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Abstract

Abstract

This thesis presents an in-depth analysis of advanced modifications of absorption refrigeration
systems, with the primary aim of enabling these systems to operate at reduced evaporator
temperatures while achieving higher performance. This detailed study marks a significant
advancement in refrigeration technology, specifically in the realm of cascade compression
absorption refrigeration systems and the advancement of standalone ARC. The goals of this
research are to collectively address critical challenges faced by traditional refrigeration cycles,
such as energy inefficiency, high compressor power requirements, and environmental concerns,

through a comprehensive approach.

The research encompasses the development and simulation of sophisticated cascade compression-
absorption refrigeration setups and novel stand-alone absorption system frameworks. Initially, the
study focuses on the integration of modified ARC (Absorption Refrigeration Cycle) and advanced
RAC (Recompression Absorption Cycle) with enhanced VCRSs, incorporated with an ejector to
develop advanced proposed novel cascaded configurations: Ejector Compression Absorption
Cycle (ECAC), Ejector Injection Compression Absorption Cycle (EICAC), Ejector-Compression
Recompression Absorption Cycle (E-CRAC) And Ejector enhanced vapor-Injection Compression
Recompression Absorption Cycle (EI-CRAC). Furthermore, the study pioneers the adaptation of
novel stand-alone absorption system frameworks, incorporating ejector-injection and
recompression technologies to develop Refrigerant Ejector enhanced Recompression Absorption
Cycle (RE-RAC) and Vapor Injection enhanced Recompression Absorption Cycle (VI-RAC).
Both the advanced cascaded and stand-alone configurations undergo extensive analysis from
energy and exergy perspectives, coupled with multi-objective optimization. Utilizing Artificial
Neural Network (ANN)-based predictive models, the research meticulously assesses thermal
performance, establishing optimal operating conditions and identifying operational limits. This
comprehensive evaluation offers profound insights into the systems' behaviors across a spectrum
of conditions, enriching our understanding of their potential and constraints in various application

scenarios.

The findings reveal that the proposed systems significantly outperform traditional systems in terms
of Coefficient of Performance (COP) and exergy efficiency. Specifically, ECAC and EICAC

systems achieve approximately 15% and 6% higher COP, respectively, compared to conventional
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Abstract

cascade systems when using the R41-LiBr/H20 refrigerant. Additionally, EICAC and ECAC show
significant improvements in exergy efficiency, up to 20% and 10%, respectively, with optimal
performance around 77°C generator temperature. Furthermore, the research explores RAC based
proposed cascaded systems: one basic CRAC and two advanced configurations: E-CRAC and El-
CRAC. They significantly outperform the traditional CARC system, with the COP being nearly
three times higher. EI-CRAC and E-CRAC show a COP enhancement of about 10% and 20%,
respectively, along with an increase in exergy efficiency of 15% and 25% over CRAC, indicating
superior efficiency in cooling operations. Finally, this research introduces novel stand-alone
recompression absorption refrigeration systems integrating ejector-injection setup to replace
expansion valves (RE-RAC and VI-RAC). RE-RAC and VI-RAC significantly outperform
conventional ARC and RAC systems. The COP of RE-RAC and VI-RAC is 76% and 63% higher
than the conventional RAC system, respectively, despite RE-RAC requiring more external heat

generation due to VI-RAC’s additional compressor demands.

This research contributes novel insights into the field of refrigeration by analyzing the integration
of advanced absorption and compression technologies, providing a pathway for the development
of more efficient and environmentally friendly refrigeration systems. The comprehensive analysis
from both energetic and exergetic perspectives offers valuable guidance for future improvement
and optimization, potentially revolutionizing cooling applications with lower environmental
impact. Implementing these systems in real-life scenarios, such as power plants and various
industries (e.g., textile, manufacturing, steel), can enhance waste heat utilization by achieving
lower evaporator and generator temperatures with higher performance, making them suitable for

efficiently using low-grade energy.
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Chapter 1: Introduction

Chapter 1: Introduction

1.1 Refrigeration system

Technological advancements and accelerating population growth have fueled a critical demand for
more efficient and environmentally sustainable refrigeration technologies. Refrigeration systems
are crucial in modern life, significantly impacting our living conditions, food preservation, and
coping with extreme weather. These systems play a vital role in maintaining healthy living
environments and are key to global economic stability, primarily by preserving food. By slowing
down metabolic processes, refrigeration effectively hinders the growth of harmful microorganisms
in food, allowing for safe storage without relying on chemical preservatives. Refrigeration plays a
vital role in both domestic activities and numerous industrial processes, such as natural gas
liquefaction, chilled water provision, pharmaceutical storage, and freezing procedures [1]. The

field of application of refrigeration and cooling technology is illustrated in Figure. 1-1.
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Figure. 1-1: Field of application of Refrigeration and Cooling [2]

According to IEA, cooling will account for 30% of worldwide power consumption by 2050 [3].

This dependence on energy production primarily fueled by fossil fuels [4] exacerbates

3|Page



Chapter 1: Introduction

environmental concerns, including global warming, CO2 emissions, ozone depletion, and
pollution associated with chlorofluorocarbons (CFCs) [5], [6] With the rapid industrialization and
increasing quality of life around the world, the demand for energy is surging. To meet this growing
need, it's essential to enhance and modify these systems to use electricity more efficiently. This
will ensure that refrigeration systems can continue to provide their crucial benefits while

minimizing their environmental impact and energy consumption.

1.2 Methods of Refrigeration

The methods of refrigeration can be classified into several categories based on the techniques and

principles they employ. These include:
1. Cyclic Refrigeration
a) Mechanical Compression Refrigeration:

e Principle: This method employs a vapor-compression cycle, which involves
compressing a refrigerant, condensing it into a liquid, expanding it, and then evaporating

it to absorb heat.

e Components: Key components include a compressor, condenser, expansion valve, and

evaporator.

e Applications: Widely used in household refrigerators, air conditioners, and large-scale

cooling facilities.
b) Absorption Refrigeration:

e Principle: This method relies on the absorption of a refrigerant by a liquid absorbent;
the combined fluid is then separated under heat, and the refrigerant is condensed and

evaporated to cause cooling.

e Components: The main components include an absorber, generator, pump, condenser,

and evaporator.

e Applications: Suitable for situations where heat is more readily available than

electricity, such as industrial waste heat recovery systems.
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2. Non-Cyclic Refrigeration:

a) Evaporative Cooling:
e Principle: Utilizes the heat absorbed by water as it evaporates to lower the temperature
of the air.

e Components: Consists of a water source, absorbent pads or surfaces, and a fan.

e Applications: Common in dry climates for cooling buildings and in industrial
processes.

b) Ice and Dry Ice: These traditional methods rely on the latent heat of fusion or
sublimation to absorb heat. Ice melts at 0°C (32°F), absorbing heat from its surroundings,

while dry ice (solid carbon dioxide) sublimates directly from a solid to a gas at -78°C (-
109°F), providing even greater cooling power.
3. Other Methods:

a) Thermoelectric Refrigeration:

e Principle: Based on the Peltier effect, where heat is absorbed or released when an

electric current passes through two different materials. The illustration is shown in

Figure 1-2 [7].

Hot side —

Electrical connection

Cold side

Interconnect —
Figure 1-2: Hllustration of Thermoelectric Refrigeration System [8]
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e Components: It mainly consists of Peltier modules and heat sinks.

e Applications: Used in small cooling applications like portable coolers and for cooling

electronic components.
b) Magnetic Refrigeration:

e Principle: Operates on the magnetocaloric effect, where certain materials heat up in the

presence of a magnetic field and cool down when removed from it.

Figure 1-3: lllustration of Magnetic Refrigeration System [9]

e Components: Involves a magnetocaloric material, a magnetic field source, and a heat

transfer fluid.

e Applications: Still in experimental stages, with potential for energy-efficient,

environmentally friendly cooling.
¢) Cryogenic or Gas Refrigeration:

e Principle: Employs the Joule-Thomson effect, where a gas, typically helium or
hydrogen, is expanded and cooled.

e Components: Includes a high-pressure gas cylinder, expansion valve, and heat

exchangers.

e Applications: Used for ultra-low temperature applications such as in liquefying gases

and in scientific research.
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d) Steam Jet Refrigeration:

e Principle: Based on the principle of water evaporation under low pressure, which

causes cooling.

e Components: Consists of a steam ejector, condenser, evaporator, and a boiler or steam

generator.

e Applications: Often used in industries for cooling large volumes of water or in air

conditioning systems for buildings.
e) Thermoacoustic Refrigeration:

e Principle: Utilizes sound waves in a gas to create temperature differences and achieve
cooling. The principal is illustrated in Figure 1-4. [10]

Hot Heat
Cold Heat [Heat In
Exchanger Exchanger
D Sound H g .
= = I:-I"'ard End

A

Stack

Figure 1-4: lllustration of Thermo-acoustic Refrigeration Technology [10]

e Components: Mainly involves a resonator, a stack of plates or tubes, and a sound driver.

e Applications: Emerging technology with potential for environmentally friendly

refrigeration.

Each of these methods has its unique advantages, limitations, and areas of application, reflecting

the diversity and innovation in the field of refrigeration technology.
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1. 3 Conventional Cyclic Cooling Systems

Vapor Compression Refrigeration system (VCR) is considered as the most prevalent refrigeration
system, given its capacity for diverse utilization, simplicity, and cost-effectiveness. An illustration
of simple VCR technology is shown in Figure 1-5. While effective, VCR is also notorious for its
significantly high electricity consumption and the use of harmful refrigerants that contribute to
ozone layer depletion and global warming [11]. Over the years, researchers have developed a
plethora of strategies to enhance the Coefficient of Performance (COP) of vapor compression
refrigeration systems and make it suitable across different pressure ratios. One approach is utilizing
cascade refrigeration systems (CRS), particularly for low-temperature cooling applications. Also,
research and studies have been made to reconfigure the system, introducing subcooling prior to
expansion, employing vapor injection [12], and replacing the throttle valve with an expander for
work recovery. Among these, ejector equipped systems have been proven to be the most

sustainable, considering energetic and exergetic performance_[13]_[14].
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Figure 1-5: Hlustration of Vapor Compression Refrigeration (VCR) Technology [15]

The Absorption Refrigeration Cycle (ARC) illustrated in Figure 1-6 marked a critical shift in the
field of refrigeration, offering a fundamentally different principle of operation compared to Vapor
Compression Refrigeration (VCR) system. ARC operates based on a solution's ability to absorb a

refrigerant, where an absorber-generator assembly replaces the compressor, and heat, rather than
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mechanical energy, becomes the primary energy input [16]. This change allows the possibility of

using waste or solar heat, making it a potentially more sustainable alternative.
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Figure 1-6: Hlustration of Vapor Absorption Refrigeration Cycle (ARC)[17]

However, despite the promise and potential of the ARC, it is not without its limitations. In
particular, the lower Coefficient of Performance (COP) compared to VCR system due to the
utilization of low-grade heat, issues of salt crystallization of solution at the absorber inlet stream,
and the limitations of water being frozen when evaporator temperature is below freezing

temperature of water are significant challenges to be tackled.

1.4 Potential of Cascaded Compression-Absorption System

To address the respective limitations of the VCR and ARC systems while harnessing their
individual strengths, the concept of a Combined or Cascaded Compression Absorption
Refrigeration Cycle (CARC) was proposed [18]. The configuration permits the system to ensure
cooling at lower evaporator temperature due to the use of VCR technology at low temperature
cycle (LTC) and significant reduction of compressor’s energy consumption due to the use of ARC
system at high temperature cycle (HTC) [19]. In the traditional cascaded compression-absorption
refrigeration cycle (CARC), a single-effect ARC and a simple VCR are integrated through a
cascade heat exchanger. However, this system has several limitations, such as energy waste during
throttling in the expansion valve [16], lower heat removal in simple ARC, and the need for a single-

stage compressor in VCR [16] resulting in a relatively higher compressor power requirement.
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1.5 Scope and Motivation of This Research

The absorption cooling system is a thermally powered refrigeration method using low-grade
energy sources. Compared to traditional systems, ARC offers eco-friendly refrigerants, improved
waste energy use through heat recovery from various sources, and reduced cycling losses,
enhancing flexibility. Studies show ARC can recycle about 50% of unused energy from industries
[20]. However, drawbacks include a lower COP, evaporator operational temperature limitations,
and potential crystallization at low temperatures. So, enabling ARC system to reach lower
evaporator temperature with higher performance is the motivation of this research.

The integration of Absorption Refrigeration Cycle (ARC) with another cycle (i.e., VCR/advanced
VCR) can facilitate the system to reach a lower temperature and improve the overall COP [21],
[22], [23]. Despite the advancements, the literature indicates a significant potential for further
enhancement in cascade absorption systems. Investigations have been carried out on traditional
Compression Absorption Refrigeration Cycles (CARC), which typically combine a single-effect
ARC with a basic VCR via a cascade heat exchanger. However, there is a noticeable gap in the
comprehensive analysis of systems integrating advanced ARCs with VCRs. This research aims to
bridge this gap by undertaking a comprehensive analysis of cascading various advanced
configurations of ARCs and VCRs and contrasting these with conventional systems. It endeavors

to contribute novel insights into this field through the development of sophisticated configurations.

The primary goal of this research is to delve into this potential field by integrating a modified ARC
and advanced RAC (Recompression Absorption System) with an enhanced VCR, incorporated
with an ejector to develop advanced proposed novel configurations: Ejector Compression
Absorption Cycle (ECAC), Ejector Injection Compression Absorption Cycle (EICAC), Ejector-
Compression Recompression Absorption Cycle (E-CRAC) And Ejector Enhanced Vapor-
Injection Compression Recompression Absorption Cycle (EI-CRAC).

Moreover, in a basic ARC system, a significant amount of heat is released in the condenser,
presenting an opportunity for heat recovery [24]. Furthermore, the pressure in the generator is
determined by the condenser pressure, which cannot be reduced. The RAC (Recompression
absorption cycle) has been introduced to harness the rejected heat and enhance the efficiency of
the ARC. In the recompression system, ammonia from the generator is recompressed to release

heat and condense. This results in higher condensation pressure and Pressure ratio, Rp than basic
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ARC [25]. Directly reducing the high pressure of the condensed subcooled ammonia through
isenthalpic expansion in a single expansion valve leads to significant energy and exergy losses
[26]. In conventional VCR systems, where the pressure ratio is comparably high, replacing the
expansion valve and recovering lost energy have been addressed by introducing ejector and vapor
injection technologies [11]. These innovations have shown promise in enhancing system
efficiency. In this regard, ejector and vapor injection technology have been incorporated in the
refrigerant section of the stand-alone RAC cycle to develop proposed advanced recompression
absorption systems: Refrigerant Ejector Enhanced Recompression Absorption Cycle (RE-RAC)
and Vapor Injection Enhanced Recompression Absorption Cycle (VI-RAC), respectively in this
study to develop a stand-alone modification of ARC capable of achieving higher performance at

lower evaporator temperature.

1.6 Research Objectives with Specific Aims

The primary aim of the research is "*To enable the Absorption refrigeration system to operate
at reduced evaporator temperatures with higher performance.” To achieve this, the study
initially focuses on developing and simulating advanced novel cascaded compression-absorption
refrigeration setups. By integrating advanced absorption technologies with enhanced Vapor
Compression Refrigeration Systems (VCR’s), this approach aims to achieve feasible cooling
temperatures while enhancing both energetic and exergetic performance at reduced evaporator

temperatures.

Furthermore, the study pioneers the adaptation of novel stand-alone absorption system
frameworks, incorporating ejector-injection and recompression technologies. This innovation
permits the single-effect system to operate at lower evaporator temperatures while simultaneously
achieving a higher COP. Both the advanced cascaded and single-effect configurations undergo
extensive analysis from energy and exergy perspectives, coupled with multi-objective
optimization. Utilizing Artificial Neural Network (ANN)-based predictive models, the research
meticulously assesses thermal performance, establishing optimal operating conditions and
identifying operational limits. This comprehensive evaluation offers profound insights into the
systems' behaviors across a spectrum of conditions, enriching our understanding of their potential

and constraints in various application scenarios. The specific objectives are listed below:
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i.  To model and simulate advanced cascade compression absorption refrigeration
technologies to reach feasible cooling temperature (-50°C to 0°C) providing higher
energetic and exergetic performance.

ii.  To model and simulate advanced absorption refrigeration cycle equipped with ejector and
recompression technologies to reach lower evaporator temperature (-20°C to 0°C).

iii.  Toconductacomprehensive thermal performance assessment of the proposed systems and
employ Artificial Neural Network (ANN) based prediction models for multi-objective

optimization.
1.7 Significance of This Research

This comprehensive study marks a significant advancement in refrigeration technology,
specifically in the realm of cascade compression absorption refrigeration systems and
advancement of ARC. The objective of this research collectively addresses critical challenges
faced by traditional refrigeration cycles, such as energy inefficiency, high compressor power
requirements, and environmental concerns. To fulfill and implement the first objective, a modified
Absorption Refrigeration Cycle (ARC) is combined with an improved Vapor Compression
Refrigeration (VCR) system, leading to the development of advanced systems like ECAC and
EICAC. This research further delves into the field of cascaded compression absorption system by
integrating a Recompression Absorption System (RAC) with an enhanced VCR equipped with
gjector, resulting in the innovative E-CRAC and EI-CRAC systems. Finally, this research proposes
feasible upgrade of standalone single effect ARC by incorporating recompression technology with
ejector and injection setup, leading to the development of RE-RAC and VI-RAC systems. These
advancements collectively mark a significant leap forward in refrigeration technology.

The cumulative effect of these analysis is a substantial advancement in optimizing the energy and
exergy efficiency of refrigeration systems. This collective work not only provides a technical
roadmap for developing more efficient refrigeration systems but also contributes to environmental
sustainability by proposing systems that are potentially more eco-friendly due to lower greenhouse
gas emissions and reduced energy consumption. Moreover, the research embodies a holistic
approach to refrigeration technology, encompassing detailed comparative and parametric analyses,
first and second law efficiency assessments, and advanced modeling techniques like Artificial

Neural Networks (ANNSs) and Genetic Algorithms for optimization. This comprehensive analysis
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ensures that the proposed systems are not only theoretically sound but also practically viable,

offering insights into their real-world applicability and scalability.

This research marks a significant upgrade in existing refrigeration technology, aligning with global
sustainability and environmental goals. It introduces more energy-efficient methods by refining
traditional refrigeration cycles with innovations like ejectors, vapor injection, and recompression
techniques. These advancements are set to influence future refrigeration system designs across
various industries, contributing to global energy conservation and environmental protection
efforts, and showcasing the ongoing evolution in refrigeration technology towards a more

sustainable future.

1.7 Thesis Structure

The thesis study is meticulously organized to explore advanced refrigeration systems through a
comprehensive structure, as presented in Figure 1-7. It begins with an introduction that sets the
stage by delineating the background and the significance of the research. It seamlessly transitions
into an extensive literature review that scrutinizes the advancement in Vapor Compression
Refrigeration (VCR) systems, modifications of Absorption Refrigeration Cycles (ARC), and the

development and analysis of cascaded compression absorption systems.

The study then progresses to a detailed system description, contrasting conventional systems with
the proposed innovative designs that include ARC and RAC based cascaded compression
absorption systems, and advanced standalone RAC systems equipped with ejector-injection
technology. The research methodology is robust, featuring a mix of governing equations,
mathematical and ejector modeling, optimization methodologies rooted in machine learning, and
a comprehensive mathematical framework that lays out the systemic flow of the study. A rigorous
validation process underpins the integrity of the study, evaluating conventional and advanced
absorption and VCR-based systems alongside cascade compression technology through multiple

lenses, including those with refrigerant pairs like LiBr-H.O and NH3-H-O.

The heart of the thesis lies in the results and discussion section, which is structured into dedicated
subsections that offer a thorough analysis of ARC and RAC based cascaded systems, alongside

standalone RAC systems.
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Each subsection provides a detailed parametric study, alongside a comparative evaluation,

integrating multi-objective optimization viewed through the lens of the first and second laws of

thermodynamics. The comprehensive nature of these analyses is further enhanced by concise

summaries of the corresponding subsections. These sections are crafted with the aim of

contributing to peer-reviewed journals, indicating a forward-thinking approach that aims to share

findings with the broader academic community. Finally, the thesis culminates with a conclusion

and an analysis of future prospects, weaving together the study's findings and laying out a pathway

for subsequent research endeavors in the field of refrigeration cycles.

l4|Page



Chapter 2: Literature Review

Chapter 2: Literature Review

2.1 Introduction

The refrigeration industry plays an essential part in modern society. Not only does it provide
comfortable and healthy living surroundings, but it's also essential for food storage and surviving
severe weather conditions. Specifically, food preservation is essential to global economic growth
and stability. Metabolic activities are slowed down to prevent the proliferation of microorganisms
in order to preserve food. This is simply achievable through cooling or freezing, without the
addition of preservatives [27]. One of the primary goals in the field of refrigeration is the
development of low-temperature cooling systems that use environmentally friendly, compatible
refrigerants with optimal performance in response to the rising demand for cost-effective, safe,
and effective refrigeration systems [27]. Researchers in this field have recently moved their
attention to discovering alternative working fluids for these systems to combat global warming
and ozone layer depletion [28]. Refrigerants have been identified as a significant contributor to
global warming and ozone layer depletion [28], [29]. Moreover, almost all modern conveniences
require electricity to function; electricity can be thought of as the lifeblood of progress. It's no
secret that as the world rapidly industrializes and the quality of life steadily rises, so does the
demand for power [30], [31]. The application of refrigeration and air conditioning systems
contributes significantly to world energy consumption because these systems require external
energy to complete their cycles. Modifications and enhancements of these thermal power
consumption systems are necessary to meet the rising demand, as they will enable these systems

to utilize electricity more effectively to create the desired result.

2.2 Study on Traditional VCR System and Cascaded VCR Systems

The vapor compression system is a widely accepted refrigeration method because of its simplicity,
versatility, and cost-effectiveness. The most common applications of vapor compression
refrigeration cycle (VCR) are in liquefying natural gas (108 K or -165°C), household refrigeration,
the use of cooled water to supplement industrial procedures (-2°C to -35°C), medicines storage (-
50°C to -35°C), and cryogenic processes (below -100°C) [16]. Although the VCR system has many
applications and advantages, it has some drawbacks whenorking at low temperatures . A major

drawback of low-temperature applications is that the VCR's thermal efficiency reduces when the
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evaporator temperature is low, which leads to increase of compressor cost because of high pressure
drop [32]._Compressing the refrigerant between high pressure and solidification temperature is
challenging. Johnson et al. [32] mentioned two limitation of single-stage vapor compression
refrigeration system. First, if the pressure drop is too low, compression becomes too expensive.
Second, following compression, the refrigerant's pressure must be below its critical pressure to
ensure two-phase condensation. In addition, refrigerants mainly used in a VCR system (either
CFCs or HCFCs) are hazardous to the environment and may leak when the system pressures
exceed atmospheric pressure by a significant magnitude [33]. For above mentioned reasons, simple
VCR is not a viable solution for cryogenic processes and other very low temperature applications

from a thermodynamic and cost perspective.

A solution to this issue is the utilization of two-stage or three-stage cascade refrigeration systems
(CRS) that are capable of performing cooling operations at moderately low temperatures [34],
[35]. The system has the ability to operate between both desirable lower evaporator temperature
and higher condensation temperature. Several research has been carried out to optimize and
reconfigure individual subsystems of CRS, ensuring their safe and effective operation across

various applications, taking into account both energetic and economic perspectives [11].

2.3 Study on the Improvement and Progress of VCR System

In traditional VCR system, the isenthalpic expansion of the refrigerant often leads to significant
thermodynamic inefficiencies [36]. These inefficiencies become more pronounced for higher
pressure ratio, where irreversibility and entropy generation in compressor operation can
compromise system reliability. Numerous approaches have been explored to mitigate the
mentioned issues as follows: utilizing subcooling cycles with diverse heat exchangers [37], [38],
expansion loss restoration processes employing expanders and ejectors [39], and multi-pressure
stage cycles that utilize different refrigerant injection techniques [12]. Table 2-1 presents a
comprehensive overview of the significant studies conducted on the progress and development of
VCR technology. Based on the literature review findings, it can be inferred that ejector-enhanced
VCR (E-VCR) systems exhibit more efficient performance in low-temperature range refrigeration
application than conventional VCRs. Moreover, their significant energy release in the condenser
makes them well-suited for cascading with other systems. These aspects highlight their potential
for further research and development.
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Table 2-1. A comprehensive overview of studies conducted on the advancement of VCR

technology.
Proposed  Year Key Features Tempe Remarks Referenc
Modificati rature e
on range

2019 e Experimental study -40°C  eThe potential for savings on energy  D. M.
introducing a liquid- to70°C  usage and improved COP can extend Nasuton
suction heat exchanger up to 27.69% and 38.29%, etal.

Introducing (SLHX) respectively. [37]
Internal e Refrigerant used: R290 eThe utilization of R290 additionally
heat contributes to the mitigation of the
exchanger degradation of the ozone layer and
(IHX) global warming.

2019 e Experimental study -15°C  eR513A increases the refrigeration A. Mota-
incorporating internal to 40°C  capability by 5.6%, whereas R134a  Babilon
heat exchanger (IHX) shoots it up to 3%. etal.

o Refrigerant used: R134a *R513A's COP increases by 8% and  [38]
& R513A R134a's by 4% because of the modest
e Investigated various electrical consumption reduction.
evaporating and eEmpirical data suggests using a high-
condensing conditions. efficiency intermediate heat exchanger
(IHX) for R513A, especially in large
compression ratio situations, as long as
the output temperature is beneath
critical levels.

2011 eExperimental study -15°C  eThe optimum injection proportion for J. Heo et
comparing the capacity to20°C  each cycle option was between 0.2 to  al. [40]
of  air-source  heat 0.3, corresponding to the highest
pumps. heating capacity.

o Refrigerant used: Air. eThe overall heating capacities of the

Vapor e Compared cycles: Flash FT, FTSC, and DESC systems were

Injection tank  (FT)  cycle, 14.5%, 6.3%, and 3.9% higher, each in

Technolog combined flash tank and order compared to the SC system.
y sub-cooler (FTSC)
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cycle and a double

However, the average COP for all other

expansion  sub-cooler cycles was very similar.
(DESC) cycle.

2013 e Experimental study on 25°Cto eThe setup effectively decreases the exit X.
improved vapor  30°C temperatures for cooling and heating ~ Shuxue
injection refrigeration. operations. etal.

e Refrigerant used: R32. eThe heating capability is 3% to 9%  [41]
o Assessed cooling & greater than the single-stage system.
heating capability, Cooling EER, and heating COP are
coolingg EER  and influenced by the  refrigerant
heating COP. intermediate pressure and operating
conditions.
eThe optimal range for relative vapor
injection mass lies between 12% and
16% to achieve the most favorable
cooling and heating performance.

2018 e Thermodynamic and -30°C  eSystem COP and cooling ability might M.

numerical investigation. to 55°C  be enhanced by 22% and 63.73%. Elakhdar

o Refrigerant employed: eThe EEVCR cycle had a 70% greater etal.
Zeotropic mixture of COP and cooling capacity than a  [39]
R290 & R600a modified ejector expansion cycle.

2022 eNumerical energy and -44°C  «69.88% of the system's exergy D.Yang

exergy analysis on two- to 71°C  degradation is internal, proposing that etal.
Ejector stage the irreversibility of components is the [42]
enhanced compression/ejector leading cause.
VCR

refrigeration system
o Refrigerant used:
Transcritical CO,

eAn ejector was used

between the heat
exchanger and
intercooler.

o The high-pressure compressor has the
most avertible inherent exergy loss,
making it the most amenable to
optimization.

eThe system also has a COP of 0.41
under optimal operating conditions and

0.61 during unavoidable processes.
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e Assessed energy
performance and exergy

destruction

eEjector, low-pressure, and high-
pressure compressor efficiencies of 0.4
to 0.8 boost system exergy efficiency
by 5.78%, 36.2%, and 50%. System
exergy efficiency dictates a 4.25 MPa
intermediate pressure and 8.75 MPa

discharge pressure.

2022 e Exergy analysis on an 9.5°C  eCOP of innovative system improves X. Cao et
ejector improved dual- to55°C  from ejector cycle by 12.1%, dual- al.
phase evaporation sole- phase evaporation by 6.9%, and basic [43]
degree VCR refrigeration by 22.0%.
¢ Traditional and modern e The exergy investigation demonstrates
exergy analysis that the TSEC-E system is capable of
o Refrigerant used: reducing the exergy loss during the
Transcritical CO; expansion process by 49.6% and the
exergy loss in evaporators by 21.5%
compared to the reference cycle.
¢ \While the TSEC-E system can be used
with different refrigerants, it is
particularly well-suited for the CO2
transcritical cycle due to its enhanced
effectiveness.
2015 e Thermodynamic -35°C  eRelative to the BVIC, the EVIC with X. Wang
analysis of an EVIC to 10°C R22, R290, and R32 exhibits 2.5-  etal.
e Improving the 3.12%, 3.21-3.71%, and 2.91-3.11% [14]
efficiency by better COP, 6.0-8.4%, 7.3—10.2%, and

incorporating an ejector
connected to a flash
tank
¢ Refrigerant used: R22,
R290, and R32
e Comparison  between

the EVIC and BVIC.

6.7-8.2% volume

potential.

better thermal
e At the same time, the EVIC reduces

compressor output temperature

significantly.
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Ejector 2022 e Energic and exergetic -30°C  eThe COP of the proposed cycle M.Q.
integrated analysis on ejector- to45°C  exhibits an  improvement of Zeng et
vapor expansion  subcooler approximately 17.9-29.4% compared al.
injection vapor-injection to the subcooler vapor-injection and [44]

technology refrigeration system ejector-expansion coolant systems.
(EVIC) e Refrigerant used: eSimilarly, the exergy performance
Transcritical CO. enhances by about 14-28.2%.
e Enhancing the eFurthermore, it is observed that the
operational efficiency of reliability of the proposed cycle is
CO; refrigeration particularly enhanced under conditions
systems of low cooling temperature and high
surrounding temperature.

2023 e Energetic and exergetic  -30°C e The efficiency of the suggested system M. Walid
analysis on ejector - to is dependent upon pressure drop at Faruque
injection cascade 33°C gjector and the  condensation etal.
refrigeration system temperature in the lower circuit. [11]

¢ Enhancing efficiency by

integrating an electronic

expansion valve with a

constant

compression

ratio (EEVCC) and a

variable
fluid
(VICFT).

intercooling

temperature

e When the evaporator temperature is set
at -60 °C, the proposed system exhibits
an 8.571% increase in the COP and a
7.241% improvement in exergy
efficiency compared to the
conventional cascade refrigeration
system.

eThe investigation of seven pairs of
coolants reveals that R170 and R601
exhibit the highest performance at low-
temperature conditions (LTC) and
high-temperature conditions (HTC),

respectively.
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2.4 Study and Prospects of ARC system

Many studies have been performed searching for substitutes for environmentally hazardous
coolants such as CFCs and HCFCs. There is a persistent effort to advance new technologies that
can function without these refrigerants, and the issue of power usage is progressively becoming a
topic of debate. The practicality of Absorption Refrigeration Cycle (ARC) has been proven as a
feasible method for effectively addressing these issues [45]. The absorption cooling system is a
thermally powered refrigeration method using low-grade energy sources. Compared to traditional
systems, ARC offers eco-friendly refrigerants, improved waste energy use through heat recovery
from various sources, and reduced cycling losses, enhancing flexibility. Studies show ARC can
recycle about 50% of unused energy from industries [20]. However, drawbacks include a lower
COP, operational temperature limitations, and potential crystallization at low temperatures. The
COP of an ARC system is comparatively lower than that of a standard conventional refrigeration
system due to the lower pressure ratio and usage of low-grade energy [46]. The conventional
cooling cycle involves converting work to produce cooling effect, while the ARC system utilizes
heat directly to drive the process. Besides, the evaporator and absorber pressure are the same in an
ARC system, posing a limitation of COP improvement. In the context of an ARC system, when
the concentration of the water-based coolant is excessively high, or the temperature is significantly
reduced, the temperature is possibly transitioning into the crystallization curve, leading to potential
crystallization and subsequent disruption of machine performance [47]. So, the evaporator pressure
cannot be lowered since it results in a substantially low temperature in the absorber for a particular

refrigerant [48].

Numerous methodologies have been investigated to enhance the thermal efficiency of advanced
ARC systems. Nikbakhti et al. [45] investigated various improvements of the ARC system to
improve its overall efficiency. These strategies encompass utilizing heat recovery techniques,
advancements in cycle approach, integration of supplementary sub-components, optimization of
innovative functional configurations, and enhancement of working conditions. Table 2-2 presents
a comprehensive overview of the notable studies conducted on the advancement of ARC

technology.

The double and triple-effect ARC system exhibits higher COP than the conventional ARC system

but has some drawbacks [49]. The generator activation temperature for double and triple-effect
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ARC systems is high, so the generator load is also high. Besides, the double and triple-effect ARC
system is very complex, and their operation cost is also high [50]. On the other hand, in
Recompression absorption cycle (RAC), the internal heat exchanger can be utilized, as a result,
the condenser can be eliminated from the refrigeration system. Due to the elimination of the
condenser in a RAC, the generator's activation temperature reduces, so the generator load reduces
and enhances the COP simultaneously [24]. Besides, integrating an ejector in an ARC system can
widen the cooling system's working pressure and temperature range [51]. Employing an ejector
facilitates the rise of the absorber pressure and lessens the evaporator temperature. Recently, the
RAC system combined with a solution ejector has been developed and exhibits higher system
performance among all the discussed systems [25]. So, it is possible to combine the RAC system

and different associate techniques and investigate their system performance and efficiency.

Table 2-2: Development on the advancement of absorption refrigeration cycle (ARC)

Proposed Referen Year Objective Refrig Temp Remarks
Modificati ce erants Range
on

Raghuv 2011 el ower Evaporator NHs- 25°C e COP decreases with increasing

) anshi et Temperature H.0 to generator, absorber, and condenser
ARC with
al. 50°C temperature.
NHs-H20 . . .
e COP increases with decreasing
52
[52] evaporator temperature.
R. 2009 eEnhance COP LiBr- -4°C e COP ranges from 0.73 to 0.79 for
Gomri eReduce H.0 to single-stage ARC, while it's 1.22 to
etal. irreversibility. 39°C 1.41 for dual-stage ARC.
Double (53] e Enhancement of exergy efficiency
from 23.2% to 25.1% for double-
effect
. effect ARC
absorption
system g 2015 e Enhance COP R134a- - e COP enhances about 50% for dual
Colorad e Reduce LiBr stage ARC
oetal. irreversibility. /H0 e CO2-LiBr/H0 exhibits higher COP
e Economic analysis ~ and up to 45% than R134a-LiBr /H.0
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[54] CO»- e 39% reduced thermal load for
LiBr R134a-LiBr /H.0
/H20 e 17% reduced exergy destruction for
R134a-LiBr /H,O
M. U. 2020 e Optimization of LiBr- 4°Cto e Parallel configurations demonstrated
Arshad series and parallel H.O 30°C a 6.45% rise in exergy efficiency and
etal. arrangements a9.1% increase in COP.
e Enhancement of e Optimization resulted in 11.68% and
[59] COP 13.73% enhancement in exergy
¢ Reducing yearly efficiency and COP for series
cost configuration and 21% and 6% for
parallel configuration.
R. 2017 e Evaluating the LiBr-  4°Cto e COP enhances with rising evaporator
Maryam influence of various  H20 39°C temperature.
ietal parameters on COP, e COP reduces with rising absorber
thermal load, and temperature.
[56] exergy. o Better COP and exergy efficiency in
triple effect ARC than half effect
ARC.
Triple :
offect Md. 2017 e Optimization of LiBr- 4°Cto e For a specified operation condition,
absorption Azhar et operating condition  H20 30°C COP of triple effect ARC is 132%
system al. e Enhancement of higher, and gas requirement is
COP decreased to 122%
[57] ¢ Reducing the
required amount of
secondary heat
A. 2020 e Investigate the LiBr- 5°Cto e Exergy efficiency is enhanced with
Solank impact of different H-0 40°C rising generator temperature at a
etal. constant absorber temperature (40°C)
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[58] components on COP e COP and exergy efficiency enhances
and irreversibility with rising evaporator temperature.
Ahmad 2015 e Enhancement of LiBr- 0°Cto e First and second law efficiency is
Dousti COP H20 35°C better for RARC than Arc.
et al. ¢ Reducing heat load ¢ Reduced generator load
at the generator e RARC can operate at lower generator
9] temperatures with a higher-pressure
ratio
o Utilization of low temperature heat
source
Recompres 2018 e Enhancement of LiBr- 10°C ¢ Higher efficiency, about four times
sion Razmi COP H20 to more of RARC than ARC
absorption etal. e Thermal analysis 35°C e Crystallization possibility is lower
system [24] than conventional ARC
A. 2020 e Enhancement of LiBr-  10°C e Proposed RARC system has a COP of
Razmi COP H20 to 4.83 and exergy efficiency of 34.84%
etal e Multi-objective 35°C e A considerable sustainability index of
modification 1.53
[60] e At optimal conditions COP and
exergy of RARC enhances up to
4.88% and 37.43%
o Payback period is less than 4 years.
C.Vered 2014 e Enhance the LINOs 0°Cto e Reduced activation temperature
aetal. efficiency of single- -HO  40°C e Utilizes low-temperature remaining
Integrating  [61] phase ARC heat
ejector in
ARC A. M. 2015 eEnhanced heat NHs- -15°C e About 12.2% enhancement of COP
Abed et recovery system H.0 to ¢ Reducing the thermal load
al.[51] 50°C

24|Page



Chapter 2: Literature Review

eReducing
Evaporator

temperature

e Enhancement of

e Enhanced refrigeration effect

COP
Xiaoet 2019 eEnhancement of NHs/Li  -5°C e Increased efficiency due to utilizing an
al. absorption NO3 to ejector instead of a mechanical pump
technology and 55°C e Maximum COP of 0.6354
162] eFinding a NHa/N e COP enhances up to a certain limit
replacement for the ~ aSCN with increasing generator temperature
solution pump and then reduces.
eEnhancement of e Ejector enhances efficiency by
COP increasing absorber pressure.
e Reduced absorber exit temperature
decreases thermal load
A. 2023 e Enhancement of NHs- e Flash tank among evaporator and
Dhahi COP H.0 condenser increases the ejector's
Gharir ¢ Reduction of entrainment ratio
etal. thermal load e Enhanced refrigeration capacity
(63] ¢ Reduced thermal load
e Energy efficiency increases up to
17.8%
o Exergy efficiency enhanced by up to
11.12%
¢ Reduced Cost
Ahmad 2023 eEnhancement of NHs- 2°Cto e Ejector enhances COP & EXet
Recompres ~ Zarei et COoP H.0 30°C e The ECT-ARC exhibits a 191.2%

sionwith  al. [25]
solution

ejector

¢ Reducing energy

consumption

better COP.
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2.5 Investigation on Cascaded Compression-Absorption Refrigeration Cycle
(CARC)

The achievement of both higher coefficient of performance (COP) and lower refrigeration
temperature in the case of ARC presents a challenge because of the conflicting nature and inherent
trade-off between them. However, integrating absorption refrigeration cycle (ARC) alongside a
different cycle, such as a vapor compression refrigeration (VCR) or advanced VCRs, presents a
promising avenue for overcoming these limitations. By leveraging the strengths of each cycle,
such as VCR's efficiency at lower temperatures and ARC's industry compatibility and green
operation, a cascaded system can achieve both lower temperatures and improved COP, offering a

practical and sustainable solution for diverse cooling needs.[19], [64], [65].

Han et al. [66] introduced a hybrid compression absorption refrigeration cycle operating on a
medium temperature range and used a waste heat recovery system as the heat source. The system
achieved a maximum COP of 1.04 and the lowest operational system temperature of 10 °C. Yu et
al. [67] examined a cascaded ARC configuration focused on optimizing the system. As a result of
their optimization efforts, exergy destruction reduced to 24.44% compared to the primary system,
with a reduced cost rate. Cimsit et al. [68] and Cimsit & Ozturk [69] proposed the incorporation
of a cascade heat exchanger in a simple VCR system with variable refrigerant flow (VAR). The
implementation improved the COP and the ability to achieve lower temperatures. The system with
LiBr/H20 solution at the absorption system and NH3z at the vapor compression cycle had a COP
of 0.592, 33% greater than that with NH3/H>O. The cascade system reduced electricity usage by
48-51% compared to a standard VCR. Xu et al. [70]conducted a simulation and experimental
validation of a novel cascade absorption-compression cycle that achieved exceptionally low
temperatures. Also, the prospect of CARC in industrial aspect is prominent. ARC in HTC enables
the system to be integrated with industrial waste heat recuperation and VCR as LTC enables the
system to be operated in lower evaporator temperature. Chen et al. [71] introduced a novel CARC
system consisting of three subsystems. The system demonstrated the capability to reach
temperatures as low as -55°C. Additionally, study from Razmi et.al demonstrates that integrating
a novel cogeneration system with CARC can simultaneously generate 2280 kW of electrical
energy and 416.7 kW of cooling capacity, boosting the round trip efficiency to 65.15% and

significantly reducing environmental impact [72]. The following literature indicates ample
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opportunity for further advancements within the domain of cascade absorption systems at low-

temperature applications.

2.6 Chapter Conclusion

The literature review vividly illustrates the critical importance of innovation and technological
advancement in the refrigeration sector, driven by the increasing need for efficient and
environmentally sustainable cooling solutions. Traditional vapor compression refrigeration (VCR)
systems, while widely used due to their simplicity and effectiveness, encounter substantial
challenges when operating at low temperatures, including reduced thermodynamic efficiency and
environmental damage due to the refrigerants they employ. The absorption refrigeration cycle
(ARC) emerges as a promising alternative, offering a greener solution despite its lower
performance (COP). However, the real frontier of progress lies in the exploration and development
of advanced systems that combine the strengths of VCR and ARC through cascading techniques.
This approach not only addresses the inherent limitations of each system but also opens up new
avenues for achieving higher energy efficiency and reduced environmental impact. The continuous
pursuit of research and innovation in cascading VCR and ARC systems, alongside the
development of alternative modification of absorption configurations, represents a dynamic and

evolving field aimed at meeting the complex demands of modern refrigeration needs.
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Chapter 3: System Details and Overview

3.1 Traditional refrigeration systems

Traditional refrigeration systems primarily utilize vapor compression and absorption cycles for
cooling. Modifications to these cycles, such as the integration of internal heat exchangers, have
become common, significantly enhancing efficiency by recycling heat within the system.
Additionally, these two systems are often cascaded in certain applications to combine their
strengths, ensuring more effective and energy-efficient refrigeration, particularly in settings

demanding lower temperatures or specialized cooling needs.

3.1.1 Conventional Single Effect Absorption and Vapor Compression Technology

The vapor compression cycle, extensively employed in both household and commercial
refrigeration, operates on a series of phases involving a refrigerant. Initially, this refrigerant is
compressed by a mechanical compressor, increasing its pressure and temperature. This hot, high-
pressure gas then travels to a condenser, a type of heat exchanger, where it releases its heat to the
surroundings and condenses into a liquid. This heat release is a critical step as it transforms the
state of the refrigerant. The now-cooled, high-pressure liquid refrigerant moves to an expansion
valve where its pressure is reduced, leading to a drop in temperature. Following this, it enters the
evaporator, where it absorbs heat from the refrigerator's interior. This absorption causes the
refrigerant to evaporate, turning back into a low-pressure gas, which is then sucked back into the
compressor, repeating the cycle. This continuous process of compression, heat release, expansion,
and heat absorption effectively maintain a low temperature inside the refrigerator as shown in
Figure 3-1(a).

Absorption refrigeration systems, in contrast, operate quite distinctively. They are often fueled by
external heat sources such as natural gas, solar energy, or waste heat, instead of electricity.
Normally LiBr- H20 is used in ARC for the simplicity of integrating in cascaded systems. NHzs-
H20 is also used to reach lower evaporator temperatures. In LiBr/H>O system, H>O is the
refrigerant, while in NHs/H20 system, NHs (ammonia) is used as the refrigerant. The heat source
is applied to this refrigerant-absorbent mixture, causing the refrigerant to boil off. The vaporized
refrigerant then travels to a condenser, similar to the vapor compression system, where it releases

heat and condenses into a liquid. This liquid refrigerant subsequently goes through an expansion
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valve and into an evaporator, where it absorbs heat from the surroundings, providing the cooling
effect. The low-pressure refrigerant vapor is then reabsorbed by the secondary fluid, completing
the cycle. This system's notable feature is the absence of a mechanical compressor, as the cycle is
driven by the heat source. Illustration of this system is depicted in Figure 3-1(b). The absorption
refrigeration system is particularly advantageous in situations where heat is readily available, or
electrical power is limited, making it a versatile option for various applications. Both systems, with
their unique mechanisms, are fundamental in the field of refrigeration, providing efficient cooling

solutions across a range of temperatures and conditions.

Cond
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Compressor
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(a) VCR (b) ARC

Figure 3-1: Schematic diagram of the traditional (a) Vapor Compression Cycle (VCR) and (b)
Vapor Absorption Refrigeration Cycle (ARC) [17].

3.1.2 Conventional Single- Effect Recompression Absorption Technology

In a basic ARC system, a significant amount of heat is released in the condenser, presenting an
opportunity for heat recovery [24]. Furthermore, the pressure in the generator is determined by the
condenser pressure, which cannot be reduced. This is because, to effectively reject heat, the
condenser temperature must exceed the ambient temperature [12]. The RAC has been introduced
to harness the rejected heat and enhance the efficiency of the ARC. As depicted in Figure 3-2(a),
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an auxiliary booster compressor is placed between the generator (at state 7) and the condenser (at
state 8) within this recompression setup. This configuration allows for a reduced generator pressure
in comparison to the conventional ARC, facilitating operation at a lower generator temperature
[60]. Notably, there is no necessity for an additional sizeable condenser.

Normally LiBr-H20 is utilized in RAC to use in cascaded systems for feasibility in integration.
Similarly, NH3-H>O can also be employed in RAC systems to achieve lower evaporator
temperatures, making it a preferred choice for analyzing the performance of single-effect
standalone systems. The refrigerant (ammonia or water), post-compression and at elevated
pressure-temperature, circulates through the generator for condensation. The heat rejected during
this phase is harnessed in the generator to warm the NH3-HO strong solution (weak solution in
case of LiBr- H20), enabling the extraction of pure refrigerant (ammonia or water) from stream 7.
Within the generator, the residual weak NH3z-H-O solution (strong solution in case of LiBr- H>O)
of high temperature is discharged as stream 4 and conveys its heat to pre-warm the strong NHz-
H20 solution of stream 2 (weak solution in case of LiBr- H20). Subsequently, this solution
undergoes a single valve expansion to diminish its pressure before entering the absorber (state 6).
Therefore, through this efficient gen-cond heat exchanger setup, the external heat load required
for the generator is considerably reduced. Following condensation, stream 8 transitions to a
saturated liquid state as stream 9. This stream is then directed through RHX to exchange heat
internally and become a subcooled liquid of stream 10. Then it's channeled through the throttling
valve to reduce its pressure. The refrigerant (ammonia or water), now at reduced pressure and
temperature, traverses the evaporator, drawing heat from the refrigerated environment and thus
transforming into a saturated vapor, identified as stream 12. This low temperature vapor takes heat
in the RHX and becomes superheated before entering the absorber. Within the absorber, the
superheated refrigerant is combined with the expanded weak NHs-H20 solution (strong solution in
case of LiBr- H>O), which operates at the evaporator pressure. The solution is cooled to become a
strong solution and exits as stream 1 (weak solution in case of LiBr- H20). This solution is then
pumped to generator pressure (State 2), receives heat in SHX, and enters the generator as stream
3, and the cycle continuous.
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Figure 3-2: Schematic diagram of the conventional (a) Recompression Absorption Cycle (RAC)
and (b)Solution Ejector enhanced Recompression absorption cycle (SE-RAC) [25], [73]

The Solution Ejector Enhanced Recompression Absorption Cycle (SE-RAC), as illustrated in
Figure 3-2 (b), represents an advanced modification of the traditional RAC technology. It benefits
from higher absorber pressure and saves energy by mixing refrigerant (ammonia or water) vapor
with the weak solution (strong solution in case of LiBr- H2O) before entering the absorber [25].
Uniquely, this cycle operates across four pressure levels. In which an ejector is employed in place
of the solution expansion valve (EXP-11 of RAC) before the absorber to recover energy loss during
the expansion. Stream 13 of refrigerant vapor from the evaporator and stream 9 of weak NH3-H>O
solution from the generator (strong solution in case of LiBr- H>O) is mixed to produce a strong
solution of stream 6 (weak solution in case of LiBr- H,O) and directed to the absorber. Due to the
mixing, it allows the absorber to operate at a higher pressure than the evaporator's condition. This
dynamic effectively reduces the requisite pumping power, circulation ratio, and external generator

load.
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3.1.3 Conventional Cascaded Compression Absorption Refrigeration Technology

Implementation of ARC has become a more environmentally friendly substitute for VCR systems.
Despite its higher energy efficiency, this system is subject to limitations arising from its low
permissible working pressure and low coefficient of performance (COP) compared to vapor
compression cycles. Furthermore, the phenomenon of water freezing when the evaporator
temperature falls below the solidification point of water, coupled with the occurrence of salt crystal

formation within the solution, can hamper the system's operational efficiency of the system.
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Figure 3-3: Schematic diagram of the traditional Compression-Absorption Refrigeration Cycle
(CARC) [74].

To solve the associated problem, Cimsit [18], [69] et al. suggested to cascade a simple VCR with
a conventional ARC by incorporating a cascade heat exchanger which will act as a condenser for
LTC (VCR) and evaporator for HTC (ARC) as shown in Figure 3-3. This inclusion will allow the
system to operate with a low evaporator temperature by using VCR as the LTC and the compressor
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power input will be reduced by using ARC as the HTC. Normally, LiBr- H2O is used in RAC and
ARC based cascaded systems because of feasibility in integration. In the LTC suitable refrigerants

has to be selected based on environmental concerns and performance.

However, the proposed method involves significant power wastage during the expansion process
in the expansion valve [16], inadequate thermal energy absorption in conventional ARC [68], and
excessive compressor power requirement because of using a single-stage compressor [16]. Thus,
it is crucial to continue investigating novel and inventive ways to improve absorption cycle
efficiency while acknowledging and resolving these constraints to make them a more viable

refrigeration system alternative.

3.2 Proposed Advanced Refrigeration Systems

To address the limitations of traditional systems and implement the first objective of this research,
a modified Absorption Refrigeration Cycle (ARC) is combined with an improved Vapor
Compression Refrigeration (VCR) system, leading to the development of advanced systems like
ECAC and EICAC. This research further delves into the field of cascaded compression absorption
system by integrating a Recompression Absorption System (RAC) with an enhanced VCR
equipped with ejector, resulting in the innovative E-CRAC and EI-CRAC systems. Finally, this
research proposes feasible upgrade of standalone single effect ARC by incorporating
recompression technology with ejector and injection setup, leading to the development of RE-RAC
and VI-RAC systems. These advancements collectively mark a significant leap forward in
refrigeration technology. in RAC and ARC based cascaded systems, LiBr- H,O as HTC with R41
as LTC is used because of feasibility in integration. But NH3-H20 is used in the single effect RAC

and ARC analysis to reach lower evaporator temperatures.

3.2.1 ARC Based Proposed Cascaded Compression Absorption Systems Equipped

with Ejector.

This study primarily concentrates on resolving the issues of traditional compression absorption
cycle by cascading a modified ARC with an improved VCR to achieve enhanced thermal
performance. At the evaporator outflow of ARC-HTC, an RHX (refrigerant heat exchanger) can
be incorporated to improve the absorption cycle. This integration enables the refrigerant from

evaporator outlet to be superheated by the heat provided by subcooled refrigerant of condenser

33|Page



Chapter 3: System Details and Overview

outlet. With the enthalpy of the liquid reducing, the cooling capacity increases; hence the COP
enhances [75]. LiBr-H20 is utilized in ARC-HTC due to its feasibility for use in cascaded systems,
alongside R41 in the low-temperature circuit (LTC) owing to its environmental viability. In
LiBr/H20 system, H2O is the refrigerant, while in NHz/H20 system, NHz (ammonia) is used as the

refrigerant.

Ho

LiBr-H,0
R4| —_—

(a) ECAC (b) EICAC
Figure 3-4: Schematic diagram of the proposed novel (a) Ejector Compression Absorption Cycle
(ECAC) and (b) Ejector Injection Compression Absorption Cycle (EICAC).

In this study, two novel ARC based cascade systems are proposed in which the modified absorption
cycle is cascaded with advanced ejector-based VCR systems. Figure 3-4(a) & Figure 3-4(b)
illustrate the proposed novel Ejector Compression Absorption Cycle (ECAC) and Ejector Injection
Compression Absorption Cycle (EICAC), respectively to overcome the limitations of
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Conventional Compression Absorption Refrigeration Cycle (CARC). Ejector-based refrigeration
systems reduce the energy loss in the expansion valve significantly by ensuring a near isentropic
throttle process. Recent advancement in the field of ejector refrigeration system facilitates vapor
injection in a two-stage refrigeration system which ensures a higher cooling effect.

An ejector-enhanced expansion cycle is employed in the ECAC as the LTC, as depicted in Figure
3-4(a). The diffuser, nozzle, and mixing chamber are the main components of an ejector. After
rejecting heat at the CHX, the high-pressure refrigerant becomes saturated liquid and is passed as
the motive fluid for the ejector inlet (point 14). This fluid is driven through the motive nozzle of
an ejector and exits as a low-pressure refrigerant. Due to the generation of low pressure, the
refrigerant which exits evaporator as saturated vapor, is drawn as suction fluid of the ejector inlet
at point 20. The suction fluid is in a low temperature and pressure state and is subjected to a
pressure drop of Ap in the suction nozzle. After acceleration, both fluids are homogenously mixed
in the mixing chamber (point 16). Then the flow is expanded in the diffuser to recover the pressure
energy and the flow exits a two-phase refrigerant (Point 17). Then the flow is separated in a flash
tank, where the saturated vapor is compressed and eventually rejects heat at the CHX. The
saturated liquid is expanded and passed through evaporator to remove heat from refrigerated space.

The flow can be depicted from Figure 3-5 which displays P-h diagram of ECAC cycle.
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Figure 3-5: Pressure-enthalpy diagram of the proposed ECAC with pressure-Temperature
diagram of the Solution.
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In EICAC, the Ejector integrated vapor-injection cycle is used as an alternative of simple VCR to
facilitate the separation of liquid refrigerant in two stages to ensure vapor injection in a double
stage compression process as shown in Figure 3-4(b). At first, two-phase mixture refrigerant at
the ejector exit (state 17) is separated by Flash tank-1 into saturated liquid (state19) and saturated
vapor (state 18); the saturated vapor is passed to the mixing chamber for high-pressure vapor
injection, and saturated liquid is passed through the throttling valve-l and leaves as a two-phase
mixture (state 20). Next, the flow is directed to Flash tank-11, where the refrigerant is segregated
into saturated vapor (state 21) and saturated liquid (state 22). The saturated vapor is taken as the
suction fluid for the ejector. The saturated liquid is expanded in throttling Valve Il and transferred
to evaporator (state 23) where it is evaporated completely (state 24) and further compressed in
low-pressure compressor to reach the intermediate pressure (state 25). Afterward, it is mixed with
the injected vapor in the mixing tank and further compressed in the high-pressure compressor to
reach CHX pressure. The vapor rejects heat in CHX to become saturated liquid (state 14) and
enters the ejector as motive fluid. To facilitate two stage separation, two stage compression is
incorporated into the system. Double separation ensures a higher flow of refrigerant through CHX,
also lower required input power due to double-stage compression. The flow can be depicted more

easily from Figure 3-6, which displays the corresponding P-h diagram of EICAC cycle.
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Figure 3-6: Pressure-enthalpy diagram of the proposed EICAC with pressure-Temperature
diagram of the Solution.
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3.2.2 RAC Based Proposed Cascaded Compression Absorption Systems Equipped

with Ejector.

The research further delves into the field of cascade compression absorption system by integrating
an advanced Recompression Absorption Cycle (RAC) with enhanced vapor compression cycles,
incorporated with an ejector to achieve enhanced energy and exergy efficiency. In a basic ARC
system, a significant amount of heat is released in the condenser, presenting an opportunity for
heat recovery [24]. Recompression technology has been introduced to harness the rejected heat
and raise the solution temperature in the generator. As depicted in Figure 3-7, an auxiliary booster
compressor is placed between the generator (at state 1) and the condenser (at state 2) within this
recompression setup. This configuration allows for a reduced generator pressure in comparison to
the conventional ARC, facilitating operation at a lower generator temperature [60]. Introducing a
compact generator/compressor significantly enhances cycle efficiency and removes the necessity
for a large condenser in traditional absorption cycles. Moreover, as a result of employing clean
working fluid, it is more sustainable than vapor compression systems. Additionally, these systems

require less electrical power compared to traditional VCR for the same working pressure ratio.

This research suggests three newly developed RAC based cascaded systems. Figure 3-7 illustrates
the proposed basic Compression Recompression Absorption Cycle (CRAC), and Figure 3-9(a)
and Figure 3-9(b) represent the proposed advanced Ejector-Compression Recompression
Absorption Cycle (E-CRAC) and Ejector enhanced Vapor-Injection Compression Recompression
Absorption Cycle (EI-CRAC) each in order, to eliminate the constraints associated with
conventional ARC based CARC system. LiBr-H20 is utilized in RAC-HTC due to its feasibility
for use in cascaded systems, alongside R41 in the low-temperature circuit (LTC) owing to its
environmental viability. In LiBr/H20 system, H.O is the refrigerant, while in NHs/H>O system,

NHs (ammonia) is used as the refrigerant.

In Figure 3-7, the proposed basic CRAC is depicted where a simple VCR is used as LTC to
capture the heat from refrigerated space at a much lower temperature and reject it to the
conventional recompression absorption cycle used as HTC through cascade heat exchanger (CHX)
operating at a moderate temperature. This is why the CRAC cycle is taken as a benchmark for

comparison with advanced RAC based proposed systems in the analysis section.
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a Figure 3-7: Schematic diagram of the proposed basic Compression Recompression Absorption
Cycle (CRAC).

The Recompression Absorption Cycle (RAC) used in HTC has three pressure levels as illustrated
in the system P-h diagram as depicted in Figure 3-8. Water as refrigerant, post-compression and
at an elevated pressure-temperature, circulates through the generator for condensation. The heat
rejected during this phase is harnessed in the generator to warm the weak LiBr-H>O solution,
enabling the extraction of pure H2O from stream 1. Within the generator, the residual strong LiBr-
H20 solution of high temperature is discharged as stream 9 and conveys its heat to pre-warm the
weak solution of stream 8. Subsequently, this solution undergoes a single valve expansion to
diminish its pressure before entering the absorber (state 11). Following condensation, stream 2

transitions to a saturated liquid state as stream 3. This stream is channeled through the throttling

38|Page



Chapter 3: System Details and Overview

valve to reduce its pressure. The refrigerant-water, now at reduced pressure and temperature,
traverses the CHX, drawing heat from the LTC condenser and thus transforming into a saturated
vapor, identified as stream 5 and enters the absorber. Within the absorber, this H2O vapor is
combined with the expanded LiBr-H20O strong solution, which operates at the evaporator pressure.
The solution is cooled to become a weak LiBr-H20 solution and exits as stream 6. This weak
solution is then pumped to generator pressure (state 7), receives heat in SHX, and enters the

generator as stream 8, and the cycle continuous.
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Figure 3-8: Pressure-enthalpy diagram of the proposed basic CRAC with pressure-Temperature
diagram of the Solution.

In Figure 3-9(a) and Figure 3-9(b), proposed advanced configurations of E-CRAC and EI-CRAC
schematic diagrams are shown where modified RAC is combined with advanced ejector-enhanced
VCR cycles. RAC can be improved by introducing a RHX (refrigerant heat exchanger) at the CHX
outlet. This integration allows the water vapor exiting the evaporator (at point 5) to undergo
superheating (reaching point 12), facilitated by the heat transfer from the subcooled high-
temperature liquid water from the condenser's outlet (point 3). As a result of the enthalpy reduction,
there is an increase in the cooling capacity; consequently, COP also increases [75]. In LTC, ejector
based advanced compression cycles are employed. Refrigeration systems that incorporate ejectors
substantially diminish energy loss typically experienced in expansion valves by achieving a

process close to isentropic throttling. Latest developments in ejector-based refrigeration
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technology have introduced vapor injection into two-stage refrigeration systems, resulting in an

enhanced cooling effect.
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Figure 3-9: Schematic diagram of the proposed advanced novel (a) Ejector-Compression
Recompression Absorption Cycle (E-CRAC) and (b) Ejector enhanced Vapor-Injection
Compression Recompression Absorption Cycle (EI-CRAC)
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In the LTC, an ejector improved expansion system is integrated into the E-CRAC, as shown in the
system schematic illustrated in Figure 3-9(a). The primary components of an ejector include the
diffuser, nozzle, and mixing enclosure. Post heat rejection at the Cascade Heat Exchanger (CHX),
the high-pressure refrigerant, now a saturated liquid, enters the ejector as motive fluid (state 14).
This refrigerant is passed along the operating ejector nozzle and comes out at reduced pressure.
This process creates a low-pressure environment that draws the refrigerant leaving the evaporator
as saturated vapor into the ejector’s suction inlet stated point 20. Then the suction flow experiences
a pressure loss of Ap while passing through the intake nozzle. Afterward passing, the two
refrigerants are uniformly combined in the mixing enclosure (point 16). Following acceleration,
the fluids mix uniformly in the mixing chamber (point 16) and then expand in the diffuser,
recovering pressure energy and exiting as mixture stated as point 17. The liquid vapor mixture is
then split in the flash tank, during which the saturated vapor goes through compression and releases
thermal energy and get condensed. And the liquid undergoes expansion and is passed along the
evaporator collecting thermal energy from the cooled area. The refrigerant circulation can be
visualized conveniently from Figure 3-10, representing the P-h illustration of the E-CRAC cycle.
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Figure 3-11: Pressure-enthalpy diagram of the proposed EI-CRAC with pressure-Temperature
diagram of the Solution

In the Enhanced Injection-CRAC (EI-CRAC), an Ejector enhanced vapor-injection cycle replaces
the simple VCR, which is illustrated in Figure 3-9(b). This system facilitates two-stage separation
of liquid refrigerant, enabling injection of vapor to facilitate compression in two stages. Initially,
the two-phase refrigerant mixture at the ejector outlet is split into saturated liquid (point 19) and
saturated vapor (16) by Flash tank-1. Then the vapor is directed to the mixing enclosure, ensuring
vapor injecting process at high pressure. At the same time, the liquid is directed along the
expansion valve-l and exits as a two-phase combination (point 17). Afterward, the fluid is
separated into saturated vapor (Point 21) and saturated liquid (Point 22) while passing through
Flash tank-1l. The ejector uses saturated vapor as its suction fluid. The saturated liquid gets
expanded while passing through throttling Valve I1. Then the fluid is passed through the evaporator
(point 23) to be vaporized completely (point 24). Afterwards, it’s compressed to reach the
intermediate pressure and sent to the mixing chamber. Where, it mixes with the injected vapor
(point 26) and further compressed. The refrigerant of high pressure and temperature (point 13) is
then sent to CHX, rejects heat, and gets condensed. This liquid refrigerant is passed to ejector as
motive fluid (point 14). Implementing double stage separation and vapor injection in the system
results in an increased flow of refrigerant through the CHX, thereby reducing the amount of input
power required because of the dual-phase compression. The fluid circulation can be understood

conveniently from Figure 3-11, which shows the P-h illustration of EI-CRAC system.
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3.2.3 Advanced Stand-Alone Recompression Absorption System Equipped with

Ejector and Vapor Injection

In the recompression system, vapor refrigerant from the generator is recompressed to release heat
and condense. This results in higher condensation pressure and Pressure ratio, Rp than basic ARC
[25]. Directly reducing the high pressure of the condensed subcooled refrigerant through
isenthalpic expansion in a single expansion valve leads to significant energy and exergy losses
[26]. In conventional VCR systems, where the pressure ratio is comparably high, replacing the
expansion valve and recovering lost energy have been addressed by introducing ejector and vapor
injection technologies [11]. These innovations have shown promise in enhancing system

efficiency.

In this regard, ejector and vapor injection technology have been incorporated in the refrigerant
section of the RAC cycle to develop proposed advanced recompression absorption systems:
Refrigerant Ejector enhanced Recompression Absorption Cycle (RE-RAC) and Vapor Injection
enhanced Recompression Absorption Cycle (VI-RAC), respectively in this study. In these
configurations, the conventional single-valve expansion is substituted, and energy is recuperated
internally, facilitating the entry of refrigerant vapor into the absorber at an elevated pressure to
reach higher system efficiency. Consequently, these modifications also allow the absorption
system to operate at lower evaporator temperatures. Although such adaptations might not
significantly boost efficiency in basic ARC systems because of the limited Rp, within the RAC
framework and its 3-stage pressure setup, substantial efficiency improvements were observed

because of higher Rp.

Normally LiBr-H2O is utilized in RAC based cascaded systems for feasibility in integration.
Similarly, NH3-H20O can also be employed in RAC systems to achieve lower evaporator
temperatures, making it a preferred choice for analyzing the performance of single-effect
standalone systems. This is why, in the analysis of improved single effect recompression

absorption technologies, NH3-H2O is selected.
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Figure 3-12: Schematic diagram of the proposed novel (a) Refrigeration Ejector enhanced
Recompression Absorption Cycle (RE-RAC) and (b) Vapor Injection enhanced Recompression
Absorption Cycle (VI-RAC)

In RE-RAC, a gas-liquid ejector is integrated between the evaporator and condenser of the RAC
cycle. The schematic of the cycle is depicted in Figure 3-12(a), with the accompanying P-h
diagram presented in Figure 3-13. The high-pressure liquid ammonia, after getting subcooled in
the RHX, is channeled into the ejector as the motive fluid (state 10). This fluid accelerates through
the nozzle until it achieves the suction pressure corresponding to stream 11. Concurrently, the low-
pressure vapor exiting from the evaporator's outlet (stream 16) is introduced into the ejector as
suction fluid, where it merges homogeneously with stream 11 within the mixing chamber.
Subsequently, the ammonia experiences expansion within the diffuser, enabling energy and
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pressure recovery, and ultimately discharges as a two-phase refrigerant labelled as stream 13. The
two-phase ammonia is then separated in the flash tank. Here, the saturated liquid undergoes
expansion to lower its pressure, and this reduced-pressure liquid ammonia traverses the evaporator
coil, drawing heat from the refrigerated space and transforming it into a saturated vapor.
Conversely, the saturated vapor from the flash tank navigates through the RHX, acquiring heat
before entering the absorber, producing a high concentration solution. This arrangement allows
absorber pressure to be higher than evaporator pressure, offering the possibility to decrease the
evaporator temperature further if needed.
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Figure 3-13: Pressure-enthalpy diagram of the proposed RE-RAC with pressure-Temperature
diagram of the Solution.

In VI-RAC, a flash tank is integrated between the evaporator and condenser of the RAC cycle to
enable ammonia vapor to enter the absorber at an intermediate pressure. Schematic of the cycle is
depicted in Figure 3-12(b), with the accompanying P-h diagram presented in Figure 3-14. The
high-pressure liquid ammonia, after getting subcooled in the RHX (stream 10), is throttled to an
intermediate pressure (stream 11) using the EXP-II. At this state, ammonia is a mixture of vapor
and liquid, which enters the flash tank and gets separated. The resulting saturated vapor (stream
16) is directed to the mixing chamber. Simultaneously, the saturated liquid (stream 12) undergoes
a second throttling (EXP-III) to achieve the evaporator pressure of state 13. The low-pressure

liquid ammonia is passed through the evaporator coil to extract heat from the refrigerated space to
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become saturated vapor (stream 14). This vapor is sent to the compressor and mixed with the

saturated vapor of intermediate pressure in the mixing tank. This mixture (stream17) goes through

RHX and gains heat before entering the absorber and producing a high-concentration solution.

This arrangement also allows the absorber to be at an intermediate pressure, thus increasing system

efficiency and allowing the system to reach a lower evaporator temperature.
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Figure 3-14: Pressure-enthalpy diagram of the proposed VI-CRAC with pressure-Temperature
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Chapter 4: Research Methodology & Mathematical
Modelling

4.1 Thermodynamic First Law- Energy Analysis

Mass, energy and exergy balance equations can be applied to each component of the corresponding
cycle to calculate all the state properties as well as performance parameters. The equations are as

follows:

Conservation of mass: Each component of the refrigeration cycle can be regarded as control

volume system. Hence, employing continuity equation, conservation of mass across each

Y-Yn

Solution Concentration Equilibrium Equation:

D Xy =) X, @

Energy conservation: 1% law of thermodynamics is applied to derive SFEE (Steady flow energy

component can be formulated as:

equation) to estimate the total energy flow through open systems as described: [76]

) v? : . 4 , (3)
Zmi(hi+7+gzi) + Q =Zme(he+ 7+gze)+ w

Disregarding potential and kinetic energy, and simplifying the formulation of equation results as
follows: [77]

zmihi + Q=Zmehe + W (4)

Here, m represents the mass transfer rate, Q is the heat transfer rate, and W denotes the work
transfer rate across the system boundary, while X signifies the solution concentration. COP is

expressed as a quantity to assess the efficiency of the refrigeration system.

Desirable output 5
cop = P ©)

Cycle Input
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The 1% law of thermodynamics focused on the quantity of energy rather quality, and the work and
heat load are considered based on only enthalpy changes inside the refrigeration cycle. So, the total
input energy to operate the cycle is given as the summation of energy input to the generator and
compressors separately. The desirable output of the system is the cooling effect produced at
evaporator. So, the following equation to calculate the overall system COP of the proposed
cascaded compression absorption systems can be written. EXxisting literature on cascade systems
also follows the same convention.[12], [69], [74], [78], [79]

Qevp Qevp (6)
COPsystem = = - . = = . . .
Qgen + I/l/comp + M/pump Qgen + Wcomp—HTC + Wcomp—LTC + Wpump
To offer a comprehensive understanding of each input separately, COP of each sub-cycle of the
cascaded systems can be calculated from the following equations. In this, COP_tc is associated

with the compressor load only, while COPHrc is concerned exclusively with the generator load.

COPLTC = .Qei, COPHTC == QCH}.(
comp Qgen + l/Vzaump

In the stand-alone RAC system, as mentioned, the required generator load (Qgen) is supplied
from two sources [25]. Primarily, the compressed refrigerant supplies internal generator load

(Qgen,int) and get condensed. The extra requirement of heat in the generator is taken from an

external source (stream e-f) and is denoted as external generator load (Qgen,ext)-

From conservation of energy,

Qgen = Qgen,int + Qgen,ext (8)

Whereas,
Qgen = Ty X hy +1iy X hy — T3 X hy 9)
Qgen,int = Thg X hg — Mg X hg (10)

So, the external heat requirements in the generator can be calculated from:

Qgen,ext = Qgen - Qgen,int (11)
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For the ideal RAC operation, Qgen,ext = 0 means all the required generator heat is provided by
recompressed internal stream 8. But that would require a much higher recompression, resulting in
a very high compressor load. This violates the fundamental objective of the absorption system,
which is to use heat as input and decrease electricity dependency. This is why, in the RAC
mechanism, the compressor load is only used to recompress the ammonia stream from the
generator to a higher temperature, so that its inherent energy can be supplied to the generator to
meet the requirement partially, decreasing the external load requirement significantly and
enhancing performance. The internal heat exchange within the generator is defined by pinch
difference ATpinch. Thus, the saturated condensed ammonia outlet (stream 9) after internal heat

release in the gen-cond is defined by,
Tog=Tgen + ATpinch (12)

Also, it's required to calculate the ammonia pressure after recompression (stream 8). The maximum
compressor output pressure is assumed to be 0.9 times the critical NH3 pressure for safe operation
[25]. Whereas the minimum pressure is the saturated pressure corresponding to To (as heat
rejection occurs in constant pressure). A variable is introduced as NPR (normal pressure ratio) to
regulate the Rp as stated in equation 10. By varying this, the recompression can be controlled:;

hence, the system performance also changes.

P8 Pmin Pcr Pmin (13)
R =—=( > (0.9 —_—— ) NPR;0<NPR <1
AN A S
Where,
Prin = Psaturate (NH3 , T = To = Tgen + ATpinch) (14)

The compressor's output pressure is equal to Pmin when NPR =0 and 0.9 P¢r when NPR = 1. From
the viewpoint of the first law of thermodynamics, the performance (COP) of the proposed

advanced standalone RAC systems is assessed as:

Desirable output _ Qeup (15)

COP = == -
Cyde Input Qgen,ext + VVcomp + VVpump
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4.2 Thermodynamic Second Law- Exergy Analysis

Exergy is conceptualized as the quantity of work, equivalent to entropy-free energy, that a system
can execute when it achieves thermodynamic equilibrium with its surrounding environment. In the

case of an open system, exergy of a stream is defined as follows: [76]

2
Ex = 1, [(h — ho) — To(s — 50) + V7 + 92| (16)

For simplification the influence of external mechanical energy (kinetic and potential factors) on
exergy can be disregarded, so the equation becomes:

Ex = 1, [(h — hy) — To(s — sp)] (17)

Assuming each component of the systems as control volume, exergy balance equation across each

component can be formulated as: [80]
Z fx, + Eq = Z Bx, + Exw + Exp (18)

The subscript 'i' corresponds to the inbound flows for control volume element, while the ‘e’
subscript represents the outgoing streams. Conversely, the 'o' subscript is associated with the ‘Dead

state” condition. Exp, indicating the exergy destruction rate, can be expressed as:
Exp = Z Ex; — Z Ex, + Exy + Exq (19)

Here, the terms Exq and Exw represents the exergy rates corresponding to finite heat transfer and
mechanical work, which are defined in the following manner [76]:

Exq = ( _&> Qs (20)

Ty
EXW = Wk (21)

In addition, since chemical exergy has a negligible impact compared to physical exergy, it has
been omitted in present study, as in most previous works in the literature [81]. It should be noted
that the contributions of kinetic and potential exergies have been disregarded in the

formulation[82]. The 2" law efficiency is expressed from the definition as follows [83]:
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nex=%=1—% 2
f f

Within this context, £x, and Ext stand for the rate of exergy corresponding to system product and

fuel, respectively. The exergy "product” of the system refers to the desirable exergy extracted from

cold space (the exergy rate of net cooling effect, discarding any exergy released in the absorber).

Conversely, the exergy "fuel” of the system is defined as the exergy expended by the system for

its operation (exergy input that comprises the compressor load and useful external heat input in

the generator).

In the context of the cascaded compression absorption system, the input exergy can be defined

as follows:

Exf = Ex in, Generator + Ex in, comp—HTC + Ex in, comp—LTC + Ex in, pump (23)
Whereas useful exergy input in the generator,

(24)

. . T, . .
Ey in, Generator — Qgen 1- = (Exe - Exf)
Tgen

In the context of the proposed standalone RAC systems employed in this study, the input exergy

can be defined as follows:

Ex; = Eyxin, gen—ext + Exin, comp  Exin, pump (25)
Whereas external exergy input in the generator,
Ex in, gen—ext — Qgen,ext (1 - TTO > = (Exe - Exf) (29)
gen
In both cases, useful exergy input in the compressor and pump,
Ex in, Compressor — Vi/compressor' Ex in, Pump = Wpump (27)

Although a significant amount of energy is rejected in absorber and condenser, these components
are operating at near ambient temperature of To. This is why the rate of rejection of useful energy

or exergy in condenser/absorber is very negligible.

Hence the exergy product can be written as,
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(28)

o

X |1 -—

EXp = Ey in,Evaporator — Qevp

Tevp

This is the reason why in many studies performed on cascaded compression absorption systems,

the equation to find exergetic efficiency has been simplified to: [84]

Qevp X ’1 B TTO )
B evp
Nex = T, . : ;
Qgen X|1— Tgen + Wcomp—HTC + +Wcomp—LTC + M/pump

Also, the simplified equation to determine COP of stand-alone advanced RAC system can be

written as:

To
Tevp

(30)

Qevp X |1 -

r]ex -

T , ,
T 2 ] + l/Vcom;a + M/pump

gen

Qgen,ext X [1 -

The rate of exergy destruction due to irreversibility within each component of the proposed cascade
and standalone systems are stated in Table 4-1 to Table 4-9. Summation of these provides the

system's total loss or exergy destruction rate.

ExD,total = ExD,CHX + ExD,abs + EXD,RHX + ExD,SHX + ExD,gen + ExD,expansion valve (31)

+ ExD,ejector + ExD,flash tank + ExD,evp + ExD,comp

This is an important parameter in the system analysis; pinpointing where most energy degradation
occurs aids in enhancing system design, optimizing operations, and promoting sustainable

practices.

4.3 Working Fluid

LiBr-H>0 and NHs-H>O are commonly used in traditional absorption systems. However, every
refrigerant has its strengths and weaknesses. LiBr/H>0 in cascaded systems allows higher absorber
pressure with non-toxic behaviors. Moreover, the generator activation temperature is lower,
making them compatible for integrating with different industry heat with higher COP and exergy
efficiency [25] [85] [18]. LiBr also allows for the elimination of the volatile liquid in the absorbent-

refrigerant pair. This simplifies system design because the refrigerant exiting the generator is pure
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water, eliminating the need for an analyzer and rectifier, making the system more compact, cost-
effective, and easier to maintain [86]. However LiBr-H.O systems face challenges with low
evaporator temperatures due to crystallization and freezing [87]. Meanwhile, while NH3 is seen as
hazardous, its use within set safety guidelines allows it to perform across a diverse temperature
spectrum, maintaining thermodynamic stability with flexibility. NHs-H>O's widespread adoption
in ARC systems stems from its strong compatibility, environmental benefits, and capability to
achieve lower evaporator temperatures - a key aim of this study [88]. Additionally, ejectors
enhanced refrigeration systems are best suited for refrigerants with high vapor densities. This is
because liquid-powered ejectors don't perform optimally with refrigerants that generate low-
density vapor, as with steam in H>O-LiBr systems [89]. Again, some research favors NH3-LiNO3
for superior COP over NH3-H20, but real-world tests differ [90]. Also, the prime objective of this
study is to enhance the performance of existing low COP absorption configurations using

commonly used refrigerants.

As, LiBr-H20 is utilized in cascaded compression absorption systems for simplicity and feasibility.
This is why, in this research, LiBr- H20 is used in the HTC absorption cycle of RAC and ARC
based proposed cascaded systems (ECAC, EICAC, E-CRAC, EI-CRAC) because of feasibility
in integration, alongside R41 in the low-temperature circuit (LTC) owing to its environmental
viability. Similarly, NH3-H20 can also be employed in absorption systems to achieve lower
evaporator temperatures, making it a preferred choice for analyzing the performance of single-
effect systems. This is why, in the analysis of improved standalone recompression absorption
technologies, NHs-H20 is selected (SE-RAC, RE-RAC, VI-RAC). Furthermore, in the proposed
standalone RAC systems, the maximum COP occurred at a generator pressure and temperature
lower than the ARC. Thus, the proposed design could handle the high activation temperature and
pressure challenges of ARCs with an NHs-H2O working fluid.

R41 is selected as the refrigerant for LTC in the proposed cascaded systems. This selection is
motivated by the environmentally conscious and wide accessibility of this refrigerant pairing. R41
is known for its non-existent Ozone Depletion Potential (ODP), significantly low Global impact
on global warming (GWP, approximately 95), and a low boiling point of -78.2 °C [79]. These
characteristics make it a suitable choice for use in Low-Temperature Chillers (LTCs) [78][79]. For

any operating condition, properties of each stream are determined using equations and integrated
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library of EES. One more point to be noted, this study is mainly focused on evaluating

configuration performance rather than extensive refrigerant analysis.

4.4 Ejector Modeling

The function of the ejector as a mixer of fluid streams of different pressures serves as a crucial
aspect of the proposed systems' working processes. The operational fundamental of the ejector is
modeled depending on the mathematical model formulated by Li et al. [91]. Numerous studies
have indicated that the constant-pressure mixing ejector exhibits superior performance compared
to the constant-area ejector [92], [93]. As a result, this research involves the modeling and
application of a constant pressure mixing ejector. Additionally, an improved numerical model of
a constant-pressure ejector, developed by Liu et.al [94], is utilized in this study, emphasizing the
equations of area and area ratio of the corresponding ejector sections for analysis. Particularly, this
involves the modeling of the mixing process in relation to the area variation of the mixing section,
where a specific area ratio of the mixing section's entrance to exit is introduced. A schematic

representation of the ejector is provided in Figure 4-1.
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Figure 4-1: lllustrative Diagram of Ejector Configuration.

The assumptions underlying the foundation of the ejector simulations include the following:
e There is no occurrence of external heat transfer.

e The ejector's flow is considered as a one-dimensional homogeneous equilibrium flow.
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e It is assumed that the motive and suction streams reach equal pressure after accelerating

through their respective nozzles.

e Upon exiting the mixing section, the mixed properties of refrigerants are presumed to be

consistent across the cross-section.

e In the simulations, the consequences of frictional dissipation in the nozzle, mixing section
and diffuser are considered. These losses are characterized by corresponding efficiency
evaluations. Both the nozzle and diffuser performances are presumed to be 90%, when the

mixer's performance is postulated to be about 95% [91].

In this study, the steady-state computations of the ejector model is employed based on the iterative
approach of calculation suggested by Kornhauser [91]. This model, following a homogeneous
equilibrium approach, takes account of the flow of refrigerants via both independent motive and
suction nozzles. The design of these nozzles aims to attain equal outlet pressures, thereby
promoting consistent blending in the mixing section. The discharge pressure, denoted as Py, should

maintain a value less than the suction side, regulated by the equation:
Py = Pgyction — AP (32)

In this equation, AP denotes the pressure drop across the suction nozzle. Additionally, fluid
velocity and cross sectional area of nozzles and different sections of ejector is also calculated. In
this context, the improved numerical model of a two-phase ejector by Liu et al. [94] is adopted to
calculate the pertinent parameters related to the mixing chamber. In this context, a specific area

ratio of the mixing section's entrance to exit, denoted as ¢, is introduced.

0= Amn,out T Asn,out (33)

am,c

Here, a;noue and ag, oy represents the cross-sectional area of motive and suction nozzle,
respectfully. a,, ., denotes the area of the constant section of mixing chamber, and ¢is the mixing
chamber area ratio. Another essential parameter in assessing the performance of the ejector is the

entrainment ratio, denoted as w.

Mgsyuction (34)

Mynotive

w =
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An initial guess of the entrainment ratio is assumed in the analysis and proceeded with iterations
as depicted in the mathematical framework of the proposed systems. The requirement is to match
the consistency of the vapor quality at the outlet of the diffuser with the system's theoretical value.
For a definite working condition, AP is iterated to determine the optimal AP for maximum

coefficient of performance.

At suction nozzle discharge (sn, out): The refrigerant accelerating through the suction nozzle is
undergone isentropic expansion and reduction of pressure AP. So, the refrigerant properties can

be determined as:
Pressure: Psnout = Psn,in — Ap (35)

Entropy: Ssnout = Ssnin (36)

Applying the principal of “state postulate”, the other properties can be determined as:

Idea enthalpy: hsn ,out,is — f(SSTl,Out,iS' Psn,out) (37)
Actual (38)
hsn out — hsn,in - 77m(hsn,in - hsn ,out,is)

enthalpy:

Fluid VeIOCity: Csnout = \/Z(hsn,in - hsn,out) (39)
DenSity: Psn,out = f(hsn ,out» Psn,out) (40)
Cross sectional . B w (41)
Area: smout Csnout Psnout(1 + @)

At the discharge of the motive nozzle (mn, out): Expansion across the motive nozzle reduces
the pressure of motive fluid to the outlet pressure of suction nozzle. The properties of the fluid

can be determined as follows:

Pressure: Pmn,out = Psn,out (42)
Entropy: Smn,out = Smn,in (43)

From these properties, the other properties can be found:
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Idea enthalpy: hmn ,out,is — f(smn,out,isr Pmn,out) (44)
Actual (45)
hmn out — hmn,in - nm(hmn,in - hmn ,out,is)

enthalpy:

Fluid velocity: Cmnout = \/Z(hmn,in — N our ) (46)
DenSity: Pmn,out = f(hmn ,outr Pmn,out) (47)
Cross sectional 1 (48)

a =
Area: mmout Cmn,out pmn,out(l + (*))

In the mixing section: Based on the conservation of momentum and energy during the mixing
process of the primary and secondary fluids in the mixing chamber, the properties of the mixed

fluid at the exit (m,out) are determined:

Pressure: Pm = Pmn,out = Psn,out (49)

Fluid velocity: (50)

1 w
Cmout = v Nms (1+_OJ Cmn,out + 1+_w Csn,out)

Enthalpy: 1 Crznn,ou Cszn,ou 51
Py hm,out = Ttw (hmn out T > t) + 1fw (hsn out T Tt) - ( )
Crzn,out
2
DenSity: Pm,out = f(hm,outrpm) (52)
Area Ratio of mixing Pm.out * Cmout 1 Pmout * Cm,out w (53)
Q= * *
chamber: Pmn,out * Cmn,out 1+w Psn,out * Csn,out 1+w
Area of Constant area (54)
] .. Amn,out + Asn,out
section of mixing Ame = "
chamber
Entropy: Sm,out = S(pm ’ hm,out) (55)
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Considering the diffuser efficiency and utilizing the principle of energy conservation for isentropic
compression within the diffuser, the pressure of the refrigerant at its outlet (d, out) and the

corresponding properties can be computed as:

Enthalpy: c2 (56)
hd,out = hm,out + m,zout

Ideal enthalpy: hd,out,is = hm,out + nd(hd,out - hm,out) (57)

pressure at the outlet: Py out = P(haoutis » Sm,out) (58)

Quality of the (59)

. Xd,out = f(hd,out,is ’ Pd,out)
refrigerant:

Ejector pressure lift R Py out (60)
P~ p

ratio: P sn,in

To maintain energy equilibrium across the ejector, the fluid velocity at the diffuser outlet is
regarded notably low [14]. Thus, the entrainment ratio is derived from the above equations as

follows:

NmNmsNda h -1

sn,in ~ hsn ,out,is

\/ hmn,in - hmn,out,is (61)
w =

4.5 Mathematical Modelling

When establishing mass, energy, and exergy balance equations for the relevant components of the
proposed advance cascaded systems (ECAC, EICAC, E-CRAC, EI-CRAC) and standalone
advanced RAC systems (RE-RAC, VI-RAC) several assumptions have been considered to
facilitate model simulation as per the prior studies on refrigeration systems [68] [69] [95]. These

are simplified as follows:

e A state of equilibrium, or steady state, is maintained throughout the entire system.
e Pressure fluctuations and thermal losses in the pipelines are deemed negligible.
e The throttling process in the expansion valve is considered as isenthalpic process, whereas the

pump and compressor operate in an isentropic process.
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e The state of refrigerant at the evaporator and condenser exit is considered as saturated
conditions.

e In the generator of the ARC, the vapor refrigerant exits in pure state.

e Solutions exiting the absorber and generator are presumed to be in a saturated phase.

e A pinch temperature difference (ATpinch) Of 5°C is assumed in the gen-cond to enable internal
heat exchange and the condensation of the recompressed ammonia [25].

e The isentropic efficiencies of the pump and compressor and the effectiveness of SHX and RHX
IS taken as constant.

e Power consumption in the solution pump is ignored due to negligible amount [68].

4.5.1 Modelling of ARC Based Proposed Cascaded Compression Absorption

Systems

In this research, a modified ARC system as HTC is integrated with advanced VCR systems in LTC
coupled with ejector and vapor injection to develop novel compression absorption cascade system
ECAC (Ejector compression absorption cycle) and EICAC (Ejector injection compression

absorption cycle).

The ECAC and EICAC both have a modified single-effect ARC (HTC of cycles in Figure 3-4)
consisting of 9 components. The components are as follows: generator, condenser, absorber,
solution heat exchanger, refrigerant heat exchanger, cascade heat exchanger, solution pump, and
two expansion valves. Each component is modelled as a control volume, and energy-exergy

balance equations are displayed in Table 4-1.

ECAC contains an ejector refrigeration system as LTC, whereas EICAC contains an ejector
enhanced vapor injection system as LTC. Both systems contain the following components:
cascade heat exchanger, ejector, flash tank, throttling valve, compressor and evaporator. As a
difference between EICAC and ECAC, EICAC has an additional compressor, throttling valve,
along with a mixing chamber to facilitate the vapor injection. Also, each component is regarded

as control volume to formulate the mass, energy, and exergy balance equation as stated in

Table 4-2 and Table 4-3, for ejector expansion (LTC of ECAC illustrated in Figure 3-4(a)) and
ejector enhanced vapor injection VCR respectively (LTC of EICAC Figure 3-4(b)).
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Table 4-1. Energy and exergy balance equations of single effect modified absorption system.

Component Mass balance Energy balance Exergy destruction
Cascade heat Mg=riy Qcux = Mys X (hyz —  Epcnx = Exg 4+ Exgs3 — Ex, — Exyy
exchanger TMy3=1 4 = 1z((hs — hy) — To(s3 — s4) + My3((hyz —
=1z X (hy — h3) hi4) — To (513 — S14))
Expansion My =My3 hi1 = hy3 Epry-1 = Exiq — Exz = 1ity1((hyq — hys) —
valve 2 To(511 — $13))
Refrigerant hy=1iy, Qrux = 1y X (hy Eprux = Ex; + Ex, — Exyy — Exyy
heat exchanger M=y, —hi1) = 1iy((hy — hyy) — To(sz — s11) + Mg ((hy —
= 1y X (h12 = hy) hi2) = To (S = S12))
Absorber gy + My Quaps = Mgy X hyy Ep aps = Ex15 + Exyg — Exs + (Ex. — Exg)
= ms 1o X hyg — s X hs = 1hy5((hiz — ho) — To(S12 — So)) + 1iyo((hyo —
ho) = To(s10 — So)) — M5 ((hs — ho) — To(ss —
s0)) + mc((he — hg) — Ty (sc — Sa))
Solution Pump s = 1y , = 1 x hes — Ep pump = Exs — Exg = ms((hs — he) — To(ss —
ump — 5
S6))
SHX me = My Qsux = Mg X (hy — h) ED,SHX = Exg + Exg — Ex; — Exo
Mg = 1My = mig X (hg — ho) = 1g((he — h7) —To(Se — s7) +m7((hg — ho) —
To (sg — S9))
Generator m, Qgen = My X hy Ep gen = Ex; — Exg — Ex; + (Ex, — Ex;)
=g + 1y +1ig X hg — 1y X hy = 17 ((h; — ho) — To(s7 — $9)) — Mmg((hg — ho) —
To(ss — S0)) — My ((hy — ho) — To(s1 — S0)) +
me((he - hf) - TO (Se - Sf))
Expansion The=1i11, hio = hg Epry—in = Exy9 — Exg
valve 1 = 1iy9((h10 — ho) — To(S10 — S9))
Condenser my=m, Qcona = My X (hy —hy)  Ep con = Exq — Exy + (Ex, — Exp)

= my((hy — hy) = To(s1 — s2) + ma((hg — hp) —
TO (Sg - Sh))

Table 4-2. Energy and exergy balance equations of ejector expansion VCR cycle employed in

ECAC.
Component Mass balance Energy balance Exergy destruction
Evaporator My9=1Myg Qevp = Tityo X (hao = h1o)  Ep gop = Ex1o — Exzo + (Exg — Exp)

= 1y9((h1g — hao) — To(S190 — S20) +
ma((ha - hb) - TO (sa - Sb))
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Ejector My + My ED,ejector = Exy4 + Exzo — Exyy
= Mys = Myg = My4((h1a — ho) — To(S14 — So)) +
= My Moo ((h2o — ho) — To(S20 — So)) —
my7((h17 — ho) — To(S17 — So))
Flash Tank Myg=my, (1 — Tyy hyy = Tyg hyg Eppr = Exy; — Ex;g — Exyy
X17) + My hyy = My7((hy7 — ho) — To(S17 — So0)) —
My = My7 X17 m1g((hig — ho) — To(S18 — So)) —
mMy1((hz1 — ho) — To(S21 — So))
Expansion Myg=Myg hig = hig Eprv-m = Exig — Exiq
valve 3 = myg((hig — h19) — To(S18 — S19)
Compressor s = 1ig hiss — a1 Ep comp = Exa — Exgs

M/comp = My X n
s

= 1hy1((hy — hy3) — To(S21 — S13)

Table 4-3. Energy and exergy balance equations of ejector-enhanced vapor injection VCR
employed in EICAC.

Component Mass balance Energy balance Exergy destruction
Evaporator My3=Myy Qevp = 1hyz X (hpg — hy3) ED,evp = Exy3 — Exzq + (Exg — Exp)
= 1hy3((hys — has) — To(S23 — Sz4) +
Mg ((he — hp) — To (Sq — b))
Ejector My + My, Epejector = Ex1a + Expq — Exqy
= Mys = Mg = 1y4((h1a — ho) — To(S14 — So)) +
= My Ma1((hz1 — ho) — To(S21 — So)) — My7((h17 —
ho) — To(s17 — So))
Flash Tank 1 riy9=1iy, (1 — Mmyy hyy = Mg hyg + Eppr_; = Exy7 — Exjg — Exyg
X17) Mg hig = my7((hy7 — ho) — To (517 — So)) —
M= 1My7 X17 mMyg((h1g — ho) — To(S18 — So)) — M19((hyg —
ho) = To(s19 — S0))
Flash Tank 2 mi,,=1i,, (1 — Thyo Rag = Mgy Rgy + Ep pr-ii = Exy9 — Expy — Expg
X20) Mp1 oy = 1z ((hz0 — ho) — To(S20 — S0)) —
1M1= Mpg X20 Moz ((h2z — ho) — To(S22 — So)) — a1 ((hey —
ho) — To(s21 — So))
Expansion My9=Mzg hi9 = hyo Eprv-m = Exio — Exyg
valve 3 = My9((R19 — h20) — To(S19 — S20)
Expansion Mpp=My3 hyz = ha3 Eprv-iv = EXzp — Exps
valve 4 = gz ((haz — ha3) — To(S22 — S23)
Compressor My = Mys Weomp-1 = Mo X @ Epcomp-1 = EXzs — Exps
1 ’ = My4((h2q — h2s) — To(S24 — S25)
Compzressor Mae = M3 Weomp—11 = Mae X % Epcomp-11 = EXzg — Exq3

= mye((hze — hy3) — To(S26 — S13)
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Mixing Mg + Mys Mys Rps + My1g Mg = Ep mixing chamber = EXzs + Ex1g — Exp6 =
chamber = e Ma6 hag mzs((hzs - ho) —To(s25 — 50)) + m18((h18 -
ho) —To(518 — 50)) - mze((hze - ho) -
To (526 — 50))

4.5.2 Modelling of RAC Based Proposed Cascaded Compression Absorption

Systems

This research further delves into the field of cascaded compression absorption system by
integrating an advanced Recompression Absorption System (RAC) with an enhanced VCR
equipped with ejector, resulting in the innovative proposed Ejector-Compression Recompression
Absorption cycle (E-CRAC) and Ejector enhanced Vapor-Injection Compression Recompression
Absorption Cycle (EI-CRAC).

In all the proposed systems within this section, recompression ARC is used in HTC. In E-CRAC
and EI-CRAC, the simple recompression cycle is improved by using a RHX to recover some
energy loss during the throttle process. Simple recompression Absorption cycle employed in
conventional CRAC, comprises of 7 components. The components are as follows: compressor-
HTC, generator-condenser, SHX, absorber, cascade heat exchanger, solution pump, and two
throttling valves. Additional RHX is added to the modified recompression absorption system
employed in E-CRAC and EI-CRAC (HTC of cycles in Figure 3-12). Across each of the
controlled volume components, conservation of energy, mass and exergy balance equations can

be applied as presented in Table 4-4.

Conventional CARC and CRAC contain VCR as LTC which consists of 4 components. Following
the flow convention as depicted in Figure 1-5, the corresponding energy-exergy balance equation

of independent components are presented in Table 4-5.
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Table 4-4. Energy and exergy balance equations of Recompression Absorption Cycle (RAC).

Elements Mass balance Energy balance Exergy destruction
Cascaded Heat he=ms Qcux = 1z X (s —  Expepx = Exy + Exg3 — Exs — Exyy =
Exchanger hia) =1z X (hs —hy) 1y ((hy — hs) — To(ss — s5) + 1y3((hy3 —
hi4) = To (S13 — $14))
Expansion 1Myo=1My hi1 = hyo ExD,exp—I = Exqo — Exyy = myo((hio — h11) —
Valve 1 To(S10 — $11))
Refrigerant My = 1z Qrux = M3 X (hs —  Expgux = Exz + Exs — Exgo— Exy, =
Heat Exchanger M = 1y, h3o) = 1 X (hiz = hs) ms((h3 — h30) — To(s3 — $30)) + M5 ((hs —
hi3) = To (s5 — 512))
Absorber My, + My Qaps = My X hyy +  Expaps = Exqo + Exyq — Exg + (Ex, — Exg) =
= 1, Myg X hyg —1ig X he  145((hyz — ho) — To(S12 — S0)) + 1My1((hyy —
ho) — To(s11 — So)) — Me((he — ho) — To(s6 —
s0)) + mc((he = hg) = To (sc — Sa))
Solution Pump hg = 11, //— Exp pump = Exe — Exy; = mg((he — hy) —
= 17 X h7s — hg To(s6 — 57))
Ns
Solution Heat M, = Mg Qsux = Mm; X (hg —  Expsyx = Ex; + Exg — Exg — Ex;g = m,((h; —
Exchanger Mg = Mg h7) =19 X (hg — hyg)  hg) —To(s7 — Sg) + 1ig((hg — hyg) — Ty (59 —
510))
Generator - g = 1hg + Qgen = ™y X hy + Exp gen-cona = Exg — Exg — Ex; + (Ex, — Ex3) =
Condenser 71, o X hg —1itg X hg  1itg((hg — ho) — To(ss = 50)) = Th((ho — ho) =
Qgen = Qcona To(s9 — s0)) — My ((hqy — ho) — To(s1 — So)) +
my = m; Qcong = Mz X hg + M, ((hy — ho) — Ty (52 — so) —m3((hs — hg) —
= M3 M, X hy To (s3 = S0))
Comp-HTC my = mp Wcomp—HTc = my X ExD,HTC = Ex; — Ex, = my((hy — hy) — To(s1 —
s S5)
ns
Expansion TM3o=Ty h3o = hy Expry-i1 = Exzo —Exs = mzo((hso — hy) —
Valve 2

To(S30 — 54))

Table 4-5. Energy and exergy balance equations of VCR cycle used in conventional CARC and

CRAC.
Elements Mass balance Energy balance Exergy destruction
Evaporator My5=Tiy Qevp =Tys X (hiz —  Exp gy = Exgs — Exgp + (Exg — Exp,) =
his) My5((hys — hiz) — To(S15 — S12) + Ma((hg —
hy) = To (Sa — Sb))
Expansion valve My 4=Mys hiy = hys ExD,exp—III = Exq4 — Exys = mya((hig — hys) —

3

To(S14 — S15)
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Comp-LTC

myi; = My3

M/comp = My X e

h135_h12

ExD,comp = E:9512 - E:9513 = 1yp((hiz — hyz) —

To(S12 — S13)

E-CRAC contains ejector expansion VCR in LTC, whereas EI-CRAC has vapor injection

facilitated ejector enhanced VCR in LTC. Both the advanced VCRs of the proposed system are

comprised of the same components, such as: evaporator, compressor-LTC, expansion valve, flash

tank, ejector and cascade heat exchanger.

Distinguishing between EI-CRAC and E-CRAC, the former incorporates an extra compressor, a

throttling valve, and a mixing chamber to enable the process of vapor injection. Here, each

component can also be assumed as control volume. Following the flow convention as depicted in

Figure 3-9(a) and Figure 3-9(b) respectively, the mass, energy and exergy balance equation

across each component for Ejector expansion and Ejector incorporated vapor injection VCR
employed in the corresponding LTC of E-CRAC and EI-CRAC respectively is stated in Table 4-6
and Table 4-7.

Table 4-6. Energy and exergy balance equations of ejector expansion VCR cycle employed in E-

CRAC.
Elements Mass balance Energy balance Exergy destruction
Comp-LTC My = My3 Wcomp ExD,comp = Expq — Exg3 = 1y ((hyy — hy3) —
= 1y, X hizs = haq To(S21 — $13)
Ms
Evaporator Ty = Myg Qevp = Tiyg X (hyg Exp gpp = Exq9 — Exyg + (Exg — Exp) =
— hyo) M19((h1g — h20) — To(S19 — S20) + Mg ((hq —
hy) —To (Sa — b))
Ejector My4 + Myg Mg hyg + My Ry = Expejector = EX1a + Expg — Exy7; =
= ﬁfls My7 by M14((h1a — ho) — To(S14 — So)) + Mao((hzo —
= Mie ho) — To(S20 — So)) — M17((hy7 — ho) —
= My To (517 — So))
Flash Tank Thyg = ik (i Exprr = Exy7; — Exyg — Exyy = 1y, ((hyy —

my7 (1 —xq17)

= 1Mhyg hyg + My hyy

ho) — To(517 — So)) — 1y5((h1g — ho) —
To(s18 — S0)) — M1 ((hz1r — ho) — To(S21 — So))

Expansion valve
3

h18 = h19

ExD,exp—III = Ex18 - Ex19 = 1yg((hig —
hi9) — To(s18 — S19)
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Table 4-7. Energy and exergy equations of ejector enhanced vapor injection VCR employed in

EI-CRAC.
Elements Mass balance Energy balance Exergy destruction
Comp-LTC I My, = My Wcomp—l = Myy X ExD,comp—I = Exyq — Exps = mpg((hs —
hass"haa hys) — To(S24 — S25)
Ns
Comp-LTC 11 Mye = M3 Wcomp—u = Ty X ExD,comp—II = Exyg — Exq3 = mye((hye —
hazs=hae hi3) — To(S26 — S13)
Ns
Evaporator 3=y, Qevp = Mgz X (hyy Expepp = Expz — Exyy + (Ex, — Exp) =
— hy3) M3 ((haz — has) — To(S23 — S24) + Mg ((hg —
hy) — To (S¢ — Sp))
Ejector Mgy + My = Mg hyg + Myy hyy = ExD,ejector = Exy4 + Expq — Exy; =
Mys = Tiye = M7 hyy 114 ((hya — ho) — To(S14 — So)) + M1 ((hyy —
my7 ho) — To(S21 — S0)) — My7((hy7 — ho) —
To (517 — So))
F|aSh Tank 1 mlg = m17 h17 = mlg h18 + ExD,FT—I = Ex17 - Exlg - Exlg = ﬁl17((h17 -
my7 (1 —x17) Myg hyg ho) — To(s17 — o)) — myg((hyg — ho) —
Mg To(s18 — S0)) — M19((h1g — ho) — To(S19 — Sp))
=My7 Xq17
Flash Tank 2 Myy = My hao = Mo haz + Exppr_y = Exzg — Expp — Expy = 1hp((hyo —
Mao (1 = X20) Mo haq ho) — To(S20 — S0)) — Ma2((haz — ho) —
mZ} To(S22 — S0)) — M1 ((har — ho) — To(S21 — So))
= M3 X20
Expansion valve 1,9 = 1l hig = hao Exprv_i = Exig — Expg = 1it19((Rye —
3 hy0) = To(S19 — S20)
EXpanSion Valve mzz = ng h22 = h23 ExD,TV—IV = ExZZ — Ex23 = mzz((hzz —
4 ha3) — To(S22 — S23)
Mixing Mg +Mas = Tas hos + Tughig = EXpmixing chamber = EXzs + Exig — Exp =
chamber 26 Mae Mae mzs((hzs — hoy — To(S25 — 50)) + mlS((h18 -

ho) —To(s18 — 50)) - mze((hze - ho) -
To(s26 — 50))
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4.5.3 Modelling of Advanced Stand-alone Recompression Absorption System

Equipped with Ejector and Vapor Injection.

Finally, this research proposes a feasible upgrade of standalone single effect ARC by incorporating
recompression technology with ejector and injection setup into the refrigerant side of the RAC
cycle, resulting in the development of advanced systems: Refrigerant Ejector enhanced
Recompression Absorption Cycle (RE-RAC), and Vapor Injection enhanced Recompression
Absorption Cycle (VI-RAC). In these configurations, the conventional single-valve expansion of
the refrigerant is substituted, and energy is recuperated internally, facilitating the entry of
refrigerant into the absorber at an elevated pressure to reach higher system efficiency.
Consequently, these modifications allow the absorption system to operate at lower evaporator

temperature as well.

Both the advanced proposed RAC: RE-RAC and VI-RAC, have more components than the basic
RAC, with RE-RAC comprising 11 and VI-RAC encompassing 13 components. The main
difference is, that RE-RAC has an ejector expansion system, whereas VI-RAC has a flash tank
integrated vapor injection system. Due to the mechanism of VI-RAC, an additional compressor is
needed to increase the pressure of the evaporator outlet and mix it with the vapor injected from the
flash tank. Meanwhile, RE-RAC directly mixes this evaporator outlet stream with the condenser
outlet stream in the ejector to increase the resulting pressure and pass it to the absorber. That's why
VI-RAC also requires an additional expansion valve to expand the liquid ammonia from the
condenser outlet to the intermediate pressure of the flash tank. The components are as follows:
solution heat exchanger, generator- condenser, solution pump, absorber, expansion valves,
refrigerant heat exchanger, compressor, ejector, flash tank, and mixing chamber. Each component
is modelled as a control volume, and the energy-exergy balance equations of RE-RAC (as depicted
in Figure 3-12(a)) and VI-RAC (as depicted in Figure 3-12(b)) are displayed in Table 4-8 and
Table 4-9, respectively.
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Table 4-8. Energy and exergy balance equations of the proposed RE-RAC system.

Elements Mass balance Energy balance Exergy destruction
Compressor m, = 1y Weomp = Ty X "85_;’17 Expcomp = Ex; — Exg = 1i;((hy — hg) — To(s7 — Sg)
Expansion My 4=1y5 his = hys ExD,exp—I = Exy4 — Exy5 = myq((hyg — hys) — To(S14 —
Valve Il 515))
15
Refrlgerant Thg = mlo QRHX = mg X (hg — ExD,RHX = EX9 + Ex17 — EXJA_ - Ex18 = mg((hg -
Heat M7 = 1My hig) = M7 X (hyg — hio) — To(So — S10)) + 1my7((hy7 — hyg) — T (517 —
Exchanger he) 10) — To (s 10)) 17((hy7 18) — To (S17
518))
Absorber Myg + Mg Qaps = Mqg X hyg + Exp aps = Exyg + Exg — Ex; + (Ex. — Exy)
=m Mg X he — 1y X 1y = 1yg((h1g — ho) — To(518 — So)) + 16 ((he — ho) —
To(s6 — S0)) — My ((hy — ho) — To (51 — So)) + M ((he —
hq) — To (Sc — Sa))
Solution my = my Vi/pump ExD,Pump = Ex; — Ex, = my((hy — hy) — To(s1 — 52))
Pump . h2$ - hl
= My X ——
Ns
Solution my = 1y Qsux = My X (hg — Expsux = Exz + Exy — Exz — Exs = mp((hy —

Heat M, = Mg hy) =my X (hy —hs)  h) —Ty(sy — s3) + mu((hy — hs) — Ty (54— S
Exchanger 3) — To(sz — s3) + 1y ((hs — hs) — To (S5 — S5))
Generator‘ Th3 = Tfl4 + Tfl7 Qgen = Til7 X h7 + E:xD'gen_Cond = Ex3 - Ex4 - Ex7 + (Ex8 - Exg)
Condenser _ ' My X hy — g X hy = m3((hs — hg) — To(s3 — sg)) — Mmy((hy — hy) —

m, = mg=m . :
7 8 ? 0o = 0 To(54 — S0)) — M7 ((hy — ho) — To(s7 — o)) + mg((hg —
gen — ‘cond ho) — Ty (sg — So) — Mg((hg — hg) — Ty (Sg — Sp))
Qcond = Mg X h9 +
mg X hg
Flashtank 1y, = my3 (1 - m13_ his _ Exppr = Exi3 — Exyy — Exq7 = my3((hys — ho) —
x.13) ) = Mg hyg + M7 by To(s13 — S0)) — M4 ((h1a — ho) — To(S14 — So)) —
M7 = Mz X13 1y7((h17 — ho) — To(S17 — So))
Ejector Mo + My Mo hio + e hae = EXpejector = Ex19 + Exi6 — Exq3 = myo((hyo — ho) —
_ 777;111 = Mz s To(510 — S0)) + My6((h16 — ho) — To(S16 — So)) —
13 my3((hiz — ho) — To(S13 — So))
Evaporator mys = Mye Qevp = 1My5 X (hyg ExD,Evp = Exy5 — Exy6 + (Exq — Exp) = 1y5((hys —
—his)  hyg) — To(s1s — S16) + Mg ((hg — hp) — To (S — Sp))
Expansion Mms=mg hs = hg Expry_n = Bxs —Exg = ris((hs — he) — To(ss — S6))
Valve |
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Table 4-9. Energy and exergy balance equations of the proposed VI-RAC system.

Elements Mass balance Energy balance Exergy destruction
Compressor | M, = mg Weomp = Ty X hos~h7 Expcomp = Ex; — Exg = my((hy — hg) — To(s; —
’ Sg)
Compressor |1 My, = Mys Wcomp—u = My, X ExD,comp—II = Exqq — Exgs = 1iga((hys — hys) —
M T0(514 - 515)
Ns
EXpanSIOI’l Th5=7’h6 h5 = h6 ExD,TV—I = EXS - Ex6 == ms((hs - h6) - TO(SS -
Valve | Sg))
Refrlgerant mg = Thlo QRHX = mg X (hg - E'.xD'RHX - E.xg + Ex17 - Ex14 - Exlg = mg((hg -
Heat My = Mg hio) = my7 X (hyg — hio) — To(S9 — 510)) + 117 ((hy7 — hyg) — T (517 —
Exchanger hi7) )
Absorber mlg + m6 Qabs = mlg X h18 + ExD,abs = Exlg + Ex6 — Ex1 + (Exc — Exd) =
= my e X hg — 1y X hy Mg ((hig — ho) — To(S15 — So)) + me((he — ho) —
To(s6 — S0)) — My ((hy — hg) — To(s1 — Sp)) +
mc((hc - hd) - TO (Sc - Sd))
Solution Pump my = 1, Woyump Exp pump = Ex; — Exy = my((hy — hy) — To(sy —
h,s — h
= 1y X 2s 1 52))
S
Solution Heat my = M3 Qsux = My X (hg — Expsux = Ex; + Exy — Exg — Exs = mp((hy —
Exchanger Ty = Ths hy) =y X (hy —hs)  hg) = To(s, — s3) + 1y ((hy — hs) — Ty (S4 — S5))
4=
Generator - mg - Tfl4 + Qgen - Ti’l7 X h7 + ExD'gen_Cond = Ex3 - EX4 - EX7 + (Ex8 - EXQ) =
Condenser 7 thy X hy —1hy X by 1g((hs = ho) — To(s3 = $0)) — 14 ((hs — ho) —
' ' Qgen = Qcona To(54 — S0)) — M7 ((hy — ho) — To(s7 — o)) +
my _= mg Qcona = Mg X hg + mg((hg — ho) — To (Sg — So) — Mo((hg — hg) —
= m9 Thg X hg TO (S9 - SO))
Flash tank My = myq hyq Exppr = Exiq — Exqp — Ex = 141 ((hyq — o) =
myy (1 —x11) = Mg hyg + 1y hyp To (511 — S0)) — My2((h1z — ho) — To(s12 — So)) —
m12. my6((h1e — ho) — To(S16 — S0))
= My X11
Mixing Mys + Mg = tys hys + Myg hig = EXpmixing chamber = EX1s + Exqg — Exqy =
Chamber M7 UCTACY mys((hys — ho) — To(S15 — So)) + mle((h16 - ho) -
To(s16 — 50)) - m17((h17 - ho) —To(s17 — 50))
Evaporator My3 = My, Qevp =13 X (hyg ExD,Evp = Exy3 — Exqq + (Exg — Exp,) = my3((hys —
—hi3)  hya) —To(s13 — S14) + Mg ((hg — hp) — Ty (Sq — Sp))
Expansion My=M11 hio = h11 Exprv—nn = Ex10 — Exyy = myo((hyo — hyy) —
Valve Il To(s10 — $11))
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Expansion Myp=My3 hiz = hy3 ExD,TV—III = Ex;p; —Exy3 = myp((hyp — hyz) —
Valve 111 To(S12 — 513))

4.6 Multi-objective Optimization

Identifying the optimal set of operating parameters is crucial for maximizing the overall
performance of the system. Multi-objective optimization (MOO) can be conducted to find the
suitable combination of operating parameters that favors one or multiple aspects of system

performance, i.e., 1% law efficiency or 2" law efficiency, or both.

In this research, the modeling of the system to generate datasets and optimization is done using
artificial neural networks (ANNSs) and genetic algorithms (GAs), respectively. The flowchart of
this multi-objective optimization is given in Figure 4-2. The process begins by generating an initial
dataset, followed by the specification of input, output, and testing parameters. The phase involving
the configuration of the neural network entails determining the appropriate number of neurons,
selecting a performance function, and configuring hidden layers. Once the neural network setup is
complete, the training process is initiated. Subsequently, the system evaluates whether the Mean
Squared Error (MSE) has reached a predefined lower threshold. If the MSE has the desired value,
the subsequent steps include preserving the trained neural network, capturing crucial data such as
MSE values, regression metrics, epochs, and raw data with accompanying exporting graphs,
saving the trained ANN function. This objective function is integrated with the optimization
algorithm rather than the simulation code; this results in reduction of significant runtime with
added flexibility. ANN, a robust mathematical framework, can effectively discern complex non-
linear relationships between inputs and outputs, making it particularly useful when physical
equations struggle to define process characteristics [96]. The process involves applying Genetic
Algorithm (GA) optimization techniques, followed by collecting and storing optimal solutions
through Pareto front analysis. While the Pareto Front indicates the set of optimal solutions for the
multi-objective optimization (MOOQ) task, utilizing the TOPSIS decision-making method allows

for the derivation of a singular solution tailored according to the user's prioritization of objectives.

In cases where the MSE fails to meet the target threshold, the current network is paused, and a new
ANN architecture is devised. This initiates a loop back to the neural network configuration phase

(step 4) to make necessary adjustments and continue until the desired MSE goal is attained. This
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iterative approach facilitates the improvement of neural network architecture and overall
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v

Introduce the input, output and

testing parameters to the ANN
model

¥
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|

architecture Regression; Epochs;
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Figure 4-2: Mult-objective optimization flow chart of analysis.
4.6.1 ANN based Machine Learning Model

Acrtificial neural networks (ANNSs) are used to form a parametric model regulated by trainable
parameters by using a large set of trainable data. This parametric model can be used to predict the
values of unknown parameters, in between and even outside the dataset range, classify patterns,
and categorize, as well as functionalize a set of data [97]. ANNSs are based on the nerve cell or
neuron (hence, the name Artificial Neural Network). Just like the biological nerve cell, a neuron
of the ANN gets a multitude of inputs from other neurons, and based on the weighted total of the
inputs, the output is either 0 or 1 [98]. The back-propagation learning algorithm in MATLAB
2021b (MathWorks, Massachusetts, United States) was used to acquire the objective function.
With the advancement of computer technology, ANNSs have diverse applications [99], [100]. An

ANN comprises parallel information processing structures, encompassing an input layer of
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neurons (or nodes/units), one or two hidden layers of neurons (and in some cases even three), and
a final layer of output neurons [101]. A visual depiction of an ANN learning is shown in Figure

6. It exhibits the following characteristics:

= A mathematical model rooted in the functioning of biological neurons.

= Comprised of multiple processing elements interconnected.

= Information storage involves connection weights.

= Every processing element has the ability to react dynamically to input signals; however,
the processing element's response depends solely on the local information, which includes
connections and the effect of link weights on the particular processing element.

= |t is able to learn, remember, and apply knowledge because of the link weights that are
created during training with data.

The above characteristics make ANNs well-suited for solving complex problems.

Input Hidden Output
nodes nodes nodes

Back-error P i <

Input 2

Input 3

Signal Propagation
Input layer Hidden layer Output layer

Figure 4-3: lllustration of an ANN model with back-propagation.
Each connection is associated with a numeric number called weight. MSE and the correlation
coefficient between the prediction value and experimental data, or R value, are the two common
metrics used in this study to assess the performance of the ANN model for all pairs [102].The MSE
function seeks to minimize the average squared error between the output (pi) and goal value (t;),

which is found by using the following equation [102]:
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Yt — p)? (62)

MSE =
N

And the R value is found from equation (49) [102]:

t - -9 (63)
Jit =D - -De - D)

Here, the mean values of the experiment data and the prediction data are t and p, respectively. For
MSE, lower value is preferable, meanwhile an ANN model is anticipated to have a higher R value.

Table 4-10 contains the process values utilized in the ANN model within this research.

Table 4-10. Parameters used for the ANN objective function development.

Parameters | Value/Range
Artificial Neural Network
Training data used in percentage 70%
Validation data used in percentage 15%
Testing data used in percentage 15%
Training method used in the optimization Bayesian regularization
Hidden layer number 10
Simulating software used in the optimization MATLAB

The use of artificial neural networks (ANNS) in the optimization of advanced refrigeration cycles
presents numerous benefits in comparison to conventional thermodynamic models. ANNs have
been shown to enhance accuracy through their ability to capture intricate, non-linear interactions.
Additionally, ANNs enable adaptability in accommodating diverse situations and complexities
within a given system. They have exceptional proficiency in managing complex systems, enabling
quick adjustments in response to changing circumstances, leveraging data-driven analysis to
inform decision-making, and speeding up software development processes by informing decision-
making and, significantly, improving energy efficiency, making it extremely valuable in a variety
of contexts of integrating with MOO. Nevertheless, it is imperative to utilize these tools along with
thermodynamic models in order to optimally utilize their capabilities while effectively addressing
their limits. To optimize design parameters, the finalized ML model is integrated with the multi-
objective GA. MATLAB software is used for setting up neural network & GA- gamultiobj was set
as solver for multi-obj optimization. The following subsections provide insights regarding the

adopted framework for this study.
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4.6.2 Optimization Using Genetic Algorithm (GA)

GA operates on a mechanism that is identical to Darwin’s laws of natural selection and nowadays
it has become a popular technique to optimize multiple objectives simultaneously [103]. The
genetic algorithm is rooted in the concept of natural evolution, where stronger individuals have
increased chances of passing on their genes (solutions) to offspring, ultimately leading to their
dominance within the population. This method uses a chromosome (or individual) with a specific
set of genes as a solution vector, with the population of chromosomes being initialized randomly
[101]. This method is characterized as one based on the principles of natural selection, employed
to tackle both unconstrained and constrained optimization problems. The algorithm involves
iteratively modifying a collection of individual solutions. During each step, the algorithm
randomly selects individuals to generate the subsequent iteration, continuing until an optimal
solution is reached [104].

When comparing genetic algorithms to fundamental optimization tools, a notable distinction
emerges; basic tools generate a single point per iteration, gradually converging to the desired
optimal solution through a sequence of points. In contrast, genetic algorithms produce a
"population of points™ at each iteration. Eventually, the best point within the population converges
to an "optimal solution.” Within the framework of genetic algorithms, two functions—crossover
and mutation—are utilized to create new chromosomes. Crossover involves generating new
offspring (or chromosomes) by combining genetic material from parent individuals [105]. Parents
are chosen from the current population based on fitness, favoring fitter individuals. Offspring
inherit favorable genes from these competent parents. Through successive iterations of the
crossover operator, the genes of adept individuals become more prevalent across the population,
ultimately driving convergence toward the optimal solution [105]. Diversity at the genetic level is
introduced through mutation, wherein the mutation rate governs changes in gene properties. This
prevents the algorithm from getting stuck in local minima or maxima and aids in reaching the
global solution. In each optimization step, individuals are randomly selected from the existing
population to serve as parents, thus generating the subsequent generation. This ongoing evolution
of the population of individual solutions persists until the optimal solution is achieved. Genetic
algorithms also extend to multi-objective optimization, identifying multiple points known as

Pareto optimal points, which signify optimal values for various objectives. Once these Pareto
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optimal allocations are reached, enhancing one objective would invariably worsen others [101].
The Non-dominated Sorting Genetic Algorithm 11 (NSGA-I11), a particular instantiation of GAs, is
particularly noteworthy for being a highly effective multi-criteria evolutionary algorithm,
commonly employed in the enhancement of energy systems [106]. It presents numerous benefits,
such as its resilience and quick population distance approximation; nonetheless, its primary

shortcoming is the sluggish speed of its operation [107].

In this work, the gamultiobj solver of the optimization toolbox in MATLAB software is used to
optimize the objective functions that were generated in ANN for the considered objectives. Here,
COP and exergy efficiency have to be maximized for four or five controllable operating
conditions. Selected values for different parameters in the MATLAB optimization toolbox are
listed in Table 4-11.

Table 4-11. Selected Values for different parameters of Multi-objective optimization algorithm.

Specified Options Selected Value
Population Size 200
Creation Function Constraint Dependent
Tournament Size 2
function Intermediate
Crossover -
ratio 1
fraction 0.20
Migration direction forward
probability Constraint dependent
Mutation function 0.10
Distance Measure Function Distancecrowding
Population fraction of the Pareto Front 0.35
constraint 103
Max. Tolerance function 10*

4.6.3 Decision Making Technique

Although all the points found in the Pareto frontier diagram after multi-objective algorithm reveal
the optimal solutions. However, the optimum solution considering both the output of COP and
EXett should have the minimum geometric distance from the ideal point or the maximum distance
from non-ideal point. Whereas the right-most and left-most point suggests optimal solutions from
one output perspective only. In this analysis, TOPSIS decision-making technique is employed to

find the most optimal solution considering both output perspectives.
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TOPSIS (Technique for order preference by similarity to ideal solution) [108]:

TOPSIS is a popular multi-criteria decision-making technique that generates a ranking of
alternative options based on their proximity to the ideal solution. From the Pareto front, a unique
optimal solution can be extracted using this method. It offers a structured method of comparing
different choices and identifying the best one. To implement TOPSIS technique for multi-objective

decision making, the following steps should be followed:

Step 1: An evaluation matrix where rows (numbered as i=1....m) representing alternatives and

columns (numbered as j=1....n) representing criteria should be created.
[ ai1...... aij....q%n 1 (64)

— % (65)

m 2
i=1 dijj

Determination of the weight of criteria using Shannon Entropy Principle [109]:

This theory assists in assessing the relative importance of each objective function, and this weight
will be fed into TOPSIS to rank all the alternatives rather than assuming weights of the objective
functions. Determination of weight for each criteria using Shannon Entropy Principle requires

following steps [110]:

Considering an evaluation matrix Fj which has m alternatives and n objective functions.

Normalization of the evaluation matrix to get Project outcome, p;;

Dy = Fij (66)
Y ﬁlFij
Here,
1=1,2,34...,m
j=1234..,n

Evaluation of the Shannon Entropy value for Project Outcome
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1 < (67)
SE) = ~ o ) Pulney)
i=1
Evaluation of deviation degree, d;
Determination of weights of the objective functions using the following equation:
d; (69)

W- =
] n .
j=14;

This weight will be employed in the TOPSIS technique (step 3) to generate weighted normalized

matrix and following the subsequent steps will provide the required optimum solution

Step 3: Creation of weighted normalized matrix

Vi' = W] X ai]- (70)
Wid11 Walqz, . WnQin (72)
| W1Q21 Waazz. Wnlzn
Vij = S :
W1lm1 WaQma...... Wnlmn

Step 4: Evaluating both the positive and negative ideal solutions.
A = {Max Vy|j €k}, {Min Vyj €k} (72)

A7 ={Minvylj € k},{MaxV;lj €k} 79

Step 5: Determination of distances for each value in weighted matrix from positive & negative

ideal solutions

st = | (v - a2 (74)
=1
ST = | (- 47)? (79)

=1

Step 6: Evaluating the closeness to ideal solutions for each alternative using the following

equation.
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oo S (76)
! S +S

TOPSIS technique will finally select the alternative with largest C; value.

4.7 Mathematical Framework

In this research, a computational model is designed for each proposed and traditional system in the
Engineering Equation Solver (EES) that utilizes the conservation of energy, mass, and exergy
equations of each component. The thermodynamic and physical properties of the refrigerant and
solution stream states are derived using empirical equations as well as EES’s integrated database.
The simulation proceeds with the value of a set of predefined operational parameters that compare
the suggested and traditional systems. Afterward, the parametric behavior analysis of each system
is carried out with varying operational conditions within a definite range. Finally, ANN model is
trained with the extracted data to integrate with the Genetic algorithm to carry out multi-objective
optimization and determine the optimal condition of operation. The process flow of the simulation
model of ARC based proposed cascaded systems, RAC based proposed cascaded systems and
standalone improved RAC systems with ejector and vapor injection is visually represented in

Figure 4-4, Figure 4-5, and Figure 4-6, respectively.

Engineering Equation Solver (EES) is a powerful computational tool used by engineers and
scientists for solving complex mathematical equations. It is designed to handle systems of
nonlinear algebraic and differential equations efficiently. EES provides a user-friendly interface
that allows users to input equations in a straightforward manner, facilitating the modeling and

analysis of thermodynamic problems with optimization, parametric and uncertainty analysis.

The feasible range of operation for the controllable parameters is analyzed through prior research
that explored the impact of these parameters on the absorption cycle. The phenomenon of
crystallization defines the limiting condition of the operational range. Along with this, the
concentration of solution is dictated by the generator and absorber temperature, which also
influences the viable operating range. These assumptions were corroborated by a careful review
of previous works, including those by Modi et al. [111], Talbi et al. [112], and Razmi et al. [85].
Moreover, realistic circumstances are considered, leading to the decision to allow the absorber

temperatures to vary from 25°C to 35°C.
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Figure 4-4: Flowchart of ARC based proposed cascaded compression absorption systems.
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Figure 4-5: Flowchart of RAC based proposed cascaded compression absorption systems
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Figure 4-6: Flowchart of advanced stand-alone recompression absorption systems equipped
with ejector and vapor injection.
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Chapter 5: System & Model Validation

Due to the innovative nature of the proposed novel systems, direct comparisons with established
research for verification aren't possible. Instead, the validity and reliability of these innovative
systems can be confirmed by a thorough examination and validation of the constituent sub-
systems. This can be achieved by developing detailed numerical models for each sub-system in
code-based platforms. These models are then validated through a meticulous review and
comparison with existing numerical and experimental works. To validate, the numerical models
were simulated under identical operating conditions as those numerical/experimental work
documented in existing literature related to these sub-systems. The results are compared with the

data from these studies, showcasing their high predictive accuracy.

These sub-systems include single-effect ARC and VCR, single-effect RAC, Solution Ejector
Enhanced RAC (SE-RAC), ejector enhanced VCR, Ejector-injection enhanced VCR and Flash
Tank Integrated Vapor Injection refrigeration systems. The operation of a cascaded system
comprised of a vapor compression and absorption system (CARC) has also been validated with
existing works to authenticate the numerical model of cascaded technology. The minimal deviation
observed in these comparisons strongly suggests that the numerical models accurately replicate
the behavior and trends of these refrigeration cycles under various operational conditions, both
from experimental and numerical standpoints. Such a comparative validating analysis not only
confirms the reliability of the individual components but also ensures the robustness and

innovation of the overall configuration.

Hence, in this study, the validated models are cascaded, and the principal, mechanism, and
assumptions from these validated models and technologies are used in developing the
thermodynamic model of the proposed advanced ARC-based cascaded systems (EICAC and
ECAC), RAC-based cascaded systems (EI-CRAC and E-CRAC) and advanced standalone RAC
equipped with ejector and vapor injection (RE-RAC and VI-RAC).

5.1 Experimental Validation of Conventional VCR and ARC System

To solidate the authenticity of the proposed models, VCR simulation model is developed and
compared with the experimental results of the study by Ma et al [113] under similar operating

conditions. The operational parameters considered for validation have been listed in Table 5-1.
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The COP for both the experimental and simulation models has been compared in Table 5-2,
employing error metrics and relative deviations. The MAPE, RMSE, and relative deviations all
fall well within acceptable ranges, while the R? value indicates a robust fit between the presented
and experimental models.

Table 5-1. Considered operational parameters for the experimental validation of VCR [113]

Parameters Values
Refrigerant R134a
Tevap -15°Cto-5°C
Tcond 40 °C
Degree of sub-cooling in the condenser 2.4 °C
Degree of superheating in the evaporator 10.6 °C
63% at Tevap = -15 °C
Compressor efficiency (%) 54% at Tevap = -10 °C
45% at Tevap = -5 °C

Table 5-2. Comparison of the presented model and the experimental work of Ma et al. [113]

Tewp COP Deviation MAPE RSME R?
(°0) (%)
Experimental Presented
Model [113] Model
-15 1.61 1.63 1.24
-10 2.23 2.25 0.896 0.00934 0.02 0.998799
-5 3.02 3.04 0.662

To confirm the principles of the absorption system mechanism, a single-effect ARC simulation
model is developed and validated against the research of Aman et al. [114] for ammonia-water and
Modi et al. [111] for lithium bromide-water solution. This simulation model was built on an EES
(Engineering Equation Solver) programming-oriented platform, applying conservation of energy
to system components, and incorporated REFPROP libraries for calculating state point properties.
The outcomes and accuracy are detailed in Table 5-3, including a comprehensive comparison. The
results indicate that the single-effect ARC model aligns well with the findings of Modi et al. [111],
thus confirming the model's precision. However, there is a minor divergence when compared to
the findings of Aman et al. [114], which is because of the differing techniques taken in calculating
state properties.
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Table 5-3. Model verification of Standard Single Effect ARC Model

Operational parameters ARC with LiBr/H,O

ARC with NH3/H20

Generator temperature 87.8°C 80°C
Evaporator temperature 7.2°C 2°C
Condenser and absorber 37.8°C 30°C
temperature
Validation Results
Parameters Present Ref.[111]  Relative Present  Ref.[114] Relative
Work (LiBr/H.O) difference Work (NH3/H,O) difference
(LiBr/H0) with [111] (NHs/H0) with [114]
(%) (%)
Qenarator (KW) 3092 3092 0.00 17.07 16.75 1.78
Q absorber (KW) 2941 2942 0.03 15.64 15.34 1.88
Qcondenser (KW) 2505 2505 0.00 11.46 11.44 0.18
Q Evaporator (KW) 2355 2355 0.00 10.00 10.00 0.00

5.2 Validation of Conventional CARC System

The numerical model of the conventional CARC system is developed and verified against the work

of Cimsit et.al [68] simulating at the same operating conditions. In this paper, the authors created

an analytical model to conduct energetic and exergetic analysis. The refrigeration system models

are constructed using equations obtained from numerous investigations and experimental research

to compute the characteristics of the solution streams. While verifying the system, Generator

temperature Tgen = 85°C, Evaporator temperature Teyp = -10.5°C, Condenser temperature Tcond =

35°C, Absorber temperature Taps = 35°C, Effectiveness in SHX esnx = 0.65 are assumed. Table

5-4 indicates a significant correlation between our numerical model and the study by Cimsit et al.

[68], with minor discrepancies. These variations can be attributed to the different methodologies

employed. In contrast, EES has been used to build our model due to its comprehensive collection

of integrated solutions.

Table 5-4. Model verification for CARC system [68]

Parameters LiBr-H,O/ R134a Relative NH3.H,O/ R134a Relative
Present Ref difference Present Ref difference
Work [68] (%) Work [68] (%)
Generator load, 75.47 75.43 0.015 116.87 119.46 0.53
Qgenerator (kW)
Absorber load, 73.75 71.71 0.015 110.27 110.73 0.41

Qabsorber (kW)
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Condenser load, 62.07 62.03 0.015 65 66.83 0.29
Qcondenser (kW)
Cascade heat 56.43 58.42 0.015 56.45 55.42 0.015
exchanger, Qcyx
(kw)
COPesystem 0.593 0.592 0.015 0.015 0.397 0.77

5.3 Validation of Recompression Absorption Cycle (RAC)

The advanced systems proposed in this study incorporate an advanced recompression absorption
system where the rejected heat in the condenser is reused to enhance efficiency and disregard the
use of large condensers. To establish the mathematical model of a recompression absorption
system, an in-house computer code is developed in EES. The simulation model has been compared
and verified with Razmi et al.'s investigation [115] to authenticate the analysis. As evidenced in
Table 5-5, the findings of this study are in substantial alignment with the data from the literature,
showcasing an impressive accuracy with an error margin of less than 1%. While verifying the
model, Tgen = 65°C, Tevp = 10°C, Tcond = 70°C, Tans = 40°C, eshx = 0.65 and Qevp = 150kW are
considered as operating parameters. Additionally, to validate the corresponding behavior of the
system with varying operating conditions, the generator temperature impact on the system
efficiency is also validated and presented in Figure 5-1. The figure demonstrates that the RAC
system is accurately designed, thereby enhancing the credibility of the simulation model for the
suggested methods.

Table 5-5. Model verification for Recompression-absorption refrigeration cycle (RAC) [115]

Parameters Ref [115] Present Difference (%0)
Work

Generator-Condenser load, Q gen—cona (KW) 188 188.2 0.106
Absorber load, Q4ps (KW) 181 181.1 0.055
Compressor power, W comp (KW) 31.05 3131 0.830
Circulation Ratio, Cr 7.52 7.626 1.389
COP 4.83 4.791 0.814
Exergy destruction rate, Exj, (KW) 20.23 20.49 1.269
Exergy efficiency, ny; 0.348 0.3455 0.723
Mass fraction of strong solution, x,.;cp 0.563 0.5631 0.017
Mass fraction of weak solution, x;.qn 0.522 0.5221 0.019
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Figure 5-1: Validation and assessment of Recompression absorption cycle with the study of
Razmi et.al [115].

5.4 Validation of Solution Ejector Enhanced Recompression Absorption Cycle
(SE-RAC)

One of the objectives of this study is to introduce advanced configurations of the standalone RAC
system. To achieve this, it's imperative to comprehensively validate a model of the modified RAC
and thoroughly understand its underlying principles and mechanisms for applications. To achieve
this, a RAC system with a solution ejector is modeled to validate the works of Ahmad et. al [25].
In this study, recompression technology is applied to reuse the rejected heat in the condenser as
generator internal load to enhance Pans. Additionally, an ejector is placed in place of solution
expansion valve to enhance system feasibility. The model is developed in EES according to the
principles and assumptions stated in the study. Table validation between the model and the paper
has been carried out for operating conditions: Tgen = 60.31°C, Tewp = 2°C, Taps = 30°C, NPR=
0.01418, Dm= 0.01752, Pgen= 1288 kPa. The result of the developed validation model in
comparison with the data from the paper is presented in Table 5-6. This validation and high
accuracy of the numerical model affirms the understanding of the mechanism and working
principle of a recompression system that utilizes rejected heat in the generator. Furthermore, it

serves as a verification of the feasibility of incorporating an ejector into the RAC system. Based
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on this principle, assumptions and mechanism, the RE-RAC system was developed, wherein the

ejector is placed on the refrigerant side.
Table 5-6. Validation of numerical model with SE-RAC proposed by Ahmedi et.al [25]

State Fluid T(C) P (kPa) h (kJ/ kg) S (kJ kg-K) m (kg/s) X (NH3)
Paper Model Paper Model Paper Model Paper Model Paper Model Paper Model
1 NHs- 30 30 587.5 587 -89.25 -89.31 0.3015 0.3015 0.01864 0.01862 0.6103 0.61
2 Hz0 30.09 30.11 1288 1288  -88.25 -88.25 0.3018 0.3004 0.01864 0.01862 0.6103 0.61
3 4232 4231 1288 1288  -32.21 -31.97 0483 0.4813 0.01864 0.01862 0.6103 0.61
4 60.31 60.31 1288 1288  45.75 4573 0.7342 0.7342 0.009368 0.009367 0.5902 0.5901
5 36.14 36.06 1288 1288  -65.75 -66.14 0.3872 0.386 0.009368 0.009367 0.5902 0.5901
6 30 30 587.5 587 759 7604 2915 3194 0.01864 0.01862 0.6103 0.61
7 60.31 60.31 1288 1288 1569 1569 5481 5481 0.009268 0.009251 1 1
8 1415 1416 3072 3072 1735 1735 5541 5118 0.009268 0.009251 1 1
9 66.75 66.76 3072 3072 527.8 527.8 2.056 2.033 0.009268 0.009251 1 1
10 41.75 408 3072 3072 3995 3948 1664 1.648 0.009268 0.009251 1 1
11 2 2 462.6 462.6 3854 3834 1674 1.648 0.009268 0.009251 1 1
12 2 2 462.6 462.6 1464 1464 5595 5595 0.009268 0.009251 1 1
13 53.8 55.81 462.6 4626 1593 1597 6.023 6.014 0.009268 0.009251 1 1
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Figure 5-2: Validation and evaluation of SE-RAC cycle with the study of Ahmedi et.al [25] for
NPR = 0.1, Pgen = 1000 to 3000 kPa, Tgen = 67 t0 85°C, Tevp = -12 t0 6°C.
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Beyond state point validation, it is also essential to ascertain whether the numerically validated
model aligns with the behavior of the reference system. To corroborate the system's behavior under
different operating conditions, the influence of generator pressure on system efficiency is
examined for varied generator and evaporator temperatures. This analysis is illustrated in Figure
5-2. The figure demonstrates that the SE-RAC system is accurately modeled, thereby enhancing
the credibility of the simulation model of the proposed RAC systems.

5.5 Validation of Ejector and Ejector-Injection Enhanced VCR

The advanced VCRs incorporated in the LTC of the proposed cascaded compression absorption
systems are also modeled and verified based on established literature. Figure 5-3 shows the
validity of the ejector enhanced VCR cycle, as demonstrated in the investigation done by Li et al.
[91] using R1234yf as operating coolant. The simulation is conducted under specific operational
circumstances: Tcond = 45 °C, Tevp = 0 °C, Nmain-nozzle = TMsecondary-nozzle = Ndiffuser = 0.87, and Mms =
0.96.
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Figure 5-3: Verification and evaluation of ejector enhanced VCR system with the study of Li et.
al. [91].

A comprehensive analysis conducted by Wang et al. [14], introduces and verifies the Ejector
improved vapor injection coolant system. A numerical model of the system is developed and
simulated for validation with the reference work. Figure 5-4 illustrates a comparative analysis of
the COP between the reference data and current simulation model results for the same operating

conditions. The operational conditions for this comparative analysis are: Tcond = 50 °C, Tevap = 6
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to -36 °C, ATsub-cool = 4 °C, loss efficiency in nozzle, mixer and diffuser respectively: 0.85, 0.84
and 0.85 and Isentropic efficiency: 0.70.
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Figure 5-4: Verification and evaluation of ejector-injection enhanced VCR Wang et al. [14]

5.6 Experimental Validation of Flash Tank Integrated Vapor Injection VCR

The vapor injection system with an integrated flash tank is a key mechanism in developing VI-
RAC to replace refrigerant expansion valve. To solidify this system’s credibility, flash tank-based
vapor injection expansion refrigeration VCR is modeled and validated against the study of
Babiloni et al.[116]. In their work, they designed an experimental heat pump system that operates
on principles similar to the refrigeration system. Table 5-7 compares experimental and
computational results. Discrepancies are more pronounced at lower evaporator temperatures but
reduce from an initial 8.99% to a minimal 3% as temperature rises. This difference arises from
real-world compressor efficiency variations, referenced in [113] In the computational model,
compressor efficiency is constant. As the evaporator temperature increases, the experimental and
simulated data become more aligned, suggesting the numerical model offers accurate theoretical

analysis.
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Table 5-7. Model validation of Flash Tank enhanced system against the work of Babiloni et

al.[116].
Teona = 42°C Teona = 45°C

Tevap (°C) COP of COP of Relative COP of COP of Relative

Experimental Simulation  Deviation Experimental Simulation Deviation

Setup Model (%) Setup Model (%)

-25 1.88 2.06 8.98 1.77 1.93 8.43
-22 2.05 2.19 6.30 1.98 2.11 7.62
-20 2.19 2.28 4.57 2.1 2.25 7.14
-15 2.54 2.65 4.32 241 2.54 5.82
-12 2.82 2.93 4.26 2.66 2.81 5.25
-10 3.04 3.14 3.37 2.87 3.00 417
-8 3.29 3.38 2.74 3.09 3.20 3.56

5.7 Experimental Validation of Ejector System

In each of the proposed configuration designs, the ejector is a key component. It recaptures energy
that would otherwise be lost during the throttling process, thereby improving the efficiency of the
cycle. To ensure the precision and dependability of the developed numerical model for the ejector,
it is vital to validate its effectiveness by comparing it with results from established experimental
studies. The standard reference for this objective is established by the experimental research
performed by Elbel et al. [117], and the findings are provided in Table 5-9. The following Table
5-8 provides a comprehensive review of the accuracy of the equipment utilized for obtaining the
experimental measurements to establish the experiment's exactitude and credibility. The ejector
expansion system is numerically modeled in EES according to the ejector operational principle
stated by Li et al[91]. For different testing conditions, the calculated entrainment ratio from the
numerical model is compared with the data from the experimental rig provided in the paper. The
findings presented in Table 5-9 demonstrate that the computational model provides a higher
precise representation of the experimental model of the ejector, specifically when considering a

diffuser angle of 5°.
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Table 5-8. Unreliability in measurement related to apparatuses utilized for obtaining
experimental results.

Apparatus Details/position Precision Range
Air-side Capacity
T-class welded thermocouple thread Temperatures of air 0.5% reading over 0°C 201 °C to 210
Differential pressure transducer Around evaporator nozzle 0.26% 0-1247 Pa
Around gas cooler 0.26% 1247 Pa
nozzle/evaporator
Ambient-gas cooler 0.26% 0-3737 Pa
inlet/evaporator inlet
Capacitive moistness probe Relative moisture content 2% RH absolute 0.3-100% RH
Coolant-Aspect Capability
T-class probe of thermocouple Coolant temperatures More than 0.5°C and 201°Cto
0.5% reading over 0°C 220°C
Pressure sensor High-state pressures 0.51% 0-20.6 MPa
Evaporator outlet/ejector 0.11% 0-6.8 MPa
diff outlet
Differential pressure sensor Ejector pressure lift 0.11% 691 kPa
Around evaporator 0.26% 346 kPa
Transducer Power Consumption 0.2% of the outcome 0-11 kW

Table 5-9. Verification of ejector design with empirical investigation [117]

Diffuser Psn, Prmn Xsnin  Tmn, Entrainment Ratio, Suction pressure ratio,
Inclination, (MPa) (MPa) (°C) w = Msuction _ Paiffuser
_ m=—-"
Qgiff Myotive Psuction
Reference Present Reference Present
work [117] Work work [117] Work
15° 3.76 9.37 097 375 0.45 0.54 1.072 1.177
3.74 9.73 0.97 36.2 0.55 0.63 1.022 1.48
10° 3.74 9.39 098 37.3 0.46 0.55 1.093 1.168
3.64 9.51 094 37.2 0.51 0.56 1.077 1.155
5° 3.67 9.32 097 37.1 0.51 0.54 1.096 1.175
3.56 9.65 0.94 353 0.55 0.58 1.071 1.154
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Chapter 6: Result and Discussion

6.1 Analysis of ARC Based Proposed Advanced Cascaded Compression
Absorption Systems.

The cascaded compression absorption refrigeration technology permits the system to ensure
cooling at lower evaporator temperature due to the use of VCR technology at LTC and significant
reduction of compressor’s energy consumption due to the use of ARC system at HTC. In the
traditional cascaded compression-absorption refrigeration cycle (CARC), a single-effect ARC and
a simple VCR are integrated through a cascade heat exchanger. However, this system has several
limitations, such as energy waste during throttling in expansion valve [16], lower heat removal in
simple Vapor Absorption Refrigeration (VAR) [74], and the need for a single-stage compressor in

VCR [16], which results in a relatively higher compressor power requirement.

This section of the research focuses on solving the problem by combining a modified ARC cycle
with an improved VCR to achieve better energy and exergy performance. The ARC system can be
improved by implementing an RHX at the evaporator outlet, which allows for more heat to be
removed from heat exchanger, increasing the mass flow rate of refrigerant and solution, and
leading to a higher system COP. In addition, the potential use of sophisticated VCR systems
coupled with ejector and vapor injection in LTC is investigated to develop novel compression
absorption cascade systems: ECAC (Ejector compression absorption cycle) and EICAC
(Ejector injection compression absorption cycle). The integration provides refrigeration at low

evaporation temperatures with reduced energy loss during throttling.

After verification of the thermodynamic model, the comparative thermal analysis of the proposed
ECAC and EICAC systems was carried out against the conventional CARC system. The
assessment was based on various performance metrics, such as COP, generator input load (Qgen),
compressor input load (Wcomp), exergetic efficiency (n,;), and total exergy destruction (Ep ¢otar)-
Four working parameters are taken as controllable variables, as such: condenser temperature
(Tcond), generator temperature (Tgen), absorber temperature (Tabs), and evaporator temperature
(Tewp). Furthermore, the study thoroughly examines the effects of ejector parameters to identify the
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optimal operating conditions for performance enhancement while taking into account the effect
and impact of each component. Lastly, multi-objective optimization is conducted to determine the
optimal solution from both 1% and 2" law perspective hence determine the feasible boundary
conditions of operation. Design parameters and range of operation are provided in Table 6-1.

Table 6-1. Design parameters for the analysis of ARC based conventional and proposed
cascaded compression absorption systems.

Parameters Values
Cooling load, Qevp 10 KW
Generator temperature, Tgen 70 °C to 100 °C
Evaporator temperature, Tevp -30°Cto -5 °C
Condenser temperature, Pcong 25 °C to 40 °C
Absorber temperature, Tans 25°Cto 40 °C
Effectiveness of RHX, egryx 0.9
Effectiveness of SHX, egyx 0.9
Cascade temperature difference, AT 5
Ambient temperature, To 25°C
Ambient pressure, Po 101.325 kPa
Compressor efficiency, iy 0.85
Inlet external air temperature in Evaporator Tewp+ 8
Outlet external air temperature in Evaporator Tewp+3
Inlet cooling water temperature in Absorber Tabs - 5
Outlet cooling water temperature in Absorber Taps + 5
Inlet heat source water temperature in Generator Tgen + 15
Outlet heat source water temperature in Generator Tgen + 10
Inlet cooling water temperature in Condenser Teond - 8
Outlet cooling water temperature in Condenser Teond — 3

6.1.1 Comparison Between Proposed and Conventional System

In this section the ARC based proposed cascaded models are simulated using an in-house EES-
developed program. R41-LiBr/H2O has been considered as the refrigerant pair for thermal
performance evaluation and comparison. Availability and environmentally favorable qualities are
the driving factors for the choice. R41 has a lower boiling point temperature (-78.2 °C), nil ODP,
and an extremely low GWP (around 97) [79]. Because of this, it is extremely suitable for use in
LTC. Also, for its superior performance in low-temperature applications, existing literature also

encourages its use [78][79]. As an illustration, the thermodynamic state parameters of the proposed
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novel cascade compression-adsorption refrigeration cycles are provided as an example in Table
6-2 and Table 6-3 for ECAC and EICAC, respectively.

Table 6-2. Thermodynamic state properties of ECAC for R41-LiBr/H.0 solution at Tgen = 75°C,
Tevp - '300C, Tabs = 300C Tcond = 300C, Cll’ldATCHX = 5°C

State Point T (°C) P (kPa) h(kikgd) s(kIkg'K?Y)  x (%) 1 (kg sY)
1 75 4.247 2641 8.714 - 0.005005
2 30 4.247 125.7 0.4368 - 0.005005
3 0.8725 52.51 0.1895 - 0.005005
4 0.8725 2510 9.025 - 0.005005
5 30 0.8725 66.62 0.1944 0.5257 0.03756
6 30 4.247 66.62 0.1944 0.5257 0.03756
7 65.1 4.247 132.8 0.4261 0.5257 0.03756
8 75 4.247 188.1 0.421 0.6066 0.03255
9 34,5 4.247 111.7 0.1875 0.6066 0.03255
10 34,5 0.8725 111.7 0.1875 0.6066 0.03255
11 125 4,247 52.51 0.1879 - 0.005005
12 29 0.8725 2583 9.271 - 0.005005
13 50.27 2666 606.7 2.416 - 0.0324
14 10 2666 227.1 1.093 - 0.0324
15 -31.27 783.5 218.1 1.1 - 0.0324
16 -31.27 783.5 356.3 1671 - 0.05739
17 -26.97 907 361.2 1.674 - 0.05739
18 -26.97 907 135.1 0.7553 - 0.02499
19 -30 818.5 135.1 0.756 - 0.02499
20 -30 818.5 535.2 2.402 - 0.02499
20’ -31.27 783.5 533.3 2.403 - 0.02499
21 -26.97 907 535.7 2.383 - 0.0324

Table 6-3. Thermodynamic state properties of EICAC for R41-LiBr/H20 solution at Tgen = 75°C,
Tevp = 'SOOC, Tabs = SOOC, Tcond = 300C, al’ldATCHX = 5°C

State Point T (°C) P (kPa) h(kIkgh) s (kd kgt K?Y) X (%) 1 (kg s1)
1 75 4.247 2641 8.714 - 0.004845
2 30 4.247 125.7 0.4368 - 0.004845
3 0.8725 52.51 0.1895 - 0.004845
4 0.8725 2510 9.025 - 0.004845
5 30 0.8725 66.62 0.1944 0.5257 0.03636
6 30 4.247 66.62 0.1944 0.5257 0.03636
7 65.1 4.247 132.8 0.4261 0.5257 0.03636
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75 4.247 188.1 0.421 0.6066 0.03151

34.5 4.247 111.7 0.1875 0.6066 0.03151
10 345 0.8725 111.7 0.1875 0.6066 0.03151
11 12.5 4.247 52.51 0.1879 - 0.004845
12 29 0.8725 2583 9.271 = 0.004845
13 44.76 2666 597.6 2.399 - 0.031
14 10 2666 227.1 1.093 = 0.031
15 -13.91 1345 210.2 1.098 - 0.031
16 -13.91 1345 215.8 1.568 = 0.03143
17 -11.51 1477 217.1 1.57 - 0.03143
18 -11.51 1477 536 2.289 = 0.003937
19 -11.51 1477 171.4 0.8956 - 0.02749
20 -13.91 1375 171.4 0.8962 - 0.02749
21 -13.91 1375 536.3 2.303 - 0.0006726
21’ -13.91 1345 535.2 2.307 = 0.0006726
22 -13.91 1375 165.6 0.8738 - 0.02706
23 -30 818.5 165.6 0.8818 - 0.02706
24 -30 818.5 535.2 2.402 - 0.02706
25 5.907 1477 566.7 2.413 = 0.02706
26 3.506 1477 562.8 2.387 - 0.031

Furthermore, the performance comparative analysis between the proposed systems (ECAC and

EICAC) and conventional system (CARC) has been carried out at a specific working condition of

Tgen = 75°C, Tevp = -30°C, Tabs

30°C, Teond = 30°C, and ATchx = 5°C. The result is displayed in

Table 6-4. It has been discovered that ECAC improves performance by 4.6%, while EICAC

improves performance by nearly 18% over traditional compression absorption systems.

Table 6-4. Comparison of performance between ARC based conventional and proposed
cascaded systems system at Tgen = 75°C, Tevp = -30°C, Taps = 30°C, Teond = 30°C.

Component Conventional System Proposed system
CARC ECAC EICAC
Generator, Q gen (KW) 15.13 14.85 13.89
Condenser, Qcona (KW) 13.18 12.89 12.19
Evaporator, Qy; (KW) 10 10 10
Absorber, Q455 (KW) 14.56 14.36 13.62
Compressor, W comp (KW) 2.689 2.499 1.93
Exergy destruction, Ep ;otar (KW) 2.45 2.09 1.716
Coefficient of performance, COP 0.5688 0.595 0.6319
Exergetic efficiency, ny, 0.4804 0.5206 0.5687
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6.1.2 Thermodynamic Parametric Sensitivity & Performance Analysis

Effect of Pressure Drop Across Ejector Nozzle on the System Performance

Performance and operation of both ARC based proposed cascaded compression absorption
systems equipped with ejector is controlled by the pressure drop of the refrigerant after accelerating
through motive and suction nozzle. For a definite working condition an optimal value of pressure
drop can be found by continuous iteration of the model for maximum system performance. Figure
6-1 depicts the impact of pressure drop over COP. For ECAC, COP augments with increasing
pressure drop up to an optimal value obtained near 35 kPa. Increasing pressure drop further, results
in a gradual decrement of COP. For EICAC, the gradual increment is less steep with pressure drop
increase. The optimal value of COP can be found near 80 kPa, after which further increment of

pressure drop has minimal effect on COP.

Furthermore, For ECAC, the COP changes on a scale of approximately 0.005 as pressure drop in
suction nozzle increases from 0 to 120 kPa. In contrast, the COP changes for EICAC are on a scale
of 0.001, which is five times smaller than that of ECAC. The impact of pressure drop is more
prominent for ECAC with a change of COP 0.0001428 per kPa increase of pressure drop before
reaching the maximum COP. Whereas for EICAC, the change is 0.0000125 per kPa pressure drop
increase. Hence it is found that pressure drop has minimal impact on EICAC.
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Figure 6-1: The impact of AP on COP of ARC based cascaded compression absorption systems
at Tcond = 35 OC, Tabs = 35 OC, Tevp = '30 OC, Tgen = 75 OC.
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The change of COP can be further demonstrated by Figure 6-2(a), which describes the change of
entrainment Ratio, ER with the pressure drop. The effect of ER on COP is due to the change of
rtevaporator With the change of pressure drop for the same range. For ECAC, with pressure drop
increasing, ER varies in the same manner as COP. Because with ER increasing #isuction = rit20 = m
evaporator =119 INcreases, which results in higher cooling load as well as higher coefficient of
performance. The relationship between COP, ER and rievaporator IS linear; for this reason their

behaviour with pressure drop increasing depicts similar pattern.

But for EICAC, with pressure drop increasing, the entrainment ratio decreases until a minimum

value is attained. Decrement of ER results in decrement of 7 suction = rz21. Which in terms results

. . . . . 1- . . .
in an increment of revp = 123 (because Mgy, crion = %mevap) as described in Figure 6-2(b). The
20

higher ey results in the enhancement of cooling load as well as COP. So, COP is proportional to
revp; Tor this reason, their behaviour with pressure drop increasing depicts a similar pattern. But

both are inversely proportional to ER, for this reason the pattern is reversed in this case.
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Figure 6-2: The impact of AP on () Entrainment ratio (ER) and (b) Mevaporator 0f ARC based
cascaded compression absorption systems at Tcond = 35 °C, Taps = 35 °C, Tevp = -30 °C, Tgen =75
°C
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System Sub-cycle Performance Analysis
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Figure 6-3: The effect of (a) evaporator temperature and (b) generator temperature on COPLtc
and COPyrc of ARC based cascaded systems at Teond = 35°C, Tabs = 35 °C, ATchx = 5°C, TevpHTc
=5°C
Before conducting a comprehensive analysis of the system performance, the impact of working
conditions on the subsystems is evaluated first. In this context, COP.tc is associated with the
compressor load, while COPyrc is concerned with the generator load only. In this analysis, TewpHTc
is fixed at 5°C with ATcHx = 5°C. So with increasing Tevp, pressure ratio in the HTC remains the
same (as Tgen is fixed at 75°C). As a result, COPuxrc of the systems remains constant with Tevp
change. But with Teyp increasing, pressure ratio as well as required compressor input in LTC
decreases as a result COP.tc increases. As illustrated in Figure 6-3(a), COPLtc increases
significantly for higher evaporator temperatures, with the LTC of EICAC and ECAC maintaining

approximately 15% and 5% higher COP compared to the conventional CARC.

Similarly, when Tgen changes, COPHrc varies with the varying generator load, but COPLtc remains
unchanged due to the fixed pressure ratio across LTC (as Tevp is fixed at -30°C). COP_tc of the
proposed systems keeps around the same enhancement as stated before. Regarding COPHrc, both
HTC-ARC systems exhibit very low, nearly identical COP at lower Tgen as shown in Figure 6-3(b).
However, as Tgen increases, COPwrc rises rapidly within the range of Tgen = 75°C. Upon reaching
the optimal value, COPHrc decreases, but at a slower rate. Over this range of Tgen, the modified
ARC maintains a roughly 5% performance enhancement compared to the conventional ARC.
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Impact of Operating Conditions on System Performance

To facilitate additional analysis and comparison across various working conditions, the COP is
optimized with respect to the pressure drop of ejector during each simulation. Figure 6-4
demonstrates that, the effective performance of the suggested ARC based cascaded compression
absorption refrigeration systems is significantly influenced by Tgen and Tew. Under similar
operational circumstances, EICAC exhibits a greater COP than ECAC. With Teyp increasing, the
COP of both ECAC and EICAC increases. However, increment rate intensifies more at lower Tgen.
The COP variation relating to the Tgen exhibits a comparable pattern for varying constant
evaporator temperatures. System COP experiences a rapid increase in response to increasing Tgen,
within the lower range of approximately 70°C to 77°C. reaching a specific optimal value, the
change in COP with Tgen becomes negligible. It has been found that, EICAC reaches the optimal
condition at a slightly higher evaporator temperature than ECAC and CARC.
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Figure 6-4: The impact of Tgen and evaporator temperature on COP of ARC based cascaded
systems compression absorption at Teond = 35°C, Taps = 35 °C
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Figure 6-5: The impact of Tqen and evaporator temperature on Exergy Efficiency of ARC based
cascaded compression absorption systems at Tcond = 35 °C, Taps = 35 °C

Figure 6-5 illustrates the impact of operating circumstances on the 2" law efficiency of ARC
based cascaded compression absorption proposed systems. EICAC displays a significant
enhancement of exergy efficiency for similar operating conditions. It can be found that with
evaporator temperature increasing, exergy efficiency increases. Also, EICAC shows higher
increament rate at lower evaporator temperature than ECAC. For a fixed Teyp, the exergy efficiency
increases with the increment of Tgen in the range of 70°C to 77°C. But after reaching an optimal
condition, it decreases gradually with Tgen increasing. The figure demonstrates that optimal
generator temperature increases with the Tevp increasing and the rate is slightly higher for EICAC
system. For a detailed analysis, the effect of each operating parameter is analyzed separately while
taking other variables as constant. This analysis provides an in-depth analysis with a plausible

operating range and limiting factors for swift operation of the system.

Figure 6-6(a) is presented to illustrate the comparison of performance of the ARC based cascaded
compression absorption refrigeration systems based upon the impact of generator temperature. As
the Tgen rises, the system COP experiences a rapid increase for lower generator temperatures
(approximately within the range of 70°C to 77°C). Upon reaching a specific optimal Tgen, the rate
of COP change diminishes to a minimal level. It has been found that, EICAC reaches the optimal

condition slightly later (near 77°C generator temperature) than ECAC and CARC. EICAC and
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ECAC also maintain an enhancement of system COP of 19.83% and 5.66% respectively after

reaching the optimal condition over CARC.

The above stated behavior of the COP curve can be clearly explained in Figure 6-6(b). EICAC

rejects higher heat through cascade heat exchanger, resulting in lower mass flow rate of LiBr/H.O

circulating the absorption sub cycle. Which in terms decrease the generator load hence results in
higher COP than ECAC and conventional CARC. With Tgen increasing from 70°C-77°C, the

generator load decreases rapidly. But after reaching the minimum load (at around 77°C), the

change with evaporator temperature increasing is minimal resulting in minimal change of COP as
described in Figure 6-6(a). EICAC and ECAC require around 19.87 and 5.41% lesser generator
load than CARC respectively for the same evaporator temperature.

24
= 22
o
-
L
=
A A g 20
AhA A A A A Al
A A £
=9
/ E
’ —e—EICAC —8—ECAC -+4—-CARC =
- 18
=]
=
.‘ Tp=-30°C  T,= 7010 100°C 16
! Topng=35°C Ty, =35°C
i .IL\pHI( =3
T T T T T T T
70 75 80 85 90 95 100

Generator Temperature, °C

(@)

T.,=-30°C T~ 7010100°C
Teana =35°C T, =35°C
Tgupiire =3

—e—EICAC —=—ECAC --4—-CARC

A — -k
e hm

T g S RN IR V St

: T v v T T
70 75 80 85 90 95 100

Generator Temperature, °C

(b)

Figure 6-6: The effect of Tgen On (a) COP and (b) Total input power of the proposed ARC based
cascaded compression absorption systems at Teond = 35°C, Taps = 35°C, Tevp = -30°C
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Figure 6-7: The effect of Tgen 0N () exergetic efficiency and (b) Ep ¢,:q; 0f ARC based cascaded
compression absorption systems at Tcond = 35°C, Tabs = 35°C, Tevp = -30°C

Figure 6-7(a) depicts the exergetic perspective of the impact of generator temperature of ARC
based cascaded compression absorption systems. The optimal temperature for attaining maximum
exergy efficiency is approximately 73°C. The EICAC and ECAC exhibit superior exergy
efficiency of 21.47% and 10.66% respectively, in comparison to the conventional CARC. While
the system's energy performance may exhibit minimal changes beyond the optimal value, the
exergetic efficiency experiences a significant decrease once the optimum condition is reached. At
Tgen below 73°C, the rate of decrease is notably steep, leading to a limiting operational state of the
system. The observational evidence suggests that the exergy efficiency is more susceptible to
fluctuations in generator temperature as opposed to variations in the system COP.

As Tgen increases, the refrigeration potential of the system also improves, resulting in a rapid
intensification in exergy efficiency. However, when the optimal limit of the generator temperature
is reached, the increase in the amount of refrigerant vapor produced at the generator significantly
affects the system. This leads to higher exergy destruction rates at generator, condenser, and
absorber resulting in rapid increase of total exergy destruction rate as depicted in Figure 6-7(b).
This leads to a significant reduction of exergy efficiency with increasing Tgen. TO maintain optimal
performance, it is crucial to keep the Tgen within the range of 73°C to 75°C.

101|Page

T
95

T
100




COPsystem

0.75

0.65

0.60

0.55

0.50

T,

T,

T:

wW=73°C T, =-3510-5°C
g =35°C T, =35°C
=5

EvpHTC

Evaporator Temperature, °C

()

ERFECAC

0.05

0.04

0.03

0.02

Chapter 6: Result and Discussion

Ty =75°C
T = 35°C
T pure =3

T~ -35t0-5°C
Ty, =35°C

—e—EICAC —8—ECAC

Evaporator Temperature, °C

(b)

Figure 6-8: The effect of Teyp on (a) COP and (b) Entrainment ratio (ER) of ARC based
cascaded compression absorption systems at Teond = 35°C, Taps = 35°C, Tgen = 75°C

Figure 6-8(a) illustrates the influence of Teyp 0n system COP of ARC based cascaded compression

absorption systems. As Teyp increases, the required compressor load for a fixed cooling effect

decreases, resulting in a linear increase in COP. EICAC and ECAC maintain an enhancement of

system COP of around 13% and 8% respectively over conventional CARC for different evaporator

temperatures. This phenomenon can be further explained by Figure 6-8(b) which shows the

impact of Teyp On ER. For EICAC, with Teyp increasing meyp increases, resulting in lower msyction

hence lower ER. But for ECAC, with Teyp increasing mMevp = Msuction iNCreases resulting in higher

ER.
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Figure 6-10: The influence of Teyp 0N exergetic efficiency of ARC based cascaded compression

absorption systems at Tcong = 35°C, Taps = 35°C, Tgen = 75°C

However, the exergetic efficiency falls in contrast to the aforementioned patterns with Teyp

increasing as shown in Figure 6-10. Total exergy destruction doesn't increase, rather it also

decreases with Teyp increasing as shown in Figure 6-9(a). With the Teyp increasing, the refrigerant's
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heat absorbtion capacity for vaporization decreases, reducing the system's potential to extract heat.
As a result, the exergy destruction across each component as well as total exergy destruction rate

decreases with Teyp increasing as shown in Figure 6-9(a).

Again, lower heat absorption capacity in evaporator, results in lower Qchx, which ultimately
results in lower requirement of generator input exergy. From Figure 6-9(b), it can be seen that
input generator exergy decreases near linearly with Tey increasing. But the required input
compressor exergy rate decreases at a higher rate due to significant decrease of pressure ratio in
LTC. So ultimately total input rate of exergy decreases at a higher rate than total exergy
destruction. This eventually results in the reduction of exergy efficiency as depicted in equation:

Nex = % =1- Eﬁ

f Xr
This phenomenon is observed in Figure 6-10, where it is observed that, exergy efficiency declines
with evaporator temperature increasing even though total exergy destruction is decreasing.
However, the decremental rate is not the same for all the systems. For Teyp= -35 °C, EICAC and
ECAC show exergy efficiency enhancement of around 23% and 11% respectively over
conventional CARC, whereas for higher evaporator temperature of Teyp= -5 °C, this increment
reduces to 12.5% and 7% respectively. This can be ascribed to the fact that, at lower Tevp, there is
a high-pressure ratio across the LTC, leading to greater differences in exergy input, exergy
destruction, and exergy efficiency of the compared systems. However, at higher evaporator
temperatures, the effect is insignificant due to lower pressure ratio, causing the performance of the
systems to be nearly the same. So, through the analysis, it has been found that, although with
increasing Tevp, the COP of all the systems increases linearly at a near similar rate but the exergy

efficiency decreases at a different rate.
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Figure 6-11: The effect of Tcona 0N COP of ARC based cascaded compression absorption systems
at Tewp = -30°C, Taps = 35°C, Tgen = 75°C

Figure 6-11 and Figure 6-12 demonstrate the influence of Tcond ON System performance of ARC
based cascaded compression absorption systems. As Tcond increases, the corresponding input loads
also increases, leading to a lessening in system COP. The increased Tcond leads to a reduction in
heat rejection, causing a decline in the system's utilization of potential energy. This, in turn,
consequences in an increase in exergy destruction and a reduction in exergetic efficiency. The
system COP and exergy efficiency decline linearly as the condenser temperature decreases below
34°C. However, when the Tcond €xceeds this limit, the system's performance experiences a sharp
decline, resulting in limiting operating conditions. In the safe range of condenser temperature,
EICAC and ECAC maintain an enhancement of COP of around 13% and 4.6% respectively over
conventional CARC at Tewp = -30°C, Taps = 35°C, Tgen = 75°C.
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Figure 6-12: The effect of Tcona 0N exergy efficiency of ARC based cascaded systems at Teyp = -
300C, Tabs = 35OC, Tgen = 750C, and TevaTC = 5OC.

6.1.3 Exergy Flow and Destruction Analysis

Subsequently, an elaborate exergy analysis of the ARC based proposed cascaded compression
absorption systems was performed under the following conditions: Tgen= 75°C, Tevp = -30°C, Tabs
= 30°C, Tcond = 30°C, and ATchx = 5°C. In this context, Figure 6-13 and Figure 6-14 illustrates
exergy flow diagram with corresponding component exergy destruction rate and percentage. The
negligible amount of Ep in the flash tank, mixing chamber, and solution pump is disregarded.
Evidently, the most significant exergy loss occurs at the generator, due to irreversibilities involved
in high heat exchange between heat source and solution refrigerant. Whereas the least occurs at
the solution heat exchanger. The EICAC exhibits a lower total exergy destruction rate than ECAC
for the same output, hence has near 9% improved exergy efficiency. For both systems, the total
destruction of exergy rate is nearly identical. Although due to double-stage compression, the
EICAC has a relative lower loss in compressor and generator. The system has also sustained

considerable exergy loss from the condenser and the absorber.
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Figure 6-13: Exergy flow rate with associated component exergy destruction rate of the ECAC
at Tgen = 75°C, Tevp = -30°C, Taps = 30°C, Tcond = 30°C, and ATchx = 5°C
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Figure 6-14: Exergy flow rate with associated component exergy destruction rate of the EICAC
at Tgen = 750C, Tevp = '300C, Tabs = 30°C, Tcond = 30°C, andATCHX =5°C
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6.1.4 Multi-objective Optimization

In pursuit of minimizing computational expenses and reducing simulation runtimes, a
comprehensive simulation model was deployed 630 times across unique input datasets to develop
objective functions based on Artificial Neural Networks (ANN) of the ARC based cascaded
compression absorption systems. By integrating the objective function with the optimization
algorithm, rather than directly embedding it within the simulation code, a significant decrease in
runtime was achieved, enhancing the model's flexibility. ANN is recognized for their robust
mathematical structure, and adept at identifying intricate non-linear relationships between
variables where traditional physical equations may falter in accurately depicting process

characteristics. The structure of ANN and optimization framework is presented in Figure 6-15.

Input Layer

[ 194 Udppry

NSGA-II N r \
= Optimal
,El, :> Solution
Multi-objective Optimization Algorithm \ J
4

Figure 6-15: The outline of the optimization methodology using ANN prediction model of the
ARC based cascaded compression absorption systems.
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The construction of the ANN-based predictive model's objective function of the ARC based
cascaded compression absorption systems was undertaken utilizing five specific input variables
(namely Tevp, Tabs, Tgen, Pcond, and ATchx) along with two output variables (COP and Exesr). These
variables were extracted from a comprehensive dataset encompassing 630 simulation runs. To
ensure robust model training, the Bayesian regularization algorithm was employed on a substantial
portion of the dataset, consisting of 567 rows (representing approximately 80% of the total data).
The remaining 63 rows (about 20%) were reserved for testing purposes, thereby ensuring a
comprehensive evaluation of the model's predictive capabilities. The architecture of the chosen
ANN model is characterized by a two-layer feedforward network, which is equipped with 100
sigmoid hidden neurons and linear output neurons, showcasing the model's complexity and design
rationale. The model summary is presented in Figure 6-16.
Data

Fredictors: Inputdi - [630x3 double]
Responses. Outputdi - [630:2 double]

Inputs1: double array of 630 observations with 3 features. Ve =T

Cutputé1: double array of 630 observations with 2 features. Training finished: Reached maximum number of epochs &
Algnrithm Training Progress

Data division: Fandom -

. i ) i i i Unit Initial Value Stopped Value Target Value
Training algorithm:  Bayesian regularization Epoch G I i
Performance: Mean squared error Elapsed Time _ 00:00:37
Training Results Performance 794 9.37e-08 0

. : ) e Gradient 132 6.48e-06 1e-07
Tralnlng start time: 13-Feb-2024 07-02:09 e 000 0 1o 10
Layer size: 100 Effective # Param 602 152 0

Observations MSE R Sum Squared Param 5.71e+03 66.6 0
Training BE7 9 37482-08 1.0000
Validation 1] NaMN NaN
Test 63 1.7682e-07 1.0000

Figure 6-16: ANN model summary of training and testing Data of ARC based proposed
cascaded compression absorption systems.

This strategic configuration underscores the model's capacity for processing and analyzing the
intricate relationships between the defined input and output variables, thus reinforcing the
reliability and accuracy of the predictive model developed through this rigorous approach.
Integration of ANN-based objective functions into the optimization framework not only signifies
a leap towards computational efficiency but also enhances the flexibility and applicability of the

simulation model in addressing complex engineering problems.
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ML Model Accuracy Check and Error Evaluation

Accuracy checks and error evaluation are crucial for assessing machine learning model
performance. While accuracy measures how well a model predicts or classifies data, it may not
always provide a complete picture, especially with imbalanced datasets. Metrics like Precision,
Recall, F1 Score, and Mean Squared Error (MSE) offer deeper insights into model effectiveness,
addressing the balance between different types of errors and the precision of predictions. These
metrics are essential for refining models, optimizing their performance, and ensuring their

reliability and applicability to various datasets.

The model's performance was quantitatively assessed through the measure of determination (R"2)
and mean squared errors (MSE), which serve as indicators of efficacy. The R"2 value, a metric for
variance in response data, approached unity, indicating a high level of model reliability. The MSE
for the training and testing datasets were recorded at 9.37* 10°® and 1.76* 107/, respectively, with
an R? value of 0.998, demonstrating a commendable fit for the proposed model.

Best Training Performance is 9.3748e-08 at epoch 1000
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Figure 6-17: Performance test analysis of the ANN objective function of ARC based proposed
cascaded compression absorption systems.
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In Figure 6-17, it is evident that both the trained and test datasets exhibited a close match, with an
initial deviation from the optimal value line eventually narrowing, indicating convergence and
alignment. This observation, coupled with the exceptionally low MSE values and an R"2 value
equal to 1 as shown in Figure 6-18, underscores the model's suitability for optimization studies.

The alignment of data points around the unity line corroborates the successful and reliable
application of the ANN in this context, marking a significant milestone in optimization study

methodologies.
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Figure 6-18: Accuracy levels of test and training data as well as their verification of ARC based
proposed cascaded compression absorption systems.

Optimization Strategy and Variables

One of the common optimization methods for the proposed cycles is the genetic algorithm (GA),
which can explore multiple solutions at the same time by using a population of solutions. A specific
type of GA is the Non-dominated Sorting Genetic Algorithm Il (NSGA-I1), which is a powerful

multi-criteria evolutionary algorithm that is often used to improve energy systems. It has some
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advantages, such as its robustness and fast population distance estimation, but it also has a

drawback of being slow in its operation.

This work uses the optimization toolbox in MATLAB software to optimize the objective functions
developed in ANN to maximize COP and exergy efficiency for 5 controllable variables of the ARC
based cascaded compression absorption systems. The chosen values for different parameters in
MATLAB optimization toolbox and the range of input controllable variables are given in Table
6-5.

Table 6-5. Selected Values for different parameters of Multi objective optimization algorithm of
ARC based proposed cascaded compression absorption systems.

Specified Options Selected Value
Population Size 200
Creation Function Constraint Dependent
Crossover function Intermediate
ratio 1
fraction 0.20
Migration direction forward
probability Constraint dependent
Mutation function 0.10
Population fraction of the Pareto Front 0.35
constraint 103
Max. Tolerance function 10
Generator temperature, Tgen, °C 65 to 100
Evaporator temperature Tewp, °C -35t0-10
Absorber temperature Taps, °C 20t0 35
Condenser temperature Teond, °C 20to 35
Pinch difference at CHX ATehx 2t05

Decision Making and Optimization Result

In multi-objective optimization, the Pareto frontier is a curve that showcases an array of optimal
solutions. Each point on this frontier stands as a testament to an optimal trade-off between
competing objectives. On this frontier, the point farthest to the left indicates the scenario with the
highest exergy efficiency (point A), while the point farthest to the right (point C) shows the

scenario with the best Coefficient of Performance (COP). To determine the most balanced optimal
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solution that takes both COP and exergy efficiency (Exeff) into account, one can look for the point
that is closest to the ideal scenario by measuring geometric distance, or furthest from the least
desirable scenario. In this analysis, TOPSIS decision making technique is employed to find the
most optimal solution (point B) considering both output perspective. This balanced approach
ensures a comprehensive consideration of the multiple facets of energy optimization, leading to a

more informed and holistic decision-making process.
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Figure 6-19: Pareto front of Ga-multi objective optimization of the proposed systems, (i) ECAC
and (ii) EICAC to find the optimal solution using TOPSIS at Tcond = 30 °C.

The illustration in Figure 6-19 presents the Pareto front of optimization solutions for two proposed
models at a condensation temperature (Tcond) Of 30°C. This Pareto front highlights all the points
that represent optimal solutions, with particular emphasis on point A and B which denote the
optimal solutions from the perspectives of maximizing the Coefficient of Performance (COP) and
exergy efficiency, respectively. For a maximum value of 47TcHx = 5°C, the optimal points for both

COP and exergy efficiency (Exeff) maximization occur.

Moreover, with Teyy and Taps increasing exergy efficiency decreases linearly for both the systems.
However, while the COP decreases with an increase in Taps, it increases with an increase in Tevp,
indicating the existence of an optimal Tey value for optimal performance from both COP and
exergy efficiency perspectives. Additionally, both COP and Exet achieve their maximum at a

specific generator temperature, although this optimum generator temperature for performance
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maximization varies by 3-4°C between the COP and exergy efficiency perspectives. From a
specific perspective, the operating condition for optimal performance varies slightly between the

proposed systems.

This is why, maximum COP condition of point A, is obtained at Teyp = -10°C, Taps = 25°C and Tgen
= 62°C around, and the values of max COP are 0.7464 and 0.76 for ECAC and EICAC
respectively. Whereas, maximum Exess condition of point B, is obtained at Tevp =-35°C, Taps = 25°C
and Tgen = 56°C around, and the values of max Exes are 0.6259 and 0.7059 for ECAC and EICAC
respectively. The optimal condition is determined by TOPSIS technique, and the optimum value
of COP: 0.6788 and 0.6983, Exeft = 0.5993 and 0.6592 for ECAC and EICAC respectively at Teyp
= -20°C, Tabs = 25°C and Tgen = 58°C around. The comparison of performance metrics along with

optimal parameters of performance from different scenarios is provided in Table 6-6 in details.

Table 6-6. Optimization Results for ECAC and EICAC configurations at Tcond = 30°C.

Input Parameters Units Multi-Objective Optimization Scenarios

(a) Max. COP (b) Optimal (c) Max. Exeft
ECAC EICAC ECAC EICAC ECAC EICAC
Evaporator Temperature, Tevp °C -10 -10 -20.05 -20 -35 -35
Generator Temperature, Tgen °C 61.8 62.2 58.4 59 55.6 56
Absorber Temperature, Tabs °C 25 25 25 25 25 25
Pinch Temz._rilef. at CHX, oc 5 5 5 5 5 5
Output Parameters
Generator Load, Qgen kw 12.39 12.3 12.98 12.86 14.72 14.44
Condenser Rejection, Qcong kW 11.17 11.09 11.61 11.51 12.8 12.56
Evaporator Extraction, Qe,, kw 10 10 10 10 10 10
Absorber Rejection, Qs kw 12.25 12.15 12.86 12.75 14.61 14.33
Compressor Load, Wcomp kw 2.361 2.204 2.771 2.538 4.045 3.596
Exergy destruction, Ep ;orar kw 1.024 0.8676 1.079 0.8461 1.518 1.068
Coefficient gg‘;erformance’ 0.7464 0.76 06788 06983 05748 0.5989
Exergetic efficiency, ny 0.5561 0.6074 0.5993 0.6592 0.6259 0.7059

Table 6-7 is presented to show the determined optimal parameters and performance comparison
of the proposed systems for different Tcong cOnditions. As found earlier, from a specific perspective,
the operating condition for optimal performance varies slightly between the proposed systems.

This is why, in a specific scenario, a set of optimal parameters is selected to showcase the
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performance comparison between the systems. ATchx is not included because, from all the
perspective the optimal condition is found at its maximum value. The resulted COP and Ex.ss along
with the optimal input parameters after optimization are presented for understanding the effect of
each parameters individually. Additionally, with Tcong increases, this optimal value of the optimal
Tgen also increases from all the perspectives. But the optimal Tgen for maximization of EXxef,
increases at a slightly higher rate compared to the rate observed for COP. Again, regardless of
change of Tcond, the optimal Tew and Tabs Value remain nearly unchanged. Moreover, with Teond
increasing, both COP and Exerr decrease, but Exesr increases at a much higher rate compared to
CORP. In all the conditions EICAC portraits significant higher value of COP and EXett compared to
ECAC. But this difference is much found significantly higher at max Exef perspective compared

to other scenarios.

Table 6-7. Multi-objective optimization solution of ARC based proposed cascaded systems with
result for different condenser temperatures.

Teond(°C) Scenario Operating Condition

Tevp Tabs Tgen
O O (O

BEICAC BECAC

Maximum

cop -10 25 54.6
Optimal
25 Condition 20 25 521
E
£
Max z
E)_(e_rgy -35 25 49.1 05 055 0.6 0.65 0.7 0.75 0725 0.685 0645 0.603
Efficiency Exergy Efficiency
Maximum BECAC
cop -10 25 61.8 E
optimal - oh05 25 sg4  *
Condition
30 3
Max
Exergy -35 25 55.6
Efficiency

0.5 0.55 0.6 0.65 07 0.75 0.69 0.65 0.61 0.57 0.53

COP Exergy Efficiency
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35

mEICAC BECAC
Maximum

cop -10 25 67.5
Optimal
" -19. 2 4
Condition 9.95 5 6
Max
Exergy -35 25 62.3
EfﬁCiency 03 0.55 06 0.65 07 0.75 0.63 0.59 0.55

cop Exergy Efficiency

6.1.5 Section Summery

This research section addresses the limitations of traditional cascade absorption technology by
integrating a modified Absorption Refrigeration Cycle (ARC) with an enhanced Vapor
Compression Refrigeration (VCR) system equipped with ejector setup, aiming to thoroughly
investigate the performance of the proposed systems. The analysis within this section demonstrates
the superior energy and exergy performance achieved at lower cooling temperatures by these

innovative systems.

To fulfill and implement the first objective of the study, a modified Absorption Refrigeration Cycle
(ARC) is combined with an improved Vapor Compression Refrigeration (VCR) system, leading
to the development of advanced systems like ECAC and EICAC. Following the verification of
the thermodynamic model, a comparative thermal analysis of the proposed ECAC and EICAC
systems versus the conventional CARC system is conducted along with corresponding parametric
sensitivity analysis, utilizing various performance metrics for assessment. The research further
delves into the effects of ejector parameters to pinpoint the optimal operating conditions that
enhance performance, while also considering the impact of each component. Conclusively, multi-
objective optimization is employed to identify the optimal solutions from both the 1st and 2nd law
thermodynamics perspectives, thereby determining the feasible operational boundary conditions.
The conclusion of the comprehensive theoretical thermodynamic analysis presented in this section

as follows:
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The results indicate that both ECAC and EICAC systems can achieve near 15% and 6% higher
COP, respectively, compared to the traditional system when exploiting the R41-LiBr/H20

refrigerant pair under different working conditions.

The peak exergetic performance can be accomplished at approximately 77°C, with the EICAC
and ECAC demonstrating an exergy efficiency increase of around 20% and 10%, respectively,
in comparison with CARC system. While the system's energy performance may exhibit only
minimal changes beyond the optimal value, the exergetic perspective reveals a significant
decrease in exergy efficiency once the optimum condition has been reached. At temperatures
below 73°C, the rate of decrease is notably steep, leading to a constraining operational state.
This suggests that generator temperature has a more significant impact on exergetic efficiency
than on COP.

Although system COP of all systems increases linearly with increasing Tep at a near similar
rate, the exergy efficiency decreases at different rates. Hence, from an exergetic perspective,
the absorption cycle demonstrates greater effectiveness in low-temperature applications. The
EICAC system exhibits a lower total exergy destruction rate than the ECAC system, leading

to a near 9% improved exergy efficiency.

The study further identifies that the optimal generator temperature increases with Tcond. AlSO,
this optimum value varies 5-6°C from energy and exergy perspective, whereas the optimal

performance is gained at an evaporator temperature of -21°C.
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6.2 Analysis of RAC Based Proposed Advanced Cascaded Compression
Absorption Systems

This section advances the study of compression absorption technology by incorporating
sophisticated and advanced systems to address the challenges inherent in conventional systems,
thereby proposing more viable solutions. Specifically, it introduces and analyzes the integration of
an advanced Recompression Absorption System (RAC) with an enhanced Vapor Compression
Refrigeration (VCR) systems incorporated with an ejector. This leads to the development of
advanced proposed cycles: the Ejector-Compression Recompression Absorption Cycle (E-
CRAC) and the Ejector-enhanced vapor-Injection Compression Recompression Absorption
Cycle (EI-CRAC). In this advanced systems, the RAC working in the HTC enables the system to
utilize the released heat from the condenser to warm the solution in the generator, thus lessening
the required generator load and increasing system performance by removing the need for bulky
condenser. Moreover, this configuration allows for a reduced generator pressure in comparison to
the conventional ARC, facilitating operation at a lower generator temperature [60]. Thus,
increasing its prospect in industrial applicability. Additionally, the advanced ejector-based VCRs
in LTC of the proposed system also enable the extraction of heat from the refrigerated space more
efficiently, thus assisting these proposed system to be more industry compatible. These
integrations aim to overcome the limitations of existing technologies by offering improved
efficiency and performance, highlighting the potential for significant advancements in the field of

refrigeration and air conditioning technologies.

A detailed comparative and parametric analysis have been carried out for varying controllable
operating conditions in order to gain insight about the effect of each parameter and performance
enhancement of the proposed systems over conventional systems. Output parameters selected for
system performance analysis are: 1% law efficiency (COP), 2" law efficiency (Exer), exergy
destruction rate of system and across each component and overall exergy destruction
(Exp, Exp o), HTC and LTC compressor load (W omy). In this section, an extensive analysis from
multiple viewpoints has been carried out to ensure a comprehensive and thorough understanding.
Finally, ANN model is trained with the extracted data to integrate with Genetic algorithm to carry
out multi-objective optimization and determine the optimal conditions of operation to ascertain the
operational feasibility and limitations to pave the way for further research and innovation.
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Design parameters and range of operation are provided in Table 6-8.

Table 6-8. Design parameters for the analysis of RAC based conventional and proposed
cascaded compression absorption systems.

Parameters Values
Cooling load, Qevp 150 KW
Generator temperature, Tgen 45 °C to 65 °C
Evaporator temperature, Tev -30°Cto -5 °C
Condenser Pressure, Peong 15 kPa to 30 kPa
Absorber temperature, Tans 25°Cto 30 °C
Effectiveness of RHX, egryx 0.9
Effectiveness of SHX, e¢yx 0.9
Cascade temperature difference, AT 5
Ambient temperature, To 25 °C
Ambient pressure, Py 101.325 kPa
Compressor efficiency, i 150 KW
Inlet external air temperature in Evaporator Tewp +8
Outlet external air temperature in Evaporator Tewp +3
Inlet cooling water temperature in Absorber Tabs - 5
Outlet cooling water temperature in Absorber Tans +5
Inlet heat source water temperature in Generator Tgen + 15
Outlet heat source water temperature in Generator Tgen + 10

6.2.1 Comparison Between Proposed and Conventional System

In this section, the RAC based proposed cascaded compression absorption models are evaluated
using a simulation conducted with an EES-developed program. LiBr/H20 and R41 are chosen as
the refrigerant pair for their distinct advantages. LiBr/H20, utilized in the High-Temperature
Cycle (HTC), enhances absorber pressure and exhibits non-toxic properties, facilitating the use of
low-grade industrial heat due to its lower generator activation temperature. This contributes to a
higher Coefficient of Performance (COP) and exergy efficiency. The use of LiBr also simplifies
the system design by eliminating volatile liquids in the absorbent-refrigerant pair, thereby negating
the need for an analyzer and rectifier and enabling a more compact, cost-effective system that can
easily integrate with other technologies. For the Low-Temperature Cycle (LTC), R41 is selected
for its environmental benefits, including a negligible Ozone Depletion Potential (ODP) and a low
Global Warming Potential (GWP of approximately 95), alongside its low boiling point of -78.2
°C, making it an ideal choice for Low-Temperature Chillers (LTCs). As an illustration, the

thermodynamic state parameters of the proposed novel cascade compression-recompression
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absorption cycles are provided as an example in Table 6-9, Table 6-10 and Table 6-11 for CARC,
E-CRAC and EI-CRAC configuration respectively.

Table 6-9. Thermodynamic property of each flow stream of CRAC system at Tgen = 60°C, Tevp = -
20°C, Taps = 35°C, Pr = 7.13(Pcond = 25 kPa) and ATchx = 5°C.

State Point P (kPa) T (°C) s(kJ kgt K1 h(kJkg?) m (kg s?) X (%)
1 3.49 60 8.721 2612 0.08101 -
2 24.88 287.6 8.817 3051 0.08101 -
3 24.88 65 0.8918 2715 0.08101 -
4 1.216 10 0.9619 271.5 0.08101 -
5 1.216 10 8.903 2519 0.08101 -
6 1.216 35 0.2301 75.84 1.436 0.5221
7 3.49 35 0.2301 75.84 1.436 0.5221
8 3.49 56.2 0.3716 119 1.436 0.5221
9 3.49 60 0.369 136 1.355 0.5533
10 3.49 375 0.2264 90.22 1.355 0.5533
11 1.216 37.5 0.2264 90.22 1.355 0.5533
12 1133 -20 2.341 536.4 0.5075 -
13 3009 50.8 2.371 599.6 0.5075 -
14 3009 15 1.14 240.8 0.5075 -
15 1133 -20 1.173 240.8 0.5075 -

Table 6-10. Thermodynamic property of each flow stream of E-CRAC cycle at Tgen = 60°C, Tevp
=-20°C, Tabs = 35°C, Pr = 7.13(Pcond = 25 kPa) and ATchx = 5°C.

State Point P (kPa) T(CC) s(kJkg?K?) h(kJkg?) m (kg s?) X (%)
1 3.488 60 8.722 2612 0.07304 -
2 24.88 287.7 8.818 3052 0.07304 -
3 24.88 65 0.8918 2715 0.07304 -
4 1.216 10 0.2304 64.47 0.07304 -
5 1.216 10 8.903 2519 0.07304 -
6 1.216 35 0.2301 75.84 1.292 0.5221
7 3.488 35 0.2301 75.84 1.292 0.5221
8 3.488 56.2 0.3716 119 1.292 0.5221
9 3.488 60 0.369 136 1.219 0.5534
10 3.488 37.5 0.2264 90.24 1.219 0.5534
11 1.216 37.5 0.2264 90.24 1.219 0.5534
12 1.216 54 9.521 2726 0.07304 -
13 3009 47.2 2.351 5934 0.5086 -
14 3009 15 1.14 240.8 0.5086 -
15 1103 -20.8 1.145 233.4 0.5086 -
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16 1103 -20.8 1.672 366.4 0.9042 =
17 1235 -17.3 1.674 370.2 0.9042 -
18 1235 -17.3 0.8422 157.3 0.3957 =
19 1133 -20 0.8429 157.3 0.3957 -
20 1133 -20 2.341 536.4 0.3957 =
21 1235 -17.3 2.325 536.5 0.5086 -
22 1103 -20.8 2.342 535.3 0.3957 =
30 24.88 15.5 0.2295 64.47 0.07304 -

Table 6-11. Thermodynamic property of each flow stream of EI-CRAC cycle at Tgen = 60°C, Tewp
= -20°C, Tabs = 35°C, Pr = 7.13(Pcond = 25 KPa) and ATchx = 5°C.

State Point P (kPa) T(CC) s(kJkg-1K- h(kJkg-1) 1 (kgs-1) X (%)
1)

1 3.488 60 8.722 2612 0.07212 -
2 24.88 287.7 8.818 3052 0.07212 -
3 24.88 65 0.8918 2715 0.07212 -
4 1.216 10 0.2304 64.47 0.07212 -
5 1.216 10 8.903 2519 0.07212 -
6 1.216 35 0.2301 75.84 1.275 0.5221
7 3.488 35 0.2301 75.84 1.275 0.5221
8 3.488 56.2 0.3716 119 1.275 0.5221
9 3.488 60 0.369 136 1.203 0.5534
10 3.488 375 0.2264 90.24 1.203 0.5534
11 1.216 375 0.2264 90.24 1.203 0.5534
12 1.216 54 9.521 2726 0.07212 -
13 3009 46.6 2.348 592.3 0.4841 -
14 2656 10 1.092 226.6 0.4841 -
15 1710 -6.1 1.092 224 -
16 1710 -6.1 1.115 230.1 0.4918 -
17 1846 -3.6 1.116 231.2 0.4918 -
18 1846 -3.6 2.241 534.3 0.05805 -
19 1846 -3.6 0.9658 190.6 0.4338 -
20 1720 -6.1 0.9665 190.6 0.4338 -
21 1720 -6.1 2.256 535 0.01142 -
22 1720 -6.1 0.943 184.3 0.426 -
23 1133 -20 0.9497 184.3 0.426 -
24 1133 -20 2.341 536.4 0.426 -
25 1846 12.3 2.351 564.9 0.426 -
26 1846 10.2 2.338 561.2 0.4841 -
27 1710 -6.1 2.256 534.7 -
30 24.88 155 0.2295 64.47 0.07212 -
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Based on the properties of fluid streams, the output parameters are calculated to conduct a thorough
comparison analysis between the proposed recompression cascaded compression absorption
systems along with their comparison with traditional CARC and is presented in Table 6-12. For
the same operating conditions, it has been found that, COP of the RAC based proposed cascaded
systems is nearly three times higher than the conventional CARC system. Among the proposed
systems, EI-CRC and E-CRAC show near 10% and 20% increase of COP compared to basic
CRAC. From exergetic point of view, the proposed basic CRAC displays deterioration of
performance over conventional system whereas the other proposed systems, EI-CRAC and E-
CRAC shows near 15% and 25% exergetic performance increase over CRAC.
Table 6-12. Comparison among the RAC based proposed cascaded systems and traditional

cascaded SyStem at Tgen = 600C, Tevp = ‘200C, Tabs = Tcond = 35OC, Pr= 7.]3(Pcond =25 kPa)
and ATcux = 5°C.

Components Traditional Cycle Proposed Cycles
CARC CRAC ECRAC EICRAC
Generator, Q gen (KW) 215.6 225 202.8 200.3
Condenser, Qcona (KW) 189.8 225 202.8 200.3
Evaporator, Qeyp (KW) 150 150 150 150
Absorber, Qgps (KW) 207.9 217.4 211.1 208.5
Compressor, W comyp (KW) 32.07 67.63 61.02 56.14
Exergy destruction, Exp orar (KW) 36.04 40.95 34.02 29.3
Coefficient of performance, COP 0.6056 2.218 2.458 2.672
Exergetic efficiency, ny; 0.421 0.3945 0.4373 0.4752

6.2.2 Thermodynamic Parametric Sensitivity & Performance Analysis

Impact of Fluid Expansion and Pressure Drop Across Ejector Nozzles

The functioning and efficiency of the proposed ejector-equipped advanced RAC based cascaded
compression absorption systems are dictated by the expansion of refrigerants after its acceleration
via the motive and suction nozzle. The outcome exhibits a significant pressure drop (AP) of the
corresponding streams. For a set of operational parameters, an optimal value of AP is present for

COP maximization, which can be calculated through continuous iterations.

The influence of AP on the COP of the RAC based cascaded compression absorption systems is

illustrated in Figure 6-20. In the case of the E-CRAC system, an increase in AP up to an optimum
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value of around 35 kPa leads to a rise in COP. However, any further increase in pressure drop
gradually reduces the COP. For the EI-CRAC system, the COP's incremental rise is less steep with
the increase in AP, with the optimal COP value observed near 80 kPa. Beyond this point, additional
increases in pressure drop have a negligible effect on COP. Additionally, for the E-CRAC system,
the COP experiences a change on a scale of roughly 0.02. In contrast, the EI-CRAC system's COP
changes on a scale of 0.004, fivefold less than the E-CRAC system. The E-CRAC system shows
a more pronounced impact of pressure drop, with a COP change of 0.0005 per kPa increase of AP
before it reaches its peak. Thus, it is deduced that the EI-CRAC system is minimally affected by
AP.

T T T T T T
-2.2180
2.02 +
22178
201 +
L @]
‘5 2.2176 é
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= =
=™
S 2007 . —22174%
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F2.2172
1.99 -
Teyp=-30°C T, =65°C
Poa =25 KPa T, =35°C
Teyprre =3°C - 2.2170
1.98 T T T T T T T T T T T T T
0 20 40 60 80 100 120
AP, KPa

Figure 6-20. Influence of AP on Ist law efficiency of the RAC based proposed cascaded
compression absorption systems at Pcond = 25kPa, Tans = 35 °C, Tevp = -30 °C, Tgen = 65 °C.
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Figure 6-21: Influence of AP on (a) Entrainment ratio (ER) and (b) mevaporator Of the RAC based
proposed cascaded compression absorption systems at Pcond = 25kPa, Taps = 35 °C, Tevp = -30
°C, Tgen =65 °C.

Figure 6-21 effectively illustrates the relationship between the Entrainment Ratio (ER) and
variations in pressure drop, highlighting its direct influence on the COP of the RAC based
proposed cascaded compression absorption systems. In the case of the E-CRAC system, as the
pressure drop increases, the ER follows a similar upward trend. This increase in ER results in a
rise in the risuction. From the refrigerant flow, risuction = #it20 = it evp =rit19. S0, increase of risuction,
subsequently leads to a larger cooling capacity and an enhanced COP. The interrelation among
COP, ER, and ey is linear, which explains the similar pattern they exhibit with an increasing AP.
On the other hand, the EI-CRAC system behaves differently. As AP increases in this system, the

ER decreases until it reaches a minimum value. This reduction results in a decrease of #1 suction =

1—JC20

ni1. However, this decrease leads to an increase of rievp = rit23 (8S Migycrion = —— Mepap)- SO
0

risuction aNd rizevp are inversely related. The increase in ey results in an enhanced cooling load and,
leading to an improved COP. Therefore, both COP and riep, inversely proportional to the ER,
exhibit similar patterns of increase with a rising AP, while the ER displays a reverse trend.
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Figure 6-22: Influence of AP on (a) Mixing area ratio (@) and (b) Area of constant area section
of ejector’s mixing chamber of RAC based proposed cascaded systems at Pcond = 25kPa, Tabs =
35 °C, Tevp = -30 °C, Tyen = 65 °C.

The area ratio of the mixing section, represented by the symbol ¢, plays a vital role in determining
the design and size of an ejector of the RAC based proposed cascaded compression absorption
systems. This ratio is directly related to the pressure drop (Ap) across the nozzle. Figure 6-22
clearly illustrates this effect. As seen from Figure 6-22(a), with 4p increasing, ejector area ratio
¢ of both systems experiences a decline. Consequently, the constant area of mixing, denoted as
An, also decreases, as observed in Figure 6-22 (b). Notably, the ejector used in the E-CRAC
system demonstrates a higher value of ¢, leading to a larger Am compared to EI-CRAC system’s
ejector. E-CRAC also shows a more pronounced decrease in ¢ and Am, as the pressure drop 4p
increases. Initially, as 4p increases, ¢ decreases rapidly, but this rate of decrease slows down with
further increase in 4p. In contrast, the ejector system used in the LTC of EI-CRAC demonstrates
a lower ¢ value. With an increase in 4p, ¢ approaches close to 1, indicating the use of a Constant
Area Mixing (CAM) type ejector. Consequently, the mixing area Am of this configuration’s ejector
is also near 4 times lower compared to E-CRAC’s and this area decreases almost linearly with

changes in 4p.
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Effect of Ejector Integration on LTC Performance
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Figure 6-23: Influence of ejector on performance improvement of LTC-VCR of the RAC based
proposed cascaded systems.

Figure 6-23 highlights the advantages of incorporating an ejector in the LTC system, particularly
in enhancing the COP and reducing the compressor's workload of the RAC based cascaded
compression absorption systems. At an evaporator temperature of -20 °C, the incorporation of
ejector significantly reduces the LTC compressor’s load requirement from 32 KW (for VCR) to
28 KW (Ejector expansion LTC employed in E-CRAC) and 24 KW (ejector injection LTC
employed in EI-CRAC). It's also observed that as the evaporator temperature increases, the impact
of the ejector on enhancing pressure lift lessens. This results in a narrowing gap in the load
requirements between the systems. Consequently, the COP improvement offered by the ejector
expansion and injection systems compared to traditional VCR systems reduces from 7% and 33%

to 6% and 28%, respectively, as the evaporator temperature increases from -35°C to -5°C.
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Impact of Operating Conditions on System Performance

The investigation into the performance of the proposed Recompression Absorption Cycle (RAC)
based cascaded compression-absorption systems has been conducted with a thorough parametric
sensitivity analysis. This analysis examines the impact of various operating conditions on system
performance. The investigation identifies a suitable range of operating conditions and delineates
the different limiting conditions for operation, providing a comprehensive understanding of the

system's behavior under diverse scenarios.
Effect of Generator- Condenser Temperature

As illustrated in Figure 6-24, both the proposed models exhibit a similar trend with changing
operational parameters. However, it is worth noting that the EI-CRAC model demonstrates around
10% higher COP compared to the E-CRAC model. The increase in Pcond iS Observed to have a
negative impact on the system COP, resulting in a decrease. But the decremental rate increases
with Tgen increasing. Furthermore, as Tgen increases, the COP initially increases until it reaches an
optimal point, after which it decreases at a faster rate with further increases in Tqen. FoOr a specific
condenser pressure, this value of Tgen represents the optimal condition for maximizing system
performance. Additionally, it has been found, as Pcong increases, the heat rejected in the gen-cond

decreases, leading to a decrease in the pressure ratio and an increase in generator pressure (Pgen).
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Figure 6-24: The influence of Tgen and Pcond 0n 1% law efficiency of the RAC based proposed
cascaded systems at at Taps = 35 °C, Tevp = -20 °C, Tevprrc = 10 °C.
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Figure 6-25 illustrates the consequences of Tgen and Pcong ON exergy efficiency (Exerr) of the RAC
based proposed cascaded compression absorption systems. The effect mirrors the same trend as
COP, but with a notable difference: as Pcong increases, Exesr decreases at a more accelerated rate.
Moreover, the optimal Tgen value, which corresponds to the peak Exer, also increases at a higher
rate compared to the rate observed for COP in Figure 6-24. For the same range of operating
conditions, the difference between the maximum and minimum value of COP is 32% whereas, for

EXerr the difference is nearly 42%. Therefore, it can be inferred that Tgen and Pcond have a more

pronounced effect on EXes.

0.52

(a) E-CRAC (b)EI-CRAC

Figure 6-25: The influence of Tgen and Peona 0N 2™ law efficiency of the RAC based proposed
cascaded systems at at Tans = 35 °C, Tevp = -20 °C, TevpHtc = 10 °C.
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Impact of Generator temperature
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Figure 6-26: Impact of Tgen on COP and Total input power of the RAC based cascaded
compression absorption systems Pcong = 25kPa, Taps = 35 °C, Tewp = -20 °C.

Generator Temperature, T

Figure 6-26 shows the influence of Tgen On system performance of the RAC based proposed
cascaded compression absorption systems from the 1st law perspective. For a specific condenser
pressure, an optimal value of Tgen exists where the required heat in the generator is minimum. Since
the vapor compressor increase the enthalpy of the stream to provide this required heat, the optimal
Tgen CcOrresponds to lowest pressure ratio Py, hence lowest power consumption of the system. As,
cooling effect is kept constant, this lowest Weomp-Hrc results in Maximum COP. All the systems
follow the same trend for a specific Pcond. However, ejector expansion LTC enables E-CRAC to
operate at lower electricity consumption than VCR. In EI-CRAC due to dual stage compression,
the required power consumption is lesser which also results in lower Ocrnx and lower Ogen. Hence
EI-CRAC shows an improved COP of near 20% over conventional compression recompression

cycle, whereas E-CRAC shows enhancement of near 9% throughout the varying Tgen.
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Figure 6-27: Impact of Tgen ON total exergy destruction of the of the RAC based proposed
cascaded systems at Pcond = 25 kPa, Tans = 35 °C, Tevp = -20 °C, Tevprtc = 10 °C.
The impact of Tgen from exergetic perspective is shown in Figure 6-27. As Tgen increases, the
exergy destruction rate in most components increases in near linear ratio, apart from the generator
and absorber. With an increase in Tgen, more useful energy becomes available for use in the
generator, leading to a decrease in exergy destruction rate across the generator, £Xp gen. However,
a higher Tgen results in an increased concentration of the strong solution (Xss). Given that the
concentration of the weak solution remains constant for a fixed absorber temperature (Tans), an
increase in Xss leads to a higher rate of exergy release and destruction rate, £Xp aps. But at lower
Tgen, the decrement rate of E£xp gen dominates over the increment rate of EXp abs, hence total exergy
destruction rate decrease. However, this trend reverses at higher Tgen, indicating the existence of
an optimal temperature where the system experiences minimal total exergy destruction rate and,
consequently, maximum exergy efficiency. The EI-CRAC system, requiring less heat in the
generator, also results in lower exergy destruction compared to the E-CRAC system. Furthermore,
the use of a double compressor in the low-temperature circuit (LTC) allows the system to operate
with reduced energy consumption. As a result, the EI-CRAC system exhibits approximately 23%
higher exergy efficiency than the conventional CRAC system, while the E-CRAC system shows a

near 15% improvement.
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Impact of Evaporator Temperature

Figure 6-28 demonstrates the effect of Teyp on 1t law efficiency of the RAC based proposed
cascaded compression absorption systems. As Teyp increases, for the same cooling load,
corresponding mass flow rate decreases as ritevp = Qevp/Ah. Additionally, pressure ratio decreases
due to increase of Tevp, as a result COP increases near linearly. Due to lower power consumption,
for varying Tevp, EI-CRAC maintains 17% and 9% performance enhancement over CRAC and E-

CRAC respectively.
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Figure 6-28: Impact of Teyp on COP of the RAC based proposed cascaded compression
absorption systems at Pcond = 25kPa, Tans = 35 °C, Tgen = 60 °C.

Evaporator Temperature, T

evp

This effect on COP can be further illustrated in Figure 6-29 which shows how Tey, affects ejector
entrainment ratio, ER of the RAC based proposed cascaded compression absorption systems. The
E-CRAC system not only demonstrates a higher ER in comparison to the EI-CRAC system, but it
is also more sensitive to changes in parameters. For EI-CRAC, with the increase of Tevp, the mass
flow in evaporator increases, resulting in lower msuction. As a result, ER decreases. Whereas, for E-
CRAC the reverse behavior can be seen. With the increase of Tevp, the mass flow in evaporator
increases. But, in this configuration Msuction = Mevp. SO, Msuction alSO increases, consequently
increasing the value of ER. Notably, when Teyyp is raised from -35°C to -5°C, the ER for the ejector
in the E-CRAC system increases by 0.13, while in the EI-CRAC system, it experiences a marginal
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decrease of 0.015. Figure 6-29 also presents how different ejector systems respond in terms of
their pressure lift ratio, Rp, a key measure of sensitivity. The ejector employed in the EI-CRAC
system achieves a higher-pressure lift owing to its vapor injection technique, resulting in a superior
COP compared to the E-CRAC system. Furthermore, an increase in evaporator temperature results
in a reduced pressure ratio, leading to a corresponding decrease in the ejector lift ratio. However,

this rate of decrease is more pronounced in the EI-CRAC system than in the E-CRAC system.
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Figure 6-29: Impact of Teyp On ejector pressure lift ratio and entrainment ratio of the RAC based
proposed cascaded compression absorption systems at Pcond = 25kPa, Tans = 35 °C, Tgen = 60 °C.
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Figure 6-30: Impact of Teyp On total exergy destruction and input appended exergy rate of the
RAC based proposed cascaded compression absorption systems at Pcond = 25kPa, Tans = 35 °C,
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Figure 6-31: Impact of Teyp 0n 2™ law efficiency of the RAC based proposed cascaded
compression absorption systems at Pcond = 25kPa, Tabs = 35 °C, Tgen = 60 °C.
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Contrary to the patterns previously discussed, the exergetic efficiency declines as Teyp rises, as
depicted in Figure 6-31. However, instead of increasing, the total £Xp ot actually decreases as
Tewp rises, as seen in Figure 6-30(a). As Tevp increases, the refrigerant's ability to absorb heat for
vaporization lessens, thereby reducing the system's heat extraction capacity. Consequently, the rate
of Exp within each component, as well as the overall rate of exergy destruction, decreases with the
rise in Tevp. The evaporator's decreased ability to absorb heat leads to a reduction in Ocrx, which
subsequently results in a lesser heat demand in the generator and therefore a lower power
consumption in the HTC compressor. As illustrated in Figure 6-30 (b), the exergy input to the
comp-HTC decreases almost linearly as Teyp rises. However, the exergy input required for the
comp-LTC reduces at a faster rate because of a significant reduction in the pressure ratio in the
LTC. As aresult, the total rate of exergy input decreases more rapidly than EXp ttai. This ultimately
leads to a decrease in exergy efficiency, as expressed in the following equation:
Exerr = % =1- EE%
f f

This occurrence is depicted in Figure 6-31, where the exergy efficiency decreases as the
evaporation temperature rises, despite a decrease in total exergy destruction. However, it's
important to note that the rate of decrease is not uniform across all systems. At an evaporation
temperature (Tevp) Of -35°C, both EI-CRAC and E-CRAC demonstrate an improvement in Exesr of
approximately 23% and 11% each in order, compared to the basic CRAC. However, when the
evaporator temperature rises to Teyp= -5 °C, this increase diminishes to 12.5% and 7% respectively.
This phenomenon can be attributed to the high-pressure ratio across the LTC at lower Teyp Values,
which results in significant disparities in EXinput, £Xp.total, and exergy efficiency among the systems
being compared. Nevertheless, at an increased Teyp Values the impact becomes negligible due to a
reduced pressure ratio, leading to nearly identical performance across the systems. Therefore, the
analysis reveals that while 1% law efficiency of increases linearly at a nearly identical rate with

rising Tewp, the 2" law efficiency declines at a varying rate for all the systems.
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Impact of Condenser Pressure

The influence of condenser pressure on system performance of the RAC based proposed cascaded
compression absorption systems is illustrated in Figure 6-32. At 5 kPa, the EI-CRAC and E-
CRAC display nearly 17% and 8% improvement over CRAC. This ratio of improvement increases
slightly up to a certain Pcong, after system COP decreases at a significant rate. With Pcong increasing,
the rate of latent heat of condensation of the refrigerant decreases. But the required generator load
is fixed with a certain generator temperature. As a result, to account for the extra condensation,
the refrigerant needs to be compressed to a higher temperature. As a result, required Weomp
increases and COP decreases rapidly. Among the systems, EI-CRAC displays a slightly lower
decremental rate of COP whereas for CRAC this decrement increases further for higher Pcong. At

Pcond Of 55 kPa, the enhancement of COP of EI-CRAC and E-CRAC increases to 22% and 12%
over conventional CRAC system.

T.,=-20°C P~ 5t055KPa 90
Ty =60°C T, =35°C
2.8 TE:\pH[(' =10°C
- 80 g
o
-
2
2.4 i
=% 70 -E
O E
© S
7]
%]
=
= 60
=
2.0 g
@)
RN = 50
—e— EI-CRAC —&— E-CRAC —-& CRAC
—e— —a— A
1.6 | L rr—rr" | |
0 10 20 30 40 50 60

Condenser Pressure, P, (KPa)

Figure 6-32: Impact of Tcond 0N COP and compressor load of the RAC based proposed cascaded
compression absorption systems at Taps = 35 °C, Tewp = -20 °C, Tgen = 60 °C.
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Figure 6-33: Impact of condenser pressure on total exergy destruction rate of the RAC based

proposed cascaded systems at Tgen = 60 °C, Tevp = -20 °C, Taps = 35 °C, Tewp = -20 °C, TevpHtc =
10 °C.

With increasing Pcond, the impact on exergy efficiency also follows the same trend as COP. As
exergy efficiency is proportionally reverse to total exergy destruction rate, similarly total ED
decreases slightly up to an optimal point of maximum Exef, then it increases rapidly with increasing
Pcond as illustrated in Figure 6-33. With Pcong increasing, refrigerant with higher potential
(temperature and pressure) provides required heat in the generator, hence irreversibility increase,
as a result Expgen also increase. But EXp,aps decreases in a reverse manner. But at lower Peong the
decrement rate of Expaps dominates over the increment rate of EXpgen, hence total exergy
destruction rate decrease. However, this trend reverses at higher Pcong, indicating the existence of
an optimal temperature where the system experiences minimal total exergy destruction rate and,

consequently, maximum exergy efficiency.
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Impact of Absorber Temperature
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Figure 6-34: Impact of Tans on COP and absorber rejected heat of the RAC based proposed
cascaded compression absorption systems at Pcond = 25kPa, Teyp = -20 °C, Tgen = 60 °C.

abs

Figure 6-34 and Figure 6-35 illustrate the impact of Taps on 1%t and 2" law parameters of the RAC
based proposed cascaded compression absorption systems for assessment. An increase in the
absorber temperature Taps, results in a proportional rise in the corresponding input loads, which
subsequently results in a drop in 1% law efficiency (COP) of the systems. The higher Taps leads to
an increased irreversibility in the heat rejection due to deviation of the heat sink temperature from
ambient temperature. This results in increase of EXpwota and decrease of Exesr. A linear and swift
decline in both the system COP and exergetic efficiency (Exefr) is observed as Tans increases. The
decrease of COP is near 0.18 per 4°C absorber temperature increase, whereas EXeft decreases by
0.03 for the same increase of Tans. Moreover EI-CRAC and E-CRAC maintain an improvement of
COP of around 21% and 10% and improvement of Exes of around 22% and 11% respectively over

conventional CRAC.
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Figure 6-35: Impact of Tass on 2™ law efficiency of the RAC based proposed cascaded
compression absorption systems at Pcond = 25kPa, Tevp = -20 °C, Tgen = 60 °C.
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Figure 6-36: The exergy flow diagram with associated component exergy destruction rate of the
proposed E-CRAC and EI-CRAC at Tgen = 60 °C, Pcond = 25 KPa, Taps = 35 °C, Tewp = -20 °C,
TewpHTC = 10 °C.

An exhaustive exergy analysis has been subsequently performed on the proposed systems under a
set of predefined conditions. Figure 6-36 effectively visualizes the exergy flow chart, showcasing
exergy destruction rates and associated percentages for each component. Exp across the flash tank,
the mixing chamber, or the solution pump is deemed negligible and hence ignored. The most
substantial exergy loss is observed in the generator, primarily attributable to the irreversible nature
of the intensive heat transfer between the solution refrigerant and compressed condensing
refrigerant. Conversely, the solution heat exchanger registers the lowest exergy loss, owing to the
high effectiveness assumption. Compared to the E-CRAC, the EI-CRAC demonstrates a reduced
overall Exp for the same output, resulting in approximately 10% enhancement in exergy efficiency.
For both proposed models, there's a close match in the percentage of Exp across the individual
components. But EI-CRAC displays relatively lower exergy losses in the compressor and

generator due to its double-stage compression and lower required QOgen.
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6.2.4 Multi-objective Optimization

In an effort to minimize run time and curtail additional computational expenses, the elaborated
simulation model has been simulated 756 times on corresponding sets of unique input data to
formulate the ANN based objective functions of the RAC based proposed cascaded compression
absorption systems. This objective function is integrated with the optimization algorithm rather
than the simulation code, this results in reduction of significant runtime with added flexibility.
ANN, a robust mathematical framework, can effectively discern complex non-linear relationships
between inputs and outputs, making it particularly useful when physical equations struggle to

define process characteristics [96]. The structure of ANN and optimization framework is presented

in Figure 6-37.
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Figure 6-37: The outline of the optimization methodology using ANN prediction model of the
RAC based cascaded compression absorption systems.
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Five distinct input variables (Tevp, Tabs, Tgen, Pcond,, ATchx) and two output variables (COP, EXefr)
from the 756 rows of simulation data have been employed to establish the ANN-based prediction
model objective function of each proposed model (E-CRAC and EI-CRAC). The training is
implemented using the Bayesian regularization algorithm on a dataset consisting of 680 rows
(approximately 80%), while a testing set comprised the remaining 76 rows (approximately 20%).

The selected ANN model was a two-layer feedforward network featuring 100 sigmoid hidden

neurons and linear output neurons. The model summary is presented in Figure 6-38.

Training Results

Training finished: Reached maximum number of epochs @

Training Progress

Unit Initial Value Stopped Value

Target Value

Epoch 0 1000

1000

Elapsed Time - 00:00:30

Performance 755 9.09e-08

Gradient 129 34406

1e-07

Mu 0.005 500

1e+10

Effective # Param 802 148

Data
Predictors:  Input67 - [756x3 double]
Responses: Outputs?y - [TH6x2 double]

InputG7: double array of 756 observations with 3 features.
Cutpute?: double array of 756 observations with 2 features.

Algorithm

Data division: Random

Training algorithm: Bayesian regularization
Performance: Mean squared error

Training Results

Training start time:  22-Feb-2024 20:27:37

Sum Squared Param

5 710503 67 0 Layer size: 100
Observations MSE
Training G20 9.0853e-08 1.0000
Validation 0 MNaM MaM
Test TG 1.1601e-07 1.0000

Figure 6-38: ANN Model summary of training and testing data of RAC based proposed
cascaded compression absorption systems.

This strategic configuration underscores the model's capacity for processing and analyzing the
intricate relationships between the defined input and output variables, thus reinforcing the
reliability and accuracy of the predictive model developed through this rigorous approach.
Integration of ANN-based objective functions into the optimization framework not only signifies
a leap towards computational efficiency but also enhances the flexibility and applicability of the

simulation model in addressing complex engineering problems.

ML Model Accuracy Check and Error Evaluation

Accuracy checks and error evaluation are crucial for assessing machine learning model
performance. Metrics like Precision, Recall, F1 Score, and Mean Squared Error (MSE) offer

deeper insights into model effectiveness, addressing the balance between different types of errors
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and the precision of predictions. The measure of determination (R?) and mean squared errors
(MSE) serves as an efficacy gauge for the ANN model. R? assesses the variance of the response
data; proximity to unity signifies a high degree of reliability for the ANN model. The
corresponding MSE for the training and testing datasets were 9.108* 10® and 1.601* 107
respectively, along with R? values of 0.995, indicating a good fit for the proposed model. The
verification of accuracy for predicted data compared to the actual simulation data is demonstrated

in Figure 6-39.
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Figure 6-39: Performance test analysis of the ANN objective function of RAC based proposed
cascaded compression absorption systems.

In Figure 6-39, it is evident that both the trained and test datasets exhibited a close match, showing
an initial departure from the ideal line of values which gradually diminishes, signaling a
convergence towards alignment. This pattern, in conjunction with remarkably low Mean Squared
Error (MSE) values and a coefficient of determination (R"2) of one, as depicted in Figure 6-40,

highlights the model's efficacy for optimization research.

The convergence of data points towards the line of unity further validates the effective and
dependable utilization of the Artificial Neural Network (ANN) within this domain, establishing a

noteworthy advancement in the methodologies employed for optimization studies.

142 |Page



Chapter 6: Result and Discussion

% Training: R=1 % Test: R=1

oM w3

— 3 {nr]

+ +

N b 2

@ 2 =2

e e

Il Il

I 11

a 2

5 s &

o 1 2 3 = 1 2 3
Target

w

=

S

]

Lo

g

m 2

=

Il

!

5

[w

5

O

Target

Figure 6-40: Accuracy levels of test and training data as well as their verification of RAC based
proposed cascaded compression absorption systems.

Optimization Strategy and Variables

The genetic algorithm (GA) is a prominent method for optimizing cycles, leveraging a solutions
population for parallel exploration and showing superior adaptability and efficacy in diverse
optimization scenarios, including those with mixed variables. The Non-dominated Sorting Genetic
Algorithm 1l (NSGA-II) exemplifies GAs' efficiency in multi-criteria optimization, particularly in
energy system enhancements, offering robustness and fast population evaluation, albeit with

slower execution speed as its main drawback.

In the present study, the optimization toolbox provided within the MATLAB software suite serves
as the primary computational tool for the optimization of objective functions of the RAC based
proposed cascaded models. These objective functions have been meticulously crafted through the
application of Artificial Neural Networks (ANN) with the aim of achieving maximal values for
the Coefficient of Performance (COP) and exergy efficiency. This optimization process focuses

on five key controllable variables, namely the evaporator temperature (Tew), the absorber
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temperature (Taps), the generator temperature (Tgen), the condenser pressure (Pcond), and the

temperature difference across the cascade heat exchanger (ATchy).

To facilitate a rigorous and comprehensive optimization exercise, specific values for a range of
parameters within the MATLAB optimization toolbox have been carefully selected. Moreover, the
input ranges for these controllable variables have been comprehensively defined to ensure an
extensive exploration of the solution space. The detailed configuration of these parameters, along
with the prescribed ranges for the controllable variables, are given in Table 6-13. This setup not
only underscores the methodological precision employed in the optimization task but also
highlights the sophisticated integration of ANN-derived objective functions with MATLAB’s
optimization capabilities, paving the way for enhanced COP and exergy efficiency in the system
under study.

Table 6-13: Selected Values for different parameters of Multi objective optimization algorithm of
RAC based proposed cascaded systems.

Specified Options Selected Value
Population Size 200
Creation Function Constraint Dependent
Crossover function Intermediate
ratio 1
fraction 0.20
Migration direction forward
probability Constraint dependent
Mutation function 0.10
Population fraction of the Pareto Front 0.35
constraint 103
Max. Tolerance function 10
Generator-Condenser temperature, Tgen, °C 45 to 85
Evaporator temperature Tew, °C -351t0 -10
Absorber temperature Taps, °C 20to 35
Condenser pressure Pcond, kPa 20to 30
Pinch difference at CHX ATenx 21010
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Decision Making and Optimization Result

In multi-objective optimization, the Pareto frontier is a curve that showcases an array of optimal
solutions. Each point on this frontier stands as a testament to an optimal trade-off between
competing objectives. At one extremity of this frontier, the leftmost point (designated as point A)
embodies the scenario with maximal exergy efficiency, whereas the opposite extremity, the
rightmost point (point C), signifies the condition with the optimal Coefficient of Performance
(COP). The quest for a solution that harmoniously balances both COP and exergy efficiency (EXefr)
involves identifying a point that either minimizes the geometric distance to an idealized scenario
or maximizes the distance from the least favorable condition. Within this context, the Technique
for Order of Preference by Similarity to Ideal Solution (TOPSIS) serves as a strategic decision-
making tool, facilitating the identification of the most advantageous solution (point B) from both
perspectives. This methodical approach affords a holistic evaluation of the diverse aspects of
energy optimization, fostering a nuanced and comprehensive decision-making process. To
implement TOPSIS technique for multi-objective decision making, the following steps should be
followed [118]:

= Forming the Decision Matrix

= Normalizing the Matrix

= Assigning Weights

= Identifying Ideal and Negative-ldeal Solutions
= Estimating Closeness to the Ideal Solution

= Ranking Options

Figure 6-41 illustrates the pareto front of optimization solution for both proposed models for Pcond
=25 kPa. Although all the points are optimal solutions, point A and B refer to the optimum solution
for maximum COP and maximum exergy efficiency individually. For the maximum value of

ATchx = 5, all the optimal points of COP and Exeff maximization occurs.

With Tevwp and Teond increasing COP increases linearly for both the systems. But exergy efficiency
increases with Tcong and decreases with Tevp, indicating the existence of an optimal Teyp value for
optimal performance from both COP and exergy efficiency perspectives. Again, both COP and
Exefr are found to be maximum at a specific generator temperature. This is why, maximum COP
condition of point A, is obtained at Teyp = -10°C, Taps = 35°C and Tgen = 60°C, and the values are
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3.50 and 3.75 for E-CRAC and EI-CRAC respectively. Whereas, maximum Exef condition of point
B, is obtained at Tevp = -35°C, Tabs = 35°C and Tgen = 60°C, and the values are 0.515 and 0.58 for
E-CRAC and EI-CRAC respectively. The optimal condition is determined by TOPSIS technique,
and the optimum value of COP: 3 and 3.3, Exerr = 0.585 and 0.53 for E-CRAC and EI-CRAC

respectively.
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Figure 6-41: Pareto front of Ga-multi objective optimization of the proposed systems, (i) E-
CRAC and (ii) EI-CRAC to find the optimal solution using TOPSIS at Pcond = 25 kPa

Table 20 is presented to show the determined optimal parameters for different Pcong conditions.
ATchx Is not included because, from all the perspective the optimal condition is found at its
maximum value. The resulted COP and Exer along with the optimal input parameters after
optimization are presented for understanding the effect of each parameters individually.
Additionally, with Pcong increases, this optimal value of the optimal Tgen also increases. But the
optimal Tgen for maximization of Exer, increases at a slightly higher rate compared to the rate
observed for COP. This why for max Exes condition the optimal Tgen is found slightly higher than
that for max COP condition. Moreover, with Pcond increasing, both COP and Exeft increases, but
COP increases at a slightly higher rate compared to Exer. Again, regardless of change of Pcond, the
optimal Teyp and Tans Value remain nearly unchanged. In all the conditions EI-CRAC portraits
significant higher value of COP and Exet compared to E-CRAC, and this difference remains near

consistent.
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Table 6-14. Multi-objective optimization solution of RAC based proposed cascaded systems with
result for different condenser pressure.

Peona(kPa)  Scenarios

E-CRAC/ EI-CRAC

Tevp Tabs Tgen
(K) (K) (K)
Maximum  262.985/  298.008/  333.891/ BEI.CRAC WE-CRAC
COP 263 298.01  334.8792
Max 238/ 298/ 334005/ £ 8
Exergy  238.095 298.02 334.84 s =
2719 Efficiency tE EE
Optimal ~ 258.069/ 298/ 333.918/ 5% 53
Condition ~ 256.74 298.01 334.85 e Lz
15 2 25 3 335 057 055 053 051 049 047 045
COP Exergy Efficiency
Maximum 262.998/ 298.003/ 332.021/ @ EI-CRAC BE-CRAC
CcoP 262.99 298.00 332.95 e
Max 238.055/  298.003/  332.072 E £8
Exergy 238.01 298.00 1332.9 g =
2378 Efficiency 1f EE
Optimal ~ 258.659/  298.003/  331.963/ &2 5%
Condition ~ 257.65 298.002 332.92 % .
175 225 275 3.25 3.75 058 056 054 052 0.5 048 046
COoP Exergy Efficiency
Maximum  262.999/  298.009/  330.083/ BEI-CRAC  BE-CRAC
COP 263 298 331.05
Max 238.032/  298.002/  330.020/ 8 8
Exergy  238.045 298 331.059 g g
Efficiency 1f is
20.75 Optimal ~ 258.500/  298.002/  330.083/ SE 8%
Condition ~ 257.85 298 331.048

Maximum
Exergy
efficien

33 38 059 057 055 053 051 049 047

Exergy Efficiency
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6.2.5 Section Summery

This section of this study addresses the crucial challenge of high energy consumption in the
refrigeration sector by delving further into the unexplored territory of cascaded compression
absorption systems. Specifically, it introduces and analyzes the integration of an advanced
Recompression Absorption System (RAC) with an enhanced Vapor Compression Refrigeration

(VCR) systems incorporated with an ejector.

Recognizing the inherent limitations of conventional Compression Absorption Refrigeration Cycle
(CARCQC), this investigation proposes and critically examines three novel configurations: one basic
Compression Recompression Absorption Cycle (CRAC) and two advanced configurations as: the
Ejector-Compression Recompression Absorption Cycle (E-CRAC) and the Ejector enhanced
Vapor-Injection Compression Recompression Absorption Cycle (EI-CRAC). These innovative
systems seamlessly integrate advanced Recompression Absorption Cycle (RAC) and ejector-based
Vapor Compression Refrigeration (VCRs) to effectively overcome critical limitations like energy
wastage, inadequate thermal absorption, and excessive compressor power requirements. Notably,
by strategically utilizing waste heat to improve generator performance and optimize compressor
operation, the proposed systems hold immense promise for paving the way towards efficient and

sustainable cooling solutions at a lower temperature with broader industrial applicability.

A computational model developed in Engineering Equation Solver (EES) is used to simulate the
thermodynamic and parametric behavior of both proposed and traditional systems. A detailed
comparative and parametric analysis is carried out for varying controllable operating conditions in
order to gain insight about the effect of each parameter and performance enhancement of the
proposed systems over conventional systems. Finally, ANN model is trained with the extracted
data to integrate with Genetic algorithm to carry out multi-objective optimization and determine
the optimal conditions of operation to ascertain the operational feasibility and limitations to pave
the way for further research and innovation. The results of the thorough theoretical investigation

based on 1% and 2" law of thermodynamics and the multi-objective optimization are as follows:

< The COP of the proposed systems (CRAC, EI-CRC and E-CRAC) is nearly three times higher
than the traditional CARC system, showing an improved efficiency in cooling operations.
Whereas EI-CRAC and E-CRAC demonstrate near 10% and 20% COP enhancement, as well

as 15% and 25% increase of Exes over CRAC respectively.
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An optimal AP value exists for each proposed system, beyond which the COP begins to
decrease, demonstrating the importance of maintaining proper pressure conditions for optimal
performance. Compared to E-CRAC, the EI-CRAC system displays a fivefold smaller COP
variation (0.004 vs. 0.02) and minimal sensitivity to pressure drop. While E-CRAC's COP
noticeably drops by 0.0005 per kPa AP rise, EI-CRAC barely changes. This highlights El-

CRAC's superior stability under varying operating conditions.

Tgen increases, the COP and Exef initially increases until it reaches an optimal point, after which
it decreases at a faster rate with further increases in Tgen. EI-CRAC outperforms basic CRAC
by nearly 20% in COP and 23% in EXesr, while E-CRAC's improvement over Tgen Variations
maintains about 9% and 15% respectively. Additionally, with Pcong increases, this optimal
value of the optimal Tgen also increases. But the optimal Tgen for maximization of EXef,

increases at a slightly higher rate compared to the rate observed for COP.

For increasing Tgen and Tevp, COP of the proposed E-CRAC and EI-CRAC system maintains
near consistent improvement over CRAC. But the enhancement of Exesr does not remain the
same with changing Tewp. Although EI-CRAC exhibits higher Exes, but its decremental rate
with Teyp increasing is also higher. At an evaporator temperature (Tevp) 0f -35°C, both EI-CRAC
and E-CRAC demonstrate an improvement in Exes of approximately 23% and 11%
respectively, compared to the traditional CRAC. However, when the evaporator temperature

rises to Tewp = -5 °C, this increase diminishes to 12.5% and 7% respectively.

The impact of Pcong 0N system performance is minimal below a specific threshold, but beyond
this threshold, the performance declines significantly. For Tgen at 60°C, this limiting value of
Pcond is 15 kPa, and this value increases with a rise in Tgen. But, as for Taps increasing, the rate

of decline in system performance is nearly linear.

At a fixed operating condition the generator attributed to maximum exergy destruction rate
(25.8% for E-CRAC and 28.3% for EI-CRAC) while the solution heat exchanger registers the
minimum. Compared to E-CRAC, the EI-CRAC demonstrates a reduced overall Exp (34.18
KW for E-CRAC and 29.73 KW for EI-CRAC) for the same output, resulting in approximately

10% enhancement in exergy efficiency.
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< An optimal value of Tgen and Tevp eXists for a specific operating condition, at which the systems
provide the optimal solution of operation. Whereas at lowest Taps, Tevp and Pcong but highest
ATcnx, maximum COP condition can be achieved. And at highest Tevp and ATcnx but lowest Taps,

Pcond the maximum exergy efficiency condition can be achieved.
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6.3 Analysis of Advanced Stand-alone Recompression Absorption System

Equipped with Ejector and Vapor Injection.

In this section, the primary aim of the research, which is *'to enable the absorption system to
operate at reduced evaporator temperatures with higher efficiency™ is further investigated.
To achieve this, this section introduces the adaptation of a novel single-effect stand-alone
absorption framework, incorporated with ejector-injection and recompression technologies
directly within as opposed to employing a cascading approach as discussed in Sections 6.1 and
6.2. This innovation permits the single-effect system to operate at lower evaporator temperatures
due to ejector-injection incorporation at the refrigerant side while simultaneously achieving a
higher COP due to recompression technology employed in the generator. Thus, contributing to the

broader objectives of energy optimization and system effectiveness within the study's scope.

ARC offers a more sustainable solution compared to VCR systems, but it faces challenges due to
its reduced working pressure and COP. By integrating Recompression technology into ARC, an
efficient generator-condenser heat exchanger setup can be established. This approach harnesses
the rejected heat in condensation, reducing the external generator load and enhancing system
performance. In this system, the refrigerant released from the generator is recompressed to a higher
pressure and temperature, so that it may release heat to the generator and get condensed. So, the
condensation pressure as well as the pressure ratio between the evaporator and condensed stream
is much higher than basic ARC. Directly reducing the high pressure of the condensed subcooled
ammonia through isenthalpic expansion in a single expansion valve leads to significant energy and

exergy losses.

To address these inefficiencies, in this study, ejector and vapor injection techniques are
incorporated into the refrigerant side of the RAC cycle, replacing the expansion valve and
recovering lost energy to increase system efficiency [11]. This results in the development of
advanced systems: Refrigerant Ejector enhanced Recompression Absorption Cycle (RE-
RAC) and Vapor Injection enhanced Recompression Absorption Cycle (VI-RAC). In these
configurations, the conventional single-valve expansion of the refrigerant is substituted, and
energy is recuperated internally, facilitating the entry of refrigerant into the absorber at an elevated
pressure to reach higher system efficiency. Consequently, these modifications allow the absorption

system to operate at lower evaporator temperature as well.
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A detailed comparative and parametric analysis have been carried out for varying controllable
operating conditions in order to gain insight about the effect of each parameter and performance
enhancement of the proposed recompression absorption systems over conventional systems. For
this sensitivity analysis, output parameters selected for system performance metrics are: 1% law
efficiency (COP), 2" law efficiency (Exer), exergy destruction rate of system and across each
component (Exp, compressor load (Wcomp), external heat requirement in generator (Qgen,ext) and
generator internal heat use (Qgen,int). In this section, an extensive analysis from multiple
viewpoints has been carried out to ensure a comprehensive and thorough understanding of the
advanced single effect RAC systems. Finally, ANN model is trained with the extracted data to
integrate with Genetic algorithm to carry out multi-objective optimization and determine the
optimal conditions of operation to ascertain the operational feasibility and limitations to pave the
way for further research and innovation. Design parameters and range of operation are provided
in Table 6-15. Both constant and variable parameters are detailed, and the influence of these
variable parameters on the system will be explored.

Table 6-15. Design parameters for the analysis of proposed advanced stand-alone
recompression absorption systems.

Parameters Values Remark

Cooling load, Qevp 10 KW Constant
Generator-Condenser temperature, Tgen 45°Cto 110 °C Variable
Generator-Condenser pressure, Pgen 1000 to 3000 kPa Variable
Evaporator temperature, Tevp -12°Cto 10 °C Variable
Absorber temperature, Taps 25 °Cto 30 °C Variable

Normal pressure ratio in compressor (NPR) 0.1t00.8 Variable
Evaporator recovery pressure, & 1.2t02.0 Variable
Effectiveness of RHX, eppx 0.7 Constant
Effectiveness of SHX, egyx 0.9 Constant

Ejector nozzle efficiency, n,, 0.9 Constant
Ejector mixing efficiency, 1, 0.85 Constant
Ejector diffuser efficiency, n4 0.8 Constant
Ambient temperature, To 25 °C Constant
Ambient pressure, Po 101.325 kPa Constant
Compressor efficiency, g 0.85 Constant
Absorber's inlet cooling water temperature Tapbs - 5 Constant
Absorber's outlet cooling water temperature Taos + 5 Constant
Evaporator's inlet cooling air temperature Tewp + 8 Constant
Evaporator's outlet cooling air temperature Tewp + 3 Constant
Generator's inlet water temperature of external source Teen + 15 Constant
Generator's outlet water temperature of external source Teen + 10 Constant
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6.3.1 Comparison Between Proposed and Conventional System

The methodology of the validated models has been implied to model the proposed RAC systems:
RE-RAC and VI-RAC. A detailed comparative analysis between the conventional and proposed

stand-alone RAC system has been carried out.

In this analysis, NHs-H>O has been selected as the refrigerant of choice. Despite the potential
hazards associated with ammonia (NHs3), adhering to established safety protocols enables its
application across a wide temperature range, ensuring thermodynamic stability and operational
flexibility. The preference for NH3z-H2O in Absorption Refrigeration Cycle (ARC) systems is
attributable to its excellent compatibility, environmental advantages, and its proficiency in
reaching lower evaporator temperatures, aligning with the primary objectives of this research.
Moreover, refrigeration systems integrated with ejectors are particularly well-suited for
refrigerants exhibiting high vapor densities. This specificity arises because liquid-powered ejectors
are less efficient with refrigerants that produce low-density vapor, such as the steam in LiBr-H20
systems. Furthermore, in the RAC based stand-alone proposed absorption systems, the maximum
COP occurred at a generator pressure and temperature lower than the conventional ARC. Thus,
the proposed design could handle the high activation temperature and pressure challenges of ARCs
with an NH3-H20 working fluid.

For any operating condition, properties of each stream are determined using equations and
integrated library of EES. For a specific boundary condition, state point tables of the proposed RE-
RAC, and VI-RAC configuration are stated in Table 6-16 and Table 6-17 respectively.

Table 6-16. Thermodynamic property of each flow stream of RE-RAC cycle at Tgen = 70°C, Pgen
= 1100kPa, Tewp = 2°C, Tans = 30°C, £=1.75 and NPR = 0.1.

State P (kPa) T (°C) h (kJ/kg)  h (kJ/kg- X (%0) m (ka/s) Ex

Point K) (kJ/Kg)
1 809.6 30 -45.75 0.3488 0.72 0.0201 5.456
2 1100 30 -45.55 0.3482 0.72 0.0201 5.464
3 1100 47.44 334 1.387 0.72 0.0201 0.8277
4 1100 70 75.8 0.8526 0.4862 0.01096 2.661
5 1100 38 -69.07 0.4095 0.4862 0.01096 2.52
6 809.6 30 -105.1 0.2934 0.4862 0.01096 2.504
7 1100 70 1604 5.655 - 0.009147 3.109
8 4361 208.4 1897 5.748 - 0.009147 5.534
9 4361 82.4 614.2 2.297 - 0.009147 3.208
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10 4361 24.13 314.9 1.381 - 0.009147 2.968
11 457.6 2 304.7 1.381 - 0.009147 2.875
12 457.6 2 865.2 3.42 - 0.01763 4.709
13 809.6 18.21 903.3 3.421 - 0.01763 5.375
14 809.6 18.21 285.1 1.299 - 0.00848 2.705
15 462.6 2 285.1 1.309 - 0.00848 2.681
16 462.6 2 1464 5.595 - 0.00848 1.851
17 809.6 18.21 1479 5.396 - 0.009147 2.669
18 809.6 161.5 1838 6.404 - 0.009147 3.206

Table 6-17. Thermodynamic property of each flow stream of VI-RAC cycle at Tgen = 70°C, Pgen =
1100kPa, Tevp = 2°C, Taps = 30°C, £=1.75 and NPR = 0.1.

State P (kPa) T (°C) h (kJ/kg)  h (kJd/kg- X (%) m (ka/s) Ex
Point K) (kJ/kg)
1 809.6 30 -45.75 0.3488 0.72 0.01902 5.162
2 1100 30 -45.55 0.3482 0.72 0.01902 5.169
3 1100 47.44 334 1.387 0.72 0.01902 0.783
4 1100 70 75.8 0.8526 0.4862 0.01036 2.517
5 1100 38 -69.07 0.4095 0.4862 0.01036 2.384
6 809.6 30 -105.1 0.2934 0.4862 0.01036 2.369
7 1100 70 1604 5.655 - 0.008653 2.941
8 4361 208.4 1897 5.748 - 0.008653 5.236
9 4361 82.4 614.2 2.297 - 0.008653 3.034
10 4361 24.63 317.3 1.389 - 0.008653 2.808
11 809.6 18.21 317.3 141 - 0.008653 2.754
12 809.6 18.21 285.1 1.299 - 0.008419 2.686
13 462.6 2 285.1 1.309 - 0.008419 2.661
14 462.6 2 1464 5.595 - 0.008419 1.837
15 809.6 44.52 1552 5.636 - 0.008419 2.469
16 809.6 18.21 1479 5.396 - 0.000234 0.06819
17 809.6 43.76 1550 5.63 - 0.008653 2.537
18 809.6 165.1 1847 6.425 - 0.008653 3.057

Based on the properties of fluid streams, the output parameters are calculated to conduct a thorough
comparative analysis between the proposed recompression stand-alone systems along with their
comparison with traditional RAC and ARC. The result is presented in Table 6-18. For the same
operating conditions, it has been found that, COP of the RE-RAC and VI-RAC is nearly 76% and
63% times higher than the RAC system. These systems also show 28% and 19% COP
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enhancement over conventional SE-RAC. Moreover, RE-RAC shows an 8% and 4.8%
enhancement of COP and Exet over VI-RAC.

Table 6-18. Comparison among the proposed systems and traditional system at at Tgen = 70 <C,
Tevp =2 CC, Tans= 30 CC, Pgen: 1100 kPa, Teong= 30 CC, c=1.75and NPR=0.1

Parameters Traditional Cycle Proposed Cycles
RAC SE-RAC RE-RAC VI-RAC
Qgenext (KW) 5.878 4.402 3.092 2.931
Qgen,int (KW) 16.57 13.06 11.73 111
Qevp (KW) 10 10 10 10
Qups (KW) 19.92 17.6 16.58 15.76
W comp (KW) 4.2 2.981 2.678 3.27
Exp orar (KW) 4.213 3.704 2.873 3.012
COP 0.9846 1.352 1.74 1.612
EXefr 0.161 0.2341 0.2708 0.2586

Figure 6-42 illustrates the performance comparison of the conventional and proposed advanced
stand-alone RAC systems for varying generator temperatures.
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Figure 6-42: Impact of Tgen on the 1% law efficiency of conventional and proposed stand-alone
RAC (recompression absorption cycle) and basic ARC(absorption refrigeration cycle) systems.
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The Basic ARC shows the lowest COP, which remains near constant with increasing Tgen after
around 70°C. This cycle cannot function beyond 60°C as Pgen is constrained by the condenser's
Tcond (Pcond = Pgen). All RAC systems have a superior COP to ARC and can function at reduced
generator temperatures due to the flexibility in lowering Pgen. In this analysis, Pgen is set at 1100
kPa. However, distinct performance trends and values are observed among systems, attributed to

variations in the energy load for the generator and compressor, as shown in Figure 6-43.
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Figure 6-43: Impact of Tgen On external generator load and total required compressor load of
conventional and proposed stand-alone recompression absorption systems

Proposed RE-RAC and VI-RAC show higher COP than conventional RAC. With Tgen increasing,
COP increases rapidly at lower Tgen. The peak COP is obtained at around 50°C, after which
increasing Tgen results in decrement of COP at a much slower rate. The trend can be explained by
Figure 6-43. With Tgen increasing, the required external heat in the generator decreases rapidly and
reaches a minimal value. Beyond 50°C, this generator requirement becomes near constant with
Tgen increase. But the compressor load keeps increasing with Tgen at a constant pace. Due to this,
the resulting COP decreases for Tgen beyond 50°C. But the required Wcomp of VI-RAC increases
at slower rate than RE-RAC. As a result, COP of RE-RAC decreases at a higher pace and the
difference of COP between RE-RAC and VI-RAC keeps decreasing with Tgen increasing after
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optimal Tgen. For the conventional RAC and SE-RAC, COP keeps decreasing with increasing Tgen
with similar trend as shown in Figure 6-42. But with increasing Tgen, the required Q'gen,ext and
Wcomp of basic RAC increases at a much higher manner than SE-RAC, VI-RAC and RE-RAC as
shown in Figure 6-43. Consequently, COP decreases at a higher rate for RAC.

At the optimal point of around 50°C, RE-RAC shows around 25% COP enhancement over VI-
RAC. But due to slower increment of required Wcomp of VI-RAC. At 100°C this enhancement
decreases to around 5% only. Again, at 50°C RE-RAC shows around 35% and 53% enhancement
of COP over conventional SE-RAC and RAC respectively. Whereas at 100°C this enhancement
of RE-RAC over SE-RAC remains same 35%. But as COP of RAC drops significantly, and
enhancement of RE-RAC over RAC increases to 70%.
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Figure 6-44: Impact of Tgen ON rate of total exergy destruction of conventional and proposed
stand-alone recompression absorption systems.

gen

Figure 6-44 depicts the impact of Tgen 0N both the total and component-specific exergy destruction
rates of conventional and advanced stand-alone RAC systems. The conventional RAC exhibits the
highest exergy destruction, primarily due to significant exergy losses during the throttling process

in both the refrigerant and solution sections. With Tgen increasing, Exj ., also increases, resulting
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in higher increase of Exp. SE-RAC also shows a significant and increasing Exp in expansion
valve, because of conventional refrigerant throttling. In contrast, the proposed systems show
reduced overall exergy destruction, attributed to the substitution of refrigerant expansion with the
ejector and injection systems. Also, as absorber pressure is increased Exp.ps decreases
significantly. While RE-RAC requires more external Qgen,ext compared to VI-RAC and SE-RAC,
but its fewer components result in lower Exj, ;... Again, RE-RAC exhibits higher E'xD,gen but a
relatively smaller Exp, 4, compared to VI-RAC. SE-RAC posessess the highest Exp 4, because

of mixing of solution just before the absorber. With increasing Tgen, the Ex;, difference between

the systems also increase.
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Figure 6-45: Impact of Teyp on the 1% law efficiency of conventional and proposed stand-alone
RAC(recompression absorption cycle) and basic ARC(absorption refrigeration cycle) systems.

Figure 6-45 depicts how COP varies with Teyp. Different systems demonstrate distinct behavioral
trends. ARC has the lowest COP, rising sharply at lower Teyp levels but showing only slight
increases at higher Teyp levels. The COP for both conventional RAC and SE-RAC increases at a
very subtle rate, consistent across the entire Teyp range. On the other hand, for the proposed RE-
RAC and VI-RAC, COP keeps increasing with Teyp increasing. Consequently, this rate of

increment also keeps increasing but for RE-RAC this incremental rate is higher than VI-RAC over
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Tew increasing. At -10°C, RE-RAC shows around 35%, 9% and 4% improvement over RAC, SE-
RAC, and VI-RAC. But at 8°C, this improvement increases to around 75%, 42% and 8.5%
respectively. Figure 6-46 displays the change of EXest with Teyp. With Teyp increasing, the mass
flow rate within the system increases, that results in an increase of Exp, at a consistent significant
manner. As a result, Exerr decreases in a similar rate for all the recompression systems. But the
proposed systems show a higher decremental rate. As a result, the difference of Exess between the

system decreases with increasing Tevp.
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Figure 6-46: Impact of Teyp on the 2" law efficiency and total exergy destruction rate of
conventional and proposed stand-alone recompression absorption systems.

6.3.2 Energy Analysis of the Advanced Stand-alone RAC Systems

The proposed advanced RE-RAC and VI-RAC has been proved to be significantly better than
basic RAC and modified SE-RAC from both energy and exergy perspective. Hence, it’s necessary
to carry out comprehensive parametric analysis to figure out the effect and sensitivity of controlled

variables to determine the optimal range of operations.
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Impact of Tgen— Tevp - Pgen

Higher the generator temperature is, the lower x v, of the weak solution is. In the same way, higher
the absorber pressure is, the higher x ., of the strong solution is. Figure 6-47 depicts the influence

of Tgen ON system COP across varying evaporator temperatures.
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Figure 6-47: Impact of Tgen o0n COP of the proposed stand-alone recompression absorption
systems at Pgen = 1300 kPa, Tans= 30°C, ¢ = 1.75 and NPR = 0.1 for different Tewp

Higher Teyp lines have higher COP for both the proposed systems. Because, as shown in Figure
6-48, with Teyp increasing, I/i/comp increases (increase of Ai/l/wmp between Teyp : -10°C and 8°C of
either system is around 0.5 KW for Tgen = 80°C) but required Qgen,ext decreases rapidly (AQgen,ext

decrease between -10°C and 8 °C Teyp is around 2 kW), hence higher Tevp System has higher COP.

With Tgen increasing, input temperature to the compressor (state 9) increases, leading to a linear
increase in compressor power. Meanwhile, the required Qgen,ext initially drops rapidly until
reaching a minimal value, causing a sharp increase in COP. After reaching this optimal Tgen, the
change in Qgen,ext is marginal. However, due to the steady rise in mep, the COP consistently

declines. As evident from the figure, for Tewp= -10°C, the optimal Tgen is around at 75°C for Pgen=
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1300 kPa. But with Teyp increasing, the optimal value of Tgen decreases. for Tewp= 0°C, the optimal

Tgen 1s reduced to around 60°C.
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Figure 6-48: Impact of Tgen 0N compressor and generator external load of the proposed stand-
alone recompression absorption systems at Pgen = 1300 kPa, Tans= 30°C, ¢ = 1.75 and NPR =

0.1 for different Tevp

Moreover, from Figure 6-48, it can be seen that, RE-RAC requires more Q yep xc than VI-RAC

to operate, but VI-RAC has an additional compressor and requires much higher W,,,,,. The

difference in required Wcomp is higher than Qgen,ext. Hence, RE-RAC has higher COP. With

decreasing Tewp, the requirement of AQgen,ext for RE-RAC increases at higher manner than VI-

RAC, but AW, o, doesn’t increases at such rate, resulting in decrease ATotal Power between the

systems and COP difference decreases. This enhancement of COP and ATP of RE-RAC is

maximum at the optimal Tgen and this difference decreases with increasing Tqen beyond this value.
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Figure 6-49: Impact of Teyp on COP of the proposed stand-alone recompression absorption
SyStemS at Pgen = 1300 kPa, Taps= 30°C, ¢ = 1.75 and NPR = O.IfOI" diﬁ”erent Tgen

Figure 6-49 illustrates the impact of Teyy on COP of the proposed stand-alone RAC systems for
different Tgen. FOr same Tgen and Pgen, the x,, .4 remains constant. But with Teyp decreasing Paps as
well as x¢rongy decreases as a result Ax yy, decreases and required Qgen increases. Again, with Tevp
decreasing, mass flow of the system also decreases. As a result, for constant NPR, the required

compressor load also decreases. But Q'gen increases at a much higher rate compared to the

decrement rate of mep as depicted in Figure 6-50. As a result, COP also decreases with Teyp.

But different Tgen lines of either system show different behavior. Lower Tgen results in higher
x v, Of the weak solution. Hence, they have lower Qgen and higher COP. And Higher Tgen results
in higher Q 4., and lower COP. For lower Tgen, the decline in COP is more pronounced, and below
Tewp = -4°C, the required Qgen surges rapidly, causing a significant drop in COP. However, with
higher Tgen, the COP decrease remains consistent across the Teyp range, and the limiting condition
emerges at a considerably lower Teyp. Consequently, it's inferred that while lower Tgen results in a
superior COP at moderate Tevp, reducing the evaporator temperature further poses challenges for
low Tgen Systems. For systems with low Teyp, it's essential to raise the Tgen for either of the proposed

systems.
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Figure 6-50: Impact of Teyp ON compressor and generator external load of the proposed stand-
alone recompression absorption systems at Pgen = 1300 kPa, Taps= 30°C, ¢ = 1.75 and NPR =
0.1 for different Tgen

Again, as depicted in Figure 6-49, RE-RAC shows much enhancement of COP over VI-RAC at
higher Teyp. For same Tgen= 67°C, at Tevp = 8°C, the RE-RAC required only 0.10 kW more Qgen,ext
and 0.65 kW less Wcomp than VI-RAC. The difference is higher; hence RE-RAC shows 35%
higher COP over VI-RAC. but at -10°C the requirement in Qep, ey, iNCreases to 0.46 kW and
Wcomp decreases to 0.58 kW of RE-RAC over VI-RAC. The difference decreases, hence, the COP

enhancement is reduced to 5%. Also, for same Tevp, fOr lower Tgen, the enhancement of RE-RAC
is also higher.

Figure 6-51 and Figure 6-52 discuss the effect of Pgen 0N the system performance for different
Tgen values with Tevp set at 6°C for the analysis. This setting is chosen because a substantial decrease
in Tewp Would introduce a limiting condition for lower Tgen, as depicted in Figure 6-49, making it

challenging to elucidate the relationship between Pgen and Tgen adequately.
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Figure 6-51: Impact of Tgen and Pgen on the 1% law efficiency of the proposed stand-alone
recompression absorption systems at Tewp = 6°C, Taps= 30°C, ¢ = 1.75 and NPR = 0.1

As seen from the Figure 6-52, Lower Tgen results in lower required Q oy, oxr and lower Wy, for
either of the stand-alone RAC systems. Hence resulting in a higher COP compared to higher Tgen
as illustrated in Figure 6-52 (a). For a fixed NPR, the pressure after recompression (Ps) remains
constant. Hence with increasing Pgen, the pressure ratio Ry decreases. As a result, required Wcomp
decreases with Pgen increasing as shown in Figure 6-52 (b). On the other hand, increasing Pgen
results in higher CR, hence required Qgen,ext increases with Pgen. The interaction of these two
factors maximizes COP with increasing Pgen. In lower Pgen, the decremental rate of Vi/comp is
slightly higher than incremental rate of required Qgen,ext- As a result, with Pgen increasing, COP
increases in a minimal rate before reaching an optimal point. After which Qgen,ext increases

suddenly and COP drops.

For higher Tgen, with increasing Pgen, the change of Wcomp and Q'gen,ext is consistent, hence COP
increases in a near linear trend for either system. So, COP maximization happens at much higher
Pgen. But for lower Tgen, if Pgen is increased beyond an optimal value around 1600-2000 kPa, the
required Qgen,ext increases suddenly, consequently COP drops in a rapid manner. So, it can be

concluded that, although lower Tgen System has higher COP, but it’s optimal Pgen is also lower.
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Beyond the optimal point, performance of lower Tgen System becomes even lower than higher Tgen

system creating a limiting condition of operation as shown in Figure 6-51.
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Figure 6-52: Impact of Pgen 0N the performance of the proposed stand-alone recompression
absorption systems at Teyp = 6°C, Tans= 30°C, ¢ = 1.75 and NPR = 0.1 for different Tgen

Additionally, RE-RAC demonstrates a notable improvement over VI-RAC at lower generator
temperatures. For Pgen= 1400, RE-RAC exhibits about a 10% enhancement over VI-RAC at Tgen
= 70°C. However, at Tgen = 100°C, this enhancement reduces to nearly 4%. Furthermore, as Pgen
increases, the pressure ratio of the refrigerant compressor (comp-11) in VI-RAC also rises.
Consequently, with an increasing Pgen, the required Wcomp for VI-RAC decreases at a slower rate
than RE-RAC. Thus, the difference in COP between the advanced systems narrows as Pgen
increases, as illustrated in Figure 6-52

Figure 6-53 and Figure 6-54 discuss the effect of Pgen 0N the system performance for different
Tewp Values. Tgen is fixed at 100°C for the analysis. Because if Tgen is lowered significantly, that’ll
cause a limiting condition for lower Teyp as shown in Figure 6-47, and the relation between Pgen

and Teyp can’t be explored properly.

Lower Tevp results in lower Wcomp. But, with associated lower Paps results in a much higher Qgen,ext
as shown in Figure 6-54(b). Hence, lower Teyp Systems have lower COP as seen in Figure 6-54

(). Again, with Pgen increasing, the required Wy, decreases and Qgenexe increases. Their
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interaction determines the optimal Pgen. With Pgen increasing, COP increases in a minimal rate

before reaching an optimal point. After which Qgen,ext increases suddenly and COP drops.
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Figure 6-53: Impact of Teyp and Pgen 0N the 1% law efficiency of the proposed stand-alone
recompression absorption systems at Tgen = 100°C, Taps= 30°C, ¢ = 1.75 and NPR = 0.1.
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Figure 6-54: Impact of Pgen 0N the performance of the proposed standalone recompression
absorption systems at Tgen = 100°C, Tans= 30°C, ¢ = 1.75 and NPR = 0.1 for different Tewp

At a lower Teyp, there's a sharp rise in Q'gen_ext at a relatively low Pgen, leading to a rapid decline in

COP as illustrated in Figure 6-54. However, for a higher Teyp, the peak COP is achieved at a
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greater Pgen Value. For instance, at Teyp = -6°C, the optimal Pgen is roughly 1200 kPa. Beyond this
point, a significant increase in Q'gen_ext results in a steep COP drop. Conversely, at Teyp = 6°C, the
ideal Pgen is closer to 2400 kPa. In this scenario, the rise in Qgen,ext is more gradual compared to
the reduction in Wcomp, allowing the COP to consistently rise until reaching the optimal Pgen. Then
Q'gen,ext increases rapidly, and COP drops. So, the evaporator temperature is found to affect the

optimal generator pressure to maximize COP significantly, i.e., arise in the evaporator temperature
raised the optimal generator pressure to maximize COP for the fixed Tgen system of 100°C. Again,
as discussed before, RE-RAC system shows higher enhancement of COP over VI-RAC system at
higher evaporator. With increasing Pgen, the performance enhancement of RE-RAC over VI-RAC

decreases.

Impact of Tgen— Tevp— &
The influence of Tgen and the recovery pressure ratio (¢) is depicted in Figure 6-55 and Figure
6-56. Teyp is maintained at a moderate value of 3°C. Because, for a higher value of ¢ at a higher

Tewp, Pans approaches Pgen, risking the failure of the absorption system.
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Figure 6-55: Impact of Tgenand ¢ on the 1% law efficiency of the proposed stand-alone
recompression absorption systems at Pgen = 1300 kPa, Tans= 30°C, Teyp = 3 °C and NPR = 0.1.
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The effect of € is very similar to Teyp. An increase in € leads to a rise in Paps. Consequently, both
CR and xgong €Xperience an increment, which in turn results in a reduction of Qgen and an

enhancement in COP, as illustrated in Figure 6-56.
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Figure 6-56: Impact of £ on COP of the proposed stand-alone recompression absorption systems
at Pgen = 1300 kPa, Taps= 30°C, Teyp = 3 °C and NPR = 0.1 for different Tgen.
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Figure 6-57: Impact of Tgen o0n COP of the proposed stand-alone recompression absorption
systems at Pgen = 1300 kPa, Taps= 30°C, Teyp = 3 °C and NPR = 0.1 for different ¢.
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Systems with a lower Tgen exhibit a higher COP at elevated € values as illustrated in Figure 6-56.
But their declination rate with decreasing € is also higher and if € lowered beyond a limiting value,
Qgen,ext increases suddenly and causes rapid reduction of COP. For a Tgen of 67°C, this threshold
is determined to be at &= 1.5. In systems with a higher Tgen, While the COP might be lower, the
threshold value of ¢ is also higher. Figure 6-57 further demonstrates that systems with a higher ¢
value tend to have a superior COP. As Tgen increases, the COP escalates swiftly until it reaches an
optimal point. Beyond this Tgen, Qgen decreases at a minimal rate. And COP decreases at a

consistent rate with increasing mep . For smaller € values, the optimal Tgen is on the higher end.

However, as € increases, this optimal Tgen Value decreases.

Again, RE-RAC shows a significant enhancement over VI-RAC. This improvement is more
pronounced for systems with elevated ¢ values, as depicted in Figure 6-57. As ¢ reduces, the
disparity in COP between these two systems narrows, as illustrated in Figure 6-56. Moreover, for
equivalent € values, the difference is more significant in lower Tgen lines, as highlighted in Figure

6-56. As the Tgen value ascends, the relative superiority of RE-RAC over VI-RAC diminishes, as

evidenced in Figure 6-57.

The combined effect of Teyp and recovery pressure ratio (g) is illustrated in Figure 6-58. Both

parameters exhibit analogous impacts on Paps.
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Figure 6-58: Impact of Teyp and e on the 1% law efficiency of the proposed stand-alone
recompression absorption systems at Pgen = 1300 kPa, Tans= 30°C, Tgen = 80 °C and NPR = 0.1.
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Elevating either Teyp or €, while holding the other variable constant, leads to an increase in Paps,
subsequently resulting in an enhancement of COP. However, the rate of increment with Teyp IS
more pronounced, exerting a more substantial influence on COP compared to €, as observed in the

3D plot representing the Teyp — € — COP relationship in Figure 6-58.
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Figure 6-59: Impact of £ on COP of the proposed stand-alone recompression absorption systems
at Pgen =1300 kF’a, Taps= 300(:, Tgen =80 °C and NPR = 0.1 for different Tevp.

The results indicate that, if Tevp is to be lowered, in that case a higher value of ¢ has to be maintained
otherwise COP will drop drastically, producing a limiting condition of operation. The relation is
clarified in Figure 6-59 and Figure 6-60. With a constant ¢ value of 1.8, elevating the Tey from -
10°C to 6°C in either system results in a near 1 kW increment in Wcomp. However, the required
Qgen,ext diminishes by approximately 2 kW, as depicted in Figure 6-60. Consequently, systems
with a lower Teyp exhibit a reduced COP, as portrayed in Figure 6-59. Again, for Tey = -10 °C,
Qgen,ext increases in rapid manner with increasing & compared to Teyp =6 °C. This is why systems

with lower Teyp exhibit a more rapid decline in COP compared to those with higher Teyp values.

RE-RAC demonstrates a notable improvement in COP over VI-RAC when operating at elevated
values of € and Tevp. AS these parameters decrease, the magnitude of this enhancement diminishes

swiftly. Specifically, at € = 2 and Teyp = 6°C, the improvement stands at approximately 12%, while
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at Teyp = -10°C, the enhancement is about 5%. However, when ¢ is reduced to 1.5, the enhancement
for Tevp values of 6°C and -10°C decreases to roughly 5% and 1.5%, respectively. Thus, to fully
capitalize on the benefits offered by RE-RAC, it is advisable for the system to operate at higher
levels of € and Tevp.
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Figure 6-60: Impact of £ on compressor and generator external load of the proposed stand-
alone recompression absorption systems at Pgen = 1300 kPa, Tans= 30°C, Tgen = 80 °C and NPR
= 0.1 for different Teyp.

Impact of NPR and Taps

The dynamic effect of NPR is illustrated in Figure 6-61 and Figure 6-63 for varying Tgen and Teyp
respectively. As illustrated in Figure 6-62 and Figure 6-63(b), a higher NPR leads to an increase
in the required Qgen,ext and I/i/comp, which consequently results in a decreased COP, as depicted

in Figure 6-61 and Figure 6-63(a).

For systems operating at lower NPR, the maximum enhancement in COP over those with higher
NPR is observed at the optimal Tgen as illustrated in Figure 6-61. Beyond this optimal Tgen, for
lower NPR, Qgen,ext and Vi/comp increases at a much higher rate than higher NPR systems as
depicted in Figure 6-62. Hence beyond optimal Tgen, lower NPR systems have higher COP

declination rate than higher NPR lines.
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Figure 6-61: Impact of NPR on COP of the proposed stand-alone recompression absorption
systems at Pgen = 1300 kPa, Tans= 30°C, Teyp = 3°C and ¢ = 1.75 for varying Tgen.
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Figure 6-62: Impact of NPR on compressor and generator external load of the proposed stand-
alone recompression absorption systems at Pgen = 1300 kPa, Tans= 30°C, Teyp = 3°C and & =
1.75 for varying Tgen.
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At this optimal Tgen, not only do the lower NPR systems display the highest COP enhancement
over the higher NPR systems, but the RE-RAC also demonstrates a peak enhancement,
approaching 35% over VI-RAC at lower NPR of 0.1 and optimal Tgen 0f 53 °C. With both NPR
and Tgen increasing, this enhancement between the systems decreases. Furthermore, NPR
influences the optimal Tgen as well; an increase in NPR from 0.1 to 0.7 results in a slight elevation

of the optimal Tgen by approximately 3-4°C, attributable to the dynamic interaction of Q gen,ext and
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Figure 6-63: Impact of NPR on the performance of proposed stand-alone recompression
absorption systems at Pgen = 1300 kPa, Tans= 30°C, Tgen = 80 °C and ¢ = 1.75 for varying Teyp.

The sensitivity of NPR with Teyp Of the proposed stand-alone RAC systems is discussed in Figure
6-63. Lower NPR systems have higher COP. With Te increasing, Qgen,ext decreases at higher
rate than V'Vcomp increasing. Leading to an elevation in COP. But, for lower NPR, the rate of
decreasing Qgen,ext is higher, hence the incremental rate of lower NPR systems is higher compared

to higher NPR lines. Additionally, RE-RAC also shows significantly higher COP compared to VI-
RAC for lower NPR. At a set Tevp of 0°C, for NPR of 0.7, RE-RAC shows about a 5% improvement.
But at a lower NPR of 0.1, this improvement jumps to 20%. This improvement becomes more
noticeable as Tevp increases. As Teyp rises from -10°C to 8°C for an NPR of 0.1, the improvement
range expands from 5% to 35%.
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Figure 6-64: Impact of Taps on COP, compressor and generator external load of the proposed
stand-alone recompression absorption systems at Pgen = 1300 kPa, Taps= 30°C, Tevp = 3 °C, Tgen
=80°Cande=1.75.

The effect of Tans On system performance of the proposed advanced RAC is shown in Figure 6-64
As shown in the figure, although RE-RAC has near 0.5KW higher Q'gen_ext over VI-RAC, but it
has near 1.4 kW less mep. Consequently, across the range of Taps, RE-RAC consistently
demonstrates a superior COP compared to VI-RAC. As Taps increases, the required mep remains
unchanged due to the constant Pgen and NPR values. However, with an increase in Tabs, Xs¢rong
diminishes, leading to a decrease in Ax ., . This results in an escalation of both required Qgen and
Qaps, Causing a subsequent reduction in COP. Increasing Taps from 25°C to 40 °C, results in near
16% decrease of COP. Again, with Taps increasing, the Q'gen,ext increasing rate of RE-RAC is
slightly higher than VI-RAC, hence the COP difference between these systems also decreases

slightly with increasing Taps.
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6.3.3 Exergy Analysis of the Advanced Stand-alone RAC Systems

Similar to energy, exergy is also highly affected by the boundary parameters of Tgen, Pgen, Tevp, €
and Tewp. The dynamic interaction between them allows exergy destruction in different components
to increase and decrease. Ultimately an optimal lowest value of total exergy destruction rate can

be found because of this change in component exergy destruction.
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Figure 6-65: Impact of Pgen 0N the exergy destruction rate of the proposed stand-alone
recompression absorption systems at Teyp= 6°C, Taps = 30 °C, ¢ = 1.75 and NPR = 0.1 for Tgen =
80°C.

As Figure 6-65 shows, With Pgen increasing, the exergy destruction rate in most components
increases in near linear ratio, apart from the generator and absorber. With an increase in Pgen, more
useful energy becomes available for use in the generator, leading to a decrease in exergy

destruction rate across the generator, £Xp gen.

However, a higher Pgen results in an increased concentration of x,,.qx. Given that the xgrong

remains constant for a fixed absorber temperature (Tabs), an increase in x,,.4x leads to a higher rate
of exergy release and destruction rate in absorber, labelled EXp abs. At lower Pgen values, the rate of
decrease in EXp,gen is predominant over the rate of increase in EXp abs, resulting in an overall decline
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in the total exergy destruction rate. However, this trend reverses at higher Pgen, indicating the
existence of an optimal Pgen Where the system experiences minimal total exergy destruction rate

and, consequently, maximum exergy efficiency.
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Figure 6-66: Impact of Pgen 0N the exergy destruction rate of the proposed stand-alone
recompression absorption systems at Teyp= 6°C, Taps = 30 °C, ¢ = 1.75 and NPR = 0.1 for Tgen =
100°C.

As seen from Figure 6-65, for Tgen= 80°C, the lowest EXp 1ot Of the systems is identified at 2500
kPa, whereas for Tgen= 80°C, the optimum Pgen for lowest Exp ot increases to near 3500 kPa as
shown in Figure 6-66. Additionally, it is also noted that higher Tgen results in higher Exp «: for the
same range of Pgen.

Moreover, a significant difference between Exp of different components can be noticed for RE-
RAC and VI-RAC. Although, RE-RAC has higher Exp,gen compared to VI-RAC because of higher
Q'gen. But, VI-RAC has an additional compressor, hence a much larger value of EXp,comp. Both
EXp.absand Exp.exp for VI-RAC is also higher. Consequently, RE-RAC displays a reduced EXp,tot in
comparison to VI-RAC. This reduction of the £xp 1t of RE-RAC over VI-RAC also changes with
Pgen and Tgen. AS Pgen rises, the disparity narrows until an optimal Pgen is attained. Beyond this
point, a further increase in generator pressure primarily affects £Xp exp , widening the gap in AEXp ot
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between the systems. Notably, as illustrated in Figure 6-66, at a higher generator temperature of
100°C and within the same Pgen range, the reduction in Exp ot for RE-RAC relative to VI-RAC is

more significant than at Tgen = 80°C as illustrated in Figure 6-65 .
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Figure 6-67: Impact of Teyp 0N the exergy destruction rate of the proposed stand-alone
recompression absorption systems at Pgen= 1600 kPa, Tans = 30 °C, & = 1.75 and NPR = 0.1 for
Tgen = 80°C.

Figure 6-67 explains the effect of Teyp 0N total as well as component wise exergy destruction rate.
With Teyp increasing, the total m increases, hence required Qgen increases for either system. As a
result, Expgen also increases. But as with Teyp increasing, pressure ratio across generator and
evaporator also decreases. Hence, associated exergy loss in expansion valve, SHX and RHX also
decreases with Teyp increasing. So, there exists an optimal Teyp Where the system experiences

minimal total exergy destruction rate and, consequently, maximum exergy efficiency.
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Figure 6-68: Impact of Tevp 0N the exergy destruction rate of the proposed stand-alone
recompression absorption systems at Pgen= 1600 kPa, Tans = 30 °C, ¢ = 1.75 and NPR = 0.1 for
Tgen = 100°C.

As seen from Figure 6-67, for Tgen = 80°C, the optimal Tewp for lowest Exp ot is around -6°C.
Whereas, for for Tgen=100°C, the optimal Teyp is around 0°C as shown in Figure 6-68. So, with
Tgen increasing, the optimal value for Tey also increases. Additionally, with Teyp increasing, the
AEXp ot between RE-RAC and VI-RAC remains near consistent in Figure 6-67. But with Tgen
increasing from 80 to 100 °C, the reduction in EXp ot for RE-RAC relative to VI-RAC is more
significant similar to Figure 6-66 as illustrated in Figure 6-68. And maximum AEXp: Of near

8% is observed at the optimal Tevp. Beyond this Tevp, the gap widens.
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Figure 6-69: Impact of ¢ on the exergy destruction rate of the proposed stand-alone
recompression absorption systems at Pgen= 1600 kPa, Tapns = 30 °C, Tgen = 80 °C and NPR=0.1

Figure 6-69 illustrates the influence of & on EXp . Its effect closely mirrors that of Tevp. However,
when Teyp is held constant, an increase in s impacts only the solution stream side. As a result, EXp tot
rises sharply beyond a specific € value. With an increase in ¢, the corresponding X¢ong also
escalates, leading to a rise in £Xpgen. At lower ¢, the increase rate of Exp ot is small, but at higher
value of &, EXp ot increases at a higher rate. Again for RE-RAC, EXp ejector increases with increasing

& for the same Tewp. This ultimately results in decrease of AEXp ot between RE-RAC and VI-RAC

with increasing &.
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Figure 6-70 Impact of NPR on the exergy destruction rate of the proposed recompression
absorption systems at Pgen= 1600 kPa, Tabs = 30 °C, Tgen = 80 °C and =1.75

Figure 6-70 displays the effect of NPR on EXp tr. With NPR increasing, the pressure ratio across
the recompression increases, hence the quality of vapor after recompression increases. As a result,
the relative useful energy loss across gen-cond EXpgen decreases. But, associated EXp.comp also
increases. Due to NPR increasing, EXp.abs also increases at higher rate than the decrease of EXp,gen.
As result, with NPR increasing the total EXptt increases at linear increment. The AEXp 1ot between

RE-RAC and VI-RAC also increases in a linear manner with NPR.
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6.3.4 Multi-objective Optimization

In an effort to minimize run time and curtail additional computational expenses, the elaborated
simulation model of the advanced stand-alone recompression absorption systems (RE-RAC and
VI-RAC) has been simulated 756 times on corresponding sets of unique input data to formulate
the ANN based objective functions of the corresponding refrigeration system. This objective
function is integrated with the optimization algorithm rather than the simulation code, this results
in reduction of significant runtime with added flexibility. The structure of ANN and optimization

framework is presented in Figure 6-71.
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Figure 6-71: The outline of the optimization methodology using ANN prediction model of the
proposed advanced stand-alone RAC systems.
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Four distinct input variables (Tgen, Pgen, NPR, ¢) and two output variables (COP, Exer) from the
756 rows of simulation data have been employed to establish the ANN-based prediction model
objective function of each proposed stand-alone systems (VI-RAC and RE-RAC). The training is
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implemented using the Bayesian regularization algorithm on a dataset consisting of approximately
80% of data, while a testing set comprised the remaining (approximately 20%). The selected ANN
model was a two-layer feedforward network featuring 100 sigmoid hidden neurons and linear
output neurons. This strategic configuration underscores the model's capacity for processing and
analyzing the intricate relationships between the defined input and output variables, thus
reinforcing the reliability and accuracy of the predictive model developed through this rigorous

approach.

Optimization Strategy and Variables

One of the common optimization methods for the proposed cycles is the genetic algorithm (GA),
which can explore multiple solutions at the same time by using a population of solutions. A specific
type of GA is the Non-dominated Sorting Genetic Algorithm Il (NSGA-I1), which is a powerful
multi-criteria evolutionary algorithm that is often used to improve energy systems. It has some
advantages, such as its robustness and fast population distance estimation, but it also has a

drawback of being slow in its operation.

This work uses the optimization toolbox in MATLAB software to optimize the objective functions
developed in ANN to maximize COP and exergy efficiency for 4 controllable variables of the
advanced stand-alone RAC systems (RE-RAC and VI-RAC). The chosen values for different
parameters in MATLAB optimization toolbox and the range of input controllable variables are
given in Table 6-19.

Table 6-19. Selected Values for different parameters of Multi objective optimization algorithm of
proposed stand-alone recompression absorption systems.

Specified Options Selected Value
Population Size 200
Creation Function Constraint Dependent
Crossover function Intermediate
ratio 1
fraction 0.20
Migration direction forward
probability Constraint dependent
Mutation function 0.10
Population fraction of the Pareto Front 0.35
constraint 103
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Max. Tolerance function 10+
Generator-Condenser temperature, Tgen 45°Cto 110 °C
Generator-Condenser pressure Pgen 1000 to 3000 kPa
Normal pressure ratio in compressor NPR 0t0 0.8
Evaporator recovery pressure £ 12t01.8

Decision Making and Optimization Result

In multi-objective optimization, the Pareto frontier is a curve that showcases an array of optimal

solutions. Each point on this frontier stands as a testament to an optimal trade-off between

competing objectives. On this frontier, the point farthest to the left indicates the scenario with the

highest COP (point A), while the point farthest to the right (point C) shows the scenario with the

best Exergy Efficiency (COP). To determine the most balanced optimal solution that takes both

COP and exergy efficiency (EXerr) into account, one can look for the point that is closest to the

ideal scenario by measuring geometric distance, or furthest from the least desirable scenario. In

this analysis, TOPSIS decision making technique is employed to find the most optimal solution

(point B) considering both output perspective. This balanced approach ensures a comprehensive

consideration of the multiple facets of energy optimization, leading to a more informed and holistic

decision-making process.
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Figure 6-72: Pareto front of Ga-multi objective optimization of the proposed systems, (a) VI-
RAC and (b) RE-RAC to find the optimal solution using TOPSIS at Teyp = 4 °C and Taps = 30°C.
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The illustration in Figure 6-72 presents the Pareto front of optimization solutions for two proposed
models at an evaporator temperature (Tewp) and absorber temperature (Taps) of 4°C and 30°C
respectively. This Pareto front highlights all the points that represent optimal solutions, with
particular emphasis on point A and B which denote the optimal solutions from the perspectives of
maximizing the Coefficient of Performance (COP) and exergy efficiency, respectively. For a
maximum value of ¢ = 1.8 and minimum value of NPR = 0.01 the optimal points for both COP

and exergy efficiency (Exesr) maximization occur.

From both the COP and Exesr perspectives, an optimal value for generator temperature (Tgen) and
pressure (Pgen) exists to maximize performance. However, this optimal boundary condition varies
between energy and exergy perspectives. Hence, an optimal value of performance is obtained with
a tradeoff at a mid-operating conditions compared to previous cases. Furthermore, RE-RAC shows
significant performance improvement over VI-RAC, although the optimal operating conditions
between these systems do not significantly differ across all scenarios. This is why, maximum COP
condition of point A, is obtained at Tgen = 55°C, Pgen = 1333 kPa, €=1.79 and NPR = 0.017 around,
and the values of max COP are 2.25 and 2.429 for VI-CRAC and RE-CRAC respectively.
Whereas, maximum Exes condition of point B, is obtained at Tgen = 58°C, Pgen = 1667 kPa, €=1.79
and NPR = 0.013 around, and the values of max Exes are 0.4687 and 0.4894 for VI-RAC and RE-
RAC respectively. The optimal condition is determined by TOPSIS technique, and the optimum
value of COP: 2.051 and 2.339, Exefr = 0.4313 and 0.449 for VI-RAC and RE-RAC respectively
at Tgen = 56.5°C, Pgen = 1490 kPa, £=1.7998 and NPR = 0.012 around. The comparison of
performance metrics along with optimal parameters of performance from different scenarios is
provided in Table 6-20 in details.
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Table 6-20: Optimization Results for VI-RAC and RE-RAC configurations at Tevp = 4 °C and Taps

= 30°C.
Input Parameters Units Multi-Objective Optimization Scenarios
(a) Max. COP (b) Optimal (c) Max. EXer
RE-RAC VI-RAC RE-RAC VI-RAC RE-RAC VI-RAC
Generator Temperature, Tgen ~ °C 55 56.6 58
Generator Pressure, Pgen °C 1333 1490 1667
Normal pressure ratio, NPR 0.017 0.012 0.01
Evaporator recovery 1.7995 1.7998 1.7997
pressure ratio, &
Output Parameters
Evaporator Load, Q¢ kW 10 10 10 10 10 10
Generator Load, Qgen kw 13.81 13.14 13.86 13.18 14.05 13.35
Generator External Load, KW 2.951 2.808 3.25 3.09 3.694 3.511
Qcond
Generator Internal Load, W 10.86 10.33 10.61 10.09 10.35 9.84
Qevp
Absorber Rejection, Qgps kw 14.77 14.39 14.8 14.39 14.83 14.4
Compressor Load, Wcomp kw 1.176 1.914 1.031 1.775 0.886 1.637
Pump Load, Wpump kw 0.0073 0.007 0.011 0.011 0.020 0.019
Coefficient of performance, 2.429 2.25 2.339 2.051 2.183 1.94
COoP
Pressure ratio, Ry 2.018 2.018 1.87 1.87 1.731 1.731
Exergy destruction, Ep rorr KW 2.503 2.829 2.436 2.774 2.428 2.745
Exergetic efficiency, n;; 4227 4017 0.449 0.4313 0.4894 0.4687

6.3.5 Section Summery

This section of the analysis presents a comprehensive investigation into enhancing the efficiency

of absorption refrigeration systems by introducing a novel single-effect absorption framework that

integrates ejector-injection and recompression technologies within (RE-RAC and VI-RAC).

Unlike traditional cascading methods discussed in previous sections, this innovation permits the

stand-alone RAC systems to operate at lower evaporator temperatures due to ejector-injection

incorporation at the refrigerant side while simultaneously achieving a higher COP due to

recompression technology employed in the generator.
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Further, the section delves into the development and analysis of these improved stand-alone
recompression sub-systems: Refrigerant Ejector Enhanced Recompression Absorption Cycle (RE-
RAC) and Vapor Injection Enhanced Recompression Absorption Cycle (VI-RAC) systems. These
systems enhance efficiency by replacing the conventional single-valve expansion with ejector and
vapor injection techniques, thus recovering lost energy and allowing refrigerant to enter the
absorber at higher pressures. Furthermore, this section conducts a detailed analysis comparing
proposed recompression absorption systems to conventional ones under various operating
conditions, focusing on key performance metrics like COP, Exer, exergy destruction, compressor
load, and heat requirements. It examines the impact of different parameters on system
performance, enhancing understanding of the advanced stand-alone RAC systems. Additionally,
it utilizes an ANN model combined with a Genetic Algorithm for multi-objective optimization,
identifying optimal operational conditions to explore feasibility and set the stage for further
research. The results of the thorough theoretical investigation based on 1%t and 2" law of

thermodynamics and the multi-objective optimization are as follows:

®,

¢ Under similar operating conditions the COP of RE-RAC and VI-RAC is 76% and 63% higher
than the conventional RAC system, respectively. Compared to SE-RAC, they show a 28% and
19% COP increase. Although RE-RAC needs more Qgen,ext to operate, its higher COP is due

to VI-RAC's added compressor and much greater W, requirement.

e

%

As Tgen rises, COP rapidly increases to an optimal value, then declines in a slower rate. Higher
Tewp results in a lower optimal Tgen, with a steeper COP decrease rate. Conversely, a lower Teyp
raises the optimal Tgen value. The peak COP advantage of RE-RAC over VI-RAC is at this

optimal Tgen.

% As Teyp drops, system COP declines. The decrease is sharper for lower Tgen, With a surge in
required Qgen leading to a significant COP fall below a certain Tevwp. At higher Tgen, COP's
decline is gradual, and its critical point occurs at a notably lower Tey. The COP advantage of
RE-RAC over VI-RAC also diminishes with decreasing Tevp. For Tgen = 67°C, RE-RAC has a
35% higher COP than VI-RAC at Tevyp = 8°C, but this narrows to 5% at -10°C Teyp.

% Adjusting Pgen identifies an optimal value for peak COP. As Tgen and Teyp decreases, this
optimal value of Pgen drops. Lower Tgen Offers better COP but decreasing Tew and increasing
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Pgen complicates low Tgen Systems. Moreover, for lower Teyp, the optimal Pgen is also lower.
Increasing Pgen further results in rapid COP drop. Additionally, RE-RAC's advantage over VI-

RAC lessens with increasing Pgen.

Lowering ¢ or increasing NPR reduces COP. For systems with lower Tgen O Teyp, this decline
is more pronounced. Higher € systems have a lower optimal Tgen. The rate of COP decrease
with ¢ is faster for systems with lower Tevp. RE-RAC's advantage over VI-RAC also diminishes

as € drops.

As NPR increases, COP drops. Lower NPR systems experience a steeper COP decline with
rising Tgen and falling Tewp. The most significant COP variance between NPR systems is at
optimal Tgen and highest Tevp, where RE-RAC outperforms VI-RAC the most. This advantage

diminishes with increasing NPR.

RE-RAC has lower EXp tt than VI-RAC due to fewer components. As Tgen rises, both systems'
EXp ot and the gap AEXp ot between them grow. Higher Tgen shifts optimal values for Pgen and
Tew for minimal EXpor. The difference in AEXp ot between systems is most pronounced at

optimal conditions.

With a fixed operating condition, rising & boosts EXptor, but RE-RAC'S EXp ejector incremental
rate is notable, narrowing the gap (AEXp o) With VI-RAC. Meanwhile, higher NPR increases

both systems' EXp ot and their difference.
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Chapter 7: Conclusion

This comprehensive study signifies a notable advancement in refrigeration technology,
particularly within the domain of cascade compression-absorption refrigeration systems and the
advancement of Absorption Refrigeration Cycles (ARC). The primary aim of the research is "'to
enable the absorption system to operate at reduced evaporator temperatures with higher
performance’. To accomplish this goal, initially the study focuses on the development and
simulation of sophisticated cascade compression-absorption refrigeration setups. Hence, a
modified Absorption Refrigeration Cycle (ARC) is combined with an improved Vapor
Compression Refrigeration (VCR) system, leading to the development of advanced systems like
the Ejector injection compression absorption cycle (EICAC) and Ejector compression absorption
cycle (ECAC) systems. A detailed analysis is presented in Section 6.1. Further exploration into
cascaded compression absorption systems involves integrating a Recompression Absorption
System (RAC) with advanced VCRs equipped with ejectors, leading to the development of
innovative systems like the Ejector injection recompression absorption cycle (EI-CRAC) and
Ejector recompression absorption cycle (E-CRAC) systems. The thermal assessment and analysis
are elaborated in Section 6.2. Furthermore, the study pioneers the feasible upgrade of single-effect
standalone absorption frameworks, incorporating recompression technologies with ejector and
injection setup, leading to the development of RE-RAC and VI-RAC systems. The following
analysis is discussed thoroughly in Section 6.3. The thorough analysis of each subsection
comprises of thermal parametric and comparative assessment with multi-objective optimization to

find optimal range of operating conditions for performance maximization.

These advancements collectively mark a significant leap forward in refrigeration technology.
Summary of each analysis is discussed in the corresponding subsections of result and discussion.

The key findings are stated below for further clarity with limitations and future recommendations.

7.1 Key Findings

» The study highlights that both ARC based proposed cascaded systems: EICAC and ECAC
systems, using R41-LiBr/H20 as refrigerant, outperform traditional systems in terms of COP
by approximately 15% and 6% respectively under various conditions. Additionally, EICAC
and ECAC show significant improvements in exergy efficiency, up to 20% and 10%
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respectively, with optimal performance around 77°C, indicating a stronger impact of generator

temperature on exergetic efficiency compared to COP.

> It also reveals that while COP increases linearly with the Teyp for all systems, exergy efficiency
decreases, with absorption cycles proving more effective at low temperatures. EICAC in
particular demonstrates lower exergy destruction and about 9% higher exergy efficiency than
ECAC. The study further identifies that the optimal generator temperature increases with Tcona.
Also, this optimum value varies 5-6°C from energy and exergy perspective, whereas the

optimal performance is gained at an evaporator temperature of -21°C nearly.

» The study also explores RAC based proposed cascaded proposed systems: one basic CRAC
and two advanced configurations as: E-CRAC and EI-CRAC. They significantly outperform
the traditional CARC system, with the COP being nearly three times higher. EI-CRAC and E-
CRAC show a COP enhancement of about 10% and 20%, respectively, along with an increase
in Exergy Efficiency (Exeff) of 15% and 25% over CRAC, indicating superior efficiency in

cooling operations.

» Optimal operating conditions, such as pressure (AP) and generator temperature (Tgen), play a
crucial role in system performance. EI-CRAC exhibits remarkable stability and minimal
sensitivity to pressure variations compared to E-CRAC, demonstrating its superior
performance under varying conditions. Both systems achieve higher COP and ExXesf at certain
Tgen but their performance declines near same rate beyond these optimal points. With
increasing Tevp, although COP rises, Exeft diminishes. Despite EI-CRAC exhibiting higher EXes,
its rate of decrease with rising Tevp IS more pronounced. Proving EI-CRAC more effective at

lower cooling applications.

» EI-CRAC shows a more efficient exergy performance with a lower total exergy destruction
rate compared to E-CRAC. Also, optimal operation is achieved at specific Tgen and Tevp Values,
with maximum COP at the lowest Taps, Tevp, and Pcond but highest A47cnx, and maximum ExXeft
under the inverse conditions of highest Tevp, indicating a strategic balance between operational

parameters for optimal efficiency.

> Finally, this research introduces novel stand-alone recompression absorption refrigeration

systems integrating ejector-injection setup to replace expansion valves (RE-RAC and VI-
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RAC). RE-RAC and VI-RAC significantly outperform conventional ARC and RAC systems.
The COP of RE-RAC and VI-RAC is 76% and 63% higher than the conventional RAC system,
respectively despite RE-RAC requiring more external heat generation due to VI-RAC's

additional compressor demands.

» Optimal performance conditions (peak COP) for both RE-RAC and VI-RAC are influenced by
Tgen, Tewp, € Pgen and NPR with RE-RAC maintaining an advantage over VI-RAC with lower
sensitivity to changes across various operating conditions. Optimal Tgen is influenced by Teyp,
where a higher Teyp leads to a lower optimal Tgen. But lower Teyp System cannot operate in low
Tgen, also for Teyp increasing COP increases. Whereas, adjusting Pgen reveals an optimal range
for peak COP, which decreases with lower Tgen and Tewp. RE-RAC shows maximum COP

advantage at optimal Tgen, however, this advantage narrows as Tevp decreases or Pgen increases.

> The total exergy destruction rate (Exp.twt) is lower in RE-RAC compared to VI-RAC, attributed
to its simpler configuration with fewer components. Optimal operating conditions for minimal
EXp ot involve careful balancing of Tgen, Tevp, & and NPR, with the gap in performance (AEXp,tot)

between RE-RAC and VI-RAC widening or narrowing based on these parameters.

7.2 Limitations and Future Recommendations

While the proposed advanced cascaded compression absorption systems (ECAC, EICAC, E-
CRAC, EICRAC) and standalone RAC systems (RE-RAC & VI-RAC) demonstrate significant
potential for efficiency gains in cooling operations, it is crucial to acknowledge the limitations
inherent to this numerical study. These limitations underscore the need for further empirical

research and development to fully realize the potential of these innovative systems.

7.2.1 Limitations

e Model assumptions: The study relies on several simplifying assumptions to facilitate model

simulation. While these assumptions are commonly used in refrigeration system modeling,
they may not perfectly reflect real-world conditions. Future work could refine the model by
incorporating more detailed considerations of heat dissipation, pressure drops, and component

inefficiencies.
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Limited scope of simulation and optimization parameters: The computational model primarily

focuses on certain operational parameters and may not account for all practical aspects of real-

world implementation, such as long-term wear and tear, system scaling, and economic factors.

Requirement of adaptable control system: The efficiency metrics (COP and Exer) of the

systems are highly dependent on the optimal generator and evaporator’s temperatures and
pressure, which vary under different operational conditions. This highlights the need for
adaptable control systems capable of dynamically adjusting to these variations to maintain

optimal performance.

Lack of experimental testing: The findings are based on theoretical modeling and

computational analysis, and experimental validation through prototype testing is required to

confirm their real-world performance.

7.2.2 Future Recommendations

In order to expand upon the valuable insights gained from this study and effectively tackle its

identified limitations, a comprehensive set of recommendations is proposed, aimed at guiding and

enriching future research endeavors in this field.

Empirical testing and validation: Future research should aim to empirically test these systems

to validate the theoretical findings and adapt them for real-world applications.

Multi-objective optimization: While this study focused on maximizing both COP and exergy

efficiency, future research could explore multi-objective optimization considering additional

factors such as cost, environmental impact, and noise generation.

Dynamic control strategies: Development and implementation of adaptive control strategies

could enable the proposed systems to operate under varying conditions and maintain optimal

performance across a wider range of scenarios.

Long-term performance analysis: Studies focusing on the long-term durability and
maintenance requirements of these systems would provide valuable insights for practical

applications.
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o Expansion of simulation parameters: Further research could expand the range of simulation

parameters to include economic analysis, scalability, and environmental impact, offering a

more holistic view of system performance.

o Integration with renewable energy sources: Exploring the integration of these advanced

refrigeration systems with renewable energy sources could pave the way for even more

sustainable and energy-efficient cooling solutions.

o Extensive cost analysis: Conducting comprehensive cost analyses that take environmental

factors into account would provide a clearer understanding of the economic viability of these

systems and their environmental benefits.

o Real-life implementation: Implementing these systems in real-life scenarios, such as power

plants and various industries (e.g., textile, manufacturing, steel), could enhance the utilization
of waste heat. The proposed systems ability to achieve lower evaporator and generator
temperatures with higher performance than conventional systems make it suitable for using the

lowest grades of energy efficiently.
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