Green Energy and Technology

fr '.. i,
Ibrahim Dincer ® '

Tahir Abdul Hussain Ratlamwala




Green Energy and Technology



More information about this series at http://www.springer.com/series/8059


http://www.springer.com/series/8059

Ibrahim Dincer
Tahir Abdul Hussain Ratlamwala

Integrated Absorption
Refrigeration Systems

Comparative Energy and Exergy Analyses

@ Springer



Ibrahim Dincer Tahir Abdul Hussain Ratlamwala

Department of Automotive, Mechanical Department of Mechatronics Engineering
and Manufacturing Engineering Shaheed Zulfikar Ali Bhutto Institute

University of Ontario Institute of Science and Technology
of Technology Karachi, Sindh

Oshawa, ON Pakistan

Canada

ISSN 1865-3529 ISSN 1865-3537 (electronic)

Green Energy and Technology

ISBN 978-3-319-33656-5 ISBN 978-3-319-33658-9  (eBook)

DOI 10.1007/978-3-319-33658-9
Library of Congress Control Number: 2016938410

© Springer International Publishing Switzerland 2016

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained herein or
for any errors or omissions that may have been made.

Printed on acid-free paper

This Springer imprint is published by Springer Nature
The registered company is Springer International Publishing AG Switzerland



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


http://dx.doi.org/10.1007/978-3-319-33658-9_1
http://dx.doi.org/10.1007/978-3-319-33658-9_2

vi Preface

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 T 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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Fig. 1.12 Schematic of double-effect absorption refrigeration system



