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ABSTRACT

The membrandased absorption heat pump (MAHP) is a compasd,
thermallydriven absorption refrigeration system (ARS) that recovers low
temperature renewable or waste heat from a refrigerant stream. MAHP can be
used for absotmwn heating, cooling, or desiccant dehumidification applications
operaing at a smaller scale. As the solution film thickness in the existing falling
film absorbers is inconsistent during operation, using membrane modules can
help to mechanically constraithe solution film by forming membrane
microchannels with consistent thickness. Besides, the use of membranes also
significantly increases the membraihad interfacial area, which is conducive

to improving heat and mass transfer performance.

The first @rt of the thesis focuses on the performance study of the integrated
membrane absorbevaporator component of a paralghte MAHP system.
By operating the MAHP system in a seamen cycle configuration with an
integrated component, the evaporator usiteliminated, enabling further

scalability for applications that require higher compactness.

To investigate the conjugate heat and mass transfer performance of the MAHP,
a threedimensional, steadstate mathematical model is developed, and
numerical simlations are obtained via the finite element method (FEM). The
simulation results are experimentally validated with a general discrepancy of
within 10%. Parametric studies involving the variation of operational and
geometrical parameters are further asskesgescaling analysis and simulation
case studies. The effects of these variations on the heat and mass transfer

dimensionless parameters, and fluid flow behaviour within the membrane



microchannels are analysed. The performance improvements via theéomclus

of air-gap and internal cooling are also determined, as thgapirminimizes
sensible heat loss by retaining more latent heat of absorption, whereas internal
cooling helps to remove absorption heat and maintain the absorption strength of
the absorbensolution. The findings of this study provide insights into the

aspects that are essential for performance enhancement in the MAHP system.

In the second part of the thesis, the feasibility of utilizing renewable solar heat
in the MAHP system as the maindtesource for its most energytensive
processi absorbent solution regeneration is determined. The hbaskd
Cascade Analysis (CA) method is proposed to optimally size the capacity of the
solar thermal system (STS) by matching the intermittent aviiyabf solar
irradiation with the fluctuating solution regeneration heat demand. Cascade
Analysis serves as a simplistic approach for decisiakers to assess the
feasibility of implementing solar heat recovery in MAHP systems for their
intended use, wbh includes smalcale absorption cooling, heating, or-air

conditioning applications.
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CHAPTER 1 INTRODUCTION

1.1 Background

Thermal energy is a major part of global energy consumption, which is mainly
used for various industrial processes. Yet, a large part of the thermal energy
input is lost in the form of uecovered waste heat, which is dissipated into the
environment due to the difficulties of capturing all the waste heat for effective
use In the Uhited States around207 50% of the total energy input was lost as
waste heain thealuminum steel, oHrefining, pulp and paper industridsu et

al., 2016) With the advent of waste heat recovery (WHR) technologies, some

of the waste heat can be recovered and utilized under suitable casdstich

as regenerative and recuperative heaters, heat pumps, waste heat boilers, heat
pipe systems and heat recovery steam genefddoihara et al., 201.8The
usability of these heat sousces dependent on the temperature difference
between the heat source and heat sink, the exergy content, and dependent on the
purpose of the waste heat, such as space heating and coolrapditroning,

hot water supply, and pigeating of process stream

When the waste heat source temperature is sufficiently high, it is more
favourable to produce electrical power as it is more versatile than thermal
energy in terms of utilization, which is the case for Organic Rankine Cycles
(ORC). Lakew and Bolland (20) reported the ORC performance of using
different working fluids to recover lowemperature waste heat from flue gas to
generate electricity(Lakew and Bolland, 2010)The study revealed the
maximum power of 577 kW was generated by using R227ea as the working

fluid with a waste heat temperature of 120°C and a pressure of 16 bar; When
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the waste heat temperature was increased to 160°C, the maximum power

generated became higher at 1269. kW

However, if the conversion from legrade waste heat to electricity is not
feasible due to lower exergy, the waste heat could be recovered and utilized as
a heat source for corresponding laggade heat sinksWith the right
implementation, it is possible to utilize these waste heat sources in Reating
related applications with lower temperature demauth as providing low
temperature heat around 37 to 38°Cnaintain mesophilic conditions that are

conducive for bacterial growth in bgmasification facilitie§Ammar et al., 2012)

Another main application that can put the recovered waste heat into good use is
heating, ventilation, and agonditioning (HVAC), which is energy intensive.

An estimated 50% of the main building energy expenditure has been used for
powering heating, ventilation, and-@onditioning (HVAC) application€Chua

et al., 2013; Lin et al., 2018a&Based on a review by Lauterbach et al. (2012),
thermal energy usage accounted for 56% of the total final energy consumption
in Germay, in which74% ofthe total energy consumed in industrial sectors
was used to supply thermal energy for space heating with a share of 55%,
followed by process heat and domestic hot water production with shares of 37%
and 8%, respectivelLauterbach et al., 201.2vhenpart of these heat demand

can be fulfilled by waste heat sources, this will helpetuce greenhouse gas

emissions and improve system sustainability on a considerable scale.

In buildings and manufacturing facilities, the HVAC system is an essential
utility that provides thermal comfort to the residents, regulates indoor air quality,

and pevents mildew and mould formation for necessary health requirements.
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To effectively regulate the feed air, the temperature and relative humidity of the
air stream needs to be adjusted via sensible and latent heat control. In a vapor
compressiofbased ahconditioning system (VCS), this is achieved by
overcooling the inlet air feed to a temperature below the dew point. The water
vapor would condense into liquid water, and the condensed water would be
removed from the air stream, achieving dehumidificatimhlatent heat control.
Subsequently, the overcooled dehumidified air needs to be reheated back to the
desired room temperature and humidity for optimal thermal comfort, which
usually ranged between 2326°C and 40 70% RH(Agilah et al., 2021}o

handle the sensible heat load effectively. In HVAC applications, VCS is used
for several advaapes, which include high energy efficiency and high
technological maturity over the past few decads et al., 2001)Despite the
promising performance of the VCS, the widespread installation and operation
of HVAC systems are continuouslkyontributing to large building energy
expenditure¢Chua et al., 2013; Gonzal@orres et al., 2022; Lin et al., 2018a)

The overcooling and reheating processes are efigigysive due to the
required compression duty in the VCS, which incurs high electricity
consumption. The operating costs of VCS are alerincreasing as these
VCS-based systems are solely dependent on electrical energy input
(Mohammad et al., 2013yvhile the electricity generation costs are generally
higher due to their higher exergy content as compared to other energy sources.
Therefore, economical and energgving alternatives for HVAC systems that

are less dependent on electricity are in demand. Thermally driven systems, such
as absorption refrigeration systems (ARS) have been considered as a potential

option for a loweicost HVAC system.
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By comparison, ARS handles the sensible heat and latent deeig In a
different approach. Water vapour in the inlet air feed is removed via
dehumidification, which involves the use of an absorbent or desiccant with high
moisture affinity. The water vapour acts as refrigerand, the absorption of
water vapour ocas when a significant difference in water vapour partial
pressure exists as the driving force. Dehumidification removes the water vapour
from the humid air stream; thus, the latent heat load is effectively removed. The
temperature of the dehumidified aarcthen be adjusted by sensible cooling or

heating to achieve the desired temperature.

The overcooling and reheating processes require more energy as the
temperature and humidity variations are larger than those of the absorption and
sensible heatingooling processes, as seen from the psychrometric chart
reported byQu et al.(2018) Thus, ARS has lower energy consumption.
Additionally, ARS can be driven by relatively inexpensive thermafses with

a lower temperature range. For the water vapor removal process in ARS,
desiccant materials with high moisture affinity are primarily used to achieve air
dehumidification. The main dehumidification technologies are based on two
types of desiccamt namely solid desiccant (SDD) and liquid desiccant
dehumidification (LDD). The main advantages of LDD over SDD are lower
flow pressure drop, better flexibility, and scalability, fewer mechanical parts
involved, and lower regeneration temperature requff&aua et al., 2018)
Although SDD has been used in residential air dehumidifiers, the adsorbents
require a higher regeneration temperature (arour@JC$ to remove the
adsorbed water molecules for repeated use. In contrast, water vapor can be

removed from the spent liquid desiotat a lower regeneration temperature of
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around 45 70°C (Salikandi et al., 2021)This makes LDD a more feasible

option to utilize waste heat in the ARS.

Latent heabf absorption is released during the vapor absorption process, hence
the desiccant solution temperature increases. Accumulated latent heat at the
desiccant solution stream upgrades the solution temperature, which makes it
more readily available as a heausce for heat exchange, with a potential
application in fluid or water heatig€hugh et al., 2017)rhis system works as

the absorption heat pump (AHPyhich integrates the liquid desiccant
dehumidification with the solution temperature upgrading. AHP is an-ARS
based system, as it is thermally driven and works based on the vapor absorption
process. It is commonly implemented for waste heat recovery irgyene

intensive industries, such as the steelmaking, iron, and petrochemical industry.

Conventionally, AHP is usually limited to largeale applications, due to the
abundance and intensity of waste heat available. Nevertheless, if the intended
purpose of usg AHP systems for HVAC applications for commercial and
residential buildings, the existing AHP systems are less suitable and less
economically feasible due to the high initial costs and not being compact enough

(Mortazavi et al., 2015)

To adpt an ARSbased AHP system for smalscale applications, an
innovative modification of the design and structure of AHP is highly in demand
to fulfil the needs of recovering lotemperature waste heat for HYAC and fluid
heating applications with lowerrtgerature requirements. Recently, the use of
membranebased technology emerges as a great potential solution for the

modified AHP system(lbarraBahena et al.,, 2020a)Membranebased
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absorption heat pumps (MAHRIso operate based on the ARS working
mechanism. The main difference is the inclusion of membranisofluid
channels, which allow the heat and moisture exchange to occur by refrigerant
vapor migration through the membrane pores. This membrane prevents the
solution from entering through the pores with the help of the surface tension
effect(Venegas et al., 2017As a result, direct contact between the refrigerant

and absorbent streams can be avoided.

Membranes can effectively prevent the issue of absorbent or desiccant solution
carryover, whichmight cause potential contamination of the airfipie et al.,

2019) Furthermore, membranes also filter out certain dust and airborne
particles, providingyreater interfacial areas for heat and moisture transfer for a
more compact desigiAsfand and Bourouis, 2015)\s the absorption process

is mainly predetermined by the water vapor partial pressure difference, the
process can take place at ambient d@omts. Vacuum condition is no longer an
essential requiremerdand this will largely reduce the cost required for
hermetically sealed components in the membizased AHP(Woods et al.,
2009) which is another added advantage comparatdaorventional VCS.
Moreover, the operating cost is also reduced substantially as no compression
duty or mechanical work is required for the MAHP system, which amualdce

the totalbuilding energy consumption.
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1.2 Problem Statement

Low-grade waste hea usually discarded into the environment without reuse,
which causes energy wastage and economical loss in the long run. The total
building energy consumption attributed to heating, cooling, and air
conditioning applications has been on the rise for yeaesto the widespread

use of VCSbased ahconditioning applications in various industries and data
centers. These industrial operations rely heavily on electricity, which inevitably
induce high operational costs. As a potential solution to this, thgra@ien
absorption refrigeration systems (ARS) can be implemented to recover waste
heat for heating and cooling utilities, shifting more energy expenditure away
from total building electricity consumption, thus it can be used as an energy

saving and costffective alternative.

However, the ARS is mainly used in industries for hedaty and largescale
operations, which is not suitable for smaller manufacturing industries and
residential use. Therefore, the development of memkrased absorption
refrigeration systems, also known as membrhased absorption heat pumps
(MAHP) can be a great option that offers greater scalability adapted to smaller
scale waste heat recovery utilization. As the MAHP technology is still in its
early stage of research and dmpment, it requires more research effort to
achieve better technological advancemeamid refinement Hence, it is
important to investigate the performance of the key components in the MAHP

system and determine the feasibility of using renewable or \waatesources.

This researchwill be particularly focusing on the performance study of the

membrane absorbevaporator component, which is the key component of the
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MAHP system. Subsequently, the Cascade Analysis (CA) is proposed to
determine the feasibiyi of solar heat use in MAHP. The sizing of a solar
thermal system (STS) is based on the intermittent availability of solar heat and

the regeneration heat demand of the MAHP system.

1.3 Research Objectives

In this thesisfour main objectives will be addre=s to contribute towards the
major goals related to the development of membkased absorption heat
pump (MAHP) systems and the integration of solar heat use in the system that
wasdiscussed in Section 1.2. These objectives are specified and discussed as

follows:

i.  To design an integrated membrdraesed absorbarvaporator unit of a
semiopen MAHP system, whicls more compaesizedandfitted for
smallerscaleapplications.

ii.  To study the performance of the membrinased absorbavaporator
unit by analyzig the conjugate heat and mass transfer mechanisms.

iii. To develop a mathematical model for performance estimatian
various parametric studies through experimental and simulations.

iv.  To develop a method that estimates the sizing of solar thermal systems
fitted for the solar heat integration fan MAHP system, which
considers the fluctuating regeneration heat demand and the varying

availability of solar irradiation under different weather conditions.
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1.4 Research Contribution

The research on membrabhasedmnodules being adapted for MAHPs emerged
recently in the past two decades since the 1980s. By incorporating the use of
polymeric membrane contactors with hydrophobic characteristics, the
membranes largely increase the total interfacial area for the chmaoten
refrigerant vapor and absorbent solution, thus significantly reducing the build
up size of the MAHP system. The results obtained from the performance study
of the membrane absorbevaporator unit can provide innate details that help

to identify the aspects of heat and mass transfer improvement of the absorption
process, while the parametric studies help to identify the operational parameters
which are influential on the overall performance. The Cascade Analysis also
provides a simplistic approacio tdetermine the feasibility of integrating
renewable solar heat as the major heat source to drive the thermally driven

MAHP system.
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CHAPTER 2 LITERATURE REVIEW

This chapter elaborates on the fundamental concepts that are relevant to the
thesis, which inlude the ARS working principle, types and cycle configurations

of AHP, membrane components used in the memHpased absorption heat
pumps (MAHP), and their respective applications. The utilization of renewable
solar heat in MAHP is also covered in tlaBapter. The literature review
provides an overall context on the development of memHdrased absorption

heat pump (MAHP) systems.

2.1 Absorption Refrigeration System (ARS) in Absorption Heat
Pump (AHP) System

This section briefly describes the alygayn refrigeration systems (ARS) and
the working principle of absorption heat pumps (AHP), as AHP operates based
on the working principle of the ARS. Since ARS technology lisaadtopic,
theelaboratiorwill be mainly focused on certain aspects of ARS8 AHP that

are relevant to the scope of this thesis, which include the comparison of ARS

and VCS.

2.1.1 GeneraDescriptionof Heat Pumps (HP)

Generally, when there is a temperature difference, heat tends to flow from a
region with a higher temperatut@ another region with a lower temperature to
attain thermal equilibrium. However, to achieve cooling or heating, it is
necessary to reverse the heat flow direction, i.e., intentionally transfers the heat
energyfrom a cooler region to a hotter region theeve continuous cooling or

heating. This process is also known as
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is known as the heat punf heat pump extracts heat from the surroundings or

a location. The extracted heat is then recovered and accumulateuodionses.

The main difference between a heat pump and a heat exchanger is, the heat
pump extracts heat from a heat source and accumulates the recovered heat in
the working fluid for reuse, while the heat source loses heat and experiences a
temperature dm@ in a heat exchanger, aldstreamand a hot stream comes

into contacto undergdheat exchangeuch that the hattream is cooled while

the ®ld stream is heated. Both thet and coldstreams in the heat exchanger
have smaller temperature differencser heat exchange, whereas the heat
source and the working fluid have greater temperature differences after the heat

pump process.

2.1.2 Comparison between Vapor Compression System (VCS) and
Absorption Refrigeration System (ARS)

There are two main pes of working systems for heat pumps, namely, the
mechanical vapor compression system (VCS) and the absorption refrigeration
system (ARS) Fig. 2.1 shows the simplified illustration and comparison

between the VCS and ARS.
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In the earlierdevelopmenstage of refrigeration system&RS wasthe most
widely implemented systems used primarily for@nditioning applicabns.
However, VCS gradually becamethe main choice for aiconditioning and
cooling systems due to théawer volume per unit coolingapacity andhigher
performance per unit cogNasr Isfahani and Moghaddam, 201@)ver the
decades, VCS technology is comparatively much more mature thar{&€RS
et al., 2001)The main differene between the two types of heat pump working
systems is, VCS requires electrical energy input into the compressor to perform
mechanical compression on the refrigerant vapor, whereas ARS is a thermally
driven system that requires heat input to opekéfider access to electricity in
the late 19 century is also one of the factor that prompted the adaptation and
preference of VCS over ARS for aonditioning (Nasr Isfahani and

Moghaddam, 2013)

Despite itsmore advanced performandkere is a drawback to the VCS. VCS

is energy intensive as it runs on electricttyus, the global energy demaiad

36



VCS is evefincreasingdue to the widespread use of-aimditioning(Chua et

al., 2018) According to the estimation by the International Energy Agency
(IEA), the global energy consumption by space cooling applications will
increasdy threefoldo approximately 6200 TWh 805Q in which 70% of the
increment is attributed to residential coolifigternational Energy Agency,
2018) Some of the existing agonditioning systems and models are also
relatively inefficient, which incurs high operation costs. To fulfil the space
cooling energy demands, the required electrical power capacity is estimated to
increase from 850 GW to 3350 GW globally, from years 2016 to gD&6Gt

al., 2020).

The main difference between the two systems is that the VCS reghigrer
grade energy input, such as mechanical energleatricity to run, whereas
ARS can be powered kdirect heating oalternative thermal energy sources,
such as the lowgrade waste heat from furnaces, used cooling water; low

pressure exhaust steam, and renewable solar gftagyand Kalamkar, 2022)

To resolve the problem of increasing energy consumption, more researchers
focus more onthe developmentand optimization of ARS-based aiw
conditioningsystems, aiming to achieve systperformanceon par with the

VCS. Furthermoreutilizing thermal energy with lower exergy for heating and
coolingrelated applications allows electricity to be allocated for other processes,
thus achievinga better energy and economic efficiency, as the costs of

electricity generation are often monepensive than heat generation.

Another advantage of the ARS over the VCS is the type of working fluids used.

The working fluids used in ARS are naturally available with environmentally
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friendly characteristics and do not cause ozone depletion, such asnamm
water and watelithium bromide working pair§Hong et al., 2016whereas the
refrigerants used in the VCS are usually synthetic with significant global
warming potential (GWP), which will accelerate the global warming effect

(Chugh et al., 2017)

Fig. 2.2 shows the schematic diagram of a simplified WESS consists of four

main components, namely the evaporator, compressor, condenser, and
throttling/expansion valve, whereby the refrigeraptle undegoes multiple
phase changes and temperature changes through the processgstioérmic
evaporation,adiabatic compression,heat rejection via condensation, and
adiabatieexpansior{fMohammad et al., 20138y comparison, ARS also has an
evaporator and condenséut it does not have a compressord a throttling

valve Therefrigerantvapor absorption and desorption processes take place in
the absorber and desorber, respecti¥ly et al., 2012) Absorption heat is
rejected fronthe absorber while external heat input is required to regenerate the

spent absorbent during desorption.
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The liquid refrigerant was evaporated in the evaporator after absorbing heat
from the surroundings or from a consistent heat source, thus space cooling is
achieved. Subsequently, the refrigerant vapor is compressezlgéortipressor,

hence the pressure of the refrigerant vapor stream increases significantly with
its temperature. In the condenser, the heat is rejected to the surroundings as the
condensation of the refrigerant vapor takes place, hence the refrigerant vapor
becomes back to a liquid state again. The final throttling process allows the
refrigerant to vaporize once again under sudden pressure reduction as the
refrigerant passes through the throttling valve, thus, the refrigeration cycle in

the VCS is complete drrepeated regularly.
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In the ARS, the refrigerant vapor is produced in the evaporator as heat is

absorbed from the surroundingshich is similar to the case in VCSlhe

refrigerant vapor is then absorbeg &n absorbent solutiorLatent heat of

mixing and dilution is released during the absorption process. The absorbent

refrigerant mixture is further heated by an external heat input or via heat

exchange to the temperature required for solution regenertithe desorber,

the refrigerant vapor in the absorbeetrigerant mixture is separated out by

heating, leaving the mixture to become more concentrated, thus regenerating

the absorbent solution for subsequent reuse. In the condenser, the heated

refrigerant vapor releases latent heat of condensation and becomes back to

liquid form, in which the condensed refrigerant liquid isused in the next

absorption cycle.

The compressaequireshigh electricity input to produce sufficient mechanical

work to compess the refrigerant vapor. Thistiee most energyintensivepart
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of the VCS and it incurs high electricity consumption. In contrast, the most
energyintensive process of the ARS is the desorption process, whereby external
heat input is required to -Heonentrate diluted absorbent solutions.
Comparatively, the operating cost of VCS is higher than ARS due to the high
electricity demand for mechanical work input in the compressor, whereas ARS
energy demand is lower and can be driven by thermal energy wigh é&xergy

and grade, thus lower cost is needed.

In addition, the presence of mechanical parts and prime movers also produce
noise during the VCS operation, while ARS does not produce muchasaise

only moving part is the pum@ain and Sachdeva, 201The tendency of wear

and tear during the operation is relatively much higher in the VCS due to the
presence of moving parts in the compressor. The refrigerant aooends to

leak in VCS due to the much higher imtal working pressure than the ARS.

Thus, more frequent maintenance is required for the VCS instead.

The flow oftherefrigerant vapor stream is dependent on the compressor duty,
whereas the absorption rate of the refrigerant vapor flow is dependent on the
temperature, flowrate, surface area available for absorption, and the
concentration of the absorbent solution. The main driving factor of the vapor
absorption mass transfer is thefrigerantvapor partial pressure difference
between the absorbent andrigerant stream@Nasr Isfahani and Moghaddam,
2013) Thus, the absorption performance largely dependent on the
temperature and concentration of the working fluids, whereas a compressor is

not required in tis system.
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2.1.3 Absorption Heat Pump Types, Cycles and Working Fluids

The working fluids of an ARS cycle consist of a refrigeralnsobent pair, and

the selection of working fluids is highly dependent on their respective
thermodynamic properties. As the absorbent and refrigerant fluids will come
into direct contact, the properties of the absorpefitigerant mixture should be

norttoxic, chemically stable, and narorrosive.

Some of the important criteria in working fluid selection include:

1 The refrigerant should exist in high concentration with a large latent heat
of vaporization within the absorbergfrigerant mixture (i.e. with a
higher maximum absorption capacity by the absorbent) to reduce the
need of recirculation cycles between the desorber and the absorber per
unit cooling capacity;

1 The boiling point difference between the pure refrigerant and the
absorbentefrigerant mixture sbuld be as large as possible under the
same pressure condition.

1 The thermophysical and transport properties of the refrigerant and
absorbent should be favourable for greater heat and mass transfer rates.

1 The refrigerant and absorbent should be abundamtiyable, lowcost

and nonrtoxic.

Based on the review by Sun et(@012) theworking fluids of ARSbased heat
pumps are generally categorized into five types based on the choice of
refrigerant, which include the ammonia, water, halogenated hydrocarbon,

alcohol, and other types of refrigerant
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2.2 Membrane Components and Cycle Condurations in
Membrane-based AHP (MAHP) System

The absorber and desorber are the main components of the AHP as the
absorption and desorption rates will determine the overall performance of the
AHP (IbarraBahena and Romero, 2014s conventional AHP systems are
bulkier in size, AHPs are less favourable to be used for sswdle and
residential usage.

By introducing membranbased absorbers and desorber units in the MAHP
system, the overall heat and mass transfer performances can be increased
significantly as compared to the tradital falling-film absorbers and desorbers
due to the significant increase of total interfacial area to facilitate vapor
absorption. Hence, embranebased absorption refrigeration heat pump is an
emerging technology that features excellent heat and naas$ar performance

with energysaving benefits. This system has the potential to be developed for
smaltscale heating, cooling, dehumidification, and HVAC applications.

Two types of membrane contactors, namely the heflove membrane (HFM)

and flatplate membrane modules are the most commonly used modules in
membranebased absorption heat pump (MAHP) systeNesr Isfahani et al.
(2013) conducted an experimental study that features a -plaiérame
absorber with a membrane moduldhe membrane has a highly porous and
nanofibrous structure, aiitds fabricatedisingthe G22 Hastelloy plate to form

the solution channel. The absorption rates reported by this nanofibrous
membranebased absorber were 2.5 times higher than the conventionalfalling

film absorbers. By using a solution film thickne$400 pm and a water vapor
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partial pressure difference of 1.3 kPa, the nanofibrous membrane absorber

achieved an absorption rate of 0.0057 kgsh

(a)
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Venegas et al(2016b) carried out a simulation study anplateandframe
membranebasedabsorber, which achieved the same absorption rate as the
falling-film absorber with a more compact sizénai and Wu2021)compared

the performance between the fallifign absorbers and the membrapased
absorber. The maximum absorption rate achieved by the microchannel
membranebased absorber is 0.0150rkg s, which is significantly higher than

the absorption rates observed in the faliiim horizontal tube absorber and
falling-film vertical tube absorber with values of around 0.0058 Kgstand

0.0045 kg 1t s, respectively
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2.2.1 Membrane Configurations and Characteristics

In membranébased processes, membranes provide a barrier that allows
selective permeation of certain components from the feed stream to form a
permeate andr&tentate. The rate of movement of molecules via the membranes
is dependent on the difference in temperature, pressure, concentration, or vapor
partial pressure. Liquitlquid transfer or gatiquid or gasgas transfer can be
significantly improved with he use of membranes. Membranes act as the
contactor between two components of an absorption process i.e. a gas/vapor,
and another liquid strearfihe rate of absorption depends on multiple factors,

as the mass transfer resistance of the membrane is vehydapendent on its

physical structure, configuration, and its inherent characteristics.

Membranes are generally classified into two main categories, hamely the dense
membranes and microporous membranes. Membranes have porous structures,
but the key differace between the dense and microporous membranes lies in
the difference in pore sizes. Dense membranes have much smaller pore sizes,
which are at the order of 0.1 nm, whereas microporous membranes have larger
pore sizes than denseembranes, ranging fron®.1 um (Qu et al., 2018jo

1um (Nasr Isfahani et al., 2013)

Fi g66SEM Micrographs of nanofibrous PTFE memb
(50m andNa¥m)l sfahani et al ., 2013)
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Due to their small pore sizes, dense membranes are usually used in applications
that require the separation of very small molecules from the feed stréah, w

often results in high selectivity in separation processes. However, using dense
membranes could incur higher pressure drops and higher mass transfer

resistance to the migration of molecules, thus limiting its use in the industry.

In comparison, micq@orous membranes can selectively allow the permeation
of molecules from the feed stream through the interconnected pores, while
restricting other componentom passinghrough. The pore sizes are altered
depending otheirintended selectivity and funot. The larger the relative pore
sizes of the microporous membranes, the greater the mass transfer flux, which
results in lower selectivity of the membrane contactés.seen from the
experimental study by Garekernanad et al.(2019b) using a smaller pore
diameterof 0.45 um requires a greater partial vapor pressure differémc
achieve a similar absorption rate with a larger pore diameter (lwhmejeby a
higher solutim mass flow rate is needed to maintain a lower sohsgide water
vapor pressurerhus, thetradeoff between selectivity and mass transfer flux

needs to be considered to obtain the optimal separation for the intended purpose.

The membrane separation pess consists of several main steps which include
molecular diffusion to the membrane surface, molecular dissolution into the
membrane, diffusion through the sglidnd molecular desorption at the
downstream interface. Each of these stepstributesto the overall mass

transfer efficiency, which will be further discussed in Chapter 3.
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Apart from the physical structures, the inherent characteristics of the
membranes are also dependent on the membrane materials. There are two main

types of membrane materialghich are organic and inorganic membranes.

Organic membranes are manufactured using polyrbased materials with
microporous structures, whereas inorganic membranes are made of inorganic
compounds, which include ceramic, silica, metals, and metal albuesto its
cheaper costs and higher flexibility, organic polymésased membranes have
wider applications in various industrial processes, especially membrane

distillation (MD).

Some of the more commonly used polymeric microporous membranes include
polyvinylidene fluoride (PVDF), polytetrafluoroethylene (PTFE), polyethylene
(PE) and polypropylene (PP). These materials have hydrophobic characteristics,
which arefavourablefor membrane separation processes that involve water as
permeate or retentate aat$o in the membraneased absorption refrigeration

systems that utilize water as the refrigerant.

Even though the organic membranes have notable advantages, these polymeric
materials have relatively lower mechanical strength than the inorganic
membranesThe polymeric membranes are prone to membrane deformation
under higher operating pressure and temperature, and membrane swelling after
prolonged use. Thus, polymeric membranes require more frequent maintenance

and replacement as compared to inorganic branes.

The PTFE material is widely used in platedframe membrane contactors as
it has high stability, high wetting resistance and allows sufficient selectivity for

water vapor flux permeation. In comparison, PVDF is mostly used in the
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assembly of holl-fibre membrane contactors as it can be manufactoinead

large scaleand is more readily available with good hydrophobicity. By
comparison, PE is le¢gvourableas it has limited thermal stability, whereas PP

is more commonly manufactured as the supp®riayer to be used in
combination with the PTFE membranes due to its higher mechanical strength

(Zhai et al., 2021)

In the membrandased absorptiorefrigeration system, membrane contactors

are the key components to be used in the absorption and desorption process.
liquid desiccanair dehumidificationthe membrane absorber unit functions as

the dehumidifier by allowing the water vapor in thdet moist air stream
(refrigerant) to be in contact with the desiccant (absorbent) solution on the
membran€iluid interface.The following sections will further elaborate on the
implementation of membrane contactors as absorbers, desorbers, solution heat
and mass exchangers, and integrated components in merblaset

absorption refrigeratioaystemgARS).
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2.2.2 Membrane ContactoiisAbsorbers

In the effort of developing a thermaltiriven, compact absorptidmeat pump
suited for residentiadcale usge, membrandased contactors are proposed to
replace some of thmajor components of the absorption systammely the
absorber and desorber componetdsprovide larger interfacial area that

facilitates higher heat and mass transfer rates .

The absorbecomponent in the absorption chiller system has a direct impact on
the overall required sizing of the absorption systirarraBahena and Romero,
2014) This is because the absorption process which uses thé.iB2@orking

pair requires a static vacuum working pressure condititim ligh water vapor

specific volume.

One of the advantages of using membrane contactors for use as absorber is that
the solution film thickness can be adjusted accordingly, unlike the fdilmg
absorbers whereby the solution film thickness needs twbeotled by the
solution flow rate, while the flow maldistribution is also a common is§he

velocity and thickness of the solution film can be independently changed/varied
when a membrane channel is used to constrain the absorbent solutiprufiim

et al., 2012; Zhai and Wu, 2021)

Ali and Schwerdt(2009) experimentally studied the characteristics and
properties of a membrasimsed absorber of an absorption chiller that utilizes
the H2OLiBr working pair. The authors also developed a mathematical model
to analysethe characteristics and properties of the water vapor mass transfer
during thin film absorption. The results from the study suggested that the

membranes should have a thickness of up to6@s theradeoff between low
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mass transfer resistancedagood mechanical stability. The additional porous
support layer shall increase the mechanical stability without affecting the water
vapor transfer. The liquid entry pressure (LEP) should be high enough to
prevent the solution from wetting the membraneeppas this will affect the
mechanical strength of the membrane. A pore size of approximately .45

also recommended to avoid pore blocking due to capillary condensation. By
utilizing the H2O0LiBr membrane absorber for absorption cooling with a
targeted cooling capacity of 5 kW, AR010)developed an analytical model to
figure out the design of a compact absorber with a higher ratio of mass transfer
area to abwber total volumeThe generator unit is thermally driven by a hot
water stream at 85°C, while the membrane absorber and condenser units are
cooled by a cooling water stream at 25°C. The evaporator temperature is
operated at 4°C. A mathematical model wasd to determine the internal heat
and mass transfer characteristics and the thermodynamics of the absorption
processBased on the results, it was shown that the existenaengmbrane
contactor at the solutiemapor interface provides a significant adtage in

terms ofa higher ratio of specific mass transfer area to the absorber volume.
Besides, the counteurrent flow configuration for the absorbent solution and
refrigerant streams and lower channel thickness are ways to further reduce the

sizing ofthe membrane absorber unit.

To characterize the water vapor absorption into a constrained thin film of the
LiBr solution, Yu et al. (2012) presented a twdimensional numerical
simulation on a membrane absorber with a pdetéframe configurationThe
vapor flux across the membrane was estimated based on the@asstyodel,

in which the effects of molecular diffusion and Knudsen diffusion are
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considered. The simulation was performed via the hybrid LaBat&mann
Method (LBM) for flow field, whereas finite difference method (FDM) is used

in scalar transport equatis The resulting absorption rates are obtained by
coupling and solving the two subodels. The parametric study reflected that
the solution film thicknesswhich is related to the solution channel thickness,
and solution velocity are two of the most sfgrant factors that affect the
absorption rate of the water vapor. When the film thickness was reduced from
150 um to 50 um, the absorption rate increased by 3 times as compared to the
base caseachieving an absorption rate of around 0.0097kg! in overall.
Moreover, higher solution velocity prompts more concentrated absorbent
solution from the bulk fluid region to replace the diluted solution at the
membrane boundary layers, thus increasing the absorption rate by 50% as the
solution velocity was incesed by fourfold. The authors also found that the
local convective effects induced by the microstructures on the inner surfaces of

the solution channels can also enhance the absorption rate.

NasrIsfahani et al(2013)conducted an experimental study to determine the
memlrane permeability of nanofiborous membranes in the memirased
absorber and desorber components of a memiirased ARSThe solution
microchannels are manufactured in &2Z Hastelloy plate, which is anti
corrosive, and the solution microchannels havhiekness of 160 10 um,

width of 1 mm and length of 38 mm. The results suggested that the absorption
rate increases significantly when a solution film thickness of 100 um and a
membrane with high permeability is used. The absorption rate also increased
linearly with the solution flow rate and water vapor partial pressure, regardless

of the change in pressure. For theernal coolingof the membrane absorber,
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the absorption rate decreases as the cooling water temperature increases, thus
proving that theinternatcooling of the solution stream can improve the

absorption rate of the solution.
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To further characterize the heat and mass transfer details of the absorption

processNasrIsfahani and Moghaddag2013)carried out aotherparametric

study to figure out the impact of vaus parameters on the absorption ratee

highest absorption rate achieved was around k@62 s* when the solution

flow velocity is 5 mms? with a solution channel thickness of 100 um. The

results revealed that the solution film thickness andtiswol velocity are key

factors for absorption rate improvement, in which two solution film thicknesses

of 100 um and 160 pum are compared over a wide range of flow velocities. The

absorption rate is also significantly higher than those reported in filing

absorbers, which is 2.5 times higher. The membrane mass transfer resistance is
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not dominant for the range of absorption rates measured in the experimental
study, but the resistance could become more substantial if the absorption rate is

increased beyah0.00 kg m? s at lower pressure potentials.

Nasrlsfahani et al(2015)proposed the use of microstructures to enhance the
absorption rate by the thiiim LiBr in the membrane absorhérhe absorbent
solution channel normallyonsists of a serpermeable hydrophobic membrane,

a solid wall for heat exchangandtwo adiabatic side walls. The microstructures,
such as the ridges, were added onto the inner surface of the solid wall in direct
contact with the bulk solution flow. erimental studies were conducted to
guantify the performance enhancement in the membrane absorber. With the
same solution channel thickness of 100 um, the absorption rate achieved by the
membrane absorber with microstructures is as high as that of thechss
without microstructures, while the pressure drop is reduced by two orders of
magnitude with the presence of microstructures. Therefore, including
microstructures on the inner channel wall could alleviate the issue of high

pressure drop when thinnsslution channels are used in practical applications.

A research study byigham et al.(2014a)emphasizes more on the mass
diffusion mechanism of the absorption procds$se detailed mechanism of the
mass transferuing the absorption is studied via the Lattice Boltzmann Method
(LBM). By implementing microstructures on the walls, the laminar solution
flow encounters a transition from diffusive to advective mode, due to the
stretching and folding of laminar streands caused by the presence of

microstructures.
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The microstructuresnduce vortices within the solution film, thus the more
diluted absorbent solution on the solutimembrane interface is replenished
continuously with a more concentrated solution from the bulk flow. As a result,
the water vapor partial pressure of the solustreams reduced, which helps

to maintain thewater vapor partial pressure difference, thusreasing the

absorption rate.
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In another study by the same authohg &verage absorption rate without the
microstructures is around 0.00k§ n2 s*, which is lower due to the presence

of a concentration boundary layBigham et al., 2014b)For he case with
microstructures, the absorption rate increased by a factor of 2.5 tok@.00%

s. Absorption heat removal from the solution via internal cooling sligbtly
improved the absorption rate to 0.004Pn? s* by lowering the water vapor
partial pressure of the solution. However, the presence of internal cooling
reduces the strength of the vortices produced at the selmgombrane interface

(Bigham et al., 2014b)
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Asfand et al(2015)conducteda simulation study via the CFD analysis on a
membranebased absorber to determine its heat and mass transfer behavior
within the membrane channels during absorptime results also suggested
that the solution film thickness is a deciding factor thatehgseat impact on

the absorption rate, in which the absorption rate increased by a factor of 3 as the
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thickness decreased from 2 mm to 0.5 mm. In addition, as the absorbent solution
flow velocity increased from 0.00118 st to 0.00472 ms?, the resultig
absorption rate alsocreasedy afactor of 2.5. Based on the parametric study,
the authors recommended a solution channel thickness of 0.5 mm and a solution
inlet velocity of 0.0472m s'for the membrane absorber for optimal absorption
performance féer considering théradeoff of pressure drop incurred during

high flow ratesin which an absorption rate of 0.001 kg s* was achieved

The absorber length of 100200 mm is also recommended for the absorber
because the absorption rate declines bdybe range of channel length after

absorption

In a subsequent work by the same authors, the impact of solution channel
thickness on the absorption rate is further investigédstand et al., 2016a)

From the parametric results, it was found that the effect of membrane
characteristics on the absorption rates is different when the solution channel
thickness is reduced. The membrane characteristies &aslight influence
when the solution channel thickness is in the range of 0.5 mm. The absorption
rate increased by 75% when the solution channel thickvees& 1mm, whereas

0.5 mm thickness resulted in an increment of 40%. Even though the absorption
rate achieved at a solution channel thickness of 0.1mm is high, the subsequent
pressure drop also increases exponentially, whichunfavorable during
practical applications. It was also observed that the percentage variation of
absorption rate is the sanmreall cases of different solution channel thicknesses

under similar conditions.

Venegas et al(2016b) developed a mathematical model to predict the

performance of a membrane absorber in compact absorption cddlengodel
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consists of selected correlations and data sourced frempien literature, and

the model was validated with the experimental results reported in the research
work by NasrlIsfahani and Moghadda (2013)with a mean absolute error of
8.5%. The membrane absorber used in this work has a length of 5 cm and its
maximum ratio of chiller cooling capacity to absorber volurgé)(is 1090 kW

m3, which is two times higher than that of the falling film absorbers with
circular tubes. The results also indicated that the first 2 cm of the absorber
channel length from the solution entrance has the highest mass transfer rates
during the absorption pcess, as the internal cooling of the solution and the
water vapor absorption are the most efficient. In addition, the values of the mass
transfer coefficients and average absorption rates are reported to be around 5.2
x 10% kg m? st Pal and 0.003%g m? s®. Based on the results, the authors
suggestedhatfurther size increment does not necessarily enhance the cooling
powerto the same extent. Similar to the findings in previously reposedks

of literature (Asfand et al., 2016a; Nasr Isfahani et al., 201b¢ authors
concluded that the solution channel height has a great influence on the absorber
performance, as a thiansolution channel results in a higher absorption rate.
Asfand et al(2015)also suggested that the solution channel length of 200

mm is sufficiently long for a platandframe membrane absorber as theHfer

increment of channel length witicrease theressure drop in the solution flow

To further investigate the impacts of various design and operational parameters
on the ratio of chiller cooling capacity to absorber volum¥)(ra detailed
parametricstudy is carried ouby Venegas et al2016a)to determine he
sensitivity of this ratio under different conditiorfsrom ther results, it was

concluded that the membrane porosity, pore diameter, and solution channel

57



thickness are some of the main design parameters that have a significant impact
on the ratio. Dung practical operationsnoughwater vapor pressure, solution

inlet temperatureand concentration are some of the key factors that influence
the absorber performance, as these parameters should be as high as possible for

better absorber performance.

As the rise in absorbent solution temperature during absorption can deteriorate
the absorption capacity, this concern is usually addressed by adapting internal
cooling for the absorbent solution. De Vega et(2020) conducted ame
experiments to compare tiperformances ofmembrane absorbers operating
under two different modeis with internal cooling (near to isothermal for the
absorbent solution) and without internal cooling (adiabd®g)omparison, the
adiabatic mode achied an absorption rate in the range of 0.83? s,
whereas the internal cooling mode attained a higher absorption rate, which was
approximately 0.00kg m? s!. The experimental study also validated the
simulation results predicted in the previousdst by Venegas et a2017) As

the solution mass flow rate is increased from 0.3hkgo 0.65 kgh?, the
absorption rate increased from 0.0@#nT2 s'to 0.007kg m2 stin the case

with internal cooling. In contrast, only a slight improvement in the absorption
rate was achieved under the adiabatic mode, which was fromkiy062s™to
0.0032kg m? st. The cooling capacities achieved in the cases of internal
cooling male and adiabatic mode were 600 kww® and 400 kwWwm?,
respectively. The authors suggested that the adiabatic modwepreferable

if the compactness of the absorption chiller system is the main concern, as it
does not require additional cooling provideg a cooling water system. The

pressure drop incurred during the operations is in the rangeio2 kBa, which
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is near the usual range of values encountered in a conventie@alLiBr

absorption cooling system.

GarciaHernando et al.(2019a) conducted an experimental study on an
adiabatic membrane mic@bsorber used in compeagized absorption chillers

The membrane module has 50 rectangular microchann#isdumensions of

0.15 mm height, 3 mm widtland 58 mm length. PTFE (polytetrafluoroethylene)

is used to fabricate the membrane module with a pore diameter of 0.45 um, and

the membrane supporting layer is made of polypropylene (PP).

A hypothetical compacibsorption chiller implemented with this miero
absorber with an effective volume of 73.7%ran achieve a cooling power of
around 41 W under the tested conditions. The maximum ratio of chiller cooling
capacity to absorber volume¥) achieved was 559 kWn3. The results
indicated that the solution mass transfer resistance contributes 8S5@#oto

the overall mass transfer resistance during absorption, whereas the membrane
resistance does not affect as much by comparison. Thus, the absorption rate
enhaement shall be focused on methods to increase the mass transfer

coefficient of the absorbent solution.

In addition, the absorption rate and the solution mass flow rateahpositive
linear relationshipvith each otherwhich matches the findings repeditin the
abovementioned studies. However, the absorption rates achieved by this
adiabatic micreabsorber are lower than those of the interratigled
membrane absorbers, which suggests that the internal coolingaifsorbent

solution has a positive ipact on improving the absorption performance.

59



Neverthelessthe adiabatic configuration can be considered when the absorber
size compactness i@ major concern. Although the absorption rate of the
solution will gradually deteriorate along the solutionrutnel due to temperature

rise, opting out the internal cooling is still preferable if the absorption rate is
high enough for use. This is because the spent absorbent solution has a higher
temperature, and less heat will be required tehga the spent absbentbefore

the solution regeneration process in the desfiyeeerator unit.

In a follow-up experimental study, Garefffernando et a(2019b)investigated

the effects of different membrane characteristics on the absorption rates in an
adiabatic HO-LiBr membrane absorber, with membrane thicknesses varying
from 257 175 um and pore diameters of 0.45 um and 1 Tihe solution film
thickness was set to be 150 um. Based on the experimental results, the
absorption rates have a linear relationship with the solution mass flow rate, with
a range of 0.0015 to 0.008§ m? s*. By using a smaller pore diameter of 0.45
um, the corresponding salon mass flow rate needs to be doubled to attain
absorption rates comparable with those in the case of agioge diameter of

1 um. The values of the overall heat and mass transfer resistances obtained from
the experiments have an average differendessf than 30% as compared with

the predicted values from numerical models.

Thicker membranes (76127 pm) alsancreasehe mass transfer resistance,
and the required pressure potential is twice as high as that of the case with
thinner membranes (2551 um). These experimental results match well with
the reported simulation data, and the results suggested that the water vapor

transfer in the absorbent solution region dominates the mass transfer process, as
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the solution film resistance experienced an egmbial decrease as the solution

flow ratewasreduced.

Sui et al.(2021a)proposed a numerical model to figure out the heat and mass
transfer characteristics on a local level within the nukcemnels of minternally
cooled membrane absorber with a platedframe configuration used for
absorption coolingBased on the simulation results, the average absorption rate
increased from 0.003¢y m? s'to 0.0047kg m? s1, with an increment of 46

when the solution channel thickness decréasem 1 mm to 0.15 mm.
Furthermore, the mean absorption rate increased by 56%, with values from
0.0039%g m? s*to 0.0061kg m? s'as the solution inlet velocity increasteh

timesfrom 0.002 ms!to 0. ms™.

Despite significant improvements in absorption rates, the corresponding
pressure drop also increased exponentially with the increasing channel
thickness and solution flow velocity. The pressure drop incurred was 0.004 kPa
to 10.77 kPa. By consideag the performance trad#f caused by the pressure
drop, the authors recommended that the optimal solution channel thickness is
0.5 mm with a solution flow velocity of 0.004 m/s, as high solution flow velocity
also incursa high pressure drop. The recoranded solution channel thickness
and flow velocity values are similar to those suggested by Asfand(20ab)
whereby the solution channel thickness and flow velocity are 0.5 mm and 0.005

m s, respectively.

Besides, by adding baffles to the nfmame solution channels, the mean
absorption rate increased to 0.00&B m? s, which is an improvement of

around 20% as compared to the base case without baffles. In terms of cooling
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performance, the volumetric cooling capacity of this membrane absaitber

baffles is 3.3 times higher than that of the fallfiign absorbers.

In the subsequent work, Sui et@021b)further developed a thretmensional

CFD model toanalysethe effects of various parameters on the membrane
absorber performanc&he authors also investigatéde impacts of adding
different grooves microstructures on the bottom walls of the solution channel as
an attempt to improve the absorption rate with minimal compensation on the
pressure drop. The results indicated that the absorbent solution chanihel widt
has a negligible impact on the absorption performance, but the pressure drop
becomes 16.6% higher as the channel width is decreased from 1.8 mm to 1.0
mm. By adding the grooves, the concentration boundary layer at the membrane
solution interface is dispted due to the swirling flow and vortices induced by
the structures. By comparison, tkecling groove has the best enhancing
performance as the absorption rate is increased by 0.57% with a reduction in
pressure drop by 13.17%. The authors concludedhibagroove structures have

a better enhancement effect than solution channel thickness reduction due to a

lower pressure drop.

Besides operational parameters and geometrical parameters of the membrane
absorber, the authors alanalysedhe effects of mebrane characteristics on

the absorption performance, in which the results reflected that the membrane
porosity has the most significant effect on the absorptior{$aieet al., 2022hb)

Based on the study, the aptal membrane should have a porosity of 0.8, pore
diameter of 1 umand a thickness of 60 um, accordingly. In addition, the effects

of inclined grooves structures are furtlaralysedn this work, whereby the

herringbone groove (HG) and inclined groove )(I&ructures increased the
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absorption rate by 1.62 and 1.56 times, with solution pressure drops of 19.01%
and 20.77%, correspondingly. The improvement is attributed to the formation
of countefrotating vortices and longitudinal swirling flow with the pnese of

HG and IG structures, respectively.

The main difference between a fallifin absorber, and a membrabased
absorber, is the ability to control the solution film thickness. In a fafling
absorber, the solution film thickness is greatly depahdn the solution flow
velocity and distribution on the falling film surface, in which a slight variation

in the flow velocity will affect the resulting solution film thicknésshis will

cause the film thickness to be inconsistent. In contrast, th&émsofluid flow

and its film thickness are constrained by the membranes, in which the
membranes are assembled in a way such that the variations in solution film
thickness are minimized, achieving a more consistent thickness as the
absorption process ocauiThus, the absorption rate does not fluctuate as much,
and the interfacial area for the refrigerant vapor and absorbent solution is also

larger, thus effectively increasing the absorption rate.

63



2.2.3 Membrane ContactoiisDesorbers

In an absorption afrigeration system (ARS), the refrigerant needs to be
separated out from the binary mixture of absorvefrigerant solution after the
absorption process. This is known as the desorptitime solution regeneration
process, in which an external heatuhpeats up the binary mixture to vaporize

the refrigerant vapor, and this vapor is separated out from the absorbent solution.
After the separation, the refrigerant vapour is condensed in the condenser, while
the absorbent solution concentration incredssesk to the required level for
reuse in the subsequent absorption cyidhe desorbeunit is also knowras the

regeneratofYan et al., 20209r generatofHong et al., 2016 other studies.

Similar to the membrane absorbers, most of the memifrased desorbers are
assembled into eitheheé plateandframe membrane module®f the hollow

fibre membrane modules.

The rdrigerant needs to be separated out from the binary mixture of absorbent
refrigerant solution after the absorption procesARS. This is known as the
desorption process, imhich an external heat input heats up the binary mixture

to vaporize the refrigerant vapor, and this vapor is separated from the absorbent
solution. After the separation, the refrigerant vapour is condensed in the
condenser, while the absorbent soluti@maentration increases back to the
required level for reuse in the subsequent absorption cycle. Thus, this desorption
process is known as the solution regeneration process, while the desorber is also
regarded as the regeneratbiong et al., 2016in the literature. Similar to the
membrane absorbers, mo$the membranéased desorbers are assembled into
either the platandframe membrane moduldtbarraBahena et al., 2020b;

Zhai andWu, 2021) or the hollowfibremembrane moduldsiong et al., 2016)
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To further size dwn the membrane absorption refrigeration system, lbarra
Bahena et al(2017)developed an integrated membrane contactor unit, which
combines the desorber and condenser units into a single membrane module in

the plateandframe configurabn. The integrated membrane desorber
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condenser is inspired by the Air Gap Membrane Distillation (AGMD). In
addition to the experimental study, a afimensional heat and mass transfer
modelis built toanalysehe water vapor desorption process from th@-HiBr

binary mixture under atmospheric pressure.
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The resulting desorption rates from the experiments are ranging betw8en 0.3
to 9.69 kgm?h!, which is equivalent to 8.33p 1 to 2.69 p 1 kg m?3s?,

while the values obtained from the model match the experimental data with a
discrepancy of within 10%. Based on the parametric study, the desorption rate
shows a notinea dependency with the inlet absorbent temperature. Besides,
the authors also concluded that the boundary layer contributes to the highest
mass transfer resistance during the desorption process, whereby the mass

transfer resistance is higher when the aleuatrisolution is more concentrated.

66



Futhermore, Wth a higher solution temperature, the resulting mass transfer

resistance is lower.

In anotherstudy by IbarreBahena et al2018) the authorstilized the thermal

solar energy as the primary heat source for the desorption process of a
membranebased absorption cooling systetdedicated solar thermal system

is included in the membrasimsed desorberondenser experimental setup,
which has a grear scale of operation as compared to their previous study
(IbarraBahena et al., 2017y he integrated membrane desorbendenser unit

has an akgap with a width of 3 mm with a membrane area of 2 Tine

experimental performance amalysedased on d-hours long operation.

Desorber temperature and solar thermal collector area are two main factors that
affect the evaporator temperature and the COP of the system. The resulting
refrigerant amount produced after the desorption process was 7.20, 11.59 and
14.50 kg/m with desorber temperatures in increasing order from 75.1°C,

85.2°C and 95.1°C, accordingly. Besides, the COPs achieved under these three

different desorber temperatures are 0.15, 0.21 and 0.26, respectively.

As an extension to the currentdyu IbarraBahena et a[2020b) simulated the

sizing of the solar thermal collector systef a membranbased absorption
cooling systembased on the experimental data obtaimeeviously from
(IbarraBahena et al., 2018This study determinethe heat load required by

the system while utilizing loventhalpy energy sources (waste heat, solar or
geothermal heat) to achieve desorption process under the boiling mode. From
the simulation, the membrane desorbendenser unit can produce an average

of 16.8 kg/day of refrigerant fluid when solar collectetth a total area of 37.4
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m? and a solar fraction of 0.797 are used. The simulav@s carried out based

on the weather condition &miliano Zapata, Mexico, whiatepresents a region

with atemperate highland tropical and dry winter (Cwahylan annual zerage
temperature of 15.55°Q.he authors also concluded that the desorption rates
increase with a higher solution temperature and a lower cooling water
temperature. By using a solution temperature of 95.2°C and a cooling water of
14.6°C, the resulting derption rate was 5.69 kg2 hl. Contrarily, the
desorption rate achieved by using a much lower solution temperature of 75.6°C
and a higher cooling water temperature of 25681.53kg m?h. Hence, a
higher solution temperature and a lower coolirager temperature will be more

favourable for the desorption.

The previous works are mainly using thgd-LiBr as the refrigerarbsorbent
working pair. To further enhance the desorption rate, Venegas @0aD)
proposed the addition of nanoparticles to th®4HiBr solution to improve the
desorption rate of the sotdriven plateandframe membranéased desorber.

The types of nanofluids tested are®@d, CuO and carbon nanotubes (CNBY.
adding nanoparticles to the existing absoriyefrigerant solution mixture, the
critical heat flux of the mixture will be higher than that of biase fluid without
nanoparticles, while the heat transfer coefficient decreaBhs. results
indicated that the carbon nanotubes (CNT) achieved the largest increment in
desorption rate of around 7.9% as compared to the base case without
nanoparticles, folwed by aluminum oxide (ADs) and copper oxide (CuO)
nanoparticleswith a constant 5% volume fraction of nanoparticléfe
maximum cooling power obtained is 645 W by using th®-HiBr-CNT

nanofluid with minimum mass flow rate, which also results intal twooling
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effect of 2.3 kWh. However, the desorption rate enhancement by the
nanoparticles is limited as the number of desorber units exceed the maximum
number as adding more desorber units will not further increase the cooling

effect but incurring a lgher total cost to the absorption chiller system instead.

In a more recent research work by Zhai and {#022) a plateandframe
membranebased desorber that usesO-LiBr working pair is experimentally
investigated. In the experimental setup, the microchannel membrane desorber
has a length o250 mm, width of 1 mm, 100 channels and solution channel
heights of 0.15 mm and 1 mm. Two of the main operating parameters, the
solution inlet temperature (6585°C) and solution mass concentration i{5D

wt%) are varied to determine their effectstba desorption rates. Based on the
observation, the desorber with smaller channel height (0.15 mm) has higher
desorption rate and overall heat transfer coefficient, but a higher pressure drop.
However, as the inlet temperature of the absorbent soluticheea®5°C, the
vapor desorption rate inside the thickemin channel (0.00645 kg2s?) has a
slightly higher value than that of the thinner Grb&n channel, which was
0.00615kg m?s*. Operating conditions with higher inlet solution temperature,
highersolution flow rate and higher inlet refrigerant water content (i.e. a more
diluted absorbent solution) are conducive for higher desorption rates. However,
higher solution flow rates will cause a higher pressure drop, hence this issue

should be considered thoosing an optimal solution flow rate for the operation.

The heat and mass transfer performance indicators and solution pressure drop
are evaluated by comparing the experimental data and empirical correlations
respectively. The errors between the datrens and experimental data were

significantly large, which are 40%, 20% and 25% for the Nusselt number,
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Sherwood number and friction factor, respectivélye authors found that the
previous models in the literature contain errors as these modeals\aieped

based on the empirical correlations used in other memitnased processes.

As such, the authors proposed new correlations for these indicators based on the
experimental data, and the new correlations have increased the prediction
accuracies by88.83%, 62.76% and 78.18%, respectively for each of these
indicators. The empirical correlations of the study were derived by using the

Least Squares Linear Fitting Method to determine the physical relations.

Most of the previous literature works on memtebased desorbers have a
rectangular platandframe configuration. In contrast, Hong et §2016)
proposed the use of a holldilore membrane (HFM) module that functions as

a desorber for absption cooling in automobile applicatian¥§he HFM
desorber, also known as the HFM generator (HEMis thermally driven by

the waste heat generated from an automobile engine. The FHdlewv
membrane structure has a smaller buid size than the platendframe
configuration, which is more compact and robust to encounter fluctuations and
vibrations caused by vehicle movements. Based on the simulation results, the
systemCOP increased from 0.34 to 0.54 as the generating temperature increased
from 80°C b 120°C. The system can further achieve a cooling capacity of
around 2.88 kW and a COP of 0.63 if a solution recirculation process is included
in the system. Nevertheless, the COP is still lower than that of a féllimg
desorber, as the absorbeetrigerant solution experiences high temperature

and pressure drops within the HFM channels.

The authors conducted another experimental study on the -GFi

characterize the nominal membrane pore size and the mass transfer mechanism
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across the membraifeong et al., 2018)lransient experiments are carried out

to deermine the feasibility and practicality of the HF®for actual operation.

The results revealed that higher feed temperatures caused an exponential rise in
the mass flux and adiabatic temperature drop, while a decrease in condenser
pressure and increasenmass flux of the feed solution also improved the mass
transfer performancdn their next studythe HFM-G are operated under two
different operating modes the directcontact and vacuum operating modes
(Hong et al., 2019)By comparison, the vacuum operating mode is more
favourable than the direetontact mode. This is due to the temperature
difference between the absorbeefrigeration mixture and the separated
refrigerant water vapor stream, in which a larger temperature difference
between these two streams will result in a greater mass fluseaadery. The
directcontact operating mode experiences more conduction heat loss between
the two streams, which leads to lower mass flux. In contrast, the water vapor
stream is recovered in the shell side under vacuum operating mode, and the
conduction lkat loss is minimized, hence the temperature difference is

consistent along the length of the HFM channels.

2.2.4 Membrane ContactoiisSolution Heat and Mass Exchangers

Apart from the main absorber and condenser components, the ARS also
includes auxiliay components such as solution heat mass exchanger (HME) to
reduce the heat loads required by the desorption process ahdapireg of
solution in the absorber. Some research works also developed metbasade
contactors used for HME tmprove the enenrgutilization efficiency within the

MAHP system.
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Besides membrane desorbarhollow fiore membrane (HFM) modulevas
addedas the solution heat/mass exchanger (SHE) for a vapor absorption
refrigeration systeniHong et al., 2016)This HFM-SHE module has two inlet
solution streams one is the hot, strondpaorbent solution regenerated from the
desorber; another is the warm, weak absorbent solution that flows out of the

absorber unit after the absorption process.

When the two streams enter the memb+tamaned channels of the HFHEHE

module simultaneously, ma exchange occurs due to the water vapor partial
pressure difference. The warm weak solution absorbs water vapor from the hot,
strong solution across the membranes. Heat exchange also occurs concurrently
when the heat is absorbed under a significant tesiyre difference between

the two streams. HFMBHE acts as the intermediate unit that allows the pre
heat of the warm, weak absorbent solution that is about to be regenerated in the
desorber, whereas the hot regenerated solution is cooled before beaingdetu

to the absorber unit for tese. With this configuration, the total heat duties
required by the desorber and absorber will become lower, thus improving the

heat utilization efficiency of the overall absorption system.

In a subsequent work by the saaughors, the performance of the HFBHE is

further investigated under the vacuum operating mode and direct contact mode
(Hong et al., 2019)The vacuum operating mode for the two streanmihofim
bromidesolution (weak warm and hot strong solution) inside the hollowe fib
membranes can enhanceetimass transfer of the water vapor, which is
reportedly better than the direct contact mode. This is because the vacuum
condition can reduce the conductive heat loss between the two solution streams

and maintain a relatively larger temperature differefiterefore, the driving
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force for the mass transfer process of the water vapor is higher with the presence

of the vacuum condition.

Another simulation study by Wang et 011) is focused on the hollow fiber
membrane (HFM) heat exchanger in an absorption chiller sysiéma
membrane heaindmass exchangerses LiBr as the absorbent solution. In the
HFM heat echanger, the hot feed absorbent solution from the generator flows
inside the lumen of the hollow fiber membranes, whereas the warm weak
solution flows in the shell sideThe results show that the countlw
arrangement has better performance due to ghehi mean temperature
difference. Besides, the water vapor mass transfer from the lumen side (hot
strong solution) to the shell side (warm weak solution) is more consistent. The
latent heat released during the water vapor mass transfer accounts for around

onethird of the total heat transfer.
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2.2.5 Integrated Membrane Contactdr&vaporatorAbsorber/ Desorber
Condense€Components

Before membrane contactors are used in absorption heat pump systems,
membrane technology is more commonly utilized in memémdistillation and
separation processes, such as water desalination and gas sedratian
Bahena et al.,, 2020a)The use of membrane contactors for absorber and
desorber units can greatly improve the absorption and desorption rates while
reducing the buitup volume and size of the devices. The reasothas
membranes provide a much greater interfacial area for heppdr contact
between the refrigerant vapor and absorbent solution streams. Thus, this
characteristic allows further miniaturization of these devices for use in
absorption refrigeratiohasel heat pump systems.

With the potential advantages that membranes can offatesigning the
existing main components of the absorption heat pump (AHP) systems using
the integrated membrane modules provide an alternative to making the overall
system moreompact without compromising on their performance. The system
can be effectively relesigned with compact configurations and allow higher
flexibility in sizing, depending on the heating/cooling capacity.

One of the common integrations in these membiawed absorption cycles is

to integrate the evaporator and absorber units into one single membrane module,
and vice versa for the desorber and condenser. The integrated
evaporator/absorber membrane module usually consists of menfbraresi
channels where d#rent fluid streams flow separately without direct contact,

and also air gaps in between certain channels to reduce sensible heat loss.
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To achieve further miniaturization, some research works feature the use of
integrated membrane modules that combiredithe main units. For example,

the integrated evaporatabsorber membrane contactor, and the corresponding
integrated desorberondenser membrane contactor. This integration could
reduce the overall assembly size of the system by a greater extehg as t
individual component of the evaporator and condenser are no longer needed.
With miniaturized components, MAHP can even be used in electronic cooling
or automobile cooling.

In a study byKim et al.,(2008) an integrated desorbepbndenser membrane
component is used for electronics cooling with a heat leadval capacity of

100 W, with the conceptual diagram as shown in.Ad3. The size of the
overall absorption heat pump system is reduced to an envelope with dimensions
of 150 mm x 150 mm x 100 mm, which consists of a mpump and
connecting tubes whiin the envelope. The hydrophobic membrane provides a
heatandmass exchange interface for the refrigerant vapor and the absorbent
solution during the desorption process, without direct contact between two
streams. Based on the numerical evaluation, igiigest COP could reach 0.87
when a microchannel solution heat exchanger is included to improve thermal
efficiency, and its size can be further reduced for improved performance. The
results also show that the electronic chips can be cooled to 30°C wéimsath

load removal of 100 W.
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Inoue et al.(2018) performed a study on an integrated abseewaporator
component that functions asn absorption chiller in taomobiles The
refrigerant liquid water flows into the membrafeemed channeland this
channel containing the refrigerant acts as the evapofdterrefrigerant water
vapor will be formed on the membrane interface. As the hydrophobic membrane
allows séective permeation of water vapor through its pores, the refrigerant
water will not be able to penetrate through the pores, while refrigerant vapor
will be able to pass through the membrane pores and get absorbed by the right
side channel consisting of théBr absorbent solution. The absorption rate is
influenced by the partial water vapor pressure difference between the LiBr
absorbent and refrigerant water streams. The water vapor absorption process
also releases latent heat of vaporization and dilutitmthe absorbent solution
stream.

Besides, there are also a few studies featuringinbtegrated membrane

absorbetevaporator in a membrane absorption heat pump (MAHP) system used
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for water heating purpose$iuang, 2015; Huang et al., 2018)he main
difference between the integrated membrane evapeabtmrber by Inouet al.
(2018) and these studies is the use of angap instead of a vacuum gap
between the membrane channels. The working pair of the ailosonpat pump
system is wateLiCl, where LiCl is used as the absorbent solutias LiCl
agueous solution exerts lower water vapor partial pressareLiBr, and has
high stability with great moisture absorption concentration of 30% to 45%
(Ertas et al., 1992Parametric analyses have been carried out in both studies
with conjugate heat and mass transfer performance characterizasolutian

inlet mass fraction of 55% with an inlet temperature dfC25and an aigap
aspect ratio of 50 (channel width-height ratio) are the optimal operational and

geometrical parameters as reported in Huang €2@15)
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2.2.6 ClosedCycle and SemDpen Cycle Configurations

Membranebased absorption heat pumps (MAHP) systems are commonly
assembled in two main configurations: closed cycle and open dyweanain
difference between the two is whethlee tsolution and refrigerant are in direct

contact with the ambient conditio®u and Wang, 2017)

In a closeecycle configuration, the refrigerant and absorbent solution streams
are contained within the system without direct contath the ambient
conditions. Each of the essential components operates under isolated working
pressure. Contrarily, certain components in the apefe or the seropen

cycle configurations run at ambient pressure, as part of the cycle are exposed to
the surroundings. For example, in an opwmle AHP with an HO-LiBr
working pair, the inlet refrigerant vapor is sourced from the ambient moist air,
while the refrigerant vapor separated out from the desorber is discharged into
the surroundings without recery by the condenser and the evaporator.

However, this will cause a waste of resources in the-tangn an operftycle.

To improve the energy utilization efficiency, the ogsmle configuration is
modified, in which the refrigerant vapor from the desorlmdergoes
condensation in the condenser, allowing latent heat of condensation to be
recovered for other heating purposes, such as water heating. Hence, this

modified opercycle is also known as the seopencycle configuration.

Fig. 2.14 shows the compeon of the schematic process flow diagram of a
closedcycle (left) versus a seropen cycle (right) configuration of an

absorption heat pumi&luesenkamp et al., 2017)
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As mentioned in the previous sections, a typical AfyBtem consists of four

core components, namely the evaporator, absorber, desorber, and condenser,
whereas the auxiliary components include the solution heat and mass exchanger
(HME), solution pump, storage tanks and expansion valves. This system is
geneally considered as the clossgistem configuration as all the four core
components are present. In contrast, the sgran configuration has a similar
structure, except the fact that the evaporator and the expansion valve is
eliminated from the cycle. Aypical closeesystem membrane AHP featuring

the use of a membrane absorber and membrane desorber is shown itSFig. 2.

(Nasr Isfahani et al., 2013)
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This is because the refrigerant condensate from the condenser unit in the semi
open cycle is not recovered for further reuse in the system after energy recovery,
and this condensate is further digaied to the ambient environment. Besides,
the refrigerant vapor is fed into the absorber unit directly from the inlet ambient
air, which replaces the function of an evaporator in supplying a constant stream
of refrigerant vapor for the absorption proceBsus, in the serbpen cycle,

the absorber unit is also known as the integrated evapaiagorber, whereby

it serves the functions of both an evaporator and an absorber in a single
component. As a result, the seopen cycle configuration has a less

conplicated structure with a smaller size than the clasate configuration
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due to the elimination of evaporatofig. 2.16 shows the closedycle
configuration of a MAHP with their respective heating and cooling ef{étisi
et al., 2021)As the heat pump systems are capable of producing cooling and
heating effects, the performance of closgdle and sermbpen cycle

configurations can be defined bdsen their intended functions.
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Figlé2 Cl-oyselde configuration of a membrane AH
ef feZhai et al ., 2021)

In the absorber, the absorbent solution absorbs the incoming stream of
refrigerant vapor, in which the latent heat of absorption and mixing are released
from the absorption process, producing heating effect. The diluted absorbent
soluion is then regenerated in the desorber, whereby an external heat supply is
required for the solution regeneration process to separate the refrigerant vapor
from the absorbertefrigerant mixture. As the feoncentrated absorbent
solution is pumped back foreuse, the hot refrigerant vapor undergoes
condensation and revert back to liquid phase in the condenser, meanwhile the
latent heat of condensation is either rejected to the environmentgggle or

recovered by the condenser (clossdle and semopen cycle) for heating
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purposeslin the closeetycle configuration, the cycle repeats as the refrigerant
liquid expands via the throttling valve and evaporates again in the evaporator.
The evaporator produces a consistent supply of refrigerant vapor at a lo
pressure (0.5 0.6 kPa) and temperaturei(4°C) for the absorption process.
This evaporation process absorbs heat from the surroundings,dredoeing

a cooling effect.
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2.3 General Approach for Performance Study on MAHP

In membranéased absorjan heat pump systems (MAHPS), the performance

of the membrane absorber is the key factor in the overall system efficiency. The
absorption/desorption processes in the membrane absorber and desorber units
are largely dependent on the conjugate heat and maasder performance. As

such, the detailed mechanisms of the processes are characterized using
simulation studiesvhile the operational performance mainly analysed via

experimental studies

According tothestatistics on the number of research pwaians related to the
applications of membrarAgased modules (MBMSs) in absorption refrigeration
systems over 90% of these publicatiorfecus on the experimental and
numerical studies on the heat and mass transfer performances of these
membrane modulesSui and Wu, 2022)Therefore, this chapter describes the
design principlesmathematical models, and correlations that are essential for
the heat and mass transfer performance analysis on the integrated membrane
absorbetevaporator component of the membrdnased absorption heat pump

(MAHP).

Before the implementation of membrabased components for use in
absorption refrigeration systems (ARS), most of the design principles and
correlations are inspired by other membrane processes, notably the membrane
distillation (MD) and desalination procesg®goods et al., 2009¥or ease of
comparison with the MD, the membrabased ARS discussed in this section is
based on the use of H20Br refrigerantabsobent working pairasthe water

vapour mass transfer process is the main process that dictates the performance

efficiency in both MD and MARS systeniBhe key similarity between the MD
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and MARS is the involvement of water vapour partial pressure diffeemnite
main driving potential for mass transfer. This driving potential is influenced by
a few main factors, such as concentration, temperature, water affinity, and other

thermaehydraulic characteristics.

There are three main approaches to the performanestigation of the MARS,
which are experimental, numerical simulation, and analytical methods. A brief
literature review in the following section summarizes the general methodologies
adopted in various research works being done on components of MARE; ma

the membrane absorbers, desorbers, and dehumidifiers for different applications
of heating, cooling, and liquid desiccant dehumidification (LDD) for air

conditioning.

2.3.1 Experimental Studies
The experimental study is the most straightforward @ggr to assess the
performance of the membram®dules in ARSbut the amount of experimental

work availableis relatively lesser than thesf simulation studies.

Ali and Schwerd{2009)carried ouanexperimental study on a plaéadframe
membrane absorber that functions as a compact absorption chiller with-a LiBr
H20 working pairas shown in Fig. 271 The resulting absorptiorateachieved
in the experimentvas approximately 0.00to 0.008kg m? s while being

operated unddheadiabatic mode

Fig. 218 depicts the experimental setup dfiBr-H>.O membrane absorber with
thinner solution channelsachieving a higher maximurabsorption rateof
0.0057 kg Mstwhen a solution film thickness of 100 pm is ugdsr Isfahani

et al.,, 2013; Nasr Isfahani and Moghaddam, 20E8). 219 indicated a
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subsequent experimentldy that incorporates thise ofwall microstructures
This modificatiorachieved a similar absorption rate as the previous studies with

a much lower pressure drop in the absorbent sol(iasr Isfahani et al., 2015)

GarciaHernando et al(2019a)performed experimentas shown in Fig. 22

on an adiabatic membrane absorfzgrabsorption cooling, and subsequently
tested with three different flat PTFE membran€2019b) with varying
membrane thicknesses (2575 um) and pore diameters (0.43 pm). The
experiments revealed that the absorption rates ranged from 0.00.0926 kg

m? st under increasing solution mass flow rate and pressure pojentil
concluded that the solution mass transfer resistance is more significant than the
membrane mass transfer resistance, and more effort should be invested in

improving thesolution mass transfer coefficient.

A performance comparison between adiabatic mode and interolahg mode

on a plateandframe membrane absorber was experimentally studied by de
Vega et al.(2020) Fig. 2.2 features the schematic flow dragn of the
experimental setupith details on the membrane absori@ére results showed
that the absorption rates achieved by the adiabatic mode {00232 kg r

s1) are generally lower than those of the internal cooling mode (0.00307

kg n? s?).
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In a typical experimental setup with a closed system configuration, the
evapoator unit and the membrane absorber unit are separate operating units.
The abovementioned studies are mostly operated in a cksgdm
configuration, with the refrigerant vapor supplied consistently from an

evaporator.
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For experimental studies thigature the useof a semiopen or open system
configuration, therefrigerant vapor is sourced directly from the surroundings,
and the vapor comes into contact with the membrane of an integrated
evaporatorabsorber module. For instan€ghugh et al(2019) experimentally
studiedthe absorption heating performance of a sep@n plateandframe

membrane absorber that utilizes ionic liquid as the absorbent

In a typical plateandframe membrane absorbelPHMA) unit, the
microchannels for fluid flow are formed by stacking multiplembranes
together and enclosed by adiabatic sidewalls. For PFMA which includes
internal cooling, cooling water channels are attached to the absorbent solution
channels by metallic plates with high thermal conductivity, and in a ceunter
current flow configuation to facilitate rapid absorption heat removal during the
absorption process. The solution temperature is kept constant to maintain a
relatively consistent partial water vapor pressure difference between the

refrigerant and absorbent streams.

To maximze the heat transfer performance, cowetarent flow configuration

for absorbent and coolant flow is preferred in most of the experimental setups.
Additionally, membrane structural supports like perforated plates and spacers
are also used to enhance tmechanical strength of the membrdoemed
channels and minimize the membrane deformation effects due to hydraulic
pressure under prolonged operation, which will cause concentration and
temperature polarization that would deteriorate the heat and massetra

performance.
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2.3.2 Analytical Solution

Most of the performance evaluation studies of membrane contactors used as
absorber and desorber units in absorption refrigeration systems (ARS) are
analysed based on the numerical solutions provided byaionicase studies.

Some of the correlations are adopted based on the existing membrane processes,

which include correlations for membrane distillation (MD) processes.

By comparison, performance analyses basednalytical solutions are lesser.
This is due to the complexity of the conjugate heat and mass transfer
performances occurring within the membrane contactdngh might be more

difficult to determine withalarger range of variations in parameters and setup.

Huang et al.(2018) proposed a lumped parameter mathematical mazel t
investigate theoupled heat and mass transfer of a pdetéframe membrane
absorberwhereby the normalized governing equations are derived via algebraic
transformations. The algebraic expressionthefperformance indicatqrsuch

as the solution temperature litt(Y; ), energy transfer rate (ETR) and the heat
transfer effectiveness (of the solution stream are derived and the results are

validated experimentally.

Ashouri and Bahram{2022) proposed two closefbrm analytical solutions,
namely the Laplace transform method and similarity solution to analyse the
performance of membras®msed absorption heat pungrsl chillers, which are

also applicable to other sorption applications that involvevaatile liquids.

The results obtained from the Laplace transform method are reported to have
higher accuracy than that of the similarity solution, but less compatt an

straightforward. The parametric study also reported that the solution inlet
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concentration and the membrane porosity are the two most crucial factors that

significantly affect the absorption rates of the absorbent solution.

2.3.3 Simulation Studies

In experimental studies, the performance is usually assessed based on the inlet
and outlet parameterahilethe details on thermal and hydraulic characteristics
of the fluid flow within the inner microchannels are difficult &ssessThus,
simulation studieare carried out to figure out the fluid fldvehaviourand the
intricate details of the conjugate heat and mass trafi$feradvantages of using
simulation tools are their efficiency and flexibility. The performance of the
membrane absorbers under diffgr@perating conditions can be compared,
which eliminates the practical obstacles and limitations encountered by
experimental runs and incurs lower costs. In addition, wider ranges of
parameters can be varied and tested as compared to experimental parametr

studies.

In the development of mathematical modetsjous correlations and equations
relevant to the coupled heat and mass transfer havedesetopedFrom the
literature review, the general approaches in solving mathematical models
related to the @njugate heat and mass transfer include the effectivé\iBlds

me t h eN@U) &nd fitted algebraic equatior&oods et al(2009)adopted the

mo d i f-NTeJdmethbd to describe the heat transfer performance of a
membranebased absorption heat puriiph eNTU method is analogous to that

of a heat exchanger. The NTU of the membrane heat pump is defined as the
ratio of total energy tramsr due to refrigerant water vapor transport to the total

energy required to reach the maximum temperature lift in the solution stream.
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Usually, the governing equations of coupled heat and mass transfiee of
membrane absorption process are derbaskdn conservation equationgth
macroscopigropertieswhich are represented by the continuity havier
Stokes equations. The Naw8tokes equations assume thedlis a continuum
(McLean, 2@2). However, in someircumstancewhere thdluid flows are not
continuots, such as gas flows through small geometries, the continuous patrticle
continuum assumption becomes invakohd the NavieStokes equations are
not applicable Thus, he medium neds to be simulated as discrete, fictive
particles with a mass distribution functieia the Lattice Boltzmann Method
(LBM) (Yu and Ladd, 2010)Some of the performance studies on membrane
absorbers and desorbers are analysed by adopting the(BRj\lam et al.,

2014b; Nasr Isfahani et al., 2018 et al., 2012)

The governingequations are solved by numerical simulations, in which the
results obtained from the simulations are validated with experimentalTaata
solve massive amount of ndinear equations simultaneously, Engineering
EquationSolver (EES), and computational fluid dynamics (CFD) tools, such as
ANSYS Fluent(Asfand et al., 2015; Lima et al., 2019; Sui et al., 202a)
COMSOL (Lin et al., 2018ahave been used to conduct simulation runs and

parametric studies.

Besides MAHP, some of the works basedmembranébased liquiddesiccant
dehumidifiers (MLDD) have also adapted similar approaches in the
mathematical models to describe water vapor absorption by desiccant solutions,
which is based on the working principle of vapor absorption refrigerafios.
simulation discretizadn schemes that are commonly used are finite difference

method (FDM)(AIli, 2010; IbarraBahena et al., 2018; Venegat al., 2016Db,
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2016a; Woods et al., 20Q9)nite volume method (FVMJjAsfand et al., 2015,
2016a; Lima et al., 2019; Sui et al., 2021a, 2022w finite element method

(FEM) (Lin et al., 2A.8a; Zhang et al., 2018)

Most of the correlations used for predicting heat and mass transfer performances
of membranébased absorbers and desorbers are derived from existing
correlations developed for other membrane processes. The correlations include
Nusselt number and Sherwood number correlations for the heat and mass
transfer processes, respectively. Friction factor correlation for fluid flow
pressure drop is also considered to evaluate the pressure drop of the refrigerant
and absorbent solution flow&y comparison, correlations developed from
experimental data are relatively lesséhai and Wu(2022) carried out an
experimenthstudy on the membrane desorlieran absorption refrigeration
system They found that the experimental data has very obvious deviations as
compared to the results obtained using the previous correlations in other
simulation studies. The empirical corribdas developed by the authors are
based on the Least Squares Linear Fitting Method, which has a reportedly higher

prediction accuracy compared to other correlations in the literature.
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2.4  Applications of MAHP System
As the absorption heat pump systemesraainly driven by the vapor absorption
process, the choice of refrigerant types should be selected based on the intended
purposesFor example:
T Liquid desiccant aidehumidification(LDD) - removing latent load in
the airconditioning process
1 Waste heatecovery for absorption heatinrdatent heat of absorption
accumulated on the absorbent solution side to achieve temperature
upgrading.The heatedabsorbent solution will be the heat source for
water heating or space heating, which can be achieved bgxeemange
T Absorption cooling- the incoming refrigerant stream is the main
targeted stream to be cooled. Heat and mass trateferplace
simultaneously. The latent heat of evaporation is lost during the
evaporation process and subsequent absorptiaregspi.e. the water
vapor formation on the membranefrigerant interface is endothermic,
which absorbs heat from the surroundings. Water vapor migration across
the membrane to the solution side also causes latent heat loss from the
refrigerant side to #nabsorbent solution side. Thtise temperature of
the water vapor stream is reduced. This is relategtdporative cooling.
Water has high specific heat capacity, hence removing water molecules also
removedatent heat from incoming refrigerant (inlairhid air or used cooling
water).In air dehumidification, the refrigerant stream will be the humid ambient
air with a relatively warm temperature. High moisture content/relative humidity
RH of the inlet air indicatea high concentration of water vapor. gtiquid

desiccant solution absorbs moisture from the inlet air and lowers the RH to the
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desired level via the vapor absorption process, and in this case, desiccant acts
as the absorbent.

This moisture removal process removes a significant latent hebfrtoa the

inlet air stream, and this is a much more ene@ying way as compared to the
VCS (vapor compression system) whereby the humidity control of the inlet air
is done by overcooling the airstream below the dew point to condense the water
vapor intoliquid for removal A high amount of electrical work input is required

to drive the compressor of the VCS, thus incurring high operation costs. In
contrast, the liquid desiccant air dehumidification takes place under ambient
conditions, and the regenemti process of liquid desiccant in the desorber is
thermally driven and can be achieved by using low temperature heat sources

(renewable solar heat or waste heat).

2.4.1 Air Dehumidification via Membrane Liquid Desiccant

Dehumidification (MLDD)

Membraneliquid desiccant dehumidification (MLDD) is also a membrane
based absorption refrigeration system (ARS), whereby the moist ambient air
acts as the source of refrigerant vapor, whereas the absorbent solution acts as
the desiccant solution. MLDD is one ofethmost popular applications for
membranebased ARS as it can be integrated into HVAC systems for indoor or

process air control.

In air-conditioning, two of the most important parameters are the temperature
and humidity, which is representative of the dalesand latent heat loads
present in the air stream. In Vé&fased aiconditioning systems, the inlet moist

air stream is overcooled to dew point temperature, in which the water vapor is
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condensed to liquid form for removal, thus reducing the air humidhty
dehumidified and overcooled air stream is subsequentigaéed to the desired
temperature level. The overcooling and reheating processes in the VCS

represent the latent heat control and sensible heat control, respectively.

In contrast, by using MDD, humidity reduction is achieved by water vapor
absorption, resulting in a dehumidified airstream wslight temperature
reductiondue to latent heat removal. Subsequently, the temperature of the
dehumidified air stream is altered to the desired leyehdnating or cooling,
whereby temperature control signifies sensible heat control. In this case, the
latent heat removal and sensible heat removal are decoupled in the membrane
based ARS, hence reducing the energy input required to overcool the airstream
and the additional energy required to reheat the airstream. Thus, the decoupled
sensible heat and latent heat control becomes the most prominentsaargy
advantage of the MLDD. As MLDD has the potential to replace VCS as the
integral part of energgavng airconditioning system, the research focus on
MLDD has been gaining much more attention from the resear@llees et al.,

2017; Chua et al., 2013, 2018; Huang and Zhang, 2013; Lin et al., 2019a)
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2.4.2 Absorption Cooling Membranebased Absorption Chiller

As mentioned in Section 2.2.6, tMAHP can be used for either cooling or
heating, depending on the intended function of the sy$tentooling, the main
cooling effectis produced in the evaporator, whereby a large amount of latent
heat of evaporation is absorbed from the surroundingshasrefrigerant
vaporizes. On the other hand, in the desorlher,réegeneration adbsorbent
solution after each absorption cycle requires high energy input to separate the

refrigerant from the refrigeraratbsorbent mixturecreating a heat sink.

Some ofthe works that involve membrati@sed absorption cooling afee
Vegaetal., 2020; Hong et al., 2019; IbaBa@hena et al., 2018; Kim et al., 2008;
Venegas et al., 2020\bsorption chillers can based for space cooling, which

can be an alternative to aionditioning systemdBy supplyingthe dissipated

heat from the electronic chi@d microprocessolia the data centes to the
membranebased ARS system, the heat can be effectivetyoved. In he
membrane AHP system proposed by Kim et(2008) the targeted coivig
temperature of 30°C was achieved with a design heat removal capacity of 100
W from the electronic components, using a miniaturized membrane AHP with

thesize of an envelope (150 mm x 150 mm x 100 mm)
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2.4.3 Absorption Heating Membranebased Absorjion Heat Pump

(MAHP)

In contrast to absorption cooling, MAHP is also a promising candidate for
heating. In thenembranebsorber unit, the latent heat of absorption released
by the water vapor absorption process is significavttich results in a
temperatre rise in the absorbesolution.Thus, the absorbent solution can act
as a heat source for water or process stream heating \oitver temperature
range requirementThe internal cooling of the absorbent solution in the
membrane absorbers enables heabe removed instantaneously duriting
absorption process, which helps to maintain the absorption strength of the
absorbent solution and provides heat exchange to other process streams that
require heatinglhus, theheat pump can act as a thermal enstgyage device,
which can be used for space heating and fluid heasingh as water heating
(Chugh et al., 2017, 2019;-Bl. Huang, 2015; Huang,047) and thermal

energy storage for wint¢wWoods et al., 2011)
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2.5 Renewable and Waste Heat Bcoveryi Pinch Analysis
Integration

2.5.1 Auvailability of Renewable Heat and Legrade Waste Heat

Industrial processes often involve multiple forms of energy conversion, which
transform primary energy carriers into other forms of energy foiused Rrt

of the energy input is inevitably lost in the form of heat energy, as it is
thermodynamically impossible to achieve 100% energy efficiency in actual
energy conversion processes. The dissipated heat energy is usually regarded as
waste heat, and approxitely 72% of the global energy input is lost after
conversion, which amounts to 340.512 PJ worldwadeshown in Fig. 2.22

(Forman et al., 2016)

In largescale industries such as petroleum refining, the waste heat constitutes
about 25 to 62% of the total heat inp@oheim et al., 1986)therefore
sophisticated waste heat recovery systems are installed and integrated into the
existing process network to achieve better energy efficiency. In theseiesiust
high-temperature waste heat from boilers or exothermic reactions in reactors is
recovered to praeat combustion air. Waste heat is not only recovered for
heating but alsdor dectricity generation and thermal desalinati@haraf

Eldean and Soliman, 2017)
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However, not altypesof waste heat can be readily recovered. The classification
of waste heat is highly associated with its temperature range, but the exact
ranges of temperatutkat define the waste heat grade can vary across different
works of literature.Generally, high-grade waste heat refers to heat sources
above 650°C, followed by medium (2830650°C) and lowgrade waste heat
sources (<230°Cjzhou et al., 2013)In another studythe waste heat is
classified into low, mediumand hightemperature waste heat by their
respective temperature ranges of <100°C,11209°C and >300°CForman et

al., 2016) Yet, Ammar et al(2012)mentioned that the threshold temperature

100
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for low-grade heat is around 250°C, which is higher than the values mentioned
earlier Some of the heat transfer applications, such as process heating,,cooling
and interprocess heat transfer usually occur in tinegerature range of ambient
temperature up to around 200t€ achieve feasible heat recovewhile the
required temperature of the heat source might be higher than 2gpatding

on the type of waste heat sourttence, the characteristics of the wastathe

and its intended usage shall also be considered when it comes to waste heat

recovery.

In general, higitemperature waste heat originates from direct combustion
processes, medintemperature waste heat from the exhaust streams of the
combustion unitand low-temperature waste heat from the auxiliary process
units and partgJouhara et al., 20180 most situations, when the temperature

of the waste heat sources is much lower (<100°C), waste heat recovery becomes
more challenging and infeasible. An estimat@do60f the global waste heat
potential falls in the temperature range of <100°C, which is significantly more
abundant than the waste heat sources in the higher temperature range or medium
temperature rang@-orman et al., 2016)n the chemical processdustries, 20

T 50% of the energy used is discharged in the forms of hot exhaust gases and
liquids, while a huge percentage of legrade waste heat is present in the form

of water in cooling towers with a typical temperature range 6f@%°Cin the

UK (van de Bor et al., 2013txcess heat produced from industrial processes in
the UK has a market potential of aroundi382 PJ annuby, as reported in the
thesis by McKenn&009) In a steel industry in the Netherlands, approximately

14 PJ and 17 PJ of legrade waste heat have been discharged in the form of

cooling water, with an average flow rate of §srat 35°C, and 3.5s at 60°C,
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respectively(van de Bor et al., 2015)The gaseous waste heat with low
temperatures accounted for around 50% of all the waste heat imdilnstry
(Zhou et al., 2013)In chemical process industries in the Europe region,
approximately 829 PJ of thermal energy with a medium temperature range of
1007 400°C and 1142 PJ of thermal energy with a temperature régdoov
100°C areconsumedyearly (van de Bor et al., 2015Pue to inefficiency in
processes, the corresponding heat losses fresethrocesses are aroundi 20
50% of the total heat input, which is often dissipated through various kinds of
liquid streams and hot exhaust gaGemn de Bor et al., 2015These studies
indicate that there is a vast availability of discarded-d¢pade waste heat, with

a huge waste heat potential that is still left untapped.
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2.5.2 Integration of Solar Thermal System in AbsorptiRefrigeration
Systems/Utilization of Solar Heat for Industrial Processes (SHIP)

Several studies have been done to assess the geographical regions and type of
industrial sectors that are potentially suitable for the utilization of solar heat for
industrial processes (SHIP), which include studies in the regions of Australia
Netherlands, ItalyAustriaz Sweden Spain, and PortugdlLauterbach et al.,

2014)

Beath et al(2012)reviewed the industrial energy expenditure in Australia and
determined 2498 prospective sites for implementing solar thermal energy
systems based on thacation, characteristic process temperature, and type of
industrial sectord-ood and beverages, buildinglated and wood products, as
well as textile manufacturing, could make use of solar heat with low to moderate
temperature from below 50°C to 300°@®latzer (2015) has included a
comprehensive study of SHIP on more countries dipbsuch as India, South

Africa, Tunisia, and Chile

However, difficulties in the practical application of SHIP exist to integrate
renewable heating technologies at industrial scale, particularly solar heating.
Firstly, whether solar thermal energy is iaale is dependent on weather
conditions and time, which is not consistéatiresh and Rao, 2017; Walmsley

et al.,, 2014) Other than its inconsistency, the efficiency of conversion from
solar irradiation to thermal energy is subject to fluctuations, affpdtie
intensity of the collected solar thermal energy. Besides, for typical industrial
applications, solar thermal systems are typically limited to around 565°C, in
which operating temperature range beyond this range will require additional

heating(Beath, 2012)
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Due to its low intensity and fluctuating availability, hybridization with
supplementary héag or thermal energy storage systems is also required to
store excess thermal energy and discharge the stored energy to ensure
consistency in heat supply for solar therragstems(Kulkarni et al., 2008)

Thus, the installation of solar theamsystems would incur relatively higher
capital costs. In Germany, 90% of renewable heat was supplied by biomass
generation instead of solar thermal energy, which was merely 4% of the total
renewable heat suppljauterbach et al., 2012Regions and countries with
relatively low solar irradiation intensity are also lessliike invest in industrial

solar thermal systems which are economically fageurable(Eiholzer et &,

2017) As a result, the progress of implementing SHIP is rather slow, whereas
solar heat is more frequently utilized for commercial space heating or hot water

production for household usage.

Implementation of SHIP should be executed with meticuldasning and
considerations. Factors such as the applicable temperature range, heat load
requirement of the targeted process streams, hourly solar irradiation profile, and
the ambient conditions are vital considerations to be taken during the planning

stagebefore implementation.
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2.5.3 Pinch Analysis

Pinch Analysis (PA) is a technique mainly used to perform optimal resource
recovery for industrial processes with a thermodyndraged approach. This
technique was firstly established by Linnhoff and Flow®78)to designthe
optimal heat exchange networks (HEN) for process heat integrétiothis
technique is versagéland has high adaptability, it has been further developed
and extended to diverse fields of application, for instance, combined heat and
power ( KI e me ¢ e t maasl exchangé h&wop&l-Halwagi and
Manousiouthakis, 1989Wwagewater minimizationfWang and Smith, 1994)
production planningSinghvi and Shenoy, 20Q2¢arbon emission reduction
(Tan and Foo, 2007)power systemgBandyopadhyay, 2011)hydrogen

network(Marques et al., 2017paper recyclingSoh et al.2011) etc.

Kl e me ¢g(2048)reviewed the recent development ohéh Methodology

(PM), which mentioned that there areatwain approaches for PM, namely the
graphicalbased and numerichhsed methods are analogous to the concept
applied for heat integratioiiGraphicalbased methods such as the Composite
and Grand Comgsite Curves are classical PM widely used for many fields,
especially for heat pinch analysis to figure out the temperature versus enthalpy
relation. On the other hand, numerical methods such as the Problem Table
Algorithm, Electric Cascade, and Heat Caschdve also been used for power
pinch analysis (PoPA) and systems with variable heat integration (VHI). These

two approaches can also be used in combination for certain case studies.

Generally, for industrial processes, especially batch or -sentinuous
processes, the process heat demand fluctuates and varies over time. Furthermore,

integrating renewable heat sources with intermittent availability will further add
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to the complexity of performing heat pinch analysis. As a result, the temperature
versus eritalpy profile and the pinch point will vary over tinteence the use of
traditional graphical pinch analysis might be less suitable without proper
adjustment or adaptation. Scheduling optimization and design of utility storage

systems are also requiredattain better heat recovery performance.

Several case studies on the integration of solar heat systems for industrial
processes have been carried out. Atkins ef28l10) conducted a site pinch
analysis study via the Grand Composite Curve construction for the integration
of SHIP of a milk powder planthe solar thermal system shaue integrated
above the pinch temperature to achieve modest savings on the hot utility
consumption. Furthermore, Walmsley et(2014)demonstrated process heat
integration that combines solar heating systems with existing gaseous waste
heat recovery loops (HRLS) in dairy process plants as eeffestive solution

to overcome the problem of high installation and capital cost of an idclalr
thermal energy systerBy comparing the use of constant temperature storage
(CTS) versus variable temperature storage (VTS) with solar heating in HRLs, it
was found that the VTS configuration attained 37% more heat recovery than
CTS, while solar hating contributed 0.9 MW and 1.0 MW to the process heat
supply under CTS and VTS configurations, respectively. Eiholzer €Cdl7)
carried out the pinch analysis for SHIP in atstagesolar heat integration in a
mediumsized brewery operating in batch modrstly, the Composite and
Grand Composite Curves were constructed by applying the timageverodel
(TAM) to assess the indirect heat recovery targets, whereas the time slice model
(TSM) and batclsuper targetingnethod were used to evaluate the direct heat

recovery potential; next, a selected integration point was optimized to determine
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the faasibility of the solar thermal systefciholzer et al., 2017)It was
concluded that indirect heat recovery is more preferable as compared to direct
heat recovery for batch processes, as indirect recovery mode with thermal
energy storage is less sensitive to theedalng conditions and it helps to

reduce process energy demand

In power pinch analysis (PoPA), graphical meth@tlan Alwi et al., 2012and
Cascadé\nalysis(Ho et al., 2014; Norbu and Bandyopadhyay, 20iXe been

used. By comparison, the graphical method bae limitation, in which the
power generator and energy storage sizing are not considered as the method
assumes constant power generationcontrast, CA focuses on the design of
isolated renewable energy or hybrid power systems, including the sizing of
power storage systems. Ho et(@D012;2014)implemented the Electric System
Cascade Analysis (ESCA)rfthe design of distributed energy generation (DEG)
system with constant power generatiand solar photovoltaic (PV) systein

ESCA, optimal sizing of the solar PV and power storage device was determined.

In membrane absorbers, the absorption proces®fofjerant is driven by
thermal or concentration gradient; whereas in desarlieespent absorbent
solutions are reoncentrated and regenerated for the next absorption cycle. The
desorption process requires external heat input to remove the refrifferan

the absorbent solution, hence this process consumes the most energy in the
MAHP system. As the regeneration temperature usually falls on the lower side
between 45 70°C(Salikandi et al., 2021 pther choices of heat supply can be
considered to replace heating via fossil fuel burning. Renewable solar heat or
waste steam can be used to futffie regeneration heat demand of the MAHP

system instead.
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The integrationof the solar thermal system with membrane desorbers of the
MAHP system has been considered in several research isdaed-Salam et

al., 2014; lbarrdBahena et al., 2018However, there is still insufficient
research on the methods of renewable heat integration with the MAHP system
as the development of MAHP is still in the earlgiga. In this study, Cascade
Analysis is proposed to integrate the solar thermal system (STS) as the main
heat supply for the regeneration heat demand in the membrane desorber. CA
allows the optimal sizing of solar thermal collectors and thermal energgstor
(TES) units by taking the intermittent availability of solar radiation and the
fluctuating heat demand into consideratidhis helps® provide a preliminary

estimate of the feasibility of implementing the STS in MAHP.

108



2.6 Summary of Literature Review and Research Gaps

Based on the literature reviemost of the research workslated to the MAHP
performance studieare focused on mathematical modeling and numerical
simulations & the membraneomponents, while there are relativégwer
experimentbstudies compared to the simulations. Analytioathods are often
limited to simple configurationsnly, and exact solutionsannot be determined

for configurations with more complicated structures #ma configurationsas
there aramore unpredictablgariations encountered for the internal boundary
conditions. Experimental works are conducted for model validation and
parametric studies by varying the operational parameters, such as the solution
flow rate, inlet concentration and temperatures of thigl fllows. In contrast,

the technical issues in practical operations aratiations of geometrical
parameters orstructural configurations aresome of the limitations in

experimental sidies.

One of the advantages of simulatibased studies is the abylito determine

more intricate details of the heat and mass transfer mechanisms, whereby the
vapourliquid interactions mostly occur at the membrdingd interfacial areas.
These details help iaspectthe necessary aspects to be improved ugbich
areusually hard to béentifiedvia experimental studies, as thew behavior

and variationsof certain parameters at the local level within the membrane

microchannelsire difficult to obtain.

By applying the appropriate mathematical models for each dfeaieand mass
transfer processes at each region, the dimensionless parameters, such as the
Nusselt number, Sherwood number, Reynolds number, Schmidt number and the

heat and mass transfer coefficients and resistances can be determined, which
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give further uderstandings on the complex physical interactions involved in
the conjugate heat and mass transfer during the absorption process. Ideally, the
performance studies shall be carried out in all these three approaches, but for
the scope of this thesis, the imaapproach will be focused on numerical

simulations with experimental studies for model validation.
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CHAPTER 3 METHODOLOGY

In Chapter 3, Section 3.1 describes the experimental study used for model
validation, whereas Section 3.2 elaborates on the matieahmodel for the

heat and mass transfer within the @ap membranéased evaporat@bsorber

unit. To determine the feasibility of utilizing solar thermal energy in a
membranebased absorber system, Section 3.4 reports on the integration of solar
themal energy into a membraf@ased absorption refrigeration system (MARS)
with a varying heat supply and demandsolar thermal energy and the
regeneration heat demand. The case study on a liquid desiccant
dehumidification (LDD) system is carried out and theethodology is

subsequently applied to a membrdrasedVIAHP system.

For the simulation case studies, the mathematical model is firstly applied to an
air-gap case (A), as the experimental setup is assembled with tgapair
structure configuration. Theinsulation model results are validated with
experimental results. Subsequently, this model is extended to the other two

cases, namely the base case (B) and the caseteithal cooling(C).
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3.1 Experimental Studies

3.1.1 Experimental Setup and Equipmt
The paralletplate membrane absorbewvaporator unit of the MAHP

systemhas been designed and assembled in the laborsa@tyowrfig. 3.1

Membrane Absorber-
Solution out Evaporator Unit

Acrylic panels

wnth heat msulatlon -

Membrane sandwiched in
between acrylic panels

i

Rotor flow
meters

o y X
Regenerator -

Isothermal absorbent -
solution storage tank | 5 Isothermal water
gy S storage tank

Electric |-
heater
Heat exchanger
- e —/
Flow Regenerator
meter
Water
Pump Solution 1
container i — Regenerated
Y
vapor
Thermometer Heated
T I I T water
Water " .
container - -
T T Exhausted
i Absorber vapor

Fi gl 3Expersienteunpt aalnd s c lod md thiec i dhit egnbastoe b eme mb r
evaporator unpltatod MAKRP paysatld m.l

The refrigerant water and absorbent solution streams flow in separate channels
in a countefflow configuration. The membrane absoresaporator unit
consists of two membraffermed channels andnaair gap sandwiched in

between the membranes. This siagi@ack membrane module is a simplified
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setup of the membrane absoHeeaporator device with multiple stacks in
actualoperationThe experimental setup consists of two neighbouring channels,

two membranes, and an air gap between the membranes.

The structure of the seifp includes two acrylic glass panels with dimensions of

80 cm length, 25 cm width, and thickness of 1 cm at the top and bottom of the
module, respectively. Another glass panel withehisions of 80 cm length, 25

cm width, and thickness of 1 mm is sandwiched in between these panels. Further
modifications are applied onto the upper and lower panels to form a hollow
structure, which has the dimensions of 70 cm length, 10 cm width, and 2 mm
thickness; the central panel with 1 mm thickness is also hollowetb include

a cavity of 60 cm length and 10 cm width. This allows the membranes to be
inserted in between thedbeacrylic glass panels. The top and bottom panels
form the fluid channel for the water and solution streams respectively, while

an air gap is formed in the centre of these two membranes.

As the dimensions of the membrane contactors are large, the surface area in
contact between the membranes and the fluid channels is aiSeetg large.

When the water and solution streams flow through the channels, the pressure
will slowly build up inside the fluid channels, thus the pressures exerted by these
fluid flows are larger than the pressure within the air gap. As a result,rthe ai
gap will be compressed during the operation, resulting in membrane
deformation. Thus, air gap spacers are included in the air gaps to provide

additional structural support.

Flow distributors are installed at each inlet and outlet of the fluid channels to

ensure the water and solution flows are evenly distributed with optimal heat and
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mass exchange between the streams. The water stream acts as the evaporation
source, while the solution stream functions as the absorption medium. Water
vapor from the watertseam travels across the membranes and the air gap is
absorbed by the solution stream, in which the process releases latent heat of
absorption and heat of mixing. Subsequently, the solution stream experiences a
temperature lift, and the heated solution barnused as a heating medium for

fluid heating purposes. The middle air gap functions as the mahinseddting

region to minimize conductive heat loss from the solution stream back to the

water stream.

The main setup of the membrane abseeghaporatoincludes one membrane
contactor, two solution storage tanks, one water storage tank, two isothermal
tanks, two liquid micro pumps, two liquid glass rotor flow meters, and four
thermometers. All four thermometers are installed at the channel inlets and

outlets of the solution and water streams.

Water and solution are pumped from their respective storage tanks via the
micropumps to the isothermal tanks to be heated up to the required inlet
temperatures before entering into the membrane contactor chanrietsth&f

heat and mass exchange process in the membrane contactor, the diluted solution
flows into another solution storage tank, while the water flows back to the water

storage tank

The diluted solution is regenerated by electric heater, in which thgeraint
water is removed in vapour form after absorbing the externalwieateby the
solution is reconcentrated and can be reused for repeated cytles.

regeneration loop is shown the schematic diagrams the study is focused
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solely on the evaporar-absorber unit of a conventiondlAHP, the
experimental setup does nwoiclude the regeneratiomprocessthat involves
another membranegeneratoecondenser uniiTherefore the refrigerant vapour
is not recoveredor absorption, while the heat releadesim condensation is

used for water heating.

3.1.2 Materials

Polyvinylidene difluoride (PVDF) membranes are used in the membrane
contactors for their hydrophobicity and porous characteristics. The details of the
nominal operating conditions, membrane elgtgristics, and transport
properties are listed ihable 31. The membranes used in the MAHP are made

of PVDF (polyvinylidene difluoride) material, with a mean pore size ofi0.2
0.45' A& Due to the interfacial tension and the affinity to the surrounding
molecules, liquid water molecules hardly pass through the membrane pores;
Water vapor molecules can transfer through the pores when there is a partial
vapor pressure difference betwd®oth sides of the membrane. Hence, the water
vapor molecules are selectively permeable across the membranes, while the
liquid water molecules are retained in the water stream. The leakage of the
solution is prevented by using modified PVDF membraneswhich the
membranes facing the solution side are coated with an additional layer of silica
gel for enhanced hydrophobicityater andithium chloride (LiCl)solution are

used as refrigerant and absorbent, respectively. The inlet concentration of the
LiCl solution is 45% by weight (equivalent dm; of 0.55 kg water per kg

solution).
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3.1.3 Experimental Procedure

The volumetric flow rates for the soluti@md water streams are regulated by
the sensors of the connecting pumps. The inlet and outlet parameters of the fluid
streams, such as the temperatures and volumetric flow rates are monitored by
using precision RTD handheld data logger thexouples (HH376 OMEGA,
America) and higkprecision rotor flowmeter (LZBIWBF, Jiangsu, China),
respectively. Besides, solution mass fraction data are obtained -iiee in
concentration meters (MPR-&can, EMC, Amerig) and further tested via a

titration method by usingilver nitrate(AgNOs3) solution.

3.1.4 Uncertainty Analysis

The individualaccuracies of each of theeasuremertevices forlie volumetric

flow rates, temperatures, and solution mass fractions are in the ranges of £1%,
+0.1°C, and +0.1% respectivelVhe relative uncertainties ardeterminedvia

Eos. (3.17 3.6):

a) Uncertainty ofvolumetric flow rate

The accuracy of theotor flowmeteris:

1 pb (3.1)

Therefore, the relative uncertainty of the measwdmetric flow ratas:

o) — pmmb (3.2)

b) Uncertainty of temperature:

The accuracy of the thermocouple is:

1 p8t & (3.3
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Therefore, the relative uncertainty of the measured tempeisature

0 — pmrmh (3.4)

¢) Uncertainty of solution mass fractigkg water/kg solution)
The accuracy of the concentration meter is:
| Tp b (3.5)
Therefore the relative uncertainty of the solution mass fraction is determined
by:
0 — pmnmhb (3.6)
By knowing the individual uncertainty with respective to each measured

parameter, the uncertainties of the derived parameters can bexseibty

determined via the error propagation method as shown i(B&Y;.

1% B — 1w (3.7)

wherdg wefers to the uncertainty of the derived paramgteijndicates the
uncertainty of the meased parametegndn is the number of observations per
measured parameter, with the mathematical function that relates between the
measured and derived parameters indicatefl Blgese uncertainty values are
determined, while the respective percentagar ealues are plotted as error bars

in the results.
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3.2 Mathematical Modeling

A mathematical model is developed to further study the inner mechanism of the
conjugate heat and mass transfer during the absorption process. The following
sections will descrié thegeneral methodology of developing a mathematical

model and the simulation setup, as shown in the flowchart in Fig. 3.2.

Mathematical Modeling (Governing Equations & Boundary
Conditions)

Numerical Discretization i Finite Element Method (FEM)

Grid Independence Test
Model Validation with Experimental Results
Data-Postprocessing, Analysis & Discussion

Fig2aFBowchart of mbdemadbsesmatuil aali on study on
heat andamaser performance of the PMAHF

As this research work is mainly focused on the development ofantatrame
membrane(PFM) contactor configuration, the mathematical model of the
membrane contactors withollow fibre membrane (HFM) configuratiowill

not be discusseid this thesisNote that the membrane absorber studied in this

thesis is an integrated evaporasdasorber membrane component, hence, the
thermodynamics and hydrodynamics characteristics of the refrigerant flow will

also be includeds part of the study. For conyv
absor bMAHPWI alsolbe used to refer to the integrated evaporator

absorber membrane unit.
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3.2.1 Model Description

Figs. 33 (a), (b), and(c) show the illustration®f a parallelplate integrated
evaporatorabsorber membrane componehthe PMAHP with (a), (b) and (c)
represering the airgap case, base casad internal cooling case, respectively
Each membranérmed channel is separated by a naraivgapin between the
channes. As the air haalow thermal conductivityf around 26 28 mw mt

K1, the air gap functions as a hémgulating layer to minimize the sensible heat
loss from the absorbent solution back to the refrigerant water stream. For the
working fluid pair, therefrigerant stream and absorbent solution stream are
flowing in a countefflow configuration. The refrigerant water stream flows
along the ydirection with a urfiorm velocity,”Y ; whereas the solution stream
flows along the negativegirection wth a velocity of Yj, . The base case does
not include an aigap and a coolant channel, whereas the internal cooling case

includes a coolant channel on top of thegaip structure.

(@)
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Membranes

Fi gs3(a)3. (b:) lalnlduqtcr)at i ons o fb aasne di netveagproartaetdo rn
absorber unit ofap PMAHPbwsethcabse (b)), and in:
dotted rectangle shows the calculating do

The membranes algydrophobic and have microporous structures, hence, only
water vapor molecules are selectively allowed to migrate across the jmores
contrastjiquid watermolecules ar@ot permeable, which limits the membrane
wetting. The water vapor molecules formauld-vapor interface at the ends of

the membrane pores and undergo mass transfer when the water vapor partial
pressure difference between the refrigerant and absorbent streams is sufficiently

large, resulting in a net mass flux of water vapor during ltiserption process.

Conventionally, in a closed system ARS, the evaporator and absorber are two

independent components. The evaporator unit constantly supplies refrigerant
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water vapor to the membrane absorber. However, for a-geem or open
system configration, an integrated evaporatmsorber unit is used. This can
further size down the ARS system. In this integrated component, the refrigerant
channel of the membrane absorber functions as the integrated evaporator. By
using the liquid water as the referant stream, the liquid water molecules near
the refrigeranimembrane interface are vaporized after absorbing latent heat
from the surroundings. This is referred to as the enthalpy of vaporization
YO . During the absorption process, this enthalpy also undergoes heat
transfer alongside the migration of water vapor molecules across the membranes
and airgap, thus forming the conjugate heat and mass transfer. As a result, heat
is lost from he refrigerant water stream, causing the water temperature to drop

and achieving absorption cooling for the refrigerant.

In contrast to the endothermic evaporation process, the condensation of water

vapor is exothermic, thus, thO  is releasedduring the condensation

process. Additionally, the heat of mixing or dilutiéfiQ s also released as

the condensed water dilutes the concentrated absorbent solution after absorption.
The combined release IO  andY'O  contibutes to the temperature rise

of the absorbent solution, thus the heat is pumped and accumulated on the
absorbent solution side. Hence, temperature upgrading is achieved by the heat
pump. The accumulated heat makes the absorbent solution a utilizable heat
source with a higher temperature for absorption heating applications, such as
fluid and space heating and thermal energy storage. After the absorption process,
the warm diluted absorbent solution is then regenerated in the membrane

desorber.
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3.2.2 Govening Equations

A threedimensional, steadstate mathematical model isitially developed
based on the finite element method (FEM) to study the conjugate heat and mass
transfer mechanisms of the integrated membrane absewbporator unitFor

the subsegent simulation runs, the model is simplified into a-wmensional

(2-D) model as thegoreliminary simulation results revealed that treat and

mass transfanainly occur alonghex-directionperpendiculato therefrigerant

and absorbent solutiofiuid flow direction (y) with minor heat dissipation

happening in the fluid flow (y) direction.

Figs. 3.4 (a), (b) and (c) depict the coordinate systenof the membrane
absorbetevaporatorunit cell with halfchannel length, which is set as the
calculating @main for the moddbr each of the base case (B);gap case (A)

and internalcooling case (C)Each unit cell consists of two membranes, one
sandwiched air gap, and two neighbouring channels of refrigerant water and
absorbent solution streams. The basse(B) performance serves as the
reference point for comparisolence, irnthe case studyvith internal cooling

(C), the unit cell includes an additional cooling water strdameffective
absorption heat removal and to simultite performance of watédreating by

absorption headuring the absorption process.

124



(@)

X A
<: _____ Absorbent H _
{ | Solution =
i dh
A 5
Membrane M2 ] :
E E Air-gap da
Membrane M1 E ' .
P ar
::> i1 Refrigerant y :>
dy Water
-+
y L 0
(b)
rF 3
X
<: Absorbent Yy .
""""""""""""" B e B ra ettt SR RIRRPRES AR —
N Solution
P dh
Membrane M1 : : ! 5
P i
::> i i Refrigerant y
dy Water l::>
-+
y L 0

125



()

r
13
r

::> Cooling H D
Water

dh

mssse--

T

Cooling Plate

dh
+ i ]
Membrane M2 ! .
b Air-gap da
Membrane M1 : E 5
oo dh
::> : | Refrigerant ’ I:'\>
dy Water
e
y L 0

Fisg d.a), (b) and (c): Coordinate system and
evapoaltsonrber unit cel |l wictsh faoxri styhnrem-greordiecl ,c hwa
(a), base case (b)), and internal coolin

Thermophysical properties of the agap, refrigerant water, and absorbent

solution streams are obtained from the data and calculation methods sourced

from Can d e 6 s (Conder 2004yvhile the thermodynamic properties of the
agueoud.iCl solution and the vapor pressure data are determined based on the
thermodynamic equati ons o(Pdtletah,d30)The om Pa:
equations related to the thermodynamioperties of the LIGH>O absorbent

solution and the refrigerant water vapor will be included in the Appendix.
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The assumptions applied in the model are listed below:

1. The heat and mass transfer processes occur under -stasely
conditions

2. Heat and massansfer are estimated by the bulk average velocity,
temperature, equilibrium humidity, and mass fraction in the
channels of water and solution streams.

3. Water and solution streams are laminar with a Reynolds number of
less than 2000Y '€2000).

4. The fluid dreams are Newtonian with constant thespinysical
properties.

5. The water and solutioliows areincompressible.

6. Heat and moisture transfer to or from the surroundings are ignored,
as the outer walls of the membrane contactors are sufficiently
insulated andhave hydrophobic properties.

7. Heatloss and heat gain in the water vapor phase change only occur

in the water and the solution sides, respectively.

The NavierStokes equation is used as the basis for the governing equations
derived to describe the motioof the fluid streams and conservation of
momentum, whereas the continuity equation is used to represent the
conservation of mass. To simplify the calculations, a parallel plate membrane
with two neighbouring channels of haliannel heightQ is consdered as a

unit cell in the calculation with axisymmetric characteristics. The governing
equations, boundary conditions, and parameters are transformed into the

dimensionless form via a scaling analysis.
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3.2.2.1Refrigerant Water Stream
The governing equins for the conservation of mass, momentum, energy, and

species of the water stream are listed is.E)8) 1 (3.13), respectively.

Continuity:

s —— ——= T (3.8)

where® , ¥ and & are dimensionless coordinates; , 0 and0° are
dimensionless velocities in the x, yand z axesrpect i vel y. Supe.l
represents the dimensionless form whi

stream.

Conservation of momentum:

éz z _DZ z _0 ’ z z - z - z - z (39)
60— -0U'— —0°"— : — — —— —— (3.10
60— -0 — —0"— - — — —— —— (3.11)

whered” is the dimensionlessytraulic pressure of the water stream.

Conservation of energy:

YQU 6 — -0 — —0°— — —— —— (3.12)

YO 6 — -0 — —0° — - —— (313
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where"Y and] * are dimensionless temperature and dimensionless humidity
of the water stream, whil¥Q , 01 and"Yo are Reynolds number, Prandtl

number and Schmidt number of the water stream respectively.

3.2.2.2Absorbent Solution Stream

The governing equations for the solution stream are listeqsr(E14) i (3.19).
These equations represent mass, momengmergy, and species conservation

in the solution stream, which are in a similar manner as those for the water

stream. The subscript 06s6 represents t

Continuity:

. . - T (319

é z _l‘) z _0 z z - z - Tz - z (315)
06— -U'— —0"'— - — —/— ———— ——— (319
60— -0U'— —0"— - — - — —— (317)

whered” is the dimensionless pressure of the solution stream.

Conservation of energy:

z z z z z z

YOOI 6 — —0'— —0°— — — (3.19)

z z z z

Conservation of sxies:

z z z z z z

YQYo 6 -0’ -0’ — — (3.19)

z
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where"Y and & are dimensionless temperature and mass fraction of the
solution streamYQ, 0i and"Yv are the Reynolds number, Prandtl number and

Schmidt number of the solution stream, respectively.

3.22.3Air Gap Region

Since the akgap is an enclosed space, there is no specified inlet or outlet of air
stream. The pressure forces in thegap region are negligible. The velocity
components in the agap are zero, hence there is no continuity or nmume
conservation equations for the-gap region. Radiative heat transfer between
the two membranes in the @jap region is considered. The governing equations

in the airgap region are listed in Eq8.20) and 8.21).

Conservation of energy:

N —— —— —— - Y "y T (3.20)

b __ & &g (321)

where"Y andn’y are dimensionless temperature and dimensionless water
vapor pressure of the air streams the surface emissty and,, is the Stefan

Boltzmann constant.

Natural convection occurs inside the-gap region due to a temperature
difference between the neighbouring membrane surfaces. To investigate the

significance of the natural convection effect, Rayleigh nunfRayri¢ evaluated.
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Mean Rayleigh number of the air in the-gap region,Y& is defined in Eq

(3.22 as(Alklaibi and Lior, 2005; Woods et al., 2009)

Y i (322

where"Qis the acceleration due to gravi¥, is the density difference of the
air-water vapor mixture within the agap regiori, is the airgap width, and
" ,0 and are the average density, dynamic viscosity, and thermal

diffusivity of the airwater vapor mixture.

3.2.2.4Membranes (M1 and M2)

The heat transfer mode within the membranes on the waiegap side (M1)

and airgapi solution side (M2) are mainly through conduction. Only water
vapor pressure is allowed to pass through the membrane pores, with the
assumption of no capillary condensation or air entrapped within the pores. The
governing equations within M1 and M2 membranesliated in Eqs(3.23) i

(3.26).
Water 1 air-gap side membrane (M1)

Conservation of energy:

— - —— ) (3.23

T (3.24)
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SolutionT air-gap side membrane (M2)

Conservation of energy:

3.2.2.5Cooling Water Stream

(3.25)

(3.26)

The cooling water stream is flowing @dountercurrent direction with respect to

the absorbent solution stream for effective absorption heat removal. The

governing equations for continuity and momentum conservation are represented

in Eq (3.27) and Eg.(3.281 3.30), correspondingly.

However there is no water vapor mass transfer between different fluid streams

is involved. The cooling water stream removes the absorption heat released

from the water vapor absorption process. The main mode of heat exchange is

conduction. Eq(3.31) representshie governing equation for heat transfer,

which corresponds to the water heating performance of the MAHP system.

Continuity:

(3.27)

(3.28)
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o] — -0 — =0 —

. -~ (3.29)
0 — -0 — —0 —

Zz : — ZZ — ZZ (3.30)

— i —— ] (331

whered® and”Y are the dimensionless pressure and temperature of the

cooling water stream, respectively.

3.2.2.6Fundamental Parametersrfmmomentum, heat and mass transports

The water and solution streams flow inside rectangular channels over a flat plate
in the laminar regime. The product of friction factor and the Reynolds number,
"QY,@an be used to describe the momentum transpdrirvtite channels of

the water and solution streams. For both streams, the local values of the product,
"QY Qcan be determined at each point along the flow direction, which are
expressed via Eq3.32. The corresponding mean valu&'Y ‘Q can then be

obtained by averaging all localQ'Y ‘Qvalues from point 0 tes using Eq

(3.33.

QYQ (332

YQ — QYRS (333
The local Nusselt numbes,0 is determined using E¢B.34):

133



z

06 YQlHy—— (3.34)

where"Y represents the dimensionless magsraged bulk streatemperature,
while Y'Y represents the dimensionless logarithmic average temperature on
the inner walls of the channel and the crssstion of the fluids, as expressed

in Eqgs (3.351 3.36) respectively.

(3.35)

vy i i (3.36)

Mean Nusselt numbed,6 is dbtained by averaging all the lodab values

from O tods along the channel length via H§.37):
66 —=, 00 A (3.37)

For refrigerant water stream, the local Sherwood nunm®f, is defnedvia
Eqg. (3.38)

z -

ph

YO, YO Y¥g—— (3.38)
h

For absorbent solution stream, the local Sherwood numgy,is defined
via Eq (3.39):

z

YQr YQ ¥(§)—~ —— (3.39)

where 0° 1 and & represent the dimensionless massraged bulk
equilibrium water vapor pressure and massraged solution mass fraction,

while Y0* ; and Y&’ represent the dimensionless logarithmic average
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equilibrium water vapor pressure and logarithmic average solution mass

fraction on the inner walls of the channel and the esession of the fluids.

Mean Sherwood numbeNQ for both refrigerantvater and absorbent solution

streamgss determined by Eq3.40)

z

T =< YO s (3.40

The characteristics of the heat and mass transfer will be analysed based on these
dimensionless numbers, which provideiadamental understanding of how the

parameters interact and influence the performance of the MAHP.
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3.2.3 Dimensionless Parameters and Boundary Conditions

Table 32 shows the dimensionless equations of eachrpater involved in the
governing equations above, whereas the boundary conditions in the
dimensionless form are includedTable 33. The details of the derivation for

the dimensionless equations will be includethe Appendix section.

Tabl2eDi3mensi onl ess parameters and hydraulic d
Parameter Mathematical Expression
Hydraulic Diameter o -
Dimensionless Spail Coordinates o — -hat -RF —
Dimensionless Velocity o —m —mr —
Dimensionless Pressure 0 —

Dimensionless Temperature "y R
Dimensionless Water Vapor Pressul e J
Dimensionless Humidity Ratio 1° E
Dimensionless SolutioMass & ;
Fraction PR
Reynolds number YQ ——

(@] J— P

Since—is very small,

(0] — TQ O
Prandtl number 01 —
Schmidt number Y& —
Nusselt number 06 — — —
Sherwood number Y~y — — —
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Tabl3 Boundary conditions for the mathe
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e 8 "%q, 0? h o h of
hl

Heat transfer A Bedy bwSmiosor Ay BoAb hinSmioss
s IJ s , l_‘y{‘ . z o -8 .vslz ',YJ“ . z o

Mass transfer: —

* o %wE 4
where:
Z;rrou!:]gjj:v—iv--eﬁ- v .
bty S5 e dn Y = =
v Jo VL L. L
. dw. 1ok ¥y, L. Lo,
Domain: Cooling Water Stream
Inlet
z z >z Ol i a "_‘z | 4
¢ od %o Mo & Mio R}
ar
Outlet
e q |_ = o
do  HE
Walls

z

’ and» qd Oj"g ij"g hod h L‘Z—
Middle of Cooling Water Channel

. o S5
“ 4 op. R ORE R b P

a) In the refrigerant water and absorbent solution streams, the normalized
length of the channel is represented by y* = [0,1]. At the inlet, the
normalized velocity componendé , 6°, 0 °, and0 * are equal to ze
as the nosslip wall boundary conditions are applied on side walls,
whereas th&“ and0’is equal to 1 after normalizing with inlet bulk
velocities. The cooling water stream has similar boundary conditions as
the refrigerant water strearaxceptfor the water vapor mass transfer
term.

b) The boundary conditions for the water vapor transfer at the membrane
fluid interfaces (refrigerant watenembrane, membrarar gap and
solutionmembrane) are defined as initial value condgiom. the

variation of the water vapor partial pressure is zero initially.
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3.2.4 Simulation Scheme

The proposed -B steadystate CFD model of the counttow membrane
absorption heat pump (MAHP) is simulatesing COMSOL Multiphysic%.6
software. The model geommgtof the unit cell of the PMAHP is created as
shown inFigs. 3.4based on the dimensions of the experimental PMAHP device,
with relevant boundary conditions applied at each domain and boundary
respectively. Boundary layer properties are applied at thebmaeras, liquid
membrane, and amembrane interfaces. The model is discretized into free
guadrilateral elements. In each element, the governing equatitmspartial
differential form of the mathematical model are transformed into the weighted
integral form. These equations are then discretized and solved numerically

using the finite element method (FEM) for the selected variables.

A grid independence test is carried out by varying the number of elements for
the domains of water, air gap, and solutimereasing from 10 to 30 elements
per domain along the-axis, and from 4500 to 7000 elements per domain along
the yaxis. From the test results as showikigs. 35and3.6, the \arations of
the™Y; values and moisture absorbed along tiaig are within 0.017°C and
0.015 g/kg, whereas mesh variations along t#axig for these variables are
more apparent, with the maximum variations of 0.193°C and 0.148 g/kg. For
the xaxis, as the mésincreased from 15 to 30 elements for each domain, the
difference in values becomes much smaller, only 0.020°C and 0.015 g/kg, yet
the computational time for the finer mesh is substantially increasethe
number of mesh increased from 5000 to 7000@tbe yaxis, the difference in

values of these variables alssiucedo 0.017°C and 0.015 g/kg respectively.
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Hence,p v v Tt nisthe optimal choice considering the traafebetween the

accuracy and computational speed of the simulations.
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3.3 Cascade Analysis (CA) for Solar Heat Integration irL.DD

and MAHP System

In this section, this study aims to provide a primary overview regarding the
practicability of utilizing solar heat to drive théD and MAHP systemsin

this study,the optimal sizing of solar thermal collectors and thermal energy
storage (TES) unitss determined by considering the availability of solar
radiation on an hourly basis and the corresponding heat demand of the
regeneration process. The setfiiven MAHP systems can potentially be used

in air-conditioning, water heating, or space heating applications with lower
energy consumption for residential or smalleale industry uses. There are two
case studies in this section: the first case studg th® Cascade Analysis of a
solardriven liquid desiccant dehumidification (LDD) system, and subsequently
another case study on the membrane absorption heat pump (MAHP), as these
two systems are working on the same absorption refriger@iR8) principle,

with LDD having more existingapplications as compared to the emerging

MAHP system.

The integration of the solar thermal system (STS) with membrane desorbers of
the MAHP system was reported in several research st{&belelSalam et al.,

2014; IbarraBahena et al., 2018However, there is still insufficient research

on the methods ofolar heat integration with the MAHP system, as the
development of MAHP is still in the early development stage with some
technical obstacles. Two of the main challenges to integrating STS into an
existing industrial process are the fluctuations of setadiation and varying
regeneration heat demand. Hence, strategic heat integration methods are

required to address these concerns while implementing the STS.
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3.3.1 System Description

Generally, the absorbent solution regeneration in the desorber urat nsoist
energyintensive process within the ARS. In an ARS that functions as a liquid
desiccant dehumidification (LDD) system, the refrigerant is the water vapor of
the incoming air stream, whereas the absorbent is the desiccant solution. After
every cycleof dehumidification, the moisture absorption capability of the
absorbent solution drops as the desiccant solution becomes diluted and exerts
higher water vapor partial pressure. To regenerate the desiccant solution, the
required regeneration temperatuamge is around 46 70 C (Salikandi et al.,

2021) The temperature range is on the lower side, hence opting for solar heat

source can be a great alternative for thaaghtor utilizing renewable energy.

I

q Ambient Air ) 2

‘Solar Thermal — ":J' - — T(li,d) o
Concentrator | —— —
P )
¥ | | —
N
N F o | —
&H -
- ( Heat o
_ Tliosh | exchanger. C ?J"’):I'; )
[ TES Water Tank | T
Legend:
Red: HTF flow
(heat transfer fluid, water) —~ _—
Green: Liquid Desiccant flow (CaCl2 solution) ( Regenerator I Tlreg)=T(lid) |
Blue: Dehumidified air flow 4
Fig7 3chematic diagram of a |iquid desiccant
sotheerat ed regenerator. The system consists of
(blue) geslicgaind degeneration (green) and s

Fig. 3.7 shows the liquid desiccant dehumidification (LDD) system equipped
with a solarpowered desiccant regeneration unit. The system consists of three
main functions: air dehumidification, desant regeneration, and solar thermal
energy recovery. The dehumidifier is the essential component in the air

dehumidification system. In this system, calcium chloride (@a€kelected as
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the liquid desiccant, in which its temperature will increaseradbsorbing
moisture, resulting in a hot and diluted desiccant. Due to water vapor and latent
heat transfer, the dehumidified air temperature will be lower than the inlet air

stream.

For the desiccant regeneration process to occur, the diluted desickditn
temperature should be the same as the regenerator operating temperature.
Therefore, the used desiccant solution is heated by the heat exchanger before
entering the regenerator. In the regenerator, heat and moisture exchange occurs
between the hodiluted desiccant solution and another ambient air stream. The
water vapor is removed from the hot desiccant solution and collected by another
stream of ambient air at a lower temperature. As a result, the concentrated
desiccant solution is ready to be-used for the next cycle of air
dehumidification. The humidified air exiting from the regenerator unit will be
released into the atmosphere or condensed by cooling coils to produce distilled

water.

The major components of the solar thermal system incladabplic solar
thermal collectors and TES water storage tanks. Solar irradiation heats the heat
transfer fluid (HTF) within the solar thermal collector system. The heated HTF

is pumped into the TES water tank to exchange heat with the working fluid
insidethe tank, and it leaves the storage tank to be heated again in the solar
collector. The hot water in the tank will heat the incoming diluted desiccant
stream from the heat exchanger before the desiccant enters the regenerator unit.
Water is commonly usedsdhe HTF and working fluid due to its high specific

heat capacity. Other types of working fluid can also be considered in similar

applications to improve heat transfer and storage efficiency.
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The sizing constraints and operating conditions of the integraystem
components are listed below by referringAmdah et al., 2011 )which has a
similar liquid desiccant system setup with calcium chloride as the desiccant.

These constraints and operating conditions are fergaeisite data colleitin.

1 The ideal ratio of the liquid desiccant flow rate, to air flow rate,
in the dehumidifier is set at 2.5 when the desiccant type is calcium
chloride (Audah et al., 2011)This ratio could be between 1 to 5 for
different types of desiccant solutions.

1 The inlet volumetric airflow ratesf the dehumidifier and regenerator
are equal.

1 As calcium chloride is prone to crystallization risk, its minimum initial
mass ratio of water to desiccant at the dehumidifier entrance is fixed at
®p of 1.5 kg water/kg LiCl, which is equivalent to the maximum initial
desiccant solution concentration of 40% by weight. LiCl is chosen as it
has a higher moisture absorption ability than calcium chidEdis et
al., 1992)

1 The desiccant solution temperature at the regenerator inlet has to be
higher than 50°C to ensure an effective regeneration process.

1 The maximum inlet destant temperature of the dehumidifier is 30°C.

1 The number of operating hours for the regeneration process is set at 9
hours per day (from 9:00 a.ni. 6.00 p.m.) to supply the dry air
requirement for batch drying processes.

9 Due to the intermittency of soleadiation, thermal energy storage (TES)
is crucial to store sufficient energy and discharge energy according to

needs to compensate for the periods where energy supply deficits occur.
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1 Operational variables, such as conditions of inlet air and liquidciedic
of the dehumidifier are dependent on the ambiendrgibulb and wet
bulb temperatures and humid{@haddar et al., 2003)

1 Desiccant flow rate and temperature also vary depending on

dehumidified air load and desired condition.

The dehumidifier sizing is dependent offeav key parameters of the desired
output air conditions, including its temperature, humidity ratio, and flow rate.
The solar thermal collector sizing is based on the specification of a single
collector module. Hence, the number of solar thermal collectodufes
required will be dependent on the type of solar thermal collector used.
Compound parabolic collectors (CPC) are used in this case study, as CPC is
capable of producing solar heat at temperatures range between 60°C to 240°C
(Kalogirou, 2003) For the dehumidifier and regenerator, inlet air mass flow
rates of these units are interéepent. Besides, regeneration temperature will
also affect the resulting moisture content of thecamecentrated desiccant
solution(Audah et al., 2011As this case study does not focus on the distilled
water production from the output hunfidd air stream of the regenerator, the

heat sink temperature is not considered.
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In the MAHP case study, the schematic diagram of a MAHP absorptiangool
system with a similar setup and operating conditions as the system proposed in
IbarraBahena et ali2018) In the system shown in Fi§, solar heat energy is
recovered and supplied e regeneration heaof the desorption process. The
membrane desorbeondenser unit features a flalate membrane module with
hydrophobic PTFE membranes. Water/lithium bromide is chosen as the
working pair for the system. After the absorption process, the diluted LiBr
solution needs to be heated up to the required regeneration temperature (75°C)
before desorption. This sensible heat is provided by the heat exchange between
the solution and the working fluid of the thermal energy storage (TES) tank.
The STS consists of solaoltectors, thermal storage units, and a water pump.
Ethylene glycol solution (50% w/w) is used as the heat transfer fluid (HTF) in
the solar collectors, whereas pure water is used as the working fluid for TES.
During the daytime, excess thermal energyharged into the TES, and the
stored energy will discharge from TES whenever the heat is required by the

desorption process. The desorption process operates for 4 hours per day, which
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starts at 11.00 a.m. and stops at 4 p.m. As the solar irradiation and the

regeneration heat demand varies with time and ambient conditions, these factors

have to be considered for the sizing of STS.

3.3.2 Data Extraction & Collection

Before conducting the cascade analysis and sizing calculations, it is necessary

to gather an@xtract the prerequisite data as input variables. These constant and

dependent variables are listed as follows:

a)
b)

c)

d)

9)

h)

Period of analysis and daily operation period of the system (constant)
Hourly regeneration heat required, (dependent)

Hourly solar irradiation by the solar thermal collector on average,
(dependent)

Installation area required for a single solar thermal collector module
(constant)

Power of a single solar thermal collector module (constant)

Water pump #iciency, "Q (constant)

Thermal energy storage (TES) charging and discharging efficiencies,
"Qand’Q (constant)

Volume of a single TES unit (water storage tank), (constant)

Water tank fill ratio (constant)
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3.3.3 Construction of Cascade Analysis (CA) Table

After completing the data collection and extraction, the next step will be
constructing the Cascade Table. By comparing the case studies as reported by
Ho et al. in their recent work for nantermittent systemg@Ho et al., 2012)the

system power generation is arranged chronologically as the power generation
source is constant. In contrast, for intermittergtems(Ho et al., 2014)the
arrangement is based on the external factors that influence the power generation.
This is because the power source availability relies on the intensity of solar
irradiation, which is irregular throughout the analysmsthis case study, solar
thermal energy will be accumulated in water tanks that function as TES units
for thermal energy charge and discharge according to heat deman8.9ig.
depicts the general flow chart of the CA method, in which the steps fimgsett

up the Cascade Table are further elaborated inlBig.

~®

Percentage
Calculation Difference Sizing of
Data Construction Estimate of Solar between Solar
Collection & of Cascade Initial Guess Thermal Estimated Thermal
Extraction Table Value Collector and Iterated Collector and
Area Values: TES Unit

P <0.05%?

Cost
Estimation

Fi g9 3General flow chart of the Cascade

148



; < $2: Calculate Hourly S3: Calculate Useful
S1a.nl3’alts:;g:<lzl§ggon Regeneration Heat Heat Gain from Solar
Required, Qp Generation, Qg

e

& 3\ f % { N
S5: Analyse the Energy
S6: Determine the sl;‘erng:tss(:-; ?g,—d S4: Determine the Net
Cumulative Energy, E, Charging, E and Energy Demand, N,
Discharging, E,
. J \ J . J

%

4 ™ ~ N 4 )
S$7: Use the Largest $9: Determine the

Negative E, from S6 as $8: Recalculate the Minimum Area of Solar
the Initial Input for New E¢ new Using the similar Collector Required via
Iterations and Sizing of

S

Cumulative Energy, method as S6

El,ncw
L J | > . J

Figl0o3Steps for Cascade Table constr

1. Place the time intervals irs@ending order with-hour time interval
in the first column for a total period of 24 hours.
2. Calculate the hourly regeneration heat demandbased on Eq.

(3.41) and include the data into Column 2.
0 #v 1 65 Y Yp (341)

where is the desiccant solution mass flow rate, is the
moisture content of the diluted desiccant solution after
dehumidification,0 j is the specific heat capacity of calcium
chloride desiccanf) , is the specific heat capacity of waté,
is the temperature in regenerator unit g is of the temperature
of solution at the outlet of heat exchanger.

3. Insert the data of the hourly solar irradiation absorbed by the thermal
collector,Sinto Column 3. The converted solar thermal energy can

be figured out according to the solar irradiation data.
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4. Calculate the useful heat gain of HTF in the solar concentfator,
based on the solar irradiation available via Bgtd) and place the
data into column 4. The instantaneous solar thermal collector
efficiency,— can be determined using E@.43) (Audah et al.,
2011) For the MAHP case study, the solar thermal collector

efficiency is represented by E®@.44) instead:

0 06 Y =Y Yy Y (342

S — (N (3.43)

- TRUOWHT wg— THIMwe— (344

where O is the heat removal factad, is the aperture area of solar
thermal collectorp is the receiver area of solar thermal collector,
"Yis the solar irradiation absorbed by the collectéris the overall
heat transfer loss coefficientY , and”Y j; is the temperature of the
HTF at the inlet and outlet of solar concentrator, anhds the
ambient air temperature. and0  are the mass flow rate and

specific heat capacity of the HTF.

5. Determine thelesiccantemperature at the TES outléY,;; and the
net energy demand for heatinig, using the followinggqgs. B.451
3.46), respectively.Insert 0 into column 5 after) has been
detemined.

“Ye o Yq fOY O “Yj (3.45)

5 0 0 Y6 Y Y (3.46)

150



where"Yy, isthe inlet desiccant solution temperature of TES, which
is same as thsolution temperature dfeat exchangefY .Y

is the outlet desiccant solution temperature of TES,s the
temperature of working fluid (HTF) in TES, is the heat exchange
effectiveness of heater in TES,is the embedded coil effectivess
and YO refers to the TES overall heat loss factor.

. Positive and negativ®é values in column 5 indicate energy
surpluses and deficits of the heat recovery loop, respectively.
Determine the TES net energy char@eand net energy dikarge,

O via Egs. 8.471 3.48, then insert these values into columns 6
and 7 accordingly Charge, discharge and HTF (water) pump

efficiencies are represented 6y "Q and™Qin these equations.

O 0 QQ (347)

0 — (3.48)

. Determine the cumulative energy in the TESfor each time step
using Eqg. 8.49) and place this data into column 8. The substtipt
in O indicates the cumulative energy stored in the subsgque

time step.

O O O © (3.49)
. Any negative values in column 8 suggest that the system is infeasible.
To overcome this issue, additional energy input is required at the

initial time period of the 2our cycle, in which the engrgnput is

equivalent to the largest negative value in column 8. This also
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indicates the minimum design capacity of the TES as the additional
energy input will be sourced from TES unit at the start of the analysis.
. By including the additional energy inpat the start of the cycle,
recalculate the cumulative energy@sand Qs  in column 9 using
Eq. 3.50. If there is no negative values found, it means the system
is feasible and no further adjustment for the energy input is needed.

Zero value in column 9 indicates the pinch point of the system.

e ©Ce O O (350)
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3.3.4 Sizing of STS Main Components and Estimation of System Cost
3.3.4.1Sizing of Solar Thermal Collector

The key sizing parameter of a solar thermal collector is its aperture area. The
new aperture ared, ; is obtained through repeated iterations using Eg.
(3.51) with an initial guess value for the aperture atea, The difference
between the initial and final cumulative energy in column 9 is divided by the
sum of product between solar irradiatiotYand solar thermal collector
efficiency, — over the total period of analysifterations stop when the
percentage error, P becomes less than 0.05% based @&B2).This iteration

process can be done alternatively via Microsoft Excel Salpgmization.

o ; b i i (351)

0 ——— pnmb (352

The total size of solar thermal collectorg is obtained frmmn Eq. 3.53) based
on the final iterate® ;; value and the unit area of single solar thermal

collector module needed for 1 kWp of solar heat generaiion,.

Y h (353

Subsequentlyestimate the number of modules needed by dividing™Y with

the power of a single solar thermal collector modwle, in Eqg. 3.54).

5 — (3.54)
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3.3.4.2Sizing of Thermal Energy StorageésS (water tank)

The largest positiv®y  value in column 9 of the Cascade Table indicates the
sensible heat energy storage capacity of the TES, which is the summation of
sensible heat stored as indicated in BgS5). In this case study, wates used

as the HTF and working fluid for heat storage.

O B 6r Yi Yp B 6rYY (355
where ,0 , Y and”Y i represent the mass flow rate, specifieat
capacity, outlet and inlet temperatures of the working fluid, respectively.

Since water tanks are used for TES in this case, the sensible heat to be stored,
0 and the tank storage capaciiycan be related via Eqs3.66) and 8.57)

with” representing the density of working fluid.
0 ORYY 7" wO0iYY (3.56)

® — (3.57)

The tank fill ratio of the working fluid in the TE®) is expressed in Eq3(8),

and from that, the total volume of TES requiredgan be estimated. Then, the

number of water storage tanks required to fulfil the storage capacity requirement,

0 is calculatedria Eq. (3.9) by dividing thew with the volumeof a single
unit of TES,w
w — pmnmp (3.58)
0 e (3.%9)
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3.3.4.3Estimation of System Cost
The cost estimation for the solar thermal energy system considers the main
componentand auxiliary equipment, such as the solar thermal coled@&S

water storagéanksand pumpsThe assumptionand stepsre listed below:

1. The total cost of major components is estimated by multiplying
individual unit cost with the number of units rewgi.

2. An additional cost of auxiliary equipment is estimated to be 25% of the
total cost of major components.

3. System efficiency of the regeneration process, is expressed as the
ratio of total regeneration heat consumption to the total useful heat gain

by the solar thermal collectors as shown in BQ).

@

- (3.60)

4. The total installation cost of the system is the sum of main components
and auxiliary equipment cost determined from steps 1 and 2.

5. The annual maintenance cost is approximately 0.1% of the total
installation cost of the system.

6. The periodic payment amoui, is calculatedusing Eq. (31) by
considering the annual amortized cost with an interest’tags,at 10%
and total life cycle / payment period©fyears which also factors in the

net present value (NPV) for this calculation:

5 S (361)

whereo is the annual amortized cost amd is theprincipal amount

including the installation and maintenance cost.
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CHAPTER 4 RESULTS & DISCUSSION

4.1 Introduction

In a membrane absorbevaporator unit, it is important samulatethe coupled

heat and mass transfperformane to understand theorking mechanism
within the membrane channels under ambient pressure. The magaeippo
studying the inner working mechanisms of the conjugate heat and mass transfer
is via simulation studies. Section 4.2 reports on the experimental results for
model validation, whereby the experimental results are compared with the
simulation resultsSection 4.3 compares the performance of a base case with
the case that includes an-gaip structure for sensible heat loss reduction of the
membrane absorbewvaporator unit. To further improve the absorptionsate
Section 4.4 discusses about the dffgfcsimultaneous internal cooling of the
absorbent solution using a cooling water strealmes€é sectionare mainly
focused on the performance of the membrane absexagrorator unit, which

does not involve the overall system performance.

In the subseaent sectionCascade Analysis is carried out to determine the
feasibility of incorporating solar heat use for the MAHP system. Section 4.5
reports about the results of the Cascade Analysis that features-paoted

liquid desiccant dehumidification D) system for the case study, which runs

on ARS working principle. Section 4.6 extends the study of Cascade Analysis
for the MAHP system, which features the use of solar heat as the heat source to

fulfil the regeneration heat demand of a membrane desodneienser unit.
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4.2 Performance Study and Conjugate Heat and Mass Transfer
of the Membrane AbsorberEvaporator Component: Model
Validation and Parametric Studies

The results generated from the numerical model are validated with the
experimental data tdisclose the discrepancy between the results obtained. For
thegenerakrror calculationthe maximum difference between the experimental

and simulation results is given By. (4.1)

o1 1 ¢} : (4.1)

Experimental and simulation results are compared under different inlet
conditions by varying the operational parameters: solutibet Wolumetric
flowrate (0 ), water inlet volumetric flowrata)( ), solution inlet mass fraction

(®f ), and water inlet temperaturéY(; ). In the experiment, since the
prototype of MAHP only consists of a single unit cell, toetdary conditions

of the top and bottom planes are set to be-geadients of temperature and
concentration. The range of study, experimental values, and model results of
various operating parameters are tabulated in Table Sblution outlet
temperatue ('Y; ), water outlet temperaturéY(; ), and solution outlet mass
fraction (W ) are directly measured parameters from the experiments,
whereas the values for moisture absorbed (MA) is a derived parameter that
represents the tgke of refrigerant water vapor by the absorbent solution. Each
experimental measurement is taken repeatedly for three times to ensure the
sampling consistency and reduce the sampling efie.numerical model is

used subsequently for parametric studmethe followingsection
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4.21 Model Validation and Statistical Analysis

This section discusses about the statistical methods used to determine the
overall model accuracy for performance predictibmfurther assess the overall
model accuracy, thexperimental data is plotted against the values obtained
from the model estimation. The discrepancies are analyzed via statistical

methods and the possible factors that caused these discrepancies are discussed

Firstly, the linear regression method is useddetermine the coefficient of
determination (R between the experimental and predicted values. Secondly,
the rootmeansquared error (RMSE) values are calculated as a performance
indicator to evaluate how well the model can predict the targeted aatuak.
Subsequently, the pairwise Pearson correlations are used to describe the
intensity and direction of the linear relationship between each pair of the inlet
and outlet parameters quantitatively, in which the experimental data will be
comparedn this case The statistical significance is assessed by thalpes,
respectivelyThe general equations for these statistical methods are listed in Egs.

(4.27 4.5);

Sum of the squares of the residuals (SSR) between the model and experimental

values are caldated by Eq. (4.2):

YYYB @ 5 ® ¢ (4.2)

Coefficient of determination @Ris obtained via Eq. (4.3):

: B P
Y op o ! (4.3)

Rootmeansquared error (RMSE) is calculated through Eq. (4.4):
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YOYO -B @ 5 & (4.4)

where w r is the modepredicted value,w j is the expdmental
value,a”  j is the mean average of the predicted values.

Theclassification of various evaluation metre® listed in Table 2.below:

Tabl2Cl4assi fication of various evaluat

Metric  Very Good Good Satisfactory  Not Satisfactory

R2 R2>0.85 0.75<R00.85 0.600R?<0.75 R2< 0.60

RMSE RMSEO00.75 0.75<R01.00 1.00<R02.00 RMSE> 2.00

Pairwise Pearson correlations are used to compare between the experimental
values of each Ist parameter to another outlet parameter, with the Pearson

coefficientof the measured datacalculated by Eq. (4.5):

i (4.5)

A strong positive correlation between a pair of wdatlet parameters is
indicated by the range of [1L>> 0.5], whereas a strong negative correlation is
indicated by {1 <r < -0.5]. Rangeof values of [0 > > 0.3] and {0.3 <r < 0]
indicate a weak correlation between the variables, wheredsindicates that
there is no correlatiofurthermore, to assess the statistical significance of each
correlation, the fvalues with a 95% conficee interval are determined. The
value of p < 0.05 indicates a statistically significant correlation, while p > 0.05
indicates a statistically insignificant correlation, which suggests that the

correlation is more likely to happen by chance.
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Based on the odel validation results shown in Table 4.lhetgeneral
discrepancies are less than 10%, whereasthemum discrepancy is less than
15.0%. It was also observed that the predicted outlet water temperatuses, T
are consistently lower than the expenrted valuesBy checking the RMSE
errors tabulated in Table 4.3, it was found that ¢ners for outlet water
temperatures and MAre generally greater than those of the solution mass
fraction This isdue to the sensible conductive heat loss from the breame
contactors to the surroundings, whereby the typical values of conductivity

ranges from 0.1 1 W ntt K1 (Li and Yan, 2022)

Tabl3 &RKRMSE errors in model val i dat i c

RMSE Outlet Parameters

Inlet Varlab|eS TS,OUt TW,OUt XS,OUt MA

Qs,in 1.7935 4.7871 0.0008 0.8206
Quw,in 1.5759 4.8260 0.0019 1.8841
Xs,in 1.5232 4.5975 0.0021 2.0961
Tw,in 1.5078 3.9967 0.0021 2.0665

Tabld4e &Loef fOectieernmi MyaftVMaolnue(sR i n model val i d

R2 Values Outlet Parameters

Inlet Variab|eS Tsyout Tw,out Xs,out MA

Qs,in 0.9773 0.5556 0.9532 0.9478
Qw,in 0.9107 0.9661 0.7174 0.7101
Xs,in 0.9675 0.5348 0.9994 0.4289
Tw,in 0.9951 0.9991 0.9826 0.9828
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Table 44 summarizes the Rvalues for the modeadxperimental values
comparison.The linear regression graphs will be included in the Appendix.
From the table, most of the mogwiedicted values are in a very good agreement
with the experimental values @lied, withr@o p T XY T80 w wlhere are

two sets of data witly values of 0.7174 and 0.7101 respectively, in which the
prediction of the Xouand MA values under varying refrigerant water inlet flow
rates Q.in IS satisfactory.This suggests that the amouwftrefrigerant water
absorbed is subjectedtteefluctuations affected by the water vapor availability
on the membran#uid interface, i.e. the liquid water stream velocity might
affect the rate of formation of water vapor molecules and vapor permeation
across the membrane.

Contrarily, there are three sets of data withch lower'Y values between
0.428971 0.5556 which indicated that the estimated values have significant
differences as compared to the experimental values obtained, i.e. the model
predicted values for outlet water temperatiitgeutunder varying inlet solution

flow rate and temperatur€s,in and X inis Nnotcompletelyrepresentative of the
actual experimental valuedBy observing the trend of the water outlet
temperature, increasings@Qand X in has less impact on both the experimental
and predicted valudsr Tw,ou, as the values are fairly constant. This indicates
that Q,inand X,n has less significant impact on thgol.

In another comparison, the experimental values for MA does not have a clear
trend under increasing sy, which are different fron the simulationvalues
wherebythe modelpredicts that more diluted solution would result in lower
MA values. Pearsoncoefficientis used to further analyze and explore the

correlations between the inlet and outlet parameters, and the r values for each
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par of inlet-outlet parameters are summarized in T&b%e The corresponding

p-values for each pair are also tabulated in Tdlge

Tabl% #®Pearesfan,cGrmentn model val i dati on

Pearson Coefficient, r Outlet Parameters

Inlet Variables Tsout  Twout Xsout MA
Qs,in -0.996 -0.813 -0.983 -0.983
Qw,in 0.971 0.982 0.829 0.820
Xs,in -0.994 0.639 1.000 -0.680
Tw,in 0.996 1.000 0.987 0.988
Tablé &&£val uatailawuresofi np model validati on

p-value (95% confidence interval) Outlet Parameters

Inlet Variables Tsout  Twout Xsou MA

Qs,in 0.000 0.000 0.000 0.000
Qw,in 0.001 0.000 0.042 0.046
Xs,in 0.000 0.172 0.000 0.137
Tw,in 0.000 0.000 0.000 0.000

Similar to the previous Ralculatiors, most of the parametprirs show strong
correlation with each other. Based on the Table 4.5, the Peavatres for the
Xs,in - Tw,out and Xs,in -MA have magnitudes of 0.639 ard.680, respectively.
Although the values are showing fairly strong catiens, these values are

significantly lower as compared to the other pairs of comparison with ranges of
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[0.82, 0.996] and-P.996,-0.982]. This indicates that these two pairs have
weaker correlations.

By further determining the-palues in Table 4.6, th¥sn -Tw,out and Xs,in -MA

pairs have values of p > 0.05 with a 95% confidence interval. This indicates that
the null hypothesis is not rejected, i.e. the correlation between theseutitdt
parameters of these two pairs are not significant. Therettugeexplains the
reason why the modgredicted values are not in good agreement with the
experimental values for these two pairs.

For the Qs,iATw,out pair, the Pearsorvalue is-0.813, which is slightly higher

than the previous pairs but lower thtae others. The correspondingalue for

this pair is 0.049 with a 95% confidence interval. Although the value of p =
0.049 < 0.05 could indicate a rejection on the null hypothesis, yetvakig is

very near to the criterion, hence it is less signifidhan the other pairs which
have much smaller-palues.

In overall, thestatistical analysis proves that the model results are reliable and
has good capability in predicting the performance of the MAHP system. Besides,
the results from the statisticataysis also help to give some insights about the

anomalies and trends of the results obtained from the experiments and model.
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4.22 Parametric Studies (Operational Parameters)

4211 Variation of absorbent solution volumetric flowrate,

Based on Tabld.1, asO increases.Y; and’Yy decrease. This infers that

as0 increases, the solution flows and circulates at a higher velocity range,
hence the water vapor would be absorbed and carried away by thersolutio
stream at a higher rate. However, since the contact time between the water vapor
and the solution stream becomes shorter, the heat would be carried away more
quickly by the continuous flow of the solution stream, resulting in a lesser
amount of latent & of vaporizationYO  and heat of mixingf’'O  to be
absorbed by the solution. Hence, the incremeiiYia also reduced, i.e. the
solution temperature lift); is lower whend is higher. This observation

also corresponds to thresearch findings reported by Woo¥oods et al.,

2011) in which the changes in the CaGbsorbat solution flowrate will
influence the NTU (number of transfer units) for heat tranf&raub and
Elimelech, 2017)For a fixed heat exchange area, the NTU available for heat

transfer will be higher at a lower solution flaate, which results in a higher

Although”Y also decreases along with a higher the reduction ifiY

is much less apparent than that"® . "Yy is relatively constant as
compared tohe other outlet parameters. The water stream is the source of water
vapor generation. Since the inlet temperature and mass flow rate of the water
stream are constant, therefore the change in water vapor pressure on the water

side is merely affected by tlvate of water vapor transfer to the solution side,
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with a very slight reduction (0.060.17°C) for each subsequent value asithe

decreases.

The maximum solution temperature lif]Y; is observed at the lowest

solution flow rate § = 0.16 L mint), with values of 9.02°C and 10.23°C
obtained from the experiment and calculation respectively, with a difference of
1.22°C. On the other hand, at the highest solution flow bate .26 L mint),

the experimental and simulated was ofY"Y; are at the minimum, with
values of (5.36°C) and (7.11°C) respectively. This is due to the boundary layer
effect occurring on the membrahquid interface, wherein the heat transfer
across the membrane will create thermal bountigmrs on both sides of the
membrane (liguitnembrane and air gamembrane interfaces), which
impedes the vapor flux and might cause possible temperature polarization

transfer(Straub and Elimelech, 2017)

Besides that, the aviation in0 has a significant effect on the moisture
absorbed 0 0 by the solution stream. The maximum moisture absorbed is
14.05 g/kg and 13.10 g/kg for calculated and experimental valules=a0.16

L mint. On the other hand, the outblution mass fractiorp; has less
obvious variation. The outlet solution mass fractiary, (kg water/kg
solution) decreases from 0.563 kg/kg to 0.559 kg/ky dacreases. Less water
vapor is absorbed into the solution, hetitere is a smaller amount of enthalpy

of vaporization being released from the condensation of water vapor, and also
less heat of dilution from the mixing of the condensed water molecules with the
solution stream. Thus, operating at a loweis mote favorable for achieving

a higherY"Y;
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42.1.2 Variation of inlet refrigerant water volumetric flowrate,

According. tYjo ,"Yia bdbre ahd t he moi Dtdur e ab
increase aslwatcerre afsleowrThe exp®&f i ment al
and values show similar rising trends
membr ane interface would be vaporized
bet ween theiwat st r@&madmmssolDute to the wat
the evaporation proce¥®, woat ednbehadbsoo
from the bul k water stream, causing a
the bul k water t esmpleagatt uire 4dwairleahlilces dt,
phase change. This causes the water v
| owered, and the water vapor pressure

streams would become smalbder watéder eho
transfer would be di minished. Subseque
be accompanied by a | owéY ,watemdd heat

woul d be reduced, which ismantavo®Oabtek
contrary,i & mogaepreferred because the
stabl e, which ensures the water vapor

rate without di minishing the driving f

Maxi mimtsmn t e Meriat wrbe eltivietdD .wh@ nL  mi n
' with values of 9.24AC and 10.61AC
calcul ati oY, hasplkeicgherel grrors bet ween

simul attio.n Treuldi screpancy between ex
results could be attributed to the add

stream back to the water stream via he
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42.1.3 Variation of inlet solution mss fraction® j,

From the resul.t,®y sihnocwne aisne sT apbrla@ep .odr t i on
Under the samaean@gndledrne@aases slightly w
of merely 1.03ACebagydbet WBAG, enelpeati
Q. Since the inldesti nscorleuatsieosn) ,i st hdei |w
di fference between the water and sol ut
| ower mass transferheamembfawaseandapi
l ess | atent hX¥oat) obfeivrap otrri arastfieornr €d f r «
to the soluti o sitrceams d hhca eeafsoerse,, r es

in a ¥Yyop in

The mul ati on rY&s uwlatlsueshowedl0O. 23AC to 8
these values are slightly higher than
9. 02AC to 8.20AC.1.PHACdioxxcrue sa dauye dfo
heat tr amsfheeratferdonsotiluti on to the memb
such as acrylic shells and air gap st
heat transf er tvhapoourg hmathrei xmeawbd atnhee ai
signifies a heat thass rfersamVtys hiénn stehl ed toiv

e X p e r itrangan$traub and Elimelech, 2017)

The i ncmwegmesntdiofectly proportidpnal to
I n additionmot steumaemoabsomwmlbed 1 si withi
14. 05 g/ kgi la3ndf/8k . 9@ r the simulation
respectivel y. This observation is att

vapor and the |liquid wateWhew| tetkhel €cl 0
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in a more diluted state, it exhibits a
l iquid water molecul es due (Zhaw etwle ak er

2014)Henc e, t he water vapor tends to cor
water mol ecul-eemhtanbédei sbéut aoa, even
force for mass tranwétkeer ot waamrt ovaple
has been reduced due to a | ower wat e
di fference between the maRgRiisnume raaldy mi.r
g/ kg, i1t can be concluded thataftflteectef f
the water vapor absorption rate on t he
water vapor absorption can be further

which the effect of water vapor press.|

as cemmpanon the affinity between water n
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42.1.4 Variation of inlet refrigerant water temperaturey

Based on/iIYadn®, 4ncrease’Ygtreaswkisl.y Sasnce
water stream wast erhevapour deoranfat i on, T
tempergtwoepdomat &di gher evaporation r
mol ecul es nenambrnt dree | i mue df ac e, t hus

vapor iYOatiionr,eadi | y asvaeirlraehdl e ot o hbee storl
Due to the&Oingcrehsedinving force for

transfer of the water vapor mol ecul es
mol ecul es woul d arrive atYOt hdeur s algut i
condensation. Il n addition, the conden
soluti oy tcamuisnmrgease. This dilution p
by the releas&Oofonhe¢dte sfol diitrfi wirsi canil s,

increased.

On the contrary, whefYptilhse lionM, ett hveateer s
available to induce water phase chang
water stream would be Isawer a@d.f fAg etnlhcee

the water and solution streams become

vapor transfer would be diminished. C
would be accompanied by a | ower | atent
temperature | ift woul duldl pedweced,hewhie

perfor mance.

The maxi mum di fferences between the e)

Yo and; are 2.§0%nfdorO. 8f %W e rdro,p i n
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values estimated by thewimbhed. h&asQa of
5. 23AC as coosebaraéchedo frlom trhaen gdxnpge rfirr
1.22AC81AC, which is relatively more

the fact t hat the heat and mass trans

membr anes are higher in actual experim
and | atent heat transfer rate as compa
the indiYfgeméat oncreases water vapor f ¢

mol ecul es are transferr &ga8ati ssiarhisloari nn

t hat the ef fYgctto oefn hiannccree atshiengheat and |

f orwad | be affected by the existence o
and membranes. The experiomeata@al i mngo ad
agreemei¥t i wobewases. On the other hand,

the sottmeaamshosws a risYgngndreasdesas T
observation is eXpectctedrhbhegesusae hhighleer

vapor formation, which i mproves the dr
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4.23 Parametric StudigiStructural Parameters)

4221 Local dimensionless numbers (fRe, Nu, Sh) of the water and
solution streams under constant condition and varyingl Vetios

Due to the conjugate heat and mass transfer occurring within the membrane
channels, the boundargonditions in actual operation are roniform,
therefore, the local variations of the dimensionless heat and mass transfer
parameters have to be considered. The values of local fRe, Nu, and Sh values
of the water and solution streams under constant tondind varying width

height (WH) ratios are illustrated in Figt.1 and Fig.4.2, with the subscripts

6S6 and OW6 referring to the solution

150
255 ]
240 b * —*— solution (Nu)s,L x - 145
225 r —k— water (Nu)w,L ] 140
n —aA— solution (fRe)s,L 4135
210 B water (fRe)w,L 4 130
195 - —@— solution (Sh)s,L 4125
i 180 | —®— water (Sh)w,L 4 120
= 65| J s
£ 1sof e
2 13sF 105 <
S ok & {100 2
= 105k AAAAAAAAAAAAAAAAAAAARR AL AN, ] gg R
£ 90 — J 85
75 F 4 80
60 F 475
a5 | ] 170
i . ® Jos
30 b ®9.4.
15 L 000000000000 00000000 o-o-o-o-i/‘ -1 60
! K Feddek Kk ok Kkkkk kkkskkkok kkokk Ak o 55
O 0000000000000 0000000000000800, 150
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y*
Fi gl 4.ocal product ohofdschuombeiNactséeél Remd mRe)
(Nugdnd Sher wood.Lfnoumbtehres wWalhe)r and sol ution st
condition. Triangle symbolis séepresgmbolierlep
(Nu) and circl e syvaHd ales rad prnegs earhte (WRh)er and s
= 0.60 m, W = O.hi:SOmD(}IEl:m,@WOODQm,®nd3ﬂﬁg,m

Qu= 0.38B; mX0.55 wkag /&KO0AC)T
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Fig. 4.1 shows the variation of local (fReyalues of the waterral solution
streams with a constant-W ratio of 75. According to the figure, the maximum
(fRe),L value is observed at the inlet (y*=0) of the solution stream, followed by
a sharp reduction from 114.57 to 93.42 at y* = 0.067. Beyond this point, the
(fRe) L values become constant along the solution channel length. For the water
stream, a similar trend is observed, whereby the maximum local,(fRe)ue

of 146.11 is obtained at the inlet (y* = 1) with the flow direction opposite to the
solution flow. The(fRe)w,L then drops from its maximum to 91.60 and shows
relatively stable values beyond the point of y* =0.967. In contrary to the;(fRe)
values of the solution stream, the (fRe)does not become constant but
increases gradually to 99.26 towards tkit mstead. For the solution stream,

the entrance length of the developing flow is y* = 0.067, which is equivalent to
6.7% of the total channel length. For the water stream, the entrance length is
defined at 3.3% of the total channel length of the wadteam, with the stable
value of (fRe),. obtained at the location of y* = 0.967 instead of y* = 0.033

due to counteflow configuration.

With a higher volumetric flow rate, the water flow experiences a higher
resistance along the channel length as compar#tht of the solution stream,
hence a highepressure drop is observed. By assuming that the flow is
hydrodynamically fully developed starting from the water inlet, it tends to
slightly underestimate the friction factors of the water flow. As the (dRal).
reaches a stable value, it indicates that at this point, the momentum boundary
layer has been fully developed, and the flow attains a parabolic velocity profile
beyond this point along the flow direction. Stable values represent the fully

developedralue under conjugate heat and mass transfer boundary conditions.
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Likewise, for the local Nusselt (Ndy) of the solution stream, @échieved the
maximum value of 248.69 at the solution inlet, then drops immediately to 8.96
at y* = 0.067 before becoming mstant. For the water stream, the maximum
(Nu)w,L value is 252.36 at the inlet, and it drops to 9.19 at y* = 0.967, then
slightly decreases to a constant value of 8.50. The subsequeni. (Miles
decrease very slightly and become constant at 8.13 tewhsd exit. This
implies that the channel length is sufficiently long to allow the thermal and
momentum boundary layers to become fully developed for the solution and
water streams. The entrance lengths for the thermal and momentum boundary
layers of the glution are the same, which are 6.7% of the total channel length,
whereas the entrance length of the thermal boundary layer of water is slightly
longer than that of the momentum boundary layer. On the contrary, the stable
local (Nu) values of the water drsolution stream are quite near to each other,
which are around 8.10 and 9.00 for the (INuand (Nuy,., respectively. This

suggests that the convective heat transfer effect is similar for both streams.

The local (Shy.of the solution stream has a dian variation as the (Ny), but

the (Shy,values are generally much greater than those of (Nine maximum
(Sh),.value reaches 207.00 at the inlet, and then experiences a steep reduction
to 37.02 at y* = 0.067. However, the subsequent s(Stalues decrease
continuously and do not become constant. The minimum (Salue of 17.98

is observed at y= 0.967, and then it increases slightly back to 24.37 at the
solution outlet. This shows that the concentration boundary layer develops
much slower han the momentum and thermal boundary layers, as the
concentration entrance length is much longer than the thermal and momentum

entrance lengths.
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This is because the mass diffusivity of the solufjonp p ™ @ | is
much smaller than its thmal diffusivity (Yu et al., 2012)The concentration
entrance length is not wellefined as the local (Sh)value is still continuously

decreasing.

For the local Sherwood number of the water stream, the maximuw) (&i)e

of the water stream is 42.37 at the inlet, followed by an immediate reduction to
1.34 at y* = 0.967. From thipoint onwards, the (Shyalues decrease a little

and become constant along the channel length. In general, the stahle (Sh)
values of the water stream are about 1.20, which are much smaller than those of
the solution stream around 18.021.0. Sincette LiCl solution has a much larger
Schmidt number (S& 1390), the development of the concentration boundary
layer is much slower in the solution stream, thus the solution sideL (&8s a

higher magnitud¢Huang et al., 2012han the water stream.

To determine the optimal W ratio for the MAHP design, the study is further
investigated by varying the channel height (H), in which the results are plotted
in Fig. 15. Due to the entrance effect, the maximum values of local Nusselt and
Sherwood numbers #te inlet regions (y* = 0 and y* = 1 for the solution and
water streams respectively) are exceptionally high as compared to the
subsequent values along the channel length. Hence, these values at the inlet

points are not included iRig. 4.2.
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According to Fig4.2in general, the locgNu)s . values slightly increase when

the WHH ratio is increased from 37.5 to 150, with the channel height, H reduced
from 4 mm to 1 mm. The convective heat transfer is slightly enhanced as the
thermal boundary layer becomes thinner, therefore the heafdraesistance

at the solutiormembrane interface is reduced. The local convective heat

transfer coefficients become greater as thelVétio is increase(Asfand et al.,

20163)

For the Sherwood numbers, when theHNatio is reduced by half from 75 to
37.5, the resulting (Sk) values are higher, with both trends showing the same

variation. In contrast, when the-Wratio is doubled from 75 to 15the (Shy,..
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values are lower than those ofMV= 75 near the inlet region. This agrees with
the observation reported by Zhang et where a lower \AH ratio results in
higher (Shy. values (Zhang et al., 2018)Since Sherwood numbers are
proportional to the channel thickness, having thicker channels at lowdr W
ratios would result in higher Sherwood values. Nevertheless, a higises m
transfer coefficient is obtained at a higherH\fatio, which means a thinner
solution channel will improve the water vapor mass transfer rate. It can be
concluded that by increasing the-MVratio, although the convective mass
transfer coefficient isicreased, it has less effect on the Sherwood numbers. The
concentration entrance length is not wagfined as the (Sk) value is still

decreasing continuously.

For the water stream, at the inlet region of y* = 1, the Nusselt numberg,(Nu)

of the waer stream decreases steadily along the channel length with a very small
decrement. The (Nw). values are slightly higher at the-Wratio of 150 as
compared to that at 75, whereas the values ofyNa) W-H ratio of 75 and

37.5 are the same. This inféhat the channel thickness affects the heat transfer
effectiveness within the water stream with minimal effect. In contrast, the water
stream Sherwood number (&h)shows a sharp reduction near the inlet, then
becomes constant. The values of (Gharearound 1.20, generally lower than

the values of (Nw). which are around 8.1 8.20. Low Sherwood numbers of

the water stream, (Sh) can be explained by the fact that the difference in
partial water vapor pressure between the watembrane interface atlae bulk
average of the water stream is large. Furthermore, the Schmidt number of the

water stream is relatively low (& 0.32), hence the resulting (@f)values
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are lower. This suggests that theW\fatio has a smaller impact on the Nusselt

and Sherwod numbers of the water stream.

4.2.2.2 Mean average of dimensionless numbers (fRe, Nu, Sh) of the

water and solution streams under differerti/¥atios

The average Nusselt numbers (Mupherwood numbers (Sh)and products

of friction factor and Reynds numbers (fRg) are calculated under the
conjugate heat and mass transfer bound

and OWO6 represent mean values, solutio
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Based on Figd.3, as the WH ratio increases, the (Nsyyvalues of the solution

stream are fairly constant at 9.00 with a very slight variation of 0.05. In contrast,
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the (Nujv,m of the water stream shows a decreasing trend from 8.44 to 8.17
when the WH ratio is increased from 15 to 75, yet it slightly increasek ba

8.21 at a WH ratio of 150. The variation is merely within 0.3. It can be inferred
that the WH ratio has a minor impact on (Nuy of the water stream, and the
solution side (Nwwm is unaffected. The mean Nusselt values of both streams
are close te@ach other, indicating that the convective heat transfer effectiveness

is similar for these two streams.

For the average Sherwood values, the trends show otherwise: the ¢6th)e
solution side is greatly affected by theMratio, whereas the (Shj remains
constant at 1.20. It can be inferred that the generation (evaporation) of water
vapor molecules mostly occurs at the wateambrane (\AM) interface instead

of the bulk liquid. The thickness of the channel has not much effect on the rate
of evaporéion and convective mass transfer. Hence, it is unaffected by the W
H ratio. Moreover, as the W ratio of the solution channel is increasing, the
mean average values of (§h)reduce from 30.39 to 20.87, with the magnitudes
comparatively greater than tfeh)ym. This implies that molecular diffusion is

the main transport mechanism in the water vapor transfer in the water stream
with less significant convective mass transfer. Contrarily, the convective mass
transfer mode is dominant in the water vapoogttson process in the solution
stream. The convective mass transfer is enhanced when a thicker solution
channel is used. However, this does not necessarily mean that a let/eatity
encourages a higher mass transfer rate. A high#t k&tio would resulin a
higher convective mass transfer coefficient, which increases the solution

temperature lif¥"Y; instead.
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Furthermore, as the WM ratio increases, the (fRg), and (fRey,m values of

the solution and water streams show increasing tréifus values of (fRe)m

are generally larger than those of (fRe)At higher WH ratios, since the fluid
channels are thinner, the fluid flow experienced a higher resistance and pressure
drop. This is because thinner channels lead to higher Reynoldsersiand the
formation of thinner hydrodynamics and thermal boundary layers along the
channel wallgAli, 2010). This also agrees with the findings reported by Asfand
et al (2016b)in which the overall pressure drop increases along the solution
channel when the solutiochannel thickness is decreased. The solution side
(fRe)s,m is generally smaller than (fRej of the water stream because the
flowrate of the solution is lower than that of the water stream for this study, and

the dynamic viscosity of the solution is larglean the water stream.
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4.3 Performance Improvement via Air-Gap

During the absorption process, latent heat transfer alongside the water vapor
migration from the refrigerant water to the absorbent solution constitutes the
largest part of the total he#&tansfer. This latent heat energy transfer is the
desired quantity, and a larger amount of latent heat energy transfer will result in
more absorption heat being accumulated in the solution stream. However,
another problem arises when the absorption capahif the solution
approacheghe maximum with a diminishing driving force of water vapor
partial pressure difference, that is when the accumulated heat starts to flow back
to the refrigerant water stream to attain temperature equilibrium between both
thefluid streams. Thus, the sensible heat lost from the absorbent solution back
to the refrigerant stream is undesired, which should be kept at a minimum for

maximized performance.

By including an airgap in between the evaporator (refrigerant water fladv) an
the absorber (IG1 absorbent flow), the agap functions as the thermal barrier

to reduce the sensible heat loss. This airgap insulates and reduces the sensible
heat loss from the absorbent stream back to the refrigerant flow. The heated
solution acts & a heating source with an elevated temperature due to the
accumulation of latent and sensible heat released during the absorption process.
The contours of temperature, equilibrium water vapor pressure, absorption heat,
and velocity distribution for the wer, air gap, and solution streams are plotted

in Figs. 4.41 4.10, as these hetp identify the aspects that can be focused on

for further enhancemenkor clearer visualization, only the contours near the
channel region of y* = 1 (absorbent solutionleuand refrigerant water inlet

regions) are depicted in enlarged form.
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4.3.1 Distributions of temperature, equilibrium water vapor pressure,
absorption heat, and velocity
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Based on Fig4.4, the temperature contounés are parallel to the channel
length (ydirection) while showing variations along thelixection. The contour

lines in the air gap are much closer to each other and equally spaced apart, while
those in the water and solution streams are more widetgdpbleat and mass
transfer fluxes transfer predominantly along thedirection, which is
perpendicular to the membrafieid interfaces. The variation in temperature
across the air gap is greater than those of the water and solution streams,
suggesting aigher heat transfer resistance in the air gap. Solution temperature
increases along the fluid flow direction from the inlet to outlet, while the water
temperature shows otherwise because the heat exchange occurs between the
solution and water streams undeunterflow configuration. Heat is lost from

the water stream due to the evaporation process at themeaairane (\AM)
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interface, while heat is gained at the solution side as a result of water vapor
transfer, whereby latent heats of condensation a@rthgi(absorption heat) are

released in the solution stream.

Temperature Profile in x-direction
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Fig.4.5shows therosssectional view ofemperature profiles across the water,

air gap, and solution along thediwection Generally, the temperature variation

is in agreement with theesults reported by Woods et @lVoods et al., 2009)

The figure shows the temperature of the water stream drops a little near the W
M interface (y = 1 mm), whereas the temperature across the air gap region shows
a positive gradient. Athe SM interface (y = 2.2 mm), the temperature is
slightly higher as compared to the temperature in the bulk solution. By
comparison, the temperature gradient of the air gap at the solution outlet/water
inlet region (y = 600 mm) is steeper than the sofuinlet/water outlet region

(y = 0 mm), which means that the air gap is functioning as an effective heat
insulation region to reduce sensible heat loss from the solution back to the water

stream.
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Figs.4.6and4.7illustrate the contours and profiles of equilibrium water vapor
partial pressure along the flow direction andisection, respectively. As seen
from Fig. 4.6, the contours oéquilibrium water vapor partial pressube,are

similar to the temperature distribution in KHg4. The equilibrium water vapor
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pressure of the water streaf; is depicted using daklue lines.0 j
distribution is much widely spreadith contour lines concentrated near the
watermembrane (\AM) interface, as the generation of water vapor molecules
mostly occurs at the WI interface. Similarly, for the solution streat
contour lines are denser near the solutiembrane ($M) interface, unlike the

air gap region which has equabpaced contour lines. This implies that the
mass transfer and heat transfer are interrelated as shown by the similarity
between the trendlines of the temperature @).and equilibrium water vapo

partial pressure profiles (Fig.7) along the xdirection.

A higher water vapor transfer rate prompts a higher absorption heat transfer rate
across the membranes and air gap. At thd ®iterface, the water vapor
molecules are condensed and mixed WithLiCl absorbent solution during the
absorption process. The diffusivity of water vapor in the air is higher than that
of the solution stream, hende; is more evenly distributed thani in the
solution stream. The magnitudesiofof the water, air gap, and solution streams
are 5.16 6.88 kPa, 2.438 5.05 kPa, and 0.782.01 kPa, respectively. In Fig.

4.7, the gradient of equilibrium water vapor partial pressure across the air gap
region is steeper near the solution outlet/watet region (y = 600 mm), which
means that the mass transfer resistance in the air gap is significant, and it helps
to reduce the tendency of the water vapor molecules accumulated in the solution

stream to transfer back to the water stream after the aiosoppbcess.
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From the previous figures, it could be shown that the heat and mass transfer are
greatly conjugated with each other. Hig8 is plotted to further visualize the
distribution of the absorption bt within the MAHP unit cell, whereby the
absorption heat includes the latent heat of evaporation/condensation and mixing.
The absorption heat contour resembles those temperature and equilibrium water
vapor pressure contours, whereby the contour linex@meentrated at the
membran€luid interfaces of the water and solution streams and throughout the
air gap region. The magnitudes of the absorption heat for all regions are in the
same range of @ kg* with very small differences, suggesting that thteria

heat of absorption is dominant in the regions where water vapor transfer and

heat transfer occur the most.
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The velocity contours for the water, air gap, and solution streams are depicted
in Fig. 4.9. For bothwater and solution streams, starting at zero magnitudes at
the membrandluid (W-M and SM) interfaces, a wavelike spreading pattern is
observed from the region with denser contour lines near the interfaces towards
the cente of respective fluid streams thiincreasing velocity magnitudes. This
observation matches the expectation as thslipdboundary conditions at the
membran€iluid interfaces and axisymmetric boundary conditions at theeent

of the fluid streams are applied. Due to the coufitev corfiguration, the water
velocity contour shows a slightly different pattern, which illustrates a
developing velocity boundary layer flow of the water inlet. On the contrary, the
solution shows a fulideveloped boundary layer in the outlet region. On the
other hand, the air gap contour lines are cluttered up randomly. The local

velocity magnitudes of the water are approximately twice those of the solution
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stream, while both of them are in the range of #®s. This is because the

inlet water flowratep is twice as large as the inlet solution flowrate, In
contrast, the velocity magnitudes of air are in the range 8fhGs?, which are
tremendously smaller than those of the water and solution streams. Since the
enclosed air gap region hae mlet or outlet, there is no forced convection,
hence the air movement inside the air gap is limitechdtyral convection

caused by the temperature difference between the opposing membrane surfaces.
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4.3.2 Significance of natural convection on the thaad mass transfer within

the air gap

From the temperature contour in Fig4, temperature fluctuations within the

air gap show that natural convection is present. To determine whether the
natural convection effect within the enclosed air gap is sagmfi the Rayleigh
number (Ra) of the air gap region is calculated. With the air gap width of 1 mm,
the resulting mean Ra is 0.356, which is much lower than the critical Rayleigh
number of 1708. When the Rayleigh number is much lower than the critical
value, it indicates that there is no advection within the cavity, as the buoyancy
forces are much smaller, which are unlikely to overcome the viscous forces
(Bergman et al., 20117 his implies that the effect of natural convection in the
air gap region is almost negligible, suggesting that heat conduction is the
dominant heat transfer mod€engel and Ghajar, 2015¥hile the dominant
mass transfer mode is via diffusion instead of advection. In addition to heat
conduction, heatransfer also takes place in the form of radiation, especially
under a condition whereby natural convection occurs without forced convection.
As the membrane surface has high emissivity (@o ¢ the radiative heat
transfer within the air gap has to be soleredCengel and Ghajar, 2013)he

effect of radiative heat transfer is included in the analysiabsorption heat

contours.
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4.3.3 Effects of different air gap widthg, on the mean average of
dimensionless parameters (fRe, Nu, Sh, Ra) of the water, solution, and air gap
and the solution temperature lif¥;

The mean valuesf@dNu)m, (Shl, (fReM, and (Ragm under varying air gap
width)] are depicted in Fig. 15. The subsc
mean values, solution, water, and air gap respectively. The effect of air gap

width on the solution temperagulift, YY; s also discussed.
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Based on Fig4.10, the values of (Ngw, (Nu)w,m, (fRekwm, and (Shywm are
unaffected i the change in . (Shkm shows a little drop at = 0.25 mm,
while (fRe)wv,m slightly increases as increases from 0 to 1 mm. It decreases

as] increases to 5 mm. Nevertheless, the magnitude of variations of these
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parameters areevy small (within 1.91), and most of the parameters have the
same values regardless of the presence of an air gap. Hence, it can be concluded
that the change in has a negligible effect on the mean Nu, Sh, and fRe values

of theabsorbensolution anl refrigerantwater streams.

In addition, a$ increases from 0.25 to 1.5 mm, the mean Rayleigh number of
the air gap, (RaMm increases slightly from 0.004 to 0.964. The increment in
(Ray,m becomes larger whén increases from 1.5 mm to 5 mmwith the
maximum value of 8.271at =5 mm. The magnitude of the Rayleigh number

is much smaller than the critical Rayleigh number of 1708, which suggested that
the effect of natural convection of the air gap on the heat and mass transfer is
insignificant even though the air gap width is increased. Heat conduction and
mass diffusion are dominant in the air gap region as explained in Section 4.3.2.
Using air gap widths greater than 5 mm is impractical as it will largely increase
the size of the acal MAHP when multiple stacks of membrane contactors are

assembled for scalegp applications.

Although the variation in air gap width has an insignificant effect on the Nu, Sh,
and fRe of the water and solution streams, its effect oVthe shows
otherwise. As shown in Fig. 15, the incremen¥iN; is steep when the
increases from 0 to 1 mi¥'Y; gradually decreases when theis further
increased from 1 mm to 5 mm. The peak of the grapifgr is indicated at

1 = 0.5 mm with the maximum value of 10.84°C, followed by 10.80°C at

= 1 mm, which are similar. In contrast, the base case with no aitr gapQ)

results in the minimurY"Y;  of 5.43°C.
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By comparingto the base case with no air g&pY; is improved by 12.9%,
67.3%, 70.5%, 78.7%, 99.0% and 99.6% wiheis set at 5 mm, 2 mm, 0.25

mm, 1.5 mm, 1 mm, and 0.5 mm, respectively. Therefore, the optimal air gap
width would be 0.5 mm to aftathe highest"Y; for this configuration.
These results show that the inclusion of air gaps can significantly improve the
solution temperature lift as the air gap reduces the sensible heat loss from the
solution stream. Contrarily, increagithe air gap width beyond the optimal
values would impose higher resistance to the heat and mass transfer, which

reduces the solution temperature lift instead.
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4.3.4 Absorption Rates Comparison between Base Casgapiland Internal
Cooling Cases

This section includes a study on the effect of internal cooling on the absorption
performance of the absorbent solution. Thereadesvmain reasons to consider

internal cooling:

The latent heat of absorption is released when the water vapor undergoes
concensation in the solution stream. As a result, the absorbent solution

temperature increases while the solution becomes more diluted with a higher
water vapor partial pressure. As the absorption capacity reaches a maximum,
the partial pressure difference Wween the refrigerant water and absorbent

solution becomes smaller, hence the absorption driving force diminishes.

By introducing internal cooling, the absorption heat can be simultaneously
removed by the cooling water stream via heat exchange, thus imaigttdne

solution temperature and water vapor partial pressure at a relatively lower level.
The driving force for the water vapor mass transfer is increased, hence the

absorption capacity improves, thus increasing the absorption rate.

Another reason fomternal cooling is to explore the possibility of utilizing the
absorption heat for water heating purposes. In the previous chapter, the solution
temperature lift indicates the performance of the MAHP individually. This
chapter includes a study to determthe water heating performance by heat
exchange between the heated absorbent solution and the cooling water stream.
As such, the performance will be evaluated based onctiodéng water

temperature variation.
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The MAHP has a sembpen system configuratiomndt utilizes a membrane
absorbetevaporator unit and recovers moisture from an ambient environment
or refrigerant water stream from the external environment. The refrigerant water
vapor is not directly supplied by an evaporator, whidatifferent fromthe case

in anMAHP with a closeesystem configuration.

In the previous sections, the-giap case is used as the main configuration for
experimental study, model validation, and various parametric studies. To
provide further insight into how agap and irgrnal cooling will affect
absorption performance, a comparison across four different configurations,
namely the base case (B),-gap case (A), internalooling case (C), and
internal cooling with akgap case (CA) will be discussed in this section. The
calculating domains of all three cases have been illustrated in Chapter 3,

respectively.
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The absorption rates of the base case (Bga (A), internal cooling (C), and
internal cooling with akgap (CA) are plottedn Fig. 4.11 with the same
dimensions under the same operating conditions. Based on the graph, the
absorption rate of base case (B, shown in black) shows a decreasing trendline.
This is because the absorbent solution becomes diluted and graduallydoses it
absorption strength, as more water vapor molecules are accumulated in the
solution, exerting a higheér ;. By including an akgap structure, the absorption

rate of the akgap case (A, shown in red) is more consistent with smaller
variations alog the channel. The absorption rate shows a slight increase as the
solution travels from the inlet (y*=0) toward the outlet (y*=1). This is because
the sensible heat loss is reduced by thgayr insulation. However, the ajap

also incurs additional massinsfer resistance to the water vapor transfer. The
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maximum absorption rate, as indicated by the higher inlet absorption rate value
of the base case (J = 0.01504 kg st), is not achieved in the agrap case,
hence there is some room for improvementthe absorption rate, resulting in

an increasing trend in A as shown. A similar trend is observed in the internal
cooling with airgap (CA) case, with a more significant increase in absorption
rate along the length due to lowief, in CA. Both ofthe trendlines for A and

CA indicate a higher absorption rate at y*=0 and y*=1. This is due to the
entrance effect of the solution and refrigerant water, which has been elaborated
on in Section 4.2.2. The trendline of C (internal cooling withougap) fiows

the highest absorption rate among all trendlines. This is because the cooling
water constantly removes the heat from the solution stream, which reduces the
temperature and the vapor pressure on the solatembrane ($4) interface.
Hence, the aution sided j only slightly increases and remains relatively
constant, whereas the region near the refrigerant water inlet (y*=1) shows a
higher absorption rate as the amount of water vapor molecules around that
regionis more abundant. The average@ipsion rates achieved in this study for

B, A, CA, and C are 0.01398, 0.01363, 0.01387, and 0.01632%gmit is
concluded that internal cooling without -gap (C) is the most favorable
configurationto maximize the absorption rate of the membrarsodder but

with more sensible heat loss occurring due to the absence of heat insulation.
Contrarily, he airgap structure stabilises the absorption rate along the channel,
but with the tradeff of a lower absorption radue to additional mass transfer

resistance encountered by the water vapor transfer.
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44  Cascade Analysis: Case Study on a Solar Thermal
Regeneration Unit of an LDD System

44.1 Prerequisite Data of the Case Study

Table 4.7 includes the prerequisite data needed before the Cascadee Tab
construction. Tabled4.8 and4.9 show the detailed specifications of the solar
thermal collecto(Audah et al., 2011and thermal energy storage (TES) unit
(Li et al., 2014)Fig. 4.12 shows the daily solar irradiation on an average sunny
day in a region with a tropical climate, whereas the hourly regeneration heat
required, 0 and the useful heat gained by the solar thermal collectorare
depicted in Fig4.13. These data input for Cascade Table and the results will be

discussed in the following section.

Tabl7e #®rerequiesittraecdaon and collection for
Prerequisite Data Nominal Values
Period of analysis 24 hours
Daily operation period of LDD system 9 hours per day
Hourly regeneration heat required on average, 101.6 kWh per day
Hourly solarirradiation on averagéY 237.6 W n?

Installation area needed for a standard 1 kWp solar 3.6 n?
thermal collectord

Power of a single collector modut®, 0.28 kWp

Water pump efficiencyQ 85%

TES charging and dischangj efficiencies;Q and™Q "Q  89.5%;Q
73.8%

Volume of a single TES (water tank) unit, 0.125 i

Water tank fill ratio 40%
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energy

Tabl8& &pecifications of ther mal

Unit Design Parameter Specification/Value
Thermal Typeof TES Cylindrical hot water tank
Energy
Storage
(TES)

Thickness of insulation 0.05m

Height 1.85m

Base area 1.14mx1.14m

Diameter 4m

TES charging and discharging "Q 89.5%;Q 73.8%

efficiencies,

"Qand"Q (bottom coil)
Volume of a ;igle TES (water tank
unit, @
TES charging and discharging flown
rate
Water tank fill ratiow
Coil HX Height of Coil
Internal / External diameter
Circle diameter
Length
Coil HX position (inlet/outlet)

1.25 n¥
2.67 L min% 5 L min?

40%

0.3 m

0.01 m/0.012 m
0.3 m

15m

Top 0.95/0.65
Middle 0.65/0.35
Bottom 0.35/0.05

Tabl% &pecificatrimads cHfAudamlhaore tt had

Parameter

Specification/Value

Type of solar collector

Length of solar concentrator

Width of solar concentrator

Absorbed solar radiation per aperturesare
Absorber diameter

Heat transfer coefficient of tube

Heat loss coefficient

Receiver emittance

Thermal conductivity of tube

Wall thickness of tube

Installation area needed fostandard 1 kWp solar
thermal collectord

Power of a single collector modute,

Average solar thermal collector module efficieney,
Type of heat transfer fluid (HTF)

Heat exchanger eftéiveness

HTF flow rate in collector

Mean temperature of collector

Compound parabolic

concentrator (CPC)
24 m

1.2m

600 W nv
0.06 m

300 W m#°Ct
3.82 W nr°Ct
0.31

16 W mt°C?
0.05m

3.6 nt

0.28 kWp
20%

Liquid water
0.9

0.0537 kg 3
100°C
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442 Results and Discussion

Table4.10 shows the finalized Cascade Table after amadythe case study. In

the first round of calculation for the cumulative ene@ythe largest negative
value of-54.53 kWh is observed f@ in column 8. It indicates that a minimum

of 54.53 kWh of external heat input is required and the 0miiS must be sized

with a storage capacity larger than this minimum value. To ensure the feasibility
of the operation, the initial quantity of energy stored by the TES in the previous
cycle should not be less than the minimum value to provide suffiaremgy

input for the start of the new operation cycle. Furthermore, the pinch point
occurs at the time interval of 11.00 ainl.2.00 p.m. with its cumulative energy,

'O equals to zero as shown in column 9. The daily regeneration heat required,
0 and daily useful heat gaif, , sums up to 213.48 kWh and 271.02 kWh,
respectively. This gives an overall system efficiency of 78.8% based on the ratio

of0) to0 .
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Fig. 4.14 is the graphical representation of the cumulative gnesigation data

from the finalized Cascade Table. BasedFigm 4.16, a comparison is made
between the cumulative energy before sk @nd after shift Q). Negative

O values are observed for the trendline before shift, wheredse&l values

are positive as observed in the trendline after shift. The gtfiértrendline ©)

shows that the system becomes feasible after introducing the additional energy
input of 54.53 kWh at the start of the analysis, which is pexvioly the TES.

The peak of th® curve indicates the maximum TES storage capacity of 82.54
kWh for this case study. Hence, CA is an intuitive and simplistic approach to
visualize the variation of heat supply and demand for the sizing of main
comporents, which can be applied to size the solar thermal systems for another

heating process.
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4.52.1 Sizing of Solar Thermal Collectors

Table4.11 includes the sizing details for the solar thermal collector. Based on
the iteration results, the total area required for installing thermal collectors is
59.83 nt with an initial guess 080.00 nt and a percentage err@ pf 0.015%.

By applying the Eqgs. (1D 13) in Section 3.2.1, the number of required solar
collector modules isapproximately 60 units for the selected type of solar

thermal collector with a total heat generation of 1&8%.

Tabllel 45i zing of parabolic solar ther me

Sizing Parameter Symbol  Value
Area of solar thermal collectors 0 60.004
(initial guess)

Area of solar thermal collectors 0 59.834
(after iterations)

Area needed for the installatior 0 3.64

of a standard 1 kWp parabolic
solar thermal collector module

Total size of solar thermal Y 16.62 kWp
collectors

Power of a single solar thermal 0.28 kWp

collector module

Number of required modules 0 59.35 60 modules
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4.5.22 Sizing of Water Tanks for Thermal Energy Storage (TES)

Based on the calculation results listed in Tabl for the sizing of TES water
tanks, the maximum stored sensibét in the TES) amounts to 82.54 kWh
as indicated by thlargest positivéD value in column 9 of the Cascade Table
and the peak of th® graph in Fig4.16 The actual volume required to store
the water as HTF in the TES is 7.168, mhile the total capacity of TES required
with a tank fill ratio of 40% will be 17.75 ¥nUsing a standardized water
storage tank with a volume of 1.25 @s a single unit, the number of water

storage tanks required is approximatEbyunits.

Tablle2S4zing of ther mal energy storage,

Sizing Parameter Symbol  Value
Stored sensible heat of the 0 82.54E 7 E
system in TES

Actual volume required to @ 7.104

store the heat transfer fluid
(water) in TES

Tank fill ratio W 40%

Total volume of the TES W 17.75a

required

Volume of a single TES unit @ 1.254

(water storage tank)

Number of water storage tank 0 14.20 15 units
required
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4.52.3 System Cost Estimation

Table 4.13 shows the estimated cost for the integrated solar thermal energy
system, consisting of the solar thermal collectors, TES tanks, and auxiliary
equipment. Based on TableB, the costs for the main components are eséicha

to be 5076.00 USD and 4737.00 USD for the solar thermal collectors and TES
water tanks, respectively. By assuming a pumping capacity b680L s! for

the water pumps installed between the collectors and tanks, the pumping cost
would be 1086.50 USDAs the auxiliary equipment and piping system costs are
assumed to be equivalent to 15% of the total cost of main components, these
costs amount to 1634.93 USD, which sums up to the total installation cost of
12534.43 USD. With a 10% interest rate and paynhperiod of 15 years, the
annual amortized cost is about 1647.95 USD. Moreover, by considering the
annual maintenance cost of 37.60 USD, which is around 0.3% of the total
installation cost, it is concluded that the estimated total life cycle cost (LCC)
would be equivalent to 14219.98 USD, or 948.00 USD per year over a payment

period of 15 years.
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Tablle3Chst estimation for integrated sol ar

Main Component Number of Unit Cost Estimated Cost (USD)
Units (USD)

Solar thermal collector 60 84.60 5076.00

(0.28 kWp)

Water storage tank for TES 15 315.80 4737.00

(1250 L storage capacity)

Water pump 5 217.30 1086.50

(5071 60 L s* pumping

capacity)

Aspect Description Estimated Cost (USD)

Auxiliary equipment and 15% of total component 1634.93

piping system cost

Total installation cost Sum of component and 12534.43

auxiliary costs
Annual maintenance cost  0.3% of total installation 37.60

cost

Annual amortized cost 10% interest rate with  702.22 (= 20);
years of payrant and 1647.95 (= 15);
operation 2039.92 (= 10);

3306.55 i = 5)

Estimated Total LCC  14044.32n = 20);
14219.98n = 15);
14611.95/( = 10);
15878.58 (1 = 5)
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Fig. 4.15 shows the variation of total and annual amortized LCC for operation
years between 5 to 20 years. It was shown that as the duration of operation
increases, the total LCC and annual amortized LG@vsha decreasing trend,

with a sharper reduction between 5 and 10 years. In actual cases, as the
maintenance costs might increase over the years, the cost reduction might be
less prevalent. Longer operating years might be more economical, but some of
the auxiliary equipment such as pumps are less durable and has a shorter life
cycle of about 10 yeaf®bu-Hamdeh and Almitani, 20)6The range of total

LCC costs for this solar thermal system is similar to the LCC for a-solar
regenerated desiccant evaporative cooling system proposed by Abu Hamdeh et
al., which is around 11206.00 USD with an annual LCC of 1317 per year over

20 yeardAbu-Hamdeh and Almitani, 2016)
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45 Cascade Analysis: Case Study on Integration of Solar
Thermal Regeneration Unit of a MAHP System

45.1 Prerequisite Data of the Case Study

In the case of using solar energy as the power source, the fluctuating availability
of solar radiation largely affects the intensity of power output. Similarly, in the
case of a solar thermal system, theensity of solar irradiation becomes the
utmost important factor that determines the feasibility of heat generation. The
inclusion of thermal energy storage (TES) units allows solar thermal energy to
be stored and discharged for consumption when soéliation is absent. Fig.
4.18shows the solar radiation profile on an hourly basis with clear weather and
tropical climate conditioywhile Fig. 4.19depicts the hourly regeneration heat

required,0 and the useful heat gained by the solar thermigators,0 .

Table4.14lists outtheprerequisite data required for the CA case studhereas
Tables 4.5 and 4.5 include the specification details of the solar thermal

collector and thermal energy storage (TES) units, respectively.

TablledP4 erequisite data extraction and coll e
Prerequisite Data Nominal Values
Period of analysis 24 hours
Daily operation period of LDD system _ 4 hours per day
Hourly regeneration heat required on agera 13.76 kWh per
day
Hourly solar irradiation on averags, 332.48 W it

Installation area needed for a standard 1 kWp solar the 2.506 m
collector,0

Power of a single collector modute, 0.28 kWp

Pump efficiency;Q 70%

TES charging and discharging efficienci€sand™Q "Q  65.0%;
Q  72.8%

Volume of a single TES unit) 0.2n?

Water tank fill ratiow 60%
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Tabllb 4Speci fi satiaons$ her mal

coll ector

Parameter

Specification/Value

Type of solar collector

Length of solar concentrator
Width of solar concentrator
Aperture area

Gross area
Absorbed solar radiatioper aperture area

Absorber diameter
Heat loss coefficient
Wall thickness of tube
Installation area needed for a standard 1 kWp s« 2.506 nd
thermal collectord

Power of a single collector modute,

Glazed Flat Plate
Collector

2.09m

1.196 m

2.326 m

2.506 m

600 W n¥

0.06 m

3.1 W nv°C?
0.05m

0.28 KWp

Average solar thermal collector module efficienc 77.5%

Type of heat transfer fluid (HTF)
Heat exchanger effectiveness
HTF flow rate in collector per fn

Stagnation temperature of collect

Liquid water
0.775

0.020 kg 8
195°C

Tabll6 4Speci fications of ther mal
Unit Design Parameter Specification/Value
Thermal Type of TES Cylindrical tank
Energy

Storage (TES)

Coil HX

Type of working fluid

Thickness of insulation

Height
Diameter

TES charging and discharging

efficiencies,

"Qand"Q (bottom coil)
Volume of a single TES (water

tank) unit,w

TES darging and discharging flov

rate

Average tank heat loss coefficient

Water tank fill ratio
Height of Caoil

Internal / External diameter

Circle diameter
Length

Coil HX position (inlet/outlet)

Ethylene glycol solution

(50% wiw)
0.05m
0.38 m
1m

"Q 65.0%;°Q 72.5%

0.3n?
2.67 L min% 5 L min?

3.37 WK

60%

0.2m

0.01 m/0.012 m
0.3 m

15m

Top 0.35/0.25
Middle 0.25/0.15
Bottom 0.15/0.05
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452 Results and Discussion

The regeneration heat demafd,and the useful heat gaid, are calculated
andplotted in Fig 4.16. With this data input, the Cascade Analysis results for
the case study are finalized as Tahl¥ and illustrated graphically in Fig.20.

Based on Tabld.17, the largest negative value of the cumulative enébgis

equal to-0.26 kWh befee the additional energy input. This implies that the
minimum external heat input supplied by the TES tanks should be no less than
0.26 kwh. Correspondingly, the initial energy input would be equal to 0.26 kwWh
at the start of the analysis. By introducihg energy input into Column 10, the
cumul ative energy is fAshiftedod. As a r
energy,O; is 4.03 kWh, which represents the maximum thermal storage
capacity that should be sized for the TES units. Thignmétion is required for

the sizing of TES units, with minimum and maximum heat storage capacity of

0.26 kWh and 4.03 kWh, respectively.
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Nevertheless, these values are subjected to change under the influence of
ambient temperature and humidity, wesatlkeonditions, and the incident solar
irradiation. These factors largely affect the useful solar heat gain by the
collectors, which would also affect the charging and discharging of heat in TES.
Furthermore, the regeneration heat demand is also affectdte bgcoming
temperature and concentration of the absorbent solution from the membrane
absorber unit, in which the subtle variations and patterns require deeper
understanding via transient performance analysis on the membrane absorbers
and desorbers. Acoding to Fig.4.18, the pinch point is determined at 6:00
a.m., and it¥ value is shifted from negative to zero after the energy input from
TES is included. When the value of cumulative energy is positive at every time
interval along the analysis ped, it implies that the system becomes feasible.
After the peaks observed at 1.00 p.m., both of the cumul&iinendOae
trendlines show a sharp decrease between 1.00' B8r@0 p.m. This is due to

the active desorption process occurring igirthe time interval with high
regeneration heat consumption, hence the cumulative energy decreases. As soon
as the desorption process stops operating at 4.00 p.m., the cumulative energy
starts to increase rapidly starting from 4.00 p.m. and reach thepé#0 p.m.

This is because the solar radiation is still available during the period and the
charging of solar heat in TES is still ongoing until 7.00 p.m. The discharge of
energy from TES during night time is primarily caused by sensible heat loss to

the ambient.
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4.6.2.1 Sizing of Solar Thermal Collectors

ahegacrudnb |l &t i v

From thesizing calculations anitieration resultshown in Tale 4.3, the total

area needed to install the solar thermal collectors is 4.857wimich is

equivalent to 7 units of the chosen type of solar collector, with a total heat output

of 1.94 kWp.
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Tablle8 4Si zi ng sodl| grartalbeorimal col |l ector s.

Sizing Parameter Symbol  Value
Total area of solar thermal 0 10.004
collector required (initial guess,

Area of solar thermal collectors 0 j 4.857a
(after iterations)

Area needed for the installatio 0 2.5064

of a standard 1 kWp parabolic
solar thermal collector module

Total size of solar thermal Y 1.94 kWp
collectors

Power of a single solar thermal @ 0.28 kWp
collector module

Number of required modules 0 6.92 7 units

4.6.2.2 Sizing of Water Tanks for Thermal Energy Storage (TES)

From the sizing calculations of the TES as listed in Tabl, 4He actual
volume needed for maximum heat storage with ethylene glycol solutiodSs
m®, whereas the tal TES volume required would be higherlat5m? as the
tank fill ratio is set at 60%. Hence, by using a unit volume ®h, a total of

6 tanks are required for the maximum heat storage capacity.

Tabll9 4Si zi ngl oénéehgymstorage, TES unit

Sizing Parameter Symbol Value
Stored sensible heat of the 0 403E7E
system in TES

Actual volume required to store W 1.054

the working fluid in TES

Tank fill ratio W 60%

Total volume of the TE8eede W 1.754
Volume of a single TES unit @ 0.3a
(water storage tank)

Number of water storage tanks 0 5.83 6 units
required
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4.6.2.3System Cost Estimation

The cost estimation for STS integration with a MAHRtsulated in Table 20.
According to the table, the costs of the solar thermal collectors and TES tanks
are approximately 728.00 USD and 1110.00 USD, respectively. The installation
of water and HTF pumps with a pumping capacity of B8 L s* costs 4520

USD in total. For the auxiliary equipment and piping system, the costs are
estimated to be around 15% of the total cost of main components, which are

about 343.50 USD. Therfore, these costs totals up to 2633.50 USD.

By applying an interest rate of 108ad a payment period of 15 years, the annual
amortized cost is about 346.24 USD, whereas the annual maintenance cost is
7.90 USD for the STS with an assumption of 0.3% of the total installation cost.
Subsequently, the total life cycle cost (LCC) with tlaympent period of 15

years sums up to 12888.56 USD, or 859.24 USD annually.

Fig. 4.19indicates the variations of total and annual life cycle costs (LCC)
between 5 to 20 years. As the number of operation years increases, the total
LCC and annual LCC redueath a larger drop between 5 years and 10 years,
showing a similar trend as that of the LDD case study. With the continuous
inflation, the actual costs might be higher than the estima@iprmomparison,

as the operation capacity of this MAHP system islem¢han the LDD, the

overall costs required to install the STS for the MAHP system are lower.
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Tabl2e0 4Co st

estimati on

of integrated STS

Main Component Number of Unit Cost Estimated Cost (USD)
Units (USD)

Solar thermal collector 7 104.00 728.00

(0.28 kWp)

Ethylene glycol solution 6 185.00 1110.00

storage tank for TES (300 L

Water pump 2 226.00 452.00

(557 60 L s pumping

capacity)

Aspect Description Estimated Cost (USD)

Auxiliary equipnent and
piping system
Total installation cost

Annual maintenance cost

15% of total component
cost

Sum of component and
auxiliary costs

0.3% of total installation
cost

343.50

2633.50

7.90

Annual amortized cost 10% interest rate with  309.33 (1= 20);
years of paymerdand 346.24 (1= 15);
operation 428.59 (= 10);

694.71 1=5)

Estimated Total LCC

12851.66(n = 20);
12888.56(n = 15);
12970.92 (4 = 10);
13237.04 1 = 5)
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46  Sensitivity Analysis: Effect of Solar Radiation on the Sizing of
Solar Thermal System (STS) on a Solar Thermal Regeneration Unit
of an LDD System

To further investigate the effects of different solar irradiation fan dizing
required for the solar thermal system, a sensitivity analysis has been carried out.
In the previous case study, the LDD system is based in Beirut, Lebanon with a
typical hotsummer Mediterranean climate (Csa), with the average monthly
temperatues around 22°C. However, this region has significant seasonal
temperature variations, in which the solar irradiation and solar thermal collector
efficiency fluctuate not only due to the varying weather patterns but also due to
the seasonal changes in sghtiduration and intensity. To isolate the effects of
solar radiation more effectively, this comparative study will consider another

region with a relatively more stable climate.

Malaysia is situated in the Equatorial Doldrum region, which is characterized
by a tropical rainforest climate (Af) by the Képpen climate classifingtimbbi

et al., 2022) This region has stable ambient temperature, high humidity, and
abundant solar radiation and rainfall. Since the region has no natural four
seasons inefrms of temperature and humidity changes, it is selected for this
comparative study, which allows for a more comprehensive and straightforward
evaluation of how the varying solar radiation intensity will impact the sizing of

solar thermal systems.

The realtime solar radiation profiles in Semenyih, Selangor, Malaysia have
been obtained over the year 2023 on an hourly basis. These solar radiation
profiles and data are sourced from the Solcast APl Toofkiiffman and

Engerer, 2023)Three datasets that are representative of three main weather
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conditionsi normal day with cloud coverage, sunny day, and rainy day are
selected and illustited in the following figures (Fig4.20 1 4.22). These solar
radiation profiles have total magnitudes of 4964 V&, #1177, W n¥, and 2839

W m2, and daily averages of 198.56 W?n299.04 W ¥, and 118.29 W

respectively.
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