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ABSTRACT  
 

The membrane-based absorption heat pump (MAHP) is a compact-sized, 

thermally-driven absorption refrigeration system (ARS) that recovers low-

temperature renewable or waste heat from a refrigerant stream. MAHP can be 

used for absorption heating, cooling, or desiccant dehumidification applications 

operating 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 constrain the solution film by forming membrane 

microchannels with consistent thickness. Besides, the use of membranes also 

significantly increases the membrane-fluid interfacial area, which is conducive 

to improving heat and mass transfer performance. 

The first part of the thesis focuses on the performance study of the integrated 

membrane absorber-evaporator component of a parallel-plate MAHP system. 

By operating the MAHP system in a semi-open cycle configuration with an 

integrated component, the evaporator unit is eliminated, enabling further 

scalability for applications that require higher compactness.  

To investigate the conjugate heat and mass transfer performance of the MAHP, 

a three-dimensional, steady-state mathematical model is developed, and 

numerical simulations 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 assessed via scaling 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 
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microchannels are analysed. The performance improvements via the inclusion 

of air-gap and internal cooling are also determined, as the air-gap minimizes 

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 absorbent solution. 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 main heat source for its most energy-intensive 

process ï absorbent solution regeneration is determined. The pinch-based 

Cascade Analysis (CA) method is proposed to optimally size the capacity of the 

solar thermal system (STS) by matching the intermittent availability of solar 

irradiation with the fluctuating solution regeneration heat demand. Cascade 

Analysis serves as a simplistic approach for decision-makers to assess the 

feasibility of implementing solar heat recovery in MAHP systems for their 

intended use, which includes small-scale absorption cooling, heating, or air-

conditioning applications. 
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NOMENCLATURE  
ὃ    aperture area of a solar thermal collector (m2) 

ὃȟ    new aperture area obtained from sizing calculation (m2) 

ὃ    annual amortized cost (USD) 

ὃ    installation unit area of a 1-kWp solar thermal collector 

(m2) 

ὃ   receiver area of a solar thermal collector (m2) 

ὅ   constant pressure specific heat capacity (kJ kg-1 K-1)  

ὅȟ    specific heat capacity of solution (kJ kg-1 K-1) 

ὅȟ    specific heat capacity of working fluid in TES (kJ kg-1 K-

1) 

D   diffusivity (m2 s-1)  

Ὀ    hydraulic diameter (m) 

Ὠ   half-channel height (m) 

Ὠ    air gap width (m) 

Ὠ    half-channel height (m) 

Ὠ    air gap width (m) 

Ὁ   net energy charged into TES (kWh) 

Ὁ    net energy discharged from TES (kWh) 
Ὁ   cumulative energy in the TES (kWh) 

Ὢ   friction factor 

Ὢ   charge efficiency 

Ὢ   discharge efficiency 

Ὢ   pump efficiency  

Ὂ   heat removal factor 

g   gravitational acceleration (m s-2) 

Ὤ   convective heat transfer coefficient (W m-2 K-1) 

Ὥ   periodic interest rate, %  

Ὧ   convective mass transfer coefficient (m s-1) 

Ὄ   total channel height (m) 

Ὄ    heat of absorption (kJ kg-1) 

ὐ   water vapor mass flux / absorption rate (kg m-2 s-1) 

ὒ   channel length (m) 

   ambient air mass flow rate (kg s-1) 

    desiccant solution mass flow rate (kg s-1) 

   working fluid mass flow rate in TES (kg s-1) 

n   total number of years for the payment 

ὔ    number of solar thermal collector modules needed 

ὔ   net heat energy demand (kWh) 
ὔ    number of TES units required  
ὖ   percentage error between guess and iterated values, % 

ὖ    principal amount (USD) 

ὴ   pressure ὖὥ 

ὴ   water vapor pressure ὖὥ 

ή   Heat Flux ὡ ά  

ὗ   Volumetric Flow Rate ὒ άὭὲ  

ὗ     regeneration heat demand (kWh) 

ὗ    useful heat gain by HTF in the solar concentrator (kWh) 
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ὗ     sensible heat stored by TES (kWh) 

Ὓ   solar irradiation absorbed by the solar collector (W m-2) 
Ὓ    total size of solar thermal collectors (kWp) 

R   gas constant (8.3145 J mol-1 K-1) 

Ὕ   temperature (°C) 

Ὕȟ    inlet HTF temperature of solar concentrator 

Ὕȟ    outlet HTF temperature of solar concentrator 

Ὕ     temperature in regenerator unit (°C) 

Ὕȟ     temperature of solution at the inlet of TES (°C) 

Ὕȟ     temperature of solution at the outlet of heat exchanger 

(°C) 

Ὕȟ     temperature of solution at the outlet of TES (°C) 

Ὕ    temperature of water in TES (°C) 

Ὗ   inlet bulk stream velocity (m s-1) 

u   relative uncertainty 

όȟὺȟύ   velocity component in x, y, and z-direction (m s-1) 

Ὗὃ    overall heat loss factor of TES unit (W K-1) 

Ὗ   overall heat transfer loss coefficient (W m-1 K-1) 

ὠ   tank fill ratio of the working fluid in TES 

ὠ   actual TES volume required for working fluid storage 

(m3) 

ὠ   total volume of TES required (m3) 

ὠ    volume of a single unit of TES (water tank) (m3) 

ὡ    power of a single solar thermal collector module (kWp) 

W   channel width (m3) 

ὼ    entrance length (m3) 

ὼȟώȟᾀ   coordinates  

ὼ   solution mass fraction (kgsalt kgsolution
-1) 

ὢ   water mass fraction in solution (kgwater kgsolution
-1) 

ὣȟ    initial mass ratio of water to solution (kgsalt kgsolution
-1) 

 

Greek Symbol 

‍    volumetric coefficient of thermal expansion (K-1) 

”    density (kg m-3) 

‘   dynamic viscosity (Pa s-1) 

 membrane thickness (mm) / accuracy   ‏

‭   heat exchange effectiveness of heater 

‐   surface emissivity 

‐    system efficiency 

–    solar thermal collector efficiency 

‗   heat conductivity (W m-1 K-1) 

„   Stefan-Boltzmann constant (5.67 x 10-8 W m-1 K-4) 

ɤ   humidity ratio (kgwater kgdry_air
-1) 

ЎὌ    latent heat of vaporization (kJ kg-1) 

ЎὌ    heat of mixing (kJ kg-1) 

ЎὝȟ    solution temperature lift (°C) 
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Superscript 

 z   dimensionless 

ô   new cumulative energy in the TES after shift 

 

Subscript 

π   initial 

ὥ   air / ambient 

ὦȟὦόὰὯ   bulk 

ὧὥὰὧ   calculated values 

cm   concentration meter 

Ὡ   equilibrium 

Ὡὼὴ   experimental values 

Ὢ   fluid 

final   new cumulative energy at the last time interval of the 

analysis 

fm   flowmeter 

ὓ   mean average 

ά   mass / membrane 

Ὤ   heat / half-channel 

Ὥὲ   inlet 

input   new cumulative energy at the 1st time interval of the 

analysis 

ὒ   local  

ὰὭὪὸ    temperature lift 

ὰέὫ   logarithmic average 

ί   solution 

t, t+1   current time interval; subsequent time interval 

tc   thermocouple  

ὺὥ   water vapor in air 

ύ   water / working fluid 

ύί   water in solution 

 

Dimensionless Number 

ὔό   Nusselt number   

ὖὶ   Prandtl number  

Ὑὥ    Rayleigh number 

ὙὩ   Reynolds number 

Ὓὧ   Schmidt number 

ὛὬ   Sherwood number 

 

Abbreviations  

CA   cascade analysis  

CPC   compound parabolic collectors 

HTF   heat transfer fluid 

LCC   life cycle cost 

LDD   liquid desiccant dehumidification 

MA    moisture absorbed by solution stream (gwater kgsolution
-1) 

TES   thermal energy storage  
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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 unrecovered waste heat, which is dissipated into the 

environment due to the difficulties of capturing all the waste heat for effective 

use. In the United States, around 20 ï 50% of the total energy input was lost as 

waste heat in the aluminum, steel, oil-refining, pulp and paper industries (Lu et 

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

of the waste heat can be recovered and utilized under suitable conditions, such 

as regenerative and recuperative heaters, heat pumps, waste heat boilers, heat 

pipe systems and heat recovery steam generator (Jouhara et al., 2018). The 

usability of these heat sources is 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 cooling, air-conditioning, 

hot water supply, and pre-heating of process streams.  

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 (2010) reported the ORC performance of using 

different working fluids to recover low-temperature 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 low-grade 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 low-grade heat sinks. With the right 

implementation, it is possible to utilize these waste heat sources in heating-

related applications with lower temperature demand, such as providing low-

temperature heat around 37 to 38°C to maintain mesophilic conditions that are 

conducive for bacterial growth in bio-gasification facilities (Ammar et al., 2012). 

Another main application that can put the recovered waste heat into good use is 

heating, ventilation, and air-conditioning (HVAC), which is energy intensive. 

An estimated 50% of the main building energy expenditure has been used for 

powering heating, ventilation, and air-conditioning (HVAC) applications (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 Germany, in which 74% of the 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%, respectively (Lauterbach et al., 2012). When part of these heat demand 

can be fulfilled by waste heat sources, this will help to reduce 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 prevents 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 

compression-based air-conditioning 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 dehumidification and latent 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 23 ï 26°C and 40 ï 70% RH (Aqilah et al., 2021) to 

handle the sensible heat load effectively. In HVAC applications, VCS is used 

for several advantages, which include high energy efficiency and high 

technological maturity over the past few decades (Dai et al., 2001). Despite the 

promising performance of the VCS, the widespread installation and operation 

of HVAC systems are continuously contributing to large building energy 

expenditures (Chua et al., 2013; González-Torres et al., 2022; Lin et al., 2018a). 

The overcooling and reheating processes are energy-intensive due to the 

required compression duty in the VCS, which incurs high electricity 

consumption. The operating costs of VCS are also ever-increasing as these 

VCS-based systems are solely dependent on electrical energy input 

(Mohammad et al., 2013), while the electricity generation costs are generally 

higher due to their higher exergy content as compared to other energy sources. 

Therefore, economical and energy-saving 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 lower-cost HVAC system. 
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By comparison, ARS handles the sensible heat and latent heat loads 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 refrigerant, and the absorption of 

water vapour occurs 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 air can then 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 heating-cooling processes, as seen from the psychrometric chart 

reported by Qu et al. (2018). Thus, ARS has lower energy consumption. 

Additionally, ARS can be driven by relatively inexpensive thermal sources 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 desiccants, 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 required (Chua et al., 2018). 

Although SDD has been used in residential air dehumidifiers, the adsorbents 

require a higher regeneration temperature (around 180ЈC) to remove the 

adsorbed water molecules for repeated use. In contrast, water vapor can be 

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

option to utilize waste heat in the ARS. 

Latent heat of 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 heat source for heat exchange, with a potential 

application in fluid or water heating (Chugh et al., 2017). This system works as 

the absorption heat pump (AHP), which 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 in energy-

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

Conventionally, AHP is usually limited to large-scale applications, due to the 

abundance and intensity of waste heat available. Nevertheless, if the intended 

purpose of using 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 adopt an ARS-based AHP system for smaller-scale applications, an 

innovative modification of the design and structure of AHP is highly in demand 

to fulfil the needs of recovering low-temperature waste heat for HVAC and fluid 

heating applications with lower temperature requirements. Recently, the use of 

membrane-based technology emerges as a great potential solution for the 

modified AHP system (Ibarra-Bahena et al., 2020a). Membrane-based 
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absorption heat pumps (MAHP) also operate based on the ARS working 

mechanism. The main difference is the inclusion of membranes to form fluid 

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., 2017). As 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, which might cause potential contamination of the airflow (Ye et al., 

2019). Furthermore, membranes also filter out certain dust and airborne 

particles, providing greater interfacial areas for heat and moisture transfer for a 

more compact design (Asfand and Bourouis, 2015). As the absorption process 

is mainly pre-determined by the water vapor partial pressure difference, the 

process can take place at ambient conditions. Vacuum condition is no longer an 

essential requirement and this will largely reduce the cost required for 

hermetically sealed components in the membrane-based AHP (Woods et al., 

2009), which is another added advantage compared to the conventional VCS. 

Moreover, the operating cost is also reduced substantially as no compression 

duty or mechanical work is required for the MAHP system, which could reduce 

the total building energy consumption. 
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1.2 Problem Statement 
 

Low-grade waste heat is 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 years due to the widespread 

use of VCS-based air-conditioning 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, thermally-driven 

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 cost effective alternative. 

However, the ARS is mainly used in industries for heavy-duty and large-scale 

operations, which is not suitable for smaller manufacturing industries and 

residential use. Therefore, the development of membrane-based absorption 

refrigeration systems, also known as membrane-based 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 development, it requires more research effort to 

achieve better technological advancement and 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 waste heat sources.  

This research will be particularly focusing on the performance study of the 

membrane absorber-evaporator component, which is the key component of the 
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MAHP system. Subsequently, the Cascade Analysis (CA) is proposed to 

determine the feasibility 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 thesis, four main objectives will be addressed to contribute towards the 

major goals related to the development of membrane-based absorption heat 

pump (MAHP) systems and the integration of solar heat use in the system that 

was discussed in Section 1.2. These objectives are specified and discussed as 

follows: 

i. To design an integrated membrane-based absorber-evaporator unit of a 

semi-open MAHP system, which is more compact-sized and fitted for 

smaller-scale applications. 

ii.  To study the performance of the membrane-based absorber-evaporator 

unit by analyzing the conjugate heat and mass transfer mechanisms. 

iii.  To develop a mathematical model for performance estimation via 

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 for an 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 membrane-based modules 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 contact between 

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 absorber-evaporator 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 approach to determine 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 include the ARS working principle, types and cycle configurations 

of AHP, membrane components used in the membrane-based absorption heat 

pumps (MAHP), and their respective applications. The utilization of renewable 

solar heat in MAHP is also covered in this chapter. The literature review 

provides an overall context on the development of membrane-based absorption 

heat pump (MAHP) systems.   

 

2.1 Absorption Refrigeration System (ARS) in Absorption Heat 

Pump (AHP) System 

 

This section briefly describes the absorption 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 is a broad topic, 

the elaboration will be mainly focused on certain aspects of ARS and AHP that 

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

and VCS. 

2.1.1  General Description of Heat Pumps (HP)  

Generally, when there is a temperature difference, heat tends to flow from a 

region with a higher temperature to 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 

energy from a cooler region to a hotter region to achieve continuous cooling or 

heating. This process is also known as ñheat pumpingò and the system involved 
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is known as the heat pump. A heat pump extracts heat from the surroundings or 

a location. The extracted heat is then recovered and accumulated for other uses.  

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 drop; in a heat exchanger, a cold stream and a hot stream comes 

into contact to undergo heat exchange, such that the hot stream is cooled while 

the cold stream is heated. Both the hot and cold streams in the heat exchanger 

have smaller temperature differences after 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 types 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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Fig. 2. 1: Simplified illustrations of vapor compression system (VCS) and absorption 

refrigeration system (ARS). 

In the earlier development stage of refrigeration systems, ARS was the most 

widely implemented systems used primarily for air-conditioning applications. 

However, VCS gradually became the main choice for air-conditioning and 

cooling systems due to their lower volume per unit cooling capacity and higher 

performance per unit cost (Nasr Isfahani and Moghaddam, 2013). Over the 

decades, VCS technology is comparatively much more mature than ARS (Dai 

et al., 2001). The main difference 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 operate. Wider access to electricity in 

the late 19th century is also one of the factor that prompted the adaptation and 

preference of VCS over ARS for air-conditioning (Nasr Isfahani and 

Moghaddam, 2013).  

Despite its more advanced performance, there is a drawback to the VCS. VCS 

is energy intensive as it runs on electricity, thus, the global energy demand for 
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VCS is ever-increasing due to the widespread use of air-conditioning (Chua et 

al., 2018). According to the estimation by the International Energy Agency 

(IEA), the global energy consumption by space cooling applications will 

increase by threefold to approximately 6200 TWh by 2050, in which 70% of the 

increment is attributed to residential cooling (International Energy Agency, 

2018). Some of the existing air-conditioning 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 2050 (Du et 

al., 2020). 

The main difference between the two systems is that the VCS requires a higher-

grade energy input, such as mechanical energy or electricity to run, whereas 

ARS can be powered by direct heating or alternative thermal energy sources, 

such as the low-grade waste heat from furnaces, used cooling water, low-

pressure exhaust steam, and renewable solar energy (Raut and Kalamkar, 2022).  

To resolve the problem of increasing energy consumption, more researchers 

focus more on the development and optimization of ARS-based air-

conditioning systems, aiming to achieve system performance on par with the 

VCS. Furthermore, utilizing thermal energy with lower exergy for heating and 

cooling-related applications allows electricity to be allocated for other processes, 

thus achieving a better energy and economic efficiency, as the costs of 

electricity generation are often more expensive 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 as ammonia-

water and water-lithium bromide working pairs (Hong et al., 2016); whereas 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 VCS. VCS consists of four 

main components, namely the evaporator, compressor, condenser, and 

throttling/expansion valve, whereby the refrigerant cycle undergoes multiple 

phase changes and temperature changes through the processes of endothermic 

evaporation, adiabatic compression, heat rejection via  condensation, and 

adiabatic expansion (Mohammad et al., 2013). By comparison, ARS also has an 

evaporator and condenser, but it does not have a compressor and a throttling 

valve. The refrigerant vapor absorption and desorption processes take place in 

the absorber and desorber, respectively (Yu et al., 2012). Absorption heat is 

rejected from the absorber while external heat input is required to regenerate the 

spent absorbent during desorption. 
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Fig. 2. 2: Schematic diagram of a simplified vapor compression system (VCS). 

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 compressed in the compressor, 

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 and repeated regularly.  
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Fig. 2. 3: Schematic diagram of an absorption refrigeration system (ARS) (Kim et al., 2008) 

In the ARS, the refrigerant vapor is produced in the evaporator as heat is 

absorbed from the surroundings, which is similar to the case in VCS. The 

refrigerant vapor is then absorbed by an absorbent solution. Latent 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 regeneration. In the desorber, 

the refrigerant vapor in the absorbent-refrigerant 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 is re-used in the next 

absorption cycle.  

The compressor requires high electricity input to produce sufficient mechanical 

work to compress the refrigerant vapor. This is the most energy-intensive part 
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of the VCS and it incurs high electricity consumption. In contrast, the most 

energy-intensive process of the ARS is the desorption process, whereby external 

heat input is required to re-concentrate 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 with lower exergy 

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 much noise as the 

only moving part is the pump (Jain and Sachdeva, 2017). The 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 vapor also tends to 

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

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

The flow of the refrigerant vapor stream is dependent on the compressor duty, 

whereas the absorption rate of the refrigerant vapor flow is dependent on the 

temperature, flow rate, surface area available for absorption, and the 

concentration of the absorbent solution. The main driving factor of the vapor 

absorption mass transfer is the refrigerant vapor partial pressure difference 

between the absorbent and refrigerant streams (Nasr Isfahani and Moghaddam, 

2013). Thus, the absorption performance is largely dependent on the 

temperature and concentration of the working fluids, whereas a compressor is 

not required in this 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 refrigerant-absorbent 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 absorbent-refrigerant mixture should be 

non-toxic, chemically stable, and non-corrosive. 

Some of the important criteria in working fluid selection include: 

¶ The refrigerant should exist in high concentration with a large latent heat 

of vaporization within the absorbent-refrigerant 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; 

¶ The boiling point difference between the pure refrigerant and the 

absorbent-refrigerant mixture should be as large as possible under the 

same pressure condition. 

¶ The thermophysical and transport properties of the refrigerant and 

absorbent should be favourable for greater heat and mass transfer rates.  

¶ The refrigerant and absorbent should be abundantly available, low-cost 

and non-toxic.  

Based on the review by Sun et al. (2012), the working fluids of ARS-based 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 Configurations 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 (Ibarra-Bahena and Romero, 2014). As conventional AHP systems are 

bulkier in size, AHPs are less favourable to be used for small-scale and 

residential usage. 

By introducing membrane-based absorbers and desorber units in the MAHP 

system, the overall heat and mass transfer performances can be increased 

significantly as compared to the traditional falling-film absorbers and desorbers 

due to the significant increase of total interfacial area to facilitate vapor 

absorption.  Hence, membrane-based absorption refrigeration heat pump is an 

emerging technology that features excellent heat and mass transfer performance 

with energy-saving benefits.  This system has the potential to be developed for 

small-scale heating, cooling, dehumidification, and HVAC applications.  

Two types of membrane contactors, namely the hollow-fibre membrane (HFM) 

and flat-plate membrane modules are the most commonly used modules in 

membrane-based absorption heat pump (MAHP) systems. Nasr Isfahani et al. 

(2013) conducted an experimental study that features a plate-and-frame 

absorber with a membrane module. The membrane has a highly porous and 

nanofibrous structure, and it is fabricated using the C-22 Hastelloy plate to form 

the solution channel. The absorption rates reported by this nanofibrous 

membrane-based absorber were 2.5 times higher than the conventional falling-

film absorbers. By using a solution film thickness of 100 µm 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 kg m-2 s-1.  

 

Fig. 2. 4: Design of a nanofibrous PTFE membrane absorber (Nasr Isfahani et al., 2013)  

Venegas et al. (2016b) carried out a simulation study on a plate-and-frame 

membrane-based absorber, which achieved the same absorption rate as the 

falling-film absorber with a more compact size. Zhai and Wu (2021) compared 

the performance between the falling-film absorbers and the membrane-based 

absorber. The maximum absorption rate achieved by the microchannel 

membrane-based absorber is 0.0150 kg m-2 s-1, which is significantly higher than 

the absorption rates observed in the falling-film horizontal tube absorber and 

falling-film vertical tube absorber with values of around 0.0058 kg m-2 s-1 and 

0.0045 kg m-2 s-1, respectively. 

 

Fig. 2. 5: Schematic diagrams of a microchannel membrane absorber versus a membrane 

desorber (Zhai and Wu, 2021). 
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2.2.1  Membrane Configurations and Characteristics  

In membrane-based processes, membranes provide a barrier that allows 

selective permeation of certain components from the feed stream to form a 

permeate and a retentate. The rate of movement of molecules via the membranes 

is dependent on the difference in temperature, pressure, concentration, or vapor 

partial pressure. Liquid-liquid transfer or gas-liquid or gas-gas transfer can be 

significantly improved with the use of membranes. Membranes act as the 

contactor between two components of an absorption process i.e. a gas/vapor, 

and another liquid stream. The rate of absorption depends on multiple factors, 

as the mass transfer resistance of the membrane is very much dependent on its 

physical structure, configuration, and its inherent characteristics. 

Membranes are generally classified into two main categories, namely the dense 

membranes and microporous membranes. Membranes have porous structures, 

but the key difference 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 dense membranes, ranging from  0.1 µm (Qu et al., 2018) to 

1µm (Nasr Isfahani et al., 2013). 

 

Fig. 2. 6: SEM Micrographs of nanofibrous PTFE membrane with different pore sizes 

(5Õm and 1Õm) (Nasr Isfahani et al., 2013). 



46 

Due to their small pore sizes, dense membranes are usually used in applications 

that require the separation of very small molecules from the feed stream, which 

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, microporous membranes can selectively allow the permeation 

of molecules from the feed stream through the interconnected pores, while 

restricting other components from passing through. The pore sizes are altered 

depending on their intended selectivity and function. The larger the relative pore 

sizes of the microporous membranes, the greater the mass transfer flux, which 

results in lower selectivity of the membrane contactors. As seen from the 

experimental study by García-Hernando et al. (2019b), using a smaller pore 

diameter of 0.45 µm requires a greater partial vapor pressure difference to 

achieve a similar absorption rate with a larger pore diameter (1 µm), whereby a 

higher solution mass flow rate is needed to maintain a lower solution-side water 

vapor pressure. Thus, the trade-off between selectivity and mass transfer flux 

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

The membrane separation process consists of several main steps which include 

molecular diffusion to the membrane surface, molecular dissolution into the 

membrane, diffusion through the solid, and molecular desorption at the 

downstream interface. Each of these steps contributes to 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 materials, which are organic and inorganic membranes. 

Organic membranes are manufactured using polymeric-based materials with 

microporous structures, whereas inorganic membranes are made of inorganic 

compounds, which include ceramic, silica, metals, and metal alloys. Due to its 

cheaper costs and higher flexibility, organic polymeric-based 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 are favourable for membrane separation processes that involve water as 

permeate or retentate and also in the membrane-based 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 

membranes. The 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 membranes. 

The PTFE material is widely used in plate-and-frame 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 hollow-fibre membrane contactors as it can be manufactured on a 

large scale and is more readily available with good hydrophobicity. By 

comparison, PE is less favourable as it has limited thermal stability, whereas PP 

is more commonly manufactured as the supportive layer to be used in 

combination with the PTFE membranes due to its higher mechanical strength 

(Zhai et al., 2021). 

In the membrane-based absorption refrigeration system, membrane contactors 

are the key components to be used in the absorption and desorption process. For 

liquid desiccant air dehumidification, the membrane absorber unit functions as 

the dehumidifier by allowing the water vapor in the inlet moist air stream 

(refrigerant) to be in contact with the desiccant (absorbent) solution on the 

membrane-fluid 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 membrane-based 

absorption refrigeration systems (ARS). 
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2.2.2  Membrane Contactors ï Absorbers 

In the effort of developing a thermally-driven, compact absorption heat pump 

suited for residential-scale usage, membrane-based contactors are proposed to 

replace some of the major components of the absorption system, namely the 

absorber and desorber components to provide larger interfacial area that 

facilitates higher heat and mass transfer rates . 

The absorber component in the absorption chiller system has a direct impact on 

the overall required sizing of the absorption system (Ibarra-Bahena and Romero, 

2014). This is because the absorption process which uses the H2O-LiBr working 

pair requires a static vacuum working pressure condition with high 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 falling-film 

absorbers whereby the solution film thickness needs to be controlled by the 

solution flow rate, while the flow maldistribution is also a common issue. The 

velocity and thickness of the solution film can be independently changed/varied 

when a membrane channel is used to constrain the absorbent solution film (Yu 

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

Ali and Schwerdt (2009) experimentally studied the characteristics and 

properties of a membrane-based absorber of an absorption chiller that utilizes 

the H2O-LiBr working pair. The authors also developed a mathematical model 

to analyse the 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 to 60 ʈm as the trade-off between low 
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mass transfer resistance and good 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 membrane pores, as this will affect the 

mechanical strength of the membrane. A pore size of approximately 0.45 ʈm is 

also recommended to avoid pore blocking due to capillary condensation. By 

utilizing the H2O-LiBr membrane absorber for absorption cooling with a 

targeted cooling capacity of 5 kW, Ali (2010) developed an analytical model to 

figure out the design of a compact absorber with a higher ratio of mass transfer 

area to absorber total volume. The 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 was used to determine the internal heat 

and mass transfer characteristics and the thermodynamics of the absorption 

process. Based on the results, it was shown that the existence of a membrane 

contactor at the solution-vapor interface provides a significant advantage in 

terms of a higher ratio of specific mass transfer area to the absorber volume. 

Besides, the counter-current flow configuration for the absorbent solution and 

refrigerant streams and lower channel thickness are ways to further reduce the 

sizing of the membrane absorber unit. 

To characterize the water vapor absorption into a constrained thin film of the 

LiBr solution, Yu et al. (2012) presented a two-dimensional numerical 

simulation on a membrane absorber with a plate-and-frame configuration. The 

vapor flux across the membrane was estimated based on the Dusty-Gas model, 

in which the effects of molecular diffusion and Knudsen diffusion are 
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considered. The simulation was performed via the hybrid Lattice-Boltzmann 

Method (LBM) for flow field, whereas finite difference method (FDM) is used 

in scalar transport equations. The resulting absorption rates are obtained by 

coupling and solving the two sub-models. The parametric study reflected that 

the solution film thickness, which is related to the solution channel thickness, 

and solution velocity are two of the most significant factors that affect the 

absorption rate of the water vapor. When the film thickness was reduced from 

150 µm to 50 µm, the absorption rate increased by 3 times as compared to the 

base case, achieving an absorption rate of around 0.009 kg m2s-1 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 increased 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.  

Nasr Isfahani et al. (2013) conducted an experimental study to determine the 

membrane permeability of nanofibrous membranes in the membrane-based 

absorber and desorber components of a membrane-based ARS. The solution 

microchannels are manufactured in a C-22 Hastelloy plate, which is anti-

corrosive, and the solution microchannels have a thickness of 160  10 µm, 

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 µm 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 the internal cooling of the membrane absorber, 
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the absorption rate decreases as the cooling water temperature increases, thus 

proving that the internal-cooling of the solution stream can improve the 

absorption rate of the solution. 

 

Fig. 2. 7: Iso-concentration surfaces and flow cross-sectional views of the solution mixing 

process due to existence of microstructures  (Nasr Isfahani et al., 2015) 

 

To further characterize the heat and mass transfer details of the absorption 

process, Nasr Isfahani and Moghaddam (2013) carried out another parametric 

study to figure out the impact of various parameters on the absorption rate. The 

highest absorption rate achieved was around 0.006 kg m-2 s-1 when the solution 

flow velocity is 5 mm s-1 with a solution channel thickness of 100 µm. The 

results revealed that the solution film thickness and solution velocity are key 

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

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

absorption rate is also significantly higher than those reported in falling-film 

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 beyond 0.010 kg m-2 s-1 at lower pressure potentials.  

Nasr Isfahani et al. (2015) proposed the use of microstructures to enhance the 

absorption rate by the thin-film LiBr in the membrane absorber. The absorbent 

solution channel normally consists of a semi-permeable hydrophobic membrane, 

a solid wall for heat exchange, and two 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. Experimental studies were conducted to 

quantify the performance enhancement in the membrane absorber. With the 

same solution channel thickness of 100 µm, the absorption rate achieved by the 

membrane absorber with microstructures is as high as that of the base case 

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 thinner solution channels are used in practical applications.  

A research study by Bigham et al. (2014a) emphasizes more on the mass 

diffusion mechanism of the absorption process. The detailed mechanism of the 

mass transfer during 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 streamlines caused by the presence of 

microstructures.  
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Fig. 2. 8: Micro-ridges structures on the bottom wall of the solution flow channel with two 

path lines in the flow (Bigham et al., 2014a). 

The microstructures induce vortices within the solution film, thus the more 

diluted absorbent solution on the solution-membrane interface is replenished 

continuously with a more concentrated solution from the bulk flow. As a result, 

the water vapor partial pressure of the solution stream is reduced, which helps 

to maintain the water vapor partial pressure difference, thus increasing the 

absorption rate.  
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In another study by the same authors, the average absorption rate without the 

microstructures is around 0.0016 kg m-2 s-1, which is lower due to the presence 

of a concentration boundary layer (Bigham et al., 2014b). For the case with 

microstructures, the absorption rate increased by a factor of 2.5 to 0.004 kg m-2 

s-1. Absorption heat removal from the solution via internal cooling also slightly 

improved the absorption rate to 0.0042 kg m-2 s-1 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 solution-membrane interface 

(Bigham et al., 2014b). 

 

Fig. 2. 9: Absorption rate variation comparison across three different cases ï base case, 

case with micro-ridges on the solution, and the case with micro-ridges and solution cooling 

(Bigham et al., 2014b). 

Asfand et al. (2015) conducted a simulation study via the CFD analysis on a 

membrane-based absorber to determine its heat and mass transfer behavior 

within the membrane channels during absorption. The results also suggested 

that the solution film thickness is a deciding factor that has a great 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 m s-1 to 0.00472 m s-1, the resulting 

absorption rate also increased by a factor 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 0.00472 m s-1 for the membrane absorber for optimal absorption 

performance after considering the trade-off of pressure drop incurred during 

high flow rates, in which an absorption rate of 0.001 kg m2 s-1 was achieved. 

The absorber length of 100 ï 200 mm is also recommended for the absorber 

because the absorption rate declines beyond the 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 investigated (Asfand 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 characteristics have a slight influence 

when the solution channel thickness is in the range of 0.5 mm. The absorption 

rate increased by 75% when the solution channel thickness was 0.1mm, 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, which is unfavorable during 

practical applications. It was also observed that the percentage variation of 

absorption rate is the same in all 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 cooling. The model 
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consists of selected correlations and data sourced from the open literature, and 

the model was validated with the experimental results reported in the research 

work by Nasr Isfahani and Moghaddam (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 volume (rqV) is 1090 kW 

m-3, 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 process, 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 10-6 kg m-2 s-1 Pa-1  and 0.0032 kg m-2 s-1. Based on the results, the authors 

suggested that further size increment does not necessarily enhance the cooling 

power to the same extent. Similar to the findings in previously reported works 

of literature (Asfand et al., 2016a; Nasr Isfahani et al., 2015), the authors 

concluded that the solution channel height has a great influence on the absorber 

performance, as a thinner solution channel results in a higher absorption rate. 

Asfand et al. (2015) also suggested that the solution channel length of 100 ï 200 

mm is sufficiently long for a plate-and-frame membrane absorber as the further 

increment of channel length will increase the pressure 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 volume (rqV), a detailed 

parametric study is carried out by Venegas et al. (2016a) to determine the 

sensitivity of this ratio under different conditions. From their results, it was 

concluded that the membrane porosity, pore diameter, and solution channel 
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thickness are some of the main design parameters that have a significant impact 

on the ratio. During practical operations, enough water vapor pressure, solution 

inlet temperature, and 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 al. (2020) conducted some 

experiments to compare the performances of membrane absorbers operating 

under two different modes ï with internal cooling (near to isothermal for the 

absorbent solution) and without internal cooling (adiabatic). By comparison, the 

adiabatic mode achieved an absorption rate in the range of 0.003 kg m-2 s-1, 

whereas the internal cooling mode attained a higher absorption rate, which was 

approximately 0.005 kg m-2 s-1. The experimental study also validated the 

simulation results predicted in the previous study by Venegas et al. (2017). As 

the solution mass flow rate is increased from 0.3 kg h-1 to 0.65 kg h-1, the 

absorption rate increased from 0.004 kg m-2 s-1 to 0.007 kg m-2 s-1 in the case 

with internal cooling. In contrast, only a slight improvement in the absorption 

rate was achieved under the adiabatic mode, which was from 0.002 kg m-2 s-1 to 

0.0032 kg m-2 s-1. The cooling capacities achieved in the cases of internal 

cooling mode and adiabatic mode were 600 kW m-3 and 400 kW m-3, 

respectively. The authors suggested that the adiabatic mode is more preferable 

if the compactness of the absorption chiller system is the main concern, as it 

does not require additional cooling provided by a cooling water system. The 

pressure drop incurred during the operations is in the range of 1.6 ï 2 kPa, which 
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is near the usual range of values encountered in a conventional H2O-LiBr 

absorption cooling system.  

García-Hernando et al. (2019a) conducted an experimental study on an 

adiabatic membrane micro-absorber used in compact-sized absorption chillers. 

The membrane module has 50 rectangular microchannels with dimensions of 

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

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

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

A hypothetical compact absorption chiller implemented with this micro-

absorber with an effective volume of 73.7 cm3 can achieve a cooling power of 

around 41 W under the tested conditions. The maximum ratio of chiller cooling 

capacity to absorber volume (rqV) achieved was 559 kW m-3. The results 

indicated that the solution mass transfer resistance contributes 85.6% - 96% to 

the overall mass transfer resistance during absorption, whereas the membrane 

resistance does not affect as much by comparison. Thus, the absorption rate 

enhancement 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 rate have a positive 

linear relationship with each other, which matches the findings reported in the 

abovementioned studies. However, the absorption rates achieved by this 

adiabatic micro-absorber are lower than those of the internally-cooled 

membrane absorbers, which suggests that the internal cooling of the absorbent 

solution has a positive impact on improving the absorption performance.  
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Nevertheless, the adiabatic configuration can be considered when the absorber 

size compactness is a major concern. Although the absorption rate of the 

solution will gradually deteriorate along the solution channel 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 to pre-heat the spent absorbent before 

the solution regeneration process in the desorber/generator unit. 

In a follow-up experimental study, García-Hernando et al. (2019b) investigated 

the effects of different membrane characteristics on the absorption rates in an 

adiabatic H2O-LiBr membrane absorber, with membrane thicknesses varying 

from 25 ï 175 µm and pore diameters of 0.45 µm and 1 µm. The solution film 

thickness was set to be 150 µm. 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 0.0026 kg m-2 s-1. By using a smaller pore diameter of 0.45 

µm, the corresponding solution mass flow rate needs to be doubled to attain 

absorption rates comparable with those in the case of using a pore diameter of 

1 µm. The values of the overall heat and mass transfer resistances obtained from 

the experiments have an average difference of less than 30% as compared with 

the predicted values from numerical models.  

Thicker membranes (76 ï 127 µm) also increase the mass transfer resistance, 

and the required pressure potential is twice as high as that of the case with 

thinner membranes (25 ï 51 µm). 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 exponential decrease as the solution 

flow rate was reduced. 

Sui et al. (2021a) proposed a numerical model to figure out the heat and mass 

transfer characteristics on a local level within the microchannels of an internally 

cooled membrane absorber with a plate-and-frame configuration used for 

absorption cooling. Based on the simulation results, the average absorption rate 

increased from 0.0034 kg m-2 s-1 to 0.0047 kg m-2 s-1, with an increment of 40% 

when the solution channel thickness decreased from 1 mm to 0.15 mm. 

Furthermore, the mean absorption rate increased by 56%, with values from 

0.0039 kg m-2 s-1 to 0.0061 kg m-2 s-1 as the solution inlet velocity increased ten 

times from 0.002 m s-1 to 0.02 m s-1.  

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 considering the performance trade-off 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 incurs a high pressure drop. The recommended solution channel thickness 

and flow velocity values are similar to those suggested by Asfand et al. (2015), 

whereby the solution channel thickness and flow velocity are 0.5 mm and 0.005 

m s-1, respectively.  

Besides, by adding baffles to the membrane solution channels, the mean 

absorption rate increased to 0.0053 kg m-2 s-1, 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 absorber with 

baffles is 3.3 times higher than that of the falling-film absorbers.  

In the subsequent work, Sui et al. (2021b) further developed a three-dimensional 

CFD model to analyse the effects of various parameters on the membrane 

absorber performance. The authors also investigated the 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 channel width 

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 disrupted due to the swirling flow and vortices induced by 

the structures. By comparison, the circling 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 concluded that the groove 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 also analysed the effects of membrane characteristics on 

the absorption performance, in which the results reflected that the membrane 

porosity has the most significant effect on the absorption rate (Sui et al., 2022b). 

Based on the study, the optimal membrane should have a porosity of 0.8, pore 

diameter of 1 µm, and a thickness of 60 µm, accordingly. In addition, the effects 

of inclined grooves structures are further analysed in this work, whereby the 

herringbone groove (HG) and inclined groove (IG) structures 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 counter-rotating vortices and longitudinal swirling flow with the presence of 

HG and IG structures, respectively.  

The main difference between a falling-film absorber, and a membrane-based 

absorber, is the ability to control the solution film thickness. In a falling-film 

absorber, the solution film thickness is greatly dependent on 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 thickness ï this will 

cause the film thickness to be inconsistent. In contrast, the solution fluid 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 occurs. Thus, 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. 
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2.2.3  Membrane Contactors ï Desorbers 

In an absorption refrigeration system (ARS), the refrigerant needs to be 

separated out from the binary mixture of absorbent-refrigerant solution after the 

absorption process. This is known as the desorption or the solution regeneration 

process, in which an external heat input heats 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 increases back to the required level for 

reuse in the subsequent absorption cycle. The desorber unit is also known as the 

regenerator (Yan et al., 2020) or generator (Hong et al., 2016) in other studies. 

Similar to the membrane absorbers, most of the membrane-based desorbers are 

assembled into either the plate-and-frame membrane modules , of the hollow-

fibre membrane modules. 

The refrigerant needs to be separated out from the binary mixture of absorbent-

refrigerant solution after the absorption process in ARS. This is known as the 

desorption process, in which 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 solution concentration 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 regenerator (Hong et al., 2016) in the literature. Similar to the 

membrane absorbers, most of the membrane-based desorbers are assembled into 

either the plate-and-frame membrane modules (Ibarra-Bahena et al., 2020b; 

Zhai and Wu, 2021), or the hollow-fibre membrane modules (Hong et al., 2016).  
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Fig. 2. 10:  An illustration of the membrane desorber experimental setup. (Zhai and Wu, 

2021)  

 

Fig. 2. 11: Fraction of each mass transfer resistance with respect overall mass transfer 

resistance  (Ibarra-Bahena et al., 2017)  

 

To further size down the membrane absorption refrigeration system, Ibarra-

Bahena et al. (2017) developed an integrated membrane contactor unit, which 

combines the desorber and condenser units into a single membrane module in 

the plate-and-frame configuration. 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 one-dimensional heat and mass transfer 

model is built to analyse the water vapor desorption process from the H2O-LiBr 

binary mixture under atmospheric pressure.  

 

Fig. 2. 12: Experimental setup of a membrane desorber-condenser unit (Ibarra-Bahena et 

al., 2017). 

 

The resulting desorption rates from the experiments are ranging between 0.30 

to 9.69 kg m-2h-1, which is equivalent to 8.33ρπ to 2.69 ρπ kg m-2s-1, 

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 non-linear 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 absorbent solution is more concentrated. 
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Futhermore, with a higher solution temperature, the resulting mass transfer 

resistance is lower.  

In another study by Ibarra-Bahena et al. (2018), the authors utilized the thermal 

solar energy as the primary heat source for the desorption process of a 

membrane-based absorption cooling system. A dedicated solar thermal system 

is included in the membrane-based desorber-condenser experimental setup, 

which has a greater scale of operation as compared to their previous study  

(Ibarra-Bahena et al., 2017). The integrated membrane desorber-condenser unit 

has an air-gap with a width of 3 mm with a membrane area of 1 m2. The 

experimental performance is analysed based on a 4-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/m2 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 current study, Ibarra-Bahena et al. (2020b)  simulated the 

sizing of the solar thermal collector system of a membrane-based absorption 

cooling system based on the experimental data obtained previously from 

(Ibarra-Bahena et al., 2018). This study determined the heat load required by 

the system while utilizing low-enthalpy energy sources (waste heat, solar or 

geothermal heat) to achieve desorption process under the boiling mode. From 

the simulation, the membrane desorber-condenser unit can produce an average 

of 16.8 kg/day of refrigerant fluid when solar collectors with a total area of 37.4 
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m2 and a solar fraction of 0.797 are used. The simulation was carried out based 

on the weather condition of Emiliano Zapata, Mexico, which represents a region 

with a temperate highland tropical and dry winter (Cwb) and an annual average 

temperature of 15.55°C. The 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 desorption rate was 5.69 kg m-2 h-1. Contrarily, the 

desorption rate achieved by using a much lower solution temperature of 75.6°C 

and a higher cooling water temperature of 25.1°C was 1.53 kg m-2 h-1. Hence, a 

higher solution temperature and a lower cooling water temperature will be more 

favourable for the desorption. 

The previous works are mainly using the H2O-LiBr as the refrigerant-absorbent 

working pair. To further enhance the desorption rate, Venegas et al. (2020) 

proposed the addition of nanoparticles to the H2O-LiBr solution to improve the 

desorption rate of the solar-driven plate-and-frame membrane-based desorber. 

The types of nanofluids tested are Al2O3, CuO and carbon nanotubes (CNT). By 

adding nanoparticles to the existing absorbent-refrigerant solution mixture, the 

critical heat flux of the mixture will be higher than that of the base fluid without 

nanoparticles, while the heat transfer coefficient decreases. The 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, followed by aluminum oxide (Al2O3) and copper oxide (CuO) 

nanoparticles with a constant 5% volume fraction of nanoparticles. The 

maximum cooling power obtained is 645 W by using the H2O-LiBr -CNT 

nanofluid with minimum mass flow rate, which also results in a total cooling 
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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 higher total cost to the absorption chiller system instead. 

In a more recent research work by Zhai and Wu (2022), a plate-and-frame 

membrane-based desorber that uses H2O-LiBr working pair is experimentally 

investigated. In the experimental setup, the microchannel membrane desorber 

has a length of 250 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 (65 ï 85°C) and solution mass concentration (50 ï 60 

wt%) are varied to determine their effects on the 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 solution reaches 85°C, the 

vapor desorption rate inside the thicker 1-mm channel (0.00645 kg m-2s-1) has a 

slightly higher value than that of the thinner 0.15-mm channel, which was 

0.00615 kg m-2s-1. Operating conditions with higher inlet solution temperature, 

higher solution 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 in choosing 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 correlations 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, respectively. The authors found that the 

previous models in the literature contain errors as these models are developed 

based on the empirical correlations used in other membrane-based 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 by 38.83%, 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 membrane-based desorbers have a 

rectangular plate-and-frame configuration. In contrast, Hong et al. (2016) 

proposed the use of a hollow-fibre membrane (HFM) module that functions as 

a desorber for absorption cooling in automobile applications. The HFM 

desorber, also known as the HFM generator (HFM-G), is thermally driven by 

the waste heat generated from an automobile engine. The hollow-fibre 

membrane structure has a smaller build-up size than the plate-and-frame 

configuration, which is more compact and robust to encounter fluctuations and 

vibrations caused by vehicle movements. Based on the simulation results, the 

system COP increased from 0.34 to 0.54 as the generating temperature increased 

from 80°C to 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 falling-film 

desorber, as the absorbent-refrigerant solution experiences high temperature 

and pressure drops within the HFM channels.  

The authors conducted another experimental study on the HFM-G to 

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

to determine the feasibility and practicality of the HFM-G 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 increase in mass flux of the feed solution also improved the mass 

transfer performance. In their next study, the HFM-G are operated under two 

different operating modes ï the direct-contact and vacuum operating modes 

(Hong et al., 2019). By comparison, the vacuum operating mode is more 

favourable than the direct-contact mode. This is due to the temperature 

difference between the absorbent-refrigeration mixture and the separated 

refrigerant water vapor stream, in which a larger temperature difference 

between these two streams will result in a greater mass flux and recovery. The 

direct-contact 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 heat loss is minimized, hence the temperature difference is 

consistent along the length of the HFM channels.  

2.2.4  Membrane Contactors ï Solution Heat and Mass Exchangers 

Apart from the main absorber and condenser components, the ARS also 

includes auxiliary components such as solution heat mass exchanger (HME) to 

reduce the heat loads required by the desorption process and pre-heating of 

solution in the absorber. Some research works also developed membrane-based 

contactors used for HME to improve the energy utilization efficiency within the 

MAHP system. 
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Besides membrane desorber, a hollow fibre membrane (HFM) module was 

added as the solution heat/mass exchanger (SHE) for a vapor absorption 

refrigeration system (Hong et al., 2016). This HFM-SHE module has two inlet 

solution streams ï one is the hot, strong absorbent 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 membrane-formed channels of the HFM-SHE 

module simultaneously, mass 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 temperature difference between 

the two streams. HFM-SHE 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 being returned 

to the absorber unit for re-use. 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 same authors, the performance of the HFM-SHE is 

further investigated under the vacuum operating mode and direct contact mode 

(Hong et al., 2019).  The vacuum operating mode for the two streams of lithium 

bromide solution (weak warm and hot strong solution) inside the hollow fibre 

membranes can enhance the mass 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 difference. Therefore, 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 al. (2011)  is focused on the hollow fiber 

membrane (HFM) heat exchanger in an absorption chiller system. The 

membrane heat-and-mass exchanger uses LiBr as the absorbent solution. In the 

HFM heat exchanger, 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 side. The results show that the counter-flow 

arrangement has better performance due to a higher 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 

one-third of the total heat transfer.  
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2.2.5  Integrated Membrane Contactors ï Evaporator-Absorber / Desorber-

Condenser Components 

Before membrane contactors are used in absorption heat pump systems, 

membrane technology is more commonly utilized in membrane distillation and 

separation processes, such as water desalination and gas separation (Ibarra-

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 built-up volume and size of the devices. The reason is that 

membranes provide a much greater interfacial area for liquid-vapor contact 

between the refrigerant vapor and absorbent solution streams. Thus, this 

characteristic allows further miniaturization of these devices for use in 

absorption refrigeration-based heat pump systems. 

With the potential advantages that membranes can offer, re-designing the 

existing main components of the absorption heat pump (AHP) systems using 

the integrated membrane modules provide an alternative to making the overall 

system more compact without compromising on their performance. The system 

can be effectively re-designed with compact configurations and allow higher 

flexibility in sizing, depending on the heating/cooling capacity. 

One of the common integrations in these membrane-based 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 membrane-formed 

channels where different 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 combine two of the main units. For example, 

the integrated evaporator-absorber membrane contactor, and the corresponding 

integrated desorber-condenser membrane contactor. This integration could 

reduce the overall assembly size of the system by a greater extent, as the 

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 by Kim et al., (2008), an integrated desorber-condenser membrane 

component is used for electronics cooling with a heat load removal capacity of 

100 W, with the conceptual diagram as shown in Fig. 2.13. 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 micro-pump and 

connecting tubes within the envelope. The hydrophobic membrane provides a 

heat-and-mass 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, the highest 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 with a thermal 

load removal of 100 W. 
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Fig. 2. 13: Conceptual diagram of the microchannel membrane desorber-condenser unit  

(Kim et al., 2008) 

   

Inoue et al. (2018) performed a study on an integrated absorber-evaporator 

component that functions as an absorption chiller in automobiles. The 

refrigerant liquid water flows into the membrane-formed channel, and this 

channel containing the refrigerant acts as the evaporator. The refrigerant water 

vapor will be formed on the membrane interface. As the hydrophobic membrane 

allows selective 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 the LiBr 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 dilution into the absorbent solution 

stream. 

Besides, there are also a few studies featuring the integrated membrane 

absorber-evaporator in a membrane absorption heat pump (MAHP) system used 
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for water heating purposes (Huang, 2015; Huang et al., 2018). The main 

difference between the integrated membrane evaporator-absorber by Inoue et al. 

(2018) and these studies is the use of an air-gap instead of a vacuum gap 

between the membrane channels. The working pair of the absorption heat pump 

system is water-LiCl, where LiCl is used as the absorbent solution, as LiCl 

aqueous solution exerts lower water vapor partial pressure than LiBr, and has 

high stability with great moisture absorption concentration of 30% to 45% 

(Ertas et al., 1992). Parametric analyses have been carried out in both studies 

with conjugate heat and mass transfer performance characterization. A solution 

inlet mass fraction of 55% with an inlet temperature of 25°C, and an air-gap 

aspect ratio of 50 (channel width-to-height ratio) are the optimal operational and 

geometrical parameters as reported in Huang et al. (2015). 
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2.2.6 Closed-Cycle and Semi-Open Cycle Configurations 

Membrane-based absorption heat pumps (MAHP) systems are commonly 

assembled in two main configurations: closed cycle and open cycle. The main 

difference between the two is whether the solution and refrigerant are in direct 

contact with the ambient conditions (Xu and Wang, 2017). 

In a closed-cycle configuration, the refrigerant and absorbent solution streams 

are contained within the system without direct contact with the ambient 

conditions. Each of the essential components operates under isolated working 

pressure. Contrarily, certain components in the open-cycle or the semi-open-

cycle configurations run at ambient pressure, as part of the cycle are exposed to 

the surroundings. For example, in an open-cycle AHP with an H2O-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 recovery by the condenser and the evaporator. 

However, this will cause a waste of resources in the long-run in an open-cycle. 

To improve the energy utilization efficiency, the open-cycle configuration is 

modified, in which the refrigerant vapor from the desorber undergoes 

condensation in the condenser, allowing latent heat of condensation to be 

recovered for other heating purposes, such as water heating. Hence, this 

modified open-cycle is also known as the semi-open-cycle configuration. 

Fig. 2.14 shows the comparison of the schematic process flow diagram of a 

closed-cycle (left) versus a semi-open cycle (right) configuration of an 

absorption heat pump (Gluesenkamp et al., 2017). 
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 Fig. 2. 14: Schematic process flow diagram comparison between closed-cycle and semi-

open cycle absorption heat pumps (Gluesenkamp et al., 2017). 

 

As mentioned in the previous sections, a typical AHP system 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 

generally considered as the closed-system configuration as all the four core 

components are present. In contrast, the semi-open configuration has a similar 

structure, except the fact that the evaporator and the expansion valve is 

eliminated from the cycle. A typical closed-system membrane AHP featuring 

the use of a membrane absorber and membrane desorber is shown in Fig. 2.15 

(Nasr Isfahani et al., 2013). 
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Fig. 2. 15: Experimental Setup of a Closed-cycle membrane AHP configuration (Nasr 

Isfahani et al., 2013). 

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 discharged 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 process. Thus, in the semi-open cycle, 

the absorber unit is also known as the integrated evaporator-absorber, whereby 

it serves the functions of both an evaporator and an absorber in a single 

component. As a result, the semi-open cycle configuration has a less 

complicated structure with a smaller size than the closed-cycle configuration 
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due to the elimination of evaporator. Fig. 2.16 shows the closed-cycle 

configuration of a MAHP with their respective heating and cooling effects (Zhai 

et al., 2021). As the heat pump systems are capable of producing cooling and 

heating effects, the performance of closed-cycle and semi-open cycle 

configurations can be defined based on their intended functions.  

 

Fig. 2. 16 : Closed-cycle configuration of a membrane AHP with heating and cooling 

effects (Zhai 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 

solution 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 absorbent-refrigerant mixture. As the re-concentrated absorbent 

solution is pumped back for reuse, 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 environment (open-cycle) or 

recovered by the condenser (closed-cycle and semi-open cycle) for heating 
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purposes. In the closed-cycle 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 low 

pressure (0.5 ï 0.6 kPa) and temperature (4 ï 5°C) for the absorption process. 

This evaporation process absorbs heat from the surroundings, hence producing 

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

In membrane-based absorption 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 mass transfer performance. As 

such, the detailed mechanisms of the processes are characterized using 

simulation studies while the operational performance is mainly analysed via 

experimental studies.  

According to the statistics on the number of research publications related to the 

applications of membrane-based modules (MBMs) in absorption refrigeration 

systems, over 90% of these publications focus on the experimental and 

numerical studies on the heat and mass transfer performances of these 

membrane modules (Sui and Wu, 2022). Therefore, this chapter describes the 

design principles, mathematical models, and correlations that are essential for 

the heat and mass transfer performance analysis on the integrated membrane 

absorber-evaporator component of the membrane-based absorption heat pump 

(MAHP). 

Before the implementation of membrane-based 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 processes (Woods et al., 2009). For ease of 

comparison with the MD, the membrane-based ARS discussed in this section is 

based on the use of H2O-LiBr refrigerant-absorbent working pair, as the water 

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

efficiency in both MD and MARS systems. The key similarity between the MD 
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and MARS is the involvement of water vapour partial pressure difference as the 

main driving potential for mass transfer. This driving potential is influenced by 

a few main factors, such as concentration, temperature, water affinity, and other 

thermo-hydraulic characteristics. 

There are three main approaches to the performance investigation 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 MARS, mainly 

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 approach to assess the 

performance of the membrane modules in ARS, but the amount of experimental 

work available is relatively lesser than those of simulation studies. 

Ali and Schwerdt (2009) carried out an experimental study on a plate-and-frame 

membrane absorber that functions as a compact absorption chiller with a LiBr-

H2O working pair, as shown in Fig. 2.17. The resulting absorption rate achieved 

in the experiment was approximately 0.007 to 0.008 kg m2 s-1 while being 

operated under the adiabatic mode.  

Fig. 2.18 depicts the experimental setup of a LiBr-H2O membrane absorber with 

thinner solution channels, achieving a higher maximum absorption rate of 

0.0057 kg m2 s-1 when a solution film thickness of 100 µm is used (Nasr Isfahani 

et al., 2013; Nasr Isfahani and Moghaddam, 2013). Fig. 2.19 indicated a 
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subsequent experimental study that incorporates the use of wall microstructures. 

This modification achieved a similar absorption rate as the previous studies with 

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

García-Hernando et al. (2019a) performed experiments as shown in Fig. 2.20 

on an adiabatic membrane absorber for absorption cooling, and subsequently 

tested with three different flat PTFE membranes (2019b) with varying 

membrane thicknesses (25 ï 175 µm) and pore diameters (0.45 ï 1 µm). The 

experiments revealed that the absorption rates ranged from 0.0015 to 0.0026 kg 

m2 s-1 under increasing solution mass flow rate and pressure potential, and 

concluded that the solution mass transfer resistance is more significant than the 

membrane mass transfer resistance, and more effort should be invested in 

improving the solution mass transfer coefficient. 

A performance comparison between adiabatic mode and internal cooling mode 

on a plate-and-frame membrane absorber was experimentally studied by de 

Vega et al. (2020). Fig. 2.21 features the schematic flow diagram of the 

experimental setup with details on the membrane absorber. The results showed 

that the absorption rates achieved by the adiabatic mode (0.002 ï 0.0032 kg m2 

s-1) are generally lower than those of the internal cooling mode (0.004 ï 0.007 

kg m2 s-1).  
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Fig. 2. 17 : Schematic diagram of the experimental setup of a membrane absorber unit (Ali 

and Schwerdt, 2009) 

 

 

Fig. 2. 18 : Experimental setup of a nanofibrous PTFE membrane-based ARS with closed-

system configuration (Nasr Isfahani et al., 2013). 
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Fig. 2. 19 : Schematic diagram of the experimental setup of a membrane-based ARS with 

membrane-based absorber and desorber (Nasr Isfahani et al., 2015) 

 

 

Fig. 2. 20 : Experimental setup of the membrane-based AHP featuring the membrane 

absorber (Garc²a-Hernando et al., 2019a) 
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Fig. 2. 21: Schematic flow diagram of the experimental setup of the membrane-based AHP 

featuring the membrane absorber (de Vega et al., 2020). 

In a typical experimental setup with a closed system configuration, the 

evaporator unit and the membrane absorber unit are separate operating units. 

The abovementioned studies are mostly operated in a closed-system 

configuration, with the refrigerant vapor supplied consistently from an 

evaporator.  
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For experimental studies that feature the use of a semi-open or open system 

configuration, the refrigerant vapor is sourced directly from the surroundings, 

and the vapor comes into contact with the membrane of an integrated 

evaporator-absorber module. For instance, Chugh et al. (2019)  experimentally 

studied the absorption heating performance of a semi-open plate-and-frame 

membrane absorber that utilizes ionic liquid as the absorbent. 

In a typical plate-and-frame membrane absorber (PFMA) unit, the 

microchannels for fluid flow are formed by stacking multiple membranes 

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 counter-

current flow configuration 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 maximize the heat transfer performance, counter-current 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 the mechanical strength of the membrane-formed 

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 mass transfer 

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 by simulation case 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 based on analytical solutions are lesser. 

This is due to the complexity of the conjugate heat and mass transfer 

performances occurring within the membrane contactors, which might be more 

difficult to determine with a larger range of variations in parameters and setup. 

Huang et al. (2018) proposed a lumped parameter mathematical model to 

investigate the coupled heat and mass transfer of a plate-and-frame membrane 

absorber, whereby the normalized governing equations are derived via algebraic 

transformations. The algebraic expressions of the performance indicators, such 

as the solution temperature lift (ЎὝȟ ), energy transfer rate (ETR) and the heat 

transfer effectiveness (‐ of the solution stream are derived and the results are 

validated experimentally. 

Ashouri and Bahrami (2022) proposed two closed-form analytical solutions, 

namely the Laplace transform method and similarity solution to analyse the 

performance of membrane-based absorption heat pumps and chillers, which are 

also applicable to other sorption applications that involve non-volatile liquids. 

The results obtained from the Laplace transform method are reported to have 

higher accuracy than that of the similarity solution, but less compact and 

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 parameters, while the details on thermal and hydraulic characteristics 

of the fluid flow within the inner microchannels are difficult to assess. Thus, 

simulation studies are carried out to figure out the fluid flow behaviour and the 

intricate details of the conjugate heat and mass transfer. The advantages of using 

simulation tools are their efficiency and flexibility. The performance of the 

membrane absorbers under different operating 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 parametric 

studies. 

In the development of mathematical models, various correlations and equations 

relevant to the coupled heat and mass transfer have been developed. From the 

literature review, the general approaches in solving mathematical models 

related to the conjugate heat and mass transfer include the effectiveness-NTU 

method (Ů-NTU) and fitted algebraic equations. Woods et al. (2009) adopted the 

modified Ů-NTU method to describe the heat transfer performance of a 

membrane-based absorption heat pump. The Ů-NTU method is analogous to that 

of a heat exchanger. The NTU of the membrane heat pump is defined as the 

ratio of total energy transfer 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 transfer of the 

membrane absorption process are derived based on conservation equations with 

macroscopic properties, which are represented by the continuity and Navier-

Stokes equations. The Navier-Stokes equations assume the fluid is a continuum 

(McLean, 2012). However, in some circumstances where the fluid flows are not 

continuous, such as gas flows through small geometries, the continuous particle 

continuum assumption becomes invalid, and the Navier-Stokes equations are 

not applicable. Thus, the medium needs to be simulated as discrete, fictive 

particles with a mass distribution function via the Lattice Boltzmann Method 

(LBM) (Yu and Ladd, 2010). Some of the performance studies on membrane 

absorbers and desorbers are analysed by adopting the LBM (Bigham et al., 

2014b; Nasr Isfahani et al., 2015; Yu et al., 2012).  

The governing equations are solved by numerical simulations, in which the 

results obtained from the simulations are validated with experimental data. To 

solve massive amount of non-linear equations simultaneously, Engineering 

Equation Solver (EES), and computational fluid dynamics (CFD) tools, such as 

ANSYS Fluent (Asfand et al., 2015; Lima et al., 2019; Sui et al., 2021a) and 

COMSOL (Lin et al., 2018a) have been used to conduct simulation runs and 

parametric studies. 

Besides MAHP, some of the works based on membrane-based liquid desiccant 

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 refrigeration. The 

simulation discretization schemes that are commonly used are finite difference 

method (FDM) (Ali, 2010; Ibarra-Bahena et al., 2018; Venegas et al., 2016b, 
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2016a; Woods et al., 2009), finite volume method (FVM) (Asfand et al., 2015, 

2016a; Lima et al., 2019; Sui et al., 2021a, 2022a) and finite element method 

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

Most of the correlations used for predicting heat and mass transfer performances 

of membrane-based 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 flows. By comparison, correlations developed from 

experimental data are relatively lesser. Zhai and Wu (2022) carried out an 

experimental study on the membrane desorber in an 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 correlations 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. 

  



94 

2.4 Applications of MAHP System 

As the absorption heat pump systems are mainly driven by the vapor absorption 

process, the choice of refrigerant types should be selected based on the intended 

purposes. For example: 

¶ Liquid desiccant air dehumidification (LDD) - removing latent load in 

the air-conditioning process  

¶ Waste heat recovery for absorption heating - latent heat of absorption 

accumulated on the absorbent solution side to achieve temperature 

upgrading. The heated absorbent solution will be the heat source for 

water heating or space heating, which can be achieved by heat exchange  

¶ Absorption cooling - the incoming refrigerant stream is the main 

targeted stream to be cooled. Heat and mass transfer take place 

simultaneously. The latent heat of evaporation is lost during the 

evaporation process and subsequent absorption process, i.e. the water 

vapor formation on the membrane-refrigerant 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 the absorbent solution side. Thus, the temperature of 

the water vapor stream is reduced. This is related to evaporative cooling. 

Water has high specific heat capacity, hence removing water molecules also 

removes latent heat from incoming refrigerant (inlet humid 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 indicates a high concentration of water vapor. The liquid 

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 heat load from the 

inlet air stream, and this is a much more energy-saving 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 into liquid 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 regeneration 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)  

Membrane liquid 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 of the most popular applications for 

membrane-based 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 sensible and latent heat loads 

present in the air stream. In VCS-based air-conditioning 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 humidity; the 

dehumidified and overcooled air stream is subsequently re-heated 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 MLDD, humidity reduction is achieved by water vapor 

absorption, resulting in a dehumidified airstream with slight temperature 

reduction due to latent heat removal. Subsequently, the temperature of the 

dehumidified air stream is altered to the desired level by heating 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 prominent energy-saving 

advantage of the MLDD. As MLDD has the potential to replace VCS as the 

integral part of energy-saving air-conditioning system, the research focus on 

MLDD has been gaining much more attention from the researchers (Chen 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 ï Membrane-based Absorption Chiller 

As mentioned in Section 2.2.6, the MAHP can be used for either cooling or 

heating, depending on the intended function of the system. For cooling, the main 

cooling effect is produced in the evaporator, whereby a large amount of latent 

heat of evaporation is absorbed from the surroundings as the refrigerant 

vaporizes. On the other hand, in the desorber, the regeneration of absorbent 

solution after each absorption cycle requires high energy input to separate the 

refrigerant from the refrigerant-absorbent mixture, creating a heat sink.  

Some of the works that involve membrane-based absorption cooling are (de 

Vega et al., 2020; Hong et al., 2019; Ibarra-Bahena et al., 2018; Kim et al., 2008; 

Venegas et al., 2020). Absorption chillers can be used for space cooling, which 

can be an alternative to air-conditioning systems. By supplying the dissipated 

heat from the electronic chips and microprocessors in the data centers to the 

membrane-based ARS system, the heat can be effectively removed. In the 

membrane AHP system proposed by Kim et al. (2008), the targeted cooling 

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 

the size of an envelope (150 mm x 150 mm x 100 mm). 
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2.4.3  Absorption Heating ï Membrane-based Absorption Heat Pump 

(MAHP) 

In contrast to absorption cooling, MAHP is also a promising candidate for 

heating. In the membrane absorber unit, the latent heat of absorption released 

by the water vapor absorption process is significant, which results in a 

temperature rise in the absorbent solution. Thus, the absorbent solution can act 

as a heat source for water or process stream heating with a lower temperature 

range requirement. The internal cooling of the absorbent solution in the 

membrane absorbers enables heat to be removed instantaneously during the 

absorption process, which helps to maintain the absorption strength of the 

absorbent solution and provides heat exchange to other process streams that 

require heating. Thus, the heat pump can act as a thermal energy storage device, 

which can be used for space heating and fluid heating, such as water heating 

(Chugh et al., 2017, 2019; S.-M. Huang, 2015; Huang, 2017) and thermal 

energy storage for winter (Woods et al., 2011).  
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2.5 Renewable and Waste Heat Recovery ï Pinch Analysis 

Integration  

2.5.1  Availability of Renewable Heat and Low-grade Waste Heat   

Industrial processes often involve multiple forms of energy conversion, which 

transform primary energy carriers into other forms of energy for end-use. Part 

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 approximately 72% of the global energy input is lost after 

conversion, which amounts to 340.512 PJ worldwide as shown in Fig. 2.22 

(Forman et al., 2016). 

In large-scale industries such as petroleum refining, the waste heat constitutes 

about 25 to 62% of the total heat input (Doheim et al., 1986), therefore 

sophisticated waste heat recovery systems are installed and integrated into the 

existing process network to achieve better energy efficiency. In these industries, 

high-temperature waste heat from boilers or exothermic reactions in reactors is 

recovered to pre-heat combustion air. Waste heat is not only recovered for 

heating but also for electricity generation and thermal desalination (Sharaf 

Eldean and Soliman, 2017). 
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 Fig. 2. 22: Sankey diagram on the availability of global waste heat and consumption 

(Forman et al., 2016). 

However, not all types of waste heat can be readily recovered. The classification 

of waste heat is highly associated with its temperature range, but the exact 

ranges of temperature that 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 (230 ï 650°C) and low-grade waste heat 

sources (<230°C) (Zhou et al., 2013). In another study, the waste heat is 

classified into low, medium, and high-temperature waste heat by their 

respective temperature ranges of <100°C, 100 ï 299°C and >300°C (Forman et 

al., 2016). Yet, Ammar et al. (2012) mentioned that the threshold temperature 
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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 inter-process heat transfer usually occur in the temperature range of ambient 

temperature up to around 200°C to achieve feasible heat recovery, while the 

required temperature of the heat source might be higher than 250°C depending 

on the type of waste heat source. Hence, the characteristics of the waste heat 

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

recovery. 

In general, high-temperature waste heat originates from direct combustion 

processes, medium-temperature waste heat from the exhaust streams of the 

combustion unit, and low-temperature waste heat from the auxiliary process 

units and parts (Jouhara et al., 2018). In most situations, when the temperature 

of the waste heat sources is much lower (<100°C), waste heat recovery becomes 

more challenging and infeasible. An estimated 63% of 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 range (Forman et al., 2016). In the chemical process industries, 20 

ï 50% of the energy used is discharged in the forms of hot exhaust gases and 

liquids, while a huge percentage of low-grade waste heat is present in the form 

of water in cooling towers with a typical temperature range of 45 ï 60°C in the 

UK (van de Bor et al., 2015). Excess heat produced from industrial processes in 

the UK has a market potential of around 36 ï 72 PJ annually, as reported in the 

thesis by McKenna (2009). In a steel industry in the Netherlands, approximately 

14 PJ and 17 PJ of low-grade waste heat have been discharged in the form of 

cooling water, with an average flow rate of 8 m3/s at 35°C, and 3.5 m3/s 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 in the industry 

(Zhou et al., 2013). In chemical process industries in the Europe region, 

approximately 829 PJ of thermal energy with a medium temperature range of 

100 ï 400°C and 1142 PJ of thermal energy with a temperature range of below 

100°C are consumed yearly (van de Bor et al., 2015). Due to inefficiency in 

processes, the corresponding heat losses from these processes are around 20 ï 

50% of the total heat input, which is often dissipated through various kinds of 

liquid streams and hot exhaust gases (van de Bor et al., 2015). These studies 

indicate that there is a vast availability of discarded low-grade 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 Absorption-Refrigeration 

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, Italy, Austria, Sweden, Spain, and Portugal (Lauterbach 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 the location, characteristic process temperature, and type of 

industrial sectors. Food and beverages, building-related 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°C. Platzer (2015) has included a 

comprehensive study of SHIP on more countries globally, such 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 available is dependent on weather 

conditions and time, which is not consistent (Suresh 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, affecting the 

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). 



104 

Due to its low intensity and fluctuating availability, hybridization with 

supplementary heating 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 thermal systems (Kulkarni et al., 2008). 

Thus, the installation of solar thermal systems 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 supply (Lauterbach et al., 2012). Regions and countries with 

relatively low solar irradiation intensity are also less likely to invest in industrial 

solar thermal systems which are economically less favourable (Eiholzer et al., 

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 meticulous planning 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 

stage before 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 thermodynamic-based approach. This 

technique was firstly established by Linnhoff and Flower (1978) to design the 

optimal heat exchange networks (HEN) for process heat integration. As this 

technique is versatile and has high adaptability, it has been further developed 

and extended to diverse fields of application, for instance, combined heat and 

power (Klemeġ et al., 1997), mass exchange networks (El-Halwagi and 

Manousiouthakis, 1989), wastewater minimization (Wang and Smith, 1994), 

production planning (Singhvi and Shenoy, 2002), carbon emission reduction 

(Tan and Foo, 2007), power systems (Bandyopadhyay, 2011), hydrogen 

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

Klemeġ et al. (2018) reviewed the recent development of Pinch Methodology 

(PM), which mentioned that there are two main approaches for PM, namely the 

graphical-based and numerical-based methods are analogous to the concept 

applied for heat integration. Graphical-based methods such as the Composite 

and Grand Composite 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 Cascade have 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 semi-continuous 

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 enthalpy profile and the pinch point will vary over time, hence 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 required to attain better heat recovery performance. 

Several case studies on the integration of solar heat systems for industrial 

processes have been carried out. Atkins et al. (2010) conducted a site pinch 

analysis study via the Grand Composite Curve construction for the integration 

of SHIP of a milk powder plant The solar thermal system should be integrated 

above the pinch temperature to achieve modest savings on the hot utility 

consumption. Furthermore, Walmsley et al. (2014) demonstrated process heat 

integration that combines solar heating systems with existing gaseous waste 

heat recovery loops (HRLs) in dairy process plants as a cost-effective solution 

to overcome the problem of high installation and capital cost of an isolated solar 

thermal energy system. By 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 heating contributed 0.9 MW and 1.0 MW to the process heat 

supply under CTS and VTS configurations, respectively. Eiholzer et al. (2017)   

carried out the pinch analysis for SHIP in a two-stage solar heat integration in a 

medium-sized brewery operating in batch mode. Firstly, the Composite and 

Grand Composite Curves were constructed by applying the time average model 

(TAM) to assess the indirect heat recovery targets, whereas the time slice model 

(TSM) and batch super targeting method were used to evaluate the direct heat 

recovery potential; next, a selected integration point was optimized to determine 
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the feasibility of the solar thermal system (Eiholzer 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 the scheduling conditions and it helps to 

reduce process energy demand. 

In power pinch analysis (PoPA), graphical methods (Wan Alwi et al., 2012) and 

Cascade Analysis (Ho et al., 2014; Norbu and Bandyopadhyay, 2017) have been 

used. By comparison, the graphical method has one limitation, in which the 

power generator and energy storage sizing are not considered as the method 

assumes constant power generation. In contrast, CA focuses on the design of 

isolated renewable energy or hybrid power systems, including the sizing of 

power storage systems. Ho et al. (2012; 2014) implemented the Electric System 

Cascade Analysis (ESCA) for the design of distributed energy generation (DEG) 

system with constant power generation  and solar photovoltaic (PV) system. In 

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

In membrane absorbers, the absorption process of refrigerant is driven by 

thermal or concentration gradient; whereas in desorbers, the spent absorbent 

solutions are re-concentrated and regenerated for the next absorption cycle. The 

desorption process requires external heat input to remove the refrigerant from 

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 ï 70°C (Salikandi et al., 2021), other choices of heat supply can be 

considered to replace heating via fossil fuel burning. Renewable solar heat or 

waste steam can be used to fulfil the regeneration heat demand of the MAHP 

system instead.  
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The integration of the solar thermal system with membrane desorbers of the 

MAHP system has been considered in several research studies (Abdel-Salam et 

al., 2014; Ibarra-Bahena et al., 2018). However, 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 early stage. 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 energy storage 

(TES) units by taking the intermittent availability of solar radiation and the 

fluctuating heat demand into consideration. This helps to provide a preliminary 

estimate of the feasibility of implementing the STS in MAHP. 
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2.6 Summary of Literature Review and Research Gaps 

Based on the literature review, most of the research works related to the MAHP 

performance studies are focused on mathematical modeling and numerical 

simulations of the membrane components, while there are relatively fewer 

experimental studies compared to the simulations. Analytical methods are often 

limited to simple configurations only, and exact solutions cannot be determined 

for configurations with more complicated structures and flow configurations, as 

there are more unpredictable variations 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 the fluid flows. In contrast, 

the technical issues in practical operations and variations of geometrical 

parameters or structural configurations are some of the limitations in 

experimental studies.  

One of the advantages of simulation-based studies is the ability to determine 

more intricate details of the heat and mass transfer mechanisms, whereby the 

vapour-liquid interactions mostly occur at the membrane-fluid interfacial areas. 

These details help to inspect the necessary aspects to be improved upon, which 

are usually hard to be identified via experimental studies, as the flow behavior 

and variations of certain parameters at the local level within the membrane 

microchannels are difficult to obtain. 

By applying the appropriate mathematical models for each of the heat and 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 understandings 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 main approach 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 mathematical model for the 

heat and mass transfer within the air-gap membrane-based evaporator-absorber 

unit. To determine the feasibility of utilizing solar thermal energy in a 

membrane-based absorber system, Section 3.4 reports on the integration of solar 

thermal energy into a membrane-based absorption refrigeration system (MARS) 

with a varying heat supply and demand ï solar thermal energy and the 

regeneration heat demand. The case study on a liquid desiccant 

dehumidification (LDD) system is carried out and the methodology is 

subsequently applied to a membrane-based MAHP 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 the air-gap 

structure configuration. The simulation model results are validated with 

experimental results. Subsequently, this model is extended to the other two 

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

3.1.1  Experimental Setup and Equipment 

The parallel-plate membrane absorber-evaporator unit of the MAHP 

system has been designed and assembled in the laboratory as shown Fig. 3.1. 

 

 

Fig. 3. 1: Experimental setup and schematic diagram of the integrated membrane absorber-

evaporator unit of the parallel-plate MAHP system. 

The refrigerant water and absorbent solution streams flow in separate channels 

in a counter-flow configuration.  The membrane absorber-evaporator unit 

consists of two membrane-formed channels and an air gap sandwiched in 

between the membranes. This single-stack membrane module is a simplified 
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setup of the membrane absorber-evaporator device with multiple stacks in 

actual operation. The experimental setup consists of two neighbouring channels, 

two membranes, and an air gap between the membranes. 

The structure of the set-up 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 with dimensions 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 hollowed-out to include 

a cavity of 60 cm length and 10 cm width. This allows the membranes to be 

inserted in between the these acrylic glass panels. The top and bottom panels 

form the fluid channels 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 also relatively 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, the air 

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 water stream 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 can be used as a heating medium for 

fluid heating purposes. The middle air gap functions as the main heat-insulating 

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

water stream.  

The main setup of the membrane absorber-evaporator includes 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 channels. After the 

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 the refrigerant 

water is removed in vapour form after absorbing the external heat, whereby the 

solution is reconcentrated and can be reused for repeated cycles. The 

regeneration loop is shown in the schematic diagram. As the study is focused 
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solely on the evaporator-absorber unit of a conventional MAHP, the 

experimental setup does not include the regeneration process that involves 

another membrane regenerator-condenser unit. Therefore the refrigerant vapour 

is not recovered for absorption, while the heat released from 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 characteristics, and transport 

properties are listed in Table 3.1. The membranes used in the MAHP are made 

of PVDF (polyvinylidene difluoride) material, with a mean pore size of 0.2 ï 

0.45 ‘ά. 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 between both 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 membranes, in which the 

membranes facing the solution side are coated with an additional layer of silica 

gel for enhanced hydrophobicity. Water and lithium chloride (LiCl) solution are 

used as refrigerant and absorbent, respectively. The inlet concentration of the 

LiCl solution is 45% by weight (equivalent to ὢȟ  of 0.55 kg water per kg 

solution). 
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Table 3.1: Nominal operating conditions, membrane, and transport properties 

 

 

  

Symbol 
Nominal 

Values 
Unit  

╛ πȢφπ Í 

╦ πȢρυ Í 

╗ πȢππς Í 

╬▬ȟ◌ τρχωȢφ * ËÇ +  

╬▬ȟ╪ ρππυ * ËÇ +  

╬▬ȟ▼ ςψππ * ËÇ +  

▀▐ πȢππρ Í 

▀╪ πȢππρ Í 

╓○╪ ςȢψςρπ  Í Ó  

╓○□ ςȢπυρπ  Í Ó  

╓◌▼ σȢππρπ Í Ó  

▓╪ πȢπςφσ 7 Í +  

▓▼ πȢυ 7 Í +  

▓◌ πȢφρτ 7 Í +  

▓□▄□ πȢς 7 Í +  

♯□▄□ πȢπππρ Í 

ⱬ╪ȟ░▪ ρȢρφυ ËÇ Í  

ⱬ▼ȟ░▪ ρςρυ ËÇ Í  

ⱬ◌ȟ░▪ ωωςȢσ ËÇ Í  

╠▼ȟ░▪ 0.16 , ÍÉÎ  

╠◌ȟ░▪ 0.32 , ÍÉÎ  

╤▼ȟ░▪ 0.0089 Í Ó  

╤◌ȟ░▪ 0.0178 Í Ó  

╣◌ȟ░▪ τπȢπ Ј# 
╣▼ȟ░▪ συȢπ Ј# 
ⱷ◌ȟ░▪ πȢπτυυ kgmoisture kgdryair -1 

ⱷ▼ȟ░▪ πȢππτφ kgmoisture kgdryair -1 
╧▼ȟ░▪ πȢυυ kgwater kgsolution-1 
╧▼ȟ▄ πȢχςσ kgwater kgsolution-1 
Ⱨ◌ φȢυτρπ  0ÁȢÓ 
Ⱨ╪ ρȢψφρπ  0ÁȢÓ 
Ⱨ▼ υȢπφφρπ  0ÁȢÓ 
♫ πȢππσς ὑ  +  

╪ꜘ ρȢφ ρπ ά ί  
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3.1.3  Experimental Procedure 

The volumetric flow rates for the solution and 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 thermocouples (HH376, OMEGA, 

America) and high-precision rotor flowmeter (LZB-4WBF, Jiangsu, China), 

respectively. Besides, solution mass fraction data are obtained via in-line 

concentration meters (MPR E-Scan, EMC, America) and further tested via a 

titration method by using silver nitrate (AgNO3) solution. 

3.1.4  Uncertainty Analysis 

The individual accuracies of each of the measurement devices for the volumetric 

flow rates, temperatures, and solution mass fractions are in the ranges of ±1%, 

±0.1°C, and ±0.1% respectively. The relative uncertainties are determined via 

Eqs. (3.1 ï 3.6): 

a)  Uncertainty of volumetric flow rate: 

The accuracy of the rotor flowmeter is: 

‏ ρϷ              (3.1) 

Therefore, the relative uncertainty of the measured volumetric flow rate is: 

ό ρππϷ             (3.2) 

b) Uncertainty of temperature: 

The accuracy of the thermocouple is: 

‏ ρȢπЈὅ             (3.3) 
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Therefore, the relative uncertainty of the measured temperature is: 

ό ρππϷ      (3.4) 

c) Uncertainty of solution mass fraction (kg water/kg solution): 

The accuracy of the concentration meter is: 

‏ πȢρϷ       (3.5) 

Therefore, the relative uncertainty of the solution mass fraction is determined 

by: 

ό ρππϷ      (3.6) 

By knowing the individual uncertainty with respective to each measured 

parameter, the uncertainties of the derived parameters can be subsequently 

determined via the error propagation method as shown in Eq. (3.7): 

ώ‏ В ‬ὼ        (3.7) 

where ‏ώ refers to the uncertainty of the derived parameter, ‬ὼ indicates the 

uncertainty of the measured parameter, and n is the number of observations per 

measured parameter, with the mathematical function that relates between the 

measured and derived parameters indicated by f. These uncertainty values are 

determined, while the respective percentage error values 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 describe the general methodology of developing a mathematical 

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

 

Fig. 3. 2: Flowchart of the mathematical modeling and simulation study on the conjugate 

heat and mass transfer performance of the PMAHP system. 

As this research work is mainly focused on the development of plate-and-frame 

membrane (PFM) contactor configuration, the mathematical model of the 

membrane contactors with hollow fibre membrane (HFM) configuration will 

not be discussed in this thesis. Note that the membrane absorber studied in this 

thesis is an integrated evaporator-absorber membrane component, hence, the 

thermodynamics and hydrodynamics characteristics of the refrigerant flow will 

also be included as part of the study. For convenience, the term ómembrane 

absorberô or óMAHPô will  also be used to refer to the integrated evaporator-

absorber membrane unit. 

  

Mathematical Modeling (Governing Equations & Boundary 
Conditions)

Numerical Discretization ïFinite Element Method (FEM)

Grid Independence Test

Model Validation with Experimental Results

Data-Postprocessing, Analysis & Discussion
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3.2.1  Model Description 

Figs. 3.3 (a), (b), and (c) show the illustrations of a parallel-plate, integrated 

evaporator-absorber membrane component of the PMAHP, with (a), (b), and (c) 

representing the air-gap case, base case, and internal cooling case, respectively. 

Each membrane-formed channel is separated by a narrow air gap in between the 

channels. As the air has a low thermal conductivity of around 26 ï 28 mW m-1 

K-1, the air gap functions as a heat-insulating layer to minimize the sensible heat 

loss from the absorbent solution back to the refrigerant water stream. For the 

working fluid pair, the refrigerant stream and absorbent solution stream are 

flowing in a counter-flow configuration. The refrigerant water stream flows 

along the y-direction with a uniform velocity, Ὗ ȟ  whereas the solution stream 

flows along the negative y-direction with a velocity of Ὗȟ . The base case does 

not include an air-gap and a coolant channel, whereas the internal cooling case 

includes a coolant channel on top of the air-gap structure. 

 

 

 

 

 

 

 

(a) 
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(b) 

 

 

 

 

(c) 



122 

 

Figs. 3. 3 (a), (b) and (c): Illustrations of an integrated membrane-based evaporator-

absorber unit of a PMAHP with air-gap (a), base case (b), and internal cooling (c). The red 

dotted rectangle shows the calculating domain used in the modelling.  

 

The membranes are hydrophobic and have microporous structures, hence, only 

water vapor molecules are selectively allowed to migrate across the pores. In 

contrast, liquid water molecules are not permeable, which limits the membrane 

wetting. The water vapor molecules form a liquid-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 the absorption 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 semi-open or open 

system configuration, an integrated evaporator-absorber 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 refrigerant stream, the liquid water molecules near 

the refrigerant-membrane interface are vaporized after absorbing latent heat 

from the surroundings. This is referred to as the enthalpy of vaporization 

ЎὌ . During the absorption process, this enthalpy also undergoes heat 

transfer alongside the migration of water vapor molecules across the membranes 

and air-gap, thus forming the conjugate heat and mass transfer. As a result, heat 

is lost from the 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, the ЎὌ  is released during the condensation 

process. Additionally, the heat of mixing or dilution, ЎὌ  is also released as 

the condensed water dilutes the concentrated absorbent solution after absorption. 

The combined release of ЎὌ  and ЎὌ  contributes 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  Governing Equations 

A three-dimensional, steady-state mathematical model is initially developed 

based on the finite element method (FEM) to study the conjugate heat and mass 

transfer mechanisms of the integrated membrane absorber-evaporator unit. For 

the subsequent simulation runs, the model is simplified into a two-dimensional 

(2-D) model as the preliminary simulation results revealed that the heat and 

mass transfer mainly occur along the x-direction perpendicular to the refrigerant 

and absorbent solution fluid flow direction (y), with minor heat dissipation 

happening in the fluid flow (y) direction.  

Figs. 3.4 (a), (b) and (c) depict the coordinate systems of the membrane 

absorber-evaporator unit cell with half-channel length, which is set as the 

calculating domain for the model for each of the base case (B), air-gap case (A) 

and internal-cooling 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 base case (B) performance serves as the 

reference point for comparison. Hence, in the case study with internal cooling 

(C), the unit cell includes an additional cooling water stream for effective 

absorption heat removal and to simulate the performance of water heating by 

absorption heat during the absorption process. 
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(a) 

 

(b) 
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(c) 

 

Figs. 3. 4 (a), (b) and (c): Coordinate system and calculating domain of the membrane 

evaporator-absorber unit cell with axisymmetric characteristics for the model, with air-gap 

(a), base case (b), and internal cooling (c) case, respectively. 

 

Thermo-physical properties of the air-gap, refrigerant water, and absorbent 

solution streams are obtained from the data and calculation methods sourced 

from Condeôs work (Conde, 2004) while the thermodynamic properties of the 

aqueous LiCl  solution and the vapor pressure data are determined based on the 

thermodynamic equations obtained from Patilôs work  (Patil et al., 1990). The 

equations related to the thermodynamic properties of the LiCl-H2O 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 steady-state 

conditions. 

2. Heat and mass transfer 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 2000 (ὙὩ<2000). 

4. The fluid streams are Newtonian with constant thermo-physical 

properties. 

5. The water and solution flows are incompressible. 

6. Heat and moisture transfer to or from the surroundings are ignored, 

as the outer walls of the membrane contactors are sufficiently 

insulated and have hydrophobic properties. 

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

in the water and the solution sides, respectively. 

The Navier-Stokes equation is used as the basis for the governing equations 

derived to describe the motion of 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 half-channel height Ὠ  is considered 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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3.2.2.1 Refrigerant Water Stream 

The governing equations for the conservation of mass, momentum, energy, and 

species of the water stream are listed in Eqs. (3.8) ï (3.13), respectively. 

Continuity: 

ᶻ

ᶻ

ᶻ

ᶻ

ᶻ

ᶻ π                (3.8) 

where ὼᶻ, ώᶻ and ᾀᶻ are dimensionless coordinates; όᶻ , ὺᶻ and ύᶻ are 

dimensionless velocities in the x, y and z axes respectively. Superscript ó*ô 

represents the dimensionless form while subscript ówô represents the water 

stream. 

Conservation of momentum: 
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where ὖᶻ is the dimensionless hydraulic pressure of the water stream. 

Conservation of energy: 
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Conservation of species: 
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where Ὕᶻ and ‫ᶻ are dimensionless temperature and dimensionless humidity 

of the water stream, while ὙὩ , ὖὶ and Ὓὧ  are Reynolds number, Prandtl 

number and Schmidt number of the water stream respectively. 

3.2.2.2 Absorbent Solution Stream 

The governing equations for the solution stream are listed in Eqs. (3.14) ï (3.19). 

These equations represent mass, momentum, energy, and species conservation 

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

stream. The subscript ósô represents the solution stream. 

Continuity: 

ᶻ

ᶻ

ᶻ

ᶻ

ᶻ

ᶻ
π                      (3.14) 

Conservation of momentum: 

όᶻ
ᶻ

ᶻ ὺᶻ
ᶻ

ᶻ ύᶻ
ᶻ

ᶻ

ᶻ

ᶻ  
ᶻ

ᶻ

ᶻ

ᶻ

ᶻ

ᶻ    (3.15) 

όᶻ
ᶻ

ᶻ ὺᶻ
ᶻ

ᶻ ύᶻ
ᶻ

ᶻ

ᶻ

ᶻ  
ᶻ

ᶻ

ᶻ

ᶻ

ᶻ

ᶻ     (3.16) 

όᶻ
ᶻ

ᶻ ὺᶻ
ᶻ

ᶻ ύᶻ
ᶻ

ᶻ

ᶻ

ᶻ  
ᶻ

ᶻ

ᶻ

ᶻ

ᶻ

ᶻ (3.17) 

where ὖᶻ is the dimensionless pressure of the solution stream. 

Conservation of energy: 
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Conservation of species: 
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where Ὕᶻ and ὢᶻ are dimensionless temperature and mass fraction of the 

solution stream. ὙὩ, ὖὶ and Ὓὧ are the Reynolds number, Prandtl number and 

Schmidt number of the solution stream, respectively. 

 

3.2.2.3 Air Gap Region 

Since the air-gap is an enclosed space, there is no specified inlet or outlet of air 

stream. The pressure forces in the air-gap region are negligible. The velocity 

components in the air-gap are zero, hence there is no continuity or momentum 

conservation equations for the air-gap region. Radiative heat transfer between 

the two membranes in the air-gap region is considered. The governing equations 

in the air-gap region are listed in Eqs. (3.20) and (3.21). 

Conservation of energy: 

Ὧ
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ᶻ

ᶻ ‐„Ὕᶻ Ὕᶻ π         (3.20) 

Conservation of mass: 

ȟ
ᶻ

ᶻ

ȟ
ᶻ

ᶻ

ȟ
ᶻ

ᶻ π            (3.21) 

where Ὕᶻ and ὴȟ
ᶻ  are dimensionless temperature and dimensionless water 

vapor pressure of the air stream, ‐ is the surface emissivity and „ is the Stefan-

Boltzmann constant. 

Natural convection occurs inside the air-gap region due to a temperature 

difference between the neighbouring membrane surfaces. To investigate the 

significance of the natural convection effect, Rayleigh number (Ra) is evaluated.   



131 

Mean Rayleigh number of the air in the air-gap region, Ὑὥ is defined in Eq. 

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

Ὑὥȟ
Ў

                   (3.22) 

where Ὣ is the acceleration due to gravity, Ў” is the density difference of the 

air-water vapor mixture within the air-gap region, ‏ is the air-gap width, and 

”, ὺ and ‌  are the average density, dynamic viscosity, and thermal 

diffusivity of the air-water vapor mixture.  

3.2.2.4 Membranes (M1 and M2)  

The heat transfer mode within the membranes on the water ï air-gap side (M1) 

and air-gap ï 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 membranes are listed in Eqs. (3.23) ï 

(3.26). 

Water ï air -gap side membrane (M1) 

Conservation of energy: 

ᶻ

ᶻ

ᶻ

ᶻ

ᶻ

ᶻ π             (3.23) 

Conservation of species: 

ᶻ

ᶻ

ᶻ

ᶻ

ᶻ

ᶻ π           (3.24) 

  



132 

Solution ï air -gap side membrane (M2) 

Conservation of energy: 

ᶻ

ᶻ

ᶻ

ᶻ

ᶻ

ᶻ π          (3.25) 

Conservation of species: 

ᶻ

ᶻ

ᶻ

ᶻ

ᶻ

ᶻ π         (3.26) 

3.2.2.5 Cooling Water Stream 

The cooling water stream is flowing in counter-current 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 Eqs. (3.28 ï 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) represents the governing equation for heat transfer, 

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

Continuity: 

ᶻ

ᶻ

ᶻ

ᶻ

ᶻ

ᶻ π             (3.27) 

Conservation of momentum: 

όᶻ
ᶻ

ᶻ ὺᶻ
ᶻ

ᶻ ύᶻ
ᶻ

ᶻ  

ᶻ

ᶻ  
ᶻ

ᶻ

ᶻ

ᶻ

ᶻ

ᶻ            (3.28) 
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όᶻ
ᶻ

ᶻ ὺᶻ
ᶻ

ᶻ ύᶻ
ᶻ

ᶻ  

ᶻ

ᶻ  
ᶻ

ᶻ

ᶻ

ᶻ

ᶻ

ᶻ               (3.29) 

όᶻ
ᶻ

ᶻ ὺᶻ
ᶻ

ᶻ ύᶻ
ᶻ

ᶻ  

ᶻ

ᶻ  
ᶻ

ᶻ

ᶻ

ᶻ

ᶻ

ᶻ               (3.30) 

 Conservation of energy: 

ᶻ

ᶻ

ᶻ

ᶻ

ᶻ

ᶻ π             (3.31) 

where ὖᶻ and Ὕᶻ  are the dimensionless pressure and temperature of the 

cooling water stream, respectively. 

3.2.2.6 Fundamental Parameters for momentum, 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, 

ὪὙὩ, can be used to describe the momentum transport within the channels of 

the water and solution streams. For both streams, the local values of the product, 

ὪὙὩ can be determined at each point along the flow direction, which are 

expressed via Eq. (3.32). The corresponding mean value, ὪὙὩ can then be 

obtained by averaging all local ὪὙὩ values from point 0 to ώᶻ using Eq. 

(3.33). 

ὪὙὩ             (3.32) 

ὪὙὩ
ᶻ᷿

ὪὙὩ
ᶻ

Ὠώᶻ               (3.33) 

The local Nusselt number, ὔό is determined using Eq. (3.34): 
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ὔό ὙὩὖὶ
Ў ᶻ

ᶻ

 z              (3.34) 

where Ὕᶻ represents the dimensionless mass-averaged bulk stream temperature, 

while ЎὝ z  represents the dimensionless logarithmic average temperature on 

the inner walls of the channel and the cross-section of the fluids, as expressed 

in Eqs. (3.35 ï 3.36) respectively. 

Ὕᶻ
Ḁ ᶻ ᶻ

Ḁ ᶻ                (3.35) 

ЎὝᶻ ȟ
ᶻ  ᶻ

ȟ
ᶻ ᶻ

ȟ
ᶻ ᶻ

ȟ
ᶻ ᶻ

               (3.36) 

Mean Nusselt number, ὔό  is obtained by averaging all the local ὔό values 

from 0 to ὼᶻalong the channel length via Eq. (3.37): 

ὔό ᶻ᷿ ὔό
ᶻ

Ὠώᶻ              (3.37) 

For refrigerant water stream, the local Sherwood number, ὛὬȟ is defined via 

Eq. (3.38): 

ὛὬȟ ὙὩὛὧ
Ў ȟ
ᶻ

ȟ
ᶻ ȟ

ᶻ
             (3.38) 

For absorbent solution stream, the local Sherwood number, ὛὬȟ is defined 

via Eq. (3.39): 

ὛὬȟ ὙὩὛὧ
Ў ᶻ

ᶻ

 z             (3.39) 

where ὖ ȟ
ᶻ  and ὢᶻ  represent the dimensionless mass-averaged bulk 

equilibrium water vapor pressure and mass-averaged solution mass fraction, 

while Ўὖ ȟ
ᶻ  and Ўὢᶻ  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 cross-section of the fluids. 

Mean Sherwood number, ὛὬ  for both refrigerant water and absorbent solution 

streams is determined by Eq. (3.40): 

ὛὬ
ᶻ᷿

ὛὬ
ᶻ

Ὠώᶻ               (3.40) 

The characteristics of the heat and mass transfer will be analysed based on these 

dimensionless numbers, which provide a fundamental 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 3.2 shows the dimensionless equations of each parameter involved in the 

governing equations above, whereas the boundary conditions in the 

dimensionless form are included in Table 3.3. The details of the derivation for 

the dimensionless equations will be included in the Appendix section. 

Table 3.2: Dimensionless parameters and hydraulic diameters in governing equations. 

 

 

  

Parameter Mathematical Expression 

Hydraulic Diameter Ὀ    

Dimensionless Spatial Coordinates ὼz  ȟ  ώz  ȟᾀz   

Dimensionless Velocity όᶻ ȟὺᶻ ȟύᶻ   

Dimensionless Pressure ὖz   

Dimensionless Temperature Ὕᶻ ȟ

ȟ ȟ
  

Dimensionless Water Vapor Pressure ὴz ȟȟ

ȟȟ ȟȟ
  

Dimensionless Humidity Ratio ‫ᶻ ȟ

ȟ ȟ
  

Dimensionless Solution Mass 

Fraction  
ὢᶻ ȟ

ȟ ȟ
  

Reynolds number ὙὩ   

Ὀ   

          Since  is very small, 

Ὀ τὨ ςὌ  

Prandtl number ὖὶ   

Schmidt number Ὓὧ   

Nusselt number ὔό   

Sherwood number ὛὬ   
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Table 3.3: Boundary conditions for the mathematical model. 

Domain: Refrigerant Water Vapor Stream  

Inlet 

◐ᶻ ȡ   ◊◌
ᶻ ȟ○◌

ᶻ ○◌ȟ░▪

╤◌ȟ░▪
ȟ◌◌
ᶻ ȟ╣◌

ᶻ ȟ▬○◌
ᶻ   

Outlet 

◐ᶻ ȡ   ╟◌
ᶻ ȟ

⸗╣◌
ᶻ

⸗◐z
ȟ
⸗▬○◌
ᶻ

⸗◐z
  

Walls 

◑ᶻ  and ◑ᶻ ȡ  ◊◌
ᶻ ȟ○◌

ᶻ ȟ◌◌
ᶻ ȟ 

⸗╣◌
ᶻ

⸗◑z
ȟ 
⸗▬○◌
ᶻ

⸗◑z
 

Middle of Water Channel 

●ᶻ ȡ   ◊◌
ᶻ ȟ

⸗○◌
ᶻ

⸗●z
ȟ
⸗◌◌
ᶻ

⸗●z
ȟ  

⸗╣◌
ᶻ

⸗●z
ȟ  

⸗▬○◌
ᶻ

⸗●z
 

Water-Membrane (W-M1) Interface 

●ᶻ
▀▐

▀▐
Ȣȡ  ◊◌

ᶻ ȟ  ○◌
ᶻ ȟ  ◌◌

ᶻ ,  
⸗╣◌
ᶻ

⸗●z

▓□

▓◌

⸗╣□
ᶻ

⸗●z
ȟ  

⸗▬○◌
ᶻ

⸗●z

╓○□

╓○◌

⸗▬○□
ᶻ

⸗●z
 

Domain: Membrane 1 (water ï air gap, M1) 

Walls 

◐ᶻ  and ◐ᶻ ȡ  
⸗╣□
ᶻ

⸗◐z
ȟ  
⸗▬○□
ᶻ

⸗◐z
ȟ 

◑ᶻ  and ◑ᶻ ȡ  
⸗╣□
ᶻ

⸗◑z
ȟ  
⸗▬○□
ᶻ

⸗◑z
 

Water-Membrane (W-M1) Interface 

●ᶻ
▀▐

▀▐
Ȣȡ  ◊◌

ᶻ ȟ  ○◌
ᶻ ȟ  ◌◌

ᶻ ,  
⸗╣◌
ᶻ

⸗●z

▓□

▓◌

⸗╣□
ᶻ

⸗●z
ȟ  

⸗▬○◌
ᶻ

⸗●z
╓○□

╓○◌

⸗▬○□
ᶻ

⸗●z
  

Air gap ï Membrane (A-M1) Interface 

● Ȣ
♯

▀▐
ȡ  ◊◌

ᶻ ȟ  ○◌
ᶻ ȟ  ◌◌

ᶻ ,  
⸗╣□
ᶻ

⸗●z

▓╪

▓□

⸗╣╪
ᶻ

⸗●z
 ȟ  

⸗▬○□
ᶻ

⸗●z
╓○╪

╓○□

⸗▬○╪
ᶻ

⸗●z
 

Domain: Air gap 

Walls 

◐ᶻ  and ◐ᶻ ȡ  ◊╪
ᶻ ȟ  ○╪

ᶻ ȟ  ◌╪
ᶻ ȟ  

⸗╣╪
ᶻ

⸗◐z
ȟ   

⸗▬○╪
ᶻ

⸗◐z
 

◑ᶻ  and ◑ᶻ ȡ  ◊╪
ᶻ ȟ  ○╪

ᶻ ȟ  ◌╪
ᶻ ȟ 

⸗╣╪
ᶻ

⸗◑z
ȟ  
⸗▬○╪
ᶻ

⸗◑z
 

Air gap ï Membrane (A-M1) Interface 

●ᶻ Ȣ
♯

▀▐
ȡ  ◊◌

ᶻ ȟ  ○◌
ᶻ ȟ  ◌◌

ᶻ   
⸗╣□
ᶻ

⸗●z

▓╪

▓□

⸗╣╪
ᶻ

⸗●z
 ȟ  

⸗▬○□
ᶻ

⸗●z
╓○╪

╓○□

⸗▬○╪
ᶻ

⸗●z
 

Air gap ï Membrane (A-M2) Interface 

●ᶻ Ȣ
♯ ▀╪

╗
ȡ  ◊◌

ᶻ ȟ  ○◌
ᶻ ȟ  ◌◌

ᶻ   
⸗╣╪
ᶻ

⸗●z

▓□

▓╪

⸗╣□
ᶻ

⸗●z
ȟ  

⸗▬○╪
ᶻ

⸗●z
╓○□

╓○╪

⸗▬○□
ᶻ

⸗●z
 

Domain: Membrane 2 (air gap ï solution, M2) 

Walls 

◐ᶻ  and ◐ᶻ ȡ  
⸗╣□
ᶻ

⸗◐z
ȟ  
⸗▬○□
ᶻ

⸗◐z
ȟ   

◑ᶻ  and ◑ᶻ ȡ  
⸗╣□
ᶻ

⸗◑z
ȟ  
⸗▬○□
ᶻ

⸗◑z
ȟ 

Air gap ï Membrane (A-M2) Interface 

●ᶻ Ȣ
♯ ▀╪

╗
ȡ  ◊◌

ᶻ ȟ  ○◌
ᶻ ȟ  ◌◌

ᶻ   
⸗╣╪
ᶻ

⸗●z

▓□

▓╪

⸗╣□
ᶻ

⸗●z
ȟ  

⸗▬○╪
ᶻ

⸗●z
╓○□

╓○╪

⸗▬○□
ᶻ

⸗●z
 

Solution ï Membrane (S-M2) Interface 

● Ȣ
♯▀╪

╗
ȡ  ◊◌

ᶻ ȟ  ○◌
ᶻ ȟ  ◌◌

ᶻ   
⸗╣□
ᶻ

⸗●z
 

▓▼

▓□

⸗╣▼
ᶻ

⸗●z
ȟ  

⸗▬○□
ᶻ

⸗●z
╓◌▼

╓○□

⸗▬○▼
ᶻ

⸗●z
 

Domain: Solution 

Inlet 

◐ᶻ ȡ   ◊▼
ᶻ ȟ   ○▼

ᶻ ○▼ȟ░▪

╤▼ȟ░▪
ȟ    ◌▼

ᶻ ȟ  ╣▼
ᶻ  ╧▼

ᶻ  

Outlet 

◐ᶻ ȡ   ╟▼
ᶻ ȟ  

⸗╣▼
ᶻ

⸗◐z
ȟ  

⸗╧▼
ᶻ

⸗◐z
  

Walls 

◑ᶻ  and ◑ᶻ ȡ  ◊▼
ᶻ ȟ  ○▼

ᶻ ȟ  ◌▼
ᶻ ȟ   

⸗╣▼
ᶻ

⸗◑z
ȟ   

⸗╧▼
ᶻ

⸗◑z
 

Middle of Solution Channel 

●ᶻ
♯ ▀╪

╗
ȡ  ◊◌

ᶻ ȟ  
⸗○▼
ᶻ

⸗●z
ȟ  

⸗◌▼
ᶻ

⸗●z
ȟ   

⸗╣▼
ᶻ

⸗●z
ȟ  

⸗╧▼
ᶻ

⸗●z
 

Solution ï Membrane (S-M2) Interface 
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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 components όᶻ, όᶻ, ύᶻ, and ύᶻ are equal to zero 

as the non-slip wall boundary conditions are applied on side walls, 

whereas the ὺᶻ and ὺᶻis equal to 1 after normalizing with inlet bulk 

velocities. The cooling water stream has similar boundary conditions as 

the refrigerant water stream, except for the water vapor mass transfer 

term. 

b) The boundary conditions for the water vapor transfer at the membrane-

fluid interfaces (refrigerant water-membrane, membrane-air gap, and 

solution-membrane) are defined as initial value conditions i.e. the 

variation of the water vapor partial pressure is zero initially.  

  

● Ȣ
♯ ▀╪

╗
ȡ  ◊◌

ᶻ ȟ  ○◌
ᶻ ȟ  ◌◌

ᶻ   

Heat transfer:   
⸗╣□
ᶻ

⸗●z
 
▓▼

▓□

⸗╣▼
ᶻ

⸗●z

▐╪╫▼╓○□Ў▬○ȟ░▪

▓□Ў╣░▪

⸗▬○□
ᶻ

⸗●z
ȟ  

⸗╣▼
ᶻ

⸗●z

▓□

▓▼

⸗╣□
ᶻ

⸗●z

▐╪╫▼╓○□Ў▬○ȟ░▪

▓▼Ў╣░▪

⸗▬○□
ᶻ

⸗●z
  

Mass transfer:  
⸗╧▼
ᶻ

⸗●z

╓○□Ў▬○ȟ░▪

╓◌▼ⱬ▼Ў╧░▪

⸗▬○□
ᶻ

⸗●z
  

where:  

▐╪╫▼
ᶻ ⱬ◌╓○□▐╪╫▼

▓▼

▬○▼ȟ░▪▬○◌ȟ░▪

╣▼ȟ░▪╣◌ȟ░▪
  Ў▬○ȟ░▪ ▬○▼ȟ░▪  ▬○◌ȟ░▪,  

Ў╣░▪ ╣▼ȟ░▪ ╣◌ȟ░▪,  Ў╧░▪ ╧▼ȟ░▪ ╧◌ȟ░▪   

Domain: Cooling Water Stream 

Inlet 

◐ᶻ ȡ   ◊╬◌
ᶻ ȟ○╬◌

ᶻ ○╬◌ȟ░▪

╤╬◌ȟ░▪
ȟ◌╬◌
ᶻ ȟ╣╬◌

ᶻ   

Outlet 

◐ᶻ ȡ   ╟╬◌
ᶻ ȟ

⸗╣╬◌
ᶻ

⸗◐z
  

Walls 

◑ᶻ  and ◑ᶻ ȡ ◊╬◌
ᶻ ȟ○╬◌

ᶻ ȟ◌╬◌
ᶻ ȟ 

⸗╣╬◌
ᶻ

⸗◑z
 

Middle of Cooling Water Channel 

●ᶻ ȡ   ◊╬◌
ᶻ ȟ

⸗○╬◌
ᶻ

⸗●z
ȟ
⸗◌╬◌
ᶻ

⸗●z
ȟ  

⸗╣╬◌
ᶻ

⸗●z
ȟ   
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3.2.4  Simulation Scheme 

The proposed 3-D steady-state CFD model of the counter-flow membrane 

absorption heat pump (MAHP) is simulated using COMSOL Multiphysics 5.6 

software. The model geometry of the unit cell of the PMAHP is created as 

shown in Figs. 3.4 based 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 the membranes, liquid-

membrane, and air-membrane interfaces. The model is discretized into free 

quadrilateral elements. In each element, the governing equations in the partial 

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 solution, increasing from 10 to 30 elements 

per domain along the x-axis, and from 4500 to 7000 elements per domain along 

the y-axis. From the test results as shown in Figs. 3.5 and 3.6, the variations of 

the Ὕȟ  values and moisture absorbed along the y-axis are within 0.017°C and 

0.015 g/kg, whereas mesh variations along the x-axis for these variables are 

more apparent, with the maximum variations of 0.193°C and 0.148 g/kg. For 

the x-axis, as the mesh increased 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 increased. As the 

number of mesh increased from 5000 to 7000 along the y-axis, the difference in 

values of these variables also reduced to 0.017°C and 0.015 g/kg respectively. 
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Hence, ρυυπππ is the optimal choice considering the trade-off between the 

accuracy and computational speed of the simulations.  

 

Fig. 3. 5: Grid Independence Test ï Variation of number of elements in the x-direction 

(along heat and moisture transfer direction) 

 

Fig. 3. 6: Grid Independence Test ï Variation of Number of Elements in the y-direction 

(along flow direction) 
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3.3 Cascade Analysis (CA) for Solar Heat Integration in LDD 

and MAHP System 

In this section, this study aims to provide a primary overview regarding the 

practicability of utilizing solar heat to drive the LDD and MAHP systems. In 

this study, the optimal sizing of solar thermal collectors and thermal energy 

storage (TES) units is determined by considering the availability of solar 

radiation on an hourly basis and the corresponding heat demand of the 

regeneration process. The solar-driven MAHP systems can potentially be used 

in air-conditioning, water heating, or space heating applications with lower 

energy consumption for residential or smaller-scale industry uses. There are two 

case studies in this section: the first case study is on the Cascade Analysis of a 

solar-driven 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 refrigeration (ARS) principle, 

with LDD having more existing applications 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 studies (Abdel-Salam et al., 

2014; Ibarra-Bahena et al., 2018). However, there is still insufficient research 

on the methods of solar 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 solar irradiation 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 unit is the most 

energy-intensive 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 cycle of 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 temperature range is around 45 ï 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 the choice for utilizing renewable energy. 

 

Fig. 3. 7: Schematic diagram of a liquid desiccant dehumidification (LDD) system with a 

solar-heated regenerator. The system consists of three main parts: air dehumidification 

(blue), liquid desiccant regeneration (green) and solar heat recovery (red). 

Fig. 3.7 shows the liquid desiccant dehumidification (LDD) system equipped 

with a solar-powered desiccant regeneration unit. The system consists of three 

main functions: air dehumidification, desiccant regeneration, and solar thermal 

energy recovery. The dehumidifier is the essential component in the air 

dehumidification system. In this system, calcium chloride (CaCl2) is selected as 
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the liquid desiccant, in which its temperature will increase after absorbing 

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 desiccant solution 

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 hot, diluted 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 re-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 include parabolic 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 

inside the 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 used as the 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 integrated system 

components are listed below by referring to (Audah et al., 2011), which has a 

similar liquid desiccant system setup with calcium chloride as the desiccant. 

These constraints and operating conditions are for pre-requisite data collection. 

¶ 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. 

¶ The inlet volumetric airflow rates of the dehumidifier and regenerator 

are equal. 

¶ As calcium chloride is prone to crystallization risk, its minimum initial 

mass ratio of water to desiccant at the dehumidifier entrance is fixed at 

ὣȟ  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 chloride (Ertas et 

al., 1992).  

¶ The desiccant solution temperature at the regenerator inlet has to be 

higher than 50°C to ensure an effective regeneration process. 

¶ The maximum inlet desiccant temperature of the dehumidifier is 30°C. 

¶ The number of operating hours for the regeneration process is set at 9 

hours per day (from 9:00 a.m. ï 6.00 p.m.) to supply the dry air 

requirement for batch drying processes. 

¶ Due to the intermittency of solar radiation, 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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¶ Operational variables, such as conditions of inlet air and liquid desiccant 

of the dehumidifier are dependent on the ambient air dry bulb and wet 

bulb temperatures and humidity (Ghaddar et al., 2003). 

¶ Desiccant flow rate and temperature also vary depending on 

dehumidified air load and desired condition. 

The dehumidifier sizing is dependent on a few 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 collector modules 

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 interdependent. Besides, regeneration temperature will 

also affect the resulting moisture content of the re-concentrated desiccant 

solution (Audah et al., 2011). As this case study does not focus on the distilled 

water production from the output humidified air stream of the regenerator, the 

heat sink temperature is not considered. 
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Fig. 3. 8: Schematic diagram of a membrane-based absorption cooling system. 

In the MAHP case study, the schematic diagram of a MAHP absorption cooling 

system with a similar setup and operating conditions as the system proposed in 

Ibarra-Bahena et al. (2018). In the system shown in Fig. 8, solar heat energy is 

recovered and supplied as the regeneration heat for the desorption process. The 

membrane desorber-condenser unit features a flat-plate 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 solar collectors, 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 energy is charged 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 and extract the prerequisite data as input variables. These constant and 

dependent variables are listed as follows: 

a) Period of analysis and daily operation period of the system (constant) 

b) Hourly regeneration heat required, ὗ  (dependent) 

c) Hourly solar irradiation by the solar thermal collector on average, Ὓ 

(dependent) 

d) Installation area required for a single solar thermal collector module 

(constant) 

e) Power of a single solar thermal collector module (constant) 

f) Water pump efficiency, Ὢ (constant) 

g) Thermal energy storage (TES) charging and discharging efficiencies, 

Ὢ and Ὢ (constant) 

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

i) Water tank fill ratio, ὠ (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 non-intermittent systems (Ho et al., 2012), the 

system power generation is arranged chronologically as the power generation 

source is constant. In contrast, for intermittent systems (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 analysis. In this 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 demand. Fig. 3.9 

depicts the general flow chart of the CA method, in which the steps for setting 

up the Cascade Table are further elaborated in Fig. 10. 

 

Fig. 3. 9: General flow chart of the Cascade Analysis (CA). 
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Fig. 3. 10: Steps for Cascade Table construction. 

1. Place the time intervals in ascending order with 1-hour time interval 

in the first column for a total period of 24 hours. 

2. Calculate the hourly regeneration heat demand, ὗ  based on Eq. 

(3.41) and include the data into Column 2. 

ὗ #ȟ ‫ὅȟ Ὕ Ὕȟ    (3.41) 

where  is the desiccant solution mass flow rate, ‫  is the 

moisture content of the diluted desiccant solution after 

dehumidification, ὅȟ is the specific heat capacity of calcium 

chloride desiccant, ὅȟ is the specific heat capacity of water, Ὕ  

is the temperature in regenerator unit and Ὕȟ  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, S into 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 concentrator, ὗ  

based on the solar irradiation available via Eq. (3.42) and place the 

data into column 4. The instantaneous solar thermal collector 

efficiency, –  can be determined using Eq. (3.43) (Audah et al., 

2011). For the MAHP case study, the solar thermal collector 

efficiency is represented by Eq. (3.44) instead: 

ὗ Ὂὃ Ὓ Ὗ Ὕȟ Ὕ    (3.42) 

– ȟ ȟ ȟ
  (3.43) 

   – πȢχυσυρȢψτωψȟ πȢππωωȟ         (3.44) 

where Ὂ is the heat removal factor, ὃ  is the aperture area of solar 

thermal collector, ὃ is the receiver area of solar thermal collector, 

Ὓ is the solar irradiation absorbed by the collector, Ὗ is the overall 

heat transfer loss coefficient,  Ὕȟ and Ὕȟ is the temperature of the 

HTF at the inlet and outlet of solar concentrator, and Ὕ is the 

ambient air temperature.  and ὅȟ  are the mass flow rate and 

specific heat capacity of the HTF. 

5. Determine the desiccant temperature at the TES outlet, Ὕȟ  and the 

net energy demand for heating, ὔ using the following Eqs. (3.45 ï 

3.46), respectively. Insert ὔ  into column 5 after ὔ  has been 

determined.  

Ὕȟ Ὕȟ ‭ Ὕ Ὕȟ   (3.45) 

ὔ ὗ ὗ Ὗὃ Ὕ Ὕ   (3.46) 
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where Ὕȟ  is the inlet desiccant solution temperature of TES, which 

is same as the solution temperature of heat exchanger, Ὕȟ . Ὕȟ  

is the outlet desiccant solution temperature of TES, Ὕ  is the 

temperature of working fluid (HTF) in TES, ‭ is the heat exchange 

effectiveness of heater in TES, ‐ is the embedded coil effectiveness 

and Ὗὃ  refers to the TES overall heat loss factor. 

6. Positive and negative ὔ  values in column 5 indicate energy 

surpluses and deficits of the heat recovery loop, respectively. 

Determine the TES net energy charge, Ὁ and net energy discharge, 

Ὁ  via Eqs. (3.47 ï 3.48), then insert these values into columns 6 

and 7 accordingly. Charge, discharge and HTF (water) pump 

efficiencies are represented by Ὢ, Ὢ and Ὢ in these equations. 

Ὁ ὔὪὪ     (3.47) 

Ὁ      (3.48) 

7. Determine the cumulative energy in the TES, Ὁ for each time step 

using Eq. (3.49) and place this data into column 8. The subscript t+1 

in Ὁ  indicates the cumulative energy stored in the subsequent 

time step. 

Ὁ Ὁ Ὁ Ὁ     (3.49) 

8. 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 24-hour cycle, in which the energy input 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. 

9. By including the additional energy input at the start of the cycle, 

recalculate the cumulative energy as Ὁ and  Ὁᴂ  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.  

Ὁᴂ Ὁᴂ Ὁ Ὁ    (3.50) 
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3.3.4  Sizing of STS Main Components and Estimation of System Cost 

3.3.4.1 Sizing of Solar Thermal Collector 

The key sizing parameter of a solar thermal collector is its aperture area. The 

new aperture area, ὃȟ  is obtained through repeated iterations using Eq. 

(3.51) with an initial guess value for the aperture area, ὃ . The difference 

between the initial and final cumulative energy in column 9 is divided by the 

sum of product between solar irradiation, Ὓ and solar thermal collector 

efficiency, –  over the total period of analysis. Iterations stop when the 

percentage error, P becomes less than 0.05% based on Eq. (3.52). This iteration 

process can be done alternatively via Microsoft Excel Solver optimization. 

ὃȟ ὃ ȟ ȟ

В
           (3.51) 

ὖ ȟ ρππϷ                      (3.52) 

The total size of solar thermal collectors, Ὓ  is obtained from Eq. (3.53) based 

on the final iterated ὃȟ  value and the unit area of single solar thermal 

collector module needed for 1 kWp of solar heat generation, ὃ .  

Ὓ ȟ
                (3.53) 

Subsequently, estimate the number of modules needed, ὔ  by dividing Ὓ  with 

the power of a single solar thermal collector module, ὡ  in Eq. (3.54).  

ὔ                 (3.54) 
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3.3.4.2 Sizing of Thermal Energy Storage, TES (water tank) 

The largest positive Ὁȟ  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 Eq. (3.55). In this case study, water is used 

as the HTF and working fluid for heat storage. 

ὗ В ὅȟ Ὕȟ Ὕȟ В ὅȟЎὝ   (3.55) 

where , ὅȟ , Ὕȟ and Ὕȟ represent the mass flow rate, specific heat 

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, 

ὗ  and the tank storage capacity, ὠ can be related via Eqs. (3.56) and (3.57) 

with ”  representing the density of working fluid. 

ὗ ὅȟЎὝ ”ὠὅȟЎὝ     (3.56) 

ὠ
ȟЎ

       (3.57) 

The tank fill ratio of the working fluid in the TES, ὠ is expressed in Eq. (3.58), 

and from that, the total volume of TES required, ὠ can be estimated. Then, the 

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

ὔ  is calculated via Eq. (3.59) by dividing the ὠ with the volume of a single 

unit of TES, ὠ . 

ὠ ρππϷ       (3.58) 

ὔ         (3.59) 
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3.3.4.3 Estimation of System Cost 

The cost estimation for the solar thermal energy system considers the main 

components and auxiliary equipment, such as the solar thermal collectors, TES 

water storage tanks and pumps. The assumptions and steps are listed below: 

1. The total cost of major components is estimated by multiplying 

individual unit cost with the number of units required. 

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 Eq. (3.60). 

‐
   

   

В

В
    (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 amount, ὃ  is calculated using Eq. (3.61) by 

considering the annual amortized cost with an interest rate, Ὥ set at 10% 

and total life cycle / payment period of ὲ years, which also factors in the 

net present value (NPV) for this calculation: 

ὃ       (3.61) 

where ὃ  is the annual amortized cost and ὖ  is the principal amount 

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

4.1 Introduction  
 

In a membrane absorber-evaporator unit, it is important to simulate the coupled 

heat and mass transfer performance to understand the working mechanism 

within the membrane channels under ambient pressure. The main approach to 

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 results. Section 4.3 compares the performance of a base case with 

the case that includes an air-gap structure for sensible heat loss reduction of the 

membrane absorber-evaporator unit. To further improve the absorption rates, 

Section 4.4 discusses about the effect of simultaneous internal cooling of the 

absorbent solution using a cooling water stream. These sections are mainly 

focused on the performance of the membrane absorber-evaporator unit, which 

does not involve the overall system performance.  

In the subsequent section, Cascade 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 a solar-powered 

liquid desiccant dehumidification (LDD) 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 desorber-condenser unit.  
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4.2 Performance Study and Conjugate Heat and Mass Transfer 

of the Membrane Absorber-Evaporator Component: Model 

Validation and Parametric Studies  
 

The results generated from the numerical model are validated with the 

experimental data to disclose the discrepancy between the results obtained. For 

the general error calculation, the maximum difference between the experimental 

and simulation results is given by Eq. (4.1):  

Ὁὶὶέὶ
ȿ   ȿ

 
    (4.1) 

Experimental and simulation results are compared under different inlet 

conditions by varying the operational parameters: solution inlet volumetric 

flowrate (ὗ), water inlet volumetric flowrate (ὗ ), solution inlet mass fraction 

(ὢȟ ), and water inlet temperature (Ὕȟ ). In the experiment, since the 

prototype of MAHP only consists of a single unit cell, the boundary conditions 

of the top and bottom planes are set to be zero-gradients of temperature and 

concentration. The range of study, experimental values, and model results of 

various operating parameters are tabulated in Table 4.1. Solution outlet 

temperature (Ὕȟ ), water outlet temperature (Ὕȟ ), and solution outlet mass 

fraction (ὢȟ ) are directly measured parameters from the experiments, 

whereas the values for moisture absorbed (MA) is a derived parameter that 

represents the uptake 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 error. The numerical model is 

used subsequently for parametric studies in the following section. 
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4.2.1 Model Validation and Statistical Analysis  

This section discusses about the statistical methods used to determine the 

overall model accuracy for performance prediction. To further assess the overall 

model accuracy, the experimental 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 used to determine the coefficient of 

determination (R2) between the experimental and predicted values. Secondly, 

the root-mean-squared error (RMSE) values are calculated as a performance 

indicator to evaluate how well the model can predict the targeted actual values. 

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 

compared in this case. The statistical significance is assessed by the p-values, 

respectively. The general equations for these statistical methods are listed in Eqs. 

(4.2 ï 4.5): 

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

values are calculated by Eq. (4.2): 

ὛὛὙВ ώ ȟ ώ ȟ     (4.2) 

Coefficient of determination (R2) is obtained via Eq. (4.3): 

Ὑ ρ
В ȟ ȟ

В Ӷ ȟ ȟ

     (4.3) 

Root-mean-squared error (RMSE) is calculated through Eq. (4.4): 
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                ὙὓὛὉ В ώ ȟ ώ ȟ      (4.4) 

where ώ ȟ is the model-predicted value, ώ ȟ is the experimental 

value, ώӶ ȟ is the mean average of the predicted values. 

The classification of various evaluation metrics are listed in Table 4.2 below: 

Table 4. 2: Classification of various evaluation metrics 

Metric  Very Good Good Satisfactory Not Satisfactory 

R2 R2 > 0.85 0.75 < R2 Ò 0.85 0.60 Ò R2 < 0.75 R2 < 0.60 

RMSE RMSE Ò 0.75 0.75 < R2 Ò 1.00 1.00 < R2 Ò 2.00 RMSE > 2.00 

 

Pairwise Pearson correlations are used to compare between the experimental 

values of each inlet parameter to another outlet parameter, with the Pearson 

coefficient of the measured data, r calculated by Eq. (4.5): 

ὶ
В  В  В

В   В В   В
   (4.5) 

A strong positive correlation between a pair of inlet-outlet parameters is 

indicated by the range of [1 > r > 0.5], whereas a strong negative correlation is 

indicated by [-1 < r < -0.5]. Range of values of [0 > r > 0.3] and [-0.3 < r < 0] 

indicate a weak correlation between the variables, whereas r = 0 indicates that 

there is no correlation. Furthermore, to assess the statistical significance of each 

correlation, the p-values with a 95% confidence 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 model validation results shown in Table 4.1., the general 

discrepancies are less than 10%, whereas the maximum discrepancy is less than 

15.0%. It was also observed that the predicted outlet water temperatures, Tw,out 

are consistently lower than the experimental values. By checking the RMSE 

errors tabulated in Table 4.3, it was found that the errors for outlet water 

temperatures and MA are generally greater than those of the solution mass 

fraction. This is due to the sensible conductive heat loss from the membrane 

contactors to the surroundings, whereby the typical values of conductivity 

ranges from 0.1 ï 1 W m-1 K-1 (Li and Yan, 2022).  

Table 4. 3: RMSE errors in model validation 

RMSE Outlet Parameters 

Inlet Variables Ts,out Tw,out Xs,out MA 

Qs,in 1.7935 4.7871 0.0008 0.8206 

Qw,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 

 

Table 4. 4: Coefficient of Determination (R2) Values in model validation 

R2 Values Outlet Parameters 

Inlet Variables Ts,out 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 4.4 summarizes the R2 values for the model-experimental values 

comparison. The linear regression graphs will be included in the Appendix. 

From the table, most of the model-predicted values are in a very good agreement 

with the experimental values obtained, with πȢωρπχ Ὑ πȢωωωρ. There are 

two sets of data with Ὑ  values of 0.7174 and 0.7101 respectively, in which the 

prediction of the Xs,out and MA values under varying refrigerant water inlet flow 

rates Qw,in is satisfactory. This suggests that the amount of refrigerant water 

absorbed is subjected to the fluctuations affected by the water vapor availability 

on the membrane-fluid 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 with much lower Ὑ  values between 

0.4289 ï 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 temperature, Tw,out under varying inlet solution 

flow rate and temperature, Qs,in and Xs,in is not completely representative of the 

actual experimental values. By observing the trend of the water outlet 

temperature, increasing Qs,in and Xs,in has less impact on both the experimental 

and predicted values for Tw,out, as the values are fairly constant. This indicates 

that Qs,in and Xs,in has less significant impact on the Tw,out.  

In another comparison, the experimental values for MA does not have a clear 

trend under increasing Xs,in, which are different from the simulation values 

whereby the model predicts that more diluted solution would result in lower 

MA values. Pearson coefficient is used to further analyze and explore the 

correlations between the inlet and outlet parameters, and the r values for each 
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pair of inlet-outlet parameters are summarized in Table 4.5. The corresponding 

p-values for each pair are also tabulated in Table 4.6. 

Table 4. 5: Pearson Coefficient, r in model validation 

Pearson Coefficient, r Outlet Parameters 

Inlet Variables Ts,out Tw,out Xs,out 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 

 

Table 4. 6: Evaluation of p-values in model validation 

p-value (95% confidence interval) Outlet Parameters 

Inlet Variables Ts,out Tw,out Xs,out 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 R2 calculations, most of the parameter-pairs show strong 

correlation with each other. Based on the Table 4.5, the Pearson r-values for the 

Xs,in -Tw,out and Xs,in -MA have magnitudes of 0.639 and -0.680, respectively. 

Although the values are showing fairly strong correlations, 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 [-0.996, -0.982]. This indicates that these two pairs have 

weaker correlations. 

By further determining the p-values in Table 4.6, the Xs,in -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 these inlet-outlet 

parameters of these two pairs are not significant. Therefore, this explains the 

reason why the model-predicted values are not in good agreement with the 

experimental values for these two pairs. 

For the Qs,in-Tw,out pair, the Pearson r-value is -0.813, which is slightly higher 

than the previous pairs but lower than the others. The corresponding p-value 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, yet the p-value is 

very near to the criterion, hence it is less significant than the other pairs which 

have much smaller p-values.  

In overall, the statistical 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 statistical analysis also help to give some insights about the 

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

4.2.1.1  Variation of absorbent solution volumetric flowrate, ὗ 

Based on Table 4.1, as ὗ increases, Ὕȟ  and Ὕȟ  decrease. This infers that 

as ὗ increases, the solution flows and circulates at a higher velocity range, 

hence the water vapor would be absorbed and carried away by the solution 

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 heat of vaporization, ЎὌ  and heat of mixing, ЎὌ  to be 

absorbed by the solution. Hence, the increment in Ὕ is also reduced, i.e. the 

solution temperature lift, Ὕȟ  is lower when ὗ is higher. This observation 

also corresponds to the research findings reported by Woods (Woods et al., 

2011), in which the changes in the CaCl2 absorbent solution flowrate will 

influence the NTU (number of transfer units) for heat transfer (Straub and 

Elimelech, 2017). For a fixed heat exchange area, the NTU available for heat 

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

ЎὝȟ . 

Although Ὕȟ  also decreases along with a higher ὗ, the reduction in Ὕȟ  

is much less apparent than that of Ὕȟ . Ὕȟ  is relatively constant as 

compared to the 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 the rate of water vapor transfer to the solution side, 
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with a very slight reduction (0.06 ï 0.17°C) for each subsequent value as the ὗ 

decreases. 

The maximum solution temperature lift, ЎὝȟ  is observed at the lowest 

solution flow rate (ὗ  = 0.16 L min-1), 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 rate (ὗ = 0.26 L min-1), 

the experimental and simulated values of ЎὝȟ  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 membrane-liquid interface, wherein the heat transfer 

across the membrane will create thermal boundary layers on both sides of the 

membrane (liquid-membrane and air gapïmembrane interfaces), which 

impedes the vapor flux and might cause possible temperature polarization 

transfer (Straub and Elimelech, 2017).  

Besides that, the variation in ὗ  has a significant effect on the moisture 

absorbed ὓὃ by the solution stream. The maximum moisture absorbed is 

14.05 g/kg and 13.10 g/kg for calculated and experimental values at ὗ = 0.16 

L min-1. On the other hand, the outlet solution mass fraction, ὢȟ  has less 

obvious variation. The outlet solution mass fraction, ὢȟ  (kg water/kg 

solution) decreases from 0.563 kg/kg to 0.559 kg/kg as ὗ increases. Less water 

vapor is absorbed into the solution, hence there 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 lower ὗ is more favorable for achieving 

a higher ЎὝȟ . 
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4.2.1.2  Variation of inlet refrigerant water volumetric flowrate, ὗ  

According to Table 4.1, Ὕȟ , Ὕȟ , ὢȟ  and the moisture absorbed (ὓὃ) 

increase as water flowrate, ὗ increase. The experimental and simulated Ὕȟ  

and Ὕȟ  values show similar rising trends. Water molecules near the water-

membrane interface would be vaporized due to the vapor pressure difference 

between the water and solution streams. Due to the water phase change during 

the evaporation process, latent heat of vaporization, ЎὌ  would be absorbed 

from the bulk water stream, causing a drop in the bulk water temperature. As 

the bulk water temperature is reduced, less heat is available to induce the water 

phase change. This causes the water vapor pressure of the water stream to be 

lowered, and the water vapor pressure difference between the water and solution 

streams would become smaller, therefore the driving force for water vapor 

transfer would be diminished. Subsequently, a lower mass transfer rate would 

be accompanied by a lower latent heat transfer rate, hence Ὕȟ , ὢȟ  and ὓὃ 

would be reduced, which is unfavorable for the heat pump performance. On the 

contrary, a higher ὗ is more preferred because the water temperature is more 

stable, which ensures the water vapor to be generated at a relatively constant 

rate without diminishing the driving force for water vapor transfer.  

Maximum solution temperature lift, ЎὝȟ  is observed when ὗ = 0.40 L min-

1, with values of 9.24ÁC and 10.61ÁC attained from the experiment and 

calculation, respectively. Ὕȟ  has higher errors between the experimental and 

simulation results. The discrepancy between experimental and simulation 

results could be attributed to the additional sensible heat loss from the solution 

stream back to the water stream via heat conduction in the actual condition.  
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4.2.1.3  Variation of inlet solution mass fraction, ὢȟ  

From the results shown in Table 4.1, ὢȟ  increases proportionally with ὢȟ. 

Under the same condition, Ὕȟ  and Ὕȟ  decreases slightly with a variation 

of merely 1.03ÁC and 0.05ÁC, respectively between each increment point of 

ὢȟ . Since the inlet solution is diluted (ὢȟ  increases), the water vapor 

difference between the water and solution streams is reduced. This results in a 

lower mass transfer rate of water vapor across the membranes and air gap, with 

less latent heat of vaporization (ЎὌ ) being transferred from the water stream 

to the solution stream. Therefore, Ὕȟ  decreases as ὢȟ increases, resulting 

in a drop in ЎὝȟ .  

The simulation results showed ЎὝȟ  values of 10.23ÁC to 8.97ÁC, in which 

these values are slightly higher than the experimental results, which vary from 

9.02ÁC to 8.20ÁC. The discrepancy of 1.21ÁC occurs due to the conductive 

heat transfer from the heated solution to the membrane supportive structures, 

such as acrylic shells and air gap structural supports. There is also conductive 

heat transfer through the membrane-vapor matrix and the air gap region, which 

signifies a heat loss from the solution  that results in a lower ЎὝȟ   in the 

experiments transfer (Straub and Elimelech, 2017). 

The increment of ὢȟ  is directly proportional to the increasing trend of ὢȟ. 

In addition, the amount of moisture absorbed is within the ranges of 13.01 ï 

14.05 g/kg and 10.90 ï 13.18 g/kg for the simulation and experiments, 

respectively. This observation is attributed to the affinity between the water 

vapor and the liquid water molecules on the solution side. When the solution is 
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in a more diluted state, it exhibits a higher affinity between the water vapor and 

liquid water molecules due to weaker hydrodynamic conditions (Zhao et al., 

2014). Hence, the water vapor tends to condense and combine with the liquid 

water molecules at the solution-membrane interface, even though the driving 

force for mass transfer of water vapor from the water stream to the solution side 

has been reduced due to a lower water vapor pressure difference. As the 

difference between the maximum and minimum amount of ὓὃ is merely 1.04 

g/kg, it can be concluded that the effect of dilution does not significantly affect 

the water vapor absorption rate on the solution side. The effect of dilution on 

water vapor absorption can be further investigated at higher dilution ranges, in 

which the effect of water vapor pressure difference might be more significant 

as compared to the affinity between water molecules.  
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4.2.1.4   Variation of inlet refrigerant water temperature, Ὕȟ  

Based on Table 4.1, Ὕȟ  and Ὕȟ  increase steadily as Ὕȟ rises. Since the 

water stream is the source of water vapor formation, increasing inlet water 

temperature, Ὕȟ  would promote a higher evaporation rate of the water 

molecules near the liquid-membrane interface, thus more latent heat of 

vaporization, ЎὌ  is readily available to be transferred to the solution stream. 

Due to the increase in ЎὌ  , the driving force for both the heat and mass 

transfer of the water vapor molecules would also increase, as more water vapor 

molecules would arrive at the solution side and release ЎὌ   during 

condensation. In addition, the condensed water molecules would dilute the 

solution, causing ὢȟ  to increase. This dilution process is also accompanied 

by the release of heat of dilution, ЎὌ  on the solution side, hence Ὕȟ  is also 

increased.  

On the contrary, when the inlet water temperature Ὕȟ is low, there is less heat 

available to induce water phase change, thus the water vapor pressure of the 

water stream would be lowered. As the water vapor pressure difference between 

the water and solution streams becomes smaller, the driving force for water 

vapor transfer would be diminished. Consequently, a lower mass transfer rate 

would be accompanied by a lower latent heat transfer rate, hence the solution 

temperature lift would be reduced, which is unfavourable for the heat pump 

performance.  

The maximum differences between the experimental and calculated values of 

Ὕȟ  and Ὕȟ  are 2.80% for Ὕȟ  and 9.86% for Ὕȟ . The drop in Ὕȟ  
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values estimated by the model has a larger variation, with a range of 3.48ÁC to 

5.23ÁC as compared to those obtained from the experiments, ranging from 

1.22ÁC to 1.81ÁC, which is relatively more stable. This could be explained by 

the fact that the heat and mass transfer resistances in the air gap regions and 

membranes are higher in actual experiments, which results in lower water vapor 

and latent heat transfer rate as compared to that estimated by the model. Despite 

the increment of Ὕȟ that increases water vapor formation, these water vapor 

molecules are transferred at similar rates under different ὝȟȢ This also infers 

that the effect of increasing Ὕȟ to enhance the heat and mass transfer driving 

force will be affected by the existence of additional resistances in the air gap 

and membranes. The experimental and calculated values of ὢȟ  are in good 

agreement when Ὕȟ increases. On the other hand, the moisture absorbed by 

the solution stream, ὓὃ  shows a rising trend as Ὕȟ  increases. This 

observation is expected because higher Ὕȟ encourages a higher rate of water 

vapor formation, which improves the driving force for heat and mass transfer.  
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4.2.3 Parametric Studies (Structural Parameters) 

 

4.2.2.1  Local dimensionless numbers (fRe, Nu, Sh) of the water and 

solution streams under constant condition and varying W-H ratios 

 

Due to the conjugate heat and mass transfer occurring within the membrane 

channels, the boundary conditions in actual operation are non-uniform, 

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 condition and varying width-

height (W-H) ratios are illustrated in Fig. 4.1 and Fig. 4.2, with the subscripts 

óSô and óWô referring to the solution and water streams, respectively. 

 

 Fig. 4. 1: Local product of friction factor and Reynolds numbers, (fRe)L, Nusselt numbers, 

(Nu)L, and Sherwood numbers (Sh)L for the water and solution streams under constant 

condition. Triangle symbols represent the local values of (fRe)L, star symbols represent 

(Nu)L, and circle symbols represent (Sh)L values along the water and solution channels. (L 

= 0.60 m, W = 0.15 m, H = 0.002 m, dh = 0.001 m, W-H=75, ♯╪ = 0.001 m, Qs = 0.16 m3/h, 

Qw = 0.32 m3/h, Xs,in = 0.55 kg/kg, Tw,in = 40ÁC) 
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Fig. 4.1 shows the variation of local (fRe)L values of the water and solution 

streams with a constant W-H ratio of 75. According to the figure, the maximum 

(fRe)s,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)s,L values become constant along the solution channel length. For the water 

stream, a similar trend is observed, whereby the maximum local (fRe)w,L value 

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)s,L 

values of the solution stream, the (fRe)w,L does not become constant but 

increases gradually to 99.26 towards the exit instead. 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 water stream, with the stable 

value of (fRe)w,L obtained at the location of y* = 0.967 instead of y* = 0.033 

due to counter-flow configuration. 

With a higher volumetric flow rate, the water flow experiences a higher 

resistance along the channel length as compared to that of the solution stream, 

hence a higher pressure 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 local (fRe)L 

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 

developed value under conjugate heat and mass transfer boundary conditions. 
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Likewise, for the local Nusselt (Nu)s,L of the solution stream, it achieved the 

maximum value of 248.69 at the solution inlet, then drops immediately to 8.96 

at y* = 0.067 before becoming constant. 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 subsequent (Nu)w,L values 

decrease very slightly and become constant at 8.13 towards the 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 solution 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)L values of the water and solution stream are quite near to each other, 

which are around 8.10 and 9.00 for the (Nu)w,L and (Nu)s,L, respectively. This 

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

The local (Sh)s,L of the solution stream has a similar variation as the (Nu)s,L, but 

the (Sh)s,L values are generally much greater than those of (Nu)s,L The maximum 

(Sh)s,L value reaches 207.00 at the inlet, and then experiences a steep reduction 

to 37.02 at y* = 0.067. However, the subsequent (Sh)s,L values decrease 

continuously and do not become constant. The minimum (Sh)s,L value 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 than 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 solution ( ρ ρπ ά ί  is 

much smaller than its thermal diffusivity (Yu et al., 2012). The concentration 

entrance length is not well-defined as the local (Sh)s,L value is still continuously 

decreasing. 

For the local Sherwood number of the water stream, the maximum (Sh)w,L value 

of the water stream is 42.37 at the inlet, followed by an immediate reduction to 

1.34 at y* = 0.967. From this point onwards, the (Sh)L values decrease a little 

and become constant along the channel length. In general, the stable (Sh)w,L 

values of the water stream are about 1.20, which are much smaller than those of 

the solution stream around 18.0 ï 21.0. Since the LiCl solution has a much larger 

Schmidt number (Scs = 1390), the development of the concentration boundary 

layer is much slower in the solution stream, thus the solution side (Sh)s,L has a 

higher magnitude (Huang et al., 2012) than the water stream. 

To determine the optimal W-H 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 at the 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 in Fig. 4.2. 
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 Fig. 4. 2: Local Nusselt and Sherwood numbers, (Nu)S,L and (Sh)S,L for the solution stream 

and (Nu)W,L and (Sh)W,L for the water stream along the channel lengths at various channel 

width-height (W-H) ratios. Solid-filled square and triangle symbols represent the (Nu)S,L 

and (Sh)S,L of the solution stream; Square and triangle symbols with cross represent the 

(Nu)W,L and (Sh)W,L of the water stream, respectively. Red, blue, and cyan-colored lines 

represent varying W-H ratios of 37.5, 75, and 150; Solid-filled and hollow-filled symbols 

represent solution and water stream values, respectively. (L = 0.60 m, W = 0.15 m, ♯╪ = 
0.001 m, Qs = 0.16 m3/h, Qw = 0.32 m3/h, Xs,in = 0.55 kg/kg, Tw,in = 40ÁC) 

According to Fig. 4.2 in general, the local (Nu)s,L values slightly increase when 

the W-H 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 heat transfer resistance 

at the solution-membrane interface is reduced. The local convective heat 

transfer coefficients become greater as the W-H ratio is increased (Asfand et al., 

2016a). 

For the Sherwood numbers, when the W-H ratio is reduced by half from 75 to 

37.5, the resulting (Sh)s,L values are higher, with both trends showing the same 

variation. In contrast, when the W-H ratio is doubled from 75 to 150, the (Sh)s,L 
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values are lower than those of W-H = 75 near the inlet region. This agrees with 

the observation reported by Zhang et al., where a lower W-H ratio results in 

higher (Sh)s,L values (Zhang et al., 2018). Since Sherwood numbers are 

proportional to the channel thickness, having thicker channels at lower W-H 

ratios would result in higher Sherwood values. Nevertheless, a higher mass 

transfer coefficient is obtained at a higher W-H ratio, which means a thinner 

solution channel will improve the water vapor mass transfer rate. It can be 

concluded that by increasing the W-H ratio, although the convective mass 

transfer coefficient is increased, it has less effect on the Sherwood numbers. The 

concentration entrance length is not well-defined as the (Sh)s,L value is still 

decreasing continuously.  

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

of the water stream decreases steadily along the channel length with a very small 

decrement. The (Nu)w,L values are slightly higher at the W-H ratio of 150 as 

compared to that at 75, whereas the values of (Nu)w,L at W-H ratio of 75 and 

37.5 are the same. This infers that the channel thickness affects the heat transfer 

effectiveness within the water stream with minimal effect. In contrast, the water 

stream Sherwood number (Sh)w,L shows a sharp reduction near the inlet, then 

becomes constant. The values of (Sh)w,L are around 1.20, generally lower than 

the values of (Nu)w,L which are around 8.1 ï 8.20. Low Sherwood numbers of 

the water stream, (Sh)w,L can be explained by the fact that the difference in 

partial water vapor pressure between the water-membrane interface and the bulk 

average of the water stream is large. Furthermore, the Schmidt number of the 

water stream is relatively low (Scw = 0.32), hence the resulting (Sh)w,L values 
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are lower. This suggests that the W-H ratio has a smaller impact on the Nusselt 

and Sherwood numbers of the water stream. 

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

water and solution streams under different W-H ratios 

The average Nusselt numbers (Nu)M, Sherwood numbers (Sh)M, and products 

of friction factor and Reynolds numbers (fRe)M are calculated under the 

conjugate heat and mass transfer boundary conditions. The subscripts óMô, óSô, 

and óWô represent mean values, solution, and water, respectively. 

 

 Fig. 4. 3: Mean product of friction factor and Reynolds numbers, (fRe),M, Nusselt 

numbers, (Nu)M, and Sherwood numbers, (Sh)M for the solution and water streams under 

the variation of channel width-height (W-H) ratio. Green and blue lines represent the 

values of solution and water streams; Triangle, square, and triangle with cross symbols 

represent the (Nu)M, (Sh)M, and (fRe)M, respectively. (L = 0.60 m, W = 0.15 m, ♯╪ = 0.001 m, 
Qs = 0.16 m3/h, Xs,in = 0.55 kg/kg, Tw,in = 40ÁC) 

Based on Fig. 4.3, as the W-H ratio increases, the (Nu)S,M values 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 (Nu)W,M of the water stream shows a decreasing trend from 8.44 to 8.17 

when the W-H ratio is increased from 15 to 75, yet it slightly increases back to 

8.21 at a W-H ratio of 150. The variation is merely within 0.3. It can be inferred 

that the W-H ratio has a minor impact on (Nu)W,M of the water stream, and the 

solution side (Nu)S,M is unaffected. The mean Nusselt values of both streams 

are close to each other, indicating that the convective heat transfer effectiveness 

is similar for these two streams. 

For the average Sherwood values, the trends show otherwise: the (Sh)S,M of the 

solution side is greatly affected by the W-H ratio, whereas the (Sh)W,M remains 

constant at 1.20. It can be inferred that the generation (evaporation) of water 

vapor molecules mostly occurs at the water-membrane (W-M) interface instead 

of the bulk liquid. The thickness of the channel has not much effect on the rate 

of evaporation and convective mass transfer. Hence, it is unaffected by the W-

H ratio. Moreover, as the W-H ratio of the solution channel is increasing, the 

mean average values of (Sh)S,M reduce from 30.39 to 20.87, with the magnitudes 

comparatively greater than the (Sh)W,M. 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 vapor absorption 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 lower W-H ratio 

encourages a higher mass transfer rate. A higher W-H ratio would result in a 

higher convective mass transfer coefficient, which increases the solution 

temperature lift ЎὝȟ  instead.  
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Furthermore, as the W-H ratio increases, the (fRe)S,M, and (fRe)W,M values of 

the solution and water streams show increasing trends. The values of (fRe)W,M 

are generally larger than those of (fRe)S,M. At higher W-H 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 Reynolds numbers and the 

formation of thinner hydrodynamics and thermal boundary layers along the 

channel walls (Ali, 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 solution channel thickness is decreased. The solution side 

(fRe)S,M is generally smaller than (fRe)W,M 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 larger than 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 heat transfer. 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 capability of the solution 

approaches the 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 

the fluid 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 flow) and 

the absorber (LiCl absorbent flow), the air-gap 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 as 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 water, air gap, and solution streams are plotted 

in Figs. 4.4 ï 4.10, as these help to identify the aspects that can be focused on 

for further enhancement. For clearer visualization, only the contours near the 

channel region of y* = 1 (absorbent solution outlet and 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 

 

 

Fig. 4. 4: Temperature contour for the water, air gap, and solution streams of the MAHP 

near the solution outlet/water inlet region. (dh = 0.001 m, W-H=75, ♯╪ = 0.001 m, Qs = 0.16 

m3/h, Qw = 0.32 m3/h, Xs,in = 0.55 kg/kg, Tw,in = 40ÁC, Rew = 10.73, Res = 8.41) 

Based on Fig. 4.4, the temperature contour lines are parallel to the channel 

length (y-direction) while showing variations along the x-direction. 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 widely spaced. Heat and mass 

transfer fluxes transfer predominantly along the x-direction, which is 

perpendicular to the membrane-fluid interfaces. The variation in temperature 

across the air gap is greater than those of the water and solution streams, 

suggesting a higher 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 under counter-flow configuration. Heat is lost from 

the water stream due to the evaporation process at the water-membrane (W-M) 
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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 and mixing (absorption heat) are 

released in the solution stream.  

 

Fig. 4. 5: Temperature profile for the water, air gap, and solution streams along the flow 

direction (dh = 0.001 m, W-H=75, ♯╪ = 0.001 m, Qs = 0.16 m3/h, Qw = 0.32 m3/h, Xs,in = 0.55 

kg/kg, Tw,in = 40ÁC, Rew = 10.73, Res = 8.41) 

Fig. 4.5 shows the cross-sectional view of temperature profiles across the water, 

air gap, and solution along the x-direction. Generally, the temperature variation 

is in agreement with the results reported by Woods et al. (Woods 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. At the S-M 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 solution inlet/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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Fig. 4. 6: Equilibrium water vapor pressure contour for the water, air gap, and solution 

streams within the MAHP near the solution outlet/water inlet region. (dh = 0.001 m, W-

H=75, ♯╪ = 0.001 m, Qs = 0.16 m3/h, Qw = 0.32 m3/h, Xs,in = 0.55 kg/kg, Tw,in = 40ÁC, Rew = 

10.73, Res = 8.41) 

 

Fig. 4. 7: Equilibrium water vapor partial pressure profile for the water, air gap, and 

solution streams along the x-direction at various y locations. (dh = 0.001 m, W-H=75, ♯╪ = 
0.001 m, Qs = 0.16 m3/h, Qw = 0.32 m3/h, Xs,in = 0.55 kg/kg, Tw,in = 40ÁC, Rew = 10.73, Res = 

8.41) 

Figs. 4.6 and 4.7 illustrate the contours and profiles of equilibrium water vapor 

partial pressure along the flow direction and x-direction, respectively. As seen 

from Fig. 4.6, the contours of equilibrium water vapor partial pressure, ὖ are 

similar to the temperature distribution in Fig. 4.4. The equilibrium water vapor 
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pressure of the water stream, ὖȟ  is depicted using dark-blue lines. ὖȟ 

distribution is much widely spread with contour lines concentrated near the 

water-membrane (W-M) interface, as the generation of water vapor molecules 

mostly occurs at the W-M interface. Similarly, for the solution stream, ὖȟ 

contour lines are denser near the solution-membrane (S-M) interface, unlike the 

air gap region which has equally-spaced contour lines. This implies that the 

mass transfer and heat transfer are interrelated as shown by the similarity 

between the trendlines of the temperature (Fig. 4.5) and equilibrium water vapor 

partial pressure profiles (Fig. 4.7) along the x-direction.  

A higher water vapor transfer rate prompts a higher absorption heat transfer rate 

across the membranes and air gap. At the S-M interface, the water vapor 

molecules are condensed and mixed with the LiCl absorbent solution during the 

absorption process. The diffusivity of water vapor in the air is higher than that 

of the solution stream, hence ὖȟ is more evenly distributed than ὖȟ in the 

solution stream. The magnitudes of ὖ of the water, air gap, and solution streams 

are 5.16 ï 6.88 kPa, 2.43 ï 5.05 kPa, and 0.73 ï 2.01 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/water inlet 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 absorption process. 
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Fig. 4. 8: Absorption heat contour for the water, air gap, and solution streams within the 

MAHP near the solution outlet/water inlet region. (dh = 0.001 m, W-H=75, ♯╪ = 0.001 m, Qs 

= 0.16 m3/h, Qw = 0.32 m3/h, Xs,in = 0.55 kg/kg, Tw,in = 40ÁC, Rew = 10.73, Res = 8.41) 

 

From the previous figures, it could be shown that the heat and mass transfer are 

greatly conjugated with each other. Fig. 4.8 is plotted to further visualize the 

distribution of the absorption heat 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 lines are concentrated at the 

membrane-fluid 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 106 J kg-1 with very small differences, suggesting that the latent 

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

heat transfer occur the most.  
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Fig. 4. 9: Velocity contour for the water, air gap, and solution streams within the MAHP 

near the solution outlet/water inlet region. (dh = 0.001 m, W-H=75, ♯╪ = 0.001 m, Qs = 0.16 

m3/h, Qw = 0.32 m3/h, Xs,in = 0.55 kg/kg, Tw,in = 40ÁC, Rew = 10.73, Res = 8.41) 

The velocity contours for the water, air gap, and solution streams are depicted 

in Fig. 4.9. For both water and solution streams, starting at zero magnitudes at 

the membrane-fluid (W-M and S-M) interfaces, a wavelike spreading pattern is 

observed from the region with denser contour lines near the interfaces towards 

the centre of respective fluid streams with increasing velocity magnitudes. This 

observation matches the expectation as the no-slip boundary conditions at the 

membrane-fluid interfaces and axisymmetric boundary conditions at the centre 

of the fluid streams are applied. Due to the counter-flow configuration, 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 fully-developed 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 10-4 m s-1. This is because the 

inlet water flowrate, ὗ  is twice as large as the inlet solution flowrate, ὗ. In 

contrast, the velocity magnitudes of air are in the range of 10-16 m s-1, which are 

tremendously smaller than those of the water and solution streams. Since the 

enclosed air gap region has no inlet or outlet, there is no forced convection, 

hence the air movement inside the air gap is limited by natural convection 

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

the air gap 

 

From the temperature contour in Fig. 4.4, 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 significant, 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., 2011). This implies that the effect of natural convection in the 

air gap region is almost negligible, suggesting that heat conduction is the 

dominant heat transfer mode (Çengel and Ghajar, 2015), while the dominant 

mass transfer mode is via diffusion instead of advection. In addition to heat 

conduction, heat transfer 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 (‐ πȢωφ), the radiative heat 

transfer within the air gap has to be considered (Çengel and Ghajar, 2015). The 

effect of radiative heat transfer is included in the analysis of absorption heat 

contours. 
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4.3.3  Effects of different air gap widths, ‏  on the mean average of 

dimensionless parameters (fRe, Nu, Sh, Ra) of the water, solution, and air gap 

and the solution temperature lift, Ὕȟ  

 

The mean values of (Nu)M, (Sh)M, (fRe)M, and (Ra)a,M under varying air gap 

width, ‏ are depicted in Fig. 15. The subscripts óMô, óSô, óWô, and óaô represent 

mean values, solution, water, and air gap respectively. The effect of air gap 

width on the solution temperature lift, ЎὝȟ  is also discussed. 

 

Fig. 4. 10: Mean average of local product of friction factor and Reynolds numbers, (fRe)L, 

Nusselt numbers, (Nu)L, and Sherwood numbers (Sh)L for the water and solution streams 

under constant condition. (L = 0.60 m, W = 0.15 m, H = 0.002 m, dh = 0.001 m, W-H=75, ♯╪ 
= 0.001 m, Qs = 0.16 m3/h, Qw = 0.32 m3/h, Xs,in = 0.55 kg/kg, Tw,in = 40ÁC) 

 

Based on Fig. 4.10, the values of (Nu)S,M, (Nu)W,M, (fRe)S,M, and (Sh)W,M are 

unaffected by the change in ‏. (Sh)S,M shows a little drop at 0.25 = ‏ mm, 

while (fRe)W,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 are very 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 the absorbent solution and refrigerant water streams.  

In addition, as ‏ increases from 0.25 to 1.5 mm, the mean Rayleigh number of 

the air gap, (Ra)a,M increases slightly from 0.004 to 0.964. The increment in 

(Ra)a,M becomes larger when ‏ increases from 1.5 mm to 5 mm, with the 

maximum value of 8.271 at 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 actual MAHP when multiple stacks of membrane contactors are 

assembled for scaled-up 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 on the ЎὝȟ  shows 

otherwise. As shown in Fig. 15, the increment in ЎὝȟ  is steep when the ‏ 

increases from 0 to 1 mm; ЎὝȟ  gradually decreases when the ‏ is further 

increased from 1 mm to 5 mm. The peak of the graph for ЎὝȟ  is indicated at 

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

= 1 mm, which are similar. In contrast, the base case with no air gap (0 = ‏) 

results in the minimum ЎὝȟ  of 5.43°C.  
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By comparing to the base case with no air gap, ЎὝȟ  is improved by 12.9%, 

67.3%, 70.5%, 78.7%, 99.0% and 99.6% when ‏ is 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 attain the highest ЎὝȟ  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, increasing the 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 Case, Air-gap and Internal-

Cooling Cases 

 

This section includes a study on the effect of internal cooling on the absorption 

performance of the absorbent solution. There are a few main reasons to consider 

internal cooling:  

The latent heat of absorption is released when the water vapor undergoes 

condensation 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 between 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 maintaining the 

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 for internal 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 determine the water heating performance by heat 

exchange between the heated absorbent solution and the cooling water stream. 

As such, the performance will be evaluated based on the cooling water 

temperature variation. 
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The MAHP has a semi-open system configuration that utilizes a membrane 

absorber-evaporator 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, which is different from the case 

in an MAHP with a closed-system configuration.  

In the previous sections, the air-gap case is used as the main configuration for 

experimental study, model validation, and various parametric studies. To 

provide further insight into how air-gap and internal cooling will affect 

absorption performance, a comparison across four different configurations, 

namely the base case (B), air-gap case (A), internal-cooling case (C), and 

internal cooling with air-gap 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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Fig. 4. 11: Comparison of absorption rates between the base case, air-gap, internal cooling 

with and without air-gap cases. (dh = 0.001 m, W-H=75, ♯╪ = 0.001 m, Qs = 0.16 L/min, Qw 

= 0.32 L/min, Qcw = 0.2 kg/h, Xs,in = 0.55 kg/kg, Tw,in = 40ÁC, Tcw,in = 10ÁC). 

The absorption rates of the base case (B), air-gap (A), internal cooling (C), and 

internal cooling with air-gap (CA) are plotted in 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 gradually loses its 

absorption strength, as more water vapor molecules are accumulated in the 

solution, exerting a higher ὖȟ. By including an air-gap structure, the absorption 

rate of the air-gap case (A, shown in red) is more consistent with smaller 

variations along 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 the air-gap insulation. However, the air-gap 

also incurs additional mass transfer 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 m-2 s-1), is not achieved in the air-gap case, 

hence there is some room for improvement for the absorption rate, resulting in 

an increasing trend in A as shown. A similar trend is observed in the internal 

cooling with air-gap (CA) case, with a more significant increase in absorption 

rate along the length due to lower ὖȟ in CA. Both of the 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 without air-gap) shows 

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 solution-membrane (S-M) interface. 

Hence, the solution side ὖȟ 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 

region is more abundant. The average absorption rates achieved in this study for 

B, A, CA, and C are 0.01398, 0.01363, 0.01387, and 0.01632 kg m-2 s-1. It is 

concluded that internal cooling without air-gap (C) is the most favorable 

configuration to maximize the absorption rate of the membrane absorber, but 

with more sensible heat loss occurring due to the absence of heat insulation. 

Contrarily, the air-gap structure stabilises the absorption rate along the channel, 

but with the trade-off of a lower absorption rate due to additional mass transfer 

resistance encountered by the water vapor transfer. 

 

 



197 

4.4 Cascade Analysis: Case Study on a Solar Thermal 

Regeneration Unit of an LDD System 

 

4.4.1  Pre-requisite Data of the Case Study 

Table 4.7 includes the prerequisite data needed before the Cascade Table 

construction. Tables 4.8 and 4.9 show the detailed specifications of the solar 

thermal collector (Audah et al., 2011) and 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, ὗ  and the useful heat gained by the solar thermal collectors, ὗ  are 

depicted in Fig. 4.13. These data input for Cascade Table and the results will be 

discussed in the following section. 

Table 4. 7: Prerequisite data extraction and collection for Cascade Analysis. 

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, ὗ   101.6 kWh per day 

Hourly solar irradiation on average, Ὓ  237.6 W m-2 

Installation area needed for a standard 1 kWp solar 

thermal collector, ὃ  

3.6 m2 

Power of a single collector module, ὡ  0.28 kWp 

Water pump efficiency, Ὢ 85% 

TES charging and discharging efficiencies, Ὢ and Ὢ Ὢ  89.5%;  Ὢ  

73.8% 

Volume of a single TES (water tank) unit, ὠ  0.125 m3 

Water tank fill ratio, ὠ 40% 
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Table 4. 8: Specifications of thermal energy storage (TES) unit 

 

Table 4. 9: Specifications of solar thermal collector (Audah et al., 2011). 

Parameter Specification/Value 

Type of solar collector  Compound parabolic 

concentrator (CPC) 

Length of solar concentrator 2.4 m 

Width of solar concentrator 1.2 m 

Absorbed solar radiation per aperture area 600 W m-2 

Absorber diameter 0.06 m 

Heat transfer coefficient of tube 300 W m-2°C-1 

Heat loss coefficient  3.82 W m-2°C-1 

Receiver emittance 0.31 

Thermal conductivity of tube 16 W m-1°C-1 

Wall thickness of tube 0.05 m 

Installation area needed for a standard 1 kWp solar 

thermal collector, ὃ  

3.6 m2 

Power of a single collector module, ὡ  0.28 kWp 

Average solar thermal collector module efficiency, –  20% 

Type of heat transfer fluid (HTF) Liquid water 

Heat exchanger effectiveness 0.9 

HTF flow rate in collector 0.0537 kg s-1 

Mean temperature of collector  100°C 

 

Unit  Design Parameter Specification/Value  

Thermal 

Energy 

Storage 

(TES)  

Type of TES Cylindrical hot water tank  

 Thickness of insulation 0.05 m 

 Height  1.85 m 

 Base area  1.14 m × 1.14 m 

 Diameter  4 m 

 TES charging and discharging 

efficiencies, 

Ὢ and Ὢ (bottom coil) 

Ὢ  89.5%;  Ὢ  73.8% 

 Volume of a single TES (water tank) 

unit, ὠ  

1.25 m3 

 TES charging and discharging flow 

rate 

2.67 L min-1; 5 L min-1 

 Water tank fill ratio, ὠ 40% 

Coil HX   Height of Coil 0.3 m 

 Internal / External diameter 0.01 m / 0.012 m 

 Circle diameter 0.3 m 

 Length 15 m 

 Coil HX position (inlet/outlet) Top 0.95/0.65 

Middle 0.65/0.35 

Bottom 0.35/0.05 
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Fig. 4. 12: Hourly incident solar radiation of a typical day in a region with tropical climate 

(Audah et al., 2011). 
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Fig. 4. 13: Regeneration heat required, QR and useful heat gained by the solar thermal 

collectors, QU throughout a 24-hour period analysis. 
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4.4.2  Results and Discussion 

 

Table 4.10 shows the finalized Cascade Table after analysing the case study. In 

the first round of calculation for the cumulative energy Ὁ, the largest negative 

value of -54.53 kWh is observed for Ὁ in column 8. It indicates that a minimum 

of 54.53 kWh of external heat input is required and the TES units 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 sufficient energy 

input for the start of the new operation cycle. Furthermore, the pinch point 

occurs at the time interval of 11.00 a.m. ï 12.00 p.m. with its cumulative energy, 

Ὁ equals to zero as shown in column 9. The daily regeneration heat required, 

ὗ  and daily useful heat gain, ὗ , sums up to 213.48 kWh and 271.02 kWh, 

respectively. This gives an overall system efficiency of 78.8% based on the ratio 

of ὗ  to ὗ .   
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Fig. 4.14 is the graphical representation of the cumulative energy variation data 

from the finalized Cascade Table. Based on Fig. 4.16, a comparison is made 

between the cumulative energy before shift (Ὁ) and after shift (Ὁ). Negative 

Ὁ values are observed for the trendline before shift, whereas all the Ὁ values 

are positive as observed in the trendline after shift. The after-shift trendline (Ὁ) 

shows that the system becomes feasible after introducing the additional energy 

input of 54.53 kWh at the start of the analysis, which is provided by the TES. 

The peak of the Ὁ 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 

components, which can be applied to size the solar thermal systems for another 

heating process. 

 

Fig. 4. 14: Graphical representation of the cumulative energy before shift, ╔◄ and after 
shift, ╔◄. The pinch point is shown in the circle. 
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4.5.2.1 Sizing of Solar Thermal Collectors 

Table 4.11 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 m2 with an initial guess of 60.00 m2 and a percentage error, P of 0.015%. 

By applying the Eqs. (10 ï 13) in Section 3.2.1, the number of required solar 

collector modules is approximately 60 units for the selected type of solar 

thermal collector with a total heat generation of 16.62 kWp. 

Table 4. 11: Sizing of parabolic solar thermal collectors. 

Sizing Parameter Symbol Value 

Area of solar thermal collectors 

(initial guess) 
ὃ  60.00 ά  

Area of solar thermal collectors  

(after iterations) 
ὃȟ  59.83 ά  

Area needed for the installation 

of a standard 1 kWp parabolic 

solar thermal collector module 

ὃ  3.6 ά  

Total size of solar thermal 

collectors 
Ὓ  16.62 kWp  

Power of a single solar thermal 

collector module 
ὡ  0.28 kWp 

Number of required modules ὔ  59.35  60 modules 
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4.5.2.2 Sizing of Water Tanks for Thermal Energy Storage (TES)  

Based on the calculation results listed in Table 4.12 for the sizing of TES water 

tanks, the maximum stored sensible heat in the TES, ὗ  amounts to 82.54 kWh 

as indicated by the largest positive Ὁ value in column 9 of the Cascade Table 

and the peak of the Ὁ graph in Fig. 4.16. The actual volume required to store 

the water as HTF in the TES is 7.10 m3, while the total capacity of TES required 

with a tank fill ratio of 40% will be 17.75 m3. Using a standard-sized water 

storage tank with a volume of 1.25 m3 as a single unit, the number of water 

storage tanks required is approximately 15 units.  

Table 4. 12: Sizing of thermal energy storage, TES (water tank) units 

Sizing Parameter Symbol Value 

Stored sensible heat of the 

system in TES 
ὗ  82.54 Ë7È 

Actual volume required to 

store the heat transfer fluid 

(water) in TES 

ὠ 7.10 ά  

Tank fill ratio ὠ 40% 

Total volume of the TES 

required 
ὠ 17.75 ά  

Volume of a single TES unit  

(water storage tank) 
ὠ  1.25 ά  

Number of water storage tanks 

required  
ὔ  14.20  15 units 

 

  



206 

4.5.2.3 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 Table 4.8, the costs for the main components are estimated 

to be 5076.00 USD and 4737.00 USD for the solar thermal collectors and TES 

water tanks, respectively. By assuming a pumping capacity of 50 ï 60 L s-1 for 

the water pumps installed between the collectors and tanks, the pumping cost 

would be 1086.50 USD. As 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 payment period 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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Table 4. 13: Cost estimation for integrated solar thermal system with TES. 

Main Component Number of 

Units 

Unit Cost 

(USD) 

Estimated Cost (USD) 

Solar thermal collector  

(0.28 kWp) 

60 84.60 5076.00 

Water storage tank for TES 

(1250 L storage capacity) 

15 315.80 4737.00 

Water pump  

(50 ï 60 L s-1 pumping 

capacity) 

5 217.30 1086.50 

Aspect Description Estimated Cost (USD) 

Auxiliary equipment and 

piping system 

15% of total component 

cost 

1634.93 

Total installation cost Sum of component and 

auxiliary costs 

12534.43 

Annual maintenance cost 0.3% of total installation 

cost 

37.60 

Annual amortized cost  10% interest rate with n 

years of payment and 

operation 

702.22 (n = 20); 

1647.95 (n = 15); 

2039.92 (n = 10); 

3306.55 (n = 5) 

 Estimated Total LCC 14044.32 (n = 20); 

14219.98 (n = 15); 

14611.95 (n = 10); 

15878.58 (n = 5) 

 

 

Fig. 4. 15: Graphical comparison of the total life cycle cost (LCC) and annual amortized 

LCC 
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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 LCC shows a 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 years (Abu-Hamdeh and Almitani, 2016). The 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 years (Abu-Hamdeh and Almitani, 2016). 
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4.5 Cascade Analysis: Case Study on Integration of Solar 

Thermal Regeneration Unit of a MAHP System 

 

4.5.1  Pre-requisite 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, the intensity 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 solar irradiation is absent. Fig. 

4.18 shows the solar radiation profile on an hourly basis with clear weather and 

tropical climate condition, while Fig. 4.19 depicts the hourly regeneration heat 

required, ὗ  and the useful heat gained by the solar thermal collectors, ὗ . 

Table 4.14 lists out the prerequisite data required for the CA case study, whereas 

Tables 4.15 and 4.16 include the specification details of the solar thermal 

collector and thermal energy storage (TES) units, respectively. 

Table 4. 14: Prerequisite data extraction and collection for Cascade Analysis (CA) 

Prerequisite Data Nominal Values 

Period of analysis 24 hours 

Daily operation period of LDD system 4 hours per day 

Hourly regeneration heat required on average, ὗ  13.76 kWh per 

day 

Hourly solar irradiation on average, Ὓ 332.48 W m-2 

Installation area needed for a standard 1 kWp solar thermal 

collector, ὃ  

2.506 m2 

Power of a single collector module, ὡ  0.28 kWp 

Pump efficiency, Ὢ 70% 

TES charging and discharging efficiencies, Ὢ and Ὢ Ὢ  65.0%;  

Ὢ  72.8% 

Volume of a single TES unit, ὠ  0.2 m3 

Water tank fill ratio, ὠ 60% 
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Table 4. 15: Specifications of solar thermal collector. 

Parameter Specification/Value 

Type of solar collector  Glazed Flat Plate 

Collector 

Length of solar concentrator 2.09 m 

Width of solar concentrator 1.196 m 

Aperture area 2.326 m2 

Gross area 2.506 m2 

Absorbed solar radiation per aperture area 600 W m-2 

Absorber diameter 0.06 m 

Heat loss coefficient  3.1 W m-2°C-1 

Wall thickness of tube 0.05 m 

Installation area needed for a standard 1 kWp solar 

thermal collector, ὃ  

2.506 m2 

Power of a single collector module, ὡ  0.28 kWp 

Average solar thermal collector module efficiency, 

–  

77.5% 

Type of heat transfer fluid (HTF) Liquid water 

Heat exchanger effectiveness 0.775 

HTF flow rate in collector per m2 0.020 kg s-1 

Stagnation temperature of collector  195°C 

 

Table 4. 16: Specifications of thermal energy storage (TES). 

 

Unit  Design Parameter Specification/Value  

Thermal 

Energy 

Storage (TES)  

Type of TES Cylindrical tank 

 

 Type of working fluid Ethylene glycol solution 

(50% w/w) 

 Thickness of insulation 0.05 m 

 Height  0.38 m 

 Diameter  1 m 

 TES charging and discharging 

efficiencies, 

Ὢ and Ὢ (bottom coil) 

Ὢ  65.0%;  Ὢ  72.5% 

 Volume of a single TES (water 

tank) unit, ὠ  

0.3 m3 

 TES charging and discharging flow 

rate 

2.67 L min-1; 5 L min-1 

 Average tank heat loss coefficient 3.37 W K-1 

 Water tank fill ratio, ὠ 60% 

Coil HX   Height of Coil 0.2 m 

 Internal / External diameter 0.01 m / 0.012 m 

 Circle diameter 0.3 m 

 Length 15 m 

 Coil HX position (inlet/outlet) Top 0.35/0.25 

Middle 0.25/0.15 

Bottom 0.15/0.05 
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Fig. 4. 16: Hourly incident solar radiation profile (Ibarra-Bahena et al., 2018). 

 

Fig. 4. 17: Daily regeneration heat demand, QR and useful heat gained by the solar thermal 

collectors, QU. 
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4.5.2  Results and Discussion 

The regeneration heat demand, ὗ  and the useful heat gain, ὗ  are calculated 

and plotted in Fig. 4.16. With this data input, the Cascade Analysis results for 

the case study are finalized as Table 4.17 and illustrated graphically in Fig. 4.20. 

Based on Table 4.17, the largest negative value of the cumulative energy, Ὁ is 

equal to -0.26 kWh before 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 kWh 

at the start of the analysis. By introducing the energy input into Column 10, the 

cumulative energy is ñshiftedò. As a result, the largest value of new cumulative 

energy, Ὁȟ  is 4.03 kWh, which represents the maximum thermal storage 

capacity that should be sized for the TES units. This information 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, weather conditions, 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 affected by the incoming 

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. According to Fig. 4.18, the pinch point is determined at 6:00 

a.m., and its Ὁ 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 period, it implies that the system becomes feasible. 

After the peaks observed at 1.00 p.m., both of the cumulative Ὁ and Ὁᴂ 

trendlines show a sharp decrease between 1.00 p.m. ï 3.00 p.m. This is due to 

the active desorption process occurring during the 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 the peak at 6.00 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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Fig. 4. 18: Graphical representation of the cumulative energy before and after shift, ╔◄ and 
╔◄. 

 

 

 

4.6.2.1 Sizing of Solar Thermal Collectors 

From the sizing calculations and iteration results shown in Table 4.18, the total 

area needed to install the solar thermal collectors is 4.857 m2, which 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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Table 4. 18: Sizing of parabolic solar thermal collectors. 

Sizing Parameter Symbol Value 

Total area of solar thermal 

collector required (initial guess) 
ὃ  10.00 ά  

Area of solar thermal collectors  

(after iterations) 
ὃȟ  4.857 ά  

Area needed for the installation 

of a standard 1 kWp parabolic 

solar thermal collector module 

ὃ  2.506 ά  

Total size of solar thermal 

collectors 
Ὓ  1.94 kWp  

Power of a single solar thermal 

collector module 
ὡ  0.28 kWp 

Number of required modules ὔ  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 Table 4.19, the actual 

volume needed for maximum heat storage with ethylene glycol solution is 1.05 

m3, whereas the total TES volume required would be higher at 1.75 m3 as the 

tank fill ratio is set at 60%. Hence, by using a unit volume of 0.3 m3, a total of 

6 tanks are required for the maximum heat storage capacity. 

Table 4. 19: Sizing of thermal energy storage, TES units 

Sizing Parameter Symbol Value 

Stored sensible heat of the 

system in TES 
ὗ  4.03 Ë7È 

Actual volume required to store 

the working fluid in TES 
ὠ 1.05 ά  

Tank fill ratio ὠ 60% 

Total volume of the TES needed ὠ 1.75 ά  

Volume of a single TES unit  

(water storage tank) 
ὠ  0.3 ά  

Number of water storage tanks 

required  
ὔ  5.83  6 units 
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4.6.2.3 System Cost Estimation 

The cost estimation for STS integration with a MAHP is tabulated in Table 4.20. 

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 55 ï 60 L s-1 costs 452.00 

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 10% and 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 the payment period of 15 

years sums up to 12888.56 USD, or 859.24 USD annually. 

Fig. 4.19 indicates 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 reduce with 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 estimation. By comparison, 

as the operation capacity of this MAHP system is smaller than the LDD, the 

overall costs required to install the STS for the MAHP system are lower.  
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Table 4. 20: Cost estimation of integrated STS for the MAHP case study. 

Main Component Number of 

Units 

Unit Cost 

(USD) 

Estimated Cost (USD) 

Solar thermal collector  

(0.28 kWp) 

7 104.00 728.00 

Ethylene glycol solution 

storage tank for TES (300 L) 

6 185.00 1110.00 

Water pump  

(55 ï 60 L s-1 pumping 

capacity) 

2 226.00 452.00 

Aspect Description Estimated Cost (USD) 

Auxiliary equipment and 

piping system 

15% of total component 

cost 

343.50 

Total installation cost Sum of component and 

auxiliary costs 

2633.50 

 

Annual maintenance cost 0.3% of total installation 

cost 

7.90 

 

Annual amortized cost  10% interest rate with n 

years of payment and 

operation 

309.33 (n = 20); 

346.24 (n = 15); 

428.59 (n = 10); 

694.71 (n = 5) 

 Estimated Total LCC 12851.66 (n = 20); 

12888.56 (n = 15); 

12970.92 (n = 10); 

13237.04 (n = 5) 

 

 

Fig. 4. 19: Graphical comparison of the total life cycle cost (LCC) and annual LCC 
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4.6 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 on the sizing 

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 hot-summer Mediterranean climate (Csa), with the average monthly 

temperatures 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 sunlight duration 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 Köppen climate classification (Hobbi 

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 in terms 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 real-time 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 API Toolkit  (Luffman and 

Engerer, 2023). Three datasets that are representative of three main weather 
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conditions ï normal day with cloud coverage, sunny day, and rainy day are 

selected and illustrated in the following figures (Figs. 4.20 ï 4.22). These solar 

radiation profiles have total magnitudes of 4964 W m-2, 7177, W m-2, and 2839 

W m-2, and daily averages of 198.56 W m-2, 299.04 W m-2, and 118.29 W m-2, 

respectively.  

 

Fig. 4. 20: Hourly incident solar radiation of a normal day with some cloud coverage in 

Semenyih, Selangor, Malaysia ï data retrieved on 6 January 2023. 
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Fig. 4. 21: Hourly incident solar radiation of a typical sunny day in Semenyih, Selangor, 

Malaysia ï data retrieved on 9 March 2023. 

 

Fig. 4. 22: Hourly incident solar radiation of a typical rainy day in Semenyih, Selangor, 

Malaysia ï data retrieved on 9 November 2023. 






















































































































































