refrigeration system requires
a slightly higher working temperature than single effect ranging from 120 to 230 °C
and is capable of producing cooling ranging from 1 to 1000 tons. A more advanced
absorption refrigeration system, still under lab scale experimental investigation is
the triple effect absorption refrigeration system which requires a working temper-
ature range of 150-230 °C.

The triple effect absorption refrigeration system can cater to large industrial
applications with expected capabilities of a cooling capacity greater than 1000 tons.
The very low-grade heat-dependent characteristic of absorption refrigeration system
makes them good contenders for integration with renewable energy sources as well
as waste energy. The most attractive source of energy for absorption refrigeration
systems is solar energy. Almost all types of solar thermal systems such as con-
centrated flat plate, evacuated tube, parabolic trough, and parabolic dish are capable
of providing the required working temperature for absorption refrigeration systems
which makes them very attractive source of energy for absorption refrigeration
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systems. Geothermal energy sources can also be used to provide heat to absorption
refrigeration systems in places where the geothermal source temperature is
above 90 °C.

Apart from renewable energy sources, absorption refrigeration systems can also be
integrated with power plants and other industrial plants for recovery of low-grade
waste heat. A large-scale steam power plant capable of generating power in mega
watts rejects heat from its condenser at high temperatures that can be used for pro-
viding low-grade heat to the absorption refrigeration system. Recovering low-grade
waste heat from power plants to produce cooling capable of meeting the needs of its
operation can help improve the efficiency and economy of the power plant by
reducing electricity consumption. Another very attractive heat source for absorption
refrigeration system is nuclear power plants that reject low-grade heat at considerably
high temperatures, part of which can be used to generate enormous amounts of
cooling from the triple effect and higher effects absorption refrigeration systems.

1.9 Advantages and Disadvantages

There are several advantages and disadvantages associated with absorption refrig-
eration systems. Some of the advantages associated with absorption refrigeration
systems are

Reduced operating costs as opposed to the conventional system;

Eradicates use of harmful chlorofluorocarbons and other refrigerants;

The operation is safer and quiet;

The system has low maintenance cost;

Provides a useful application for heat recovery from almost any system; and
The payback period is short due to high impact on energy savings.

However, like any other system, absorption refrigeration systems also have some
drawbacks including

e Coefficient of performance is lower than the conventional system;
e The start-up time is longer than the conventional system; and
e Leakage in the system can result in a foul smell caused by the use of ammonia.

1.10 Comparison with Other Cooling Systems

Absorption refrigeration systems are not the only cooling system that can use
renewable energy for production of cooling. Other renewable energy-based cooling
systems that are being researched are (a) solar photovoltaic (PV), (b) solar ther-
moelectric, (c) thermomechanical, (d) desiccant, and (e) adsorption cooling sys-
tems. Each of these cooling systems is briefly described below.
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1.10.1 Solar PV Cooling System

PV cell technology is among of the first solar technologies put into commercial
manufacturing. The extensive amount of research work done on solar PV tech-
nology has aided its advancement with the passage of time. PV cells are semi-
conductor devices made of n-band and p-band structure and use solar light to
generate electrons. Since the realization of the harmful effects caused by use of
fossil fuels, the demand for PV modules has increased exponentially. The negative
aspect of the solar PV system is that it produces direct current (DC) electricity
rather than alternative current (AC) electricity which is required by the majority of
electrical appliances in use today. In order to have properly running solar PV
cooling technology, one needs to have an integrated system consisting of four basic
subsystems which are PV panels, an electrical storage battery, an inverter, and a
conventional vapor-compression AC unit as shown in Fig. 1.15 (Otanicar et al.
2012). PV cells are used to convert solar light intensity into direct current electrical
energy in the which is then supplied to the battery. The battery is used to store DC
voltage during high solar light intensity hours as it acts in a charging mode.
However, when solar light intensity is low or is not available, the battery supplies

PV Panels

Compressor
Inverter Chiller

Storage
in battery

Fig. 1.15 Schematic of solar PV cooling system
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the required energy input to the air-conditioning system. The voltage supplied by
the battery is in DC form and is then passed through an inverter. An inverter is a
device consisting of an electrical circuit which is used to convert direct current
electrical power to alternating current electrical power and is then supplied to the
air-conditioning unit. The conventional vapor-compression air-conditioning system
is dependent on electrical energy to run the compressor in order to supply the
required cooling load.

1.10.2 Solar Thermoelectric Cooling System

Solar thermoelectric cooling systems work on the principle of Peltier cooling,
receiving energy from sunlight. In these systems, electrical energy from solar light
is extracted by means of the thermoelectric effect, which is later used to produce
cooling using the Peltier effect, as shown in Fig. 1.16. Thermoelectric devices
consist of a series of thermocouples, which are used to generate high current
thermoelectric power with the advantage of operating with a low level heat source.
Research carried out by Vella et al. (1976) shows that thermoelectric generator
which uses solar light intensity as the energy source, is of high interest for operation
of a thermoelectric air-condition system. The theory of combined thermoelectric
generator and refrigerator to determine the ratio of thermocouples needed for the
two devices is also developed by Vella et al. (1976). The thermoelectric
air-condition system uses electron gas as a working fluid which makes it very
unique. Concerns about damage caused to the environment from the use of
chlorofluorocarbons have given rise to alternative cooling technologies such as
those using a Peltier system. Research efforts have been made to develop domestic

b T

NE
]z

Evacuated Heat

M

Chilled Environmental Heat

Fig. 1.16 Schematic of solar thermoelectric cooling system
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thermoelectric cooling systems with COP comparable to conventional cooling
systems in order to make use of this solid-state energy conversion technology.

1.10.3 Thermomechanical Cooling System

The thermomechanical cooling system transforms thermal energy to mechanical
energy which is later used to produce the required amount of cooling. The steam
ejector system is among the technologies that represent the thermomechanical
cooling system. The integration of a steam ejector system with a solar thermal
collector or geothermal source as shown in Fig. 1.17 makes the system environ-
mentally benign as the energy need of the system is provided using renewable
energy sources. In this system, steam extracted from the renewable energy source is
supplied to the boiler, which then supplies high temperature steam to the ejector
system where the pressure of the high temperature steam drops. The low pressure
water—vapor mixture exiting the ejector then passes through the evaporator where it
extracts heat from the water flowing through it. A benefit of the steam ejector
system is that during the low cooling demand period it can also work as a turbine,
producing electrical power. Table 1.1 shows the effect of working fluid on the
performance of the steam ejector system.

1.10.4 Desiccant Cooling Systems

The concept of a renewable energy-based desiccant cooling system was first
introduced by Lof (1955) in 1955. This makes use of heat supplied by the
renewable energy source to decrease the moisture content of the ambient air flowing

Ejector

Expansion

Renewable Energy | Heat Input Boiler 5 Valve 4 Heat

Heat Source < Output

N
7 Evaporator
Work In 4>
6

Fig. 1.17 Schematic of thermomechanical cooling system
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Table 1.1 Effect of working fluid on performance of solar-steam ejector system

Working Boiler Condenser Boiler Evaporator COP
fluid temperature temperature (°C) | pressure pressure (kPa)
(°C) (kPa)

Water 85 37 392.2 0.88 0.913
Propane 85 37 2745 539 0.496
Butane 85 37 882.3 147 0.423
Ammonia | 130 37 2157 520 0.348
R-134a 90 37 4900 980 0.25

through the desiccant system. The temperature of this dry air is then reduced using
direct or indirect evaporation. At present, most research in this area is focused on
liquid desiccant cooling systems as they have the advantage of higher dehumidi-
fication of air, close to the same temperature as that of solid desiccant cooling
systems and can also store high energy by using hygroscopic solutions.
A comparative study carried out by Ameel et al. (1995) found that LiBr performs
best among LiCl, CaCl, and LiBr solutions which are used as a working fluid in the
renewable energy-based desiccant cooling systems.

1.10.5 Adsorption Cooling System

The first absorption cooling system was introduced in the early 1990s to meet the
sudden increase in cooling demands due to industrial evolution. The adsorption
process is a surface phenomenon in which a solid porous surface with large surface
area and adsorptive capacity acts as a primary component of the system. The
combination of working fluids used in the adsorption systems greatly affects the
performance of the system. Working fluids used by different researchers are silica
gel-water, activated-carbon—-methanol, activated-carbon—ammonia, zeolite—water,
activated-carbon—granular, and fiber adsorbent. A standard adsorption system
consists of an adsorbent bed, an evaporator, and a condenser. Renewable
energy-based thermal technologies can easily meet the thermal energy requirement
of the adsorption cooling systems, hence making them environmental friendly.
The COP of the renewable energy assisted adsorption system varies from 0.1 to
0.12 when zeolite—water working fluid is used. In another study, Critoph (1993)
found that if activated-carbon—ammonia working fluid is used, the COP of the
integrated system degrades to 0.05. A COP value of 0.096-0.13 was reported by
Luo et al. (2007) when a renewable energy assisted adsorption cooling system was
used for cold storage of grains. The effect of working fluid on the performance of
the adsorption cooling systems is summarized in Table 1.2.
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Tgble 1.2 Effect of working Working fluids CoP
g:slgtgg fgggggﬁcceog;;gar Activated carbon/metharol 0.10-0.12
system Zeolite/water 0.10-0.12
Activated carbon/ammonia 0.05
Activated carbon/water 0.07
Silica gel/water 0.20-0.30
Table 1.3 Coefﬁ.cient of Cooling system COP
perf9rmance of different Solar PV cooling 07
cooling systems
Solar thermoelectric 0.3-0.5
Thermomechanical 0.49
Desiccant 0.35-0.94
Adsorption 0.05-0.3
Single effect absorption 0.5-0.7
Double effect absorption 0.8-1.2
Triple effect absorption 1.4-2.0
Quadruple effect absorption 1.7-2.5

However, among all the different renewable energy-based cooling technologies
explained above, absorption refrigeration systems provide better coefficient of
performance and operating temperature ranges. These benefits make absorption
refrigeration systems an ideal replacement for conventional cooling systems.
Table 1.3 summarizes the performance of all the renewable energy- based cooling
systems.

1.11 Absorption Heat Pumps

Absorption heat pumps are the waste heat-driven systems capable of providing high
temperature heat. They work in a similar manner to absorption refrigeration sys-
tems, with the only difference between the two systems being the replacement of an
expansion valve between the condenser and an evaporator with the pump. The
major benefit to using an absorption heat pump is that it allows the transformation
of low temperature heat to high temperature heat at the expense of some work input
required to maintain the flow of the working fluid as shown in Fig. 1.18. In an
absorption heat pump, low-grade heat is supplied to the generator for the separation
of refrigerant from the strong solution entering at state 2. The refrigerant vapor
leaves the generator at state 3 and the weak solution exits at state 4. The refrigerant
vapor then enters the condenser, where it releases heat to the environment before
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Fig. 1.18 Schematic of absorption heat pump

entering the pump at state 5. The pump helps to maintain the flow of the system and
the refrigerant enters the evaporator at state 6. Low-grade heat is supplied, to the
evaporator,same as the generator, in order to vaporize the refrigerant. It is worth
noting that absorption heat pumps work in a manner such that the generator and
evaporator are at the same temperature. The vaporized refrigerant then enters the
absorber at state 7. In the absorber, the refrigerant vapour is absorbed into the weak
solution entering at state 8. This absorption process results in release of high-
temperature heat which is then supplied to the heated space as a useful output.

1.12 Closing Remarks

There has been an increasing interest to find more environmentally benign options
for air-conditioning, cooling, and refrigeration applications in various sectors
ranging from residential to commercial and from agricultural to industrial, in order
to achieve comfortable conditions and storage atmospheres for safe storage of
foodstuff and other products/materials. Its importance is also more recognized when
we deal with renewables as low-grade heat is available from, for example, solar and
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geothermal sources. Some other types of low-grade heat are process and waste heat
available through various procedures and applications where we can make use of
them. This chapter, in this regard, discusses the fundamentals, basic aspects, main
concepts, key system types, main components, and operating principle of absorp-
tion refrigeration systems for various applications, ranging from human comfort to
safe storage of foodstuff. Comparisons with some conventional types of cooling/
refrigeration systems are presented with some features and advantages as well as
some possible drawbacks.



Chapter 2
Thermodynamic Analysis

2.1 Introduction

The use of thermodynamic analysis plays a pivotal role in performance assessment
and evaluation of any system under study. Thermodynamic analysis branches into
two concepts, the first-law of thermodynamics and the second-law of thermody-
namics, which are recognized as energy and exergy analyses. These are essentially
applicable to all the engineering and science problems at large. The present chapter
sheds light on the important aspects of energy and exergy analyses for absorption
refrigeration systems. Also, presented are the general energy and exergy analyses of
individual components of absorption refrigeration systems. The chapter also dis-
cusses the modeling of the absorption refrigeration systems from exergoeconomic
and exergoenvironment perspectives, which are helpful in determining the overall
effect of using absorption refrigeration systems on society. A brief introduction to
optimization is also provided to show how an absorption refrigeration system can
be optimized by considering energy, exergy, exergoenvironmental and exergoe-
conomic parameters.

2.2 Energy and Exergy Analyses

Thermodynamics can be defined as the science of energy ( from the first-law of
thermodynamics) and exergy ( from the second-law of thermodynamics). Energy is
the branch of thermodynamics that is derived from the law of conservation of energy
according to which energy can be neither created nor destroyed but can transfer from
one form to another. Performing energy analysis of a system is the first step in
determining the overall performance of the system, as it is based on the basic
conservation law. Energy analysis is important, but not sufficient since it does not
account for irreversibility, inefficiency and exergy destruction. It is necessary to

© Springer International Publishing Switzerland 2016 27
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Green Energy and Technology, DOI 10.1007/978-3-319-33658-9_2
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proceed one more step to focus on exergy analysis which can further be enhanced for
cost accounting and environmental impact assessment under exergoeconomic and
exergoenvironmental analyses.

The drawback to using only energy analysis is that it only provides the quantity of
energy and does not specify the quality of it. On the other hand, exergy analysis takes
the concept of energy analysis forward by specifying the quality of energy carried by
the system. Any process that is not in equilibrium with the surrounding is capable of
doing work in one direction or another. Exergy analysis states that it is impossible to
have a system that can work at 100% efficiency because no matter what every system
has losses occurring. For example, it is known that heat transfer takes place from a
hot body to a cold body but what if heat transfer is to take place from a cold body to a
hot body?. Based on energy analysis it is possible to transfer heat from a cold body to
a hot body without supplying any external work but it is known that this cannot
happen in reality This is when exergy comes into play to provide quality to the
quantity obtained from energy analysis. Exergy analysis can also be viewed as an
inequality in thermodynamic analysis as it says that if a process is taking place, the
total energy at the termination of a process will either be greater than or equal to the
starting point of the process. The equality holds only for hypothetical reversible
processes. The following subsections present energy and exergy formulations of
each component of the ARS. Also presented, is an example for each component of
the ARS.

2.2.1 Pump

The mass balance equation across the pump as shown in Table 2.1 can be written as
min = mout = mp (21)

where m represents mass flow rate.
The specific power consumed by the pump can be calculated using

Wy = V(Pout - Pin) (22)
"

where w, v, P and # represent specific power, specific volume, pressure and effi-
ciency, respectively.
The total power consumed by the pump is defined as

W, = ripw, (2.3)

where W represents total power consumed by the pump.
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Table 2.1 Name and schematic of essential components of ARS

Name Schematic
Pump Work In
Strong Strong
Solution Solution
Outlet Inlet
(State 2) (State 1)
Generator Refrigerant
Vapor
(State 3)
High Temperature 1
Fluid
Low Temperature «——
Fluid
Strong  weak
Solution golution
(State 1) (State 2)
Condenser Refrigerant
vapor (State 1)
Cooled
i Water In
——— Hot
‘Water Out
Saturated
Refrigerant
(State 2)
Evaporator Refrigerant In
(State 1)
Hot

—
Water In

{—» Cooled
‘Water Out

v

Refrigerant Out

(State 2)

(continued)
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Table 2.1 (continued)

Name Schematic

Absorber Refrigerant
(State 2)

Cooled

Water In
Weak

Solution——|
(State 3)

{—+ Hot

Water Out

—(

Strong Solution
(State 1)

Expansion valve (weak solution) Weak Solution >< Weak Solution
— f—

Inlet (State 1) Outlet (State 2)

Refrigerant<_(><_7Refrigerant
Outlet (State 2) Inlet (State 1)

Expansion valve (refrigerant)

The overall energy balance equation of the pump is given as

> (ih), + > Wy = (ith) (24)

where & represents specific enthalpy of the state.
The specific exergy at any state is defined as

ex; = (h; — hoy) — To(si — so0) (2.5)

where ex, T and s represent specific exergy, temperature, and specific entropy. The
same equations can be written at every state of the cycle.
The overall exergy balance equation of the pump is given as

D (i x ex)iy + Woump = D (i X €X) oy + EXqestp (2.6)

where Exdest,p represents exergy destruction rate in the pump.

Example 2.1 Letus consider an ARS, a solution pump in which is a strong solution of
an ammonia—water mixture with a concentration of 0.6 is supplied at 250 kPa with a
mass flow rate of 1 kg/s. The pump is used to raise the pressure of the strong solution
to 400 kPa. Consider the isentropic efficiency of the pump to be 85 % and ambient
temperature and pressure to be 25 °C and 100 kPa, respectively. Calculate the power
consumed by the pump and the total exergy rate destruction inside the pump.
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e Solution
Py =250kPa | h; = 199.5kJ/kg
x1 =0.6 s1 = 0.06834kJ/kg K
Qu; = 0.00 vy = 0.001247 m3/kg
0.001247(400 — 250
wp = ( ) = 0.002201 kW /kg

0.85
hy = hy +wp = 199.5+0.002201 = 199.5002201 kJ /kg

P, = 400 kPa
X =0.6 52 = 0.06945kJ /kg K
hy = 199.5002201

W, = 1.(0.002201) = 0.002201 kKW

Py = 100kPa ) ho = 524.3kJ /kg
To = 298.15K [ 50 = 2.554kJ /kg K

Ex; = 1(](199.5 — 524.3) — 298.15(0.06834 — 2.554)|) = 457kW
Ex, = 1(](199.5002201 — 524.3)—298.15(0.06945 — 2.554)|) = 457.3kW

457 +0.002201 = 457.3 4 ExXqestp
EXgestp = 0.327kW

2.2.2 Generator

The mass balance equations of the generator as displayed in Table 2.1 can be
written as

Z iy = Z o (27)
and
D iy, =Y (), (2.8)

where x represents concentration of the solution.
The energy balance equation of the generator is given as

Z (’hh)in + Z Qg = Z (’hh)out (2.9)

where Qg represents rate of heat required by the generator.
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The thermal exergy rate supplied to the generator is defined as
. To\ .
Expg = (1 - FO) 0, (2.10)
g

where Exth@ represents thermal exergy rate of generator.
The exergy balance equation of the generator is given as

D (i x ex)y, + Exing = > (i X €x),, + EXgeste (2.11)

where Exdest,g represents rate of exergy destruction in the generator.

Example 2.2 A strong solution of an ammonia-water mixture at 400 K and
400 kPa with a concentration of 0.6 enters the ARS generator . In the generator,
250 kW of heat is supplied to vaporize the ammonia refrigerant from the strong
solution. The weak solution and ammonia refrigerant leaves the generator with a
mass concentration of 0.4 and 0.999, respectively. The temperature of the weak
solution leaving the generator is taken to be 15 °C higher than the strong solution
temperature. Calculate the exit temperature of the refrigerant vapor, mass flow rate
of the refrigerant and strong solution and total destroyed exergy rate in the gen-
erator. Assume ambient temperature and pressure to be 25 °C and 100 kPa,
respectively.

e Solution

Pu= JORP ] gy = 202200k

Tl o0k |51 =6387K/kg K
=

f 2= 330 kPa | 1, = 2082k /ke
T22 a5k [ %2 =6718K/kgK

my; = my +m;3
miX] = MpXy + Mizxs
1 =np+n

1(0.6) = 11, (0.4) 4 1i13(0.999)
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Solving two equations simultaneously will give us
iy, = 0.6661 and 3 = 0.3339kg
fhy + Qg = tinhy + fizhy
1(2022) +250 = 0.6661(2282) + 0.3339;
hs = 2252kJ/kg

P3 =400 kPa
x3 = 0.999
hy =2252kJ/kg

T; = 662.7K
s3 = 6.877kJ/kg K

Ex; = 1[(2022 — 524.3) — 298.15(6.387 — 2.554)] = 355.2kW
Ex, = 0.6661[(2282 — 80.87) — 298.15(6.718 — 0.9197)] = 314.9kW
Exs = 0.3339[(2252 — 1353) — 298.15(6.877 — 5.621)] = 175.1 kW

- 298.15
Exmg = (1 " 6627 )250 =137.5kW

355.24+137.5 = 314.9 + 175.1 + EXyest g

EXgestg = 2.77kW

2.2.3 Condenser

The mass balance equation for the condenser as portrayed in Table 2.1 is defined as

Z hityy = Z Flout (2.12)
The overall energy balance equation of the condenser is given as
D ()i, =3~ (i) + D Qe (213)

where Q. represents the rate of heat rejected by the refrigerant flowing through the
condenser.
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The thermal exergy rate rejected by the condenser is defined as
. To\ .
ExXpe = (1 - FO) 0. (2.14)

where Exth,c represents thermal exergy rate of condenser.
The overall exergy balance equation of the condenser is given as

Z (m x ex),, = Z (1 X ex) —I—I:Exth’C —I—Exdest,c (2.15)

where Exgcqc represents rate of exergy destruction in the condenser.

Example 2.3 In a condenser, ammonia vapor enters at 400 kPa, 400 K with a
concentration of 0.999. The ammonia vapor leaves the condenser at 313.5 K with a
mass flow rate of 1 kg/s. Calculate the rate of heat rejected by the condenser and
total destroyed exergy rate in the condenser. Take ambient temperature and pressure
to be 25 °C and 100 kPa, respectively.

e Solution

fl_:g%ggpa hy = 1571k] /kg
Tll — 00K [$1=7558K/keK
f 2= ggglg‘pa hy = 1369kJ /kg
7?2 3135k | s2=5011k/kgK

iihy = rinhy + O
1(1571) = 1(1369) + Q.

0. =2022kW

Bx; = 1[(1571 — 1353) — 298.15(5.58 — 5.621)] = 230.1 kW
Bx, = 1[(1369 — 1353) — 298.15(5.011 — 5.621)] = 197.7kW

: 298.15
Exth,c = (1 — 3132) 2022 = 9684 kW
230.1 = 197.7 4 9.684 + Exgestc

EXgeste = 22.66 kW
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2.2.4 Evaporator

The mass balance equation for the evaporator as shown in Table 2.1 is written as

> it = titou (2.16)

The overall energy balance equation of the evaporator is given as

D ih)y+ Y 0= (th)y, (2.17)

where Q. represents rate of heat gained by the refrigerant flowing through the
evaporator.
The thermal exergy rate gained by the evaporator is defined as

Expe = (1 - ;‘)) 0. (2.18)

[

where Exth’e represents thermal exergy rate of evaporator.
The overall exergy balance equation of the evaporator is given as

D (i x ex);, + Exine = Y (1 X eX)y + EXqeste (2.19)

where Exdest,e represents rate of exergy destruction in the evaporator.

Example 2.4 An ammonia refrigerant enters the evaporator at 250 kPa, 259.6 K
with a concentration of 0.999. The refrigerant leaves the evaporator at 259.7 K with
a mass flow rate of 1 kg/s. Calculate the cooling rate and total destroyed exergy rate
in the evaporator. Assume ambient temperature and pressure to be 25 °C and
100 kPa, respectively.

e Solution

f LT 559%19‘% hy = 965.2kJ /kg
Tll 5o 6K | 1 =3724K/kg K
fz_:0259(;19<Pa hy = 1058 k] /kg
T22 5o |52 = 40891kl /kg K

iy + Qe = rinhy
1(965.2) + Q. = 1(1058)

0, = 93.14kW
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Ex; = 1[(965.2 — 1353) — 298.15(3.724 — 5.621)] = 177.7kW
Ex, = 1[(1058 — 1353) — 298.15(4.081 — 5.621)] = 164.4kW

. 298.15

177.7 4 13.83 = 164.4 4 ExXesie
ExXgeste = 27.16kW

= 13.83 kW

2.2.5 Absorber

The mass balance equation for the absorber as displayed in Table 2.1 is written as

> itg = titou (2.20)

The overall energy balance equation of the absorber is given as

Y i)y =Y (i), + > O (2.21)

where Q, represents rate of heat rejected by the refrigerant and the weak solution
when they mix together in the absorber.
The thermal exergy rate rejected by the absorber is calculated as

Exina = (1 - FO) 0, (2.22)
a

where Exth,a represents thermal exergy rate of absorber.
The overall exergy balance equation of the absorber is given as

Z (m x ex),, = Z (X X))y —|—Exth7a +EXdesr,a (2.23)

where Exdest’a represents rate of exergy destruction in the absorber.

Example 2.5 In an absorber of the absorption refrigeration system, ammonia
refrigerant enters at 250 kPa and 259.7 K with a mass flow rate and concentration
of 0.5 kg/s and 0.999, respectively. The weak solution enters the absorber at
250 kPa and 314 K with a concentration and mass flow rate of 0.25 and 0.5 kg/s,
respectively. The weak solution leaves the absorber as a saturated liquid with a
concentration of 0.35. Calculate the heat rate rejected by the absorber and total
destroyed exergy rate in the absorber. Assume ambient temperature and pressure to
be 25 °C and 100 kPa, respectively.



2.2 Energy and Exergy Analyses 37
e Solution

fl_zgz(;kpa hy = —16.77kI /kg
1 =0. o

00 s1 = 0.5451 kI /kg K
P, = 250kPa

hy = 1058kJ /kg
Xy = 0.999 _
T — 507K | %1 =4081K)/kg K

Py =250kPa) ,
= 025 hy = 10.58kJ /kg

T — 314K s3 = 0.5496kJ /kg K
=

ihy + Qa = righy + tzhs
1(—16.77) + Q. = 0.5(1058) + 0.5(10.58)

0, = 551.2kW

Ex; = 1[(—16.77 — (—29.98)) — 298.15(0.5451 — 5.112)] = 36.64kW
Ex, = 1[(1058 — 1353) — 298.15(4.081 — 5.621)] = 82.18 kW

Ex; = 1[(10.58 — (—57.23)) — 298.15(0.5496 — 0.3285)] = 0.9507 kW

: 298.15
EXhqa = ‘ <1 - W) 551.2‘ = 27.83kW

36.64 +27.83 = 82.18 + 09507 + EXyesta
EXgesta = 18.67kW

2.2.6 Expansion Valve

The mass balance equation for the expansion valve as shown in Table 2.1 is
written as

Min = Moy (2.24)
The overall energy balance equation of the expansion valve is defined as

(rih) i, = (ith) o (2.25)
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The overall exergy balance equation of the expansion valve is defined as
D O xex)y, =Y (1 X ex) gy + EXaestev (2.26)

where Exgesiev represents rate of exergy destruction in the expansion valve.

Example 2.6 In an expansion valve,a weak solution with a concentration of 0.113
enters at 443.2 K and 1548 kPa. The weak solution leaves at 478.4 kPa with a mass
flow rate of 1 kg/s. Calculate the exit temperature of the expansion valve and total
destructed exergy rate. Assume ambient temperature and pressure to be 25 °C and
100 kPa, respectively.

e Solution

f 1T 3248 KPa ) ) _ 654011 /ke
Tll _ 132K | 51 =2103kI/kgK

Py = 478.4KPa ) 1 4000

’;f :’;l‘ 52 =2.132kJ /kg K
2 — N1

Ex; = 1[(654.2 — 28.46) — 298.15(2.103 — 0.4027)] = 118.7kW
Ex; = 1[(654.2 — 28.46) — 298.15(2.132 — 0.4027)] = 110.1 kW
118.7 = 110.1 + ExXgegtev

EXgest.ey = 8.578 kW

2.2.7 Coefficient of Performance

The performance of an absorption refrigeration system is measured using the
coefficient of performance. The energetic coefficient of performance of is defined as

COP,, = L (2.27)
Z Qin + Wp
The exergetic COP is defined as
E
COP,, — Rhe (2.28)

Z Exth,in + Wp
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Example 2.7 An absorption refrigeration system is capable of producing 220 kW
of cooling while consuming 150 kW of heat in the generator. The solution pump
consumes 1 kW of power to pump the solution from 250 to 400 kPa. Calculate the
energy and exergy coefficients of performance for this absorption refrigeration
system. Assume evaporator, generator and ambient temperatures to be 260, 520,
and 298 K, respectively.

e Solution

220
150 +1

COP, = =146

|1 — 228220

COP =

2.3 Exergoeconomic Analysis

Exergoeconomic analysis opens a new front in cost analysis of the energy systems
by bridging the gap between the exergy and the cost of the system. Exergoeconomic
analysis takes into consideration the cost of the equipment, operational costs, the
cost of working fluid, and costs related to the exergy destruction of the system.
The exergoeconomic equation of the absorption refrigeration system is written as

Zeq + COPM = CCUOI (229)

where Zeq, CopM, and CCOM represent cost associated with equipments, operation
and maintenance, and cooling, respectively.
The cost linked with the equipment is calculated as

Zeg=Ca+Cy+Cet Cet Cp+ Coy (2.30)
where Ca, Cg, Cc,Ce, Cp and Cev represent the cost of the absorber, generator,

condenser, evaporator, pump and expansion valve, respectively.
The cost associated with the operation and maintenance is defined as

Copm = copm X Exopm (2.31)

where copm and ExopM represent operation and maintenance cost and exergy car-
ried by the heat and power, respectively.
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The cost related to the cooling produced is defined as
CCool = CCool X EXCOU] (232)
where ccoo and EXCOOI represent cost of cooling produced and the exergy related to
the cooling produced, respectively.
Thus the above equation can be written as

(¢ X Bx)opyg +Zeq = (¢ % Ex) oy (2.33)

The cost of cooling can then be calculated by rearranging the above mentioned
equation and rewriting it as

(¢ x EX)OPM + Zeq
EXcool

(2.34)

CCool =

The problems, which have more unknowns than equations can be simplified by
replacing exergy terms with mass flow rate terms. Figure 2.1 displays a flowchart
for exergoeconomic analysis.

Exergoeconomic Analysis

Thermodynamic Analysis Economic Analysis

Mass Balance
Equations

Energy Balance
Equations

Exergy Balance
Equations

Components Cost

Operating Cost

Chemicals Cost

Combine Together

Fig. 2.1 Flowchart of exergoeconomic analysis
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Example 2.8 An absorption refrigeration system is capable of producing 220 kW
of cooling. The solution pump consumes 1 kW of power to pump the solution from
250 to 400 kPa. Calculate the cooling cost of this absorption refrigeration system.
Assume evaporator and ambient temperatures to be 260 and 298 K, respectively.
Note: the equipment cost of absorption refrigeration system can be estimated using

Zeq($) = 1144.3(Qco01)™®" and consider operation and maintenance cost to be 3 %
of the total investment cost.

e Solution

Zeq = 1144.3(220)" = $42458
Copm = 0.03 x 42458 = $1274

. 298
EXcool = (‘1 ~ 360 )220 = 32.15kW

1274 4 42458

CCodl = 3515

= 1360 $/kW

2.4 Exergoenvironmental Analysis

In the present era, it is necessary to conduct an environmental analysis of a system
under investigation to ensure that it has a minimal or no effect on the environment.
This section of the chapter combines exergy and environmental analyses to present
a new type of study namely exergoenvironmental analysis. Exergoenvironmental
analysis is based on exergy analysis and it takes into account exergy destruction
and efficiency to provide a measure of its impact on the environment.
Exergoenvironmental analysis consists of six parameters which are an impact
factor, impact coefficient, impact index impact improvement, exergetic stability
factor, and exergetic sustainability index.

2.4.1 Exergoenvironmental Impact Factor

The exergoenvironmental impact factor determines the positive effect of the
investigated system on the environment. The purpose of studying this parameter is
that it helps to reduce the environmental impact of the system by decreasing the
irreversibility in the system.

The reference value of this factor is “zero” which shows that the system has no
irreversibility. The exergoenvironmental impact factor is defined as
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o EXdest,lot

- Z Exin

where f, Exdest:mt and Exin represent exergoenvironmental impact factor, total
exergy destruction rate in the system and total exergy rate supplied to the system,
respectively.

fei (2.35)

2.4.2 Exergoenvironmental Impact Coefficient

The exergoenvironmental impact coefficient is related to the exergetic efficiency of the
system. In the ideal case, its value should be one, indicating that the system is working
under an ideal condition with no exergy destruction. This coefficient is defined as

1

Co=—o
Ny /100

(2.36)

where C,i and n., represent exergoenvironmental impact coefficient and exergetic
efficiency, respectively.

2.4.3 Exergoenvironmental Impact Index

The exergoenvironmental impact index is an important parameter to study as it
indicates whether or not the system under investigation damages the environment
due to its unusable waste exergy output and exergy destruction. The desired value
of the exergoenvironmental impact index should be as small as possible. The
exergoenvironmental impact index is calculated by multiplying exergoenviron-
mental impact factor with exergoenvironmental impact coefficient and is defined as

eei :fei X Cei (237)

where 6; represents exergoenvironmental impact index.

2.4.4 Exergoenvironmental Impact Improvement

The exergoenvironmental impact improvement parameter helps in finding
the environmental appropriateness of the investigated system. In order to
improve the environmental appropriateness of the system, its exergoenviron-
mental impact index should be minimized. A high value of exergoenvironmental
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impact improvement means system is more useful for the environment and it is
defined as

Oeii = — (2.38)

where 0; represents exergoenvironmental impact improvement.

2.4.5 Exergetic Stability Factor

The exergetic stability factor is a function of the desired output exergy, total exergy
destruction, and exergy carried by unused fuel. The desired value of this factor
should be as close to “one” as possible. This factor is defined as

- EXiot,out
Extot,out + EXdesl,tol + Equ

Jes (2.39)

where f., and Exy, represent exergetic stability factor and exergy rate carried by
unused fuel.

2.4.6 Exergetic Sustainability Index

The exergetic sustainability index is the multiplication of exergetic stability factor
and exergoenvironmental impact improvement of the system. This desired value
of the exergetic sustainability index should be as high as possible. This index is
defined as

Oest :fes X eeii (240)

where O represents exergetic sustainability index.

Example 2.9 The rate of exergy supplied to the absorption refrigeration system
through the generator, evaporator and pump are 48.39, 16.42, and 1.971 kW,
respectively. The rate of exergy released by the condenser and absorber are 3.595
and 16.27 kW, respectively. Calculate all the exergoenvironmental parameters
defined in the above section. The exergetic COP of absorption refrigeration system
is 0.326.
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e Solution

Exin = 48.39 4+ 16.42 + 1.971 = 66.78 kW
Exoy = 16.27 +3.595 = 19.86 kW
EXgest ot = 66.78 — 19.86 = 46.92kW

fo= % =070

Coi = ﬁ = 3.07

0 = 0.70 x 3.07 = 2.16
Ocii = ﬁ —0.46

o= 19.829%826.92 =029

Ot = 0.29 x 0.46 = 0.13

2.5 Optimization

In designing any system, it is important to perform an optimization study in order to
attain the best possible operating parameters. The optimization carried out using
multi-objective optimization theory help to find the best possible set of design
values needed to attain the preset objectives. There are many multi-objective
optimization techniques available in the literature, but the most robust one is the
genetic algorithm technique as shown in Fig. 2.2. The genetic algorithm technique
can provide the best possible result for any desired output based on several inputs.
The genetic method is a vigorous optimization algorithm that is designed to reliably
locate a global optimum even in the presence of local minima/maxima. The genetic
method intends to mimic the processes occurring in biological evolution. Initially,
sample points are chosen at random from the range specified by the bounds of the
independent variables. The sample points are then surveyed to determine the values
of the objective function as quantified by the value of the variable that is to be
minimized or maximized. A new generation of sample points is then generated in a
stochastic manner by combining selected points of the current sample points. The
characteristics of a point that are passed on to the next generation are represented by
encoded values of its independent variables. The probability that a point out of the
current sample point will be selected for breeding the next generation is an
increasing function of its value. This process continues untill the best points are
recorded.

There is much software available that can perform optimization studies but the
most prominent are Matlab developed by Moler (2014) and Engineering Equation
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Direct
Numerical <
Indirect
ot Enumerative Dynamic
Optimization Programming
Techniques
. . Simulated
Single Point Annealing
Guided Genetic
Random Ant Colony .
Algorithms
Search
Multiple . Genteic
Point Evolutionary Programming
Tabu Evolutlopary
strategies

Fig. 2.2 Flowchart of optimization techniques

Solver developed by Klein (2014). While performing multi-objective optimization,
first define the objective functions . The objective functions are those that should
either maximized or minimized based on the requirement. An example for objective
functions in absorption refrigeration systems is exergy COP (to be maximized) and
cost of cooling (to be minimized). The second step in performing optimization
study is the to define the independent variables also known as constraints.
Independent variables are variables that the designer wishes to use to optimize the
desired objective functions. Examples of independent variables in optimization
study of an absorption refrigeration system are the concentration of weak and strong
solutions and evaporator temperature. While selecting the independent variables,
the designer should ensure that they are within the acceptable range or else the
optimized results obtained will be hypothetical.

Example 2.10 Reconsider Example 2.2 in order to optimize the performance of the
generator by minimizing the exergy destruction rate. The constraints to this problem
are the concentration of the strong solution, the concentration of the weak solution
and inlet temperature to the generator which varies between 0.45-0.6, 0.35-0.45,
and 350-400 K, respectively. Use Nelder—Mead Simplex method optimization
routine in an engineering equation solver to carry out this optimization.
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’;‘able ?'2 ?ons}:raints and Name Constraints Best value
t t
es vaues for e Strong solution concentration 0.45-0.6 0.5518
optimization study
Weak solution concentration 0.35-0.45 0.4042
Inlet temperature 350-400 K 378 K

e Solution

The objective function for this problem is written as
EX] + Exth,g = EX2 + EX3 + EXdeng

The optimized exergy destruction rate obtained for the present analysis is
0.001251 kW. The parameters at which this exergy destruction rate is achieved are
presented in Table 2.2.

2.6 Closing Remarks

The use of absorption refrigeration systems, instead of the conventional vapor-
compression refrigeration systems, to provide cooling offers a potential solution
when process/waste heat or renewable heat is available. This helps to reduce envi-
ronmental impact and increasing sustainability. Studying such systems energetically
and exergetically is essential for their design, analysis, assessment, evaluation, and
improvement. In this regard, this chapter presents comprehensive energy and exergy
analyses of ARSs and their components with numerous illustrative examples. It also
covers the use of exergoeconomic and exergoenvironmental analyses, instead of
conventional economic and environmental studies, in terms of effect on cost and the
environment because exergy provides more realistic results as compared to energy.
Furthermore, it presents an optimization study before commissioning any system.
The optimization study based on genetic algorithm provides best possible results, as
this optimization technique can easily locate the global optimum even in the pres-
ence of local maximum and minimum. An example for each section is also provided
to enhance the understanding of the material.
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Chapter 3
Single Effect Absorption Refrigeration
System

3.1 Introduction

Humanity today faces environmental problems spanning a growing range of pol-
lutants, hazards, and ecosystem degradation over increasing areas. The most sig-
nificant problems include global climate change, stratospheric ozone depletion, and
acid precipitation. The former stems from increasing atmospheric concentrations of
greenhouse gases, which trap heat radiated from the earth’s surface. Global climate
change increases the surface temperature of the earth and raises sea levels, and is
potentially the most important environmental problem related to energy use.
Renewable energy systems, in this regard, appear to be strong candidates to help
reduce the emissions and provide sustainable energy options. Conventional
mechanical compression refrigeration systems rely on electricity only. If electricity
comes from power plants where fossil fuels are employed, they contribute to
environmental issues by emitting greenhouse gases. It is then important to use heat
sources to drive refrigeration systems. Is this possible? Yes, it is possible with
absorption refrigeration systems, where heat is supplied to the generator to drive the
system to provide the refrigeration effect through an evaporator.

In the present chapter, the single effect absorption refrigeration system is
introduced and discussed for its basic operation and thermodynamic analyses. In
addition, the performance of the single effect absorption refrigeration system
(SEARS) is discussed through energetic and exergetic-based coefficients of per-
formance. At first, a description of the SEARS is provided to ensure understanding
of the working principle. Second, energy, exergy, exergoenvironmental, exergoe-
conomic, and optimization methodologies of the SEARS are provided in detail for
assessment and evaluation as well as comparison. Finally, an illustrative example is
provided to ensure that the readers understand how the respective balance equations
are used to generate numerical results from the SEARS.

© Springer International Publishing Switzerland 2016 47
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3.2 System Description

The SEARS is the simplest of all the absorption refrigeration systems studied or
employed physically as shown in Fig. 3.1. In the SEARS, a strong solution of
ammonia—water leaves the absorber at state 1 and enters the pump in a saturated liquid
phase. In the pump, the pressure of the strong solution increases before it leaves at
state 2. The strong solution at state 2 then enters the heat recovery heat exchanger,
where it gains heat from the returning fluid to leave at state 3 at comparatively higher
temperature. This strong solution at state 3 then enters the generator. In the generator,
heat is supplied from an external source to boil the strong solution of ammonia—water.
The boiling helps to separate ammonia from the mixture because ammonia boils at
much lower temperature than water. The ammonia vapor is then extracted from the
generator at state 7 and the remaining weak ammonia-water solution is extracted at
state 4. This weak solution then enters the heat recovery heat exchanger, where it
releases heat into the incoming strong solution to leave at a relatively lower tem-
perature at state 5. The weak solution then enters the expansion valve, where its
pressure drops suddenly to that of the absorber before it enters the absorber at state 6.
The ammonia vapor extracted at state 7 then passes through the condenser, where it
releases heat into the environment and leaves as a relatively cooled ammonia stream
at state 8. This ammonia at state 8 later enters the expansion valve where it experi-
ences a sudden pressure drop to that of the evaporator before entering the evaporator

7
i Heat Out
Condenser /
(con)
Heat In Expansion‘ 8
— Valve
Generator
Heat In
Evaporator
(eva)
/
3 4
Heat Recover Expansion 10
Heat Exchanger Valve /
xe 5 . 6 Heat Out
Absorber /
Pump  (abs)
. aw
N~ 2 ?/ 1
Work In

Fig. 3.1 Schematic of the SEARS
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at state 9. In the evaporator, ammonia gains heat from the cooling space and leaves at
state 10 to enter the absorber. The absorber acts as a mixing chamber, where ammonia
from state 10 and the weak solution from state 6 mix together and release heat before
leaving as a strong solution mixture at state 1.

3.3 Energy and Exergy Analyses

This section provides energy and exergy balance equations for each components of
the SEARS.

e Pump:

The mass balance equation across the pump as shown in Fig. 3.1 can be written
as

iy = 1y = i (3.1)

where ri1 represents the mass flow rate.
The specific power consumed by the pump can be calculated using

Wp = V(PZT;PI) (3.2)

where w, v, P and 5 represent specific power, specific volume, pressure and effi-
ciency, respectively.
The total power consumed by the pump is defined as

W, = riyw, (3.3)

where W represents total power consumed by the pump.
The overall energy balance equation of the pump is given as

(mh), + W, = (mh), (3.4)

where & represents specific enthalpy of the state.
The specific exergies at states 1 and 2 are defined as

X = (hl — ho) — To(S1 — S()) (35)
€Xy) = (hz — ]’lo) — To(S2 — S()) (36)

where ex, T and s represent specific exergy, temperature, and specific entropy.
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The overall exergy balance equation of the pump is given as
miexy + Wp = rexy + Exdest‘p (3.7)
where Exdesnp represents the exergy destruction rate in the pump.

e Heat recovery heat exchanger:

The mass balance equations for the heat recovery heat exchanger as shown in
Fig. 3.1 can be written as

iy = Hi3 (3.8)
i = rins (3.9)

The energy balance equation is given as
nphy + miyhy = mshs 4 mshs (3.10)

The specific exergies at states 3—5 are defined as

€X3 = (h3 — ]’lo) — To(S3 — SO) (311)
€Xy4 = (h4 — h()) — T()(S4 — S()) (312)
€X5 = (h5 — ho) — To(Ss — S()) (313)

The exergy balance equation is given as
myeXy + nyexy = mzexs + msexs + EXdest,HX (3 14)

where EXdest Hx represents the exergy destruction rate in the heat recovery heat
exchanger.

e (Generator:

The mass balance equations of the generator, as shown in Fig. 3.1 can be written
as

3 = Hy + 1y (315)
and
I/i’l3)€3 = ﬁl4X4 + I’}’l7X7 (3 16)

where x represents the concentration of the solution.
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The energy balance equation is given as
tshy + Qg = righy + gy

where Qg represents the rate of heat required by the generator.
The specific exergies at states 6 and 7 are defined as

€Xg = (hﬁ — ho) — To(S(, — S())
€X7 = (h7 — ho) — T()(S7 — S())

The thermal exergy rate supplied to the generator is defined as

. T .
Exng = (1 - 7‘)) o)
g

where Exth,g represents the thermal exergy rate of the generator.
The exergy balance equation is given as

m3exsz + EXth,g = ryexy + myex; + Exdest,g

where ExdeSLg represents the rate of exergy destruction in the generator.

e Condenser:
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(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

The mass balance equation for the condenser as shown in Fig. 3.1 is defined as

ny = Mg
The energy balance equation is given as

trhy = rghg + Qe

(3.22)

(3.23)

where Q. represents the rate of heat rejected by the refrigerant flowing through the

condenser.
The specific exergy at state 8§ is defined as

exg = (hg — hg) — To(ss — so0)

The thermal exergy rate released by the condenser is calculated as

. T .
ExXpe = (1 - T‘)) 0.
C

where Exth’c represents the thermal exergy rate.

(3.24)

(3.25)



52 3 Single Effect Absorption Refrigeration System
The exergy balance equation is given as
m7ex7 = mgexg + EX[}LC + Exdest.c (326)

where Exdes‘,c represents the rate of exergy destruction in the condenser.
e Evaporator:

The mass balance equation for the evaporator as shown in Fig. 3.1 is written as
g = My (3.27)
The energy balance equation is given as
tohy + Qe = riohio (3.28)
where Q. represents the rate of heat gained by the refrigerant flowing through the
evaporator.
The specific exergy at states 9 and 10 are defined as
exg = (hg — ho) — To(s9 — s0) (3.29)
ex1o = (h1o — ho) — To(s10 — o) (3.30)

The thermal exergy rate supplied to the evaporator is calculated as

[

. T .
EXe = (1 - 7‘)) 0. (3.31)

where Exth,e represents the thermal exergy rate of the evaporator.
The exergy balance equation is given as

Hgexo + Exy e = m10€X10 + EXqeste (3.32)

where Exdest’e represents the rate of exergy destruction in the evaporator.
e Absorber:

The mass balance equation for the absorber as shown in Fig. 3.1 is written as
myg + 1 = 1y (3.33)

The energy balance equation is given as
ohio + righe = rinihy + Oy (3.34)

where Q, represents the rate of heat rejected by the absorber.
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The thermal exergy rate released by the absorber is calculated as
. To\ -
Exina = (1 - FO) 0. (3.35)

where Exth,a represents the thermal exergy rate of the absorber.
The exergy balance equation is given as

mio€X1o + ngeXg = miex; + EXth,a + Exdest,a (336)

where Exdest’a represents the rate of exergy destruction in the absorber.
e Expansion valve (for weak solution)

The mass balance equation for the weak solution expansion valve as shown in
Fig. 3.1 is written as

s = Mg (3.37)

The energy balance equation is defined as
rishs = mghe (3.38)
The exergy balance equation of the weak solution expansion valve is given as
M5eXs = NigeXg + Exdesl,evw (3.39)

where ExXgesevw represents the rate of exergy destruction in the weak solution
expansion valve.

e Expansion valve (for refrigerant):

The mass balance equation for the refrigerant expansion valve as shown in
Fig. 3.1 is written as

Mg = Hig (3.40)
The energy balance equation is defined as
mghg = mghgy (3.41)
The exergy balance equation is given as
thgexs = ritgeXg + EXesteve (3.42)

where EXdest,evr represents the rate of exergy destruction in the refrigerant expansion
valve.
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The performance of an absorption refrigeration system is measured using the
coefficient of performance. The energetic and exergetic coefficients of performances
of absorption refrigeration system are defined as

COPen = A (343)
Qg + WP
E
COPy = e (3.44)
Exp,e + W,

where COP,,, and COP,, represent energetic COP and exergetic COP, respectively.

3.4 Exergoeconomic Analysis

This section presents the exergoeconomic analysis equations of the single effect
absorption refrigeration system. The overall exergoeconomic equation of the
SEARS is written as

Zeq + COPM = CCool (345>

where Zeq, CopM and CCool represent the cost associated with the equipments,
operation and maintenance, and cooling, respectively.
The cost linked to the equipment is defined as

Zeg=Ca+ Cy+Cc+Ce+Cp+Cey (3.46)

where Ca, Cg, CC,Ce, Cp and Cev represent cost of absorber, generator, condenser,
evaporator, pump and expansion valve, respectively.

However, the total equipment cost can also be calculated using a relation
between the equipment cost and cooling load as provided below.

Zeg(8) = 1144.3(Qcon) ™"’ (3.47)

The cost associated with the operation and maintenance is defined as
Copm = copm X Exopm (3.48)
where cop and ExopM represent operation and maintenance cost, and exergy carried
by the energy consumed in terms of heat and power, respectively. The operation

and maintenance can also be assumed to be 3 % of the total equipment cost.
The cost related to the cooling produced is defined as
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CCool = CCool X EXCOD] (349)

where ¢coor and Excool represent the cost of cooling produced and the exergy related
to the cooling produced, respectively.
Thus the above equation can be written as

(X Bx)opyg +Zeq = (¢ % Ex) oy (3.50)

The cost of cooling can then be calculated by rearranging the above-mentioned
equation and rewriting it as

(¢ x EX)OPM + ZEq
EXcool

(3.51)

CCool =

3.5 Exergoenvironmental Analysis

In this section, we present an exergoenvironmental formulation for single effect
absorption refrigeration system.
The total exergy supplied to the SEARS is calculated as
Exin = Exmg + Wy + Exqe (3.52)
The total exergy rejected by the SEARS is defined as
EXout = EXth,a + EXth,c (353)
The total exergy destroyed by the SEARS is calculated as

1:Exdest,tol = EXin - EXout (354>

The exergoenvironmental impact factor is defined as

E esL, Lo
fu= )I?W (3.56)
Xin

where f; represents exergoenvironmental impact factor.
The exergoenvironmental impact coefficient is calculated as

1

Cei =
COP¢

(3.57)

where Cg; represents the exergoenvironmental impact coefficient.
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The exergoenvironmental impact index is calculated as
Gei :fei X Cei (358)

where 6; represents exergoenvironmental impact index.
Exergoenvironmental impact improvement is defined as

Beii = — (3.59)

where 6. represents exergoenvironmental impact improvement.
The exergetic stability factor is defined as

E
. — (3.60)
Exoul + Exdest,lot
where f,, represents the exergetic stability factor.
The exergetic sustainability index is defined as
Ocst =fes X Ocii (361)

where O represents exergetic sustainability index.

3.6 Optimization

Common optimization problems for absorption refrigeration systems are maxi-
mizing exergetic COP, finding the exegetic sustainability index, and minimizing the
cost of cooling. The three objective functions used for this study are presented in
Egs. 3.44, 3.51, and 3.61. The constraints for this study are the ambient tempera-
ture, the heat supplied to the generator, the concentration of the strong solution, and
the concentration of the weak solution.

3.7 Illustrative Example

Consider a single effect absorption refrigeration system using ammonia—water as a
working solution as shown in Fig. 3.1. The strong ammonia—water solution with a
mass flow rate of 1 kg/s enters the pumpas a saturated liquid with concentration and
pressure of 0.5 and 200 kPa, respectively. The strong solution leaves the pump at
700 kPa with a temperature increase of 0.4 °C. Heat is supplied to the generator at a
rate of 150 kW which helps to boil the strong solution, and the weak solution and
ammonia refrigerant vapor leaves the generator with concentrations of 0.3 and
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0.999, respectively. Consider the condenser load and evaporator temperature to be
250 kW and —1.3.5 °C, respectively. Take ambient temperature and pressure to be
291.2 K and 100 kPa. Calculate the following:

(a) the rate of cooling provided by the evaporator,

(b) the power consumed by the pump,

(c) the rate of heat rejected by the absorber,

(d) the energetic and exergetic COPs,

(e) the exergy destruction rate in each component,

(f) the exergetic cost of cooling, and

(g) exergoenvironmental parameters as discussed earlier in the chapter.

In addition, perform the following parametric studies to investigate

(a) effects of generator load on cooling load, cost of cooling and energy and
exergy COPs,

(b) effects of strong solution concentration on cooling load, cost of cooling and
energy and exergy COPs, and

(c) effects of ambient temperature on energy and exergy COPs, and all exer-
goenvironmental parameters.

For parametric studies, use same ranges for data as defined below.
Also, perform an optimization study for the following scenarios:

(a) maximizing exergetic COP and minimizing exergetic cost of cooling, and
(b) maximizing exergetic sustainability index and minimizing exergetic cost of
cooling.

For an optimization study consider generator heat load, strong solution con-
centration, weak solution concentration, and ambient temperature as constraints
with the limits of 130-170 kW, 0.45-0.55, 0.2-0.3 and 290-310 K, respectively.

e Solution

P; =200kPa hy = —180.1kJ/kg

x1 =05 s1 = 0.04011kJ/kgK
Qu; = 0.00 y; = 0.001199 m3 /kg
P, = 700kPa

hy = —178.1kJ /kg

Xy = 0.5 o

T, = 286.9K s, = 0.04481kJ/kgK
my = lkg/s

ny = 11y

W, = 1((~178.1) — (—180.1)) = 1.971kW
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Py =100kPa) hy = —150kJ/kg
To=2912K [ so=0.1034k]/kgK

Bx; = 1((—180.1 — (—150)) — 291.2(0.04011 — 0.1034)) = —11.62kW
Bxy = 1((=178.1 — (—150)) — 291.2(0.04481 — 0.1034)) = —11.01 kW

—11.62 +1.971 = —11.01 + Exgestp
ExXgestp = 1.368 kW
P3=700kPa) h; = 647.4kJ/kg
x3 =05 s3 = 2.505kJ /kg K
T; = 363.9K

Py =T700kPa hy = 461.5kJ /kg

Xy =0.3 sy = 1.853kI/kgK
T, = 378.9K

iy = 1y

g = tins

tzhs + mghy = riphy + mshs
1(647.4) +0.7139(461.5) = 1(—178.1) +0.2861 (hs)
hs = —694.9kJ /kg

tinhy + Onx = mzhs

1(647.4) + Qux = 1(—178.1)

Oux = 825.5kW
: 291.2
Exp px = (1 - m) 825.5 = 191.1kW

Ex; = 1((647.4 — (—150)) — 291.2(2.505 — 0.1034)) = 97.96 kW

Ex4 = 0.7139((461.5 — (—102.5)) — 291.2(1.853 — 0.1906)) = 57.08 kW
Exs = 0.7139((—694.9 — (—102.5)) — 291.2(—2.394 — 0.1906)) = 114.3kW
— 11.01 +191.1 = 97.96 + Exgest ix

Exgestnx = 82.13kW
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ms = my + my

M3X3 = WgXy + H7X7

1 = riy + ity

1(0.5) = 1it3(0.3) + 1it7(0.999)

Solving two equations simultaneously gives us riy = 0.7139 kg/s
r; = 0.2861 kg/s

tshs + Q = rivghy + vz h
1(647.4) + 150 = 0.7139(461.5) + 0.286 11,
h7 = 1635kJ /kg

P7; =700kPa

x7 = 0.999 57 =5.467klkg K
hy = 1635kJ /kg

Ex; = 0.2861[(1635 — 87.15) — 291.2(5.467 — 0.2708)] = 10.08 kW

: 291.2
EXth,g = (1 - m) 150 = 48.38 kW

97.96 +48.38 = 57.08 + 10.08 + EXesc o
ExXqestg = 79.17 kW
g = 1y
rinzhy = rghs + Q.

0.2861(1635) = 0.2861(hg) + 250
hg = 761.7kJ /kg

Pg = 700kPa
xg = 0.999 sg = 2.663kJ/kgK
hg = 761.7

Exg = 0.2861[(761.7 — 87.15) — 291.2(2.663 — 0.2708)] = —6.349 kW

. 291.2
Exth,c = ’ <1 - W) 250‘ = 3.638 kW

10.08 = —6.349 4 3.638 + Exgestc

59

and
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ExXgeste = 12.79kW

ty = g
hg = hg
P() :Pl 59:3‘009kJ/kgK
X9 = Xg

Exy = 0.2861[(761.7 — 87.15) — 291.2(3.009 — 0.2708)] = —35.13kW
—6.349 = —35.13 + Exgestenr

EXgest.evr = 28.78 kW
My = Hig
P10=P9 h10:1251kj/kg

x10 = 0.999 s10 =4.922kJ/kgK
Ty =259.7K

tghy + Q, = ritigho
0.2861(761.7) + Q. = 0.2861(1251)

0, = 140kW

Exjo = 0.2861[(1251 — 87.15) — 291.2(4.922 — 0.2708)] = —54.52kW

: 291.2
Exme = ‘ (1 - ﬁ> 140‘ = 16.44kW

—35.13+16.44 = —54.52 + Exyegte

EXgeste = 35.83kW

g = Mis
he = hs
Pg =P, s6 = —2.39kJ /kgK
X6 = X5

Exe = 0.7139((—694.9 — (—102.5)) — 291.2(—2.39 — 0.1906)) = 113.6kW
114.3 = 113.6 + EXest evs
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EXdest,evs = 0.6824 kW
my =ty + g
by + Qq = tivohio + rghg

1(—180.1) + O, = 0.2861(1251) 4 0.7139(—694.9)
0, = 41.96kW

. 291.2
Exth,a = ’ <1 — m) 4196‘ =16.27kW

—54.524113.6 = —11.62 + 16.27 + EXgesta

ExXgesta = 54.45kW

140

COPe = 1504 1971 ~ *%!
16.44

COPo = 838 1971~ 320°

Zeg($) = 1144.3(140)™ = $31363
Copm = 0.03(31363) = $940.9
940.9 + 31363

16.44
CCool = 1965 $/kW

CCool =

Exi, = 48.38 +1.971 + 16.44 = 66.79kW
Exou = 16.27 +3.638 = 19.91 kW
EXgest.iot = 66.79 — 19.91 = 46.88 kW

~ 46.88

fel—m:07019
Ce = ! =3.063
403265

0 = 0.7019 x 3.063 = 2.15

1
Oeii = 215~ 0.4652

19.91

Je = 19917 4688

=0.2981
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Table 3.1 Thermophysical properties at each state point of the SEARS

State point P (kPa) T (K) m (kg/s) h (kJ/kg) s (kl/kg K)
0 100 291.2 - —150 0.1034
1 200 286.5 1 —180.1 0.04011
2 700 286.9 1 —178.1 0.04481
3 700 363.9 1 647.4 2.505

4 700 378.9 0.7139 461.5 1.853

5 700 178.2 0.7139 —694.9 —2.394
6 200 178.3 0.7139 —694.9 -2.39
7 700 429.8 0.2861 1635 5.467

8 700 287 0.2861 761.7 2.663

9 200 254.4 0.2861 761.7 3.009
10 200 259.7 0.2861 1251 4.922

Oest = 0.2981 x 0.4652 = 0.1387

The thermophyscial properties at each state point are presented in Table 3.1.

e Effects of generator load

The effects of generator load on the cooling capacity and cost of cooling are
presented in Fig. 3.2. The cooling load is observed to be decreasing from 160 to
120 kW with an increase in generator load from 130 to 170 kW for a constant
condenser load of 250 kW. The cost of cooling is noticed to be increasing from
1592 to 1755 $/kW with the increase in generator load. This decreasing behavior of
cooling load is because the increased generator load results in a higher exit tem-
perature of the refrigerant vapor leaving the generator. This results in higher tem-
perature refrigerant entering the evaporator due to fixed condenser load and because

Q. [kW]

160 1800
150 1728
<
o
140 1650 =
°
8
-7 (4]
130 1575
120 1500
130 140 150 160 170
Qg [kW]

Fig. 3.2 Effects of generator load on cooling load and cost of cooling
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Fig. 3.3 Effects of generator load on energy and exergy COPs

of this the cooling capacity of the system decreases. The decrease in cooling load
has adverse effects on the cost of cooling as seen in Fig. 3.2. This increasing cost of
cooling is a result of lower cooling production from the system for the same system
size. Figure 3.3 shows the effects of generator load on energy and exergy COPs of
the SEARS. The energy and exergy COPs are observed to be decreasing from 1.2 to
0.7 and 0.5 to 0.2, respectively, with the rise in generator load. This decrease in the
energy and exergy COPs is due to the decrease in the cooling capacity of the
system.

e Effects of strong solution concentration

The effects of strong solution concentration variation on the cooling load and
cost of cooling are presented in Fig. 3.4. The rate of cooling is observed to be
decreasing from 173 to 119.5 kW with an increase in concentration of the strong
solution from 0.45 to 0.55. This behavior is because an increase in concentration
adds more ammonia to the generator. This higher ammonia concentration requires a
higher generator load in order to separate it from the solution. As the generator load
remains constant, the higher amount of ammonia cannot separate from the strong
solution and instead increases the temperature of ammonia refrigerant vapor leaving
the generator. This higher temperature ammonia vapor requires releasing the higher
amount of heat in the condenser to provide better cooling capacity. But with the
restriction that the condenser load is fixed at 250 kW, the ammonia vapor cannot
release the higher amount of heat and enters the evaporator at relatively higher
temperature, in turn decreasing the cooling capacity of the system. As a result , the
cost of cooling is observed to increase from 1548 to 1761 $/kW with an increase in
the strong solution concentration. Figure 3.5 displays the effects of strong solution
concentration variation on energy and exergy COPs. Energy and exergy COPs are
noted to decrease from 1.14 to 0.78 and 0.42 to 0.29, respectively, with an increase
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Fig. 3.4 Effects of strong solution concentration on cooling load and cost of cooling
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0.47
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Fig. 3.5 Effects of strong solution concentration on energy and exergy COPs

in strong solution concentration. This trend of decreasing COPs is because SEARS
COPs of the SEARS are directly related to the cooling capacity. As the cooling
capacity of the system decreases the COPs of the system also decreases.
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Fig. 3.6 Effects of ambient temperature on energy and exergy COPs

e Effects of ambient temperature

Figure 3.6 displays the effects of ambient temperature variation on the energy
and exergy COPs of the SEARS. The energy COP is observed to remain constant at
0.92, whereas the exergy COP is noted to increase from 0.31 to 0.55 with an
increase in ambient temperature from 290 to 310 K. The constant behavior of
energy COP shows the importance of the exergy analysis. Energy analysis does not
consider the losses, only quantity as opposed to quantity and quality covered by
exergy analysis. In the real case scenario, the ambient temperature is expected to
play a major role in systems performance because the temperature difference
between the system and surrounding can lead to energy loss or energy gain from the
system.

The exergy COP is noted to increase with an increase in ambient temperature
because the absorption refrigeration systems are majorly heat driven and an increase
in ambient temperature helps in decreasing the temperature difference between the
system and the surrounding. This decrease in the temperature difference then helps
in improving the performance of the systems due to the lesser rate of heat losses
occurring.

Figure 3.7 portrays the effects of the rise in ambient temperature on the exer-
goenvironmental impact factors of the SEARS. The exergoenvironmental impact
factor is noticed to be decreasing from 0.89 to 0.60 with rise in ambient temperature
from 290 to 310 K. The decreasing behavior is because an increase in ambient
temperature results in a smaller temperature difference between the system and the
environment. Since the SEARS is heat driven, it benefits from this decreasing
temperature difference because a decrease in temperature difference results in less
heat loss from the system to the environment, which results in less total exergy
destroyed by the system. The effects of the increase in ambient temperature on the
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Fig. 3.7 Effects of ambient temperature on the exergoenvironmental impact factor and the
exergoenvironmental impact coefficient
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Fig. 3.8 Effects of ambient temperature on the exergoenvironmental impact index and the
exergoenvironmental impact improvement

exergoenvironmental impact coefficient are shown in Fig. 3.7. The exergoenvi-
ronmental impact coefficient is observed to be decreasing from 3.19 to 1.83 with the
increase in ambient temperature. This decreasing behavior indicates that the SEARS
becomes more environmentally benign as the ambient temperature increases. This
is because the increase in ambient temperature results in lesser amount of heat loss
from the SEARS to the environment due to the lower temperature difference
between the SEARS cycle and the environment.

Figure 3.8 shows the effects of the increase in ambient temperature on the
exergoenvironmental impact index. The exergoenvironmental impact index is noted
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to be decreasing from 2.85 to 1.10 with the increase in ambient temperature. This
decreasing behavior that the waste exergy and the exergy destruction rate of the
SEARS decrease with the increase in ambient temperature because the increased
temperature helps to decrease the heat loss from the systems by lowering the
temperature difference between the SEARS and the environment. Since the SEARS
is mainly heat driven, it is greatly affected by the fluctuation in heat loss, and
increasing the ambient temperature helps to save the SEARS heat energy from
being lost to the environment. The effects of the increase in ambient temperature on
exergoenvironmental impact improvement are also displayed in Fig. 3.8. The
exergoenvironmental impact improvement factor is noted to increase from 0.35 to
0.90 with the increase in ambient temperature. This behavior shows that as the
ambient temperature increases the environmental appropriateness of the SEARS
increases due to less heat loss from the SEARS to the environment.

Figure 3.9 displays the effects of the rise in ambient temperature on exergetic
stability factor and exergetic sustainability index. The exergetic stability factor and
exergetic sustainability index are observed to increase from 0.1 to 0.39 and 0.04 to
0.36, respectively, with the increase in ambient temperature. Such increasing trends
are because the increase in ambient temperature helps reducing the heat losses from
the SEARS. As the heat losses decreases the rate of exergy destruction decreases
which then makes the system more exergetically stable and sustainable at the same
time.

e Optimization

The constraints of the optimization study are presented in Table 3.2.
The results obtained from the optimization study of maximizing exergetic COP
and minimizing exergetic cooling cost are presented in Fig. 3.10. The built-in

0.4 0.4
0.3 o3
///4’
Bo2 o 02 8

0.1 0.1

0 0

290 295 300 305 310

To [K]

Fig. 3.9 Effects of ambient temperature on the exergetic stability and the exergetic sustainability
index
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Parameter Minimum value Maximum value
associated with the : 130 kW 170 kW
optimization study of the Qe
SEARS To 290 K 310 K

X3 0.45 0.55

X4 0.2 0.3

1400
1300

E 1200 T

n h NS

‘n \\\
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5 1100

g

o \\\\
1000
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0.2 0.4 0.6 0.8 1 1.2 1.4
COPy

Fig. 3.10 Multi-objective optimization (exergetic COP vs. exergetic cooling cost)

Nelder-Mead simplex algorithm technique in the engineering equation solver
software is used to perform multi-objective optimization. The algorithm uses N + 1
test points (where N is the number of dimensions [i.e., degrees of freedom], which is
called a simplex. For example, a two-dimensional problem uses a triangle as its
simplex. All points of the simplex are evaluated. The objective function is deter-
mined at each point. The worst point in the simplex is then thrown out and a new
point is found by reflecting away from the worst point about the axis formed by the
other test points. This process is repeated until one of the stopping criteria is met.
The objective function of the best point is taken to be the optimum. The opti-
mization study shows that the highest exergetic COP obtained is 1.25 and the
lowest cooling cost achieved is 965 $/kW for the given constraints. Although all
points on the Pareto front are considered optimum, traditionally, linear program-
ming technique for multidimensional analysis of preferences (LINMAP) is used to
obtain the most desirable optimized points. LINMAP helps to identify a hypo-
thetical point at which all the objective functions have their respective optimum
point irrespective of other objective functions. The best exergetic COP and exer-
getic cooling cost obtained using LINMAP are 0.7056 and 1205.6 $/kW, respec-
tively. This multi-objective optimization shows that the exergetic COP is directly
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Fig. 3.11 Multi-objective optimization (exergetic sustainability index vs. exergetic cooling cost)

related to the cost of refrigeration. The results obtained from the optimization study
for maximizing the exergetic sustainability index and minimizing the exergetic cost
of cooling are presented in Fig. 3.11. LINMAP is used to obtain the hypothetically
most desirable point. The values obtained for exergetic sustainability index and
exergetic cost of refrigeration using LINMAP are 0.5184 and 1181.7 $/kW,
respectively.

3.8 Closing Remarks

The use of a single effect absorption refrigeration system, as compared to the
conventional vapor-compression refrigeration systems, offers advantages regard-
ingenergy, environment and sustainability. This chapter presents detailed energy
and exergy analyses of the SEARS. The exergoeconomic and exergoenvironmental
analyses and assessments are also presented to show how exergy can be integrated
with cost and the environment. Furthermore, a comprehensive illustrative example
is provided, which covers energy, exergy, exergoeconomic, exergoenvironmental,
and optimization studies of the SEARS. The example provided in this chapter is
intended to help readers modeling the SEARS.



Chapter 4
Double Effect Absorption Refrigeration
System

4.1 Introduction

As discussed in earlier chapters, the use of absorption refrigeration systems
compared to conventional vapor-compression refrigeration systems can provide
numerous benefits in terms of reduced environmental impact and cost. However,
this refrigeration system also requires innovative iterations in order to be more
environmentally friendly and cost effective. The double effect absorption refrig-
eration system (DEARS) can be seen as an advanced single effect absorption
refrigeration system which recovers energy within the system to enhance its
performance. Of course, this additional heat recovery does not come for free but
brings with it an additional equipment cost. In the long run, the additional
equipment costis a good investment because of cost cuts provided in the form of
additional cooling.

In this chapter, basic operation of the double effect absorption refrigeration
system and its energy and exergy analyses are presented and discussed with an
example. The chapter first presents the working principle of the DEARS in order to
help the reader understand how it works. After that, energy, exergy, exergoenvi-
ronmental, exergoeconomic, and optimization modeling are presented for perfor-
mance assessment and evaluation. Finally, a detailed illustrative example is
provided to help readers understand how each equation is used to generate ther-
mophysical properties at each state point and to obtain overall energy and exergy
flow values of the double effect absorption refrigeration system.

© Springer International Publishing Switzerland 2016 71
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4.2 System Description

The double effect absorption refrigeration system is a complex form of the single
effect absorption refrigeration system as shown in Fig. 4.1. In the DEARS, a strong
solution of ammonia—water leaving the absorber at state 1 enters the pump in a
saturated liquid phase. In the pump, the pressure of the strong solution increases
before it leaves at state 2. The strong solution at state 2 then divides into two
streams, states 3 and 18. The stream at state 3 enters the low temperature heat
exchanger, where it gains heat from the returning fluid from the generators to leave
at state 4 at comparatively higher temperature. This strong solution at state 4 then
divides into two streams, states 5 and 20. The strong solution at state 5 enters the
high temperature heat exchanger where it extracts heat from the high temperature
generator to leave at state 6 at relatively higher temperature before entering the high
temperature generator. In the high temperature generator, heat is supplied by an
external source to boil the strong ammonia—water solution. Boiling helps to separate
ammonia from the mixture because it boils at a lower temperature than water. The
ammonia vapor is then extracted from the generator at state 7, and the remaining
weak ammonia-water solution is extracted at state 13. The ammonia vapor
extracted at state 7 then enters the low temperature generator where it acts as a heat
source. In the low temperature generator, a strong solution enters at state 21 where
it receives heat from the ammonia vapor at state 7. The heat supplied to the low
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Fig. 4.1 Schematic of the DEARS
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temperature generator helps to separate ammonia from the strong solution which
leaves the low temperature generator at state 23. The remaining weak solution in the
low temperature generator is then extracted at state 22. After releasing heat the
ammonia vapor at state 7 leaves the low temperature generator at state 8 to enter the
condenser heat exchanger. In the condenser heat exchanger, the strong solution
entering at state 18 gains heat from the ammonia at state 8 and leaves at a higher
temperature at state 19. The ammonia refrigerant leaves the condenser heat
exchanger at state 9 after releasing heat to the strong solution. The strong solution
exiting the condenser heat exchanger at state 19 mixes with the strong solution from
state 20 to leave at state 21. The ammonia refrigerant at states 9 and 23 enter the
condenser, where they release heat to the environment to leave as a relatively cooler
refrigerant at state 10. This ammonia refrigerant at state 10 then passes through the
refrigerant expansion valve where its pressure suddenly drops and leaves as a
cooled ammonia refrigerant at state 11. The ammonia refrigerant at state 11 enters
the evaporator and gains heat from the surrounding before leaving at a higher
temperature at state 12. The weak solution exiting the high temperature generator at
state 13 passes through the high temperature heat exchanger where it rejects heat to
the incoming strong solution to leave at state 14. The weak solution at state 14
mixes with the weak solution returning from the low temperature generator at state
22 to leave at state 15. The weak solution at state 15 then enters the low temperature
heat exchanger where it rejects heat and leaves at a cooler temperature at state 16.
The weak solution at state 16 enters the weak solution expansion valve where
its pressure suddenly drops before it enters the absorber at state 17. The weak
solution at state 17 and ammonia refrigerant at state 12 then mix together in the
absorber while rejecting heat to the environment to leave the absorber as a strong
solution at state 1.

4.3 Energy and Exergy Analyses

This section of the chapter provides energy and exergy balance equations for each
component of the DEARS.

e Pump:

The mass balance equation across the pump as shown in Fig. 4.1, can be
written as

iy = iy = 1, (4.1)

where i1 represents the mass flow rate.
The specific power consumed by the pump can be calculated using
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Wy = V(Pzn_ ) (4.2)

where w, v, P, and 5 represent specific power, specific volume, pressure, and
efficiency, respectively.
The total power consumed by the pump is defined as

W, = ripw, (4.3)

where W represents total power consumed by the pump.
The overall energy balance equation of the pump is given as

(mh), + W, = (mh), (4.4)

where & represents specific enthalpy of the state.
The specific exergies at states 1 and 2 are defined as

ex; = (h1 — ho) — To(s1 — s0) (4.5)
€Xp = (l’lg — ]’lo) — To(S2 — SO) (46)

where ex, T, and s represent specific exergy, temperature, and specific entropy.
The overall exergy balance equation of the pump is given as

I/hleXl + Wp = I’i’lzCXz + E.:Xdest‘p (47)

where Exdesi,p represents the exergy destruction rate.
e Low temperature heat exchanger:

The mass balance equations for the low temperature heat exchanger can be
written as

my = ms (4.8)
rh16 = I’hl5 and (49)
Mg + My = M5 (4.10)

The energy balance equation is given as
mszhs + myshs = mghy + myghie (411)

The specific exergies at states 3, 4, 15, and 16 are defined as
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ex3 = (h3 — hg) — To(s3 — so)
exq = (hy — ho) — To(s4 — s0)
ex1s = (his — ho) — To(s15 — so)
exi6 = (hi6 — ho) — To(s16 — %0)
The exergy balance equation is given as
fisex; + fitseX s = 14Xy + 116€X 16 + EXgest LHX

where Exdest,LHX represents the exergy destruction rate.

e Medium temperature heat exchanger:

75

(4.12)
(4.13)
(4.14)

(4.15)

(4.16)

The mass balance equations for the medium temperature heat exchanger can be

written as
g = Mis
mis = my3 and
s + oy = My
The energy balance equation is given as
mshs +mi3hi3 = mghe + ntahyy
The specific exergies at states 5, 6, 13, and 14 are defined as
exs = (hs — ho) — To(ss — s0)
ex¢ = (he — ho) — To(se — s0)
exi3 = (hi3 — ho) — To(s13 — %0)
exis = (his — ho) — To(s14 — o)
The exergy balance equation is given as
IseXs + M13eX13 = Ii6eXe + 14eX14 + EXdest Hix

where Exgeq nmx represents the exergy destruction rate.

(4.17)
(4.18)

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)

(4.24)

(4.25)
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e High temperature generator:

The mass balance equations of the high temperature generator can be written as
e = N3 + 1y (4.26)

and
MeXe = M3X13 + Higx; (4.27)

where x represents the concentration of the solution.
The energy balance equation is given as

tghe + Qur = fitishys + fivghy (4.28)

where Qyrg represents the rate of heat required by the high temperature generator.
The specific exergy at state 7 is defined as

€X7 = (h7 — h()) — T()(S7 — S()) (429)

The thermal exergy rate supplied to the high temperature generator is defined as

. o \ -
Exgwure = | 1 — T Onrc (4.30)
HTG

where Exth’HTG represents the thermal exergy rate.
The exergy balance equation of the high temperature generator is given as

meeXe + EXp prG = M13€X13 4 #176X7 4+ EXgest HTG (4.31)

where Exdest’HTG represents the rate of exergy destruction.
e Low temperature generator:

The mass balance equations of the low temperature generator can be written as

Wy = i + g3 (4.32)

11 X1 = X + M23x23 (4.33)
ying = ity and (4.34)

Moy = Hig + Mg (4.35)

where x represents the concentration of the solution.
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The energy balance equation is given as

myhy + g hyy = mighg + mophoy + wipzhyz and (4.36)

tirghy = rnghg + Qrre (4.37)

where Oy 1 represents the rate of heat required by the low temperature generator.
The specific exergies at states 8 and 20-23 are defined as

exg = (hg — ho) — To(ss — so) (4.38)
exz0 = (hao — ho) — To(s20 — o) (4.39)
exa1 = (ho1 — ho) — To(s21 — s0) (4.40)
exp = (hy — ho) — To(s22 — 50) (4.41)
ex3 = (haz — ho) — To(s23 — o) (4.42)

The thermal exergy rate supplied to the low temperature generator is defined as

Ty

Exp 116 = <1 - T> Ot (4.43)
LTG

where Exth’LTG represents the thermal exergy rate.
The exergy balance equation of the low temperature generator is given as

mp1€Xa| + EXpn TG = M22eXoy + 123€X23 + EXdest LTG (4.44)

where Exdest,LTG represents the rate of exergy destruction.
e Condenser:

The mass balance equation for the condenser is defined as
mig = Mg + 13 (4.45)

The energy balance equation of the condenser is given as
toho + yshys = riohio + Qe (4.46)

where Q. represents the rate of heat rejected by the refrigerant flowing through the
condenser.
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The specific exergy at state 10 is defined as
ex10 = (hio — ho) — To(s10 — o)

The thermal exergy rate released by the condenser is calculated as

: T\ -
Exth,c =|1- FC O

where Exth,C represents the thermal exergy rate.
The exergy balance equation of the condenser is given as

My€Xg + MMp3eXn3 = MypeX o + ExXgpc + EXdestc

where Exdest’c represents the rate of exergy destruction.
e Evaporator:

The mass balance equation for the evaporator is written as
miy = nyy
The energy balance equation of the evaporator is given as

fyihyy + Qe = ritahin

(4.47)

(4.48)

(4.49)

(4.50)

(4.51)

where Q. represents the rate of heat gained by the refrigerant flowing through the

evaporator.
The specific exergies at states 11 and 12 are defined as

exi1 = (hir — ho) — To(s11 — So)
exi2 = (hia — ho) — To(s12 — o)

The thermal exergy rate supplied to the evaporator is calculated as

. T .
Expe = <1 - ?0) 0.
[

where Exth,e represents the thermal exergy rate.
The exergy balance equation of the evaporator is given as

myexiy + EXwme = m2exX12 + EXdeste

where Exdest,e represents the rate of exergy destruction in the evaporator.

(4.52)

(4.53)

(4.54)

(4.55)
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e Absorber:

The mass balance equation for the absorber is written as
M + g = m (4.56)

The energy balance equation of the absorber is given as
tishia + fivrhyy = rinhy + Q, (4.57)

where Q, represents the rate of heat rejected by the absorber.
The specific exergy at state 17 is defined as

€X17 = (h17 — ho) - To(S17 - SQ) (458)

The thermal exergy rate released by the absorber is calculated as
. To\ -
Exina = (1 - —0) o} (4.59)
y Ta

where Exth’a represents the thermal exergy rate.
The exergy balance equation of the absorber is given as

M2eXi2 + ny7eX17 = miex; + Exma + EXdesta (4.60)

where Exdest,a represents the rate of exergy destruction in the absorber.
e Expansion valve (for weak solution)

The mass balance equation for the weak solution expansion valve is written as
7 = Mye (4.61)

The energy balance equation of the weak solution expansion valve is defined as
michie = rmizhiz (4.62)

The exergy balance equation of the weak solution expansion valve is given as
HigeXi = t17eX17 + EXdestenw (4.63)

where Exdest,evw represents the rate of exergy destruction.
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e Expansion valve (for refrigerant):

The mass balance equation for the refrigerant expansion valve is written as
my = My (4.64)
The energy balance equation of the refrigerant expansion valve is defined as
nohio = rpih (4.65)
The exergy balance equation of the refrigerant expansion valve is given as
frpexo = ry1exi1 + EXgesteve (4.66)

where I.ixdest,e\,r represents the rate of exergy destruction.
e Condenser heat exchanger:

The mass balance equations for the condenser heat exchanger can be written as

Ty = g (4.67)
mlg = mlg and (468)
my = 3 +hg (4.69)

The energy balance equation is given as
nyghis +mghs = righy +nohig (4.70)

The specific exergies at states 9, 18, and 19 are defined as

€Xg = (l’lg — h()) — To(S() — S()) (471)
€X18 = (/’llg — ho) — T()(Slg — SQ) (472)
ex19 = (h1o — ho) — To(s10 — o) (4.73)

The exergy balance equation is given as
1M1g€X 18 + MGEXg = M19€Xg + M119€X19 + EXgest,cHX (4.74)

where EXdesl,CHX represents the exergy destruction rate in the condenser heat
exchanger.

The performance of an absorption refrigeration system is measured using the
coefficient of performance. The energetic and exergetic coefficient of performances
of absorption refrigeration system are defined as
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COPy = 2 (4.75)
Ourg + W,
E
COPyy = -~ e (4.76)
Exinre + W)

where COP,,, and COP,, represent energetic COP and exergetic COP, respectively.

4.4 Exergoeconomic Analysis

This section presents the exergoeconomic analysis equations of the double effect
absorption refrigeration system. The overall exergoeconomic equation of the
DEARS is written as

Zeq + Copm = Ccool (4.77)

where Zeq, COPM and CCOOI represent the cost associated with the equipment,
operation and maintenance, and cooling, respectively.
The cost linked with the equipment is defined as

Zeq = Coa+Cy+ Ce+ Ce + Cp + Cey (4.78)

where Ca, Cg, CC, Ce, Cp, and Cev represent the cost of the absorber, generator,
condenser, evaporator, pump, and expansion valve, respectively.

However, the total equipment cost can also be calculatedusing a relation between
the equipment cost and cooling load, as provided below:

Zeq($) = 1144.3(Qcoo) ™ (4.79)
The cost associated with the operation and maintenance is defined as
COPM = CopM X EXOPM (480)
where copy and Exopy represent operation and maintenance cost, and exergy carried
by the energy consumed in terms of heat and power, respectively. The operation and
maintenance can also be assumed to be 3 % of the total equipment cost.
The cost related to the cooling produced is defined as

CCool = CCool X EXCool (481)

where ccoor and Excool represent the cost of cooling and the exergy related to
cooling, respectively.
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Thus, the above equation can be written as
(€ X Ex)opy +Zeq = (€ X EX) gy (4.82)

The cost of cooling can then be calculated by rearranging the above-mentioned
equation and re-writing it as

(¢ X EX)opyt +Zeq
EXCool

CCool = (483)

4.5 Exergoenvironmental Analysis

In this section, we present an exergoenvironmental formulation for double effect
absorption refrigeration system.

The total exergy supplied to the double effect absorption refrigeration system is
calculated as

Exin = Exppre + Wp + Exth,e (4.84)

The total exergy rejected by the double effect absorption refrigeration system is
defined as

EXout = EXth,a + EXth,C (485)
The total exergy destroyed by the DEARS is calculated as
Exdest.tot = Exin - Exout (486)

The exergoenvironmental impact factor is defined as

E ESL, Lol
fi = —estot (4.87)
EXin

where f;; represents the exergoenvironmental impact factor.
This exergoenvironmental impact coefficient is calculated as

1
~ COP,,

Cai (4.88)

where Cg; represents the exergoenvironmental impact coefficient.
The exergoenvironmental impact index is calculated as
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6ei :fei X Cei (489)

where 6; represents the exergoenvironmental impact index.
Exergoenvironmental impact improvement is defined as

Ocii = (4.90)

where 0.;; represents the exergoenvironmental impact improvement.
The exergetic stability factor is defined as

EXout

fs=—""—"7"—" (4.91)
© Exout + Exdest,tol
where f.s represents exergetic stability factor.
The exergetic sustainability index is defined as
Oesl :fes X Oeﬁ (492)

where O represents the exergetic sustainability index.

4.6 Optimization

A common optimization problem in absorption refrigeration system is that of
maximizing the exergetic COP and the exergetic sustainability index and mini-
mizing the cost of cooling. The three objective functions used for this study are
presented in Eqgs. 4.76, 4.83, and 4.92. The constraints are ambient temperature, the
heat supplied to the high temperature generator, the concentration of the strong
solution and the concentration of the weak solution.

4.7 Illustrative Example

Consider a double effect absorption refrigeration system using ammonia—water as a
working fluid as shown in Fig. 4.1. The strong ammonia—water solution with a
mass flow rate of 1 kg/s enters the pumpas a saturated liquid with concentration and
pressure of 0.5 and 200 kPa, respectively. The strong solution leaves the pump at
700 kPa with a temperature difference of 0.4 °C. The heat is supplied to the gen-
erator at a rate of 150 kW, which helps to boil the strong solution, and the weak
solution and ammonia refrigerant vapor leaves the generator with concentrations of
0.3 and 0.999, respectively. Assume a temperature difference of 77 °C between the
inlet and exit of the heat exchangers. Take the temperature difference between the
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strong solution entering the generators and weak solution exiting the generators to
be 10 °C. Consider the condenser load and evaporator temperature to be 250 kW
and —1.3.5 °C, respectively. Take ambient temperature and pressure to be 291.2 K
and 100 kPa. Calculate the following

(a) the rate of cooling provided by the evaporator,

(b) the power consumed by the pump,

(c) the rate of heat rejected by the absorber,

(d) energetic and exergetic COPs,

(e) the exergy destruction rate in each component,

(f) the exergetic cost of cooling, and

(g) exergoenvironmental parameters as discussed earlier in the chapter.

In addition, perform the following parametric studies to investigate

(a) effects of generator load on the cooling load, the cost of cooling, and the
energy and exergy COPs;

(b) effects of strong solution concentration on the cooling load, the cost of cooling
and the energy and exergy COPs; and

(c) effects of ambient temperature on the energy and exergy COPs, and all the
exergoenvironmental parameters.

For parametric studies, use the same data ranges as defined below.
Also, perform an optimization study for the following scenarios:

(a) maximizing the exergetic COP and minimizing the exergetic cost of cooling,
and

(b) maximizing the exergetic sustainability index and minimizing the exergetic
cost of cooling.

For an optimization study, consider generator heat load, strong solution con-
centration, weak solution concentration, and ambient temperature as constraints
with limits of 130-170 kW, 0.45-0.55, 0.2-0.3, and 290-310 K, respectively.

e Solution

The pump inlet properties are considered by assuming pressure, strong solution
concentration, and quality.

hy = —180.1 kJ/kg

P lx:EO(())I;Pa 51 = 0.04011 kI /kg K
Qul —0.00 v = 0.001199 m?/kg
1 — .

T, =286.5K

It is assumed that at the exit of the pump, the temperature would be 0.4 °C
higher than the inlet temperature.
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P, =700kPa hy = —178.1kJ /kg

x, =0.5 52 = 0.04481kJ/kgK
T, =286.9K

my = 1kg/s

1y = 1y

The power required by the pump to increase the pressure of 1 kg/s of strong
solution from 200 kPa to 700 kPa is calculated as

Wp =1((-178.1) — (—180.1)) = 1.971 kW
The ambient conditions to calculate specific exergy at each point are
Py = 100kPa ho = —150kJ/kg
To =2912K so = 0.1034kJ /kgK
X0 = 0.5

These ambient conditions can only be used for strong solution streams.

Ex; = 1((—180.1 — (—150)) — 291.2(0.04011 — 0.1034)) = —11.62 kW
Ex, = 1((—178.1 — (—150)) — 291.2(0.04481 — 0.1034)) = —11.01 kW

The exergy destruction in the pump is then calculated as
—11.62+ 1.971 = —11.01 + Exegp
Exqestp = 1.368 kKW
It is assumed that 20 % of the flow rate from the pump is supplied to the
condenser heat exchanger and the remaining 80 % is supplied to the low temper-

ature heat exchanger. The temperature, pressure, and strong solution concentration
remains the same at states 2, 3, and 18.

hs = hy
53 = 82
T; =T,
hig = hy
S18 = 82

Tg=1,
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The mass balance equations for the low temperature heat exchanger are
written as

g = 0.2(ri) = 0.2kg/s
i3 = 0.8(rin) = 0.8kg/s
iy = 13

mys = nie

The temperature of the strong solution leaving the low temperature heat
exchanger is assumed to be 77 °C higher than the inlet temperature.

X4 = X3 sq4 =2.505kJ/kgK
T, =T, +77

The energy balance equation of the low temperature heat exchanger can be
written as

m3hs +mshis = mghs +rghis
0.8(—178.1) +0.7139(343.4) = 0.8(647.4) +0.7139(I15)
his = —581.7K) /kg

Using specific enthalpy at state 16 calculated using energy balance and knowing
the pressure and weak solution concentration, one can find the specific entropy and
temperature at state 16 as follows:

Pig =P, Tis = 195.3K
X116 = 0.3 S16 = —1.787 kJ/kgK
hig = —581.7

The rate of heat transfer taking place inside the low temperature heat exchanger
can be calculated as

fishs 4 Quux = righy
0.8(—178.1) + Qux = 0.8(647.4)
OLux = 660.4 kW

The thermal exergy rate of the low temperature heat exchanger can be
calculated as

291.2

EXth,LHX = (1 — @) 660.4 = 132 kKW



4.7 Tllustrative Example 87

The exergy flow rates at different states of the low temperature heat exchanger
are calculated as

Ex; = 0.8((—178.1 — (—150)) — 291.2(0.04481 — 0.1034)) = —8.811 kW
Exy = 0.8((647.4 — (—150)) — 291.2(2.505 — 0.1034)) = 78.37 kW

Exys = 0.7139((343.4 — (—102.5)) — 291.2(1.539 — 0.1906)) = 37.88 kW
Exie = 0.7139((—581.7 — (—102.5)) — 291.2(—1.787 — 0.1906)) = 68.88 kW

The exergy destruction rate in the low temperature heat exchanger is
calculated as

—8.811 + 132 = 78.37 4 EXgest LHix
Exgestiux = 44.79 kW

It is assumed that 20 % of the flow rate from state 4 is supplied to state 20
and the remaining 80 % is supplied to the high temperature heat exchanger.
The temperature, pressure, and strong solution concentration remains the same at
states 4, 5, and 20.

hs = hy
55 = 84
Ts =T,
hao = hy
$20 = 84
Ty =T,

The mass balance equations for the high temperature heat exchanger are
written as

I’}’lzo = 02(7’)’14) =0.16 kg/S
s = 0.8(ring) = 0.64kg/s
e = Mis

myg = my3

The temperature of the strong solution leaving the high temperature heat
exchanger is assumed to be 10 °C higher than the inlet temperature.
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P6 = P2 h6 = 807.1 k]/kg
X = Xo s6 = 2.936kJ/kgK
Te = Ts+ 10

The energy balance equation of the high temperature heat exchanger can be
written as

mshs +mi3hi3 = mghg + mghy
0.64(647.4) +0.4569(546.1) = 0.64(807.1) +0.4569(h14)
h14 =322.5 kJ/kg

Using specific enthalpy at state 14 calculated using the energy balance and
knowing the pressure and weak solution concentration, one can find the specific
entropy and temperature at state 14 as follows:

Pi4s=P Ty = 370.3 K
X14 = X13 S14 = 1.483 kJ/kgK
hia = 3225

The rate of heat transfer taking place inside the high temperature heat exchanger
can be calculated as

thshs + Quux = mehs
0.64(647.4) + Quux = 0.64(807.1)
Omx = 102.2 kW

The thermal exergy rate of the high temperature heat exchanger can be calcu-
lated as

. 291.2
EX¢h Hax = (1 - m) 102.2 = 22.6 kW

The exergy flow rates at different states are calculated as

Exs = 0.64((647.4 — (—150)) — 291.2(2.505 — 0.1034)) = 62.69 kW

Exg = 0.64((807.1 — (—150)) — 291.2(2.936 — 0.1034)) = 84.55 kW
Exi3 = 0.4569((546.1 — (—102.5)) — 291.2(2.074 — 0.1906)) = 45.8 kW
Exis = 0.4569((322.5 — (—102.5)) — 291.2(1.483 — 0.1906)) = 22.16 kW
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The exergy destruction rate in the high temperature heat exchanger is calculated as
62.69 +22.6 = 84.55 + Exgest Hux
ExXgest mux = 0.7503 kW
The mass balance equations of the high temperature generator are written as

e = 13 + Hip

MeXe = M113X13 + Hi7xy

0.64 = 13 + 1y

0.64(0.5) = 1i113(0.3) +1i17(0.999)

Solving two equations simultaneously gives us
my3 = 0.4569 kg/s and r; = 0.1831 kg/s

The temperature at state 13 is assumed to be 10 °C higher than the temperature
at state 6.

P13:P2 h|3:5461 kJ/kg
X13 = 0.3 S13 = 2.074 kJ/kgK
T3 =T,+10

The specific enthalpy at state 7 is calculated using the energy balance equation of
the high temperature generator as defined below:

ths + Oure = mishys + rghy
0.64(807.1) + 150 = 0.4569(546.1) +0.1831hy
hy = 2277 K /kg

Using specific enthalpy at state 7 and knowing pressure and concentration at this
state, we can find the temperature and specific entropy at state 7 as follows:

P; =P, T; =672 K
x7 =0.999 57 =6.643 kJ/kgK
hy = 2277 kI /kg
Ex; = 0.1831[(2277 — 87.15) — 291.2(6.643 — 0.2708)] = 61.28 kW

The thermal exergy rate of the high temperature generator can be calculated by
using average temperature as
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. 291.2
Exua1c = (1 - TMS) 150 = 58.35 kW

Using the thermal exergy rate and rate of exergy at each state, we can find the
total exergy destruction rate of the high temperature generator as

84.55 +58.35 = 61.28 + 45.8 + Exgest 76
EXdest,HTG = 35.82 kW

The mass flow rates across the different streams entering and leaving the low
temperature generator are calculated as

1y = Ky + Mg

myg = rg = 0.2 kg/s

iy = 0.16+0.2 = 0.36 kg /s

Ty = My + g3

My X1 = WpXpo + Hn3Xo3

0.36 = rpy + mip3

0.36(0.5) = r122(0.3) +1i123(0.999)

Solving two equations simultaneously gives us

my; = 0.257 kg/s and rip3 = 0.103 kg/s
mg = 7 = 0.1837 kg/s

The temperature at state 22 is assumed to be 10 °C higher than the temperature
at state 21.

Py =P hyy = 380.6 k]/kg
X2 = X13 s = 1.639 kI /kgK
Ty =Ty +10

It is assumed that ammonia vapor at state 23 leaves with the same temperature as
that of state 22.

Py =P, has = 1501 kJ/kg
X23 = X7 S23:5.131 kJ/kgK
Ty =Tx

The specific enthalpy at state 8 is calculated using the energy balance equation of
the low temperature generator as defined below
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Mot hoy + irhy = mipshys + mipohas + mghg
0.36(647.4) +0.1831(2277) = 0.103(1501) + 0.257(380.6) + 0.183 1
hs = 2172 kJ /kg

Using specific enthalpy at state 8 and knowing pressure and concentration at this
state, we can find the temperature and specific entropy at state 8 as follows:

Py =P, Ty = 635.5K
Xg = X7 ss = 6.481 kI /kgK
hg = 2172 kI /kg

Exg = 0.1831](2172 — 87.15) — 291.2(6.481 — 0.2708)] = 50.57 kW

Exa = 0.36((647.4 — (—150)) — 291.2(2.55 — 0.1034)) = 35.27 kW

Exy = 0.257((380.6 — (—102.5)) — 291.2(1.639 — 0.1906)) = 15.77 kW
Exa3 = 0.103((1501 — (—102.5)) — 291.2(5.131 — 0.1906)) = —0.1836 kW

Using the exergyrate at each state, we can find the total exergy destruction rate of
the low temperature generator as

35.27+61.28 = 15.77+50.57 — 0.1836 + EXdest,LTG
EXdest,LTG = 30.39 kW

The mass flow rates across the different streams entering and leaving the con-
denser heat exchanger are calculated as

e = g = 0.1831 kg /s

The temperature at state 19 is assumed to be 77 °C higher than the temperature
at state 18.

Po=P, hig = 647.4 kJ /kg
X19 = Xg s19 = 2.505 kJ /kg K
Ty =Tsg+77

The specific enthalpy at state 9 is calculated using the energy balance equation of
the condenser heat exchanger as defined below

tghg +inghig = tghg + rinoh g
0.1831(2172) +0.2(—178.1) = 0.1831 (o) + 0.2(647.4)
hy = 1270kJ/kg
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Using specific enthalpy at state 9 and knowing pressure and concentration at this
state, we can find the temperature and specific entropy at state 9 as follows:

Py =P, Ty =289 K
X9 = X738 S9 = 4.426 kJ/kgK
hy = 1270 kJ /kg

Exo = 0.1831[(1270 — 87.15) — 291.2(4.426 — 0.2708)] = —4.949 kW
Exio = 0.2((647.4 — (—150)) — 291.2(2.505 — 0.1034)) = 19.59 kW

Using the rate of exergy at each state, we can find the total exergy destruction
rate of the condenser heat exchanger as

50.57 — 2.203 = —4.949 + 19.59 + Exgest.chix
EXdest.CHX = 33.73 kW
The mass balance equation of the condenser can be written as

g + 1itp3 = 1ty
o = 0.1831 +0.103 = 0.2861

The energy balance equation of the condenser capable of rejecting 250 kW of
heat is written as

tghy + tazhas = ryohio + Oc

The above-mentioned equation is used to calculate the specific enthalpy at state
10 as

0.1831(1270) +0.103(1501) = 0.2861ky + 250
hio = 479.4 KJ /kg

P =P, Tio = 287 K
X10 = X7 S10 = 1.684 kJ/kgK
hio = 479.4 kI /kg
Exjo = 0.2861[(479.4 — 87.15) — 291.2(1.684 — 0.2708)] = —5.521 kW

The thermal exergy rate of the condenser can be calculated as
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. 291.2
Exth"c = (1 — W) 250 = 3.66 kKW

Using the exergy rate at each state and thermal rate of exergy, we can find the
exergy destruction rate in the condenser as

—4.949 — 0.1836 = —5.521 — 3.66 + Exges;c
EXgeste = 4.048 KW

The mass balance equation of the refrigerant expansion valve is written as

I’i’lll = l/i’ll() = 0.2861 kg/§

hip = hyo T =2543K
P“:Pl S11:1904kj/kgK
X11 = X7

Ex;; = 0.2861[(479.4 — 87.15) 4+291.2(1.904 — 0.2708)] = —23.84 kW
—5.521 = —23.84 + EXgestenr

EXgest.ovr = 18.32 kW

The mass balance equation of the evaporator is written as

}’i’llz = I’i’l]l = 0.2861 kg/S

It is assumed that the refrigerant leaves the evaporator at a temperature of 259.7 K.

P, =P h12:1251 kJ/kg
270 } sy = 4.922 kI /kgK

X12 = X3

Ti, = 259.7 K

The energy balance equation to calculate the cooling load is defined as

mithi + Qe = ritphis
0.2861(479.4) + Q. = 0.2861(1251)
0, = 220.8 kW
Exj; = 0.2861[(1251 — 87.15) +291.2(4.922 — 0.2708)] = —54.52 kW

The thermal exergy rate of the evaporator is calculated as
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- 291.2
Exth,e = ’ <1 - 257> 2208‘ = 25.93 kW

—23.84425.93 = —54.52 + EXgeste
ExXgeste = 56.61 kW
The mass balance equation of the weak solution expansion valve is written as
my7 = mye = 0.7139 kg/s
h7 = hie Ti7 =1954K
Py =P s17 = —1.784 kI /kgK
X17 = X13
Ex;7 = 0.7139((—581.7 — (—102.5)) +291.2(—1.784 — 0.1906)) = 68.27 kW
The exergy destruction rate of the weak solution expansion valve is calculated as
68.88 = 68.27 + Exgestevs
EXgestevs = 0.61 kW
The mass balance equation of the absorber is written as
1y = M + g
The amount of heat rejected by the absorber is calculated using formula

thy + Qq = fpahya + fighyy
1(—180.1) + O, = 0.2861(1251) +0.7139(—581.7)
0, = 122.7 kW

The thermal exergy rate of the absorber is calculated as

. 291.2

The rate of exergy destructed by the absorber is calculated as

—54.524+68.27 = —11.62 + 1.973 + Exgesta

EXgesta = 23.39 kW
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The weak solution at states 14 and 22 mix together to leave at state 15. The mass
balance equation of this mixing process is written as

Hiys = niyg + My
mys = 0.4569 +0.257 = 0.7139 kg/s
The energy balance equation of the mixing process is written as

mishis = myghis + mohy
0.7139%h,5 = 0.4569(322.5) + 0.257(380.6)

h15 =3434 kJ/kg

]’l15 =3434 kJ/kg T15 =371.6 K
P15:P2 S15:1539kj/kgK

X15 = X13
Exls = 0.7139((343.4 - (—102.5)) +291.2(1.539 — 0.1906)) = 37.88 kW

The strong solution at states 19 and 20 mix together to leave at state 21. The
energy balance equation of the mixing process is written as

maihyy = mghye + maghao
0.36h1 = 0.2(647.4) +0.2(0.16)
hat = 647.4 KJ /ke
hyy = 647.4 kJ/kg 1>, =3639K
Py =P s21 = 2.505 kJ /kgK

X21 = X6
Ele = 0.36((647.4 — (—150)) +291.2(2.505 - 0.1034)) =35.27 kW

The energy and exergy COPs of the double effect absorption refrigeration sys-

tems are calculated as
220.8

Ppy=—— =14
COPe 150 +1.971 53
25.93
Ppy=——— = (.42
Ccor. 58.35+1.971 0.4299

The equipment cost of the DEARS is found using
Zeg($) = 1144.3(220.8)"" = $42556

The operation and maintenance cost of the DEARS is assumed to be 3 % of the

equipment cost
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Copm = 0.03(42556) = $1277

The exergetic cost of cooling can then be calculated by using equipment cost,
cost of operation and maintenance, and the thermal exergy rate of the evaporator as

42556 + 1277
25.93
CCool = 1690 $ /KW

CCool =

The total rate of exergy entering the DEARS is calculated as
Ex;y = 58.35 + 1.971 4 25.93 = 86.26 kW
The total rate of exergy exiting the DEARS is calculated as
EXou = 1.973 +3.66 = 5.633 kW
The total rate of exergy destroyed by the DEARS is calculated as
EXgestior = 86.26 — 5.633 = 80.62 kW

The exergoenvironmental impact factor can then be calculated by dividing total
exergy destruction rate by total exergy supplied to the DEARS as

80.62
fa= ggg =093

The exergoenvironmental impact coefficient is calculated by taking the inverse
of the exergetic COP as
1

Cei - m - 233

The exergoenvironmental impact index is found by multiplying exergoenvi-
ronmental impact factors as

0 = 0.93 x 2.33 =2.17

The exergoenvironmental impact improvement is then found by taking the
inverse of the exergoenvironmental impact index as

Beii = —— = 0.4599

1
2.17

The exergetic stability factor is computed as
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5.633

= 563318062 0653

fes

The exergetic sustainability index is then calculated by the multiplying exergetic
stability factor with exergoenvironmental impact improvement as

0cst = 0.0653 x 0.4599 = 0.030

Note that the thermophysical properties at each state point are presented in
Table 4.1.

e Effects of generator load

The variation in the heat rate supply to the generator can greatly affect the
performance of the double effect absorption refrigeration system as shown in
Fig. 4.2. The cooling load is observed todecrease from 240.8 to 200.8 kW with an
increase in high temperature generator load from 130 to 170 kW. The cost of
cooling is noted to increase from 1643 to 1744 $/kW with the increase in in high

Table 4.1 Thermophysical properties at each state points of the DEARS

State Point P (kPa) T (K) m (kg/s) h (kJ/kg) s (kl/kg K)
0 100 291.2 - —150 0.1034
1 200 286.5 1 —180.1 0.04011
2 700 286.9 1 -178.1 0.04481
3 700 286.9 0.8 —178.1 0.04481
4 700 363.9 0.8 647.4 2.505

5 700 363.9 0.64 647.4 2.505

6 700 373.9 0.64 807.1 2.936

7 700 672 0.1831 2277 6.643

8 700 635.5 0.1831 2172 6.481

9 700 289 0.1831 1270 4.426
10 700 287 0.2861 479.4 1.684
11 200 254.3 0.2861 479.4 1.904
12 200 259.7 0.2861 1251 4.922
13 700 383.9 0.4569 546.1 2.074
14 700 370.3 0.4569 3225 1.483
15 700 371.6 0.7139 343.4 1.539
16 700 195.3 0.7139 —581.7 —1.787
17 200 195.4 0.7139 —581.7 —1.784
18 700 286.9 0.2 —178.1 0.04481
19 700 363.9 0.2 647.4 2.505
20 700 363.9 0.16 647.4 2.505
21 700 363.9 0.36 647.4 2.505
22 700 373.9 0.257 380.6 1.639
23 700 373.9 0.103 1501 5.131
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Fig. 4.2 Effects of generator load on cooling load and cost of cooling

temperature generator load. This decreasing behavior is seen because the increase in
generator load results in an increased amount of energy being supplied to the strong
solution. This strong solution then breaks into weak solution and ammonia vapor.
The increase in energy supply results in a higher exit temperature of the ammonia
refrigerant which then enters the fixed capacity condenser. With the fixed condenser
load, the ammonia refrigerant leaves the condenser at relatively higher temperature
to enter the evaporator. The higher temperature of the refrigerant adversely affects
the performance of the evaporator as its capacity to carry heat from the cooled space
decreases because the evaporator exit temperature is fixed. The decrease in cooling
load for the fixed system size also has a negative impact on the cost of cooling.
Cooling load is directly associated with the system size and displays an increasing
trend with the increase in the generator load due to the comparatively lower cooling
carrying ability of the refrigerant flowing in the evaporator. The effects of an
increase in the high temperature generator load on the energy and exergy COPs are
displayed in Fig. 4.3. The energy and exergy COPs are observed to decrease from
1.82 to 1.17 and 0.56 to 0.33, respectively, with an increase in the high temperature
generator load. These decreasing behaviors of the energetic and exergetic COPs are
directly related to the cooling carrying ability of the system. With increase in the
refrigerant temperature entering the evaporator and decreasing in the cooling car-
rying capacity of the refrigerant; the performance of the system degrades as shown
by the COP.

e Effects of strong solution concentration

The effects of variation in concentration of the strong solution on the cooling
load and cost of cooling are presented in Fig. 4.4. The cooling rate is noted to
decrease from 244.8 to 210.9 kW with an increase in the strong solution concen-
tration from 0.45 to 0.55. On the other hand, the cost of cooling is observed to
increase from 1633 to 1716 $/kW, respectively, with an increase in the strong
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Fig. 4.4 Effects of strong solution concentration on cooling load and cost of cooling
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solution concentration. This decreasing trend is because the increase in strong
solution concentration brings a higher amount of ammonia refrigerant into the
generator. For a fixed generator load, this excess ammonia refrigerant in the strong
solution is not able to evaporate and leave as a refrigerant vapor. Thus, the alter-
native route available to the system in this scenario is increasing the temperature of
ammonia refrigerant vapor leaving the generator. This relatively higher temperature
refrigerant then brings with it the requirement of a larger size condenser, which is
not met by the system as the systems condenser load is fixed at 250 kW. The fixed
condenser load forces the refrigerant to enter the evaporator at a relatively higher
temperature as it is not able to reject excess heat gained in the generator from the
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Fig. 4.5 Effects of strong solution concentration on energy and exergy COPs

condenser. The relatively higher temperature refrigerant is not able to carry enough
cooling load in the evaporator due to the lower temperature difference between the
inlet and exits of the temperature. The decrease in the cooling production capacity
of the system results in the higher cooling cost. The cooling cost increases because
the fixed size system in unable to transform higher refrigerant concentration into the
higher cooling capacity. The effects of an increase in the strong solution concen-
tration on the energy and exergy COPs are presented in Fig. 4.5. The energy and
exergy COPs are observed to decrease from 1.61 to 1.38 and 0.44 to 0.43,
respectively. The decreasing behavior of the COPs shows that the system perfor-
mance degrades with an increase in the concentration of the strong solution. This
degrading performance is directly related to the relatively lower cooling production
capability of the system due to increase in the ammonia refrigerant vapor entering
the evaporator of the system. This analysis shows that it is not necessary that
providing excess refrigerant to the system will result in the better performance of
the system. It is also noted that the energy COP decreases greatly whereas the
exergy COP decreases with a very small amount displaying the importance of
carrying out the exergy analysis because exergy analysis adds quality of the
quantity provided by the energy analysis.

e Effects of ambient temperature

The variation in ambient temperature greatly hampers the performance of the
system, especially those that are heat driven. The effects of variation in ambient
temperature on the energy and exergy COPs are shown in Fig. 4.6. It can be seen in
the figure that the energetic COP remains constant at 1.45 as the ambient tem-
perature rises from 290 to 310 K.



4.7 Tlustrative Example 101

1.6

1.4

1.2

CcoP

0.8

0.6 ComemmTTTT

041

o2l . . — — —
290 295 300 305 310
To [K]

Fig. 4.6 Effects of ambient temperature on energy and exergy COPs

However, the exergetic COP is noted to increase from 0.41 to 0.7 with increase
in ambient temperature. The first observation which can be made from the ambient
temperature analysis is that it has no effect on the energetic performance of the
system which is far from reality. In reality, the system performance varies greatly
with change in ambient temperature because the rate of heat lostor gained by the
system to or from the surrounding is dependent on the temperature difference
between the surrounding and the system. The increase in exergetic COP is because
the increase in ambient temperature results in a higher temperature difference
between the DEARS and the surrounding. The DEARS is mainly heat driven, so it
benefits from the increase in ambient temperature as losses from the system to the
environment decrease because the temperature difference between the system and
the environment is smaller. The effects of ambient temperature increase on the
exergoenvironmental impact factor and the exergoenvironmental impact coefficient
are shown in Fig. 4.7. The exergoenvironmental impact factor and the exergoen-
vironmental impact coefficient are observed to decrease from 0.95 to 0.68 and 2.42
to 1.44, respectively, with increase in ambient temperature from 290 to 310 K. The
decreasing behavior of the exergoenvironmental impact factor shows that the
DEARS becomes more environmentally friendly as the ambient temperature rises
because of the relatively smaller irreversibility in the system. The ideal value for
this parameter is zero, and the system approaches this ideal value as it becomes
more environmentally benign. The exergoenvironmental impact coefficient is
directly related to the exergetic COP of the system. The desired value should
indicate that the system has no losses. The increase in ambient temperature helps to
reach this ideal value because with an increase in ambient temperature the DEARS
losses decrease and the system becomes more efficient.
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Fig. 4.7 Effects of ambient temperature on the exergoenvironmental impact factor and the
exergoenvironmental impact coefficient

The effects of the increase in ambient temperature on the exergoenvironmental
impact index and the exergoenvironmental impact improvement factor are shown in
Fig. 4.8. The exergoenvironmental impact index is observed to decrease from 2.3 to
0.98, whereas the exergoenvironmental impact improvement factor is observed to
increase from 0.43 to 1.0 with increase in ambient temperature from 290 to 310 K.
The decreasing behavior of the exergoenvironmental impact index is a result of
decrease in the waste exergy rate and the exergy destruction rate. The rise in
ambient temperature helps to reduce the temperature difference between the
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2.25

9eii

290 295 300 305 310°
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Fig. 4.8 Effects of ambient temperature on the exergoenvironmental impact index and the
exergoenvironmental impact improvement
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DEARS and the surrounding and as this temperature difference decreases the heat
losses occurring from the DEARS to the surrounding decreases. The decrease in the
value of the exergoenvironmental impact index indicates that with the increase in
ambient temperature the DEARS becomes more environmentally friendly. On the
other hand, the increasing exergoenvironmental impact improvement factor indi-
cates that with increasing ambient temperature, the environmental appropriateness
of the DEARS increases due to lower heat driven losses occurring from the system
to the environment.

The last two exergoenvironmental parameters studies are the exergetic stability
factor and the exergetic sustainability index and the effects of the increase in
ambient temperature are shown in Fig. 4.9. The exergetic stability factor and the
exergetic sustainability index are observed to increase from 0.05 to 0.32 and 0.02 to
0.32, respectively, with increasing ambient temperature from 290 to 310 K.
Understanding these parameters is crucial as they indicate how stable and sus-
tainable the system is from an exergoenvironment perspective. The increasing
behavior of these parameters with increasing ambient temperature indicates that the
system becomes more stable and sustainable with the increase in the temperature.
This extra stability and sustainability are gained due to the lower heat losses
occurring from the DEARS to the surrounding because of the lower temperature
difference between the surrounding and the double effect absorption refrigeration
system. The ambient temperature analysis reiterates the importance of performing
exergy analysis, as the results show that the energy parameters are not affected by
the ambient temperature; however, the exergetic parameters are greatly affected by
the variation in ambient temperature.

0.4 0.4

0 0
290 295 300 305 310
To [K]

Fig. 4.9 Effects of ambient temperature on the exergetic stability and the exergetic sustainability
index
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e Optimization

Table 4.2 presents the constraints associated with the optimization study of the
double effect absorption refrigeration system. The first optimization study maxi-
mizes the exergetic COP and minimizes the exergetic cooling cost. The results
obtained from the first optimization study are presented in Fig. 4.10. For opti-
mization study, a built-in Nelder-Mead simplex algorithm routine in the engi-
neering equation solver software is used. The Nelder-Mead simplex algorithm
makes use of N + 1 test points (where N represents the degrees of freedom), which
is called a simplex. For example, a two-dimensional problem uses a triangle as its
simplex. The algorithm evaluates every single point of the simplex, and the
objective function is found at each of the points. The worst point in the simplex is
then thrown out and a new point is found by reflecting away from the worst point
about the axis formed by the other test points. The process is repeated several times
until one of the stopping criteria are met, and then the objective function of the best
point is taken to be the optimum. The first optimization study reveals that the
highest exergetic COP obtained is 1.0 and the lowest cooling cost obtained is
112.5 $/kW for the given constraints. It is worth noting that although all the points

Table 4.2 Constraints associated with the optimization study of the DEARS

Parameter Minimum value Maximum value
Qg 130 kW 170 kW
To 290 K 310 K
X3 0.45 0.55
X4 0.2 0.3
1600
b
1500
S 1400
<
a
g 1300
S AANY
9 \\\
S 1200
1100
1000
0.5 0.6 0.7 0.8 0.9 1
COPgy

Fig. 4.10 Multi-objective optimization of the DEARS (exergetic COP versus exergetic cooling
cost)
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Fig. 4.11 Multi-objective optimization of the DEARS (exergetic sustainability index versus
exergetic cooling cost)

on the Pareto front are considered optimum, traditionally LINMAP is used to obtain
the most desirable optimized points. LINMAP helps to find an imaginary point at
which all the objective functions have their respective optimum location irrespec-
tive of other objective functions. The best exergetic COP and exergetic cooling cost
obtained on this basis are 0.70 and 1390.4 $/kW, respectively. The results obtained
from the second optimization study, maximizing exergetic sustainability index and
minimizing the exergetic cost of cooling are presented in Fig. 4.11. The values
obtained using LINMAP for exergetic sustainability index and exergetic cost of
refrigeration are 0.24 and 1371.8 $/kW, respectively.

4.8 Closing Remarks

The use of a double effect absorption refrigeration system provides an additional
advantage in terms of energy, environment, and sustainability as compared to the
use of a single effect absorption refrigeration system. Detailed energy, exergy,
exergoeconomic, and exergoenvironmental analyses of the double effect absorption
refrigeration system are presented in this chapter. Finally, a comprehensive example
of the double effect absorption refrigeration system is presented, which shows how
each thermophysical property can be found at each state point.



Chapter 5
Triple Effect Absorption Refrigeration
System

5.1 Introduction

Absorption refrigeration systems have received renewed attention from researchers
in the area of sustainable energy technologies because they use low-grade heat
(renewable, process or waste heat) in a more environmentally benign manner. Thus,
they are an attractive alternative to the conventional vapor-compression refrigera-
tion system. An absorption refrigeration system provides a cooling effect using
waste heat or solar heat and minimal power compared to a conventional refriger-
ation system where electrical power input is necessary to drive the system.
Although an absorption refrigeration system has the capability to provide
environmental-friendly cooling.One criticism is that its coefficient of performance is
considerably smaller than the conventional refrigeration system. The introduction of
a triple effect absorption refrigeration system (TEARS) presents better energy
recovery as compared to the double effect absorption refrigeration system to show
that the absorption refrigeration system an attractive alternative to the conventional
refrigeration system from a performance perspective.

The present chapter discusses the basic operation of the TEARS in conjunction
with its energy and exergy analyses. First, the working principle of the TEARS is
explained in detail to help the reader understand how it works. Second, modeling
studies for energy, exergy, exergoenvironmental, exergoeconomic, and optimiza-
tion are offered for analysis, performance assessment and evaluation. Lastly, an
in-depth illustrative example is provided to make sure that the reader understands
how individual equations are employed to obtain thermophysical properties at each
state point and acquire overall energy and exergy flow values.
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5.2 System Description

The triple effect absorption refrigeration system is asophisticated form of the double
effect absorption refrigeration system as shown in Fig. 5.1. In the TEARS, a strong
solution of ammonia—water leaving the absorber at state 1 enters the pump in a
saturated liquid phase. In the pump, the pressure of the strong solution increases
before it leaves at state 2. The strong solution at state 2 then divides into two
streams of states 17 and 19. The stream at state 19 enters the low temperature heat
exchanger, where it gains heat from the fluid returning from the generators to leave
at state 3 at relatively higher temperature. This strong solution at state 3 then divides
into two streams of states 20 and 21. The strong solution at state 20 enters the
medium temperature heat exchanger where it extracts heat from the streams
returning from the generators to leave at state 24 at relatively higher temperature.
This strong solution at state 24 then divides into two streams of states 25 and 26.
The strong solution at state 25 enters the high temperature heat exchanger where it
extracts heat from the streams returning from the high temperature generator to
leave at state 29 at relatively higher temperature to enter the high temperature
generator. In the high temperature generator, heat is supplied from the external3333
source to increase the temperature of the strong ammonia—water solution above its
boiling point. Boiling helps to separate ammonia from the mixture because
ammonia boils at moderately lower temperature than water. The ammonia vapor is
then extracted from the high temperature generator at state 31, and the remaining
weak ammonia-water solution is extracted at state 30. The ammonia vapor
extracted at state 31 then enters the medium temperature generator where it acts as a
heat source. In the medium temperature generator, strong solution enters at state 26
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i Medium [—
High - Low N Heat In
Temperature Temperature Temperature p
~ Generator Condenser
Generator Generator
(HTG) (MTG) (LTG) Heat Evaporator
23 Exchanger (eva)
2 26 12 2 (CHX) [
= 18 Expansion| 17 1 Heat Out
kD) 13 15 Valve A o M
33 14 5.2 |~
APump Absorber
2 (abs)
| 7
~—""2s 24 ~—"20 3 —" 1 N1
High Medium Low
Temperature Heat Temperature Heat Temperature Heat
Exchanger Exchanger Exchanger Work In
(HHX) (MHX) (LHX)

Fig. 5.1 Schematic of the TEARS
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where it gains heat from the ammonia vapor entering at state 31. The heat supplied
to the medium temperature generator helps to separate ammonia from the strong
solution that leaves the medium temperature generator at state 27. The remaining
weak solution in the medium temperature generator is then extracted at state 12.
After releasing heat in the medium temperature generator, ammonia vapor leaves
at state 4 to combine with the stream from state 27 before entering the low
temperature generator at state 5. In the low temperature generator, strong solution
enters at state 22 and gains heat from the ammonia vapor entering at state 5. The
heat supplied to the low temperature generator helps to separate ammonia from the
strong solution that leaves the low temperature generator at state 7. The remaining
weak solution in the low temperature generator is then extracted at state 23. After
releasing heat, ammonia vapor leaves the low temperature generator at state 6 to
enter the condenser heat exchanger. In the condenser heat exchanger, the strong
solution entering at state 17 gains heat from the ammonia stream and leaves at a
relatively higher temperature at state 18. The ammonia refrigerant leaves the con-
denser heat exchanger at state 8 to enter the condenser. The strong solution exiting
the condenser heat exchanger at state 18 mixes with the strong solution from state
21 to leave at state 22. The ammonia refrigerant streams release heat to the sur-
rounding in the condenser to leave as a relatively cooler refrigerant at state 9. This
ammonia refrigerant at state 9 then passes through the refrigerant expansion valve
where its pressure suddenly drops and leaves as a cooled ammonia refrigerant at
state 10. The ammonia refrigerant at state 10 enters the evaporator and gains heat
from the surrounding before leaving at a relatively higher temperature at state 11.
The weak solution exiting the high temperature generator at state 30 passes through
the high temperature heat exchanger where it rejects heat to the incoming strong
solution to leave at state 32. The weak solution at state 32 mixes with the weak
solution returning from the medium temperature generator at state 12 to leave at
state 33. The weak solution at state 33 then enters the medium temperature heat
exchanger where it rejects heat and leaves at a relatively cooler temperature at state
13. The weak solution at state 13 mixes with the weak solution returning from the
low temperature generator at state 23 to leave at state 14. The weak solution at state
14 then enters the low temperature heat exchanger where it rejects heat and leaves
at a relatively cooler temperature at state 15. The weak solution at state 15 enters the
weak solution expansion valve where its pressure drops before it enters the absorber
at state 16. The weak solution at state 16 and ammonia refrigerant at state 11 then
mix in the absorber while rejecting heat to the environment to leave the absorber as
a strong solution in saturated liquid phase at state 1.

5.3 Energy and Exergy Analyses

This section provides energy and exergy balance equations for all components of
the TEARS.
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e Pump:
The mass balance equation across the pump can be written as
my = iy = 1, (5.1)

where m represents the mass flow rate.
The specific power consumed by the pump can be calculated using

wp = V(PZT;PI) (5.2)

where w, v, P, and 5 represent specific power, specific volume, pressure, and
efficiency, respectively.
The total power consumed by the pump is defined as

W, = ripw, (5.3)

where W represents total power consumed by the pump.
The overall energy balance equation of the pump is given as

(mh), + W, = (inh), (5.4)

where h represents specific enthalpy of the state.
The specific exergies at states 1 and 2 are defined as

€X1 = (hl — h()) — To(Sl — S()) (55)
€Xy) = (hz — ho) — To(Sz — SQ) (56)

where ex, 7, and s represent specific exergy, temperature, and specific entropy.
The overall exergy balance equation of the pump is given as

miex; + Wp = rex; + Exdesl,p (5.7)

where Exdest,p represents the exergy destruction rate in the pump.
e Low temperature heat exchanger:

The mass balance equations for the low temperature heat exchanger can be
written as

i3 = tingo (5.8)

r'n15 = Ih14 and (59)
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my7 +ng = ny
The energy balance equation is given as
miohio + mshis = mshs +ryshys
The specific exergies at states 3, 14, 15, and 19 are defined as
ex3 = (h3 — ho) — To(s3 — 50)
ex1a = (hia — ho) — To(s14 — o)
exis = (his — ho) — To(s15 — So)
exi9 = (h1o — ho) — To(s19 — so)
The exergy balance equation is given as

M19€X 19 + M114€X14 = M3€X3 + M15€X 15 + EXdestLx

111

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

(5.15)

(5.16)

where EXdest,LHX represents the exergy destruction rate in the low temperature heat

exchanger.

e Medium temperature heat exchanger:

The mass balance equations for the medium temperature heat exchanger can be

written as
gy = Ty
my3 = mizz and
ty + My = 3
The energy balance equation is given as
tpohoo + Msshas = myzhiz + oahos
The specific exergies at states 13, 20, 24, and 33 are defined as
ex13 = (hiz — ho) — To(s13 — so)
exa0 = (o — ho) — To(s20 — 50)

eXo4 = (hos — ho) — To (524 — o)

(5.17)
(5.18)

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)
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ex33 = (h33 — ho) — To(s33 — 50) (5.24)
The exergy balance equation is given as
Fnp€Xag + 1M33€X33 = fit13€X13 + M24€Xa4 + EXgest MHX (5.25)

where ExdeSLMHX represents the exergy destruction rate in the medium temperature
heat exchanger.

e High temperature heat exchanger:

The mass balance equations for the high temperature heat exchanger can be
written as

itz = T (5.26)
I’;’l32 = 7’513() and (527)
Hos + tine = Tos (5.28)

The energy balance equation is given as
tiashas + mzohsg = taohag + mzzhs, (5:29)

The specific exergies at states 25, 29, 30, and 32 are defined as

exas = (has — ho) — To(s25 — o) (5.30)
exz9 = (h29 — ho) — To(s29 — 50) (5.31)
ex3o = (h3o — ho) — To(s30 — 50) (5.32)
ex3y = (hay — ho) — To(s32 — 50) (5.33)
The exergy balance equation is given as
MyseXas -+ 30€X30 = HitngeXag + M32€X32 + EXest Hix (5.34)

where EXdest,HHx represents the exergy destruction rate in the high temperature heat
exchanger.

e High temperature generator:

The mass balance equations of the high temperature generator can be written as
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g = M3 + M3 (5.35)
and
Mo9Xo9 = M130X30 + H131X31 (5.36)

where x represents the solution concentration.
The energy balance equation is given as

fiohag + Qurg = fitsohao + a1 hsy (5.37)

where Qprg represents the rate of heat required by the high temperature generator.
The specific exergy at state 31 is defined as

ex31 = (h31 — ho) — To(s31 — o) (5.38)
The thermal exergy rate supplied to the high temperature generator is defined as

Ty
Turg

Exn o = (1 _ )QHTG (5.39)

where Exth,mg represents the thermal exergy rate of the high temperature generator.
The exergy balance equation of the high temperature generator is given as

M9€X29 + EXih HTG = M130€X30 + M31€X31 + EXdest HTG (5.40)
where ExdesthTG represents the rate of exergy destruction in the high temperature
generator.

e Medium temperature generator:

The mass balance equations of the medium temperature generator can be written
as

tpe = Mg + My7 (5.41)
Ho6X26 = H112X12 + Mo7X27 (5.42)
my = m3; and (5.43)

s = 1y + Hiyy (5.44)

where x represents the solution concentration.
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The energy balance equation is given as

toehae + m3ihsy = rghy + myahiy + mozhy7 and (5.45)

m3ihy) = rghy + Ot (5.46)

where Qg represents the rate of heat required by the medium temperature

generator.
The specific exergies at states 4, 5, 12, 26, and 27 are defined as

exq = (hy — ho) — To(s4 — s0) (5.47)

exs = (hs — hy) — To(ss5 — o) (5.48)

exip = (hia — ho) — To(s12 — s0) (5.49)

exae = (hae — ho) — To(s26 — S0) (5.50)

exo7 = (ha7 — ho) — To(s27 — 50) (5.51)

The thermal exergy rate supplied to the medium temperature generator is defined

as

EXth,MTG = (1 — T:;OTG) OmrG (5.52)

where Exth,MTG represents the thermal exergy rate of the medium temperature
generator.
The exergy balance equation is given as

Mog€X26 + EXtyMTG = M12€X12 + 71127€X27 + EXdest MTG (5.53)

where Exdesl,MTG represents the rate of exergy destruction in the medium temper-
ature generator.

e Low temperature generator:

The mass balance equations of the low temperature generator can be written as
Mpy = Hiy + Mp3 (5.54)
MXa = WXy + Mp3X03 (5.55)

g = 15 and (5.56)
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My = nyg + My (5.57)

where x represents the solution concentration.
The energy balance equation is given as

mshs + maphyy = mehe + m7hy + mp3hys and (5.58)
thshs = righe + Ortg (5.59)

where Qy1g represents the rate of heat required by the low temperature generator.
The specific exergies at states 6, 7, 22, and 23 are defined as

exg = (hg — ho) — To(s6 — o) (5.60)
exy = (h7 — ho) — To(s7 — s0) (5.61)
ex2 = (hy — o) — To(s22 — s0) (5.62)
exas = (hos — ho) — To(s23 — So) (5.63)

The thermal exergy rate supplied to the low temperature generator is defined as

Ty

Exp 116 = (1 - T—> Ot (5.64)
LTG

where Exth’LTG represents the thermal exergy rate of the low temperature generator.
The exergy balance equation of the low temperature generator is given as

MeX2 + EXp 116 = H7eX7 4 mpzeXo3 + ExXqest LG (5.65)

where Exdesl,LTG represents the rate of exergy destruction.
e Condenser:

The mass balance equation for the condenser is defined as
Ty = 1ty + Hig (5.66)

The energy balance equation of the condenser is given as
tghy 4 thghg = ohg + Q. (5.67)

where O, represents the rate of heat rejected by the refrigerant flowing through the
condenser.
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The specific exergy at state 9 is defined as
€Xg = (hg — h()) — T()(S() — S())

The thermal exergy rate released by the condenser is calculated as

. T\ -
Exth,c =|1- FC O

where Exth,C represents the thermal exergy rate of the condenser.
The exergy balance equation of the condenser is given as

mM7eX7 + MigeXg = Mo€Xg + Exyc + EXdest.c

where Exdest’c represents the rate of exergy destruction in the condenser.
e Evaporator:

The mass balance equation for the evaporator is written as
myy = o
The energy balance equation of the evaporator is given as

fiohio + Qe = riy1hiy

(5.68)

(5.69)

(5.70)

(5.71)

(5.72)

where Q. represents the rate of heat gained by the refrigerant flowing through the

evaporator.
The specific exergies at states 10 and 11 are defined as

exio = (hio — ho) — To(s10 — So)
exi1 = (hit — ho) — To(s11 — o)

The thermal exergy rate supplied to the evaporator is calculated as

. T .
Expe = <1 - ?0) 0.
[

where Exth,e represents the thermal exergy rate of the evaporator.
The exergy balance equation of the evaporator is given as

mpexXio + EXie = mi1exq1 + EXdeste

where Exdest,e represents the rate of exergy destruction in the evaporator.

(5.73)

(5.74)

(5.75)

(5.76)
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e Absorber:

The mass balance equation for the absorber is written as
iy + e = By (5.77)

The energy balance equation of the absorber is given as
muth + fivghie = rinhy + Qa (5.78)

where Q, represents the rate of heat rejected by the absorber.
The specific exergy at state 16 is defined as

€X16 = (h]() — ho) — To(S16 — SQ) (579)

The thermal exergy rate released by the absorber is calculated as
. To\ -
Bxtha = (1 - —0) 0. (5.80)
y Ta

where Exth’a represents the thermal exergy rate of the absorber.
The exergy balance equation of the absorber is given as

miexiy + nieexis = miex; + Exma + EXdesta (5.81)

where Exdest,a represents the rate of exergy destruction in the absorber.
e Expansion valve (for weak solution)

The mass balance equation for the weak solution expansion valve is written as
He = M5 (5.82)

The energy balance equation of the weak solution expansion valve is defined as
michie = rmishis (5.83)

The exergy balance equation of the weak solution expansion valve is given as
Mi6eX16 = Ti15€X15 + EXdestevw (5.84)

where ExXgestevw represents the rate of exergy destruction in the weak solution
expansion valve.

e Expansion valve (for refrigerant):

The mass balance equation for the refrigerant expansion valve is written as
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By = miy (5.85)
The energy balance equation of the refrigerant expansion valve is defined as
ryohig = righyg (5.86)
The exergy balance equation of the refrigerant expansion valve is given as
HgeXg = rMo€X10 + Exdesl,evr (5.87)

where Exdest_evr represents the rate of exergy destruction in the refrigerant expansion
valve.

e Condenser heat exchanger:

The mass balance equations for the condenser heat exchanger can be written as
g = Mg (5.88)
g = ny (5.89)
The energy balance equation is given as
myrhi +mghe = rghs + nuighs (5.90)
The specific exergies at states 17 and 18 are defined as
ex17 = (h17 — ho) — To(s17 — o) (5.91)
exig = (lus — ho) — To(s1s — o) (5.92)
The exergy balance equation is given as

H117€X17 + HigeXe = H11geX g + 1geXg + EXest,cHX (5.93)

where EXdesl,CHX represents the exergy destruction rate in the condenser heat
exchanger.

The performance of an absorption refrigeration system is measured using the
coefficient of performance. The energetic and exergetic coefficients of performance
of the absorption refrigeration system are defined as

COPy = — 2 (5.94)
Ourg + W,
E
COPyy = e (5.95)
Exwnre + W)

where COP,,, and COP,, represent energetic COP and exergetic COP, respectively.
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5.4 Exergoeconomic Analysis

This section presents the exergoeconomic analysis equations of the triple effect
absorption refrigeration system. The overall exergoeconomic equation of the
TEARS is written as

Zeq + COPM = CCool (596>

where Zeq, Copm, and Ccool represent the cost associated with the equipment,
operation and maintenance, and cooling, respectively.
The cost linked to the equipment is defined as

Zeqg=Ca+Cyq+Co+ Ce+Cp+ Coy (5.97)

where Ca, Cg, Cc, Ce, C‘p, and Cev represent the cost of absorber, generator,
condenser, evaporator, pump, and expansion valve, respectively.

However, the total equipment cost can also be calculated on the basis of a
relation between the equipment cost and cooling load as provided below.

Zeg($) = 1144.3(Qeon) ™" (5.98)

The cost associated with the operation and maintenance is defined as
Copm = copm X Exopm (5.99)
where copy and ExopM represent operation and maintenance cost, and exergy
carried by the energy consumed in terms of heat and power, respectively. The

operation and maintenance is also assumed to be 3 % of the total equipment cost.
The cost related to the cooling produced is defined as

CCool = CCool X EXCOO] (5101)

where ccoor and Excm represent the cost of cooling produced and the exergy related
to the cooling produced, respectively.
Thus the above equation can be written as

(% Ex)opy +Zeg = (€ % EX) o (5.102)

The cost of cooling can then be calculated by rearranging the equation men-
tioned above and rewriting it as

(¢ X EX) opy + Zeq

5.103
Excool ( )

CCool =
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5.5 Exergoenvironmental Analysis

In this section,we present an exergoenvironmental formulation for the TEARS.
The total exergy supplied to the triple effect absorption refrigeration system is

calculated as

Exi, = EXm,HTG + Wp + Exth,e

(5.104)

The total exergy rejected by the triple effect absorption refrigeration system is

defined as
Exom = Exth,a -+ Exth,c
The total exergy destroyed by the TEARS is calculated as
Exdest,tot = Exin - Exout
The exergoenvironmental impact factor is defined as

o EXdest ot

fei - Exjn

where f; represents exergoenvironmental impact factor.
This exergoenvironmental impact coefficient is calculated as

1

Cei =
T COP,y

where C.; represents the exergoenvironmental impact coefficient.

The exergoenvironmental impact index is calculated as
Oci =f ei X Cei

where 0 represents exergoenvironmental impact index.
The exergoenvironmental impact improvement is defined as

where 0.; represents exergoenvironmental impact improvement.

(5.105)

(5.106)

(5.107)

(5.108)

(5.109)

(5.110)
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The exergetic stability factor is defined as

EXout
fes=——F— (5.111)
« EXou + Exdesl,lot
where f, represents exergetic stability factor.
The exergetic sustainability index is defined as
Hesl :fes X eeii (5112)

where O represents exergetic sustainability index.

5.6 Optimization

Typical optimization problems for the absorption refrigeration system is maxi-
mizing exergetic COP and exergetic sustainability index and minimizing the cost of
cooling. The three objective functions used for this study are presented in
Egs. 5.95, 5.103, and 5.112. The constraints for this study are ambient in tem-
perature, the heat supplied to the high temperature generator, the concentration of
the strong solution, and the concentration of the weak solution.

5.7 Illustrative Example

Consider a triple effect absorption refrigeration system using ammonia—water as a
working fluid as shown in Fig. 5.1. The strong ammonia—water solution with a
mass flow rate of 1 kg/s enters the pump as a saturated liquid with concentration
and pressure of 0.5 and 200 kPa, respectively. The strong solution leaves the pump
at 700 kPa with a temperature difference of 0.4 °C. The heat is supplied to the high
temperature generator at a rate of 260 kW which helps to boil the strong solution,
and the weak solution and ammonia refrigerant vapor leave the generator with
concentrations of 0.3 and 0.999, respectively. Assume temperature differences of 30
and 3 °C, respectively, between the inlet and exit of the heat exchangers and the
condenser heat exchanger. Take the temperature difference between the strong
solution entering the generators and weak solution exiting the generators to be 15 °
C. Consider the condenser load and evaporator temperature to be 200 kW and
—1.3.5 °C, respectively. Take ambient temperature and pressure to be 291.2 K and
100 kPa. Calculate the following:

(a) the rate of cooling provided by the evaporator,
(b) the power consumed by the pump,
(c) the rate of heat rejected by the absorber,
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(d) energetic and exergetic COPs,

(e) the exergy destruction rate in each component,

(f) the exergetic cost of cooling, and

(g) exergoenvironmental parameters as discussed earlier in the chapter.

In addition, perform the following parametric studies to investigate

(a) effects of the high temperature generator load on the cooling load, the cost of
cooling, and the energy and exergy COPs,

(b) effects of the strong solution concentration on the cooling load, the cost of
cooling, and the energy and exergy COPs, and

(c) effects of the ambient temperature on the energy and exergy COPs, and all the
exergoenvironmental parameters.

For parametric studies, use the same data ranges as defined below.
Also, perform an optimization study for the following scenarios:

(a) maximizing the exergetic COP and minimizing the exergetic cost of cooling,
and

(b) maximizing the exergetic sustainability index and minimizing the exergetic
cost of cooling.

For an optimization study consider the high temperature generator heat load,
strong solution concentration, weak solution concentration, and ambient tempera-
ture to be constraints with limits of 260-300 kW, 0.5-0.6, 0.2-0.3, and 280-300 K,
respectively.

e Solution

The pump inlet properties are considered by assuming pressure, strong solution
concentration, and quality.

Py =200 kPa hy = —180.1 kJ /kg
Qu; = 0.00 vi = 0.001199 m? /kg
1 Ty =2865K

It is assumed that at the exit of the pump, the temperature would be 0.4 °C
higher than the inlet temperature.

P, =700 kPa ) h, = —178.1 kI /kg
x =05 s = 0.04481 kJ /kg K
T, =2869K

my = 1kg/s

ny = ny
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The power required to increase the pressure of 1 kg/s of strong solution from
200 to 700 kPa for the pump is calculated as

W, = 1((—178.1) — (—180.1)) = 1.971 kW

The ambient conditions for calculating specific exergy at each point are calcu-
lated as

Py = 100 kPa ) hy = —150 kJ /kg
To =291.2K 3 5o =0.1034 kJ /kg K
X0 — 0.5

These ambient conditions can only be used for strong solution streams.

Ex; =1((—180.1 — (—150)) — 291.2(0.04011 — 0.1034)) = —11.62 kW
Exy =1((—178.1 — (—150)) — 291.2(0.04481 — 0.1034)) = —11.01 kW

The exergy destruction in the pump is then calculated as
—11.62+1.971 = —11.01 + Exesp
ExXgestp = 1.368 kW
It is assumed that 20 % of the flow rate from the pump is supplied to the
condenser heat exchanger and the remaining 80 % is supplied to the low temper-

ature heat exchanger. The temperature, pressure, and strong solution concentration
remains the same in states 2, 17, and 19.

hi7 =hy
S17 = 82
T7,=T
hig = hy
S19 =82
Tyy=T,

The mass balance equations for the low temperature heat exchanger are written as

r'n17 = OZ(WZQ) =02 kg/S
g = 0.8(riy) = 0.8 kg/s
m3 = nyg

s = g
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The temperature of the strong solution leaving the low temperature heat
exchanger is assumed to be 15 °C higher than the inlet temperature.

P3:P2 h3:—1108kJ/kg
X3 =X s3 =0.2736 kJ /kg K
T =Tio+ 15

The energy balance equation of the low temperature heat exchanger can be
written as

miohio + mishis = mshs +myshis
0.8(—178.1) +0.7139(—56.38) = 0.8(—110.8) + 0.7139 (/115
his = —131.9 kJ /ke

On the basis of specific enthalpy at state 15 obtained using the energy balance
equation and knowing the pressure and weak solution concentration at this state,
one can find the specific entropy and temperature at state 15 as follows:

Pis =P, Tis = 286.5 K
x5 = 0.3 s1s = 0.1247 kJ /kg K
s = —131.9

The rate of heat transfer occurring inside the low temperature heat exchanger can
be calculated as

fiohio + Oux = rishs
0.8(—178.1) + Qrux = 0.8(—110.8)
QLHX = 53.88 kW

The thermal exergy rate of the low temperature heat exchanger can be calculated as

. 291.2
Exp Lux = (1 - m) 53.88 = 1.913 kW

The exergy flow rates in states 3, 14, 15, and 19 of the low temperature heat
exchanger are calculated as

Ex; = 0.8((—110.8 — (—150)) — 291.2(0.2736 — 0.1034)) = —8.234 kW

Exio = 0.8((—178.1 — (—150)) — 291.2(0.04481 — 0.1034)) = —8.811 kW
Exyy = 0.7139((—56.38 — (—102.5)) — 291.2(0.3804 — 0.1906)) = —6.548 kW
Exys = 0.7139((—131.9 — (—102.5)) — 291.2(0.1247 — 0.1906)) = —7.272 kW
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The exergy destruction rate in the low temperature heat exchanger is calculated as
—8.811 +1.913 = —8.234 + Exges.1ix
ExXgestLiux = 1.336 kW
It is assumed that 20 % of the flow rate from the state 3 is supplied to the state 21
and the remaining 80 % is supplied to the medium temperature heat exchanger at

state 20. The temperature, pressure, and strong solution concentration remains same
in states 3, 20, and 21.

hao = h3
520 = 53
T =T;
hy = h3
521 = 83
T =T;

The mass balance equations for the medium temperature heat exchanger are
written as

ﬂ121 = OQ(I’H3) =0.16 kg/s
frlzo = 08(H’L3) =0.64 kg/S
g4 = Mg

3 = M3z

The temperature of the strong solution leaving the medium temperature heat
exchanger is assumed to be 15 °C higher than the inlet temperature.

Py =P, hyy = —43.42 kJ /kg
X4 = X2 S24 = 0.4913 kJ/kg K
Toy = Tro+ 15

The energy balance equation of the medium temperature heat exchanger can be
written as

toohoo + m3shss = myzhiz + moghos
0.64(—110.8) + 0.4569(—29.75) = 0.4569(h13) + 0.64(—43.42)
hi; = —124.1 kJ/kg
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Using the specific enthalpy at state 13 calculated with the energy balance
equation and knowing the pressure and weak solution concentration, one can find
the specific entropy and temperature at state 13 as follows:

Pi; =P, T3 =288.3K
X13 = X33 S13 = 0.1517 kJ/kg K
h;3 =—124.1

The rate of heat transfer taking place inside the medium temperature heat
exchanger can be calculated as

finohao + Omux = Moghas
0.64(—110.8) + Omux = 0.64(—43.42)
Owmux = 43.11 kW

The thermal exergy rate of the medium temperature heat exchanger can be
calculated as

291.2

Exqmuax = (1 ~ 3169

>43.11 = 3.498 kW

The exergy flow rates in states 13, 20, 24, and 33 of the medium temperature
heat exchanger are calculated as

Exz0 = 0.64((—110.8 — (—150)) — 291.2(0.2736 — 0.1034)) = —6.587 kW
Exos = 0.64((—43.42 — (—150)) — 291.2(0.4913 — 0.1034)) = —4.057 kW
Exy3 = 0.4569((—124.1 — (—102.5)) — 291.2(0.1517 — 0.1906)) = —4.7 kW
Exs3 = 0.4569((—29.75 — (—102.5)) — 291.2(0.4671 — 0.1906)) = —3.562 kW

The exergy destruction rate in the medium temperature heat exchanger is cal-
culated as

—6.587 +3.498 = —4.057 + EXgest Mux
EXdest,MHX =0.9672 kW

It is assumed that 20 % of the flow rate from the state 24 is supplied to the state
26 and remaining 80 % is supplied to the high temperature heat exchanger at state
25. The temperature, pressure, and strong solution concentration remains same as
states 24, 25, and 26.
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has = hoy
8§25 = 8§24
Tos = T
hae = ha4
8§26 = $24
To6 = T

The mass balance equations for the high temperature heat exchanger are written
as

ryg = 0.2(rp4) = 0.128 kg/s
fn25 = O.S(Ihz4) =0.512 kg/S
Hpg = Hips

M3y = M1zg

The temperature of the strong solution leaving the high temperature heat
exchanger is assumed to be 15 °C higher than the inlet temperature.

Py =P, hyo = 145.7 kJ /kg
X29 = X2 S29 = 1.068 k]/kg K
Tyg = Trs + 15

The energy balance equation of the high temperature heat exchanger can be
written as

moshys + maohsg = raghog + m3phs;
0.512(—43.42) +0.3655(195.5) = 0.3655(h3,) + 0.512(145.7)
hyy = —69.51 kJ/kg

On the basis of specific enthalpy at state 32 calculated using the energy balance
equation and knowing the pressure and weak solution concentration one can find
the specific entropy and temperature at state 32 as follows:

Py =P T3, = 3009 K
X32 = X30 s3 = 0.337 kJ/kg K
hz = —69.51

The rate of heat transfer taking place inside the high temperature heat exchanger
can be calculated as
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fiyshos + Onux = fnghag
0.512(—43.42) + Opux = 0.512(145.7)
QHHX = 96.85 kW

The thermal exergy rate of the high temperature heat exchanger can be calcu-
lated as

291.2

EXth,HHX = (1 - m

)96.85 = 11.88 kW

The exergy flow rates in states 25, 29, 30, and 32 of the high temperature heat
exchanger are calculated as

Exps = 0.512((—43.42 — (—150)) — 291.2(0.4913 — 0.1034)) = —3.245 kW
Exzo = 0.512((145.7 — (—150)) — 291.2(1.068 — 0.1034)) = 7.653 kW

Exso = 0.3655((195.5 — (—102.5)) — 291.2(1.138 — 0.1906)) = 8.025 kW
Exsy = 0.3655((—69.51 — (—102.5)) — 291.2(0.337 — 0.1906)) = —3.532 kW

The exergy destruction rate in the high temperature heat exchanger is calculated
as

—3.245 4+ 11.88 = 7.653 + EXgest Hux
EXgest ux = 0.983 kW
The mass balance equations of the high temperature generator are written as

tpg = 30 + 3]

Hn9Xp9 = W130X30 + 1131X31

0.512 = mzg + rirgy

0.512(0.5) = rin30(0.3) + 71131 (0.999)

Solving two equations simultaneously gives us
mzy = 0.3655 kg/s and 3 = 0.1465 kg /s

The temperature at state 30 is assumed to be 30 °C higher than the temperature
at state 29.
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P30 = P2 h30 =195.5 kJ/kg
)C30:0.3 S30 = 1.138 kJ/kgK
T30 = Ty + 30

The specific enthalpy at state 31 is calculated using energy balance equation of
the high temperature generator as defined below.

taohag + Onrg = fitsohso + maihs
0.512(145.7) + 260 = 0.3655(195.5) + 0.1465hs,
h31 = 1796 kJ/kg

Using specific enthalpy at state 31 and knowing pressure and concentration in
this state, we can find the temperature and specific entropy at state 31 as follows:

P31:P2 T31:494.9K
x31 = 0.999 s31 = 5.815 k) /kg K
h31 = 1796 kJ/kg

Exs; = 0.1465[(1796 — 87.15) — 291.2(5.815 — 0.2708)] = 13.88 kW

The thermal exergy rate of the high temperature generator can be calculated
using average temperature as

291.2

Exu arc = (1 ~ 3963

>260 = 68.93 kW

Using the thermal exergy rate and rate of exergy at each state, we can find the
total exergy destruction rate of the high temperature generator as

7.653 +68.93 = 8.025 + 13.88 4 Exges. 516
Exgest n1G = 54.68 kKW

The mass flow rates of the different streams entering and leaving the medium
temperature generator are calculated as

my = 3 = 0.1465 kg /s

Hpe = My + 1oy

aeXae = H1aX12 + Hip7Xo7

0.128 = myp + miyy

0.128(0.5) = ri115(0.3) + rita (0.999)

Solving two equations simultaneously gives us
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m; = 0.09138 kg/s and rip; = 0.03662 kg

The temperature at state 12 is assumed to be 30 °C higher than the temperature
at state 26.

P =P, hi; =129.3 kJ/kg
X12 = X30 S12 = 09516 kJ/kg K
T1» = Ty +30

It is assumed that ammonia vapor at state 27 leaves with the same temperature as
that of state 12.

P27 = P2 h27 = 1435 kJ/kg
X27 = X31 S27 = 4.95 kJ/kg K
Ty =T

The specific enthalpy at state 4 is calculated using energy balance equation of the
medium temperature generator as defined below.

moghog +m31h3y = mphip + pzhyy + rghy
0.128(—43.42) +0.1465(1796) = 0.09138(129.3) +0.03662(1435) 4 0.1465h4
hs = 1319 kI /kg

Using specific enthalpy at state 4 and knowing pressure and concentration in this
state, we can find the temperature and specific entropy at state 4 as follows:

Py=P, T, =3013K
X4 = X31 Sq4 = 4.591 kJ/kg K
hy = 1319 kI /kg

The exergy rate at states 26, 12, 4, and 27 are found as

Exs = 0.1465[(1319 — 87.15) — 291.2(4.591 — 0.2708)] = —3.832 kW

Exas = 0.128((—43.42 — (—150)) — 291.2(0.4913 — 0.1034)) = —0.8113 kW
Expp = 0.09138((129.3 — (—102.5)) — 291.2(0.9516 — 0.1906)) = 0.9281 kW
Exy; = 0.03662((1435 — (87.15)) — 291.2(4.95 — 0.2708)) = —0.5249 kW

Using the rate of exergy at each state, we can find the total exergy destruction
rate of the medium temperature generator as
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—0.8113 4 13.88 = 0.9281 — 3.832 — 0.5249 + Exdest,MTG
EXdest,MTG =165 kW

The ammonia vapor leaving the medium temperature generator at states 4 and 27
are combined to leave at state 5

ts = iy + iy = 0.1465 + 0.03662 = 0.1831 kg/s
mshs = mahy +my7hy;

0.1831hs = 0.1465(1319) 4+ 0.03662(1435)

hs = 1342 kJ /kg

Using the specific enthalpy at state 5 and knowing the concentration and pres-
sure, we can find the temperature and specific enthalpy at state 5 as follows:

Ps =P, Ts = 309.5 K
X5 = X31 ss = 4.667 kI /kg K
hs = 1342 kJ /kg

The exergy rate at state 5 can then be calculated as
Exs = 0.1831[(1342 — 87.15) — 291.2(4.667 — 0.2708)] = —4.57 kW

The mass flow rates of the different streams entering and leaving the low tem-
perature generator are calculated as

e = ms = 0.1831 kg/s

Wy = M3 + 1ty

MyXpy = Hi3Xp3 + 17Xy

0.36 = rip3 +my

0.36(0.5) = ri13(0.3) +1i17(0.999)

Solving two equations simultaneously gives us

s = 0.257 kg/s and sz = 0.103 kg/s
My = iy +rng = 0.16 4 0.2 = 0.36 kg/s
mphyy = fp1hyy + riighg

0.36/2 = 0.16(—110.8) +0.2(0.2736)

Iy = —110.8 kJ /kg

Using the specific enthalpy at state 22 and knowing the concentration and
pressure, we can find the temperature and specific enthalpy at state 22 as follows:
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Py =P, T, =3019K
X223 = X29 s22 =0.2736 kI /kg K
h22 =-110.8 kJ/kg

The temperature at state 23 is assumed to be 30 °C higher than the temperature
at state 22.

P23 = P2 h23 =64.01 kJ/kg
X23 = X30 8§23 = 0.7593 kJ/kg K
T3 =T +30

It is assumed that ammonia vapor at state 7 leaves with the same temperature as
that of state 23.

P =P, ) hy = 1399 kI /kg
X7 = X31 §7 = 4.842 kJ/kg K
T; =Tn

The specific enthalpy at state 6 is calculated using energy balance equation of the
low temperature generator as defined below.

myhoy + mshs = nin3hys +mizhy + mehe
0.36(—110.8) +0.1831(1342) = 0.257(64.01) +0.103(1399) + 0.183 1
he = 248 kJ /kg

Using specific enthalpy at state 6 and knowing pressure and concentration in this
state, we can find the temperature and specific entropy at state 6 as follows:

Ps =P, Ts = 287 K
X6 = X31 S = 0.881 kJ/kg K
he =248 kJ /kg

The exergy rate at states 22, 23, 6, and 7 are found as

Exg = 0.1831[(248 — 87.15) — 291.2(0.881 — 0.2708)] = —3.09 kW
Ex; = 0.103((1399 — (87.15)) — 291.2(4.842 — 0.2708)) = —2.019 kW
Exz = 0.36((—110.8 — (—150)) — 291.2(0.2736 — 0.1034)) = —3.705 kW
Exz3 = 0.257((64.01 — (—102.5)) — 291.2(0.7593 — 0.1906)) = 0.2287 kW

The rate of heat transfer taking place inside the low temperature generator can be
calculated as
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tshs + Ot = mehs
0.1831(1342) + Orrg = 0.1831(248)
Ot = 200.4 kW

The thermal exergy rate of the low temperature generator can be calculated as

291.2

Exm 16 = <1 3095

>200.4 = 11.85 kW

The total exergy destruction rate of the low temperature generator can be cal-
culated as

—4.57 = —3.09 + 11.85 + Exgest.11G
EXdesLLTG =10.37 kW

The mass flow rates of the different streams entering and leaving the condenser
heat exchanger are calculated as

n'118 = n'm =02 kg/s
g = g = 0.1831 kg /s

The temperature at state 18 is assumed to be 30 °C higher than the temperature
at state 17.

P18:P2 hlg:—IIOSkJ/kg
X18 = X9 S18 — 0.2736 kJ/kg K
Ty =Ti7+30

The specific enthalpy at state 8 is calculated using energy balance equation of the
condenser heat exchanger as defined below.

myzhy7 + mehe = mghg + rghig
0.2(—178.1) +0.1831(248) = 0.1831(hg) + 0.2(—110.8)
hg =174.4 k]/kg

Using specific enthalpy at state 8 and knowing pressure and concentration in this
state, we can find the temperature and specific entropy at state 8 as follows:

Py =P, Ty =287 K
Xg = X31 58 = 0.6258 kJ/kg K
hg = 174.4 kI /kg
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The rate of exergy at states 8 and 17 are calculated as

Bxg = 0.1831[(174.4 — 87.15) — 291.2(0.6258 — 0.2708)] = —2.951 kW
Exi7 = 0.2((—178.1 — (—150)) — 291.2(0.04481 — 0.1034)) = —2.203 kW

The rate of heat transfer taking place inside the condenser heat exchanger can be
calculated as

izhyy + Qcux = rghs
0.2(—178.1) 4+ Ocux = 0.2(—110.8)
Ocux = 13.47 kW

The thermal exergy rate of the condenser heat exchanger can be calculated as

291.2

EXth,CHX = <1 - m

)13.47 = 0.4782 kW

The total exergy destruction rate of the condenser heat exchanger can be cal-
culated as

—2.203 +0.4782 = —2.059 + EXgest.CHX
Exgest.cax = 0.3341 kW
The mass balance equation of the condenser can be written as

iy + fitg = ritg

mg = 0.1034-0.181 = 0.2861

The energy balance equation of the condenser capable of rejecting 200 kW of
heat is written as

mghg + m7hy = mohg + Qc
The equation mentioned above is used to calculate the specific enthalpy at state 9 as

0.1831(174.4) +0.103(1399) = 0.2861% + 200
ho = —83.85 kI /kg

Py = P, To = 254.8 K
X9 = X31 s9 = —0.3034 kJ /kg K
hy = —83.85 kI /kg
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Exo = 0.2861[(—83.85 — 87.15) — 291.2(—0.3034 — 0.2708)] = —1.086 kW
The thermal exergy rate of the condenser can be calculated as

291.2

EXth,c = (1 - m) 200 = —28.58 kW

Using the exergy rate at each state and thermal rate of exergy, we can find the
exergy destruction rate in the condenser as

—2.019 — 2.951 = —1.086 — 28.58 + ExXesic
EXgeste = 24.69 kW
The mass balance equation of the refrigerant expansion valve is written as
o = g = 0.2861 kg/s
hio=hy | Tho=2543K
Py =Py 510 = —0.3004 kJ /kg K

X10 = X31

Exjo = 0.2861[(—83.85 — 87.15) +291.2(~0.3004 — 0.2708)] = —1.341 kW
—1.086 = —1.341 + I:Exdesl,evr

EXgesteve = 2.43 kW
The mass balance equation of the evaporator is written as
ﬁll] = I’i’ll() = 0.2861 kg/S

It is assumed that the refrigerant leaves the evaporator at a temperature of
259.7 K.

P =Py hy = 1251 kJ /kg
X11 = X31 S11 :4922kJ/kgK
71, =259.7K

The energy balance equation to calculate the cooling load is defined as

tohio + Qe = iy
0.2861(—83.85) + Q. = 0.2861(1251)

Q. = 381.9 kW
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Exyy = 0.2861[(1251 — 87.15) +291.2(4.922 — 0.2708)] = —54.52 kW

The thermal exergy rate of the evaporator is calculated as

: 291.2
Exphe = ’ (1 - ﬁ> 381.9’ = 44.87 kW

— 1.341 +44.87 = —54.52 + BXeste
FXgeste = 98.05 kW

The mass balance equation of the weak solution expansion valve is written as
e = s = 0.7139 kg/s
hie = his | Tie = 286.7K
P16=P1 S16:0.1266 kJ/kgK

X16 = X30

Exie = 0.7139((—131.9 — (—102.5)) +291.2(0.1266 — 0.1906)) = —7.676 kW

The exergy destruction rate of the weak solution expansion valve is calculated as
—7.272 = —7.676 + EXdestevs
EXgest.evs = 0.4 KW
The mass balance equation of the absorber is written as
my = My + e
The amount of heat rejected by the absorber is calculated using formula

fihy + Qq = fyhyy + rinehis
1(—180.1) + 0, = 0.2861(1251) +0.7139(—131.9)
0, = 443.9 kW

The thermal exergy rate of the absorber is calculated as

291.2

Exth,a = (1 - E) 443.9 = 53.94 kW

The rate of exergy destructed by the absorber is calculated as



5.7 Illustrative Example 137

—54.52 —7.676 = —11.62 — 53.94 4 EXgesta
EXgesta = 3.353 kW

The weak solution at states 12 and 32 mixes to leave at state 33. The mass
balance equation of this mixing process is written as

33 = nip +ma
3z = 0.09138 + 0.3655 = 0.4569 kg/s

The energy balance equation of the mixing process is written as

mazhsz = mghin + maha
0.4569h33 = 0.09138(129.3) 4 0.3655(—69.51)
h33 = -29.75 kJ/kg

]’l33 = —29.75 kJ/kg T33 =3102K

P33 = P2 8§33 = 0.4671 kJ/kg K

X33 = X30

Exsz = 0.4569((—29.75 — (—102.5)) +291.2(0.4671 — 0.1906)) = —3.562 kW

The weak solution at states 13 and 23 mixes to leave at state 14. The mass
balance equation of this mixing process is written as

My = M3 + o3
mys = 0.4569 4+ 0.257 = 0.7139 kg/s

The energy balance equation of the mixing process is written as

myshis = myzhiz + mashys
0.713%14 = 0.4569(—124.1) +0.257(64.01)
hia = —56.38 KJ /kg

his = —56.38 kJ/kg | Tia =304 K
Piyy=P, s14 = 0.3804 kJ /kg K

X14 = X30

Exyy = 0.7139((—56.38 — (—102.5)) +291.2(0.3804 — 0.1906)) = —6.548 kW

The energy and exergy COPs of the triple effect absorption refrigeration systems
are calculated as
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381.5

COPa =260+ 1971~ 48
44 .87
Py = —————-=10.632
COP 68.93 +1.368 0.6329

The equipment cost of the TEARS is found using
Zeq($) = 1144.3(381.9)% = $61440

The operation and maintenance cost of the TEARS is assumed to be 3 % of the
equipment cost

Copm = 0.03(61440) = $1843

The exergetic cost of cooling can then be calculated using equipment cost, cost
of operation and maintenance, and the thermal exergy rate of the evaporator as

61440 + 1843
44.87
CCool = 1410 $/kW

CCool =

The total rate of exergy entering the TEARS is calculated as
Exin = 68.93+1.971 +44.87 = 1158 kW
The total rate of exergy exiting the TEARS is calculated as
ExXou = 28.58 +53.94 = 82.51 kW
The total rate of exergy destructed by the TEARS is calculated as
EXgestior = 115.8 — 82.51 = 33.26 kW

The exergoenvironmental impact factor can then be calculated by dividing total
exergy destruction rate by total exergy supplied to the TEARS as

3326

fei

The exergoenvironmental impact coefficient is calculated by taking inverse of
the exergetic COP as

1
Ca = 56329~ 158
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The exergoenvironmental impact index is found by multiplying exergoenvi-

ronmental impact factor by exergoenvironmental impact factor as

0 = 0.2873 x 1.58 = 0.454

The exergoenvironmental impact improvement is then found by taking inverse
of the exergoenvironmental impact index as

Ouii = ——— = 2.203

1
0.454

The exergetic stability factor is computed as

fes

~ 82.51 13326

82.51

=0.7127

The exergetic sustainability index is then calculated by multiplying exergetic

stability factor with exergoenvironmental impact improvement as

Ot = 0.7127 x 2.203 = 1.57

Note that the thermophysical properties at each state point of the TEARS are

presented in Table 5.1.

Table 5.1 Thermophysical properties at each state point of the TEARS

State point P (kPa) T (K) m (kg/s) h (kJ/kg) s (kl/kg K)
0 100 291.2 =150 0.1034
1 200 286.5 1 —180.1 0.04011
2 700 286.9 1 -178.1 0.04481
3 700 301.9 0.8 -110.8 0.2736
4 700 301.3 0.1465 1319 4.591

5 700 309.5 0.1831 1342 4.667

6 700 287 0.1831 248 0.881

7 700 331.9 0.103 1399 4.842

8 700 287 0.1831 174.4 0.6258
9 700 254.8 0.2861 —83.85 —0.3034
10 200 254.3 0.2861 —83.85 —0.3004
11 200 259.7 0.2861 1251 4922
12 700 346.9 0.09138 129.3 0.9516
13 700 288.3 0.4569 —124.1 0.1517
14 700 304 0.7139 —56.38 0.3804
15 700 286.5 0.7139 -131.9 0.1247

(continued)
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Table 5.1 (continued)

State point P (kPa) T (K) m (kg/s) h (kJ/kg) s (kl/kg K)
16 200 286.7 0.7139 —-131.9 0.1266
17 700 286.9 0.2 —178.1 0.04481
18 700 301.9 0.2 —110.8 0.2736
19 700 286.9 0.8 —178.1 0.04481
20 700 301.9 0.64 —-110.8 0.2736
21 700 301.9 0.16 —110.8 0.2736
22 700 301.9 0.36 —110.8 0.2736
23 700 331.9 0.257 64.01 0.7593
24 700 316.9 0.64 —43.42 0.4913
25 700 316.9 0.512 —43.42 0.4913
26 700 316.9 0.128 —43.42 0.4913
27 700 346.9 0.03662 1435 4.95

29 700 331.9 0.512 145.7 1.068
30 700 361.9 0.3655 195.5 1.138
31 700 494.9 0.1465 1796 5.815
32 700 300.9 0.3655 —69.51 0.337
33 700 310.2 0.4569 —29.75 0.4671

e Effects of the high temperature generator load

The variation in the rate of energy supplied to the high temperature generator of
the triple effect absorption refrigeration system (TEARS) can significantly affect its
performance. The impact of variation in high temperature generator heat load on the
rate of cooling produced and the cost of cooling are presented in Fig. 5.2. The rate
of cooling is observed decrease from 382 to 342 kW with the increase in the high
temperature generator load from 260 to 300 kW. The cost of cooling is noted to be
increase from 1410 to 1463 USD/kW with the increase in the high temperature
generator load. The decreasing behavior of cooling capacity is because the increase
in high temperature generator load brings with it an excess amount of energy to the
TEARS. With a constant condenser load of 200 kW, this higher load is not able to
reflect its benefits in terms of higher cooling capacity. The cooling capacity
decreases because the increase in high temperature generator load results in the
relatively higher temperature of the ammonia refrigerant exiting the high temper-
ature generator. This relatively higher temperature ammonia refrigerant is then
constrained by fixed condenser load when it comes to decreasing its temperature
and enters the evaporator at relatively higher temperature. This results in the lower
temperature difference between the inlet of the evaporator and the exit of the
evaporator and as a consequence of this the heat carrying capacity of the ammonia
refrigerant stream decreases. This adverse effect of a rise in the high temperature
generator load also reflects on the cost of cooling. The cost of cooling decreases
because with the increase in the high temperature generator pushes the cooling
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Fig. 5.2 Effects of the high temperature generator load on cooling load and cost of cooling
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capacity downward and as the cooling capacity decreases for the same component
size, the cost of cooling increases. Figure 5.3 depicts the effects of the increase in
the high temperature generator load on the energy and exergy coefficient of per-
formance. (COPs) of the TEARS. The energy and exergy COPs are observed to be
decreasing from 1.46 to 1.13 and 0.63 to 0.41, respectively, with the rise in the high
temperature generator load from 260 to 300 kW. This decline in the performance is
directly related to the cooling production capacity of the system. As the cooling
production capacity decreases with increase in the high temperature generator load
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due to the relatively higher temperature ammonia refrigerant entering the evapo-
rator, the energetic and exergetic performance of the system degrades.

e Effects of the strong solution concentration

The strong solution concentration plays a significant role in the performance of
the absorption refrigeration system as it determines how ammonia can be vaporized
to act as a refrigerant. The effects of the increase in concentration of the strong
solution on cooling production rate and cost of cooling are presented in Fig. 5.4.
The cooling production rate is noted to increase from 381.9 to 514.8 kW with the
increase in the strong solution concentration from 0.5 to 0.6. On the other hand, the
cost of cooling is observed to decrease from 1410 to 1278 USD/kW with the rise in
the strong solution concentration. This increasing cooling production rate behavior
is perceived because the increse in the strong solution concentration results in the
higher amount of ammonia being vaporized from the high temperature generator for
the fixed generator load of 260 kW. Since ammonia is the refrigerant of the system,
the increase in the supply of the refrigerant to the evaporator results in the higher
heat carrying capacity from the evaporator. This higher heat carrying capacity of the
refrigerant in the evaporator is reflected in terms of the higher cooling production
rate from the TEARS. The higher cooling production capacity also helps to
decrease the cooling production cost of the system. The cooling production cost
includes the equipment cost, operation and maintenance cost, and the thermal
exergy rate of the evaporator. As the cooling production rate increases, the thermal
exergy rate of the evaporator increases which in turn helps reducing the cooling cost
of the TEARS. Figure 5.5 shows the effects of the rise in the strong solution
concentration on the energy and exergy COPs of the TEARS. The energy and
exergy COPs are noted to increase from 1.46 to 1.96 and 0.63 to 1.66, respectively,
with the increase in the strong solution concentration from 0.5 to 0.6. The swelling
behavior of both the COPs is because the increase in the strong solution
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Fig. 5.4 Effects of strong solution concentration on cooling load and cost of cooling



5.7 Illustrative Example 143

o S L
05 0.52 0.54 0.56 0.58 0.6

x [29]

Fig. 5.5 Effects of strong solution concentration on energy and exergy COPs

concentration results in better cooling production rate from the TEARS. The per-
formance of the cooling system is measured in terms of how much cooling a system
can provide for certain amount of energy consumption. As the cooling capacity of
the TEARS increases while having constant high temperature generator load, the
energetic and exergetic performances of the TEARS increases.

e Effects of ambient temperature

The variation in ambient temperature plays a significant role in the performance
determination of systems relying extensively on heat transfer. The impact of the
increase in ambient in temperature on the energy and exergy COPs of the TEARS is
presented in Fig. 5.6. The energy COP is observed to remain constant at 1.458 and
exergy COP is noted to increase from 0.40 to 0.84 with increase in ambient tem-
perature from 280 to 300 K. The constant behavior of energetic COP reflects the
importance of performing exergy analysis, because it is logical that the systems that
rely on temperature difference are easily affected by any difference change in. The
increasing behavior of exergetic COP with the increase in ambient temperature is
because the increase in ambient temperature helps in decreasing the overall tem-
perature difference from the system to the surrounding. As this overall temperature
decreases, the thermal exergy loss from the system to the surrounding decreases and
as a consequence of this phenomenon, the exergetic COP increases. Figure 5.7
displays the effects of the rise in ambient temperature on the exergoenvironmental
impact factor and the exergoenvironmental impact coefficient. The exergoenvi-
ronmental impact factor and the exergoenvironmental impact coefficient are
observed to decrease from 0.5 to 0.13 and 2.49 to 1.18, respectively, with an
increase in ambient temperature from 280 to 300 K. The optimal value for the
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Fig. 5.7 Effects of ambient temperature on the exergoenvironmental impact factor and the

exergoenvironmental impact coefficient

exergoenvironmental impact factor is zero which indicates that the system is

completely environmentally neutral.

In Fig. 5.7, it can be seen that the exergoenvironmental impact factor is
approaching its ideal value with the rise in the ambient temperature, and this
indicates that the TEARS becomes more and more environmentally friendly as the
ambient temperature rises. This decreasing trend of the exergoenvironmental impact
factor is observed because the increase in the ambient temperature decreasing the
exergetic heat loss from the system to the surrounding and as the exergetic heat loss
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Fig. 5.8 Effects of ambient temperature on the exergoenvironmental impact index and the
exergoenvironmental impact improvement

decreases the system performance increases. On the other hand, the ideal value for
the exergoenvironmental impact coefficient is one which indicates that the system
has no irreversibility. The exergoenvironmental impact coefficient is directly related
to the exegetic COP of the TEARS, and as the exergetic COP increases with the rise
in ambient temperature, the exergoenvironmental impact coefficient decreases to
reach its ideal value of one.

Figure 5.8 displays the impact of the rise in ambient temperature on the exer-
goenvironmental impact index and the exergoenvironmental impact improvement
factor. The exergoenvironmental impact index is observed to decrease from 1.25 to
0.15, whereas, the exergoenvironmental impact improvement factor is noted to
increase from 0.79 to 6.53 with increase in ambient temperature from 280 to 300 K.
The increase in ambient temperature helps reduce the overall temperature difference
between the system and the surrounding, and as this temperature difference
decreases, the performance of the TEARS increases. This enhancement in perfor-
mance of the TEARS is also facilitated by the reduction in exergy destruction rate.
However, the increase in the exergoenvironmental impact improvement factor with
increase in ambient temperature is noticed because the rise in ambient temperature
helps reduce the loss of useful energy in the form of heat to the surrounding. Also,
the increase in the exergoenvironmental impact improvement factor shows that with
the increase in the ambient temperature, the TEARS become more environmentally
benign. The effects of the rise in ambient temperature on the exergetic stability
factor and the exergetic sustainability index are shown in Fig. 5.9. The exergetic
stability factor and the exergetic sustainability index are observed to increase from
0.49 to 0.87 and 0.39 to 5.69, respectively, with an increase in ambient temperature
from 280 to 300 K. The growing trends of the exergetic stability factor and the
exergetic sustainability index show that the TEARS becomes more and more stable
and sustainable from the exergoenvironmental perspective with rise in the ambient
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Fig. 5.9 Effects of ambient temperature on the exergetic stability and the exergetic sustainability
index

temperature. Lower heat losses from the system to the surrounding causes again in
exergetic stability and sustainability because of the relatively lower temperature
difference between the system and the surrounding.

e Optimization study results:

Table 5.2 presents the constraints associated with the optimization study of the
triple effect absorption refrigeration system. The first optimization study performed
is, maximizing the exergetic COP and minimizing the exergetic cooling cost. The
results obtained from the first optimization study are presented in Fig. 5.10. A
built-in Nelder—Mead simplex algorithm routine in the engineering equation solver
software is used to perform multi-objective optimization study in this chapter. The
Nelder—-Mead simplex algorithm makes use of N+ 1 test points (where
N represents the degrees of freedom), which is called a simplex. The algorithm
evaluates every single point of the simplex, and the objective function is found at
each of the points. The worst point in the simplex is then discarded, and a new point
is found by reflecting away from the worst point about the axis formed by the other
test points. The process is repeated several times until one of the stopping criteria is
met, and then the objective function of the best point is taken to be the optimum.
The first optimization study reveals that the highest exergetic COP obtained is 5.1
and the lowest cooling cost obtained is 964.2 $/kW for the given constraints. It is

Table. 5'(21 C.o}?s;lrajnts Parameter Minimum value Maximum value
associated with the 5
optimization study of the Onrg 260 kw 300 kw
TEARS Ty 280 K 300 K

X29 0.5 0.6

X30 0.2 0.3
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Fig. 5.10 Multi-objective optimization of the TEARS (exergetic COP vs. exergetic cooling cost)
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Fig. 5.11 Multi-objective optimization of the TEARS (exergetic sustainability index vs. exergetic
cooling cost)

worth noting that although all the points on the Pareto front are considered opti-
mum, traditionally LINMAP is used to obtain the most desirable optimized points.
LINMAP helps to find an imaginary point at which all the objective functions have
their respective optimum location irrespective of other objective functions. The best
exergetic COP and exergetic cooling cost obtained with this basis are 2.64 and
1251.5 $/kW, respectively. The results achieved from the second optimization
study of maximizing exergetic sustainability index and minimizing the exergetic
cost of cooling are presented in Fig. 5.11. The values obtained using LINMAP for
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the exergetic sustainability index, and the exergetic cost of refrigeration are 4.45
and 1458.3 $/kW, respectively.

5.8 Closing Remarks

The exploitation of the triple effect absorption refrigeration system provides an
additional benefit as compared to a double effect absorption refrigeration system in
terms of energy, exergy, environment, and sustainability. The present chapter
provides in-depth energy, exergy, exergoeconomic and exergoenvironmental
analyses of the TEARS. The chapter also provides a broad example of the TEARS
showing how each thermophysical property can be calculated and how energy and
exergy requirements of the TEARS can be calculated.



Chapter 6
Quadruple Effect Absorption
Refrigeration System

6.1 Introduction

The introduction of absorption refrigeration systems to meet heating and cooling
demands requirements has given impetus to moving toward environmentally
friendly and sustainable applications. However, the introduction of new technology
never comes without criticism. At present, absorption refrigeration systems are
criticized because they have lower coefficients of performance (COPs) and cover
larger floor space as compared to the conventional vapor—compression refrigeration
system. The introduction of the quadruple effect absorption refrigeration system
(QEARS) helps address the criticism providing higher COPs compared to the
conventional refrigeration system. Also, the QEARS makes the absorption refrig-
eration system more environmentally friendly and sustainable as compared to other
absorption and conventional refrigeration systems.

The current chapter focuses on the basic operation of the QEARS in conjunction
with its energy and exergy analyses. First, the working principle of the QEARS is
explained to help the reader understand how the QEARS works. Second, energy,
exergy, exergoenvironment, exergoeconomic, and optimization modeling of the
QEARS are presented for the performance assessment and evaluation. Lastly, a
comprehensive illustrative example is provided to ensure that the reader under-
stands how individual equations are used to attain thermophysical properties at each
state point and to obtain overall energy and exergy flow values of the QEARS.
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6.2 System Description

The QEARS appears to be the most complex form of absorption refrigeration
system as shown in Fig. 6.1. A strong ammonia water solution leaving the absorber
of the QEARS at state 1 enters the pump in a saturated liquid phase. In the pump,
the pressure of the strong solution increases before it leaves at state 2. The strong
solution at state 2 then divides into two streams of states 17 and 19. The stream at
state 19 enters the low temperature heat exchanger, where it gains heat from the
returning fluid from the generators to leave at state 3 at relatively higher temper-
ature. This strong solution at state 3 then divides into two streams of states 20 and
21. The strong solution at state 20 enters the medium temperature heat exchanger
where it extracts heat from the streams returning from the generators to leave at
state 24 at relatively higher temperature. This strong solution at state 24 then
divides into two streams of states 25 and 26. The strong solution at state 25 enters
the high temperature heat exchanger where it extracts heat from the streams
returning from the generators to leave at state 29 at relatively higher temperature.
The strong solution stream at state 29 then further divides into two streams to leave
at states 34 and 35. State 35 enters the very high temperature heat exchanger where
it gains heat from the returning weak solution from the very high temperature
generator to leave at a relatively higher temperature at state 36. The strong solution
at state 36 then enters the very high temperature generator where heat is supplied
from the external source to raise the temperature of the strong solution of ammonia—
water above its boiling point. Boiling helps to separate ammonia from the mixture
because ammonia boils at moderately lower temperature than water. The ammonia
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Fig. 6.1 Schematic of the QEARS
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vapor is then extracted from the high temperature generator at state 37, and the
remaining weak ammonia water solution is extracted at state 38. The ammonia
vapor removed at state 37 enters the high temperature generator where it gives heat
to the strong solution entering at state 34. The ammonia vapor leaves the high
temperature generator at state 31, and the weak solution leave at state 30. The
ammonia vapor provides heat to the high temperature generator at state 37 and
leaves the generator at state 28 to mix with the ammonia vapor at state 31, leaving
at a relatively lower temperature at state 39. The ammonia at state 39 then enters the
medium temperature generator where it acts as a heat source. In the medium
temperature generator, the strong solution approaches state 26 where it gains heat
from the ammonia vapor entering at state 39. The heat supplied to the medium
temperature generator helps to separate ammonia from the strong solution that
leaves the medium temperature generator at state 27. The remaining weak solution
in the medium temperature generator is then extracted at state 12. After releasing
heat in the medium temperature generator, ammonia vapor leaves at state 4 to
combine with a stream coming from state 27 before entering the low temperature
generator at state 5. In the low temperature generator, the strong solution enters at
state 22 and gains heat from the ammonia vapor entering at state 5. The heat
supplied to the low temperature generator helps in separating ammonia from the
strong solution that leaves the low temperature generator at state 7. The remaining
weak solution in the low temperature generator is then extracted at state 23. After
releasing heat, ammonia vapor leaves the low temperature generator at state 6 to
enter the condenser, and the ammonia stream at state 7 enters the condenser heat
exchanger. In the condenser heat exchanger, the strong solution entering at state 17
gains heat from the ammonia stream and leaves at a relatively higher temperature at
state 18. The ammonia refrigerant leaves the condenser heat exchanger at state 8 to
enter the condenser. The strong solution exiting the condenser heat exchanger at
state 18 mixes with the strong solution from state 21 to leave at state 22. The
ammonia refrigerant streams release heat to the surrounding in the condenser to
leave as a relatively cooler refrigerant at state 9. This ammonia refrigerant at state 9
then passes through the refrigerant expansion valve where its pressure suddenly
drops and leaves as a cooled ammonia refrigerant at state 10. The ammonia
refrigerant at state 10 enters the evaporator and gains heat from the surrounding
before leaving at a relatively higher temperature at state 11. The weak solution
exiting the very high temperature generator at state 38 passes through the very high
temperature heat exchanger where it releases heat to the strong solution to leave at
state 40. The weak solution at state 40 mixes with the weak solution from state 30
to leave at state 41 before entering the high temperature heat exchanger. The weak
solution at state 41 rejects heat to the incoming strong solution to leave at state 32.
The weak solution at state 32 mixes with the weak solution returning from the
medium temperature generator at state 12 to leave at state 33. The weak solution at
state 33 then enters the medium temperature heat exchanger where it rejects heat
and leaves at a relatively cooler temperature at state 13. The weak solution at state
13 mixes with the weak solution returning from the low temperature generator at
state 23 to leave at state 14. The weak solution at state 14 then enters the low
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temperature heat exchanger where it rejects heat and leaves at a relatively cooler
temperature at state 15. The weak solution at state 15 enters the weak solution
expansion valve where its pressure suddenly drops before it enters the absorber at
state 16. The weak solution at state 16 and ammonia refrigerant at state 11 then mix
in the absorber while rejecting heat to the environment to leave the absorber as a
strong solution in saturated liquid phase at state 1.

6.3 Energy and Exergy Analyses

Energy and exergy balance equations for all system components of the QEARS are
presented in this section of the chapter.

e Pump:
The mass balance equation across the pump can be written as
my = nity = H, (6.1)

where m represents the mass flow rate.
The specific power consumed by the pump can be calculated using

- V(Pz — Pl)
wp = (6.2)

where w, v, P, and 5 represent specific power, specific volume, pressure, and
efficiency, respectively.
The total power consumed by the pump is defined as

W, = ripw, (6.3)

where W represents total power consumed by the pump.
The overall energy balance equation of the pump is given as

(mh), + W, = (mh), (6.4)

where h represents specific enthalpy of the state.
The specific exergies at states 1 and 2 are defined as

€X) = (h] — ho) — To(S] — S()) (65)
€Xy) = (h2 — ho) — To(Sg — S()) (66)

where ex, T and s represent specific exergy, temperature, and specific entropy.
The overall exergy balance equation of the pump is given as
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}’i’l1€X1 + Wp = mZCXZ + EXdest‘p (67)

where Exdest,p represents the exergy destruction rate in the pump.
e Low temperature heat exchanger:

The mass balance equations for the low temperature heat exchanger can be
written as

Jity = ringg (6.8)
Titts = ritia (6.9)

and
my7 +ng = ny (6.10)

The energy balance equation is given as
miohio + tshis = mshs +riyshys (6.11)

The specific exergies at states 3, 14, 15, and 19 are defined as

ex3 = (h3 — ho) — To(s3 — s0) (6.12)
exig4 = (hia — ho) — To(s14 — 50) (6.13)
exis = (lus — ho) — To(s15 — o) (6.14)
ex19 = (h19 — hy) — To(s19 — $o) (6.15)

The exergy balance equation is given as
M19€X 19 + M114€X14 = M3€X3 + 71 5€X (5 + EXdest LHX (6.16)

where Exdest,LHX represents the exergy destruction rate in the low temperature heat
exchanger.

e Medium temperature heat exchanger:

The mass balance equations for the medium temperature heat exchanger can be
written as

Titag = 1t (6.17)

I’hl3 = I/}133 (618)
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and
Hgo + Hip = 113
The energy balance equation is given as
toohoo +ritzzhas = mizhiz + ioahog
The specific exergies at states 13, 20, 24, and 33 are defined as
ex3 = (hi3 — ho) — To(s13 — %0)
exa0 = (oo — ho) — To(s20 — %0)
exoa = (haa — ho) — To(s24 — S0)
exs3 = (h33 — ho) — To(s33 — o)

The exergy balance equation is given as

TM0€Xp0 + M33€X33 = 1M13€X13 + M124€X04 + BXdest, MHX

(6.19)

(6.20)

(6.21)
(6.22)
(6.23)

(6.24)

(6.25)

where EXdest,MHX represents the exergy destruction rate in the medium temperature

heat exchanger.

e High temperature heat exchanger:

The mass balance equations for the high temperature heat exchanger can be

written as
fiyg = Tips
M3y = My
and
Tos + e = Mg
The energy balance equation is given as
tpshas + myrhay = tgghog + mizphsy
The specific exergies at states 25, 29, 41, and 32 are defined as
exas = (has — ho) — To(s25 — so)

eX29 = (hao — ho) — To(s20 — o)

(6.26)

(6.27)

(6.28)

(6.29)

(6.30)

(6.31)
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ex41 = (har — ho) — To(s41 — So) (6.32)
ex3y = (hay — ho) — To(s32 — 50) (6.33)

The exergy balance equation is given as
Mos€Xos -+ 141€Xa1 = Hip9€Xag + M32€X32 + EXqestmx (6.34)

where Exdesl,HHX represents the exergy destruction rate in the high temperature heat
exchanger.

e Very high temperature heat exchanger:

The mass balance equations for the very high temperature heat exchanger can be
written as

T3 = Mizs (6.35)
sy = Fuag (6.36)

and
Fitsa + ritas = ritgg (6.37)

The energy balance equation is given as
l/h35h35 + m38h48 = m36h36 + m40h40 (638)

The specific exergies at states 35, 36, 38, and 40 are defined as

exss = (has — ho) — To(s3s — s0) (6.39)
exse = (hag — ho) — To(s36 — o) (6.40)
exsg = (hag — ho) — To(s38 — 50) (6.41)
exqo = (hgo — ho) — To(s10 — 50) (6.42)
The exergy balance equation is given as
1p5€Xas + a1€Xa1 = fig9€Xa9 + M32€X32 + BXest vimx (6.43)

where Exdest,VHHX represents the exergy destruction rate in the very high temper-
ature heat exchanger.
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e Very high temperature generator:

The mass balance equations of the very high temperature generator can be
written as

M3e = M37 + M3 (6.44)
and
M36X36 = M137X37 + 1M138X38 (6.45)

where x represents the concentration of the solution.
The energy balance equation is given as

i3ehse -+ Qvire = Mzzhay + aghag (6.46)
where Qv represents the rate of heat required by the very high temperature
generator.

The specific exergy at state 37 is defined as

€X37 = (h37 — ho) — To(S37 — So) (647)

The thermal exergy rate supplied to the very high temperature generator is
defined as

Ty
Tvurc

EX vHTG = <1 - )QVHTG (6.48)

where Exp virg represents the thermal exergy rate of the very high temperature
generator.
The exergy balance equation of the very high temperature generator is given as

mM36€X36 + EXih vHTG = M37€X37 + 133€X38 + EXdest,vHTG (6.49)

where Exdest’VHTG represents the rate of exergy destruction in the very high tem-
perature generator.

e High temperature generator:

The mass balance equations of the high temperature generator can be written as
M34 = Mz + M3y (6.50)

M34X34 = M30X30 + M31X31 (6.51)
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Fing = Tty (6.52)
and
39 = Higg + i3 (6.53)
The energy balance equation is given as
m3gh34 + m3zhsy = riaghog +mzohso + Mz hzy (6.54)
and
tz7hyy = aghag + Quro (6.55)

where Qyrg represents the rate of heat required by the high temperature generator.
The specific exergies at states 28, 30, 31, 34, and 39 are then defined as

exag = (hos — ho) — To(s28 — o) (6.56)
ex3o = (hao — ho) — To(s30 — o) (6.57)
ex31 = (h31 — ho) — To(s31 — s0) (6.58)
ex3q = (has — ho) — To(s34 — 50) (6.59)
ex3o = (h3g — ho) — To(s39 — so) (6.60)

The thermal exergy rate supplied to the high temperature generator is defined as

i Ty \ .
EXinrc = (1 T . )QHTG (6.61)
HTG

where Exy, g represents the thermal exergy rate of the high temperature generator.
The exergy balance equation of the high temperature generator is given as

mM34€X34 + EXgnHTG = M130€X30 + 131€X31 + EXdest,HTG (6.62)
where Exdest’HTG represents the rate of exergy destruction in the high temperature
generator.

e Medium temperature generator:

The mass balance equations of the medium temperature generator can be written
as
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Ny = min + iy (6.63)
MaeX26 = M12X12 + M27X27 (6.64)
Ty = M3 (6.65)
and
s = 1y + niyy (6.66)

The energy balance equation is given as
taehas +Mizohzg = mahy +ntphin + Mp7hy; (6.67)
and
Mzohsg = fiahs + Owr (6.68)
where Oumrg represents the rate of heat required by the medium temperature

generator.
The specific exergies at states 4, 5, 12, 26, and 27 are defined as

exq = (hy — ho) — To(s4 — s0) (6.69)
exs = (hs — ho) — To(ss — so) (6.70)
expy = (his — ho) — To(s12 — o) (6.71)
exas = (has — ho) — To(s26 — o) (6.72)
exa7 = (ha7 — ho) — To(s27 — o) (6.73)

The thermal exergy rate supplied to the medium temperature generator is defined
as

Ty
Tvit

EXhm1G = <1 - )QMTG (6.74)

where Exth,MTG represents the thermal exergy rate of the medium temperature
generator.
The exergy balance equation of the medium temperature generator is given as

Mo6€X26 + EXty MTG = M12€X12 + 1i27€X27 + EXdest MTG (6.75)

where EXdest,MTG represents the rate of exergy destruction in the medium temper-
ature generator.
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e Low temperature generator:

The mass balance equations of the low temperature generator can be written as

My = Mty + 1p3 (6.76)
MyoXyy = M7x7 + Hx3Xo3 (6.77)
titg = s (6.78)
and
My = nyg + My (6.79)

The energy balance equation is given as
tishs + ripphyy = mehe + myhy + ripszhos (6.80)
and
tishs = righs + Q116 (6.81)

where Q|1 represents the rate of heat required by the low temperature generator.
The specific exergies at states 6, 7, 22, and 23 are defined as

exg = (hg — ho) — To(s6 — o) (6.82)
ex7 = (h7 — ho) — To(s7 — 50) (6.83)
ex2 = (hay — ho) — To(s22 — 50) (6.84)
exo3 = (hos — ho) — To(s23 — s0) (6.85)

The thermal exergy rate supplied to the low temperature generator is defined as
. T .
EXn.L16 = (1 - —0> Ot (6.86)
TG

where Exth’LTG represents the thermal exergy rate of the low temperature generator.
The exergy balance equation of the low temperature generator is given as

Mo€Xoy + EXpn TG = Hi7eXy + 1in3exas + EXgest TG (6.87)

where Exdest‘LTG represents the rate of exergy destruction in the low temperature
generator.
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e Condenser:

The mass balance equation for the condenser is defined as
g = Mg + Mg (6.88)

The energy balance equation of the condenser is given as
tghs + ghg = mohg + Q. (6.89)

where O, represents the rate of heat rejected by the refrigerant flowing through the
condenser.
The specific exergy at state 9 is defined as

exo = (hy — ho) — To(s9 — so) (6.90)

The thermal exergy rate released by the condenser is calculated as

. T .
Exie = (1 - 7°> 0. (6.91)

C

where Exth’c represents the thermal exergy rate of the condenser.
The exergy balance equation of the condenser is given as

MeEXg + HigeXg = MgeXg + Ex,h.,c + Exdesl,c (692)

where Exdest,c represents the rate of destruction in the condenser.
e Evaporator:

The mass balance equation for the evaporator is written as
myy = g (6.93)

The energy balance equation of the evaporator is given as
iohio + Qe = hny (6.94)

where Q. represents the rate of heat gained by the refrigerant flowing through the
evaporator.
The specific exergies at states 10 and 11 are defined as

exX10 = (hIO — ho) — TO(SIO — S()) (695)

exi1 = (hir — ho) — To(s11 — o) (6.96)
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The thermal exergy rate supplied to the evaporator is calculated as

: T\ -
Exth,e =|1- Fe (08

where Exth,e represents the thermal exergy rate of the evaporator.
The exergy balance equation of the evaporator is given as

mipexio + Exipe = my1exiy + EXgeste

where Exdest’e represents the rate of exergy destruction in the evaporator.

e Absorber:

The mass balance equation for the absorber is written as
myy + e = Hy
The energy balance equation of the absorber is given as
myhiy + iughis = ihy + O,

where O, represents the rate of heat rejected by the absorber.
The specific exergy at state 16 is defined as

exi = (his — ho) — To(s16 — S0)

The thermal exergy rate released by the absorber is calculated as

Exth,a = (1 - FO) 0.

where Exth,.d represents the thermal exergy rate of the absorber.
The exergy balance equation of the absorber is given as

mpiexyy + mieex1s = miexy + Exp o + EXdesta

where Exdest’a represents the rate of exergy destruction in the absorber.

e Expansion valve (for weak solution)

161

(6.97)

(6.98)

(6.99)

(6.100)

(6.101)

(6.102)

(6.103)

The mass balance equation for the weak solution expansion valve is written as

Mg = N5

(6.104)
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The energy balance equation of the weak solution expansion valve is defined as
nghie = mishis (6.105)

The exergy balance equation of the weak solution expansion valve is given as
Mi6eX 16 = Mt5eX15 + EXdestew (6.106)

where EXgesievw Tepresents the rate of exergy destruction in the weak solution
expansion valve.

e Expansion valve (for refrigerant):

The mass balance equation for the refrigerant expansion valve is written as
Hg = My (6.107)
The energy balance equation of the refrigerant expansion valve is defined as
miohio = righy (6.108)
The exergy balance equation of the refrigerant expansion valve is given as
Igexy = rin10ex10 + EXdestenr (6.109)

where EXdest,evr represents the rate of exergy destruction in the refrigerant expansion
valve.

e Condenser heat exchanger:

The mass balance equations for the condenser heat exchanger can be written as
g = iy (6.110)
ryg = nyy (6.111)
The energy balance equation is given as
ry7hyy 4+ myhy = mighg + mghis (6.112)
The specific exergies at states 17 and 18 are defined as
exy7 = (h17 — ho) — To(s17 — s0) (6.113)

exig = (hig — ho) — To(s18 — So) (6.114)



6.3 Energy and Exergy Analyses 163
The exergy balance equation is given as
Mi7€X17 + hi7eXy = ritjgex g + rgeXs + BXdest.cHX (6.115)

where ExdeS[’CHX represents the exergy destruction rate in the condenser heat
exchanger.

The performance of an absorption refrigeration system is measured using the
coefficient of performance. The energetic and exergetic coefficient of performances
of absorption refrigeration system are defined as

COPy = % (6.116)
Ovurg + W,
ExXyhe
COPyy = e (6.117)
Exg,varG + Wy

where COP,,, and COP,, represent energetic COP and exergetic COP, respectively.

6.4 Exergoeconomic Analysis

This section presents the exergoeconomic analysis equations of the QEARS. The
overall exergoeconomic balance equation of the QEARS is written as

Zeq + COPM = CCool (6 1 18)

where Zeq, CopM and CCOO] represent the cost associated with the equipment,
operation and maintenance, and cooling, respectively.
The cost linked with the equipment is defined as

Zeg=Cat Co+Cot+ Ce+ G+ Coy (6.119)

where Ca, Cg, Cc, Ce, Cp and Cev represent the cost of absorber, generator, con-
denser, evaporator, pump and expansion valve, respectively.

However, the total equipment cost can also be calculated on the basis of a
relation between the equipment cost and cooling load as provided below.

Zeq($) = 1144-3(Q0001)0A67 (6120)

The cost associated with the operation and maintenance is defined as
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COPM = CopM X EXOPM (6121)

where copy and ExopM represent operation and maintenance cost, and exergy carried
by the energy consumed in terms of heat and power, respectively. The operation and
maintenance can also be assumed to be 3 % of the total equipment cost.

The cost related to the cooling produced is defined as

CCool = CCool X E.}4XC001 (6122)

where ccoor and Excool represent the cost of cooling produced and the exergy related
to the cooling produced, respectively.
In this regard, the above equation can be written as

(¢ X EX)gppt + Zeq = (€ X EX) o (6.123)

The cost of cooling can then be calculated by rearranging the equation men-
tioned above and rewriting it as
(¢ X ExX) gpps + Zeq

- (6 1 24)
EXcool

Ccool =

6.5 Exergoenvironmental Analysis

In this section ,we present an exergoenvironmental formulation for the quadruple
effect absorption refrigeration system.
The total exergy supplied to the QEARS is calculated as
Exm = EX[h,VHTG + Wp + Exlh_’e (6 125)
The total exergy rejected by the QEARS is defined as
EXout = EXna + Exine (6.126)
The total exergy destructed by the QEARS is calculated as
EXdest,tol = EXin - EXout (6127)

The exergoenvironmental impact factor is defined as

E
fi= X.dest,tot (6128)

EXin
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where f; represents exergoenvironmental impact factor.
This exergoenvironmental impact coefficient is calculated as

1
© COP,,

Cei

where C,; represents the exergoenvironmental impact coefficient.
The exergoenvironmental impact index is calculated as

Oci = fei X Cei

where 0; represents exergoenvironmental impact index.
The exergoenvironmental impact improvement is defined as

where 0; represents exergoenvironmental impact improvement.
The exergetic stability factor is defined as

EXout

Exout + Exdes[,tot

Jes

where f,, represents exergetic stability factor.
The exergetic sustainability index is defined as

Hest :fes X eeii

where 0. represents exergetic sustainability index.

6.6 Optimization Study
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(6.130)

(6.131)

(6.132)

(6.133)

Two multi-objective optimization studies of the quadruple effect absorption re-
frigeration system are carried out with the goal of maximizing exergetic COP and
exergetic sustainability index and minimizing the cost of cooling. The objective
functions used for the study presented in Eqs. 6.117, 6.124 and 6.133, respectively.
The constraints for this study are ambient in temperature, the heat supplied to the
very high temperature generator, the concentration of the strong solution and the

concentration of the weak solution.
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6.7 Illustrative Example

Consider a QEARS using ammonia-water as a working fluid as shown in Fig. 6.1.
The strong ammonia water solution with the mass flow rate of 1 kg/s enters the
pump with concentration and pressure of 0.5 and 200 kPa, respectively. The strong
solution leaves the pump at 700 kPa with a temperature difference of 0.4 °C. The
heat is supplied to the very high temperature generator at a rate of 290 kW which
helps to boil the strong solution, and the weak solution and ammonia refrigerant
vapor leaves the generator with concentrations of 0.3 and 0.999, respectively.
Assume a temperature difference of 7 °C between the inlet and exit of the heat
exchangers and the condenser heat exchanger. Take the temperature difference
between the strong solution entering the generators and weak solution exiting the
generators to be 7 °C. Consider the condenser load and evaporator temperature to
be 290 kW and —13.5 °C, respectively. Take ambient temperature and pressure to
be 291.2 K and 100 kPa. Calculate the following:

(a) the rate of cooling provided by the evaporator,

(b) the power consumed by the pump,

(c) the rate of heat rejected by the absorber

(d) energetic and exergetic COPs,

(e) the exergy destruction rate in each component,

(f) the exergetic cost of cooling, and

(g) exergoenvironmental parameters as discussed earlier in the chapter.

Also, perform the following parametric studies to investigate

(a) effects of the very high temperature generator load on the cooling load, the
cost of cooling and the energy and exergy COPs

(b) effects of the strong solution concentration on the cooling capacity, the cost of
cooling and the energy and exergy COPs, and

(c) effects of the ambient temperature on the energy and exergy COPs, and all the
exergoenvironmental parameters.

For parametric studies, use the same data ranges as defined below.
Also, perform an optimization study for the following scenarios:

(a) maximizing the exergetic COP and minimizing the exergetic cost of cooling,
and

(b) maximizing the exergetic sustainability index and minimizing the exergetic
cost of cooling

For the optimization study, consider the very high temperature generator heat
load, strong solution concentration, weak solution concentration and ambient
temperature as constraints with limits 290-340 kW, 0.45-0.5, 0.2-0.3 and 270-
290 K, respectively.
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e Solution

The pump inlet properties are considered by assuming pressure, strong solution
concentration and quality.

hy = —180.1 kJ /kg

f ' 520 kPa ) — 0.04011 kI/keK
Qlu_*'O 00 vi = 0.001199 m* /kg
1 = U.

T, =2865K

It is assumed that at the exit of the pump, the temperature would be 0.4 °C
higher than the inlet temperature.

P, =700kPa) hy=—178.1kJ/kg

x, =05 s = 0.04481 kJ /kg K
T, = 2869 K

my = 1kg/s

my = 1y

The power required by the pump to increase the pressure of 1 kg/s of strong
solution from 200 kPa to 700 kPa is calculated as

W, = 1((—178.1) — (—180.1)) = 1.971 kW

The ambient conditions for calculating specific exergy at each point are calcu-
lated as

Py =100 kPa ho = —150 kJ /kg
Tho =2912K so = 0.1034 kJ /kg K
X0 = 0.5

These ambient conditions can only be used for strong solution streams.

Ex; = 1((—180.1 — (—150)) — 291.2(0.04011 — 0.1034)) = —11.62 kW
Bx, = 1((—178.1 — (—150)) — 291.2(0.04481 — 0.1034)) = —11.01 kW

The exergy destruction in the pump is then calculated as
—11.62 +1.971 = —11.01 + Exgest
ExXgestp = 1.368 kW

It is assumed that 20 % of the flow rate from the pump is supplied to the
condenser heat exchanger and remaining 80 % is supplied to the low temperature



168 6 Quadruple Effect Absorption Refrigeration System

heat exchanger. The temperature, pressure, and strong solution concentration
remains the same at states 2, 17, and 19.

hi7 = hy
S17 = 82
T =T,
hig = hy
S19 = 82
Tyy=T

The mass balance equations for the low temperature heat exchanger are written
as

I’i’l]7 = 02(7’)’12) =0.2 kg/S
l’;’llg = O8(m2) =0.8 kg/S
w3 = ntyg

M5 = nig4

The temperature of the strong solution leaving the low temperature heat
exchanger is assumed to be 7 °C higher than the inlet temperature.

P3 = Pz h3 = —146.7 kJ/kg
X3 = Xp 53 =0.1532 kJ/kgK
I3 =Tyo+7

The energy balance equation of the low temperature heat exchanger can be
written as

might 4+ mishis = mzhs +nmyshys
0.8(=178.1) +0.7139(—91.24) — 0.8(—146.7) +0.7139 (/115
h15 = —126.5 kJ/kg

Using the specific enthalpy at state 15 obtained with the energy balance equation
and knowing the pressure and weak solution concentration at this state, one can find
the specific entropy and temperature at state 15 as follows:

Pis =P, Ts =287.8K
x15 = 0.3 s15 = 0.1433 kJ /kg K
his = —126.5

The rate of heat transfer occurring inside the low temperature heat exchanger can
be calculated as



6.7 Illustrative Example 169

Miohio + OLax = rizhy
0.8(—178.1) + Qrux = 0.8(—146.7)
OrLux = 25.17 kW

The thermal exergy rate of the low temperature heat exchanger can be calculated
as

291.2

EXth,LHX = <1 - m

)25.17 = 0.2329 kW

The exergy flow rates in states 3, 14, 15, and 19 of the low temperature heat
exchanger are calculated as

Ex; = 0.8((—146.7 — (—150)) — 291.2(0.1532 — 0.1034)) = —8.88 kW

Ex1o = 0.8((—178.1 — (—150)) — 291.2(0.04481 — 0.1034)) = —8.811 kW
Bxyy = 0.7139((—91.24 — (—102.5)) — 291.2(0.2642 — 0.1906)) = —7.272 kW
Exis = 0.7139((—126.5 — (—102.5)) — 291.2(0.1433 — 0.1906)) = —7.326 kW

The exergy destruction rate in the low temperature heat exchanger is calculated
as

—8.811 +0.2329 = —8.88 + EXqest LHX
EXdest,LHX =0.302 kW

It is assumed that 20 % of the flow rate from state 3 is supplied to state 21 and
remaining 80 % is supplied to the medium temperature heat exchanger at state 20.

The temperature, pressure, and strong solution concentration remains same at states
3,20 and 21.

hao = h3
$20 = 83
Ty =T;
hay = h3
521 = 83
I =T;

The mass balance equations for the medium temperature heat exchanger are
written as
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iy = 0.2(i3) = 0.16 kg/s
l/i’lg() = 08(”13) = 0.64 kg/s
gy = Tty

M3 = ms;3

The temperature of the strong solution leaving the medium temperature heat
exchanger is assumed to be 7 °C higher than the inlet temperature.

P24:P2 h24=—1153kj/kg
X4 = X2 $24 = 0.2587 kJ/kg K
Ty =T +7

The energy balance equation of the medium temperature heat exchanger can be
written as

oohoo + M33hss = rzhiz + ripahog
0.64(—146.7) + 0.4569(—59.43) = 0.4569(h13) + 0.64(—115.3)
]’l13 =—-1034 kJ/kg

Using the specific enthalpy at state 13 calculated with the energy balance equation
and knowing the pressure and weak solution concentration, one can find the specific
entropy and temperature at state 13 as follows:

P =P T3 =293.1K
X13 = X38 s13 = 0.2229 kJ/kg K
hiz = —103.4

The rate of heat transfer taking place inside the medium temperature heat
exchanger can be calculated as

figohao + Omux = finahog
0.64(—146.7) + Omux = 0.64(—115.3)
Omux = 20.09 kW

The thermal exergy rate of the medium temperature heat exchanger can be
calculated as

291.2

ExpMux = <1 ~ 3009

)20.09 = 0.6489 kW

The exergy flow rates in states 20, 24, 13, and 33 of the medium temperature
heat exchanger are calculated as
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Exzo = 0.64((—146.7 — (—150)) — 291.2(0.1532 — 0.1034)) = —7.104 kW
Exas = 0.64((—115.3 — (—150)) — 291.2(0.2587 — 0.1034)) = —6.685 kW
Exy3 = 0.4569((—103.4 — (—102.5)) — 291.2(0.2229 — 0.1906)) = —4.717 kW
Exs3 = 0.4569((—59.43 — (—102.5)) — 291.2(0.3704 — 0.1906)) = —4.248 kKW

The exergy destruction rate in the medium temperature heat exchanger is cal-
culated as

—7.104 +0.6489 = —6.685 + ExXdes MHX
EXdest,MHX = 02298 kW

It is assumed that 20 % of the flow rate from state 24 is supplied to state 26 and
remaining 80 % is supplied to the high temperature heat exchanger at state 25. The
temperature, pressure, and strong solution concentration remains same in states 24,
25, and 26.

has = hyq
525 = S24
Trs = Toy
hae = hos
8§26 = S24
Tre = Toy

The mass balance equations for the high temperature heat exchanger are written
as

rh26 = 0.2(7h24) =0.128 kg/S
r'n25 = O.S(Yh24) =0.512 kg/S
1pg = s

M3y = Mgy

The temperature of the strong solution leaving the high temperature heat
exchanger is assumed to be 7 °C higher than the inlet temperature:

P29 =P2 h29 = —83.87 kJ/kg
X29 = X S29 = 0.3618 kJ/kg K
Ty =Tos+7

The energy balance equation of the high temperature heat exchanger can be
written as
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moshos + g hay = Moghog + mzzhs;
0.512(—115.3) +0.3655(—20.45) = 0.3655(h32) + 0.512(—83.87)
hy = —64.42 kJ/kg

Using the specific enthalpy at state 32 calculated with the energy balance equation
and knowing the pressure and weak solution concentration, one can find the specific
entropy and temperature at state 32 as follows:

P3 =P, T3, =302.1 K
X32 = X38 8§32 = 0.3539 kJ/kg K
hyy = —64.42

The rate of heat transfer taking place inside the high temperature heat exchanger
can be calculated as

tigshys + Onux = fohag
0.512(—115.3) 4+ Quux = 0.512(—83.87)
Omx = 16.07 kW

The thermal exergy rate of the high temperature heat exchanger can be calcu-
lated as

. 291.2
Exh uax = (1 - W) 16.07 = 0.8726 kW

The exergy flow rates in states 25, 29, 32, and 41 of the high temperature heat
exchanger are calculated as

Exzs = 0.512((—115.3 — (—=150)) — 291.2(0.2587 — 0.1034)) = —5.348 kW
Exzo = 0.512((—83.87 — (—150)) — 291.2(0.3618 — 0.1034)) = —4.651 kW
Exsy = 0.3655((—64.42 — (—102.5)) — 291.2(0.3539 — 0.1906)) = —3.468 kW
Exs1 = 0.3655((—20.45 — (—102.5)) — 291.2(0.497 — 0.1906)) = —2.631 kW

The exergy destruction rate in the high temperature heat exchanger is
calculated as

—5.348 +0.8726 = —4.651 + EXyest 1rx
ExXgest mux = 0.1754 kW

It is assumed that 20 % of the flow rate from state 29 is supplied to state 34 and
remaining 80 % is supplied to the very high temperature heat exchanger at state 35.
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The temperature, pressure, and strong solution concentration remains same in states
29, 34, and 35.

h3s = ha
§34 = 829
T34 = Ty
has = hag
535 = $29
T35 = T

The mass balance equations for the very high temperature heat exchanger are
written as

Vh34 = 02(1’)129) =0.1024 kg/s
I’}’l35 = OS(M29) = 0.4096 kg/S
M35 = T3e

Ty = nizg

The temperature of the strong solution leaving the very high temperature heat
exchanger is assumed to be 7 °C higher than the inlet temperature.

P36 = Pz ]’l36 = -52.42 kJ/kg
X36 = X2 536 = 0.4628 k]/kg K
T36 = T5s +7

The energy balance equation of the very high temperature heat exchanger can be
written as

m3shss + maghsg = rizehse + raohao
0.4096(—83.87) + 0.2924(20.82) = 0.2924(/4o) + 0.4096(—52.42)
h4Q = -23.23 k]/kg

Using the specific enthalpy at state 40 calculated with the energy balance
equation and knowing the pressure and weak solution concentration one can find
the specific entropy and temperature at state 40 as follows:

Py =P, Ty =311.7K
X40 = X38 S40 = 0.4881 kJ/kg K
hyo = —23.23

The rate of heat transfer taking place inside the very high temperature heat
exchanger can be calculated as
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tsshas + Ovanx = fisehse
0.4096(—83.87) + Ovnrx = 0.4096(—52.42)
Ovinx = 12.88 kW

The thermal exergy rate of the very high temperature heat exchanger can be
calculated as

291.2

Exm vaax = (1 314.9

)12 88 = 0.9701 kW

The exergy flow rates in states 35, 36, 38, and 40 of the very high temperature
heat exchanger are calculated as

Exss = 0.4096((—83.87 — (—150)) — 291.2(0.3618 — 0.1034)) = —3.72 kW
Exse = 0.4096((—52.42 — (—150)) — 291.2(0.4628 — 0.1034)) = —2.885 kW
Exss = 0.2924((20.82 — (—102.5)) — 291.2(0.6271 — 0.1906)) = —1.119 kW
Exyo = 0.2924((—23.23 — (—102.5)) — 291.2(0.4881 — 0.1906)) = —2.159 kW

The exergy destruction rate in the very high temperature heat exchanger is
calculated as

—3.7240.9701 = —2.885 + ExXges vinx
Exdest,VHHX = 01343 kW

The mass balance equations of the very high temperature generator are written as

W3e = M37 + Misg
M36X36 = M37X37 + M38X38
0.4096 = riz7 + rinzg
0.4096(0.5) = ri137(0.3) +1i135(0.999)

Solving two equations simultaneously gives us
my; = 0.1172 kg/s and g = 0.2924 kg /s

The temperature at state 38 is assumed to be 7 °C higher than the temperature at
state 36.

P38 = Pz h36 = -52.42 kJ/kg
X38 = 0.3 §36 — 0.4628 kJ/kg K
T3 = Ts6 +7
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The specific enthalpy at state 37 is calculated using energy balance equation of
the very high temperature generator as defined below:

tashse + Qvirg = rszhsy -+ rsghag
0.4096(—52.42) +290 = 0.2924(20.82) +0.1172h3;
hy = 2239 kJ /kg

Using specific enthalpy at state 37 and knowing pressure and concentration in
this state, we can find the temperature and specific entropy at state 37 as follows:

P33 =P, T3 =659 K
X37 = 0.999 537 = 6.586 kJ/kg K
]’l37 = 2239 kJ/kg

Exz7 = 0.1172[(2239 — 87.15) — 291.2(6.586 — 0.2708)] = 36.72 kW

The thermal exergy rate of the very high temperature generator can be calculated
by using average temperature as

- 291.2
EXth,VHTG = (1 — E) 290 = 945 kKW

Using the thermal exergy rate and rate of exergy at each state, we can find the
total exergy destruction rate of the very high temperature generator as

—2.8854+94.5=36.72 - 1.119 + Exdest,VHTG
EXdest,VHTG = 56.01 kW

The mass flow rates of the different streams entering and leaving the high
temperature generator are calculated as

tpg = iz = 0.1172 kg/s

34 = m30 + W)

M34X34 = M30X30 + M31X31

0.1024 = m3p + rir3;

0.1024(0.5) = ri130(0.3) + rit31 (0.999)

Solving two equations simultaneously gives us
my = 0.0731 kg/s and 3 = 0.0293 kg/s

The temperature at state 30 is assumed to be 7 °C higher than the temperature at
state 34.
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Py =P, hyo = —9.329 kJ /kg
X30 = X33 s30 = 0.5325 kI /kg K
Ty0 =Tz +7

It is assumed that ammonia vapor at state 31 leaves with the same temperature as
that of state 30.

Py =P, h3y = 1356 kI /kg
X31 = X37 §31 = 4711 k]/kg K
T3 =Txo

The specific enthalpy at state 28 is calculated using energy balance equation of
the high temperature generator as defined below:

m34hsy + m3rhyy = mzohso + m3ihsy + righog
0.1024(—83.87) +0.1 172(2239) = 0.0731(—9.329) + 0.0293(1356) +0.1172h,g
hag = 1833 KJ /kg

Using specific enthalpy at state 28 and knowing pressure and concentration in
this state, we can find the temperature and specific entropy at state 28 as follows:

P28:P2 ng:509.3K
Xog = X37 523 = 5.888 kJ /kg K
hzg = 1833 kJ/kg

The exergy rate at states 34, 30, 31, and 28 are found as

Exss = 0.1024((—83.87 — (—150)) — 291.2(0.3618 — 0.1034)) = —0.9301 kW
Exas = 0.1172[(1833 — 87.15) — 291.2(5.888 — 0.2708)] = 12.89 kW

Exso = 0.0731((—9.329 — (—102.5)) — 291.2(0.5325 — 0.1906)) = —0.468 kW
Exs; = 0.0293((11356 — (87.15)) — 291.2(4.711 — 0.2708)) = —0.7019 kW

Using the rate of exergy at each state, we can find the total exergy destruction
rate of the high temperature generator as

—0.9301 4-36.72 = 12.89 — 0.468 — 0.7019 + Exgese 116
EXdest,HTG = 24.07 KW

The ammonia vapor leaving the high temperature generator at states 28 and 31
are combined to leave at state 39
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itse = rig + s = 0.1172 +0.0293 = 0.1465
m3ohsg = ritaghog + 131 h3y

0.1465h3 = 0.1172(1833) + 0.0293(1356)
hyo = 1737 kJ /kg

Using the specific enthalpy at state 39 and knowing the concentration and
pressure, we can find the temperature and specific enthalpy at state 39 as follows:

Pz =P, T30 = 471.4 K
X39 = X37 539 = 5.693 kJ/kg K
]’l39 = 1737 kJ/kg

The exergy rate at state 39 can then be calculated as
Ex3o = 0.1831[(1737 — 87.15) — 291.2(5.693 — 0.2708)] = 10.45 kW

The mass flow rates of the different streams entering and leaving the medium
temperature generator are calculated as

gy = rzg = 0.1465 kg /s

Ty = Wyg + nityg

MaeXoe = M12X12 + Wip7X27

0.128 = mp + riyy

0.128(0.5) = 7i112(0.3) +7i127(0.999)

Solving two equations simultaneously gives us
mp; = 0.09138 kg/s and rip; = 0.03662 kg /s

The temperature at state 12 is assumed to be 7 °C higher than the temperature at
state 26.

P12 = Pz h12 = —39.46 kJ/kg
X2 = X33 s12 = 0.4357 kI /kg K
T, =Te+7

It is assumed that ammonia vapor at state 27 leaves with the same temperature as
that of state 12.

Py =P, ha; = 1338 kJ /kg
X27 = X37 S27 = 4.654 kJ/kg K
Ty =T
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The specific enthalpy at state 4 is calculated using energy balance equation of the
medium temperature generator as defined below

Moghag + m3ghzg = Mahyo + mohyy + righy
0.128(—115.3) +0.1465(1737) = 0.09138(—39.46) + 0.03662(1338) + 0.1465h,4
hy = 1327 KJ /kg

Using specific enthalpy at state 4 and knowing pressure and concentration in this
state, we can find the temperature and specific entropy at state 4 as follows:

P,=P, T, =303.8K
X4 = X37 sy = 4.617 kI /kg K
hy = 1327 Kl /kg

The exergy rate at states 26, 12, 4, and 27 are found as

Exs = 0.1465[(1327 — 87.15) — 291.2(4.617 — 0.2708)] = —3.782 kW

Exae = 0.128((—115.3 — (—150)) — 291.2(0.2587 — 0.1034)) = —1.337 kW

Expy = 0.09138((—39.46 — (—102.5)) — 291.2(0.4357 — 0.1906)) = —0.7636 kW
Exz; = 0.03662((1338 — (87.15)) — 291.2(4.654 — 0.2708)) = —0.9232 kW

Using the rate of exergy at each state, we can find the total exergy destruction
rate of the medium temperature generator as

—1.337410.45 = —3.782 — 0.7636 — 0.9232 + Exgeqm1G
Exgest G = 14.58 kW

The ammonia vapor leaving the medium temperature generator at states 4 and 27
are combined to leave at state 5

s = iy +ry; = 0.1465 + 0.03662 = 0.1831 kg/s
mshs = mahy +my7hy;

0.1831hs = 0.1465(1327) + 0.03662(1338)

hs = 1329 kJ /kg

Using the specific enthalpy at state 5 and knowing the concentration and pres-
sure, we can find the temperature and specific enthalpy at state 5 as follows:

Ps = P, Ts = 304.5 K
X5 = X37 ss =4.624 kI /kg K
hs = 1329 kJ /kg
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The exergy rate at state 5 can then be calculated as

Exs = 0.1831[(1329 — 87.15) — 291.2(4.624 — 0.2708)] = —4.708 kW

The mass flow rates of the different streams entering and leaving the low tem-
perature generator are calculated as

e = s = 0.1831 kg/s
My = M3 + 1ty
WXy = Hip3X3 + 17 X7
0.36 = i3 + 11y
0.36(0.5) = ri13(0.3) +1i27(0.999)

Solving two equations simultaneously gives us

s = 0.257 kg/s and iy = 0.103 kg/s
oy = iy +rng = 0.16 4 0.2 = 0.36 kg/s
nhyy = naihay + mighis
0.36h5 = 0.16(—146.7) +0.2(—146.7)
hy = —146.7 kJ /kg

Using the specific enthalpy at state 22 and knowing the concentration and
pressure, we can find the temperature and specific enthalpy at state 22 as follows:

Py =P, T», =293.9K
X22 = X26 s = 0.1532 kI /kg K
h22 = —146.7 kJ/kg

The temperature at state 23 is assumed to be 7 °C higher than the temperature at
state 22.

Py =P, hy; = —69.61 kJ/kg
X3 = X38 s23 = 0.3366 k]/kg K
Ty =Tpn+7

It is assumed that ammonia vapor at state 7 leaves with the same temperature as
that of state 23.

X7 = X37 §7 = 4.587 kJ/kg K
I =T
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The specific enthalpy at state 6 is calculated using energy balance equation of the
low temperature generator as defined below

M hy + shs = mazhys + mrhy + fighs
0.36(—146.7) +0.1831(1329) = 0.257(—69.61) + 0.103(1318) + 0.183 115
he = 397.2 kI /kg

Using specific enthalpy at state 6 and knowing pressure and concentration in this
state, we can find the temperature and specific entropy at state 6 as follows:

P =P, Te =287 K
X6 = X37 s6¢ = 1.399 kJ /kg K
he = 397.2 kI /kg

The exergy rate at states 22, 23, 6, and 7 are found as

Exe = 0.1831[(397.2 — 87.15) — 291.2(1.399 — 0.2708)] = —3.377 kW

Ex; = 0.103((1318 — (87.15)) — 291.2(4.587 — 0.2708)) = —2.7 kW

Exz = 0.36((—146.7 — (—150)) — 291.2(0.1532 — 0.1034)) = —3.996 kW
Exz3 = 0.257((—69.61 — (—102.5)) — 291.2(0.3366 — 0.1906)) = —2.484 kW

The rate of heat transfer taking place inside the low temperature generator can be
calculated as

thshs + Q11 = righs
0.1831(1329) 4+ QL1 = 0.1831(397.2)
Ot = 170.6 kW

The thermal exergy rate of the low temperature generator can be calculated as

. 291.2
E =(1-="--1170.6 =7459 k
Xth,LTG < 304, 5) 0.6 59 kW

The total exergy destruction rate of the low temperature generator can be cal-
culated as

—3.996 +7.459 = —2.484 — 2.7 + EXgeqt LTG
ExXgest L1 = 8.647 kW

The mass flow rates of the different streams entering and leaving the condenser
heat exchanger are calculated as
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ﬂllg = I’i’ln =0.2 kg/S
g = 1y = 0.103 kg/s

The temperature at state 18 is assumed to be 7 °C higher than the temperature at
state 17.

Pig =P, h18=—146.7kJ/kg
X18 = X36 s13 = 0.1532 kJ/kg K
Tig=Ty+7

The specific enthalpy at state 8 is calculated using energy balance equation of the
condenser heat exchanger as defined below

myzhyy +m7hy = mghg + rghis
0.2(—178.1) +0.103(1318) = 0.103(hs) + 0.2(—146.7)
hg = 1257 kJ/kg

Using specific enthalpy at state 8 and knowing pressure and concentration in this
state, we can find the temperature and specific entropy at state 8 as follows:

Py =P, Ty =288.2K
Xg = X37 §g = 4.38 kJ/kg K
hg = 1257 kJ /kg

The rate of exergy at states 8 and 17 are calculated as

Exg = 0.103[(1257 — 87.15) — 291.2(4.38 — 0.2708)] = —2.779 kW
Exy7 = 0.2((—178.1 — (—150)) — 291.2(0.04481 — 0.1034)) = —2.203 kW

The rate of heat transfer taking place inside the condenser heat exchanger can be
calculated as

ruzhiy + OQcux = rshis
0.2(—178.1) + Ocux = 0.2(—146.7)

Ocux = 6.294 kW
The thermal exergy rate of the condenser heat exchanger can be calculated as

291.2

Exm cnx = (1 ~ 2939

)6.294 =0.4782 kW
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The total exergy destruction rate of the condenser heat exchanger can be cal-
culated as

—2.203 +0.4782 = —2.22 + ExXest Chx
ExXgest.cux = 0.2614 kW

The mass balance equation of the condenser can be written as
e + Mg = g

rg = 0.1831+0.103 = 0.2861

The energy balance equation of the condenser capable of rejecting 200 kW of
heat is written as

tghs + righes = tohg + Q.

The equation mentioned above is used to calculate the specific enthalpy at
state 9 as

0.103(1257) +0.1831(397.2) = 0.2861% + 290
ho = —306.9 kI /kg

Py = P, To = 204.6 K
X9 = X31 S9=—1.278k]/kgK
hy = —306.9 kJ /kg
Exg = 0.2861[(—306.9 — 87.15) — 291.2(—1.278 — 0.2708)] = 16.32 kW

The thermal exergy rate of the condenser can be calculated as

. 291.2
EXth,c = (1 - m) 290 = —122.7 kW

Using the exergy rate at each state and thermal rate of exergy, we can find the
exergy destruction rate in the condenser as

—3.377 — 2.779 = 16.32 — 122.7 + Exgestc
EXgeste = 100.3 kW

The mass balance equation of the refrigerant expansion valve is written as

I’i’lu) = I’i’lg =0.2861 kg/S
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hio = hy Tip =204.7K
P10:P1 S10:—1275kJ/kgK
X10 = X37

Exjo = 0.2861[(—306.9 — 87.15) 4+-291.2(—1.275 — 0.2708)] = 16.03 kW
16.32 = 16.03 + I:Exdest,evr
ExXgesteve = 0.29 kW

The mass balance equation of the evaporator is written as
l/hl] = Vhlo = 0.2861 kg/S

It is assumed that the refrigerant leaves the evaporator at a temperature of
259.7 K.

P11:P9 h11=1251 kJ/kg
X11 = X31 s11 =4.922kJ/kg K
T, =259.7K

The energy balance equation to calculated the cooling load is defined as

#iohio + Qe = rity iy
0.2861(—306.9) + Qe = 0.2861(1251)

Q. = 4457 kW
Ex; = 0.2861[(1251 — 87.15) +291.2(4.922 — 0.2708)] = —54.52 kW

The thermal exergy rate of the evaporator is calculated as

23222
16.034+90.32 = —54.52 + ExXgeste
ExXgeste = 160.9 kW

: 291.2
Exihe = ’ (1 - —> 445.7‘ =90.32 kW

The mass balance equation of the weak solution expansion valve is written as
14'116 = ﬁ115 =0.7139 kg/S

hig = his T =2879 K
P16:P1 S16:O.1453 kJ/kgK
X16 = X38
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Exie = 0.7139((—126.5 — (—102.5)) +291.2(0.1453 — 0.1906)) = —7.728 kW

The exergy destruction rate of the weak solution expansion valve is calculated as
—7.326 = —7.728 + Exgestevs
EXgest.evs = 0.4 KW
The mass balance equation of the absorber is written as
my = My + e
The amount of heat rejected by the absorber is calculated using formula
mhy 4 Qu = ryhiy + finighie
1(—180.1) + Q, = 0.2861(1251) +0.7139(—126.5)
0, = 447.7 kKW
The thermal exergy rate of the absorber is calculated as

. 291.2
Expa = (1 — W) 4477 = —54.4 kW

The rate of exergy destroyed by the absorber is calculated as

—54.52 —7.728 = —11.62 — 54.4 + ExXgesta
EXgesta = 3.765 kW

The weak solutions at states 30 and 40 are mixed to leave at state 41. The mass
balance equation of this mixing process is then written as

My = m3g + Mg
ry; = 0.0731 +0.2924 = 0.3655 kg/s

The energy balance equation of the mixing process is written as

mg1hay = mzohso + maohao
0.3655h4 = 0.0731(—9.329) + 0.2924(—23.23)
hqy1 = —20.45 kJ/kg

h4y = —20.45 kJ /kg T4 =3123K
P4| =P2 S41 = 0.497 kJ/kgK
X41 = X38
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Exy1 = 0.3655((—20.45 — (—102.5)) +291.2(0.497 — 0.1906)) = —2.631 kW

The weak solutions at states 12 and 32 are mixed to leave at state 33. The mass
balance equation of this mixing process is written as

m33 = Mo + M3
w33 = 0.09138 + 0.3655 = 0.4569 kg/s

The energy balance equation of the mixing process is written as

m33hs3 = mphin + m3phs)
0.4569h33 = 0.09138(—39.46) + 0.3655(—64.42)
h33 = -59.43 kJ/kg

hyz = —59.43 kJ /kg T3 =303.3 K
P33 = Pz 8§33 = 0.3704 kJ/kg K

X33 = X38

Exs; = 0.4569((—59.43 — (—102.5)) +291.2(0.3704 — 0.1906)) = —4.248 kW

The weak solution at states 13 and 23 mix to leave at state 14. The mass balance
equation of this mixing process is written as

My = M3 + M3
mys = 0.4569 4+ 0.257 = 0.7139 kg/s

The energy balance equation of the mixing process is written as

myghis = mzhis +mozhoz
0.7139h14 = 0.4569(—103.4) + 0.257(—69.61)
h14 =-91.24 kJ/kg

hiy = =91.24 kJ /kg Ty =2959K
P14 = P2 S14 = 0.2642 kJ/kg K

X14 = X38

Exys = 0.7139((—91.24 — (—102.5)) +291.2(0.2642 — 0.1906)) = —7.272 kW

The energy and exergy COPs of the QEARS are calculated as



186 6 Quadruple Effect Absorption Refrigeration System

445.7

Popy=—— = 1527
COP, 290 +1.971

90.32
COPe, = 94.5+1.368 0.9363

The equipment cost of the QEARS is found using
Zeg($) = 1144.3(445.7)"%7 = $68,142

The operation and maintenance cost of the QEARS are assumed to be 3 % of the
equipment cost

Copm = 0.03(68,142) = $2044

The exergetic cost of cooling can then be calculated by using equipment cost,
cost of operation and maintenance, and the thermal exergy rate of the evaporator as

68,142 42044
90.32
CCool = 7771 $/kW

CCool =

The total rate of exergy entering the QEARS is calculated as
Ex;, = 94.5+1.9714+90.32 = 186.8 kW
The total rate of exergy exiting the QEARS is calculated as
EXou = 54.4 +122.7 = 177.1 kW

The total rate of exergy destructed by the QEARS is calculated as
EXgestiot = 186.8 — 177.1 = 9.644 kW

The exergoenvironmental impact factor can then be calculated by dividing the
total exergy destruction rate by total exergy supplied to the QEARS as

~9.644

fei - m == 005163

The exergoenvironmental impact coefficient is calculated by taking inverse of
the exergetic COP as

1
Ce = 09363 — 1.068
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The exergoenvironmental impact index is found by multiplying exergoenvi-

ronmental impact factor by exergoenvironmental impact factor as

0 = 0.05163 < 1.068 = 0.05514

The exergoenvironmental impact improvement is then found by taking inverse
of the exergoenvironmental impact index as

Oeii =

L
0.05514

The exergetic stability factor is computed as

fes

T 17711 9.644

177.1

=18.13

= 0.9484

The exergetic sustainability index is then calculated by multiplying exergetic

stability factor with exergoenvironmental impact improvement as

Ocst = 0.9484 x 18.13 = 17.2

The thermophysical properties at each state points of the QEARS are presented

in Table 6.1.

Table 6.1 Thermophysical properties at each state points of the QEARS

State point P (kPa) T (K) i (kg/s) h (kV/kg) s (kl/kg K)
0 100 291.2 - -150 0.1034
1 200 286.5 1 ~180.1 0.04011
2 700 286.9 1 -178.1 0.04481
3 700 293.9 0.8 —146.7 0.1532
4 700 303.8 0.1465 1327 4.617

5 700 304.5 0.1831 1329 4.624

6 700 287 0.1831 397.2 1.399

7 700 300.9 0.103 1318 4.587

8 700 288.2 0.103 1257 438

9 700 204.6 0.2861 -306.9 -1.278
10 200 204.7 0.2861 -306.9 -1.275
11 200 259.7 0.2861 1251 4.922
12 700 307.9 0.09138 -39.46 0.4357
13 700 293.1 0.4569 -103.4 0.2229
14 700 295.9 0.7139 —-91.24 0.2642
15 700 287.8 0.7139 -126.5 0.1433
16 200 287.9 0.7139 -126.5 0.1453

(continued)
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Table 6.1 (continued)

State point P (kPa) T (K) m (kg/s) h (kJ/kg) s (kl/kg K)
17 700 286.9 0.2 —178.1 0.04481
18 700 293.9 0.2 —146.7 0.1532
19 700 286.9 0.8 —178.1 0.04481
20 700 293.9 0.64 —146.7 0.1532
21 700 293.9 0.16 —146.7 0.1532
22 700 293.9 0.36 —146.7 0.1532
23 700 300.9 0.257 —69.61 0.3366
24 700 300.9 0.64 —-115.3 0.2587
25 700 300.9 0.512 —115.3 0.2587
26 700 300.9 0.128 —115.3 0.2587
27 700 307.9 0.03662 1338 4.654
28 700 509.3 0.1172 1833 5.888
29 700 307.9 0.512 —83.87 0.3618
30 700 314.9 0.0731 -9.329 0.5325
31 700 314.9 0.0293 1356 4711
32 700 302.1 0.3655 —64.42 0.3539
33 700 303.3 0.4569 —59.43 0.3704
34 700 307.9 0.1024 —83.87 0.3618
35 700 307.9 0.4096 —83.87 0.3618
36 700 314.9 0.4096 —52.42 0.4628
37 700 659 0.1172 2239 6.586
38 700 321.9 0.2924 20.82 0.6271
39 700 471.4 0.1465 1737 5.693
40 700 311.7 0.2924 —23.23 0.4881
41 700 312.3 0.3655 —20.45 0.497

e Effects of the high temperature generator load

Figure 6.2 shows the impact of variation in very high temperature generator load
on the cooling capacity and the cost of cooling of the QEARS. The rate of cooling
produced is observed to decrease from 445.7 to 395.7 kW with an increase in very
high temperature generator load from 290 to 340 kW. On the other hand, the cost of
cooling produced by the QEARS is noted to increase from 777.1 to 1212 USD/kW
with an increase in the very high temperature generator load. The cooling capacity
is observed to decrease because the increse in the very high temperature generator
load results in a higher exiting temperature of the ammonia vapor.This undesirable
temperature increase for a particular condenser load results in the relatively higher
temperature of the ammonia refrigerant entering the evaporator. As a consequence
of this, the temperature difference between the inlet and exit of the evaporator
decreases. The temperature difference, as the driving force for the heat transfer, is
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Fig. 6.2 Effects of the very high temperature generator load on cooling load and cost of cooling

critical and hence, smaller temperature difference in the evaporator results in the
lower cooling capacity of the evaporator.

The cost of cooling is directly associated with the rate of cooling provided by the
QEARS. As the rate of cooling supplied by the QEARS decreases with an increase
in the very high temperature generator load, the cost of cooling decreases. The cost
of cooling also shows that the QEARS performance degrades economically if an
excess amount of energy is provided to the system because this excess energy is not
translated into the additional cooling production due to the heat rejection limitations
of the condenser. The effects of the rise in very high temperature generator load on
the energy and exergy COPs of the QEARS are displayed in Fig. 6.3. The energy
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Fig. 6.3 Effects of the very high temperature generator load on energy and exergy COPs
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and exergy COPs are observed to decrease from 1.527 to 1.157 and 0.936 to 0.396,
respectively, with the rise in the very high temperature generator load from 290 kW
to 340 kW. These decreases in the energy and exergy COPs of the quadruple effect
absorption refrigeration system speak to the degrading performance of the system
with the rise in the very high temperature generator load. The decrease in the
cooling capacity with the increase in the very high temperature generator load
negatively affects the performance of the system and because of that, both energy
and exergy COPs decrease.

e Effects of the strong solution concentration

The concentration of the strong solution plays a vital role in the performance
characteristics of any refrigeration system. This parameter defines how much
refrigerant can be vaporized and supplied to the evaporator. The effects of the
increase in concentration of the strong solution on the rate of cooling production
and the cost of cooling are presented in Fig. 6.4. The rate of cooling production is
observed to increase from 344.2 to 445.7 kW with the increase in the strong
solution concentration from 0.45 to 0.55. However, the cost of cooling production
is noticed to be decreasing from 778.3 to 777.1 USD/kW with the rise in the
concentration of the strong solution. The increasing trend in the rate of cooling
production is because the increase in the strong solution concentration results in a
relatively higher amount of ammonia being vaporized from the very high tem-
perature generator. This ammonia refrigerant then enters the evaporator where it can
carry the most cooling load from the cooled space due to higher availability of the
refrigerant passing through the evaporator. This increase in the cooling rate pro-
duction for a fixed load also has a positive impact on the cost of cooling production.
The increase in the rate of cooling production for the same system size results in
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Fig. 6.4 Effects of strong solution concentration on cooling load and cost of cooling
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Fig. 6.5 Effects of strong solution concentration on energy and exergy COPs

lower cost of producing cooling, which can be viewed as an achievement for
making the absorption refrigeration system more affordable. Moreover, it should
also be noted that it is not possible to increase the strong solution concentration to
very high levels as doing so might result in hampering system performance.
Figure 6.5 displays the effects of the increase in concentration of the strong solution
on the energy and exergy COPs of the QEARS. The energy and exergy COPs are
noted to increase from 1.178 to 1.527 and 0.589 to 0.936, respectively with the rise
in the strong solution concentration. This increasing behavior shows that the per-
formance of the QEARS is indeed enhanced with the increase in the strong solution
concentration. The energy and exergy COPs are directly related to the cooling
production capacity of the system. As the rate of cooling production by the QEARS
increases with the rise in the strong solution concentration for a constant load of
very high temperature generator and condenser, the energetic and exergetic per-
formance of the system increases as depicted by both COPs.

e Effects of ambient temperature

The performance of systems such as absorption refrigeration systems that rely
mainly on high temperature heat transfer is greatly affected by variation in ambient
temperature. The effects of the increase in ambient temperature on the QEARS
energy and exergy are presented in Fig. 6.6. The energy COP is observed to remain
constant at 1.53 whereas the exergy COP is noted to increas from 0.56 to 0.91 with
an increase ambient temperature from 270 to 290 K. The constant behavior of the
energy COP shows that the results obtained from energy analysis are not tampered
with when variation in ambient temperature occurs. However, the increasing
behavior of the exergy COP displays the importance of performing exergy analysis
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Fig. 6.7 Effects of ambient temperature on the exergoenvironmental impact factor and the impact

coefficient

alongside energy analysis because exergy analysis, compared to energy analysis, is
known to provide results more closer to real scenarios. The increasing behavior of
exergy COP can be attributed to the lower exergetic heat loss from the system to the
surrounding due to the lower temperature difference between the system and the
surrounding. The effects of the increase in ambient temperature on the exergoen-
vironmental impact factor and the exergoenvironmental impact coefficient are
shown in Fig. 6.7. The exergoenvironmental impact factor and the exergoenvi-
ronmental impact coefficient are noted to be decrease from 0.36 to 0.07 and 1.77 to
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1.09, respectively with the increase in ambient temperature. The optimal value for
exergoenvironmental impact factor is zero as it shows that the system is operating
under ideal conditions from an environmental perspective. As the exergoenviron-
mental impact factor decreases with the increase in ambient temperature the
QEARS becomes more and more environmentally friendly . This is caused by a
decrease in the exergetic heat loss from the QEARS to the surrounding due to the
smaller temperature difference between the QEARS and the surrounding. The
reduction in the overall exergetic heat loss from the QEARS to surrounding also
helps boost the exergetic COP of the system. As the exergetic COP of the system
increases the exergoenvironmental impact coefficient decreases due to its depen-
dence on the exergyCOP. This decreasing trend of the exergoenvironmental impact
coefficient is a good sign for the QEARS because the ideal value for the exer-
goenvironmental impact coefficient is one. Figure 6.8 displays the effects of the
increase in ambient temperature on the exergoenvironmental impact index and the
exergoenvironmental impact improvement factor. The exergoenvironmental impact
index is seen to decrease from 0.64 to 0.075, whereas, the exergoenvironmental
impact improvement factor is noticed to increase from 1.56 to 13.34 with an
increase in the ambient temperature from 270 to 290 K. The increase in ambient
temperature helps to decrease the temperature difference between the QEARS and
the surrounding. This lower temperature trigger a smaller amount of useful exergy
loss from the system to the surrounding and helps bring down the value of the
exergoenvironmental impact index. On the other hand, this reduction in exergetic
heat loss in the form of useful exergy from the QEARS to the surrounding helps
boost the exergoenvironmental impact improvement factor to as high as possible.
The trend obtained in Fig. 6.8 indicates that the QEARS becomes more and more
environmental friendly with the increasing ambient temperature.
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Fig. 6.8 Effects of ambient temperature on the exergoenvironmental impact index and the
exergoenvironmental impact improvement
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Fig. 6.9 Effects of ambient temperature on the exergetic stability and the exergetic sustainability
index

Figure 6.9 displays the effects of the rise in ambient temperature on the exergetic
stability factor and the exergetic sustainability index. The exergetic stability factor
and the exergetic sustainability index are noted to increase from 0.64 to 0.93 and
0.99 to 12.42, respectively, with an increse in ambient temperature from 270 to
290 K. The growing trends of both parameters indicate that the QEARS becomes
more stable and sustainable from an exergetic perspective due to a decrease in
thermal exergy losses from the system to the surrounding with an increase in the
ambient temperature. This additional stability and sustainability can be a useful tool
for convincing individuals and governments situated in the hotter regions to install
absorption refrigeration systems to help further control global warming and
ever-rising temperatures.

e Optimization results

Two optimization studies are carried out to obtain the optimum values for the
exergetic COP, exergetic cost of cooling, and exergetic sustainability index based
on the selected operating parameter ranges. Table 6.2 presents the constraints
associated with the optimization study of the QEARS. In the first optimization
study, we try to maximize the exergetic COP and minimize the exergetic cooling
cost based on the selected operating conditions. The results obtained from this study

Table 6.2 Constraints

Parameter Minimum value Maximum value
related to the optimization ; 290 340
study of the QEARS Qvurg (kW)

Ty (K) 270 290

X36 0.45 0.5

X38 0.2 0.3
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Fig. 6.10 Multi-objective optimization of the QEARS (exergetic cooling cost vs. exergetic COP)

are presented in Fig. 6.10. The Nelder-Mead simplex algorithm routine which
comes with a built-in method in the engineering equation solver software is applied
to perform multi-objective optimization study. The Nelder—Mead simplex algorithm
makes use of N + 1 test points (where N represents the degrees of freedom), which
is called a simplex. The algorithm evaluates every single point of the simplex, and
the objective function is found at each of the points. The worst point in the simplex
is then discarded, and a new point is found by reflecting away from the worst point
about the axis formed by the other test points. The process is repeated several times
until one of the stopping criteria are met, and then the objective function of the best
point is taken to be the optimum. The results obtained from the first optimization
study show that the highest exergetic COP obtained is 2.245 and the lowest cooling
cost obtained is 867 USD/kW for the given constraints. It is worth noting that
although all the points on the Pareto front are considered optimum, traditionally
LINMARP is used to obtain the most desirable optimized points. LINMAP helps to
find an imaginary point at which all the objective functions have their respective
optimum location irrespective of other objective functions. The best exergetic COP
and minimum exergetic cooling cost obtained using this method are 1.32 and 810
USD/kW, respectively.

The results obtained from the second optimization study related to maximizing
exergetic sustainability index and minimizing the exergetic cost of cooling are
presented in Fig. 6.11. The maximum exergetic sustainability index and minimum
exergetic cooling cost obtained are 63.0 and 786 USD/kW, respectively. The best
values obtained using LINMAP for the exergetic sustainability index, and the
exergetic cost of cooling are 27.4 and 777.9 USD/kW, respectively.
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Fig. 6.11 Multi-objective optimization of the QEARS (exergetic cooling cost vs. exergetic
sustainability index)

6.8 Closing Remarks

This chapter introduces a newly designed QEARS, which provides an additional
benefit over conventional absorption refrigeration systems in terms of energy,
exergy, thermal stability, environment and sustainability. These systems are pro-
posed for better efficiency, greater cost effectiveness, less harm to the environment
and hence better sustainability. A comprehensive case study is presented to cover
energy, exergy, exergoeconomic, and exergoenvironmental analyses for a QEARS
with thermodynamic data which are consistent with actual conditions. In addition,
an optimization study is performed. Furthermore, a parametric study is undertaken
to investigate how changing operating conditions, environmental conditions and

state properties affects the performance of the system and its interactions with the
environment.



Chapter 7
Integrated Absorption Refrigeration
Systems: Case Studies

7.1 Introduction

Absorption refrigeration systems provide an environmentally benign alternative to
conventional vapour-compression refrigeration systems. The key benefit to using
waste heat or low-grade heat to provide of cooling or heating, which gives an edge
to absorption refrigeration systems over conventional air-conditioning systems.
Absorption refrigeration systems can easily be integrated with renewable/alternative
energy sources, such as solar, biomass, geothermal, to provide cooling in a cost
effective, environmentally friendly and sustainable manner.

The present chapter focuses on energy and exergy analyses of several integrated
absorption refrigeration systems for production of cooling or heating. Case studies
are presented to integrate absorption refrigeration systems with geothermal and
solar energy sources for generating multiple outputs. The last case study presented
in this chapter provides a comprehensive investigation on how absorption refrig-
eration technique can be used to put an independent system in place for a sus-
tainable community in the long-run. Some parametric studies are also presented in
each case study to highlight the effects of variation in operating parameters on the
performance of the integrated system.

7.2 Case Study 1: Geothermal-Based Power, Cooling,
and Liquefied Hydrogen Generation System

e System description

The integrated system employed for analysis and performance assessments in the
first case study is shown in Fig. 7.1. The first step in achieving liquefied hydrogen
is to pre-cool the hydrogen in the quadruple effect absorption refrigeration system
(QEARS) system which is driven by heat to provide cooling as it is supplied by

© Springer International Publishing Switzerland 2016 197
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Fig. 7.1 Flow diagram of the integrated system

geothermal energy as shown in Fig. 7.2. The geothermal heat passes through the
very high temperature generator (VHTG) before reaching the binary isobutane
power plant. In the VHTG strong solution entering at state 36 is heated up to leave
as a concentrated ammonia—water vapor at state 37 and as a weak solution at state
38. The stream coming out of the VHTG at state 38 enters the very high temper-
ature heat exchanger (VHHX) to release heat to the stream from the absorber at
state 35. After releasing heat in VHHX stream at state 40 mixes with the stream
coming from the high temperature generator (HTG) at state 30 to leave at state 41.
The process of releasing heat to the strong solution from a weak solution takes place

7
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Fig. 7.2 Schematic of the QEARS
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in the heat exchangers before the weak solution enters the expansion valve at state
15. The pressure of the weak solution at state 15 is then reduced by throttling it in
the expansion valve. The low pressure weak solution leaves the expansion valve at
state 16 to enter the absorber. The concentrated ammonia—water vapor at state 37
then enters the HTG. In the HTG, the stream at state 37 releases heat to exit at state
28. The heat released by the concentrated ammonia—water vapor at state 37 in the
HTG is utilized to heat up the strong solution entering the HTG at state 34 to leave
as a concentrated ammonia—water vapor at state 31 and as a weak solution at state
30. Then the concentrated ammonia-water vapor at state 28 and state 31 mixes to
enter the medium temperature heat generator (MTG) at state 39. The process
continues until the concentrated ammonia—water vapor leaving low temperature
generator (LTG) at state 7 enters the condenser and the other ammonia—water vapor
leaving the LTG at state 6 goes through the condenser heat exchanger (CHX). In the
CHX, the concentrated ammonia—water vapor at state 6 rejects heats and leaves at
state 8§ to enter the condenser. In the condenser, concentrated ammonia—water vapor
at state 7 and state 8 reject heat to the environment and leave at state 9 to enter the
expansion valve. In the expansion valve pressure drops and concentrated ammonia—
water vapor leaving the expansion valve at state 10 enters the evaporator. In the
evaporator, concentrated ammonia-water vapor at state 10 gains heat from the
hydrogen and the return air from the building envelope to leave at a higher tem-
perature at state 11. The ammonia—water mixture at state 11 and the weak solution
at state 16 enter the absorber to reject heat and leave at state 1 as a strong solution in
liquid form and enter the pump. The geothermal water leaving the VHTG is sup-
plied to the binary isobutane cycle to produce power as seen in Fig. 7.3. The
isobutane is then heated and vaporized using the geothermal water from the HTG.
This vaporized isobutane flows through the turbine giving out power, is condensed,
pumped, and supplied back to the heat exchanger. The part of the power produced
by the binary cycle is used to compress hydrogen gas from state 1 to state 2 in the
Linde—Hampson cycle, as shown in Fig. 7.4. The geothermal water coming out of

Geothermal High pow s
from QEAS Pressure essur
Turbine Turbine
Heat . )
Exchanger Binary Multi-Stage
Isobutane Cycle Condenser
Reinjection
— e
-_— 2 M 1
Pump

Fig. 7.3 Schematic of multi-stage binary power plant
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Fig. 7.4 Schematic of the Linde-Hampson cycle

the isobutane is injected back into the underground water well to maintain
approximately its level. The first case study presented in this chapter is modified
from Ratlamwala et al. (2012a).

¢ Energy and exergy analyses

To run an integrated system, mass and energy balance equations are written for
the components of the QEARS, the isobutane binary multistage cycle, and Linde—
Hampson cycle. Also, equations to calculate the efficiency of the binary multistage
system, COPs of the QEARS, and ratios ‘n’, and ‘y’ are written. About 90 % of
cooling produced by the QEARS is used to pre-cool the hydrogen from 25 °C and
101.3 kPa to —16.4 °C and 101.3 kPa in the evaporator. The remaining 10 % of the
cooling is supplied to the building. In the Linde-Hampson cycle, hydrogen is
compressed from 101 kPa to 10 MPa. The heat needed to operate the isobutane
cycle is provided by geothermal water at 20 °C less than the geothermal source
temperature. The pressure at the inlet and exit of the stage 1 turbine are taken to be
3600 and 1000 kPa, respectively, while, the temperature at the inlet of the stage 1
turbine is taken to be 15 °C lower than the geothermal temperature at the inlet of the
binary power plant heat exchanger. However, the condenser pressure of the binary
multi-stage power plant is taken to be 400 kPa. The 90 % of the power produced by
the binary multistage plant is supplied to the Linde-Hampson cycle to compress
hydrogen gas, and the remaining 10 % is supplied to the building. The strong
solution concentration of ammonia—water, x[36] and the weak solution concentra-
tion of ammonia—water, x[38] are assumed to be 0.6 and 0.4, respectively, while
concentration of ammonia—water vapor, x[39] varies from 0.999 to 0.9999.
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e Quadruple effect absorption refrigeration system

The rate of heat to the VHTG of an absorption system is provided using the
geothermal water source. The rate of heat transfer obtained from geothermal water
source is calculated using

Qgeo = Migeo X (hgeo,om - hgeOVHTGexil) (7.1)
OvHTG = Ogeo (7.2)
where Q m, and h represent rate of heat transfer, mass flow rate, and specific

enthalpy, respectively.
The mass balance equations of VHTG are given as follows

M36X36 = M37X37 + M3gX38 (7.3)
W36 = 37 + Iisg (7.4)
To obtain the outlet conditions of the VHTG, the following equation is used

m3ehss -+ Qvire = Mzzhay + taghag (7.5)

The exergy destruction in VHTG becomes
EXgest, vaTG + Ex37 + Exag = Exs6 + Exp varo (7.6)

where Ex%7 = riz7((h37 — ho) — To(s37 — o))
Here, Ex, T, and s represent rate of exergy, temperature and specific entropy,

respectively. The same relationship is employed for other states.
The energy balance equations for VHHX are given below

t3shss + Qvinx = m3ehss (7.7)
t3shss = maohao + Ovinx (7.8)
The mass and energy balance equations for the condenser are given below
g = Hiy + Mg (7.9)
thohy = titzhy + righs + Qcon (7.10)
The balance equations for mass and energy of the evaporato ae:r

o = (7.11)
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tiriohio + Qeva = fit11hny (7.12)

The following energy balance equation is used to calculate the heat rejected from
the absorber:

iy + ughie = rithy + Qus (7.13)
The work done by the pump is calculated using the equation given below
W, = 1y (hy — hy) (7.14)

where W represents power.
The energetic and exergetic COPs are defined as

Qeva

COP,, = — . (7.15)
Qgeo + WP
E
COPyy = e (7.16)
Exgeo + Wp

where COP represents coefficient of performance.
e Binary power plant

The power that can be obtained from the turbines of binary multistage isobutane
plant is calculated using

Wy = titiso (h3 — hy) 4 itigo (hg — hs) (7.17)

The power consumed by pump in the binary cycle is expressed as
W, = ritiso(ha — hy) (7.18)
To have the correct model, parasitic losses are also considered and are defined as

Wparasitic = 0-2(‘;Vturb - Wpis(‘) (7. 19)

The actual net power that can be obtained from the binary isobutane plant
running on geothermal energy source is expressed as
W = W — Wpim - Wparasitic (720)

Ctgeo
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e Linde—Hampson liquefaction cycle

The specific ideal work required to compress hydrogen from P; = 101 kPa to
P, =10 MPa is given as

P
Weompy, = R X Ty X 1n17T (7.21)

where w, R, and P represent specific work, gas constant, and pressure, respectively.
However, the actual specific work input to liquefaction cycle per unit mass of
hydrogen is stated as

Wcompideal
Weompgy = (7.22)

Necomp

where 1, represents isentropic efficiency of the compressor and is taken to be
65 %. The amount of power needed for nitrogen is taken to be 5050 kJ/kg as used
by Nandi and Saragani (1993).

A parameter ‘y’ is defined as a ratio of the work output from the power plant to
the work input to the liquefaction cycle. This parameter also shows the mass of
hydrogen liquefied per unit mass of geothermal water used. For reversible and
irreversible operations, it is expressible as

w,
oy = Ve (7.23)
WreVLin(le—Hampson
where
Wrevge = (hz - hl) - T()(S2 — Sl) (724)
w,
U (7.25)
W[OtalLindc—IIumpaon
Here,
w wa T WNi
WmtalLindefHampson = e ‘lfi o (726)
1q
hg — hg
e 7.27
o= (727)

where f;, represents the fraction of liquefied hydrogen that is taken out of the cycle.
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The amount of hydrogen liquefied is then calculated using

i, = fiiq X T, (7.28)

¢ Results and discussion

In the current application domains, it has become highly important to design
energy systems that are eco-friendly and sustainable to serve the environment and
the struggling economies throughout the world. This section of the case study
shows the impacts of the variation in operating conditions on system performance
from energy and exergy perspective.

o FEffects of geothermal mass flow rate

The variation in mass flow rate of geothermal water has a significant impact on
the performance of the integrated system. Increase in mass flow rate of geothermal
water (Figeo) results in higher energy input to the QEARS. This increase in energy
input contributes to the lower output from the evaporator in form of cooling load for
a fixed condenser load as can be seen in Fig. 7.5. The energy input to the VHTG
increases from 60 to 120 kW with increase in #i1ge, from 1.5 to 3.0 kg/s. For this
increase in energy input to the QEARS, the cooling load is found to vary from
316.5 to 206.5 kW, for varying condenser load from 150 to 200 kW, respectively,
and for a fixed geothermal source temperature of 573 K. It is noted that as the
condenser load increases the evaporator load increases because more heat is
removed in the condenser from the stream going into the evaporator. This higher
heat rejection results in lower input temperature of the stream going into the
evaporator and therefore, higher cooling load exists. The power and cooling load
provided to the building are also found to vary with changes in mass flow rate of
geothermal water and condenser load as seen in Fig. 7.6. Both power and cooling
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Fig. 7.5 Effects of geothermal mass flow rate on energy input to QEARS and cooling load
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Fig. 7.6 Effects of geothermal mass flow rate on power and cooling supplied to building

load range from 16 to 32 kW and 31.6 to 20.6 kW, respectively. Also, the increase
in the energy input to the QEARS and decrease in the cooling load with increasing
Tgeo Tesults in lower energetic and exergetic COPs of the QEARS as shown in
Fig. 7.7. Both the COPs vary from 5.0 to 1.7 and 1.2 to 0.4, respectively, with
increase in 7i1geo. The decrease in the COPs is a direct result of higher energy input
to the QEARS and lower output from the QEARS in the form of cooling load. The
increase in rig, results in increase in reversible and irreversible amounts of hy-
drogen gas precooled in the evaporator which is defined as parameter ‘n’ as shown
in Fig. 7.8. Both reversible and irreversible ‘n’ vary from 3.1 to 1.6 g/kg and 0.73
t0 0.36 g/kg, with increase in 714, respectively. The decrease in performance of the
QEARS due to increase in riige, also effects the rate of hydrogen precooled by the
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Fig. 7.7 Effects of geothermal mass flow rate on energetic and exergetic COPs
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Fig. 7.8 Effects of geothermal mass flow rate on ratio ‘n’

QEARS and liquefied by the LH system. Figure 7.9 shows that both the amount of
hydrogen gas precooled and the amount of hydrogen gas liquefied decreases from
0.53 to 0.34 kg/s and 0.09 to 0.06 kg/s, with increase in the rige, , respectively. By
inspecting the results, we conclude that any increase in 7, affects the system in a
negative way when it comes to cooling production, and hydrogen liquefaction.
However, in the case of power production increase in rige, has a positive impact on
the system and leads to higher power production.

e [Effects of ambient temperature

The variation in ambient temperature plays a vital in the role in performance
determination of any thermally driven system. The effects of the changes in ambient
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Fig. 7.9 Effects of geothermal mass flow rate on amount of hydrogen gas precooled and liquefied
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Fig. 7.10 Effects of ambient temperature on amount of hydrogen gas precooled and liquefied

temperature on the amount of hydrogen gas precooled and liquefied are shown in
Fig. 7.10. Both the amount of hydrogen gas precooled and liquefied are found to
decrease with an increase in ambient temperature. Both parameters are found to
vary from 0.95 to 0.31 kg/s and 0.2 to 0.05 kg/s, respectively, for varying con-
denser loads of 150, 175, and 200 kW. This behavior is noted because any increase
in ambient temperature decreases the natural cooling of the system from the
ambient air. As the ambient temperature increases, the performance of the QEARS
evaporator, as well as the performance of the LH system, decreases. This decrease
is a result of the lower temperature difference between the surrounding and the
system. Therefore, as the ambient temperature increases the system interacts in a
negative way and its performance decreases.

7.3 Case Study 2: Solar-Based Integrated Absorption
Refrigeration and Desalination System for Cooling
and Fresh Water Production

e System description

The integrated hybrid system capable of producing cooling and fresh water
while using solar energy analyzed in this case study is presented in Fig. 7.11. The
process starts by producing thermal and electrical energy using a solar PV/T sys-
tem. The solar irradiance falls onto the concentrated PV/T panel causing the
electrons to vibrate in the panel and, therefore, producing power As air passes
through the ducts of the concentrated PV/T system, it gains energy from the PV/T
back surface and leaves the PV/T system at relatively higher temperature as seen in
Fig. 7.11. This heated air along with power produced is supplied to the very high
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temperature generator (VHTG) of the QEARS to provide cooling and to heat
seawater. A small amount of power generated by the PV/T system is fed to the
pump of QEARS and desalination system. In the very high temperature generator,
the strong solution from the absorber at state 36 is heated to leave as a weak
solution at state 38 and ammonia—water vapor at state 37. The weak solution
leaving the VHTG at state 38 enters the VHHX. The solution then rejects heat in the
VHHX and combines with the weak solution from state 30 to leave at state 41 as a
weak solution. This weak solution from state 41 then gives out the heat in the high
temperature heat exchanger (HHX) and combines with the weak solution from state
12 to leave at state 33. This weak solution from state 33 then gives out heat in
medium temperature heat exchanger (MHX) and mixes with the weak solution at
state 23 to leave at state 14. This weak solution then enters the low temperature heat
exchanger (LHX) where it heats up the strong solution from state 19. The weak
solution at state 15 enters the expansion valve where its temperature and pressure
drops and enters the absorber at state 16. The vapor from state 37 then enters the
HTG where it heats up the strong solution from state 34 and leaves as an ammonia—
water vapor at state 28 and state 31. These two streams are combined together
outside the HTG and leave as one stream at state 39 to enter the medium tem-
perature generator (MTG) where it heats up the strong solution from state 26 and
leaves as ammonia—water vapor at state 4 and state 27. These two ammonia—water
vapors are mixed to leave at state 5. The ammonia—water vapor at state 5 enters the
LTG and heats up the strong solution coming from state 22 and leaves as an
ammonia—water vapor at state 6 and state 7. The stream at state 7 is directed to the
condenser while state 6 is directed towards the CHX to lose heat to the liquid stream
coming from the solution pump at state 17 and leaves the CHX at state 18.
Ammonia—water vapor leaving the CHX at state 8 enters the condenser where it
rejects heat and then leaves the condenser in the liquid phase at state 9. This stream
then passes through the expansion valve and leaves at state 10 to enter the evap-
orator. In the evaporator (eva) heat is being gained by the refrigerant (ammonia) and
the heated mixture leaves at stat 11 to enter the absorber. In the absorber, all three
streams mix and reject heat to the cooling medium and leave the absorber at state 1
in liquid form. The rich solution is then pumped to the working VHTG pressure.
The stream from the sea at state d1 passes through the filter to remove unwanted
residuals. After passing through the filter, seawater is pumped to a higher pressure
to enter the condenser at state d2. In the condenser, heat is absorbed by the seawater
that leaves at state d3 as a preheated stream. The exit stream from condenser then
enters the absorber to gain heat and leaves at state d4. This heated vapor—liquid
mixture from d4 then enters the separation vessel. In the separation vessel, vapors
are removed from the upper level to exit at state d6. The remaining brine solution in
the separation vessel is then sent back to the sea and is marked as state d5. Vapors
from state d6 then pass through the auxiliary condenser to reject heat and leaves as
fresh water at state d7. Air in the concentrated solar PV/T system is used to cool
down the PV panels. The flowing air in the solar PV/T duct absorbs heat from the
back side of the panel and then exits the duct at a relatively high temperature to be
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later used in the absorption refrigeration system. The integrated system presented in
this case study is modified from Ratlamwala et al. (2013).

e Energy and exergy analyses

To analyze the hybrid system, mass and energy balance equations are written for
the solar PV/T, the components of the QEARS, and the desalination system. Also,
equations to calculate the efficiency of the solar system, COPs of the QEARS,
utilization factors, and the performance ratio of the hybrid system are written. The
following assumptions are made in the analysis

e The parameters considered for solar PV/T analysis are A = 100 m>, b = 0.45 m,
hpic =0.88,L=12m,f. =0.83,5.=0.12,7, = 0.95, Up, = 0.62 W m 2K,
U =28 Wm 2K, and a. = 0.90.

o The concentrations of the ammonia—water mixture at states 36, 38, and 39 are
0.6, 0.4, and 0.999, respectively.

e The pressures at states 1, 2, dl, and d2 are 250, 400, 101, and 150 kPa,

respectively.

The mass flow rate of ammonia—water mixture at state 1 is 1 kg s~ '.

The mass flow rate of sea water at state d1 is 2 kg s~ '.

The mass flow rate of air flowing through the duct of solar PV/T is 1.15 kg s .

The isentropic efficiencies of the pumps are 95 %.

The heat exchangers are modeled based on logarithm mean temperature dif-

ference model.

The losses in pipes and connections are negligible.

e The ambient temperature and pressure are 291.2 K and 100 kPa, respectively.

e Solar PV/T system

The equation used to calculate power produced by the PV module is given as
Wsolar =M X I'x ﬁc X Tg X A (729)
where 1, f3, 7, and A represent solar light intensity, packing factor, transmittance and

area, respectively.
The rate of heat transferred to air is calculated as

: 1y X CP, .
Osolar = aTLp x ((hPZG Xz X I) — UL X (Tai - TO))
—bx Uy xL
x |1 - exp(_iL) (7.30)
Ty X CP,

where

Z:“bXTéx(l_ﬁc)+hp1GXTgxﬁcX(O‘c_"lc)
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where cp, U, h, z, b, L, and « represent specific heat capacity, overall heat transfer
coefficient, heat transfer coefficient, parameter, breadth, length and absorptance,

respectively.
The rate of exergy of solar energy is calculated by
. To+273.15 .
ExXsotar = |:1 - (0—’_>:| xXI XA (731)
Tsun

The electrical efficiency of the PV panel is defined as
N = N X (1 —0.0045 x (T, — 25)) (7.32)

where

- :rgxﬂcxix(ac—nc)—f—UthO—khlebs

C

U+~
T _z X I+(U1+Utb) X T0+l’lba X Tair
bs Uy + hpa + Uy
. —bxULxL —bx Uy xL
S hoog X 2% T | - exp( )thXCL[;Z ) - 1- exp( m:xchXd )
ar = | To+ 3 NPT TThxULxL T i X bx U xL
Tty X CP, T, X Cp,
The thermal efficiency of solar PV/T is defined as
Ny = Qsolar (733)

IxbxL

e (QFARS system

After receiving the heat and power output from the solar PV/T, the equations for
the VHTG are written so that the QEARS achieves the cooling load. The amount of
energy given to the VHTG can be found as:

QVHTG = Wsolar + Qsolar - Wp - WdP (7'34)
The mass balance equations are given as follows:
M36X36 = IM37X37 + M38X38 (7.35)

ni3e = M3y + sy (7.36)
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To obtain the outlet conditions of the VHTG, the following equation is used:
taehse = Ovire = Mazhsy + maghag (7.37)
The exergy destruction in VHTG becomes
EXgest vaTG + Ex37 + Exas = Exs6 + Exp vt (7.38)
where Exz; = riz7((ha7 — ho) — To(s37 — o))

The same relationship is applied to other states.
The energy balance equations for VHHX are given below:

m3shas + Ovinx = m3ehag (7.39)
t3shss = maohao + Ovinx (7.40)

The mass and energy balance equations for the condenser are given below:
Hg = My + mig (7.41)
tohg = tivzhy + tighs + Qcon (7.42)

The balance equations for mass and energy of the evaporator:

iy = Hiyy (7.43)
iohio + Qeva = fit11hyy (7.44)

The following energy balance equation is used to calculate the heat rejected from
the absorber:

iy + rghie = rithy + Qus (7.45)
The work done by the pump is calculated using the equation given below
W, = iy (hy — hy) (7.46)
The energetic and exergetic COPs are found using

COPen _ Qeva +.Qcon + Qabs (747)

OvHTG

COP,, = EXeva,lh + EXcon,th + EXabs,Lh (748)

Exvarg,m + Wp
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e Desalination system

After studying solar PV/T and QEARS, the following equations are written to
analyze desalination system thermodynamically.
The power required for the desalination pump to function is calculated by

Py — Pd1:| (7.49)

Wap = Higyva |:
Hap

where v represents specific volume.

The sea water passes through a condenser and then an evaporator to reach vapor
state. Then a separation vessel is used to separate fresh water and brine. Mass and
energy balance equations for the separation vessel are:

msw = mfw + msw,o (75())
mswhd4 = mfwhd6 + msw,ohdS (751)

The fresh water obtained from the separation vessel is then cooled in the aux-
iliary condenser. Energy balance for auxiliary condenser is defined as

mfwhd6 = mfwhd7 + Qaux,con (752)

Performance ratio of the system is defined as the amount of fresh water produced
per amount of air used and is calculated as

Performance Ratio = (7.53)

my

Both energetic and exergetic utilization factors of the hybrid system are defined as

Higwhar + Qeva

Eoverall,en = W (754)
E E eva
Eoverall,ex — M (755)
' EXsolar

where ¢ represents utilization factor.
¢ Results and discussion

As the world looks towards renewable/alternative energy sources, it has become
highly important to develop a system that can provide fresh water and cooling in a
sustainable and eco-friendly manner. In this case study, a noble system that inte-
grates concentrated solar PV/T to a quadruple effect absorption refrigeration and
desalination system for fresh water and cooling production is assessed. The ther-
modynamic properties of each state point of the QEARS and desalination system
are presented in Tables 7.1 and 7.2, respectively.
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Table 7.1 Thermodynamic properties of QEARS at each state point

State m T (K) | P (kPa) |h (kl/kg) |s (kJ/kg K) |x (kg/kg) |Ex Quality
points (kgls) (kW)

0 - 291.2 | 100 291.5 5.675 - - -

1 1 279.7 | 250 —199.5 —0.06834 | 0.6 1181 |0

2 1 280.1 | 400 —197.6 —0.06288 0.6 1181 |-

3 0.8 292.1 | 400 —142.8 0.129 0.6 9444 |-

4 0.171 271.4 | 400 917.6 3.383 0.999 221.1 [0.7269
5 0.2137 | 271.4 | 400 996.6 3.672 0.999 2753 |0.7887
6 0.2137 | 271.3 | 400 281.8 1.05 0.999 285.7 10.2283
7 0.1202 | 276.4 | 400 1272 4.682 0.999 152.6 |0.9949
8 0.2137 | 271.3 | 400 29.87 0.1255 0.999 289.4 |0.03068
9 0.3339 | 271.3 | 400 3359 1.249 0.999 4452 |0.2707
10 0.3339 | 259.5 | 250 335.9 1.31 0.999 439.1 |0.3034
11 0.3339 | 259.6 | 250 934.9 3.608 0.999 415.8 |0.7591
12 0.08526 |330.1 |400 122.7 0.9925 0.4 101.8 |0.06351
13 0.4263 | 190.7 | 400 —657.9 —2.042 0.4 553.1 |-

14 0.6661 | 229.7 | 400 —434.1 —0.9698 0.4 8054 |-

15 0.6661 | 217.2 | 400 =500 —1.265 0.4 818.7 |-

16 0.6661 | 217.2 | 250 =500 —1.264 0.4 818.6 |-

17 0.2 280.1 | 400 -197.6 —0.06288 0.6 2525 |-

18 0.2 300.1 | 400 71.51 0.849 0.6 237 0.1294
19 0.8 280.1 | 400 —197.6 —0.06288 0.6 9452 |-

20 0.64 292.1 | 400 —142.8 0.129 0.6 7555 |-

21 0.16 292.1 | 400 —142.8 0.129 0.6 188.9 |-

22 0.36 296.4 | 400 —23.72 0.5313 0.6 4257 |0.07258
23 0.2398 | 316.4 | 400 —36.35 0.5054 0.4 2823 |-

24 0.64 310.1 | 400 275.2 1.514 0.6 765 0.2426
25 0.512 310.1 | 400 275.2 1.514 0.6 612 0.2426
26 0.128 310.1 | 400 275.2 1.514 0.6 153 0.2426
27 0.04274 | 290.1 | 400 1312 4.823 0.999 54.23 10.9991
28 0.1368 | 271.4 | 400 1034 3.809 0.999 175.8 |0.8179
29 0.512 333.1 | 400 618.4 2.578 0.6 629 0.4064
30 0.06821 | 353.1 | 400 491.9 2.069 0.4 85.28 |0.2269
31 0.03419 | 313.1 | 400 1369 5.01 0.999 43.45 | 1.00
32 0.341 309 400 —68.61 0.4023 0.4 400.8 |-

33 0.4263 | 317.7 | 400 —30.35 0.5244 0.4 379.3 |-

34 0.1024 | 333.1 | 400 618.4 2.578 0.6 125.8 |0.4064
35 0.4096 | 333.1 | 400 618.4 2.578 0.6 503.2 |0.4064
36 0.4096 | 362.1 | 400 1072 3.877 0.6 534.3 |0.5969
37 0.1368 | 271.6 | 400 1158 4.265 0.999 1747 |0.9153
38 0.2728 | 382.1 | 400 1117 3.757 0.4 377.5 [0.4912
39 0.171 271.5 | 400 1101 4.055 0.999 219 0.8704
40 0.2728 | 349.5 | 400 435.2 1.908 0.4 338.4 |0.2029
41 0.341 350.2 | 400 446.5 1.941 0.4 4237 |0.2077
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Table 7.2 Thermodynamic properties of the desalination system at each state point

State points m (kg/s) T (°C) P (kPa) h (kJ/kg) Salinity (g/kg) Ex (KW)
0 - 25 101 104.8 35 -

dl 2 25 101 99.77 35 0

d2 2 254 150 101.4 35 0.0023
d3 2 31.22 150 124.9 35 0.459
d4 2 53.53 150 214.2 35 10.22
d5 1.962 53.53 150 214 35 10.03
d6 0.03759 53.53 150 224.2 0.7491 0.2037
d7 0.03759 25 150 104.9 0.3669 0.00184

e FEffects of solar irradiance

The amount of solar irradiance available for production of power and rate of heat
plays a significant role in the sizing of the system. Figure 7.12 displays that increase
in solar radiation affects the performance of the QEARS in a negative manner.

Both energetic and exergetic COPs are found to decrease from 22.07 to 17.84
and from 7.01 to 6.18, respectively, with an increase in solar radiation from 550 to
650 W/m?. This behavior is seen because an increase in solar radiation increases the
power and rate of heat production of the solar PV/T system. This increase in output
results in a decrease in the performance of the QEARS for a fixed cooling load. For
a fixed cooling load provision of more energy to the system than its required results
in degrading performance of the system, as this extra energy is not required by the
system to achieve its target. The increase in solar radiation results in degrading
performance of the desalination system as seen in Fig. 7.13.

24 T T T 8
Air inlet temperature = 30.8 °C
t=12hr

22 .
x\ m, = 1.15 kg/s
i 7.2

20

COP¢,
COPgy

18 6.8

16 T 6.4

14 6
550 570 590 610 630 650

Solar Radiation [W/m?]

Fig. 7.12 Effects of solar irradiance on energetic and exergetic COPs
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Fig. 7.13 Effects of solar irradiance on freshwater production for different flow rate of sea water

The increase in solar radiation results in a decrease in production of fresh water
for a different flow rate of sea-water. The production rate of fresh water decreases
from 143.1 to 85.1 kg/h to vary the flow rate of sea-water from 6480 to 7200 kg/h.
As a result of the degrading performance of the QEARS and desalination system,
the energetic and exergetic utilization factors and performance ratio of the system
are also noted to decrease as shown in Figs. 7.14 and 7.15. The utilization factors
and the performance ratio decrease from 3.7 to 3.1, 0.5 to 0.38, and 0.035 to 0.021,
respectively. The results show that for a fixed cooling load, the increase in solar
radiation is not recommended for the performance of the overall integrated system.
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Fig. 7.14 Effects of solar irradiance on the energetic and exergetic utilization factors
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Fig. 7.15 Effects of solar irradiance on performance ratio of the system

e Effects of seawater salinity

The salinity of seawater plays a significant role in designing the solar-based
integrated system. As shown in Fig. 7.16, an increase in salinity and temperature of
the seawater results in a strange behavior of the system. The production of fresh-
water first increases with increase in temperature of sea water at a fixed salinity, but
as the salinity increases the production of fresh water starts to decrease with
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Fig. 7.16 Effects of salinity of seawater on freshwater production
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increase in temperature of the sea water. The amount of freshwater produced varies
from 130 to 656 kg/h with an increase in salinity from 35 to 100 g/kg, respectively.
These results are obtained for seawater temperatures of 298, 303, and 308 K,
respectively. This behavior is because increasing salinity until a certain level, and
an increase in temperature of sea- water results in an increase in the amount of water
vaporized to produce freshwater as it passes through the condenser and absorber of
the QEARS. The increase in sea water temperature makes it possible to attain a
higher temperature that is closer to the condition of superheated vapor.

The increase in vapor production then results in a higher rate of fresh water
production. However, when the salinity of sea water crosses a certain threshold, the
effect of sea-water temperature of sea water on the production of fresh water takes a
secondary role and salinity of seawater is important to determination of the trend of
the system behavior. Such irregular behavior of the system also reflects on the
performance ratio of the system as displayed in Fig. 7.17. The performance ratio
varies from 0.03 to 0.16, with an increase in salinity and temperature of sea water
from 35 to 100 g/kg and 293.15 to 303.15 K, respectively. This behavior shows
that there is a salinity limit to which an increase in seawater affects the performance
of the system in a positive way. However, crossing the threshold limit results in
domination of the salinity effect on the performance evaluation of the system as
compared to the secondary role of seawater temperatures.
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Fig. 7.17 Effects of salinity of seawater on performance ratio of the system
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7.4 Case Study 3: Geothermal-Based Multigeneration
System

e System description

Figure 7.18 presents a novel integrated system capable of generating power,
cooling, heating, hot water, and hydrogen while using geothermal water as an
energy source. The first step towards achieving these multiple outputs from the
proposed system is to provide energy to the very high temperature generator
(VHTG) using high temperature geothermal water from an underground reservoir
as shown in Fig. 7.19. The strong solution enters the VHTG at state 36 where it is
heated to leave as a weak solution at state 38 and ammonia—water vapor at state 37
as shown in Fig. 7.19. The weak solution exiting the VHTG at state 38 releases heat
in the VHHX to the incoming strong solution at state 35 before exiting the VHHX
at state 40. This weak solution at state 40 then mixes with the weak solution from
state 30 to leave at state 41. This weak solution from state 41 then gives out heat in
the HHX and combines with a weak solution from state 12 to leave at state 33. The
weak solution from state 33 then gives out heat in the MHX and combines with a
weak solution from state 23 to leave at state 14. The weak solution then enters the
LHX where it heats the strong solution coming from state 19. After releasing heat,
the weak solution at state 15 enters the expansion valve where its pressure and
temperature drops to that of the absorber before entering the absorber at state 16.
The vapor from state 37 then enters the HTG where it heats up the strong solution
from state 34 and leaves as an ammonia—water vapor at state 28 and state 31. These
two streams mix and leave at state 39 to enter the MTG where it heats up the strong
solution from state 26 and leaves as ammonia—water vapor at state 4 and state 27.
These two ammonia—water vapors are then combined and leave at state 5. The

Geothenmal Water Cooling and Heating

from source

: Geothermal Water

Hot water
 (XomQEARS Double flash power |
QEARS L---eemeeeeeo »> plant !
Power
k.

Water
Electrolyzer

Fig. 7.18 Flow diagram of the multigeneration system
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Fig. 7.19 Schematic of the geothermal source driven quadruple effect absorption refrigeration
system

ammonia—water vapor at state 5 enters the LTG and heats up the strong solution
coming from state 22 and leaves as an ammonia—water vapor at state 6 and state 7.
The stream at state 7 goes directly into the condenser while state 6 is directed to the
CHX to release heat to part of the liquid that is fed backward by the pump at state
17. The liquid gains heat and leaves the condenser at state 18. The ammonia—water
vapor leaving CHX at state 8 enters the condenser, gives out heat, and then leaves at
state 9. The air is used to cool the stream in the condenser. This air stream is heated
up in the process and is then supplied to the building for heating purposes. The
ammonia—water stream then passes through the expansion valve and leaves at state
10 to enter the evaporator. In the evaporator, heat is gained by the system from the
returning air from the building. The air is cooled and supplied to the user for
cooling. The ammonia—water vapor that is heated in the evaporator leaves at stat 11
to enter the absorber. In the absorber, all three streams mix and give out heat to the
surrounding and leave at state 1 in liquid form to enter the pump. After providing
energy to the QEARS, geothermal water enters the double flash power plant as
shown in Fig. 7.20. The entering geothermal temperature is assumed to be 15 °C
less than the source temperature. In the double flash power plant, the geothermal
stream enters the expansion valve at state 1. Here, the pressure of the stream
decreases to produce additional steam before entering the first flash chamber at state
2. In the flash chamber, steam is extracted from the upper half at state 3, and
saturated mixture is allowed to leave from the bottom at state 8. The steam extracted
at state 3 then enters the high pressure turbine and expands to state 4 to produce
power. However, stream from state 8 enters second expansion valve to enter the
second flash chamber at reduced pressure at state 9. In the second flash chamber,
steam is extracted at state 10 which then mixes with state 4 to enter the low pressure
turbine. The geothermal liquid from the flash chamber is reinjected to the source
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Fig. 7.20 Schematic of the geothermal double flash power plant

well at state 7. In the low pressure turbine, steam from state 5 expands to state 6 to
produce power. Power generated by a high pressure turbine (HPT) and low pressure
turbine (LPT) is then supplied to the building (80 %) and the electrolyzer (20 %).
However, the geothermal liquid leaving the LPT at state 6 is pumped to the
atmospheric pressure and is supplied to the building to meet its hot water needs.
The power supplied to the electrolyzer is used to break the water bond to produce
hydrogen. Hydrogen produced is stored in the tanks for later use. The system and
analysis presented in this case study are obtained from the work done by
Ratlamwala et al. (2012b).

¢ Thermodynamic analysis

To analyze and assess the integrated system studied, mass, energy, and exergy
balance equations are written for the components of the QEARS, double flash
power plant, and an electrolyzer. All systems are assumed to be running under
thermodynamic equilibrium and steady state conditions. Heat losses and pressure
drops in all components and connecting piping system are negligible. Parasitic
losses caused by the pumps and turbines are considered while calculating the net
power output from the plant.

e (QFARS system

The rate of heat supplied to the QEARS VHTG is provided using the geothermal
water source. The rate of heat transfer obtained from the geothermal water source is
calculated as follows:

Qgeo = mgeo x (hgeosaurce - hgeOVHTGexil) (756)

QVHTG = Qgeo (757)
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The mass balance equations of VHTG are given as follows:
M36X36 = H137X37 + T138X38 (7.58)
36 = W37 + nizg (7.59)
To obtain the outlet conditions of the VHTG, the following equation is used:
t3ehas -+ Ovire = myzhay + raghag (7.60)
The exergy destruction in VHTG becomes
EXdest,VHTG + Ex37 + Exss = Exs6 + EXm,VHTG (7.61)
where Exz; = z7((hs7 — ho) — To(s37 — s0)) and the same relationship is

employed for other states.
The energy balance equations for VHHX are given below

i3shas + Ovinx = msehag (7.62)
t3shss = maohao + Ovinx (7.63)

The mass and energy balance equations for the condenser are given below
Hg = Hiy + Mg (7.64)
tohy = tivzhy + tighs + Qcon (7.65)

The balance equations for mass and energy of the evaporator:

g = M (7.66)
fiohio + Qeva = fit11hyy (7.67)

The following energy balance equation is used to calculate the heat rejected from
the absorber:

myhiy + rghie = rithy + Qus (7.68)
The work done by the pump is calculated using the equation given below

W, =y (hy — hy) (7.69)
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The energetic and exergetic COPs are defined as

COP,, = Qeva + Qeon (7.70)
Qgeo +Wp
E €va E con
COP,, — —xevat EXeon (7.71)
Exgeo + Wp

e Double flash power plant

The power that can be obtained from the turbines of double flash power plant is
calculated using

Wi = 7it3(h3 — hy) + it (hs — he) (7.72)

The power consumed by pump in is expressed as

Wpump = mﬁ(hll - hﬁ) (773)
To have the correct model, parasitic losses are also considered and are defined as

Wparasilic =0.1 (VVturb - Wpump - Wp) (774)

The actual net power that can be obtained from the double flash plant running on
geothermal is expressed as

Wn = ‘;erb — Wpump - Wp - Wparasitic (775)

etgeo
The power supplied to the building is calculated as
Wbuilding =0.8 x Wnetgeo (776)

The energetic and exergetic contents of hot water supplied to building are
defined as

El’lhw = r'nll(h”) (777)

EXhW = I/h“((hll — ho) — To(S]] — SQ)) (778)
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e FElectrolyzer

The amount of hydrogen produced by the electrolyzer is calculated as

; HHV
M, X HHV (7.79)

Nelectrolyzer = 3
Welectmlyzer

where Nelectrolyzer is assumed to be 60 % and Weeciolyzer = 0.2 X Wne[gm.

e FEnergetic and exergetic utilization factors

The single generation energetic and exergetic utilization factors are defined as

Eens = S (7.80)
Qgeo
Exey

fons = 20 (7.81)
Exgeo

The double generation energetic and exergetic utilization factors are defined as

_ Qeva + Qcon

Eend = ) (782)
geo
EXeva + EXeon
foxd = % (7.83)
Xgeo

The triple generation energetic and exergetic utilization factors are defined as

Qeva + Qcon + Erlhw

Sen,t = (784>
Qgeo

c _ Exeva + EXcon + EXhW (7 85)

ex,t EXgeo .

The quadruple generation energetic and exergetic utilization factors are defined as

Qeva + Qcon + Enhw + EnHz
Qgeo

Sen,q -

(7.86)

Exeva + EX(:on + Exhw + EXHg

EXgeo

(7.87)

Eex,q =
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The pentuple generation energetic and exergetic utilization factors are defined as

o Qeva + Qcon + El‘lhw + EHHZ + Wbld

Eenp =
’ Qgeo

(7.88)

EXeva + EXcon + EXhW + EXHZ + Wbld
EXgeo

(7.89)

Eexp =

¢ Results and discussion

In present case study, we analyze a novel geothermal based integrated system for
provision of pentuple outputs namely power, cooling, heating, hot water, and
hydrogen production in a cost-effective, environmental friendly and sustainable
manner. The effects of variation in geothermal source temperature and ambient
temperature on the rate of cooling production, power generation, and energy and
exergy utilization factors are then studied.

e FEffects of geothermal source temperature

The geothermal water source temperature plays a vital role in the functioning of
the proposed integrated system. This is a parameter that lets us know whether the
geothermal water source has the capabilities to produce power or if it can only be
used for direct purposes such as cooling or heating. The increase in the geothermal
source temperature has positive effects on the rate of heat supplied to the QEARS
and adverse effects on the rate of cooling produced by the QEARS as shown in
Fig. 7.21. The rate of heat supplied to the QEARS is observed to increase from 64.9
to 68.9 kW with the rise in geothermal water source temperature from 440 to
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Fig. 7.21 Effects of geothermal source temperature on the rate of heat supplied to the VHTG and
rate of cooling produced
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500 K. The rate of cooling produced by the QEARS is noted to decrease from
311.8 to 307.8 kW with an increase in geothermal water source temperature. The
increasing trend of the heat supplied to the QEARS is observed because the increase
in the geothermal water source temperature supplies an additional amount of heat.
The driving force for any heat related problem is temperature, and as the temper-
ature difference increases, the heat supplied increases. This increase in the rate of
heat supplied to the very high temperature generator of the QEARS hurts the
performance of the refrigeration system due to the fixed condenser load. The fixed
condenser load of the refrigeration system does not allow the extra heat to be
converted into useful output because the condenser is incapable of rejecting this
excess heat. This results in a relatively higher temperature refrigerant entering the
evaporator. As the temperature difference between the inlet and outlet of the
evaporator decreases, the rate of cooling produced by the evaporator decreases. The
effects of a rise in geothermal water source temperature on the power supplied to the
building, and electrolyzer are presented in Fig. 7.22. The power supplied to the
building and the electrolyzer is observed to increase from 20.25 to 63.04 kW and
5.06 to 15.76 kW, respectively, with an increase in geothermal water source
temperature from 440 to 500 K. The increasing trends of power supplied to the
building, and the electrolyzer are noted because the increase in geothermal water
source temperature results in relatively higher temperature geothermal water
entering the double flash power plant. The rise in the supply temperature of the
geothermal water temperature helps to generate additional high temperature steam
in the flash chamber. This steam is then supplied to the turbine,producing relatively
higher power provided to the building and the electrolyzer. The effects of an
increase in geothermal water source temperature on the energy and exergy uti-
lization factors are displayed in Fig. 7.23. The energy utilization factors for single,
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Fig. 7.22 Effects of geothermal source temperature on the power supplied to the building and
electrolyzer
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Fig. 7.23 Effects of geothermal source temperature on energy and exergy utilization factors

double, triple, quadruple, and pentuple generation are noticed to be varying from
4.8 to 4.5, 7.8 to 7.4, 8.1 to 7.9, 8.2 to 8.0, and 8.5 to 9.0, respectively, with
increase in geothermal water source temperature from 440 to 500 K. The exergy
utilization factors for single, double, triple, quadruple, and pentuple generation are
noted to vary from 1.7 to 1.3, 2.3 to 1.8, 2.4 to 1.8, 2.5 to 2.0, and 3.4 to 4.3,
respectively with increase in the geothermal water source temperature. The uti-
lization factor trends show that as the number of generations increase, the system
performance is enhanced as the system can better utilize the energy source by
recovering as much energy as possible internally.

e [Effects of ambient temperature

The fluctuation in the ambient temperature can play a significant role in the
performance of any mainly heat driven system. The effect or rise in ambient tem-
perature on the energy and exergy utilization factors is presented in Fig. 7.24. The
energy utilization factors for single, double, triple, quadruple, and pentuple gen-
eration are noted to remain constant at 4.4, 7.3, 7.8, 8.0, and 8.9, respectively, with
an increase in ambient temperature from 273 to 305 K. The exergy utilization
factors for single, double, triple, quadruple, and pentuple generation are noted to
increase from 0.46 to 1.92, 0.47 to 2.79, 0.54 to 2.80, 0.82 to 3.12, and 2.98 to 5.65,
respectively, with an increase in ambient temperature. The constant behavior of the
energy utilization factors shows that energy analysis is not capable of capturing the
fluctuation in system performance due to variation in ambient temperature. On the
other hand, the increasing trend of exergy utilization factors shows that the increase
in ambient temperature is beneficial for performance enhancement of the system.
The proposed system being mainly high temperature heat driven, the increase in the
ambient temperature results in a lower temperature difference between the system
and the surrounding. As the temperature difference decreases, the exergetic heat lost
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Fig. 7.24 Effects of ambient temperature on energy and exergy utilization factors

from the system to the surrounding drops and the system is better able to utilize the
exergy provided to the system in terms of high temperature geothermal water. The
analysis also shows that the exergy utilization factor increases with an increase in
the number of useful outputs, hence indicating that with every additional useful
output the system input exergy is better utilized.

7.5 Case Study 4: Geothermal-Based Integrated System
for Standalone Building Needs

e System description

The integrated system consisting of a quadruple flash power plant (QFPP), an
electrolyzer, a quadruple effect absorption refrigeration system and an air-
conditioning process presented in this case study is illustrated in Fig. 7.25. The
integrated system studied is capable of producing hextuple useful outputs that are
power, hot water, heating, cooling, hydrogen and conditioned air (dry air). The high
temperature geothermal water source is used as an energy carrier and is first passed
through the QFPP to produce power and hot water. The net power generated by the
QFPP is then supplied to the building, the QEARS, and the hydrogen production
unit. The heat load produced by the condenser of the QFPP is used to provide hot
water for domestic use. The low to moderate temperature geothermal liquid stream
leaving the QFPP at state 20 is provided to the QEARS for heating and cooling
production. The heating produced by the QEARS is supplied to the building to meet
domestic heating loads whereas the cooling produced is divided into two parts. Part
of the cooling produced is provided to the buildings for domestic purposes, and



7.5 Case Study 4: Geothermal-Based Integrated System ... 229

(o))
St
Cy

Water Electro
Hydrogen
Storage
Cylinder

Hydrogen

Water
—_—

=
[
2
©
= =
o k<]
H T
o
)
()]
o]
o
o
2
n
kel
)
= O
<
— el
Q
c
K]
o =
X 2
Q o
| ® o
[77]
£ e
o ]
s ®| ¢
g — 3E
- c ) 84(7)
—_ © g o av:—>>~
S El L BE =TS Il
£ 2 oL S 2 o
) = 2R 9 o £
2 <] Qo > o a c
= @ <h (<]
o O] - 2| o =
-l 3 C £ = °
S 25 - g
& i S
5 =8
0
2 9. o
S @ P4
=
S o
|
]

Fig. 7.25 Schematic of the integrated system for standalone building needs

another part is supplied to the air-conditioning system for provision of cooled dry
air to cold storages. A detailed working principal and system description of QFPP
and QEARS can be found in studies conducted by Ratlamwala and Dincer (2012)
and Ratlamwala et al. (2012c), respectively. The part of the power produced by the
QFPP is supplied to the water electrolyzer,its bonds are broken into hydrogen and
oxygen. The hydrogen produced is stored in the cylinder that can be used later as
per consumer need. The air-conditioned process considered in the present study is a
cooling with dehumidification process for supply of cooled dry air. The moist air
entering at state 1 passes through the cooling coil where it comes in contact with
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low temperature coils. The low temperature coils help condensing the air and helps
with moisture loss. The relatively dry air then leaves the air-conditioning process to
be supplied to the cold, dry storage facility. The system and analysis presented in
this case study are obtained from the work done by Ratlamwala and Dincer (2013).

e Thermodynamic analysis

This section provided energy and exergy modeling of the integrated system
presented in this case study.
The net power produced by the QFPP is expressed as
Wn = erb - Wp - Wpa.rasitic (790)

Etyeo

where

Waary = 13 (h3 — ha) +1ins (hs — he) + 13 (s — hua) + ring(hig — o)
Wparasilic = 0-2(‘;[/turb - Wp) and
W, = ity (ha — hy)

Here, Wy, represents net power produced by the QFPP, Wy, represents total

power produced by the turbines, mesmc represents parasitic loses occurring in the

system and is assumed to be 20 % based on a study conducted by Ratlamwala and

Dincer (2013), Wp represents power consumed by the QEARS, h represents specific
enthalpy, and i represents mass flow rate.

In the present study, half of the power produced is supplied to the building and the

remaining half is supplied to the electrolyzer. In the electrolyzer, power supplied is
used to generate hydrogen, and the rate of hydrogen production is then calculated as

etaco

iy, X HHV

= 7.91
felec Welectmlyzer ( )

where 7. is assumed to be 56 %, HHV represents higher heating value of

hydrogen, Wee. represents power supplied to the electrolyzer, and Ty, represents
hydrogen production rate in kg/s.
The exergy content of hydrogen produced is calculated as follows:

EXp, = ity (Xt ch + €Xp1, ph (7.92)

where

236.1 x 1000

MW, and  exp, ph = [(hu, — ho) — To(su, — 50)].

eXHz ,Ch =
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Here, the value of 235.15 kJ/g-mol is taken as the exergy content of hydrogen as
given by Dincer and Rosen (2007). EXH2 » €XH, ch» €XH,,ph» MWH,,To and s, represent
exergy rate of hydrogen produced, specific chemical exergy of hydrogen, specific
physical exergy of hydrogen, molecular weight of hydrogen, ambient temperature
and specific entropy, respectively.

The energy and exergy contents of the hot water supplied to the buildings are
defined as

Enhw = ”.nhw (hhw,o - hhw,i) (793)
Exy = fithw ( (Mo — i) — To (Shwo — Shw.i) ) (7.94)

where Enp,, and Exy, represent energy rate of hot water and exergy rate of hot
water, respectively.
The rate of heat supplied to the QEARS by the QFPP is calculated as

Ovirr = i % (haoqrpp — hQEARS.0) (7.95)

where Qvnrg represents the rate of heat supplied to the very high temperature
generator of the QEARS, 71y represents mass flow rate of geothermal liquid at state
20 of the QFPP, hy orpp represents specific enthalpy at state 20 of the QFPP, and
hqears o represents the specific enthalpy of stream leaving the QEARS.

The mass balance and energy balance equations for the VHTG are given as
follows:

M36X36 = M137X37 + 1138X38 (7.96)
36 = M3y + Mg (7.97)
taghse + Qvirg = rszhsy + risghag (7.98)

where m, x, h and QVHTG represent mass flow rate, concentration of ammonia—
water mixture, specific enthalpy and rate of heat supplied to the very high tem-
perature generator of the QEARS, respectively.

The thermal exergy content of the VHTG is calculated using

. T, .
Exvurg = (1 T ) X QVHTG (7.99)
VHTG
where
T _ T36+ T57+ T3
VHIG = %

3
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The energy balance equation for the condenser is given below
tohy = rivzhy + righg + Qcon

The exergy content of condenser is calculated using

: To .
Excon = (1 - T ) X Qcon
con

where

T+ T +To

con 3
The energy balance equation of evaporator is written as

miohio + Qeva = Mmy1hyy

The exergy content of evaporator is calculated using

Exeva = <1 - T ) ) X Qeva
eva

where

T+ Ti
Tova = T

Case Studies

(7.100)

(7.101)

(7.102)

(7.103)

The mass balance equations for air-conditioning process is written as

My = My
Ty] = Ty + 1y — Wl 0] = M) + Tty
The energy balance equation is written as
iatht = Qout + ritaahy + gy,

where Qout is supplied by QEARS
The exergy balance equation is written as

. : Ty ) ) .
my1ex; — Qout (1 - 7 — M€Xy — My€Xy — BXgest = 0

(7.104)

(7.105)

(7.106)

(7.107)
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Here,

Exdest =Ty ma252 +mwsw + % — n"talsl (7108)

The energy and exergy efficiencies equations are written on the principal of
useful output over required input. The single generation energy and exergy effi-
ciencies are defined as

Wnet.geo (7. 109)

Nens = = . .
Ty grhi g — Mot grhar g — M20,g£M20 gf

Whet ,geo

(7.110)

”ex‘s == . -
" Exygr — EXo1gf — EXoogf
where 7, ¢ and 7, ; represent energy and exergy efficiencies of the single gener-

ation system.
The double generation energy and exergy efficiencies are defined as

Mend = Wnet,geo + Enhw (7 11 1)
e ml,qfhl‘qf - m21‘qfh21,qf +mwhw‘in
W, ExXpy
Nexa = chgeo + 2 (7.112)

Ex1gf — Ex21,gf + EXpy,in

where 1, 4 and 7 4 represent energy and exergy efficiencies of the double gen-

eration system.
The triple generation energy and exergy efficiencies are defined as

0 _ Wbld + Enhw + mHz th (7 1 13)
N g gty gf — 11 geha1 g + it in .
1% E E
o = T X T i, (7.114)

EXl,qf - EXZl,qf + Exhw,in

where 7, and 1, , represent energy and exergy efficiencies of the triple generation

system.
The quadruple generation energy and exergy efficiencies are defined as

Wbld + Enhw + I’th th + Qeva
ml,qfhl,qf - le,qthI,qf + mwhw,in + ma,evaha,in,eva

Nen,g = (7115)
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Wbld + EXhw + EXHZ + Exeva
Exl.qf - EXZl,qf + EXhw,in + Exa,in,eva

Nex,q = (7116)

where 7, , and nexq represent energy and exergy efficiencies of the quadruple

generation system. Qeva and Exey represent rate of cooling produced by the
QEARS and rate of exergy carried by cooling produced by the QEARS,
respectively.

The pentuple generation energy and exergy efficiencies are defined as

Wbld + Enhw + mHz th + Qeva + Qcon
ml,qfhl,qf - m2l,qfh21,qf + mwhw.in + ma,evaha,in,eva + ’/ha,conha,in,con

Henp = (7.117)

Wbld + EXhw + EXHZ + Exeva + EXcon
EXl,qf - EXZl‘qf + Eth‘in + Exa‘in,eva + EXa,in,con

Nexp = (7.118)

where 7, , and 7, , represent energy and exergy efficiencies of the pentuple
generation system.
The hextuple generation energy and exergy efficiencies are defined as

Whia + Enpy + g, in, + Qeva + Qcon + 12,al124
ml,qfhl,qf - m2l,qfh21,qf + ma,evaha,in,eva + ma,conha,in,con + mwhw,in

nen,h = (7119)

Whia 4 Exnw -+ EXp, + EXeva + EXcon + 712 4€X2.4
Hexh = = . ; - - (7. 120)
EXl,qf - EXZl.qf + EXa,in,eva + EXa.in,con + EXhw

where 1., and 7, represent energy and exergy efficiencies of the hextuple
generation system. ex; 4 represents specific exergy carried by conditioned air (dry
air).

e Results and discussion

In present case study, we present in-depth energy and exergy analyses of an
integrated system consisting of the QFPP, the QEARS, an electrolyzer and an
air-conditioning process (cooling with dehumidification) for provision of power,
hot water, heating, cooling, hydrogen and dry air. Several operating parameters are
varied to observe their effects on the performance of the system, and the results
obtained are discussed below.

o [Effects of geothermal pressure at state f2

The geothermal liquid pressure plays a significant role in studies concerning
geothermal flash systems because the amount of steam produced due to flashing is
highly dependent on the pressure of geothermal fluid exiting the first expansion
valve. The effect of an increase in geothermal liquid pressure at state f2 on net
power produced by the QFPP and the hydrogen production rate is displayed in
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Fig. 7.26 Effects of geothermal liquid pressure at state f2 on net power generation and rate of
hydrogen production

Fig. 7.26. The net power generated by the QFPP and the rate of hydrogen pro-
duction increases from 103.2 to 124.6 kW and 2.7 to 3.2 L/s, respectively, with
increase in pressure at state f2 from 500 to 1000 kPa. Such behavior is because the
increase in the pressure of stream exiting the first expansion valve helps generae
more steam out of the same amount of water as compared to stream exiting at a
lower pressure. As the amount of steam in the exit stream increases the power
produced by the turbine also increases and as a result, the net power generated by
the QFPP increases. The portion of net power produced by the QFPP is supplied to
the electrolyzer for hydrogen production, so there is a direct relation between the
increase in net power generated and hydrogen production rate. With increase in net
power generated, a greater amount of power is supplied to the electrolyzer and with
increase in power; the bond dissociation capability of the electrolyzer increases,
resulting in a higher rate of hydrogen produced.

e [Effects of geothermal source temperature

The geothermal liquid temperature is important in the integrated systems that use
geothermal liquid as an energy source. The impact of an increase in geothermal
source temperature on the net power output of the QFPP and the hydrogen pro-
duced by the system can be seen in Fig. 7.27. The net power produced and rate of
hydrogen produced are found to increase from 46.2 to 111 kW and 1.2 to 2.9 LJs,
respectively, with an increase in geothermal source temperature from 450 to 500 K.
Such behavior is because an increase in geothermal source temperature results in
higher content of energy carried by the stream and as the energy content of the
geothermal liquid being provided to the QFPP increases, the power production
capacity of the QFPP also increases. The portion of power produced by the QFPP
supplied to the water electrolyzer results in a higher rate of hydrogen production
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Fig. 7.27 Effects of geothermal source temperature on net power generation and rate of hydrogen
production

because the water electrolyzers require power to break the water bond in order to
produce hydrogen.

e [Effects of cooling load

The integrated system studied in this paper is capable of providing cooling as per
the demand, makeing it necessary to explore the impact of fluctuation in cooling
demand on the performance of the integrated system. The consequences of variation
in cooling load along with different evaporator temperatures on the provision of the
rate of heating are studied as shown in Fig. 7.28. The rate of heating provided by
the condenser of the QEARS is found to increase from 199.4 to 349.4 kW, 186.8 to
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Fig. 7.28 Effects of evaporator load and temperature on rate of heating
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336.8 kW, and 184 to 334 kW, respectively with increasing cooling demand from
150 to 300 kW for evaporator temperature of 260, 265 and 270 K. It is observed
that increasing cooling demand results in an increase in the rate of heating for a
particular evaporator temperature because increasing cooling demand for a specific
evaporator temperature can only be met by provision of comparatively lower stream
temperature entering the evaporator for steady mass flow rate. To reduce further the
temperature of the steam entering the evaporator, more heat needs to be rejected
through the condenser that is used for provide heating to the customers. The rise in
evaporator temperature decreases the rate of heating provided because for higher
evaporator temperature and fixed cooling load, lower amount of heat needs to be
rejected by the stream entering the evaporator in the condenser to meet the evap-
orator load.

e [Effects of multigeneration

This subsection sheds light on the performance improvement of the integrated
system due to multigeneration. It is known that deploying a multigeneration system
that uses a single source of energy enhances the performance of the system in terms
of efficiency. In the present study a hextuple generation integrated system is
examined that is capable of producing power, hot water, heating, cooling, hydro-
gen, and conditioned air (dry air). Figure 7.29 displays the effects of an increase in
geothermal source temperature on the exergy efficiencies of the multigeneration
systems. The exergy efficiency of the single, double, triple, quadruple, pentuple,
and hextuple generations is found to increase from 0.20 to 0.23, 0.13 to 0.24, 0.15
to 0.25, 0.17 to 0.26, 0.20 to 0.28, and 0.21 to 0.28, respectively with an increase in
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Fig. 7.29 Effects of geothermal source temperature on exergy efficiencies of the multigeneration
systems
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Fig. 7.30 Effects of geothermal liquid pressure at state f2 on exergy efficiencies of the
multigeneration systems

geothermal source temperature from 450 to 500 K. It is observed that for higher
geothermal source temperature above 475 K, the increase in number of generation
leads to higher exergy efficiency. The effect of an increase in the number of gen-
erations fades out with each additional generation and for the pentuple and hextuple
generations the exergy efficiencies are almost similar. The effects of an increase in
geothermal liquid pressure at state f2 on the exergy efficiencies of the multigen-
eration systems are presented in Fig. 7.30. The exergy efficiency of the single,
double, triple, quadruple, pentuple, and hextuple generations is found to increase
from 0.20 to 0.24, 0.23 to 0.25, 0.24 to 0.26, 0.25 to 0.27, 0.27 to 0.29, and 0.27 to
0.29, respectively, with an increase in geothermal liquid pressure at state f2 from
500 to 1000 kPa. The trend seen in Fig. 7.30 shows that increase in a number of
generations is beneficial in terms of exergy efficiency until it reaches pentuple
generation then it becomes almost similar to the hextuple generation system.
Another point observed is that as the number of generations increase, the difference
in exergy efficiency with the previous generation decreases gradually until it
reaches pentuple generation and then the difference between efficiencies become
negligible. Other potential benefits of multigeneration systems include reduced
environmental, reduced cost, reduced payback time, increased efficiency, and
greater effectiveness.



7.6 Closing Remarks 239

7.6 Closing Remarks

The current chapter presents the number of case studies pertaining to the integrated
absorption refrigeration systems with renewable energy sources for multigeneration
purposes. Energy and exergy analyses of each system are also presented to
familiarize the reader with the thermodynamic model of the integrated systems. The
parametric studies are carried out to demonstration the effects of variation in
operating parameters on the performance of the integrated systems. Also presented
in this chapter, is the efficiency analysis of the multigeneration system which shows
the effect of an increase in the number of generations on the efficiency of the
system.



Chapter 8
Developments in Absorption Refrigeration
Systems

8.1 Introduction

At present, the dominant technology in refrigeration systems around the globe is the
conventional vapor-compression cycle, known for heavy electricity consumption
due to the presence of a compressor and to the high peak loads during hot days
(Zeyghami et al. 2015; Hassan et al. 2012). Using solar energy to produce refrig-
eration and air-conditioning can provide a sustainable and an environmentally
friendly alternative to the conventional air-conditioning system (Baniyounes et al.
2013). The concept of a solar assisted refrigeration system was first presented in the
1970, during an energy crisis (Qu et al. 2010; Maidment and Paurine 2012; Kim
2008). However, with the sudden decrease in fossil fuel prices, interest in this idea
has dwindled.The only driving force currently is the environmental consequence.

An International Energy Agency (2013) report highlighted that until 2011 only
about 750 solar cooling systems were operational worldwide. Although, the number
of installed solar cooling systems is minuscule at present, recently we have again
seen a gain in interest in the solar cooling systems due to public awareness of the
need to reduce greenhouse and ozone depleting gasses coupled with an increase in
fossil fuel prices (Baniyounes et al. 2013).

The present chapter highlights the recent developments and potential applica-
tions in the area of absorption refrigeration systems. This chapter provides an
overview of the studies carried out concerning advanced multigeneration systems,
novel ARS mixtures and novel ARS designs.
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8.2 Advanced Solar-Based Absorption Refrigeration
Systems

This section deals with advancements in the area of solar driven absorption
refrigeration systems. Sauceda et al. (2011) carried out a numerical design and
simulation study of a parabolic trough solar collector assisted absorption cooling
system and found out that under particular design conditions, the COP of the
integrated system and the global efficiency of the system are 0.87 and 0.54,
respectively. A dynamic model of a novel integrated parabolic trough collector and
double effect absorption chiller for solar heating and cooling were presented by
Calise (2012). The results obtained from the analysis highlighted that the combined
system can give tough competition to the conventional systems in the majority of
the locations studied. However, the hottest climates provide the best economic
profitability. A mathematical model for the optimal COP prediction of a solar
refrigeration system for ice production using a different technique was presented by
Hernandez et al. (2012). A dynamic simulation study of a solar collector assisted
single effect absorption cooling system coupled to a hot storage tank was presented
by Eicker et al. (2012). The results obtained were validated by comparing the
simulated results with the experimental data obtained from an installed 15 kW solar
cooling system and office building. Islam et al. (2015) presented a novel solar-based
multigeneration system including thermoelectric generator as shown in Fig. 8.1.
A unique cooling system of PV (photovoltaics) panels incorporating thermoelectric
generator and cooler was developed to improve the efficiency. The heat rejected

Solar Collectors W:(:; . Organic Rankine Cycle |——»  Electricity
—»  Domestic Hot Water
Return Hot
Electricity Hot Water Heat
Water
Heat Pump Absorption

Refrigeration System

Heat Cooling

Hot Water [ Hydrogen

Electrolyzer

—» Oxygen

Fig. 8.1 Flow diagram of a solar based integrated system for multigeneration (modified from
Islam et al. 2015)
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while the operation of thermoelectric devices was conserved through innovative
design of fluid flow across the low and high temperature junctions. The operating
conditions and their influence on energy and exergy efficiency of the overall system
and PV panels, and work done by thermoelectric devices were examined. The
energy and exergy efficiencies of the PV panels and the overall system improved
significantly, after incorporating thermoelectric generation. The maximum work
done by the thermoelectric generator and cooler was increased considerably, by
increasing the temperature of solar heat transfer fluid.

A dynamic simulation model of a solar driven absorption chiller was applied
successfully to a Rotartica chiller that differs in design from a conventional
absorption chiller by Evola et al. (2013). An innovative solar-based small-cooled
absorption diffusion chiller working with light hydrocarbon was modeled and
studied by Sayadi et al. (2013). In this study, the authors found that the total cost of
the proposed system was 1.6 €/kWh produced which is very reasonable in the
current scenario. Several researchers have carried out modeling and analysis of a
solar driven single-stage absorption cooling system for building cooling, and re-
frigeration needs around the world while using LiBr/water (Parene et al. 2011; Fong
et al. 2012; Molero-Villar et al. 2012; Sarabia et al. 2011) and ammonia/water
(Ozgoren et al. 2012; Al-Alili et al. 2012; Said et al. 2012) as working fluids.
Suleman et al. (2014) in their paper proposed a new integrated, solar and
geothermal energy-based system for multigeneration applications, which comprises
two ORC (organic Rankine cycles) for power generation, an absorption chiller
cycle for cooling production and a drying system to dry wet products. Also, some
useful heat is recovered from the condensers of the ORC for heating applications.
To determine the irreversibility, almost all system components are examined
energetically and exergetically. The overall energy and exergy efficiencies of the
system are found to be 54.7 and 76.4 %, respectively. Moreover, to analyze the
system efficiently, parametric studies are also performed to observe the effects of
different substantial parameters namely inlet pressure and temperature of the ORC
turbine, and reference environment temperature to investigate the variations in the
system performance regarding the energy and exergy efficiencies. A novel parabolic
trough collector driven organic Rankine cycle and absorption cooling system
capable of producing cooling, heating and power was presented by Al-Sulaiman
et al. (2012) as shown in Fig. 8.2. The proposed novel system used a portion of
waste heat in a heat exchanger to provide heating and the other portion in an
absorption cooling system for cooling production. Three modes of operation,
namely, a solar mode, a solar and storage mode and a storage mode were con-
sidered in the analysis. The results obtained showed that the maximum electrical
efficiency achieved for the solar mode, the solar and storage mode, and the storage
mode was 15, 7, and 6.5 %, respectively.

At Carnegie Mellon University, a solar driven cooling and heating system working
with LiBr/water mixture was developed by Qu et al. (2010). The experimental result
obtained showed that the system is capable of meeting 39 % cooling and 20 %
heating energy needs of the building space. An outdoor solar driven absorption
cooling system with a cold storage was evaluated by Agyenim et al. (2010) and found
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Fig. 8.2 Flow diagram of an integrated renewable energy system for multigeneration (modified
from Suleman et al. 2014)

that the system can provide chilled water at 7.4 °C with an average COP of 0.58.
Monne et al. (2011) presented the operation of a solar driven absorption cooling
system design to solve the overheating problems of already installed solar fields. For
an averaged cooling load of 3.5-5.8 kW, the schieved COP of the system was around
0.5. A performance analysis of a commercial solar cooling facility using absorption
cooling system for one summer season was performed by Venegas et al. (2011). The
results obtained showed that the solar irradiance, wind velocity, and wind direction
played a pivotal role in the daily cooling produced and the daily average solar
COP. A compact solar cooling system capable of meeting small cooling needs was
fabricated by Achuthan et al. (2011). The COP of the system was improved from 0.3
to 0.6 by the introduction of the micro-nozzles in the evaporator and the absorber. The
experimental analysis of a direct air-cooled absorption cooling system for solar
air-conditioning was performed by Gonzalez-Gil et al. (2011). Moreno-Quintanar
et al. (2012) carried out a comparative experimental analysis of a solar absorption
cooling system for ice production working with ammonia/lithium nitrite and
ammonia/lithium nitrite/water solution. The analysis showed that the system is
capable of providing cooling at as low as 8 °C while the COP of the ternary mixture is
up to 24 % higher than that obtained for binary mixtures. An innovative prototype of
a solar-based direct air-cooled absorption cooling system for residential use was
developed and studied by Lizarte et al. (2012). The system provided a lowest cooling
temperature of 14.3 °C at a COP of 0.53. An experimental analysis of a mini-type
absorption cooling system with a capacity of 4.6 kW and a COP of 0.31 during
continuous 9 h of operation was presented by Yin et al. (2012). A COP of 0.8 for an
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enhanced solar driven open absorption cooling system for dehumidification and
air-conditioning purposes was obtained by Gommed and Grossman (2012).
A comparative experimental performance evaluation of two solar-based air-cooled
absorption cooling systems was carried out by Lizarte et al. (2013). The prototype and
the commercial chiller provided cooling at 16 and 18 °C, respectively with mean
daily COP of 0.62 and 0.55 for prototype and commercial chiller, respectively.
Several researchers (Yin et al. 2013; Rosiek et al. 2012; Prasartkaewa and Kumar
2013; Le Lostec et al. 2012) have carried out an experimental evaluation of a com-
mercial absorption cooling system using solar radiation as an energy source. Khalid
et al. (2015a) studied three newly developed systems for heating and cooling appli-
cations in buildings as displayed in Fig. 8.3.

Energy and exergy analyses were performed to assess the performance of the
heating, cooling and overall systems for each case. The overall system energy
efficiency was found to be highest for the natural gas operated system with a vapor
absorption chiller (system 1) at 27.5 % and lowest for the photovoltaic (PV) and
solar thermal operated system with vapor-compression chiller (system 3) at 19.9 %.
The overall system exergy efficiency was found to be highest for the PV and solar
thermal operated system with vapor-compression chiller (system 3) at 3.9 % and
lowest for the PV and solar thermal operated system with heat pump (system 2) at
1.2 %, respectively.

8.3 Solid Oxide Fuel Cell-Based Multigeneration Systems

Chitsaz et al. (2015) conducted greenhouse gas emission assessment and exergy
analyses of an integrated trigeneration system driven by a solid oxide fuel cell
(SOFC) as shown in Fig. 8.4. The results obtained showed that the maximum
energy efficiency enhancement of 46 % is when the SOFC is used as the primary
mover for the trigeneration system compared to the case when the SOFC is used as
a standalone unit. The unit CO, emission (in kg/MWh) is considerably higher for
the case in which only electrical power is generated. This parameter is reduced by
half when the system is operated in a trigeneration mode. The main sources of
irreversibility are observed to be the air heat exchanger, the SOFC, and the after-
burner. Tippawan et al. (2015) examined an integrated SOFC (solid oxide fuel cell)
system with an absorption chiller that uses heat recovery of the SOFC exhaust gas
for combined cooling, heating, and power production (trigeneration) through
energy, and exergy analyses as shown in Fig. 8.5. The system consists of an ethanol
reformer, SOFCs, an air preheater, a steam generator, and a double effect LiBr/H,O
absorption chiller. To assess the system performance and determine the irre-
versibility in each component, a parametric study of the effects of changing the
current density, SOFC temperature, fuel use ratio and SOFC anode recirculation
ratio on the net electrical efficiency, and the efficiency of heating cogeneration,
cooling cogeneration, and trigeneration were presented.
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Their study shows that in the trigeneration plant, there was at least a 32 % gain
in efficiency, compared to the conventional power cycle. This study also demon-
strates that the proposed trigeneration system represents an attractive option to
improve the heat recovery and enhance the exergetic performance of the
SOFC-based systems. Ozcan and Dincer (2015) conducted thermodynamic analy-
ses of an internal reforming solid oxide fuel cell (IR-SOFC) system using three
different practical gasifier products as shown in Fig. 8.6.

The syngas products from bubbling fluidized bed (BFB), circulating fluidized bed
(CFB), and dual fluidized bed (DFB) gasifiers were considered and comparatively
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Fig. 8.6 Flow diagram of an integrated SOFC system for multigeneration (modified from Ozcan
and Dincer 2015)

studied. Fuels from the ThermoChem bubbling fluidized bed gasifier (TRI), CUTEC
circulating fluidized bed gasifier, and SilvaGas&Taylor dual fluidized bed gasifiers
were also considered. An SOFC-based integrated system was then proposed to use
relatively high temperature waste heat from SOFC unit by producing power, water
heating, and space cooling. The proposed system consists of (a) an internal reforming
SOFC unit, (b) an organic Rankine cycle (ORC) working with Toluene, (c) an
absorption chiller cycle, and (d) a water heating unit connected to an ORC condenser.
Energy and exergy efficiencies of subunits and overall system were comparatively
evaluated considering irreversibility of the system components for the best fuel
performance. The TRI-fueled SOFC system showed the best energy and exergy
efficiencies with lowest exergy destructions throughout the trigeneration system.
Energy and exergy efficiencies of the SOFC system were determined as 42.2 and
36.5 %, respectively. A 24.6 kW of additional power production from the
ORCcycle, 69.9 kW of heating energy production from water heating, and 22.1 kW
of cooling load from AC cycle are obtained by the system integration. Furthermore,
the system integration for exhaust gas utilization enhances the energy and exergy
efficiencies up to ~78 and ~ 50 %, respectively.

8.4 Biomass-Based Multigeneration Systems

Wang et al. (2015) performed energy and exergy analyses of an integrated com-
bined cooling, heating, and power generation (CCHP) system with biomass air
gasification as shown in Fig. 8.7. Operational flows for three work conditions:
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Fig. 8.7 Flow diagram of the biomass integrated gasification and combine generation system
(modified from Wang et al. 2015)
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summer, winter, and the transitional seasons were presented. The results obtained
from the case studies demonstrated that the energy efficiencies in the three work
conditions are 50.00, 37.77, and 36.95 %, whereas the exergy efficiencies are 6.23,
12.51, and 13.79 %, respectively. Destruction analyses of energy and exergy
indicate that the largest destruction occurs in the gasification system, which
accounts for more than 70 % of the total energy and exergy losses. Annual per-
formance shows that the proposed biomass-fueled CCHP system reduces biomass
consumption by 4 % compared with the non-use of a heat recovery system for high
temperature product gas. Khalid et al. (2015b) studied a biomass and solar inte-
grated system for multigeneration of useful outputs as presented in Fig. 8.8. Energy
and exergy analyses were used to assess the performance of the cycle, and the
effects of various system parameters on energy and exergy efficiencies of the overall
system and its subsystems were examined. The overall energy and exergy effi-
ciencies of the system were found to be 66.5 and 39.7 %, respectively.
Furthermore, the effects of variation in the reference environment temperature on
energy and exergy efficiencies for the system, when operated only on biomass and
solar energy were investigated.

Malik et al. (2015) presented a renewable energy-based multigeneration system
as shown in Fig. 8.9. Two renewable sources of energy, biomass and geothermal,
are combined to deliver five useful outputs for residential applications. The energy
products from the biomass sources are used to drive an organic Rankine cycle and a
vapor absorption chiller and further used to dry the wet material in an industrial
dryer.

The outlet water flows from the separators and the steam turbine were used to
heat water used in households. Liquefied gas was produced through the Linde—
Hampson liquefaction cycle, in which the compressor was directly coupled to the
organic Rankine cycle turbine. The energy efficiency of the system was found to be
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Fig. 8.9 Flow diagram of the developed multigeneration system (modified from Malik et al.
2015)

56.5 % and the exergy efficiency 20.3 %. The largest exergy destructions were
found to occur in both the combustion chamber and the boiler. The variations in
exergy efficiencies and exergy destructions for the system components were
determined with respect to the changes in the reference environment temperature
and other major system parameters.
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Fig. 8.10 Flow diagram of the multigeneration energy production system (modified from Ozturk
and Dincer 2013)

8.5 Fossil Fuels-Based Multigeneration System

Ozturk and Dincer (2013) proposed multigeneration energy production system
allows higher efficiency by integration of different systems for recovering the
highest possible exergy of the energy input as displayed in Fig. 8.10. The coal
gasification system was integrated with a solar power tower to use the concentrating
solar energy. The clean syngas produced from the system was stored for the con-
tinuous power production. Energy and exergy efficiencies of each subsystem were
studied to show the system performance under the chosen conditions and also how
to approach the ideal case. The results obtained from their study show that the
energy and exergy efficiencies of the subsystems vary between 19.43-46.05 % and
14.41-46.14 %, respectively, and the multigeneration system has the maximum
energy and exergy efficiencies of 54.04 and 57.72 %, respectively.

8.6 Novel ARS-Based Combined Heating and Power
Generation Systems

A parametric analysis of an integrated organic Rankine and absorption refrigeration
cycle capable of producing both power and cooling was presented by Padilla et al.
(2010). In this study, the maximum energy and exergy efficiencies for an absorber
temperature of 30 °C were obtained to be 20 and 72 %, respectively, for variation in
heat source temperature from 90 to 170 °C. Several combined cooling, heating, and
power generation systems integrated with renewable energy sources to meet the
energy needs of a grid isolated island in Singapore were studied by Chua et al. (2014).
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A vast range of prime movers such as microturbines, solar photovoltaics, solar
Stirling dish, fuel cell, and biomass integrated with absorption cooling systems were
studied at differing levels of renewable energy penetration. The primary energy was
reduced for each case, and high renewable penetration (40 %) corresponded to the
largest potential reduction in CO, emissions, but the increased capital costs, in this
case, resulted in a net projected economic loss (Cho et al. 2014). Fong and Lee (2015)
presented technical effectiveness investigation of the separate or integrated provision
of solar cooling and heating for use in a typical low-rise residential building in
subtropical Hong Kong. Through results obtained year-round, the dynamic simulation
showed that the integrated provision could have annual primary energy saving of
13.5 % against the separate provision. The effectiveness of the integrated provision
was further verified through two energy-saving scenarios, with energy reduction by
17.7 and 18.0 %, correspondingly, as compared to the separate provision. Under the
synergistic effect of centralized thermal harness and storage, the integrated solar
cooling and heating is more appropriate for typical low-rise residential application in
Hong Kong and other countries with the same weather as Hong Kong. Chen et al.
(2015) presented a thermodynamic analysis of a novel absorption—compression
refrigeration system using a mid-temperature heat source for freezing applications, as
shown in Fig. 8.11. The results obtained from the analysis showed that the coefficient
of performance of the proposed system was 0.277, which was approximately 50 %
higher than that of a conventional two-stage absorption refrigeration system.
Chaiyat and Kiatsiriroat (2015) presented an experimental analysis of a com-
bined cooling heating and power generation from organic Rankine cycle and
absorption system as shown in Fig. 8.12. The study was focussed on feasibilities of
energy, economic, and environment of a method to enhance an organic Rankine
cycle (ORC) efficiency by combined cooling heating and power generation from an
absorption system for reducing the ORC condenser temperature. The analysis
showed that the ORC with the absorption system gave higher total efficiency
compared with the normal ORC. The ORC efficiency could be increased by 7 %,
with 15 °C of water cooled temperature supplied from the absorption system. But,
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in terms of the economic result, an LEC (levelized electricity cost) of the modified
system was around 0.0891 USD/kWh, which was higher than that of the normal
system at around 0.0669 USD/kWh. In terms of the environmental impact, a
released carbon dioxide intensity of the new unit was lower than the normal unit at
around 0.203 and 0.216 kg CO, eq/kWh, respectively.

8.7 Novel ARS Designs

Che et al. (2015) performed an energy analysis of an absorption—compression
refrigeration system driven by a mid-temperature heat source for low temperature
applications. The results obtained from the analysis showed that the coefficient of
performance and the cooling capacity per unit mass of flue gas reached 0.357 and
84.18 kJ/k, respectively. The results of a process energy analysis showed that the
cycle coupling configuration of the proposed system enhances its cascade energy
use. A comprehensive comparison with a heat-driven double-stage compression
refrigeration system was also carried out to display the advantages of the proposed
system. In the area of an advanced absorption cooling systems, a low temperature-
based half-effect absorption cooling systems was studied by Kim and Ferreira
(2009). This study was aimed at developing an air-cooled absorption cooling
system capable of integrated with low-cost flat plate solar collector for the provision
of solar cooling in dry and hot regions. The results obtained reflected that the
system is capable of providing cooling at 7.0 °C with a COP of 0.37.

A novel absorber—generator heat exchanger-based absorption cooling system
was proposed by Xu et al. (2013). The result obtained from the simulation depicted
that the innovative cycle can work in single effect, 1.n effect, and double effect
mode with generator temperatures in the ranges of 85-93 °C, 93-140 °C, and 140-
150 °C, while having COPs of 0.75, 0.75-1.08, and 1.08-1.25, respectively.
A thermodynamic analysis of multi effect absorption cooling system was performed
by Gomri (2010), in which it was found that the COP of double effect system can be
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Fig. 8.13 Schematic diagram of the novel auto-cascade absorption refrigeration system (adapted
from He et al. 2015)

approximately twice the COP of the single effect system, and the COP of the triple
effect system can be almost be three times the COP of the single effect system. He
et al. (2015) presented simulation study of a novel auto-cascade absorption re-
frigeration (ACAR) system for precooling of LNG liquefaction as shown in
Fig. 8.13. Under the actuating heat with a temperature of 122.5 °C, a minimum
refrigeration temperature of —52.9 °C is obtained by the ACAR system. An
experimental coefficiency of performance value of the ACAR system reaches 0.011
with a refrigeration temperature of —52.9 °C. For an absorption refrigeration sys-
tem, used for reliquefaction of a LNG bulk gas carrier by using engine exhaust heat
with a temperature of 145 °C, the required minimum value of COP is about 0.05
with a refrigeration temperature of —30 °C. However, under the actuating heat with
a temperature of 120 °C, the minimum value becomes about 0.023 with a refrig-
eration temperature of —53 °C. Therefore, the performance of the experimental
ACAR prototype is approaching the basic requirements for reliquefaction of a LNG
bulk gas carrier, which could utilize engine exhaust heat. Based on the theoretical
COP values of the ACAR system, it is found that its energy saving could be
equivalent to that of an ammonia/water absorption refrigeration system for pre-
cooling of LNG liquefaction. The experimental analysis of a novel solar pump-free
lithium bromide absorption refrigeration system with a second generator was pre-
sented by Yaxiu et al. (2008). The innovative system significantly enhanced the
performance of the conventional absorption cooling system with the help of the
increase in the temperature drop of the chilled water and decrease in the outlet
temperature of the chilled water while providing COP close to 0.8. A solar/gas
cooling plant at the Engineering School of Seville (Spain) was evaluated by
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Bermejo et al. (2010). The system consisted of 174 kW capacity double effect
absorption cooling system integrated with Fresnel solar collectors. The system
operated with an average daily COP of 1.1-1.25 while gaining 75 % of required
heat from the solar energy. Du et al. (2012) developed and analyzed a prototype of
2 kW an air-cooled solar double-stage absorption cooling system. The experimental
results indicated that the prototype operates smoothly and steadily and provides
COP of 0.21 when it is driven by 85 °C hot water with an evaporating temperature
of 8 °C and an ambient air temperature of 29 °C, respectively.

8.8 Advanced Numerical and Optimization Studies
of ARS

Jain et al. (2015) performed the thermodynamic analysis and parametric study of a
low temperature vapor-compression-absorption system (VCAS) based on modified
Gouy-Stodola equation. The results obtained showed that the optimum cascade
condenser temperature is found to be —13 °C for 175 kW refrigeration capacity at
an evaporator temperature of —45 °C and condenser temperature of 35 °C.
A comparative study of a two-stage vapor-compression system (TSVCS) used for
low temperature refrigeration applications with VCAS shows that at the design
point, primary energy consumption is reduced by 60.6 % and electrical COP is
improved by 153.6 % in VCAS as compared to conventional TSVCS. But the total
irreversibility rate of VCAS is 38.4 % higher than the TSVCS due to the use of
low-grade energy in vapor absorption system and hence the rational efficiency of
VCAS is 14 % low. Gebreslassie et al. (2012) performed a multi-objective opti-
mization study of a solar driven absorption cooling system with an aim of reducing
the total cost of the cooling and its contribution to the global warming. Hu and Cho
(2014) proposed new a stochastic multi-objective optimization model to optimize
the operation strategy of combined cooling, heating and power generation systems
for variable climate conditions using operational cost, primary energy consumption,
and carbon dioxide emissions. In this mode, they inserted the probability constraints
into the stochastic model to guarantee that the proposed optimized operation
strategy is reliable to satisfy the stochastic energy demand. Xu et al. (2015) de-
veloped a stochastic multi-objective optimization model to improve the design
robustness and validate the usage of deterministic approaches used in the opti-
mization of solar absorption cooling and heating generation systems. Xu et al.
(2015) applied this proposed model to optimize a cogeneration system with respect
to the life-cycle energy, economic, and environment performances as uncertain
parameters. The comparative analysis showed that the results are very close within
10 % of the maximum variation between deterministic and stochastic optimiza-
tions. Ajib and Giinther (2013) developed two prototypes of absorption cooling
systems of small capacity. After measuring the first prototype, the chillers were
redesigned to reduce internal heat losses and make the heat and mass transfer over
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the surfaces of the shell and tube heat exchangers more effective. A comparative
study of the performance assessment of the absorption refrigeration systems with
internal and external storages was presented by Soutullo et al. (2011). The results
obtained showed that similar solar fractions can be reached for both the systems, but
the conventional storage technique requires a larger storage space. Marc et al.
(2012) suggested a simplified numerical model capable of assessing the perfor-
mance and controlling the operation condition of a solar assisted absorption chiller.
The reasonable agreement achieved between the presented model and the experi-
mental results in the study paves the way for the use of model not only to design an
installation,but also to follow and control its performances. A dynamic distributed
generation dispatch strategy was proposed by Flores et al. (2014) to lower the cost
of building energy. The proposed technique was applied to simulate several modes
of operation, such as electric load, thermal load, peak shaving, peak shifting, or
base-load operation. The results obtained showed that the proposed dispatch
technique is more effective than more traditional dispatch techniques. Palacin et al.
(2011) presented an improvement in an existing solar driven absorption cooling
system by employing multi-regression fit and dynamic simulation. Du et al.
(2015) presented an intuitional graphical analysis to identify the characteristics of
different cycles with different internal heat recovery strategies and to find out the
key points that have a significant influence on internal heat recovery. The results
obtained from the advanced analysis show that the saturated feed condition is the
optimal feed condition due to the minimum irreversible loss of heat and mass
transfer and reducing the heat flow rate in the pocket of the background process
contributes to the heat integration between the column and background processes.
The two key points on internal heat recovery can be the operating direction of
internal heat recovery for system performance improvement.

8.9 Novel Working Mixtures

Apart from innovative designs and integrations, several researchers have focussed on
introduction new working mixtures to avoid some of the drawbacks associated with
the conventional LiBr/water and ammonia/water-based absorption cooling systems.
Alvarez et al. (2015) carried out performance analysis of a triple effect absorption
cooling cycle using aqueous (lithium, potassium, sodium) nitrate solution as a
working pair. Results show that the Alkitrate triple effect cycle has a slightly higher
efficiency as compared to the H,O/LiBr triple effect cycle at generator temperatures
of over 180 °C. Moreover, the practical operation of a H,O/LiBr triple effect cycle at
temperatures higher than 180 °C is observed to suffer from problems related to
thermal stability and corrosion of the working pair. An evaluation of a monomethyl
amine/water-based solar absorption cooling system for milk cooling was performed
by Pilatowsky et al. (2004) and found that the system provided cooling at reasonable
COPs while operating at low generator temperatures. He et al. (2009) performed a
comparative analysis of a single-stage absorption cooling system working with
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refrigerant-dimethyl fumarate mixtures at low generator temperatures. The results
show that the system operating with R134-dimethyl fumarate presented the best
results for those mixtures studied in the paper. A solar-based diffusion—absorption
cooling system using R124-dimethylacetmaide as working solution was investigated
by Ben Ezzine et al. (2010). The results obtained from the analysis showed that the
proposed solution can deliver cooling at high COP and can be an attractive alternative
to the ammonia/water mixture. A numerical and experimental analysis of a horizontal
tube falling film generator working with ammonia/lithium nitrite mixture was carried
out by Herrera et al. (2010). Zhang and Hu (2011) performed thermodynamic
analysis of an absorption cooling system working with water and ionic liquid
1-ethyl-3- methylimidazoliumdimethyl phosphate. The results obtained showed that
the COP of the proposed system was slightly lower than that of a LiBr/water system
but with the benefit of working with low generator temperatures. With an
advancement in technologies, the researcher have begun performing experimental
investigations of absorption cooling systems working with innovative mixtures. An
innovative ammonia/lithium nitrate-based solar absorption cooling system with the
capacity to deliver 8 kg of ice/day was developed and studied by Rivera et al. (2011).
The system consisted of a cylindrical parabolic collector behaving as a generator—
absorber was capable of delivering evaporator temperature as low as 11 °C with a
COP of 0.08. A novel diffusion—absorption cooling system operating with
ammonia/helium/lithium nitrate-based ternary mixture was developed by Wang
(2011). An experimental investigation of a bubble pump operated diffusion—ab-
sorption cooling system using light hydrocarbons as working fluid for solar cooling
applications was performed by Ezzine et al. (2010). The system was capable of
producing cold at temperatures ranging between —10 and 10 °C for a generator
temperature ranges of 120—-150 °C which have COPs ranging from 0.1 to 0.17. The
heat and mass transfer analysis of a compact generator of R134a/dimethyl fumarate
absorption refrigeration system was performed by Balamurugan and Mani (2012) in
which they proposed empirical correlations for the Nusselt and Sherwood numbers.

8.10 Closing Remarks

The current chapter presents an overview of recent advancements and developments
taking place in the area of absorption refrigeration systems and their potential
applications in various sectors ranging from residential to industrial . This chapter
also discusses the introduction of advanced fluids and innovative novel designs in
the field of absorption refrigeration system for various systems and applications.
Furthermore, several multigeneration systems are also presented to highlight the
usefulness of the ARS for producing multi-commodities, beyond cooling, with
power generation, heating, hot water, desalination, hydrogen and synthetic fuels.
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