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Abstract 
 

In recent years, membrane-based liquid desiccant dehumidification has emerged 

as an efficient approach for air humidity control in building air conditioning 

process, in which the internally-cooled liquid desiccant dehumidifier is regarded 

as an energy-efficient device with high dehumidification effectiveness and 

cooling performance.  

This research project aims at investigating the dehumidification and cooling 

performance of a heat pipe internally-cooled liquid membrane-based desiccant 

dehumidification (HP-ICMLDD) system and its application in multi-family 

terraced houses under subtropical and humid Mediterranean climate conditions. 

The project also develops an integrated liquid desiccant air-conditioning 

(ILDAC) system by combining the HP-ICMLDD system with an air-water heat 

pump (AWHP), photovoltaics-thermal (PVT), and hot water storage.  

An innovative HP-ICMLDD system is established by integrating the heat pipe 

internal cooling method with the dehumidification system, where experimental 

investigation is conducted. Moreover, the energy simulation of the building with 

the ILDAC system has been conducted via the IES VE and EnergyPro software 

using the reference buildings (RBs) in Spain, Italy and Greece.  

The research output indicates that the dehumidification performance is 

influenced by the heat pipe's internal cooling effect, which is significantly 

improved by reducing the cold water temperature and increasing the cold water 

flow rate. The optimal operating conditions for the complete LDD system have 

been determined. For the dehumidifier in the HP-ICMLDD system, the optimal 

inlet cold water temperature, mass flow rate, solution temperature and solution 

concentration are 18 ℃, 0.017 kg/s, 18℃, 32%, respectively; For the regenerator 

in the system, the optimal solution temperature is 55 ℃ . The correlations of 

thermal, electrical, total 𝐶𝑂𝑃 , air temperature and relative humidity at the 

dehumidifier outlet with the inlet air conditions have been generated using the 

linear regression method. It is found that the ILDAC system 𝐶𝑂𝑃 rises with the 

increasing inlet air temperature and relative humidity.  

By comparing the energy consumption of the residential building without and 

with the ILDAC system in three different locations, the building energy 

consumption is reduced by 77.6%, 74.8% and 78.8% in Barcelona, Rome and 

Methoni, and the corresponding carbon reduction rate is 88.8%,  84.3% and 

76.9%. The ILDAC system could achieve higher 𝐶𝑂𝑃 of 6.41, 8.14 and 7.52 in 

Barcelona, Rome and Methoni, which are significantly higher than those of the 

complete LDD and AWHP systems. The discounted payback period varies 

between 7 and 9 years, with the annual return on investment ranging from 8.40% 

to 11.90%. Moreover, it is appropriate to invest in the ILDAC system in Spain, 

Italy and Greece when the inflation rates fall between -6.80% and 12.20%, -

6.90% and 12.20%, and -5.40% and 8.70%, respectively.  
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Nomenclature 
 

𝐴 surface area (m2) 

𝐴𝐶𝐻 air change per hour (ℎ−1) 

𝐴𝐻 absolute humidity (kg/m3) 

𝐴𝐼𝐿𝑀𝐷𝐷 adjacently internally-cooled plate membrane liquid desiccant 

dehumidifier 

𝐴𝑅𝑂𝐼 annual return on investment (%) 

𝐴𝑊𝐻𝑃 air-water heat pump 

𝑏 molality of electrolyte 

𝐶 concentration (%); constant number 

𝐶𝐴 cellulose acetate 

𝐶𝐻𝑃 conventional heat pipe 

𝐶𝑀𝐷𝑅 coefficient of moisture diffusive resistance 

𝐶𝑁𝑃𝑉 cumulative discounted net present value 

𝐶𝑂𝑃 coefficient of performance 

𝑐𝑝 specific heat capacity (J/kgK) 

𝐶𝑟 thermal capacity (W/K) 

𝐶𝑅𝑅 carbon reduction rate (%) 

𝐷 mass diffusivity (m2/s) 

𝐷𝐸𝐺 diethylene glycol 

𝑑ℎ hydraulic diameter of the fluid channel (m) 

𝐷𝑃𝐺 di-propylene glycol 

𝐷𝑃𝑃 discounted payback period (year) 

𝐸𝑃𝐵𝐷 European performance building directive 

𝐸𝑅𝑅 energy reduction rate (%) 

𝐹𝐼𝑇 feed-in tariff (€) 

𝐹𝑅 heat extraction factor 

(𝑓𝑅𝑒)𝑚 mean Reynolds number 

ℎ convective heat transfer coefficient (W/m2K); operating factor 

𝐻 height of the membrane unit(m) 

ℎ𝑓𝑔 water condensation heat (J/kg) 

𝐻𝑃𝐻𝐸 heat pipe heat exchanger 

𝐻𝑃 − 𝐼𝐶𝑀𝐿𝐷𝐷 heat pipe internally-cooled membrane-based liquid desiccant 

dehumidification 

𝐻𝑋 heat exchanger 

𝐼 ionic strength (mol/kg) 

𝐼𝐻𝑃𝑀𝐶 internally-cooled hexagonal parallel-plate membrane channel 

𝐼𝐼 initial investment (€) 

𝐼𝐿 ionic liquid 

𝐼𝐿𝐷𝐴𝐶 integrated liquid desiccant air-conditioning 

𝐼𝑀𝐿𝐷𝐷 internally-cooled plate membrane liquid desiccant 

dehumidifier 

𝑘 thermal conductivity (W/mK) 
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𝐿 length of the dehumidifier and cooling box (m) 

𝐿𝐴𝑀𝐸𝐸 liquid-to-air membrane-based energy exchanger 

𝐿𝐶𝐸𝐶 lifecycle energy cost (€) 

𝐿𝐷𝐷 liquid desiccant dehumidification 

𝐿𝑖𝐶𝑙 lithium chloride 

𝑚 constant number 

𝑀 molecular weight (kg/mol) 

�̇� mass flow rate (kg/s) 

𝑀𝐹𝑅 moisture flux rate 

𝑀𝑅𝑅 moisture removal rate (kg/s) 

𝑁𝑃𝑉 net present value 

𝑁𝑇𝑅𝐿 non-random two-liquid 

𝑁𝑇𝑈 number of heat transfer units 

𝑁𝑇𝑈𝑚 number of mass transfer units 

𝑁𝑇𝑈𝑤 number of heat transfer units of water 

𝑁𝑢 Nusselt number 

𝑂𝐻𝑃 oscillating heat pipe 

𝑃 pressure (Pa) 

𝑝 price (€) 

𝑃𝑒 Peclet number 

𝑃𝐸𝑆 polyethersulfone 

𝑃𝐺 propylene glycol 

𝑃 − 𝐻 pressure-enthalpy 

𝑃𝐻𝐸 plate heat exchanger 

𝑃𝑟 Prandtl number 

𝑃𝑟𝑠 Prandtl number calculated by the heat pipe surface temperature 

𝑃𝑉 photovoltaics 

𝑃𝑉𝐴 polyvinylalcohol 

𝑃𝑉 − 𝐶𝐷𝐼 photovoltaics-capacitive deionization 

𝑃𝑉 − 𝐸𝐷 photovoltaics-electrodialysis 

𝑃𝑉𝑇 photovoltaics-thermal 

𝑄 energy power (kW); volumetric flow rate (m3/s) 

𝑄𝐶𝑃𝑀𝐶𝐶 quasi-counter flow parallel-plate membrane channels with 

cooling tubes 

𝑄𝐹𝑃𝑀𝐶 quasi-counter flow parallel-plate membrane contactor 

𝑟 heat pipe radius (m) 

𝑅 thermal resistance (m2K/W); bank interest rate (%) 

𝑅𝐵 reference building 

𝑅𝑑 discount rate (%) 

𝑅𝑒 Reynolds number 

𝑅𝐻 relative humidity (%) 

𝑅𝑖 inflation rate (%) 

𝑅𝑂𝐼 return on investment (%) 

𝑅𝑟 real discount rate (%) 

𝑅𝑅𝑂𝑅 real rate of return (%) 

𝑆𝑐 Schmidt number 
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𝑆𝐸𝑀 scanning electron micrograph 

𝑆ℎ Sherwood number 

𝑇 temperature (℃) 

𝑇𝐷𝑅 temperature decrease rate 

𝑇𝐸𝐺 triethylene glycol 

𝑇𝐻 solar thermal 

𝑇𝑃𝐶𝑇 two-phase closed thermosyphon 

𝑇 − 𝑆 temperature-entropy 

𝑈 the overall heat transfer coefficient (W/m2K) 

𝑢 mean fluid velocity (m/s) 

𝑈𝐴𝑅𝑆 ultrasonic atomization liquid desiccant 

dehumidification/regeneration 

𝑈𝑚 the overall mass transfer coefficient (kg/m2s) 

𝑈𝑥 variable uncertainty of measurement 

𝑈𝑦 variable uncertainty 

𝑊 humidity ratio (kg/kgdryair); power consumption (kW); width 

(m) 

𝑥𝑖 variable of measurement 

𝑋𝑠𝑜𝑙 solution mass fraction (%) 

𝑍 valence of electrolyte 

Greek letters 

𝜌 density (kg/m3) 

𝛿 thickness (m) 

휀 effectiveness 

𝜐 kinematic viscosity (m2/s) 

𝛼 fluid thermal diffusivity (m2/s); constant number 

𝛾 cooling box-to-dehumidifier height ratio 

𝜒 closest approach parameter of the Pitzer-Debye-Huckel 

equation 

𝜂 efficiency 

𝜎 energy consumption (kWh/m2) 

𝜆 carbon emission (kgCO2/m
2) 

𝜙 initial investment (€) 

Subscripts 

𝑎𝑖𝑟 air flow 

𝑎𝑡𝑚 atmosphere 

𝑐 cold fluid 

𝐶 cooling coil; cooling 

𝑐𝑏 cooling box 

𝑑 duct 

𝑑𝑒ℎ dehumidifier 

𝑑𝑒𝑠𝑖 desiccant 

𝑒𝑙𝑒 electrical 

𝑒𝑥𝑝 experimental 

𝑒𝑥𝑝𝑜𝑟𝑡𝑒𝑑 PVT exported electricity to the grid (kWh) 
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𝑓𝑎𝑛 fan 

𝑓𝑙𝑜𝑎𝑡 float state 

𝑔𝑎𝑠 natural gas 

𝑔𝑟𝑖𝑑 − 𝑒𝑙𝑒 grid electricity 

ℎ hot fluid 

𝐻 heating 

ℎ𝑝 heat pipe 

ℎ𝑝, 𝑎 heat pipe adiabatic section 

ℎ𝑝, 𝑐 heat pipe condenser section 

ℎ𝑝, 𝑒 heat pipe evaporator section 

𝑖𝑐 internal cooling 

𝑖𝑛 inlet 

𝑙𝑎𝑡 latent 

𝑙𝑜 lower 

𝑚𝑎𝑥 maximum 

𝑚𝑒𝑚 membrane 

𝑚𝑖𝑛 minimum 

𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 moisture of mass transfer 

𝑛𝑢𝑚 numerical 

𝑜𝑢𝑡 outlet 

𝑝𝑢𝑚𝑝 pump 

𝑟𝑒𝑔 regenerator 

𝑠 solvent 

𝑠𝑒𝑛 sensible 

𝑠𝑜𝑙 solution flow 

𝑡ℎ thermal 

𝑡𝑜𝑡 total 

𝑢𝑝𝑝𝑒𝑟 upper 

𝑤 water flow 

Superscripts 

∗ dimensionless 
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Chapter 1 Introduction 

Chapter 1 is structured in the following sections: section 1.1 gives a brief 

introduction to the background of this research; section 1.2 states the existing 

research gaps of the liquid desiccant dehumidification systems; section 1.3 

provides with aims and objectives of this research; section 1.4 presents the 

research novelties; section 1.5 clarifies the detailed research methodology, and 

section 1.6 summarises the thesis structure with the thesis structure flowchart. 

1.1 Research background 
Buildings consume around 40% of primary energy in the European Union [1], 

among them, 26% is used for air-conditioning [2]. Moreover, global warming 

has led to an average increase rate of 4% in space cooling demand since 2000, 

resulting in more energy requirements to maintain occupants’ comfort level [3].  

In the European Union (EU-28), while residential space cooling currently forms 

a minor share of sectoral final energy use (0.6% in 2015), it was the fastest-

growing household end-use during 2000-2015, recording an average 

consumption growth rate of 6.3% per year [4], as shown in Fig 1-1. 

 

Fig 1-1 The average consumption growth rate in EU-28 countries [4] 

https://www.sciencedirect.com/topics/engineering/sectoral
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Residential air-conditioning also has enormous future growth potential in the 

EU-28 as less than 10% of household floor area is currently cooled [5]. Since 

space cooling in EU-28 households is usually supplied through electric room air-

conditioners (RACs [6]), the expected growth of residential AC markets across 

Europe will intensify pressure on national electricity sectors [7]. This translates 

into a need for additional off-site PV or wind electricity generation and more 

energy-efficient cooling systems, as well as humidity issues which are already 

evident in Mediterranean EU-28 countries [8].  

Even evaluating only the warmest countries in Europe, cooling consumption is 

still considerably lower than heating. This is not because buildings are in good 

condition (35% of the buildings are older than 50 years, and more than 75% are 

considered inefficient [9]) but the general standards of comfort are not met in 

most dwellings. This is the case in hidden energy poverty, where households 

cannot guarantee comfort during the summer season. In addition, climate change 

has led to a 1.5-2 °C increase in global temperature compared to a pre-industrial 

scenario [10], making climates more extreme and endangering the most 

disadvantaged groups, particularly in cities where the “urban heat island” effect 

is added. Combined with only 0.4–1.2% of buildings being renovated yearly, 

these phenomena create a challenging problem that worsens yearly [10].  

ASHRAE standard 55–2017 [11] states that 40%–60% of relative humidity must 

be maintained to meet human comfort requirements. With a traditional air-

conditioner, the sensible heat can be removed successfully with dew-point 

cooling coils, however, latent heat removal brings the challenge to it [12]. 

Dehumidification using the cooling coils is the most common approach to 

removing the ambient air's excessive moisture content, consuming up to 50% of 
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total energy consumption [13, 14] with relative humidity and temperature at 70% 

and 30 °C or above [15]. Applying the dew-point cooling coils requires low-

temperature cooling sources of approximately 5–10 °C, however, it could bring 

forward overcooling and reheating issues to the suppliers, leading to comfort 

cautions [16, 17] and low-energy efficiency [18, 19] simultaneously. Hence, 

adopting high-efficient dehumidification solutions for air-conditioning energy 

savings in hot and humid regions is urgent.  

In addition, people spend around 90% of their time indoors [20]. Thus, the 

thermal comfort and health of humans can be considerably influenced by interior 

environmental characteristics such as temperature, humidity level, and air 

quality [21]. As a result of poor indoor air quality, it is stated that the productivity 

of office workers could fall by 6 to 9% [22]. 

Hence, improving air dehumidification efficiency plays a crucial role in the 

space cooling system [23, 12]. Conventionally, the dehumidification process of 

the air is accomplished by cooling the air below the dew point temperature to 

lower the moisture content in the cooling coil system. However, the overcooled 

air must be re-heated before being provided to the conditioned areas, which 

increases energy consumption [24-26].  

In recent years, liquid desiccant dehumidification (𝐿𝐷𝐷 ) has emerged as an 

efficient approach for air humidity control in the air conditioning process, which 

could deal with the latent load with desiccant absorption, regarded as an energy-

saving and environmental-friendly alternative, where the 𝐿𝐷𝐷 has the advantage 

of feasibility, highly efficient, cost-effective and has no liquid water 

condensation problem. The system can be regenerated by low-grade energy, such 
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as solar energy, and the regenerated solution can be used as an energy storage 

medium [27]. Typically, a liquid desiccant dehumidifier is used in conjunction 

with a sensible cooler to lower its temperature. Moreover, it could significantly 

increase the Coefficient of Performance (COP) of the combined refrigeration 

system with a vapour compression chiller [28], and it utilises liquid desiccant 

solution to absorb moisture from process air to reduce the latent cooling load.  

Therefore, in order to solve the above-mentioned cooling and dehumidification 

issues in Mediterranean EU countries, it is urgent to adopt more energy-efficient 

cooling systems and integrate them with renewable technologies to supply 

building space cooling demand in Mediterranean EU countries. 

1.2 Statement of the problems 
Among different LDD structures, previous research focused on membrane-based 

liquid desiccant dehumidification systems to prevent carry-over issues [29], 

created by combining semi-permeable membranes with liquid desiccant 

dehumidification systems. Besides, the 𝐿𝐷𝐷 can be classified as the adiabatic 

and internally-cooled types [30]. In the adiabatic type, the condensation heat 

generated increases the solution temperature during the water vapour absorbing 

process, which would largely deteriorate the dehumidification performances, as 

proved in literatures [31] [32] [33]. By contrast, the internally-cooled type is 

more energy-efficient than the adiabatic type, regarding 1) improving the 

dehumidification effectiveness [34], 2) enhancing the air cooling performance 

due to the solution temperature drop [35], and 3) reducing the circulating 

solution flow rate and pump power [30]. Experimental and numerical modelling 

analyses have been carried out on different internally-cooled dehumidifier types 

in the previous research [36-38].  
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However, although internal cooling methods are adopted by the traditional 

packed tower dehumidifier, the heat and mass transfer ability do not increase 

significantly compared with the internal cooling methods for flat-membrane 

dehumidifiers. Therefore, the internally-cooled flat membrane dehumidifier with 

higher heat transfer density and compactness should be focused on to enhance 

the heat and mass transfer performance. Using cooling channels adjacent to 

solution channels and cooling tubes within solution channels are two cooling 

approaches applicable to the internally-cooled type, both of which are simple to 

fabricate due to their simple structure. According to the aforementioned 

literature, even though the traditionally packed tower dehumidifier uses internal 

cooling methods, the heat and mass transfer capabilities do not increase 

significantly compared to the internal cooling methods for flat membrane 

dehumidifiers. The flat membrane dehumidifier with increased heat transfer 

density and compactness should be prioritised to improve the heat and mass 

transfer performance. 

As a highly efficient heat recovery device, heat pipe heat exchanger (𝐻𝑃𝐻𝐸) has 

been widely employed in air conditioning and conventional cooling-based 

dehumidification systems. Studies show excellent performance in enhancing the 

energy efficiency in cooling-based dehumidification systems [39-42]. Long life 

and little required maintenance are inherent with heat pipes due to simplifying 

the design and construction of strong and durable materials without moving 

components [43]. However, few studies investigated the heat pipe internal 

cooling method in the membrane-based liquid desiccant dehumidification 

system. Besides, there is a lack of modelling of heat pipe internal cooling 
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application in the dehumidifier, as well as comprehensive parametric analysis of 

the operation control with the heat pipe internal cooling method. 

Most research focused on theoretical and experimental studies, however, few 

studies investigated the operating energy performances in real building 

applications. In literature [26] [44] [45], the authors have applied the desiccant 

cooling and dehumidification system in real buildings with dynamic input air 

conditions where the system’s 𝐶𝑂𝑃  is calculated under complex modelling 

methods. Without simplified 𝐶𝑂𝑃  correlations, the calculation results are 

irreplicable for practical implications in other retrofit projects. Besides, it is 

figured out that the system 𝐶𝑂𝑃 correlations are crucial for rapid and accurate 

post-retrofit building energy performance prediction considering the ambient 

conditions, especially in combinations with different building retrofit 

technologies, which have been proved by [39, 46-48]. 

In conclusion, several limitations exist in previous research regarding the 

internal cooling methods in membrane-based liquid desiccant dehumidification 

systems and their related building applications, which can be summarized in the 

following perspectives: 

1) Lack of the heat pipe internal cooling method in the liquid desiccant 

dehumidification system; 

2) Lack of system performance analysis of the heat pipe internally-cooled 

membraned-based liquid desiccant dehumidification system under various inlet 

and operating conditions; 

3) Lack of correlations of system thermal and electrical 𝐶𝑂𝑃  and supply air 

temperature/relative humidity with variations of inlet air conditions; 
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4) Limited effort has been made to investigate the building energy performance 

in real buildings with a liquid desiccant dehumidification system under 

subtropical and humid Mediterranean climate conditions. 

1.3 Research aim and objectives 
Based on research background and current challenges, this PhD research aims at 

investigating a heat pipe internally-cooled liquid membrane-based desiccant 

dehumidification (HP-ICMLDD) system for multi-family terraced houses in 

subtropical and humid Mediterranean climate regions, which will be integrated 

with the air-water heat pump (AWHP), photovoltaics-thermal (PVT), and hot 

water storage systems as an integrated liquid desiccant air-conditioning 

(ILDAC) system.  

In achieving this aim, several specific objectives have been carried out as below: 

1) Evaluating the literature review on the liquid desiccant dehumidification 

system to give a comprehensive background and highlight the research gaps in 

the internal cooling structures, materials, modelling methods, effectiveness and 

energy performances of the membrane-based liquid desiccant dehumidification 

system; 

2) Experimental analysis, validation and  performance evaluation of the 

dehumidifier, regenerator and complete LDD systems under various conditions 

based on the experimental results; 

3) Parametric analysis and optimization of the system operation strategy based 

on the thermal and energy efficiency of the complete LDD system; 
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4) Evaluating the energy, carbon and economic performances of the ILDAC 

system applied in three reference buildings under subtropical and humid 

Mediterranean climate regions. 

1.4 Research novelties 
The research novelties of this PhD study are: 

1) Evaluating the performance of a heat pipe internally-cooled membraned-

based liquid desiccant dehumidification system under various operation 

conditions and revealing the impact of cooling water temperature and flow rate 

on dehumidification effectiveness; 

2) The system operation strategy is optimized based on the parametric analysis 

of the thermal and energy efficiency for the complete LDD system; 

3) Deriving the thermal and electrical 𝐶𝑂𝑃 correlations of the complete LDD 

system, as well as the inlet and outlet air temperature and humidity correlations; 

4) Simulating and assessing the energy, carbon and economic performances of 

the ILDAC system under subtropical and humid Mediterranean climate regions. 

1.5 Research methodology 
In this thesis, the methodology is mainly based on the following stages: 

1) Background investigation and literature review: The increasingly building 

cooling and dehumidification demand due to climate change and the challenges 

of existing cooling and dehumidification systems have been studied and 

compared. Besides, the building overheating issue in subtropical and humid 

Mediterranean climate regions has been discussed with the proposed research 

gaps and solution methods; 
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2) Model establishing and experimental validation: A complete liquid 

desiccant dehumidification (LDD) system is established by integrating the 

dehumidifier and regenerator, combining the heat pipe internal cooling method 

with the membrane-based liquid desiccant dehumidification and regeneration 

process. Moreover, the ILDAC system simulation model is established via the 

IES VE and EnergyPro software; 

3) Performance evaluation of the complete LDD system: The system 

effectiveness and energy performances of the dehumidifier, regenerator and 

complete LDD systems are evaluated under different parametric analyses. 

Besides, the optimal operating conditions of the complete LDD system are 

discussed with the derived thermal and electrical 𝐶𝑂𝑃 correlations and the inlet 

and outlet air temperature and humidity correlations; 

4) Techno-economic analysis of the ILDAC system in reference buildings: 

The energy, carbon and economic performances of the ILDAC system are 

analysed in Spain, Italy and Greece reference buildings under subtropical and 

humid Mediterranean climate conditions. Meanwhile, sensitivity analyses are 

carried out under different economic parameters. 

1.6 Thesis structure 
This thesis is mainly organized into seven chapters and seven additional 

appendices to address the thesis aim and objectives, with the thesis structure 

flowchart presented in Fig 1-2: 

Chapter 1 concisely introduces the thesis by outlining the research background, 

problem statement, aim and objectives, research novelties, research 

methodology and thesis structure; 



10 

 

Chapter 2 provides an in-depth systematic evaluation of the available literature 

on liquid desiccant dehumidification system-related technologies and internal 

cooling methods. The research gaps between published literatures and ongoing 

research are identified in this chapter; 

Chapter 3 presents the experimental method for a heat pipe membrane-based 

liquid desiccant dehumidifier (HP-ICMLDD), membrane-based regenerator, 

complete liquid desiccant dehumidification (LDD) and the modelling of 

integrated liquid desiccant air-conditioning (ILDAC) systems; 

Chapter 4 introduces the experimental set-up for the HP-ICMLDD, membrane-

based regenerator and the complete LDD system, including the physical 

properties of the membrane, the air, desiccant solution and water transportation 

properties, the specifications of the experimental equipment and the primary 

measurement instruments with their corresponding accuracies; 

Chapter 5 investigates the effectiveness and energy performances of the HP-

ICMLDD, membrane-based regenerator and complete LDD systems under 

various inlet and operation conditions. Moreover, the system's optimal operating 

conditions are determined with the derived correlations of thermal and electrical 

𝐶𝑂𝑃 and the inlet and outlet air temperature and humidity; 

Chapter 6 evaluates the application of the ILDAC system in multi-family 

terraced houses in subtropical and humid Mediterranean climate regions with 

three reference building models in Spain, Italy and Greece. The building energy, 

carbon and economic performances applying the ILDAC system are discussed. 

The sensitivity analysis is carried out under different economic parameters (bank 
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interest rate, inflation rate and imported grid electricity and exported PV 

electricity tariff increasing rates); 

Chapter 7 concludes the thesis by providing a summary of the principal 

conclusions and recommendations for future research. 

Last but not least, the Appendices contain supplemental information such as the 

example calculations for components/system performance from original input 

data to final indicators, the reference building specifications and sensitivity 

analysis results. 
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                               Fig 1-2 Thesis structure flowchart 
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Chapter 2 Literature Review 

2.1 Introduction 
This chapter provides a thorough literature evaluation of technologies linked to 

the liquid desiccant dehumidification system. The following subjects have been 

extensively discussed in critical literature: 

Dehumidifier in section 2.2, including direct contact and membrane-based type, 

which are further categorised into hollow-fibre type, the adiabatic and internally-

cooled membrane-based dehumidifier; 

Regenerator in section 2.3, including direct contact and membrane-based type; 

Materials of liquid desiccant and membranes in section 2.4; 

Reviews of the heat pipe in section 2.5, including its structure, types and 

practical application in liquid desiccant dehumidification systems; 

The different mathematical methods for the numerical modelling in section 2.6; 

The applications of liquid desiccant dehumidification system in section 2.7; 

The main findings and identified research gaps from the literature review are in 

section 2.8. 

The objectives of the literature review are as follows: 1) to offer a full overview 

and evaluation of currently available literature on the issue; 2) to outline the 

research methodology; and 3) to identify the research gaps between published 

literatures and current research. To achieve these objectives, exhaustive reviews 

are conducted from various disciplines, including the components of the total 

liquid desiccant dehumidification system, the materials used for liquid desiccant 

and membrane, and the various mathematical methods developed for numerical 
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modelling. A concise description of the key results and research gaps between 

previous studies and the current study is presented in section 2.8. 

2.2 Dehumidifier 
In a liquid desiccant dehumidification system, the dehumidifier is the most 

important component. Liquid desiccant absorbs water vapour from humid air in 

the dehumidifier. Therefore, the literature review begins with the various types 

of dehumidifiers. In general, they can be separated into two distinct categories: 

direct contact and membrane-based. 

2.2.1 The direct-contact type dehumidifier 
In conventional liquid desiccant dehumidification systems, packed 

beds/columns are commonly used as dehumidifiers for heat and mass transfer. 

There are two primary varieties of direct contact dehumidifiers: adiabatic and 

internally cooled. The distinction between these types is whether the liquid 

desiccant's internal heat source is cooled within the dehumidifier. The adiabatic 

and internally-cooled dehumidifiers will be discussed in sections 2.2.1.1 and 

2.2.1.2, respectively, where the latter will be emphasized and discussed 

thoroughly.  

2.2.1.1 The adiabatic dehumidifier 

Dehumidifiers of the adiabatic type are widely utilised in industrial and 

residential applications due to the following benefits: 

1) Typically, the contact area between air and liquid desiccant is very large, 

resulting in relatively efficient heat and moisture transfer [49]. 

2) The geometry of the adiabatic dehumidifier is typically simple, resulting in 

generally low maintenance requirements [49]. 
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Due to the lack of additional cooling for the liquid desiccant, during the 

dehumidification process in the dehumidifier, the temperature of the liquid 

desiccant would increase due to the release of latent heat, which would have a 

negative impact on the dehumidifier's performance. Moisture and temperature 

control of the processed air is consequently compromised. In addition, adiabatic 

dehumidifiers have the disadvantage of imposing a large pressure drop on the 

dehumidified air [49]. Moreover, the condensation heat generated in the solution 

side will make the solution temperature be increased during the water vapour 

absorbing process that transferred from the air across the membranes into the 

solution, which would largely deteriorate the dehumidification performances, as 

proven by literatures (Abdel-Salam et al. [31], Woods et al. [32], and Huang et 

al. [33]). 

The structure of the adiabatic dehumidifier can be classified into spray tower and 

packed beds/columns types. In the spray tower type, the nozzle in the spray 

chamber breaks the liquid desiccant into small droplets, thereby increasing the 

contact area between air and liquid desiccant. The benefits of this type are its 

simple geometry and relatively low air pressure drop. However, its 

dehumidification efficiency is low, and the pressure drop on the solution side is 

significant [50]. Moreover, the spray tower types have been designed with finned 

coils, flat plate heat exchangers, and heat pipes to provide simultaneous cooling 

[51, 52]. The most common types of adiabatic direct contact dehumidifiers are 

packed beds/columns. They have numerous benefits, including high 

compactness, a large liquid-air contact area, a long liquid-air contact air, and 

high dehumidification effectiveness [50]. 
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Numerous studies on packed beds and packed columns have been conducted. 

Zurigat et al. [53] conducted an experiment to determine the effectiveness of an 

air dehumidifier containing triethylene glycol (TEG) as a desiccant. Applying a 

packed bed column (dehumidifier) with a low packing density (77m2/m3) 

allowed for direct contact between the air and the TEG. Wood and aluminium 

are both utilised as structural packaging materials. The effectiveness of the 

column was found to be enhanced by increasing the TEG mass flow rate and 

TEG inlet temperature for both wood and aluminium packings. Babakhani and 

Soleymani et al. [54] proposed an analytical solution for air dehumidification by 

liquid desiccant in an adiabatic packed column based on a constant equilibrium 

humidity level at the interface. They compared their analytical solution to 

experimental data and found a high level of concordance. Factor and Grossman 

[55] used a randomly packed bed with liquid desiccant for solar air conditioning 

with a theoretical model developed to predict the performance of packed beds. 

They discovered that the packed bed performs well as a dehumidifier and that 

pressure drop can be reduced by using suitable packing. Patnaik. et al. [56] 

conducted experimental research on a solar open-cycle liquid desiccant 

dehumidification system employing a randomly packed column as the 

dehumidifier. The dehumidifier achieved a total cooling capacity of 3.5-14.0 kW 

(1.0-4.0 refrigeration tonnes). For randomly packed types, however, the required 

desiccant solution mass flow rate for good wetting and air side pressure drop is 

typically quite high. Elsarrag [57] utilised a packed column dehumidifier for the 

liquid desiccant dehumidification system. They noted that structured packed 

columns represent the most recent advancement in high efficiency and high 

packing capacity for heat and moisture transfer in comparison to randomly 
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packed columns. Additionally, they developed two mass transfer correlations for 

normal and high solution flows and predicted the mass transfer coefficient to be 

within 15%. Pietruschka et al. [58] used structured packed columns to present a 

new liquid desiccant dehumidification system for residential mechanical 

ventilation systems. A system-specific theoretical model was developed and 

compared to experimental data. According to their findings, the system can 

provide inlet air conditions with a temperature below 20 ℃ under the summer 

design conditions of 32 ℃ and 40% air relative humidity and generate a total of 

886 W of cooling power when the air volume flow rate is 200 m3/h.  

In conclusion, all research on adiabatic type direct contact dehumidifiers focused 

primarily on structure optimization. In reality, the performance improvement is 

limited by the solution temperature increase of the dehumidifier caused by the 

latent heat release during the dehumidification process. A dehumidifier of the 

internally cooled type is an alternative to the adiabatic type, which will be 

discussed in the following section. 

2.2.1.2 The internally-cooled dehumidifier 

By contrast, the internally-cooled type is more energy-efficient than the adiabatic 

type, regarding 1) improving the dehumidification effectiveness [34], 2) 

enhancing the air cooling performance due to the solution temperature drop [35], 

and 3) reducing the circulating solution flow rate and pump power [30]. 

Experimental and numerical modelling analyses have been carried out on 

different internally-cooled dehumidifier types in the previous research [36-38]. 

Unlike the adiabatic type, the internally cooled type employs a cooling coil in 

the liquid side to remove the latent heat produced during dehumidification. The 

most important unit for this type is the cooling pipes installed in the liquid 
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desiccant; they must be kept strictly separate from the liquid desiccant. The 

structure of the dehumidifier unit is the focal point of this type. The internally-

cooled dehumidifiers can be classified into two types: 1) packed tower with 

cooling tubes [30] [59],  2) parallel-plate dehumidifier [60, 38] and 3) fin-coil 

dehumidifier [61, 62].  The internally-cooled packed tower dehumidifier is 

widely used with finned tubes,  Liu et al. [63] adopted an analytic solution to 

study the heat and mass transfer process in an internally cooled liquid desiccant 

dehumidifier using refrigerant as the cooling medium and found that the 

efficiency of the device is primarily influenced by three inlet parameters 

(dimensionless air enthalpy, dimensionless air humidity ratios, dimensionless 

solution humidity ratios), one operating parameter (thermal capacity ratio 𝑚∗), 

and two device parameters (mass transfer numbers of unit 𝑁𝑇𝑈𝑚  and 

dimensionless transfer area ratio 𝑁𝑇𝑈𝑅). Similarly, Li et al. [64] investigated the 

internal cooling effect with cooling tubes in the liquid desiccant solution 

channel, where the cold water flows through the cooling tubes and cools the 

desiccant solution during the dehumidification process. The moisture removal 

rate and sensible and total cooling capacity gradually increase slowly with the 

mass flow ratio of cooling water to the air from 1 to 5. Besides, in such a 

dehumidifier, air flow and solution flow can be arranged as cross flow, parallel 

flow, or counter flow. A layer of exterior insulation is applied to the dehumidifier 

to prevent external heat gain. Both cold water and refrigerant are investigated as 

cooling mediums of the packed tower with finned tubes, where the solution heat 

is removed in sensible and latent heat, respectively. The packed-bed with cooling 

coils is the most common type of dehumidifier with both water and refrigerants 

as the cooling medium, which has been investigated in many types of research. 
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Fig 2-1 depicts a typical packed column with a cooling pipe in which embedded 

cooling coils remove latent heat [65, 66]. 

 

 Fig 2-1 Schematic diagram of a packed column with cooling pipe dehumidifier 

[65, 66] 

Bansal et al. [67] studied an internally cooled structured packed-bed 

dehumidifier that employs rigid media pads with cooling water flowing through 

tubes embedded in the packing. LiCl was utilised as the liquid desiccant, which 

flows by gravity, whereas air flows in a cross-flow configuration. Comparing the 

moisture removal rate and dehumidifier effectiveness of an adiabatic 

dehumidifier and an internally cooled dehumidifier, they discovered that the 

maximum effectiveness of an internally cooled dehumidifier ranges from 0.55 

to 0.71, whereas it ranges from 0.38 to 0.55 for an adiabatic dehumidifier. 

The parallel-plate structure is the second type of dehumidifier with internal 

cooling. Yin et al. [68] conducted experiments on an internally cooled parallel-

plate type dehumidifier, as depicted in Fig 2-2. 



20 

 

 

Fig 2-2 Schematic of parallel-plate internally cooled dehumidifier [68] 

The desiccant solution is sprayed from the top of the dehumidifier to the bottom, 

driven by gravity, while humid air is blown from the bottom of the dehumidifier 

in a counter-flow configuration. Inside the plate, cooling water is pumped 

through cooling pipes to remove phase change heat. It is concluded that the 

desiccant with the lowest temperature possesses a greater mass transfer 

coefficient. As a result, a desiccant with a lower temperature and a desiccant with 

an internal cooling system can provide a more effective dehumidification effect. 

Kessling et al. [69] developed and experimentally tested a dehumidifier with an 

internally cool plastic plate structure. The plate is 0.46m tall, 0.98m wide, and 

5.5mm thick. The distance between adjacent parallel plates in this dehumidifier 

is 5.5mm, and the plate's heat transfer coefficient is approximately 170 W/m2K. 

In horizontal channels within the double plates, cooling water was circulated. A 

numerical model was created to simulate the performance of a dehumidifier, and 

a good agreement between numerical and experimental results was achieved. 

Due to the relatively small thickness of the plate, the dehumidifier demonstrated 

satisfactory heat transfer between liquid desiccant and cooling water, and the 
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dehumidification performance was satisfactory even with a low desiccant flow 

rate. Yoon et al. [70] created a new internally water-cooled vertical plate 

absorber. In their design, the spaces between vertical plates were uniform. Liquid 

desiccant flows under the influence of gravity down each vertical plate along 

both sides, and the solution in the falling film can be cooled by water flowing in 

a counter-flow configuration. They also developed a numerical model for 

analysis, and the results demonstrated effective dehumidification because the 

latent heat released in the solution channel can be effectively removed by cooling 

water in an adjacent channel.  

Fin-coil dehumidifiers are another internally cooled dehumidifier in which 

cooling water flows within the coil to cool the liquid desiccant that flows from 

the top of the unit. The air can then be blown either from the front or the bottom 

of the fin coil. Liu et al. [27] experimentally examined a thermoconductive 

plastic fin-coil dehumidifier with an internal cooling system. Their dehumidifier 

is an eight-row heat exchanger with eight parallel channels in each row. As a 

result of the installation of tubes with fins in the dehumidifier to increase the 

unit's contact area, the moisture transfer between solution and air is significantly 

enhanced. The cooling water from a water separator enters the dehumidifier from 

the bottom and is collected at the top of the unit. Experimental and simulation 

analyses concluded that the moisture removal rate 𝑚𝑤  increases with the 

solution flow rate, indicating that an increase in the solution flow rate would 

significantly increase the heat and mass transfer coefficient. Zhang et al. [71] 

designed a dehumidifier with stainless steel fins to enhance the heat and mass 

transfer coefficients by increasing the contact area. The fin is 0.127 mm thick, 
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and the distance between adjacent fins is 2.2 mm. Fig 2-3 is a diagrammatic 

representation of a dehumidifier of this type. 

 

Fig 2-3 Schematic diagram of fin-coil type internally cooled dehumidifier [71] 

The dehumidifier has eight rows with 22 cooling water channels per row. The 

distance between the centres of two adjacent pipes measures 25.4 mm. The 

lithium bromide was used as a liquid desiccant to conduct experiments under 

various conditions. For the prediction of this dehumidifier, an experimentally 

validated numerical model was used. According to their findings, the system 

coefficient of performance (𝐶𝑂𝑃) ranges between 4.2 and 6.5, and it increases 

as the processed air's relative humidity decreases. Furthermore, Liu et al. 

conducted [60] detailed quantitative comparisons of three common types of 

internally-cooled direct contact dehumidifiers (packed column, parallel plate, 

and fin-coil). Among the three types, the packed column with internal cooling 

tubes performed most similarly to an adiabatic type, and its dehumidification 

effect was inferior to those of the other two types. In contrast, the performance 

of the fin-coil type dehumidifier is superior under a variety of inlet conditions. 

The primary distinction between these three types is their ability to transfer mass; 
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therefore, more effort should be devoted to enhancing the mass transfer between 

air and desiccant solution. 

In conclusion, internally-cooled dehumidifiers are more energy-efficient than 

adiabatic dehumidifiers, as they can improve the dehumidification effectiveness, 

enhance the air cooling performance due to the solution temperature drop, and 

reduce the circulating solution flow rate and pump power. In previous research, 

experimental and numerical modelling analyses have been carried out on 

different internally-cooled dehumidifier types to optimize their performance. 

2.2.2 The membrane-based type dehumidifier 
Concerning the structure of membranes, such types of dehumidifiers can be 

further divided into adiabatic and internally-cooled membrane-based 

dehumidifiers, with hollow-fibre and flat-membrane types. The hollow-fibre 

type is normally formed by layers of flat membranes being stacked together in a 

plastic shell. In the hollow-fibre type dehumidifier, the solution flows inside 

numerous hollow fibre tubes, and air flows in the shell side, similar to a tube-

and-shell heat exchanger. They are contained within a rectangular or circular 

shell to create a complete hollow-fibre dehumidifier. As its name implies, flat-

plate dehumidifiers typically comprise stacked layers of flat membranes and lack 

internal cooling sources. Differ from the adiabatic membrane-based 

dehumidifiers, more attention has been paid to investigating the internal cooling 

solutions for flat plate membrane-based heat and mass transfer, which could be 

divided into two types: 1) adjacent plate to the solution channel and 2) cooling 

tubes inside the solution channels. The adiabatic and internally-cooled 

membraned-based dehumidifiers will be discussed in sections 2.2.2.1 and 

2.2.2.2, respectively. 
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2.2.2.1 The adiabatic membrane-based dehumidifiers 

The adiabatic membrane-based dehumidifiers mainly contain two types 

regarding their different structures, where the first one is the flat-plate type, and 

the other is the hollow-fibre type.  

Flat-plate type: 

The flat-plate dehumidifier has numerous benefits. Firstly, the pressure losses in 

the solution and air channels are relatively low, necessitating less pump or fan 

power. Secondly, the structure of the flat-plate type is straightforward, which 

facilitates the construction and maintenance of the system [49]. Operating a 

system with a flat-plate dehumidifier is more dependable, and sealing desiccant 

solution is significantly simpler for flat-plate structures than other structures [72, 

73]. As depicted in Fig 2-4, Zhang et al. [74] developed a cross-flow enthalpy 

exchanger, where the intake air and exhaust air flow in two adjacent channels in 

a cross-flow configuration with a membrane thickness of 100 𝜇 m. The CFD 

modelling was used to calculate the fully developed Nusselt number 𝑁𝑢𝐶  and 

the Nusselt number under uniform heat flux boundary condition 𝑁𝑢𝐻, where the 

former is generally found to be less than that of the latter one, and 𝑁𝑢𝐶  is greater 

than the Nusselt number under the constant temperature boundary condition 

𝑁𝑢𝑇 for large aspect ratios but 37% less than 𝑁𝑢𝑇 for small aspect ratios. 
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Fig 2-4 Schematic diagram of flat-plate air-to-air heat and mass exchanger [74] 

Niu and Zhang [75] numerically investigated the effects of dimensionless 

parameters, membrane material, and moisture resistance clarification. According 

to their research, the membrane material with a linear sorption curve performed 

better than other materials. A new Coefficient of Moisture Diffusive Resistance 

(CMDR) was introduced to improve the performance prediction of the enthalpy 

exchanger. Abdel-Salam et al. [76] investigated the performance of a counter-

flow membrane liquid desiccant air-conditioning system through 

experimentation. The dehumidifier unit has a height of 1 m, a length of 2 m, and 

a total of 250 solution channels. Each solution channel has a thickness of 3.17 

mm, while the air channel has a thickness of 6.35 mm. The membrane is 

composed of polyethylene and has a thickness of 0.54 mm. They evaluated the 

effects of various parameters, such as the number of heat transfer units 𝑁𝑇𝑈, 

solution inlet temperature, and thermal capacity ratio 𝐶𝑟∗ , to investigate the 

system's performance experimentally. The results indicated that the solution inlet 

temperature should be set between 15 ℃ and 20 ℃ for optimal dehumidification 

performance. The ideal 𝑁𝑇𝑈 and 𝐶𝑟∗ values are 5-10 and 3-5, respectively. Fan 

et al. [77] invented a cross-flow plate heat and mass exchanger in which the 

solution and air flow are arranged in a cross-flow configuration. A two-



26 

 

dimensional steady-state numerical model was utilised to simulate heat and mass 

transfer in a dehumidification system employing LiCl as a liquid desiccant. It 

has been demonstrated that up to 70% of overall effectiveness can be attained if 

the correct dehumidifier size and operating conditions are chosen. Besides, the 

mathematical model for a cross-flow membrane enthalpy exchanger was 

developed by Min and Su [78], and the effects of membrane parameters on the 

effectiveness of the exchanger were investigated. Due to the fact that membrane 

resistance accounts for a small portion of total resistance, their findings 

demonstrate that membrane parameters have little effect on sensible 

effectiveness. In the meantime, the latent effectiveness varies significantly more 

with membrane parameters as the membrane's resistance to moisture decreases 

dramatically. Namvar et al. [79] compared the steady-state and transient 

performance of a counter-cross-flow membrane energy exchanger using 

experimental tests conducted in the summer and winter. The sensible and latent 

effectiveness of the dehumidifier increased during the dehumidifier's transient 

period before reaching a steady-state value. Huang et al. [80] investigated a 

dehumidifier with a similar structure, the so-called quasi-counter flow parallel-

plate membrane contractor (QFPMC). The solution flows along an S-shaped 

path line in solution channels, configuring between counter and cross flow. 

According to their research, the sensible and latent efficacy of these QFPMCs 

decrease by 5%-29% and 2%-13% compared to a cross-flow parallel-plate 

membrane contractor. The pressure drop on the solution side is increased by 

approximately 0.15 to 4.84 times. 

Hollow-fibre type: 
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The construction of hollow-fibre membrane heat exchangers resembles that of 

parallel tube-and-shell heat exchangers. Air can theoretically flow either inside 

(tube side) or outside (shell side) the fibres for a liquid-to-air hollow fibre 

membrane contractor. However, in the majority of applications, air flows outside 

the fibres while desiccant solution flows inside. The reason for this structure is 

that air flows into the shell side with significantly lower pressure drops, resulting 

in improved performance [81]. Regarding the flow pattern within the hollow-

fibre membrane module, solution and air flow may be parallel (longitudinal) or 

cross. For parallel flow, solution and air flow parallel to one another on opposite 

sides of hollow fibres, with co-current or counter-current flows possible [81]. 

Zhang et al. [72, 73] studied analytically and numerically the heat and mass 

transfer in a dehumidification module containing a counter-flow hollow-fibre 

membrane. Fig 2-5 depicts the structure of the hollow fibre membrane module 

with counter-flow. 

 

Fig 2-5 Structure of the counter-flow hollow fibre membrane module [72, 73] 

200 hollow fibres were installed in a circular shell to form a complete module. 

The outer diameter of hollow fibres is 750 𝜇m, and the inner diameter is 600 𝜇m. 

After proposing a relatively simple analytical solution, the conjugate heat and 

mass transfer problem was solved using the free surface method. Using the finite 

volume method, the conjugate heat and mass transfer problems were solved, and 
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the velocity, temperature, and concentration distributions for air flow, solution 

flow, and membranes were determined, as well as the local and mean Nusselt 

number and Sherwood number. As depicted in Fig 2-6, Huang et al. [82] 

developed a cross-flow hollow-fibre membrane contractor. 

 

Fig 2-6 Structure of the cross-flow hollow fibre membrane module [82] 

In contrast to a counter-flow contractor, a cross-flow contractor has a rectangular 

section through which both solution and air flow in a cross-pattern. The 

rectangular shell box was outfitted with 600 fibres in total. The outer and inner 

diameters of hollow fibres are identical to those of counter-flow contractors. 

Under the assumption of laminar air flow across the fibre bank, the conjugate 

heat and mass transfer was initially analysed using the free surface method. 

Subsequently, a more realistic and intricate scenario was considered by assuming 

that the air flow across the fibre bank tends to be turbulent. Air flow turbulence 

was modelled using a low-𝑅𝑒 𝑘 − 휀 turbulence model, whereas solution flow 

was modelled using a laminar model. Using experimental data, friction factors 

and the Nusselt and Sherwood numbers were determined and validated for both 

scenarios. 
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In conclusion, hollow-fibre membrane contractors offer higher performance and 

greater packing density than flat-plate. They can be classified according to their 

structure as parallel-flow, cross-flow, and coil types. The investigation of more 

realistic scenarios, such as asymmetrical flow and elliptical fibre shapes, has 

occurred. However, relatively high pressure drop on the tube side and a complex 

structure are two of the largest drawbacks for applications of this type. 

Consequently, flat-plate type membrane contractors are utilised far more 

frequently in practice than hollow-fiber type membrane contractors. 

Previous research has determined that all membrane-based dehumidifiers are 

adiabatic, so the solution is heated by absorption heat released on the solution 

side. Consequently, the dehumidification effect may be diminished if the 

solution temperature rises. Similar to internally-cooled direct contact 

dehumidifiers, internally cooled membrane-based dehumidifiers have been 

created and studied in the following section. 

2.2.2.2 The internally-cooled membrane-based dehumidifiers 

Recently, more attention has been paid to investigating the internal cooling 

solutions for flat plate membrane-based heat and mass transfer, which could be 

divided into two types: 1) adjacent plate to the solution channel and 2) cooling 

tubes inside the solution channels. Huang et al. [34] proposed an adjacently 

internally-cooled plate membrane liquid desiccant dehumidifier (AIMLDD). 

The solution streams absorb the heat and water vapour moisture from the feed 

air through the plate membrane, while the absorption heat generated in the 

solution can be taken away by the water in the neighbouring channel. Cooling 

effectiveness, dehumidification effectiveness and dehumidification rate are 

calculated through an analytical solution and experimentally validated. The 
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performances of the AIMLDD are compared with those of an internally-cooled 

plate membrane liquid desiccant dehumidifier with cooling tubes inside the 

solution channels (IMLDD). The performances of the AIMLDD are about 3.3–

9.1% higher than those of the IMLDD. Huang et al. [83] also constructed an 

IMLDD with a cross-flow configuration to enhance dehumidification, as 

depicted in Fig 2-7.  

 

Fig 2-7 The structure of a cross-flow IMLDD [83] 

Channels are constructed by stacking membranes and plastic plates, where the 

cross-flow configuration separates the feed air (process air) and liquid desiccant 

using membranes. The cooling water flows vertically along the plastic plates so 

water-falling films can form in the water channel. Next to water channels are 

solution channels that are separated by plastic plates. In a cocurrent 

configuration, the sweep air flows over falling water films. When heat is released 

into the solution channel, it is absorbed by falling water through plastic plates 

and extracted by sweeping air via evaporation. Numerical modelling and 

experimental tests reveal that the fully developed Nusselt and Sherwood 

numbers of cross-flow IMLDD in feed air and solution channels are 2 to 3% less 

than those of an adiabatic-type dehumidifier. Yang et al. [84] investigated the 
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performance of an internally cooled dehumidifier with cooling tubes inside the 

solution channel. In the dehumidifier, the air and the solution flow in the adjacent 

channels with a cross-flow configuration, while the cooling water in the tubes 

flows counter with the solution. Therefore, the increased sensible heat inside the 

solution could be taken away by the cooling water, where the outdoor air is 

cooled and dehumidified in the dehumidifier and then supplied to the indoors. 

Cooling water can effectively reduce the temperature and humidity ratio of the 

supply air. However, the effect on the system performance decreases with the 

rise of the water flow rate. Besides, it is found that changing the cooling water 

temperature is an effective means of regulating supply air conditions. Liu et al. 

[60] compared three typical internal cooling methods inside the dehumidifier, 

including parallel plate, fin coil and cooling tubes. The results indicate that the 

internally-cooled dehumidifier with the fin-coil structure adjacent to the solution 

channel has superior performance compared to the other two systems due to the 

highest heat transfer coefficients. Moreover, the packed tower with cooling tubes 

behaves much more like an adiabatic device, and its dehumidification 

performance showed apparent disadvantages compared to the other two types.  

Besides, Saman and Alizadeh [85] proposed another type of internally-cooled 

dehumidifier, as shown in Fig 2-8. 

 

Fig 2-8 Schematic of an internally-cooled cross-flow type dehumidifier [85] 
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As seen, any two adjacent flow channels are separated by a flat plate that cools 

and dehumidifies the primary air. On one side of the plate, humid and warm 

primary air directly interacts with the liquid desiccant. On the opposite side of 

the plate, a secondary air, often returned air from air-conditioned rooms, is 

brought into contact with cooling water so that the phase change heat emitted by 

the primary air can be absorbed by the secondary air concurrently. Given that the 

room return air has a lower relative humidity than the external air, it can be 

exploited to enhance the performance of the secondary air side, so aiding in the 

maintenance of a nearly isothermal operation in each dehumidifier channel. 

According to their experimental findings, the mass transfer coefficient of a 

dehumidifier increases with primary air mass flow rate, temperature, and 

humidity level. In addition, the dehumidification efficiency can be enhanced by 

raising the angle of the plate heat exchanger (PHE). As indicated in Fig 2-9, 

Huang et al. [86] created the quasi-counter flow parallel-plate membrane 

channels with cooling tubes (QCPMCC). 

 

Fig 2-9 The structure of a quasi-counter flow parallel-plate membrane 

contractor with cooling tubes [86] 
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As illustrated in Fig 2-9, the solution flows into and out of the contractor through 

side ports, and solution and air flows are configured in a quasi-counterflow 

manner. Multiple Z-shaped cooling tubes containing cooling water are put in 

solution channels to remove absorption heat. Each channel is 0.1m in length and 

0.1m in width and four cooling tubes with an outside diameter of 0.003 mm are 

installed. The focus of the study was primarily on the effects of channel structural 

features on friction factors and Nusselt numbers. Under an outer tube diameter 

of 0.003 m, it was observed that the mean Reynolds number (𝑓𝑅𝑒)𝑚 grows with 

the tube number 𝑁𝑡𝑢𝑏𝑒, whereas the mean Nusselt number 𝑁𝑢𝑚 decreases with 

𝑁𝑡𝑢𝑏𝑒 . When the number of tubes remains constant (4 in their instance), the 

(𝑓𝑅𝑒)𝑚  increases with the tube's outer diameter, while the 𝑁𝑢𝑚  declines. 

Moreover, Huang et al. [33] proposed an analytical solution for a desiccant plate 

membrane dehumidifier with a similar structure to QCPMCC. Nonetheless, the 

cooling tubes inserted in solution channels are not S-shaped but straight. The 

solution and air fluxes are in a counter-flow configuration. Their analytical 

solution implied that the dehumidifier's performance could be enhanced by 

controlling the solution's inlet temperature to be comparatively low. Abdel-

Salam et al. [87] designed and studied a novel three-fluid liquid-to-air 

membrane-based energy exchanger (three-fluid LAMEE), as depicted in Fig 

2-10. 
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(a)                                                   (b) 

 

(c) 

Fig 2-10 Schematic diagram of 3-fluid LAMEE; (a) prototype of 3-fluid 

LAMEE; (b) solution channel with cooling tubes and (c) cross-section view 

[87] 

In such three-fluid LAMEE, solution and air flow in a counter-cross 

configuration, whilst solution and refrigeration (water) flow in a counter 

arrangement. The length and height of the device are 470 mm and 100 mm, 

respectively. The membrane thickness is 0.3 mm. The solution channel contains 

a total of seven Titanium refrigeration tubes with an inner diameter of 2.362 mm 

and an outside diameter of 3.175 mm, in which water is utilised as the refrigerant. 
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The performance of the three-fluid LAMEE is superior to that of the two-fluid 

LAMEE introduced previously (adiabatic LAMEE), as the same effectiveness 

can be reached with lower 𝑁𝑇𝑈 and 𝐶𝑟∗. As a result, the size of such LAMEE 

can be drastically decreased if the three-fluid design is implemented. Qiu et al. 

[88] designed a novel internally-cooled hexagonal parallel-plate membrane 

channel (IHPMC) for dehumidifying air, as depicted in Fig 2-11.  

 

                              (a)                                                   (b) 

 

(c) 

Fig 2-11 (a) schematic of IHPMC; (b) 3-D structure plan view and (c) 

calculation domain [88] 
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Another quasi-counter flow membrane channel type is the hexagonal 

configuration (side-in and side-out structure). Compared to side-in and side-out 

structures, hexagonal structures experience less pressure drop [89]. Layers of 

internally-cooled hexagonal parallel-plate membrane channels (IHPMC) and 

HPMC are compressed to form the module. Air and solution enter the contractor 

through its right inlets and exit through its left inlets, arranged in a quasi-

counterflow configuration. Three cooling tubes containing water as the 

refrigerant are installed in HPMC to form IHPMC, and solution and cooling 

water are configured in counter-flow. The fluid flow and heat transfer in IHPMC 

were studied through the finite volume approach, which was solved by the CFD 

software. They calculated the fundamental numbers of the mean (𝑓𝑅𝑒)𝑚  and 

mean Nusselt number 𝑁𝑢𝑚  and they found that under the fixed cooling tube 

outer diameter of 0.002m, the (𝑓𝑅𝑒)𝑚 increases and 𝑁𝑢𝑚  decreases with the 

total tube number. By contrast, under the fixed total tube number of 3, the 

(𝑓𝑅𝑒)𝑚 increases and 𝑁𝑢𝑚 decreases with the tube's outer diameter. 

In conclusion, numerous studies on flat-plate membrane-based dehumidifiers 

have been conducted on various topics. Depending on the flow arrangement, 

they can be parallel-flow, cross-flow, counter-cross-flow, or quasi-counter-flow. 

Based on their structure, they can be classified as either adiabatic or internally-

cooled. Using cooling channels adjacent to solution channels and cooling tubes 

within solution channels are two cooling approaches applicable to the internally-

cooled type, both of which are simple to fabricate due to their simple structure. 

According to the aforementioned literature, even though the traditionally packed 

tower dehumidifier uses internal cooling methods, the heat and mass transfer 

capabilities do not increase significantly compared to the internal cooling 
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methods for flat membrane dehumidifiers. The flat membrane dehumidifier with 

increased heat transfer density and compactness should be prioritised to improve 

the heat and mass transfer performance. 

2.3 Regenerator 
For a complete liquid desiccant dehumidification system, regeneration is one of 

the most important processes, as the diluted solution generated by the 

dehumidifier must be re-concentrated to recycle the solution. Similar to 

dehumidifiers, regenerators can be divided into direct contact and membrane-

based types based on the module structure, which will be discussed respectively 

in sections 2.3.1 and 2.3.2. 

2.3.1 Direct-contact type regenerator 
Similar to direct contact dehumidifiers, the primary structure of direct contact 

regenerators consists of packed beds or columns. Regarding their flow patterns, 

liquid desiccant and air can be classified as either counter or cross flow. Nada et 

al. [90] investigated air regeneration numerically by a liquid desiccant falling 

over a rectangular finned-tube heat exchanger with three alternative air flow 

arrangements: parallel flow, counter flow, and cross flow. According to their 

design, the desiccant solution falls on a vertical rectangular fin surface while air 

travels through the spaces between neighbouring fins. The air flow and film 

solution flow may be configured in a variety of ways, including parallel flow 

(same direction), counter flow (opposite direction), and cross-flow 

(perpendicular direction). Kim et al. [91] formulated a simplified first-order 

empirical model for a cross-flow packed-bed tower regenerator employing LiCl 

as the working fluid. As the regenerator in the investigation, a honeycomb-

structured packed tower was utilised. The regenerator had an internal diameter 

of 0.01 m and a volume of 0.31 m2 using wood fibre structured packing with a 
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specific surface area of 223 m2/m3. The desiccant solution was sprayed from the 

top of the regenerator and distributed equally throughout the packing. The inlet 

air made direct contact with the solution, resulting in the transfer of thermal 

mass, where such a model can be used to determine the optimal regeneration 

temperature or desiccant mass flow rate in order to reduce the operating energy 

consumption. Yang et al. [92] created an ultrasonic atomization liquid desiccant 

dehumidification/regeneration (UARS) system, as presented in Fig 2-12. The 

mass transfer performance in such a system is significantly improved by 

atomizing the desiccant solution into multiple tiny droplets with a diameter of 

about 50 m.  

 

Fig 2-12 Schematic diagram of an ultrasonic atomization liquid desiccant 

regeneration system (UARS) [92] 

The most important component of the system is the ultrasonic atomization 

system, which includes an ultrasonic generator, an ultrasonic transducer, and a 

voltage stabiliser. The ultrasonic generator may generate ultrasonic signals, 

which can then be transferred to the ultrasonic transducer, where high-frequency 

vibrations can be produced. The vibrations and cavitation action permit the 

atomization of desiccant solution into microscopic droplets. As little as 50 𝜇m 
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in diameter, the droplets can be found. The results demonstrated that the UARS 

is superior to conventional packed bed regenerators. For regenerating a unit mass 

flow of desiccant solution, the required regeneration temperature can be 

decreased by 4.4 ℃, and the potential power savings can reach up to 23.4%. The 

results demonstrated that the UARS is superior to conventional packed bed 

regenerators. For regenerating a unit mass flow of desiccant solution, the 

required regeneration temperature can be decreased by 4.4 ℃, and the potential 

power savings can reach up to 23.4%. 

2.3.2 Membrane-based type regenerator 
The membrane-based regenerator is an alternative to the direct-contact 

regenerator to overcome the desiccant droplet carry-over issue. In addition, it 

conserves liquid desiccant since significant desiccant is lost owing to the 

carryover issue. Duong et al. [93] explored the regeneration of LiCl solution for 

air conditioning by membrane distillation. The regenerator was a plate-and-

frame module comprised of PTFE membranes from Porous Membrane 

Technology. The membranes employed had a thickness of 60 𝜇m, a nominal pore 

size of 0.2 𝜇m, a porosity of 80%, and a total active surface area of 138 cm2. To 

evaluate the regeneration performance, the regeneration capacity Δ𝐶  and 

thermal energy consumption 𝛼  were utilised. The results demonstrated that 

when the feed temperature is 65 °C, the system is capable of increasing the 

solution concentration by up to 29% without considerable desiccant solution 

loss. Increasing the temperature of the feed would increase Δ𝐶 and decrease 𝛼. 

Moghaddam et al. [29] established the solution side efficacy to evaluate 

regenerators, as the main focus in regenerators is on the desiccant solution side 

as opposed to the air side. In their experimental results, it was shown that the 
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solution-side latent effectiveness was sensitive to the solution inlet 

concentrations, however,  the difference between the air-side and solution-side 

latent effectiveness was minimal. In contrast, solution-side sensible and total 

effectiveness should be utilised in the majority of circumstances when evaluating 

regenerators. 

In conclusion, the regenerator, as one of the most important components of a 

liquid desiccant dehumidification system, has been extensively investigated in 

the past. In addition, they can be categorised based on their structure into direct 

contact type regenerators and membrane-based type regenerators. The most 

prevalent forms of direct-contact regenerators are packed beds or packed 

columns. Regarding the flow pattern, both counter-flow and cross-flow 

configurations have been devised, and each has advantages and disadvantages. 

The solution can be regenerated with low-grade energy sources such as solar 

thermal ( 𝑇𝐻 ), photovoltaic-electrodialysis ( 𝑃𝑉 − 𝐸𝐷 ), and photovoltaic 

capacitive deionization (𝑃𝑉 − 𝐶𝐷𝐼). Reduced desiccant loss and elimination of 

carryover concerns are advantages of membrane-based regenerators over direct-

type ones. Compared to the direct-contact type, membrane-based regenerators 

have been the subject of fewer studies. 

2.4 Desiccant and membrane materials 
The strength of a desiccant material can be determined by its equilibrium surface 

vapour pressure, which rises with increasing desiccant temperature and desiccant 

solution water content. In addition to surface vapour pressure, several other 

properties influence the efficacy of liquid desiccant, including regeneration 

temperature, energy storage density, crystallisation point, solubility, availability, 

cost, etc. [94]. In addition, the semi-permeable membrane is regarded as the most 
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important component of a membrane-based liquid desiccant dehumidification 

system. The features of membranes may greatly affect the performance of the 

system. Thus, this section will introduce and compare several liquid desiccant 

and membrane materials. 

2.4.1 Liquid desiccants 
There are three main categories of liquid desiccants used in dehumidification 

systems: organic desiccants, inorganic desiccants and mixed type desiccants. 

Recently, the frequently used inorganic liquid desiccants are halide salt 

solutions, such as lithium bromide (LiBr), lithium chloride (LiCl), calcium 

chloride (CaCl2), and magnesium chloride (MgCl2). In contrast, the organic 

solutions include triethylene glycol (TEG), diethylene glycol (DEG), di-

propylene glycol (DPG) and propylene glycol (PG). Besides, mixed or 

composite desiccants are used since their high price is one of the issues limiting 

wide application. Under this situation, mixing different salts seems to be the 

auspicious method to reduce the solution cost with less performance 

deterioration, although LiCl has excellent properties for dehumidification [95]. 

Among all three types of desiccants, halide salt solutions are emphasized in the 

literature because of their widespread usage and high dehumidification 

capability. 

LiCl solution is the most widely used due to its odourless and not vaporizing 

features. Chen et al. [96] analyzed the desiccant cooling system driven by a heat 

pump using low-temperature LiCl and found that the average COP of the system 

is about 4.0 when the temperature and humidity are controlled at 5.2-7.4℃ and 

47.9-63.6 kg/h respectively. Leboeuf and Lof [97] studied a cooling system 

driven by solar thermal energy with LiCl solution as the working fluid and 
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discovered that the desiccant temperature is in the range of 40-55℃. In terms of 

the application of the LiBr solution, several experimental tests have been carried 

out. Lazzarin et al. [98] compared the mass transfer rates of CaCl2 and LiBr 

solutions statistically and concluded that the LiBr solution achieves exceptional 

performance compared with the CaCl2 solution. Moreover, although it is feasible 

to control the pH value of the desiccant, the bromide ion can be readily ionized, 

causing odour issues. Liu et al. [99] tested an air conditioner with LiBr and LiCl 

solutions and found that the COPs in different desiccant systems are similar, 

whereas the LiBr solution outperforms regeneration progress. Conde [100] 

introduced the interpolating equations for describing the vapour pressure, 

surface tension, and other properties of LiCl and CaCl2 solutions and stated that 

the proposed equations could produce accurate data to reflect the liquid desiccant 

properties. Kornnaki et al. [101] built a mathematical model for a counter-flow 

dehumidifier using three different solutions (LiCl, CaCl2, and LiBr) and 

discovered that the LiCl system shows better performance than the others under 

the same circumstance. Furthermore, the LiCl system is of high stability under a 

high humidity ratio. Dai et al. [102] carried out an experimental test on a 

crossflow dehumidifier with a 40% concentration of CaCl2 and discovered that 

the simulated Nusselt numbers for liquid and air sides are 2.84 and 6.54, 

respectively, while the experimental Nusselt numbers are higher than the 

simulated results.  

Although halide salts are widely used in the LDD system, their disadvantages 

are apparent, for example, corrosion is a severe issue. Therefore, organic acids 

have been regarded as alternative materials, such as potassium (HCO2K) and 

sodium formate (HCO2Na). Atkinson [103] stated that the viscosity of potassium 
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formate is 0.01 Pa/s at 20℃ with 70% concentration, and its performance is near 

that of LiCl solution with 27% concentration. They also found that potassium 

formate could dry air below 30% relative humidity. Elmer et al. [104] 

investigated an integrated desiccant air conditioning system using potassium 

formate (CHKO2) desiccant and claimed that when the inlet temperature, relative 

humidity, and moisture removal rate are set as 30-35℃, 51-70% and 0.15-0.4 g/s 

respectively, the system COP is around 0.72. In brief, although organic acids 

such as potassium formate and acetate have low dehumidification performance 

compared with halide salts, they are still the alternatives due to their low price 

and corrosion properties.  

Other liquid desiccants, so-called ionic liquids (ILs), are formed of inorganic 

anions and organic cations. The ILs have incorporated salts in the liquid phase 

at room temperature, which have the advantages of low temperature, no 

corrosion, no crystallization characters, and excellent thermal stability [105]. In 

general, the satisfactory criteria of mixed desiccants are high boiling temperature 

and diluted heat, low vapour pressure, crystallization point and viscosity [106]. 

Meanwhile, the mixing ratio of two desiccants is one of the crucial criteria. 

Furthermore, Ertas et al. [107] studied the properties of LiCl and CaCl2 mixture 

at 26.5-65.4 ℃ and their results show that the mixture solution EVP approaches 

the actual value of LiCl when the mass fraction is increased. Ge et al. [108] 

studied the mixture of LiCl and MgCl2 and stated that the mixture equilibrium 

relative humidity is lower than that of a single MgCl2 solution, and the mixture's 

relative humidity is inversely proportional to the ratio of LiCl. In recent research, 

Zhao et al. [109] investigated the performances of several composite desiccants, 

including LiCl-CaCl2, LiBr-CaCl2, LiCl-MgCl2, LiCl-CaCl2-MgCl2, and LiCl-
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CaCl2-methanol solution. Their results show that the COP of the LiBr-CaCl2 

solution is higher than the others, where the non-random two-liquid (NTRL) 

equation has been utilized to calculate the mixture surface vapour pressure.  

In conclusion, the LDC system's performance with organic acids is inferior to 

that with halide salt. Nonetheless, their low corrosivity and absence of toxicity 

make them a good substitute. In terms of composite desiccants, they have the 

advantages of low cost and great dehumidification capability compared with 

other current desiccants. 

2.4.2 Membrane materials 
The membrane used in the dehumidification system is the type of semi-

permeable layer. Based on this, the membrane could be used to remove moisture 

from the humid air. Hydrophobic microporous and nonporous membranes are 

the two fundamental forms of polymer membranes. Zhang et al. [110] created a 

microporous cellulose acetate (CA) membrane to recover heat and moisture. The 

membranes were produced in a single step using the direct wet phase inversion 

method and a cheap and abundant raw material, cellulose acetate. Additionally, 

the ecologically friendly solvent acetic acid and deionized water were utilised. 

Concurrently, a porous support layer and a dense skin layer were created with 

the solvent and coagulant medium exchange. Zhang et al. [111] fabricated a 

vapour-permeable composite membrane using a porous polyethersulfone (PES) 

support layer and a dense polyvinylalcohol (PVA) active separating layer. LiCl 

was added to the PVA solution during manufacturing to facilitate moisture 

permeability. The investigation results revealed that membranes containing 2.3% 

LiCl have the maximum moisture permeability rate, which is 70% higher than 

membranes without LiCl addition. The scanning electron micrograph (SEM) 
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photographs demonstrated that microporous membrane has a fractal structure 

with multiple macro or micro pores in varied diameters in the through-plane 

direction. Such membrane microstructure is typically disordered and 

exceedingly complex [112]. The microporous membranes are susceptible to 

desiccant solution infiltration. The higher the surface tension, the lower the 

probability of pore-wetting. Hence, halide salts were added to the organic 

absorbents during membrane production to boost surface tension [49]. In 

addition to surface tension, many other factors can cause leakage, such as the 

adhesion potential of hydrophobic materials and adsorption caused by 

electrostatic interactions [113]. 

Consequently, the operating conditions for microporous membranes could be 

severely constrained. Using impermeable membrane materials will solve this 

issue. In addition, Gabelman and Hwang [114] developed a hollow fibre 

membrane using nonporous polyolefin fibres woven into a fabric and wrapped 

around a central core. Zhang et al. [115] numerically analysed the heat and mass 

transfer in an enthalpy exchanger employing a novel membrane material called 

a hydrophobic-hydrophilic composite membrane. This substance comprised a 

hydrophobic porous support layer and a hydrophilic dense active layer. The 

support layer exhibited the greatest moisture resistance in the composite 

membrane, while the support and active layers exhibited negligible heat 

resistance. 

In conclusion, there are currently two membrane materials: hydrophobic 

microporous and nonporous membranes. The former has the potential risk of 

pore-wetting by desiccant solution, which can be avoided by employing 

impermeable membranes. In conclusion, a good membrane material should 
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possess the following characteristics: high porosity, high selectivity, low 

resistance to vapour transfer, high strength and flexibility, high fouling 

resistance, high corrosion resistance, simple fabrication, and low cost. 

2.5 Heat pipes 
A heat pipe has high heat transfer ability and a simple structure [116], with its 

thermal conductivity reaching 8532W/mK to 18294W/mK [117], which is 21-

45 times higher than that of copper [118]. In recent years, heat pipe has been 

widely used as a heat transfer component for thermal energy management in 

various applications, such as the battery, computer, pharmaceutical, food 

processing, biotechnology, chemical and medical industries [119]. Among them, 

the most commonly used heat pipe is a straight gravitational type, which has the 

advantages of a simple structure and easy-to-operate [120]. Due to high pressure 

in the evaporator section as the heat pipe is heated, the vapour flows into the 

condenser section, where it is cooled down and condensed, with a detailed 

configuration shown in Fig 2-13 [121]. The condensed liquid then flows back to 

the evaporator section to complete the internal cycle [122, 123]. Zhao et al. [124] 

investigated the performance of a direct-expansion terminal integrated with a 

gravitational heat pipe and found that a 24% cooling capacity improvement was 

achieved, and the indoor humidity was reduced from 82% to 60% within 

30 minutes.  
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Fig 2-13 The gravitational heat pipe configuration and working principle [121] 

John et al. [40] compared the conventional evaporative cooling system with the 

heat pipe-assisted cooling system, where water and ethanol are used as the 

working fluid in heat pipes. It is found that the air temperature could be reduced 

by 12-15K using the proposed cooling system, indicating that the heat pipes 

could provide a continuous and efficient cooling loop within the channel 

geometry as the heat transfer device. As a highly efficient heat recovery device, 

heat pipe heat exchanger (HPHE) has been widely employed in air conditioning 

and conventional cooling-based dehumidification systems. Studies show 

excellent performance in enhancing the energy efficiency in cooling-based 

dehumidification systems [39-42]. Srimuang et al. [42] presented a literature 

review of the applications of different HPHEs, including conventional heat pipe 

(CHP), two-phase closed thermosyphon (TPCT) and oscillating heat pipe (OHP) 

for heat recovery and their energy performances. It is summarized that the 
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TPCTs, without the wick structure, have relatively higher effectiveness since the 

wicks in the heat pipes increase the resistance to the flow of condense. 

Moreover, Mostafa et al. [125] investigated the HPHE in heat recovery 

applications to cool the incoming fresh air in air conditioning applications and 

found that the effectiveness of evaporator and condenser sections increased by 

about 48% when the inlet fresh air temperature is set to 40 °C. Wu et al. [126] 

investigated the energy performance of TPCT in the air-conditioning system and 

found that the cooling capability for the system could be enhanced by 32.7% 

with the air mass flow rate ranging from 300 kg/h to 500 kg/h compared with 

the conventional system, resulting in energy-saving and little external energy 

needed. Yau et al. [127] studied the experimental performance of HVAC systems 

for tropical climates equipped with 8-row TPCTs and found that the sensible 

effectiveness could be reduced by 13.3% (i.e. 0.75 to 0.65) to 18.8% (i.e. 0.85 to 

0.69) respectively, due to the use of the wickless heat pipes for relatively low air 

temperature and humidity (20℃ and 50%).  

Long life and little required maintenance are inherent with heat pipes due to 

simplifying the design and construction of robust and durable materials without 

moving components [43]. Ahmad et al. [128] tested the feasibility of a liquid-

desiccant-enhanced heat-pipe thermal recovery unit for preconditioning 

ventilation air, as shown in  Fig 2-14 (a). During the test, the concentrated liquid 

desiccant is sprayed on the bank of heat-pipe fins on the supply side to 

dehumidify the air with the other heat pipe end in the exhaust air stream with 

water evaporative cooling, where the solution absorbed heat released during 

dehumidification is rejected to the exhaust side through the heat-pipe tubes. 

Results reveal that the heat pipe's cooling performance with lithium chloride 



49 

 

increased 40% more than the system without desiccants. Besides, it is found that 

only about 40% to 50% of the dehumidification potential of liquid desiccants is 

being used, attributed to the that packed tower type has poor mass transfer rates 

and insufficient contact area. Ou et al. [128] proposed a heat pipe enhanced 

internally-heated liquid desiccant regenerator, as shown in Fig 2-14 (b), where 

the HPHE and its temperature rise preheat the ambient air while humidity stays 

the same.  

      

                  (a) Ahmad et al. [128]                                   (b) Ou et al. [129] 

Fig 2-14 The heat pipe enhanced internally-heated liquid desiccant regenerator 

[128] [129] 

As a result, the moisture absorptive capacity of process air is enhanced. 

Therefore, it is figured out that a heat pipe is an efficient heat transfer method in 

improving the system performance of the liquid desiccant with high-density heat 

flux within compact space, which may have a significant impact on internal 

cooling/heating of the desiccant solution in the dehumidifier side to maintain a 
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relatively low temperature. Results indicated that the ambient air temperature 

gradually promotes about 10 ℃ while its relative humidity reduces by about 30 

%, leading to the energy saving to increase the inlet solution temperature of the 

condenser and regeneration enhancement, respectively.  Moreover, Shen et al. 

[130] investigated a liquid desiccant regenerator with a heat recovery heat pipe 

system using LiCl as the desiccant solution. The regenerator used in the system 

is a direct contact regenerator tower, which is given in Fig 2-15. 

 

Fig 2-15 Schematic diagram of direct-contact regenerator tower [130] 

In the regenerator tower, the upwind air flow and liquid desiccant are in direct 

contact with the surface of the structured packing in a counter-flow 

configuration, with simultaneous heat mass transfer between the air and solution 

flows. This is accomplished through the preheating of entering air by reusing the 

water heat from exhausted regenerated air. After this preheating procedure, the 

temperature difference between the regenerating air and solution in the 

regenerator is diminished, allowing the solution to maintain a relatively higher 
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temperature and vapour pressure. Results indicated that the existence of HPHE 

increases the temperature and reduces the relative humidity of incoming air, 

which implies higher moisture absorption capability, where the regenerating rate 

of the regenerator with 4 and 8 rows HPHE is increased by 11.51 % and 17.12 

% maximally compared with regenerator without HPHE. Besides, it is also found 

that nearly 14-19 % of the regenerator's total energy consumption is recovered 

by the HPHE.  

Therefore, from the above-mentioned literatures, it is figured out that heat pipe 

can be used in the liquid desiccant system to improve the system performance 

with high heat transfer ability for internal cooling and compact size. However, 

there is a lack of experiments of heat pipe internal cooling application in the 

dehumidifier, as well as comprehensive parametric analysis of the operation 

control with the heat pipe internal cooling method. 

2.6 Mathematical modelling methods 
In this section, various mathematical modelling methods are introduced. For the 

modelling of the liquid desiccant dehumidification system, there are primarily 

four distinct approaches: the Simplified method (section 2.6.1), the 

Effectiveness NTU (휀 − 𝑁𝑇𝑈) method (section 2.6.2), and the Finite difference 

method (section 2.6.3), as well as the conjugate heat and mass transfer method 

(section 2.6.4). 

2.6.1 The Simplified method 
Liu et al. [131] proposed empirical correlations for cross-flow and counter-flow 

dehumidifiers with packed media. Due to the complexity of the model, the 

amount of time required for computer modelling is typically burdensome for 

differential element-based models to be feasible in practice. On the basis of 
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corresponding experiments, empirical correlations for enthalpy and moisture-

effectiveness were proposed to develop a simplified method. Results showed that 

the cross-flow and counter-flow dehumidifiers had maximum average 

differences in moisture removal efficiency of 7.9% and 13.8%, respectively, 

compared to empirical relationships and previously published experimental data. 

For cross-flow and counter-flow dehumidifiers, the maximum average 

differences in enthalpy effectiveness were 6.3% and 10.8%, respectively. Liu et 

al. [132] created an analytical solution for a cross-flow, direct contact, packed 

bed liquid desiccant dehumidifier. In their study, for the sake of calculation 

simplicity, it was assumed that the liquid desiccant mass flow rate and 

concentration within the dehumidifier are constant, as the moisture content 

absorbed by the desiccant solution during the dehumidification process is 

negligible in comparison to the desiccant mass flow rate. On the basis of the 

similarity between the cross-flow dehumidifier and the cross-flow heat 

exchanger, analytical solutions to air and solution parameters, enthalpy and 

moisture efficiencies were proposed. Results were compared to numerical and 

experimental results, and the average absolute deviation was less than 8%. Khan 

and Ball [133] developed a simplified mathematical model to assess the 

performance of packed-type liquid desiccant dehumidifiers and regenerators. 

The model was a straightforward algebraic derivation based on simulation 

outcomes. 1700 groups of data from the finite difference model were analysed 

to create the simplified algebraic. It was determined that the model could 

successfully evaluate the hourly performance of eACAA component and predict 

the heating and cooling demand, but it may not be applicable to other conditions 

for which the model's fitting was not performed.  
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In conclusion, the simplified methods can simulate the annual performance of a 

liquid desiccant system without requiring a significant amount of calculation 

time. These analytical models were developed based on several assumptions that 

may restrict their applicability, and the analytical solution accuracy was 

generally low. 

2.6.2 The Effectiveness NTU (𝜺 − 𝑵𝑻𝑼) method 
Stevens et al. [134] described a computationally efficient liquid desiccant 

packed-bed heat and mass exchanger model. The model was derived from a 

model of a cooling tower's effectiveness. Throughout the derivation, it was 

assumed that the water loss for the energy balance of the solution could be 

omitted. In addition, a linear relationship was postulated between the saturation 

enthalpy and temperature. In their study, they first obtained the number of heat 

transfer units (𝑁𝑇𝑈): 

𝑁𝑇𝑈 =
𝛼𝐷𝐴𝑉

𝐺′
𝑎

                                                                                                   (2-1) 

The effectiveness of a counter-current flow dehumidifier was then determined 

by: 

휀 =
1−𝑒−𝑁𝑇𝑈(1−𝑚∗)

1−𝑚∗𝑒−𝑁𝑇𝑈(1−𝑚∗)                                                                                        (2-2) 

Where 𝑚∗ was the capacitance ratio and defined as: 

𝑚∗ =
𝐺′

𝑎𝐶𝑠𝑎𝑡

𝐺′
𝑠,𝑖𝐶𝑝,𝑠

                                                                                                   (2-3) 

Where 𝐶𝑠𝑎𝑡  was the saturated specific heat (J/kgK); 𝐺′  was the specific mass 

flow rate (kg/s). On the basis of these correlations, all outlet parameters, 

including air temperature, humidity ratio, and enthalpy, were determined. Good 
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correlations have been established between the results and experimental and 

numerical results. 

Besides, the above-mentioned method focused on heat and mass transfer for 

direct-contact type contractors or traditional flat-plate heat exchangers. As for 

membrane-based liquid desiccant heat and mass exchangers, Zhang and Niu [75] 

presented effectiveness correlations for a flat plate exchanger with membrane 

cores. In order to construct governing equations for their research, they made the 

following assumptions: no lateral mixing of the two fluids, no heat conduction 

and vapour diffusion in the fluids, constant heat conductivity and water 

diffusivity in the membrane, and one-dimensional heat and mass transfer across 

the membrane. The correlations between sensible and latent effectiveness were 

developed as follows: 

휀𝑠𝑒𝑛 = 1 − 𝑒𝑥𝑝 [
exp(−𝑁𝑇𝑈0.78𝑅1)−1

𝑁𝑇𝑈−0.22𝑅1
]                                                               (2-4) 

휀𝑙𝑎𝑡 = 1 − 𝑒𝑥𝑝 [
exp(−𝑁𝑇𝑈𝑙𝑎𝑡

0.78𝑅1)−1

𝑁𝑇𝑈𝑙𝑎𝑡
−0.22𝑅1

]                                                             (2-5) 

𝑅1 =
(�̇�𝑐𝑝𝑎)𝑚𝑖𝑛

(�̇�𝑐𝑝𝑎)𝑚𝑎𝑥
                                                                                                (2-6) 

𝑅2 =
�̇�𝑚𝑖𝑛

�̇�𝑚𝑎𝑥
                                                                                                      (2-7) 

Where 𝑁𝑇𝑈𝑙𝑎𝑡  is the total number of the transfer units for moisture which is 

calculated by: 

𝑁𝑇𝑈𝑙𝑎𝑡 = 𝛽 ∙ 𝑁𝑇𝑈                                                                                         (2-8) 

𝛽 =
1

1+𝛼
                                                                                                           (2-9) 

𝛼 =
𝛾𝑚

𝛾𝑐
                                                                                                           (2-10) 
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𝛾𝑐 =
2

𝑘𝑠
                                                                                                           (2-11) 

Where 𝛾𝑐 is the convective moisture transfer resistance, 𝛼 is the ratio of diffusive 

resistance to convective membrane resistance. The empirical correlations were 

compared with experimentally obtained data, and it was determined that they 

accurately predicted the performance of membrane-based heat mass exchangers. 

Moreover, Zhang's analytical solution was extended by assuming that the 

desiccant solution's mass flow rate and concentration remain constant, 

considering that the moisture contents absorbed/desorbed by the solution were 

insignificant compared to the desiccant mass flow rate [135]. A flat-plate 

counter-cross-flow LAMEE was utilised in the literature [135]. The solution 

characteristics and its equilibrium humidity ratio were only associated with the 

solution temperature and the slope (𝐸𝑇) was only related to the iterated solution 

temperature. Zhang's analytical approach, in which 𝐸𝑇  was connected to the 

temperature and concentration of the iterated solution, utilised a different method 

for calculating the slope. 

In conclusion, compared to the simple method, the 휀 − 𝑁𝑇𝑈 method 

demonstrated more precision and applicability. Some iteration was necessary, 

but overall it is time-saving and predicts the performance of heat mass 

exchangers quite well. 

2.6.3 The Finite difference method 
Factor and Grossman [55] created a mathematical model for a packed-bed 

dehumidifier/regenerator employing liquid desiccant. The numerical model was 

based on the model for adiabatic gas absorption and utilised the finite difference 

approach. The adiabatic dehumidifier/regenerator height was divided into n 

differential elements, and the air and solution parameters were considered 
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constant across all differential elements. The differential governing equations for 

air temperature and humidity were created and solved using numerical 

integration along the unit height and boundary conditions. The experimental 

findings validated the numerical results. Oberg and Goswami employed a finite 

difference model similar to that of Factor and Grossman to simulate the 

performance of a packed bed liquid desiccant dehumidifier. Liu et al. [136] 

investigated heat and mass transfer for a cross-flow direct-contact liquid 

desiccant dehumidifier/regenerator. The desiccant flowed with air in a cross 

arrangement and was distributed by gravity over the packing. To solve the 

governing equations of heat and mass flow in air and solution sides, the 

dehumidifier/regenerator was divided into an unlimited number of differential 

elements, each with a volume of 𝑑𝑉 , and the computational domain was 

discretized into 𝑀 × 𝑁 meshes, as depicted in Fig 2-16. 

 

Fig 2-16 Two-dimensional schematic of the computational domain [136] 
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According to their findings, the average absolute discrepancies between 

numerical results and 284 groups of experimental data for dehumidifier enthalpy 

and moisture efficacy were 7.9% and 8.5%, respectively, while for regenerator, 

they were 5.8% and 6.6% under 82 groups of tests. Zhang et al. [137] conducted 

a comprehensive parameter study using the finite difference model to investigate 

a counter-crossflow indirect evaporative cooling-assisted liquid desiccant 

dehumidification system. They focused on operating parameters, such as air 

temperature, velocity, humidity, solution inlet temperature, solution 

concentration, the ratio of the secondary air to the primary air, and device 

parameters: 𝑁𝑇𝑈 and channel gap. Compared to the traditional dehumidifier, the 

dehumidification efficiency of this developed system can be increased by 16 % 

from 35.0 % to 40.6% with the inlet air and solution of 30 ℃  and 25 ℃ , 

respectively. Their simulation results show that auxiliary indirective cooling 

alleviates the solution temperature rise of 2.07 °C. Numerous research have also 

employed membrane-based contractors. By computationally modelling the 

coupled heat and mass transfer in the air, the solution flows, and the membrane 

of a counter-flow LAMEE, Moghaddam et al. [138] analysed the steady-state 

performance of the LAMEE. In order to simplify numerical modelling, the 

following assumptions were made in the developed module: well-insulated 

exchanger, steady state, fully developed flows, constant thermal properties and 

convective heat and mass transfer coefficients, uniform velocity and temperature 

at inlets, absence of axial conduction, and phase change heat gain or loss occurs 

only on the solution side. The solution and air side heat mass conservation 

governing equations were solved using the finite difference approach. Using 

experimental data to validate the model, excellent agreement was obtained under 
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summer operating circumstances. However, during winter operating conditions, 

the numerical model anticipated greater sensible effectiveness than the actual 

data, with a 10% difference. 

In conclusion, the finite difference technique offers more precise modelling than 

the simplified method and the 휀 − 𝑁𝑇𝑈  method; its governing equations are 

discretized using the finite difference method and solved using the iteration 

method. The heat and mass transfer coefficients are generated using correlations 

of basic data such as the Nusselt and Sherwood values. However, these data were 

collected under uniform temperature (heat flow) or concentration (mass flux) 

boundary conditions, which cannot accurately represent the actual heat and mass 

transfer parameters in the membrane module. In order to tackle this issue, the 

conjugate heat and mass transfer modelling method will be presented in the 

following section. 

2.6.4 The Conjugate heat and mass transfer method 
As previously indicated, the drawback of finite difference modelling can be 

overcome by employing the conjugate heat and mass transfer modelling method. 

Huang and Zhang [139] developed a mathematical model for a cross-flow flat 

plate membrane module. The calculating unit cell comprises one membrane and 

two adjacent flow channels. In this model, certain assumptions were made, 

including laminar flow mode for both air and liquid solution, the Newtonian 

fluids with constant thermophysical properties, hydrodynamically developed 

while developing thermally and in concentration for both flows and absence of 

heat and mass diffusion along the main flow direction. The membrane surface's 

governing equations differed from those of prior models, and the membrane's 

real heat and mass boundary conditions were determined numerically by 
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simultaneously solving momentum, energy, and concentration equations for air 

and solution. The governing equations and their related boundary conditions 

were solved using the finite difference method, and iterative techniques were 

utilised. The numerical results were validated by comparing them to 

experimental data, and the discrepancies were less than 6%. In general, this 

model accurately anticipated heat and mass transfer. Liu et al. [140] applied the 

conjugate heat and mass transfer model to compare the performance between an 

internally-cooled dehumidifier and adiabatic dehumidifiers with various flow 

patterns. They focused on the air, solution and water inlet temperature and the 

non-dimensional heat and mass parameter (𝑁𝑇𝑈 and 𝑁𝑇𝑈𝑚) and indicated that 

an internally-cooled dehumidifier has better mass transfer performance than the 

adiabatic dehumidifier. The moisture removal rate is improved by 30% from 5 

g/s to 6.5 g/s compared with the adiabatic type where 𝑁𝑇𝑈,inlet temperatures of 

the air, solution and cooling water are 2, 30℃, 30℃ and 25℃, respectively. Li et 

al. [64] combined the conjugate heat and mass transfer model and the finite 

difference model to investigate a dehumidifier performance based on the average 

temperature and air humidity differences for various flow types of cooling tubes. 

It is discovered that the cross-flow between air and solution and the counter-flow 

between air and cooling water are the best flow patterns. Moreover, a step 

forward to investigate the effects of the developing entrances on the fluid flow 

and the conjugate heat and mass transfer in a cross-flow flat plate membrane 

module was made by Huang et al. [141], where the membrane module structure 

in this study was the same as that in literature [139]. Taking into account the 

influences of the developing flow, heat, and mass transfer entrances, more 

accurate governing equations were established and solved directly. The 
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governing equations and conjugate heat and mass transfer boundary conditions 

were solved using the finite volume method. Iterative methods were also used to 

solve interactive problems. The model was validated by comparing it to 

experimental data, and the maximum difference between calculated values and 

experimental data was 4%, indicating that this model was able to predict heat 

and mass transfer for the flat plate membrane module with cross-flow. In 

addition, an internally-cooled membrane-based liquid desiccant dehumidifier 

(IMLDD) was studied by Huang et al. [83], which consisted of feed air, solution, 

cooling water and sweep air. In this modelling, the interface between the water 

film and the sweep air was in a state of thermodynamic equilibrium, and the 

velocity of the sweep air at the interface was equal to that of the water flow. In 

addition, the gravitational force of the feed air was disregarded, while only the 

gravitational force of the falling water was considered. The governing equations 

for the feed air, solution, water falling film, and sweep air were formulated and 

solved using a finite volume numerical method. Due to the difficulty of 

measuring parameters within the contractor, only the outlet parameters of the 

feed air, solution, water-falling film, and sweep air were measured in order to 

validate the numerical model. The maximum deviation between numerical and 

experimental results was less than 8%, indicating that the numerical model can 

accurately predict IMLDD performance. 

In conclusion, compared to the simplified, the 휀 − 𝑁𝑇𝑈and the finite difference 

methods, the conjugate heat and mass transfer method provides the most precise 

modelling. From the conjugate heat and mass transfer governing equations, 

fundamental heat and mass transport data could be derived directly. However, 

the disadvantage of this method is that extensive iterations were required for 
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solving governing equations, which renders it inappropriate for efficient 

performance prediction or annual assessment of the dehumidification system. In 

the end, a detailed comparison of four different modelling methods is 

summarized in Table 2-1.  

Table 2-1 Comparison of different modelling methods for the liquid desiccant 

dehumidification system 

References 

Modelling 

method 

System 

type 

Flow 

pattern 

Solutions 

to solve 

governing 

equations 

Experimental 

validation 

Characteristics 

[131] 

Simplified 

method 

Direct-

contact 

Cross 

and 

counter 

Analytical 

≤ 7.9% (cross) 

≤

13.8% (counter) 

Pros: No 

iteration;  

Rapid 

calculation 

Cons: 

Inaccurate; 

Limited 

application 

[132] Cross ≤ 8.0% 

[142] Counter 

Good 

agreements 

[143] Counter 

Good 

agreements 

[134] 

휀 − 𝑁𝑇𝑈 

method 

Direct-

contact 

- 

Analytical 

Good 

agreements 

Pros: 

Simplified 

iteration; 

Time-saving 

Cons: 

Inaccurate 

[144] - 

Good 

agreements 

[145] 

Flat-plate 

membrane 

Cross 

≤

7.3% (sensible) 

≤ 8.6% (latent) 

[135] 

Counter-

cross 

≤ 10.0% 

[55] Cross - 
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[146] 

Finite 

difference 

method 

Direct-

contact 

Counter 

Finite 

difference 

- 

Pros: 

Simplified 

iteration; 

Accurate; 

Suitable for 

dehumidifier 

performance 

evaluation 

Cons: 

Unsuitable for 

heat and mass 

transfer 

analysis 

[138] 

Flat-plate 

membrane 

Counter ≤ 10.0% 

[77] Cross 

Good 

agreements 

[147] 

Counter-

cross 

≤ 17.0% 

[139] 

Conjugate 

heat and 

mass 

transfer 

method 

Flat-plate 

membrane 

Cross 

Finite 

volume 

≤ 4.0% Pros: 

Accurate; 

Suitable for 

heat and mass 

transfer 

analysis 

Cons: 

Exhaustive 

iteration; 

Less 

efficiency 

[83] Cross ≤ 8.0% 

[148] 

Hollow 

fibre 

Counter ≤ 5.0% 

[149] Cross ≤ 7.5% 
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2.7 Application of liquid desiccant dehumidification 

system 
In recent years, most research devoted to liquid desiccant dehumidification 

systems to directly absorb water vapour from the moist air [150-153] has proven 

to be energy-efficient, healthy, and environmentally friendly, where the 

optimisation algorithms are also discussed in previous works [154-160].  

Packed-bed columns are the most common pattern [49, 161], with desiccant 

solution exposed in the air, where small corrosive desiccant droplets are carried 

over the processed air, endangering indoor environments and occupants’ 

wellbeing. To tackle this issue, the indirect contact pattern with permeable 

polymer hollow fibre [162-164] dehumidifiers (PHFD) are alternatives for heat 

and mass transfer, where membranes separate air and desiccant solution and the 

corrosions are prevented. The results showed that the solution concentration and 

the moisture flow rate were crucial for efficient moisture removal. Moreover, the 

small gap inside the hollow fibre leads to significantly enhanced energy-efficient 

performance. Another advantage of hollow fibre lies in its compacted structure 

with enhanced surface contact areas, reinforcing the heat and mass transfer 

capacity [163, 165]. Despite that, the advantages of lightweight, corrosion 

resistance, and being 2-3 times cheaper than the metal counterparts with the same 

thermal performance draw extensive attention [166]. The heat and mass transfer 

in a crossflow hollow fibre integrated liquid desiccant dehumidification and 

cooling system has been investigated [167, 168, 153]. Besides, many papers have 

studied the cross-flow hollow fibre system's performance [169, 82]. Chen et al. 

[162] conducted the experiment to study a polymer hollow fibre integrated with 

aqueous potassium formate solution under the conditions of incoming air 

temperature increasing from 30 ℃  to 45℃ , where the moisture removal rate 
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improved from 0.20 g/s to 0.36 g/s (about 80.0%). In contrast, the sensible 

effectiveness increased from 0.54 to 0.66 (about 22.2%). Besides, when the 

relative humidity increased from 55% to 75% with a fixed inlet air temperature 

of 35 ℃, the moisture removal rate improved from 0.20 g/s to 0.28 g/s (about 

40.0%), whereas the sensible effectiveness decreased from 0.54 to 0.37 (about 

40.7%). Furthermore, Ou et al. [170] experimented with the heat and mass 

transfer performances of a liquid desiccant cooling and dehumidification system. 

It was figured out that the air outlet temperature and humidity in both model 

predictions and experimental results reduced with the increase of desiccant 

solution mass flow rate from 0.206 kg/s to 0.425 kg/s, indicating the rise of 

sensible and latent heat effectiveness ranging from 71.1% to 82.2% and 85.2% 

to 88.9%, respectively. Moreover, Ou et al. [170] also investigated the impact of 

solution inlet temperature reduction from 12.2℃  to 10℃  on dehumidification 

performances. The increasing rate of sensible heat effectiveness is 8.4%, with 

the outlet air temperature dropping from 16.73 ℃ to 13.93 ℃. The increasing 

rate for latent heat effectiveness is 4.3%, with the outlet air humidity dropping 

from 7.75 g/kg   to 6.68 g/kg. Besides, the air outlet humidity decreased 

significantly from 6.22 g/kg to 5.24 g/kg, with the growing desiccant solution 

inlet concentration from 30 % to 33 %. Furthermore, solar collectors were 

assumed to be used for regeneration in the liquid desiccant cooling system. Fig 

2-17 depicts a novel type of solar liquid desiccant cooling system with a solar 

C/R developed by Peng et al. [171], including three core components: solar 

collector/regenerator(C/R), air dehumidifier and evaporative cooler. The 

working fluids were circulated in two loops: an air loop and a liquid desiccant 

loop. The processed air was dehumidified in the dehumidifier before being 
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chilled with cooling water. The diluted solution exiting the dehumidifier was 

heated in the heat exchanger before entering the solar collector/regenerator, 

where it was heated to the regeneration temperature and regenerated. The 

viability and effectiveness of direct solar desiccant regeneration via the C/R 

component were studied. 

 

Fig 2-17 Flowchart of a solar liquid desiccant cooling system [171] 

In addition to solar collectors, numerous experts combined standard vapour 

compression refrigeration systems with liquid desiccant dehumidification to 

create innovative air conditioning systems with separate temperature and 

humidity control. For sensible cooling, the novel air conditioning system could 

operate at a high COP with a high evaporation temperature. Fig 2-18 depicts the 

liquid desiccant evaporation cooling air conditioning system (LDCS) developed 

by Yin et al. [172]. In this system, a dehumidifier, a regenerator, and an 

evaporative cooler were added. Air and low-temperature, the highly 

concentrated desiccant film entered the dehumidifier, and water vapour was 

transported from the air to the desiccant film. In the regenerator, a low-grade 

heat source heated the diluted desiccant solution from the dehumidifier to a 
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higher temperature, and water vapour was transported from the desiccant 

solution to the air. The dehumidified air was sent via an evaporative cooler to be 

cooled and humidified before being delivered to the air conditioning space. The 

system might be powered by low-grade heat sources with temperatures between 

60 ℃ and 80 ℃, such as solar energy and industrial waste heat. 

 

Fig 2-18 Schematic diagram of the liquid desiccant evaporation cooling air 

conditioning system [172] 

Fig 2-19 depicts the innovative liquid desiccant air cooling system proposed by 

Yin et al. [173]. The new system had four units: a liquid desiccant (LiCl–H2O) 

regeneration unit, an air dehumidification unit, a unit for creating chilled water 

through evaporative cooling, and a unit for radiant cooling and dehumidified 

ventilation. Utilizing solar energy, the liquid desiccant regeneration unit 

concentrated the diluted liquid desiccant from the dehumidifier. The air 

dehumidification device utilised liquid desiccant to provide extremely dry air for 

the evaporative cooling unit and to condition the area. Radiant cooling and 

ventilation with dry air could maintain a thermally comfortable environment in 

the conditioned space. The dehumidifier was responsible for the dry air. The 
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remaining dry air was directed into the evaporative cooler, which produced 

cooled water for the radiant ceiling panels. With high thermal performance, the 

chilled water temperature could be as low as 12℃. 

 

Fig 2-19 Schematic diagram of the direct evaporative cooling air conditioning 

system based on liquid desiccant [173] 

In particular, conventional vapor-compression refrigeration and air-conditioning 

systems consume great energy. Numerous efforts have been made to develop 

energy-saving technology to improve energy efficiency. One of them is air 

conditioning technology based on liquid desiccant dehumidification. Grossman 

[174] performed a theoretical analysis on a low-grade heat-driven open desiccant 

cooling air conditioning system, and the results suggested that the thermal 

performance improved as the heat source temperature increased, with a 

maximum thermal 𝐶𝑂𝑃  of approximately 0.45. When simply employed for 

dehumidification in Haifa, Israel, the thermal 𝐶𝑂𝑃 of the system might reach 

around 0.8 [175]. Tang and Liu [176] examined the energy usage of conventional 

and liquid desiccant air conditioning systems in Shenzhen's industrial buildings. 

The results indicated that the 𝐶𝑂𝑃 of the conventional air-cooling system under 

summer outdoor design conditions was 2.94, whereas that of the liquid desiccant 

https://www.sciencedirect.com/topics/engineering/evaporative-cooling
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air conditioning system was 5.42. All the data confirmed the energy-saving 

advantage of liquid desiccant air conditioning systems. A detailed review of 

desiccant cooling and dehumidification system application has been given in 

Table 2-2.  
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Table 2-2 Review of desiccant cooling and dehumidification system application  

Ref. 
Research 

approach 

Location Structure Desiccant 

Transient/Dy

namic input 

air conditions 

Climatic types 

Performance assessment 

System sizing and optimisation  Supply air 

condition 

System COP 

[26] Real building Seoul, Korea Packed- bed 
LiCl 

solution 

Dynamic  
Temperate and 

humid 

13.9℃, 9.8 g/kg 
COPT=1.45 

COPP=0.65 

N/A 

[164] 

Theoretical 

and 

experimental 

N/A Hollow fibre 

LiCl 

solution 
Transient Hot and humid 

21.6℃, 

11.8 g/kg 

COPT=0.76 

COPP=4.2 

The energy performance performs well 

with the heat pump's energy efficiency 

ratio and COP increase with the air flow 

rates. 

[177] 

Theoretical 

and 

experimental 

Guangdong, 

China 

Flat-plate 

membrane-based 

LiCl 

solution 

Transient Hot and humid 

16℃, 

10.5 g/kg 

COPT=0.71 N/A 

[45] Real building 
Hongkong, 

China 

Packed- bed N/A Dynamic Hot and humid N/A COPP=4.62 

Incorporating solar desiccant 

dehumidification has great energy-saving 

potential due to the higher COP. 



70 

 

In conclusion, most research focused on theoretical and experimental studies, 

however, few studies investigated the operating energy performances in real 

building applications. In literature [26] [44] [45], the authors have applied the 

desiccant cooling and dehumidification system in real buildings with dynamic 

input air conditions where the system’s COP is calculated under complex 

modelling methods. Without simplified COP correlations, the calculation results 

are irreplicable for practical implications in other retrofit projects. Besides, it is 

figured out that the system COP correlations are crucial for rapid and accurate 

post-retrofit building energy performance prediction considering the ambient 

conditions, especially in combinations with different building retrofit 

technologies, which have been proved by [39, 46-48]. In addition, integrating 

the low-grade energy or renewables with the liquid desiccant dehumidification 

system plays a crucial role in promoting the system 𝐶𝑂𝑃 and reducing overall 

energy consumption. 

2.8 Summary 
This chapter presents a detailed literature assessment of technologies linked to 

the liquid desiccant dehumidification system. First, major findings from the 

literature review are presented: 

1) Dehumidifier is the most crucial unit in a liquid desiccant 

dehumidification system, in which the semi-permeable membranes are 

used to overcome the desiccant carry-over issues of direct-contact 

dehumidifiers. 

2) In recent years, more attention has been paid to investigating the internal 

cooling solutions for flat plate membrane-based heat and mass transfer, 

which could be divided into two types: 1) adjacent plate to the solution 
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channel and 2) cooling tubes inside the solution channels. 

3) The regenerator is another important component of such a system, as the 

diluted solution produced by the dehumidifier must be re-concentrated to 

achieve solution recycling. Similar to dehumidifiers, regenerators can be 

split into direct contact and membrane-based types based on the module 

construction. The solution can be regenerated with low-grade energy 

sources such as solar thermal (TH), photovoltaic-electrodialysis (PV-

ED), and photovoltaic capacitive deionization (PV-CD) (PV-CDI). 

4) LiCl, CaCl2, and LiBr are the most widely used materials in which LiCl 

solution is the most stable liquid desiccant, featuring the lowest water 

vapour pressure and viscosity at the same temperature. Nevertheless, the 

cost of LiCl is relatively high. 

5) The heat pipes are an efficient heat transfer method in improving the 

system performance of the liquid desiccant with high-density heat flux 

within compact space, which may have a significant impact on internal 

cooling/heating of the desiccant solution in the dehumidifier side to 

maintain a relatively low temperature. Among them, the most commonly 

used heat pipe is a straight gravitational type, which has the advantages 

of a simple structure and easy-to-operate. 

6) There are four predominant modelling methods for the membrane-based 

liquid desiccant heat and mass exchanger: simplified, effectiveness 𝑁𝑇𝑈 

( 휀 − 𝑁𝑇𝑈 ), finite difference and conjugate heat and mass transfer 

methods. The simplified method could efficiently simulate the annual 

performance of a liquid desiccant system with little calculation time. The 

accuracy, though, is the worst. Compared to the simplified method, the 



72 

 

effectiveness NTU (휀 − 𝑁𝑇𝑈) method saves time but has a broader range 

of applications. It provides more accuracy in modelling, and its 

governing equations are discretized using the finite difference method 

and then solved using the iterative method. The conjugate heat and mass 

transfer method is the most accurate, but it requires considerable 

iterations to solve governing equations, making it inappropriate for 

efficient performance prediction or annual assessment of the 

dehumidification system. 

7) The building applications for liquid desiccant dehumidification 

technology can be utilised in innovative air conditioning systems, such 

as the liquid desiccant evaporation cooling air conditioning system and 

the fresh air handling unit powered by liquid desiccant and the heat 

pump. 

Thus, based on the literature review, the novelty of this research and identified 

research gaps between previous studies and current study are presented: 

1) Numerous experiments have been conducted to examine the performance 

of an internally-cooled membrane-based dehumidifier. Several 

numerical investigations employ conjugate heat and mass transfer 

methods that solve the momentum and continuity equation to produce 

the velocity field and the energy and mass equations to obtain the 

concentration and temperature distributions. These research concentrate 

on the fundamental heat and mass transfer mechanism of internally-

cooled membrane-based plate contractors. Several studies examine the 

performance of liquid desiccant systems numerically by analysing the 

effects of multiple operational and design parameters. However, few 
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studies have been conducted to numerically evaluate the performance of 

a cross-flow internally-cooled membrane-based parallel plate liquid 

desiccant system by considering all relevant operational factors. 

2) Although internal cooling methods are adopted by the traditionally 

packed tower dehumidifier, the heat and mass transfer ability do not 

increase significantly compared with the internal cooling methods for flat 

membrane dehumidifiers. Therefore, the internally-cooled flat 

membrane dehumidifier with higher heat transfer density and 

compactness should be focused on to enhance the heat and mass transfer 

performance. However, there is a lack of modelling of heat pipe internal 

cooling application in the dehumidifier, as well as comprehensive 

parametric analysis of the operation control with the heat pipe internal 

cooling method. 

3) Even though many modelling studies have been carried out to investigate 

the impact of internal cooling on the liquid desiccant dehumidification 

system, most of the researches focus on the hybrid and finite difference 

models to achieve high accuracy with calculation iterations. A few 

numerical investigations have revealed the impact of cooling water 

temperature and flow rate on dehumidification effectiveness, however, 

few studies have been reported to evaluate the performance of an 

internally-cooled membraned-based liquid desiccant dehumidification 

system with heat pipe. In this study, the hybrid numerical model is 

established to investigate the energy performance of a heat pipe 

internally-cooled membraned-based liquid desiccant dehumidifier (HP-

ICMLDD) with lithium chloride as the desiccant. 
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4) The majority of previous works have mostly analysed dehumidifiers. 

Few regenerator studies have concentrated on direct contact types, such 

as packed beds and columns. Few studies on membrane-based 

regenerators, particularly numerical modelling, have been undertaken. 

Heat and mass transfer in a membrane-based regenerator are examined 

numerically and experimentally with the parametric analysis in this 

thesis. 
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Chapter 3 Methods 

3.1 Introduction 
This chapter presents the description from the perspective of the heat pipe 

membrane-based liquid desiccant dehumidification (HP-ICMLDD), membrane-

based regeneration, complete system, and the integrated liquid desiccant air-

conditioning (ILDAC) system. Firstly, the HP-ICMLDD system comprises a 

membrane-based dehumidifier integrated with heat pipes and a cooling box. 

Section 3.2 presents the system description and calculation methods for air and 

solution properties and introduces the performance evaluation indices. 

Secondly, for the membrane-based regeneration system, the regenerator uses the 

same membrane-based heat and mass exchanger test facility built in the 

laboratory with no cooling box or internal cooling source involved since the 

primary purpose of the regenerator is to re-concentrate the weak solution coming 

from the dehumidifier. Section 3.3 presents the system description and 

calculation methods for air and solution properties and introduces the 

performance evaluation indices. 

The complete membrane-based flat-plate liquid desiccant dehumidification 

system includes a dehumidifier, a regenerator, and hot and cold water supply 

systems. Section 3.4 presents the complete system description for the heat 

exchangers and introduces the performance evaluation indices. 

For the integrated liquid desiccant air-conditioning (ILDAC) system, the 

modelling method for the ILDAC system is presented in section 3.5.1, including 

the air-water heat pump (AWHP) circuit, simulation parameters and conditions 

and the dynamic energy simulation procedure in EnergyPro. Besides, the 

definition and modelling of the reference building (RB) are presented in section 
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3.5.2, including RB’s location, heating and cooling schedule, building material, 

etc. In order to analyse the energy and techno-economic performance of the 

ILDAC system, the flowchart of the RB’s simulation method is proposed with 

eight steps, as described in section 3.5.3. Finally, the comprehensive economic 

performance and calculation method of the ILDAC system has been given in 

section 3.5.4. 

3.2 Description of the dehumidifier 
In this study, the dehumidifier comprises a heat pipe internally-cooled 

membrane-based liquid desiccant dehumidification system, abbreviated as the 

HP-ICMLDD system. An HP-ICMLDD system is designed and built to assess 

its energy performance through numerical study and experimental tests, 

principally comprising a membrane-based dehumidifier integrated with heat 

pipes and a cooling box. The concept and structure of the HP-ICMLDD are 

shown in Fig 3-1. The membrane-based dehumidifier has separate channels for 

the air stream and desiccant solution, where heat and moisture transfer between 

the air stream and desiccant solution is through the semi-permeable micro-

porous hydrophobic membranes. Gravitational heat pipes are inserted in each 

solution channel. The desiccant solution flows downwards in the solution 

channels, where the solution absorbs the air moisture and heat while the liquid 

desiccant is impermeant through the membrane. Simultaneously, the evaporator 

section of the heat pipe takes heat from the desiccant solution and transfers it to 

the condenser section, reducing the desiccant solution temperature. A cooling 

box is installed on the top of the dehumidifier, and heat from the heat pipe 

condenser section is taken away by cold water. The structure of the HP-ICMLDD 

is depicted in Fig 3-1 (a), with the air and solution flow in a cross-flow 
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arrangement. The perspective view of the HP-ICMLDD and the detail of a single 

solution channel with adjacent air channels are shown in Fig 3-1 (b) and (c), 

respectively. In order to monitor, control and predict the heat and mass transfer 

process of the HP-ICMLDD system, a hybrid numerical model is established. 

The proposed hybrid model starts by combining the conjugate heat and mass 

transfer model with the nondimensionalized physical governing equations, as the 

heat and mass transfer coefficients are usually hard to calculate in 휀 − 𝑁𝑇𝑈 

model. The finite difference method is used to solve the iterative computational 

steps for air, solution and cooling box sides. 

 

(a) 
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(b) 

 

(c) 

 Fig 3-1 Concept and structure of the HP-ICMLDD system (a) Structure; (b) 

Perspective view; (c) Single solution channel with adjacent air channels 
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3.2.1 Air and solution property equations 
For analysis, the air humidity ratio (𝑊𝑎𝑖𝑟) (kg/kgdryair) needs to be determined 

where the correlation between relative humidity (RH) (%) and absolute humidity 

(AH) (kg/m3) is derived by Mander [178]: 

𝐴𝐻 =
6.112×𝑒

[
17.67×𝑇𝑎𝑖𝑟
𝑇𝑎𝑖𝑟+243.5

]×𝑅𝐻×2.1674

1000(273.15+𝑇𝑎𝑖𝑟)
                                                                     (3-1) 

Where 𝑇𝑎𝑖𝑟 is air temperature (℃). Then 𝑊𝑎𝑖𝑟 can be calculated by: 

𝑊𝑎𝑖𝑟 =
𝐴𝐻

𝜌𝑎𝑖𝑟
                                                                                                    (3-2) 

Where 𝜌𝑎𝑖𝑟 is air density (kg/m3). 

𝑊𝑠𝑜𝑙 is the solution equilibrium specific humidity (kg/kgdryair), and calculated 

by [179]: 

𝑊𝑠𝑜𝑙 = 0.62198
𝑃𝑠𝑜𝑙(𝐶𝑠𝑜𝑙, 𝑇𝑠𝑜𝑙)

𝑃𝑎𝑡𝑚−𝑃𝑠𝑜𝑙(𝐶𝑠𝑜𝑙, 𝑇𝑠𝑜𝑙)
                                           (3-3) 

where 𝑃𝑎𝑡𝑚 is the atmospheric pressure (Pa); 𝑃𝑠𝑜𝑙  is the vapour pressure of the 

LiCl solution (Pa), which is a function of solution concentration 𝐶𝑠𝑜𝑙  and 

temperature 𝑇𝑠𝑜𝑙, and given by [180]:  

log 𝑃𝑠𝑜𝑙 = 𝐾𝐼 [𝐴 −
𝐵

𝑇𝑠𝑜𝑙−𝐸𝑠
] + [𝐶 −

𝐷

𝑇𝑠𝑜𝑙−𝐸𝑠
]                                                   (3-4) 

Where 𝐾 and 𝐼 are the electrolyte parameters relating to solute (LiCl); 𝐴, 𝐵, 𝐶, 𝐷 

and 𝐸𝑠 are the parameters regarding the solvent (water). All the parameters are 

specified for the LiCl solution [180], as shown in Table 3-1. 
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Table 3-1 Specified parameters for LiCl solution [180] 

𝐴 𝐵 𝐶 𝐷 𝐸𝑠 𝐾 𝐼 

-0.0183 3.9110 7.1523 1730 39.53 5.3703 8.2671 

 

Moreover, 𝐴, 𝐵, 𝐶 and 𝐷 can be calculated as: 

𝐴 = 𝐴𝑠 + 3.60591 × 10−4 × 𝐼 + 𝑀𝑠/2303                                                  (3-5) 

𝐵 = 𝐵𝑆 + 1.382982 × 𝐼 − 0.031185 × 𝐼2                                                   (3-6) 

𝐶 = 𝐶𝑆 − 3.99334 × 10−3 × 𝐼 − 1.11614 × 10−4 × 𝐼2 + 𝑀𝑠 × 𝐼 × (1 − 𝜒)/

2303                                                                                                                (3-7)                                                                                                                                  

𝐷 = 𝐷𝑆 − 0.138481 × 𝐼 + 0.027511 × 𝐼2 − 1.79277 × 10−3 × 𝐼3           (3-8) 

Where 𝐴𝑠, 𝐵𝑠, 𝐶𝑠, 𝐷𝑠 are electrolyte parameters related to solute and solvent. For 

LiCl aqueous solution, these parameters are given in Table 3-2 [180].  

Table 3-2 Electrolyte parameters for LiCl solution [180] 

𝐴𝑠 𝐵𝑠 𝐶𝑠 𝐷𝑠 

-0.021302 -5.390915 7.192959 1730.2857 

𝐼 is the ionic strength (mol/kg), which can be obtained by [180]: 

𝐼 =
1

2
∑ 𝑏(𝑖)𝑍(𝑖)

2                                                                                              (3-9) 

Where 𝑏(𝑖) is the molality of electrolyte 𝑖; 𝑍(𝑖) is the valence of electrolyte 𝑖. 𝑀𝑠 

is the molecular weight of the solvent (kg/mol). For water solvents, 𝑀𝑠=0.018 

kg/mol. 𝜒 is another electrolyte property related to the solute as calculated by 

[180]:  

𝜒 = 2(𝑣+ + 𝑣−)/(𝑣+𝑍+
2 + 𝑣−𝑍−

2)                                                             (3-10) 
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Where 𝑣+ and 𝑣− are number of models of cation and anion produced by the 

dissociation of one mole of the electrolyte, respectively; 𝑍+ and 𝑍− are valence 

of cation and anion, respectively.  

Consequently, once the temperature and concentration of the solution are given, 

the equilibrium vapour pressure can be obtained. Then, the solution equilibrium 

specific humidity 𝑊𝑠𝑜𝑙  can be calculated by Eq. (3-3). In this study, LiCl is 

selected as the working solution for the entire system. Thus, a psychometric chart 

of the LiCl solution is plotted in Fig 3-2. 

 

Fig 3-2 Psychometric chart of LiCl for dehumidifier 

3.2.2 Performance evaluation indices 

3.2.2.1 Air side effectiveness for dehumidifier 

Air side effectiveness is commonly used to evaluate the dehumidification and 

cooling capabilities of a heat and mass exchanger [181, 182]. This study employs 

three effectiveness types, including sensible effectiveness ( 휀𝑠𝑒𝑛 ), latent 

effectiveness ( 휀𝑙𝑎𝑡 ), and total effectiveness ( 휀𝑡𝑜𝑡 ). The air side sensible 

effectiveness ( 휀𝑠𝑒𝑛 ) is an essential criterion for evaluating the overall heat 
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transfer performance of air, solution and water. It is determined as the product of 

the effectiveness of air and solution heat exchanger, heat pipe heat exchanger. 

The effectiveness of air and solution heat exchanger is the ratio of the actual 

sensible energy difference when the air passes through the dehumidifier 

(𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 − 𝑇𝑎𝑖𝑟,𝑖𝑛) to the maximum possible sensible energy difference in the 

dehumidifier ( 𝑇𝑠𝑜𝑙,𝑖𝑛 − 𝑇𝑎𝑖𝑟,𝑖𝑛 ) [183]. The effectiveness of heat pipe heat 

exchanger is the ratio of the actual sensible energy difference when water passes 

through the heat pipes (𝑇𝑤,𝑜𝑢𝑡 − 𝑇𝑤,𝑖𝑛) to the maximum possible sensible energy 

difference in the heat pipe heat exchanger (𝑇𝑠𝑜𝑙,𝑖𝑛 − 𝑇𝑤,𝑖𝑛) [183]: 

휀𝑠𝑒𝑛 =
(�̇�𝑐𝑝)

𝑎𝑖𝑟
(𝑇𝑎𝑖𝑟,𝑖𝑛−𝑇𝑎𝑖𝑟,𝑜𝑢𝑡)

(�̇�𝑐𝑝)
𝑚𝑖𝑛,𝑎−𝑠

(𝑇𝑎𝑖𝑟,𝑖𝑛−𝑇𝑠𝑜𝑙,𝑖𝑛) 
∙

(�̇�𝑐𝑝)
𝑤

(𝑇𝑤,𝑜𝑢𝑡−𝑇𝑤,𝑖𝑛)

(�̇�𝑐𝑝)
𝑚𝑖𝑛,𝑠−𝑤

(𝑇𝑠𝑜𝑙,𝑖𝑛−𝑇𝑤,𝑖𝑛) 
                         (3-11)  

where 𝑇𝑎𝑖𝑟,𝑖𝑛 is the inlet air temperature of the dehumidifier (℃); 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 is the 

outlet air temperature of the dehumidifier ( ℃ ); 𝑇𝑠𝑜𝑙,𝑖𝑛  is the inlet solution 

temperature (℃); 𝑇𝑤,𝑖𝑛 is the inlet water temperature of the cooling box (℃); 

𝑇𝑤,𝑜𝑢𝑡 is the outlet water temperature of the cooling box (℃). 

The air side latent effectiveness (휀𝑙𝑎𝑡 ) is used to evaluate the mass transfer 

performance or moisture removal efficiency. Due to the water vapour partial 

pressure difference in the air and solution channels, the water vapour will pass 

through the microporous on the membrane surface and then condense in the 

solution channel. The latent effectiveness (휀𝑙𝑎𝑡 ) is defined as the ratio of the 

actual air latent energy difference (𝑊𝑎𝑖𝑟,𝑖𝑛 − 𝑊𝑎𝑖𝑟,𝑜𝑢𝑡) to the maximum possible 

latent energy difference (𝑊𝑎𝑖𝑟,𝑖𝑛 − 𝑊𝑠𝑜𝑙,𝑖𝑛) [183]: 

휀𝑙𝑎𝑡 =
�̇�𝑎𝑖𝑟ℎ𝑓𝑔(𝑊𝑎𝑖𝑟,𝑖𝑛−𝑊𝑎𝑖𝑟,𝑜𝑢𝑡)

�̇�𝑚𝑖𝑛ℎ𝑓𝑔(𝑊𝑎𝑖𝑟,𝑖𝑛−𝑊𝑠𝑜𝑙,𝑖𝑛)
                                                                       (3-12) 
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where 𝑊𝑎𝑖𝑟,𝑖𝑛  and 𝑊𝑎𝑖𝑟,𝑜𝑢𝑡  are the inlet and outlet air humidity ratio 

(kg/kgdryair),  respectively; 𝑊𝑠𝑜𝑙,𝑖𝑛 is the equilibrium humidity ratio of air at the 

inlet condition of the desiccant solution (kg/kgdryair). 

The total effectiveness (휀𝑡𝑜𝑡 ) is the ratio of the enthalpy transfer rate to the 

maximum possible energy (enthalpy) transfer rate in the dehumidifier [183]:  

휀𝑡𝑜𝑡 = 𝑠𝑒𝑛+ℎ∗
𝑙𝑎𝑡

1+ℎ∗
                                              

(ℎ∗ =
ℎ𝑓𝑔

𝑐𝑝,𝑎𝑖𝑟
 
𝑊𝑠𝑜𝑙,𝑖𝑛−𝑊𝑎𝑖𝑟,𝑖𝑛

𝑇𝑠𝑜𝑙,𝑖𝑛−𝑇𝑎𝑖𝑟,𝑖𝑛
)                                                                          (3-13) 

3.2.2.2 Air side moisture removal rate (𝑴𝑹𝑹) 

The air side moisture removal rate ( 𝑀𝑅𝑅 ) indicates the dehumidification 

capacity (g/s), depending on both the air absolute moisture content difference 

(𝜔𝑎𝑖𝑟,𝑖𝑛 − 𝜔𝑎𝑖𝑟,𝑜𝑢𝑡) and the air mass flow rate 𝑚𝑎𝑖𝑟,𝑖𝑛̇ , which can be calculated 

by: 

𝑀𝑅𝑅 = �̇�𝑎𝑖𝑟 (𝑊𝑎𝑖𝑟,𝑖𝑛 − 𝑊𝑎𝑖𝑟,𝑜𝑢𝑡)                                                           (3-14) 

3.2.2.3 Internal cooling capacity (𝑸𝒊𝒄) 

The internal cooling capacity ( 𝑄𝑖𝑐 ) is used to assess the internal cooling 

performance. Under the steady condition, heat from the air side is absorbed by 

the solution where a part of the heat load results in the solution temperature rise, 

and the remaining part is removed by the cooling box water through the heat 

pipes. Therefore, the internal cooling capacity is calculated, representing the 

cooling capacity generated by the heat pipes rather than the total cooling capacity 

(system cooling capacity). The high internal cooling capacity means that the 

more absorbed heat is removed. In addition, a high internal cooling capacity also 
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indicates that the low solution temperature is reached to maintain efficient 

cooling and dehumidification performance [84].  

𝑄𝑖𝑐 = 𝐶𝑝,𝑤�̇�𝑤(𝑇𝑤,𝑜𝑢𝑡 − 𝑇𝑤,𝑖𝑛)                                                                   (3-15) 

Where 𝐶𝑝,𝑤 is the water specific heat capacity (J/kg∙K); �̇�𝑤 is the water mass 

flow rate (kg/s); 𝑇𝑤,𝑖𝑛  and 𝑇𝑤,𝑜𝑢𝑡  are the inlet and outlet cooling box water 

temperatures (℃), respectively.  

According to Bell's uncertainty analysis method [184], the uncertainty value of 

𝑈𝑌 is determined by the function of  𝑈𝑋𝑖
 of each variable 𝑋𝑖: 

𝑈𝑌 = √∑ (
𝜕𝑌

𝜕𝑋𝑖
)2𝑈𝑋𝑖

2𝑁
𝑖=1                                                                                  (3-16) 

Based on Eq. (3-16), the absolute uncertainty of a calculated value can be derived 

with error bars included in the graphs for experimental results validation.  

3.3 Description of the regenerator 
The majority of previous literature focused on the dehumidification process, 

according to the literature review. However, within the liquid desiccant 

dehumidification system, regeneration is regarded as one of the most essential 

processes, as the diluted desiccant solution must be re-concentrated to achieve 

solution recycling. Regarding regeneration, previous research has focused on 

direct contact regeneration between the desiccant solution and air. The 

regenerator uses the same membrane-based heat and mass exchanger test facility 

built in the laboratory with no cooling box or internal cooling source involved 

since the primary purpose of the regenerator is to re-concentrate the weak 

solution coming from the dehumidifier. The concept and structure of the 

regenerator are shown in Fig 3-3. The membrane-based regenerator has separate 
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channels for the air stream and desiccant solution, where heat and moisture 

transfer between the air stream and desiccant solution is through the semi-

permeable micro-porous hydrophobic membranes. The desiccant solution flows 

downwards in the solution channels, where the air absorbs the solution moisture 

and heat while the liquid desiccant is impermeant through the membrane. The 

structure of the regenerator is depicted in Fig 3-3 (a), with the air and solution 

flow in a cross-flow arrangement. The perspective view of the regenerator and 

detail of a single solution channel with adjacent air channels are shown in Fig 

3-3 (b) and (c), respectively. The structure of the regenerator is identical to that 

of the dehumidifier, except that there are no internal cooling sources. 

 

(a) 
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(b) 

 

(c) 

Fig 3-3 Concept and structure of the regenerator (a) Structure; (b) Perspective 

view; (c) Single solution channel with adjacent air channels 

3.3.1 Air and solution property calculations 
The calculation methods for air and solution properties have been explained in 

Section 3.2.1. It should be noticed that compared with the investigation into the 

dehumidifier, the solution concentration and temperature of interest for 

regenerator performance investigation in this chapter are different. Thus the 
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equilibrium specific humidity of LiCl under different conditions is calculated, 

and another psychometric chart of the LiCl solution is given in Fig 3-4. 

 

Fig 3-4 Psychometric chart of LiCl for regenerator 

3.3.2 Performance evaluation indices 

3.3.2.1 Solution side effectiveness for regenerator 

Effectiveness is the most critical parameter used to evaluate the performance of 

a heat and mass exchanger. Air side effectiveness has been widely used for 

dehumidification performance evaluation. They are used for the dehumidifier 

performance evaluation in the previous section. However, in the regeneration 

process, where the main focus is on the desiccant solution, the air side 

effectiveness cannot reflect the regenerator performance correctly. Thus the 

solution side effectiveness for the regenerator is introduced by referring to the 

literature [29]: 

휀𝑠𝑒𝑛,𝑠𝑜𝑙 =
(�̇�𝑐𝑝)

𝑠𝑜𝑙
(𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔−𝑇𝑠𝑜𝑙,𝑜𝑢𝑡,𝑟𝑒𝑔)

(�̇�𝑐𝑝)
𝑚𝑖𝑛

(𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔−𝑇𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔) 
                                                        (3-17) 

휀𝑙𝑎𝑡,𝑠𝑜𝑙 =
�̇�𝑑𝑒𝑠𝑖ℎ𝑓𝑔(𝑋𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔−𝑋𝑠𝑜𝑙,𝑜𝑢𝑡,𝑟𝑒𝑔)

�̇�𝑚𝑖𝑛ℎ𝑓𝑔(𝑊𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔−𝑊𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔)
                                                         (3-18) 
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휀𝑡𝑜𝑡,𝑠𝑜𝑙 = 𝑠𝑒𝑛,𝑠𝑜𝑙+ℎ∗
𝑙𝑎𝑡,𝑠𝑜𝑙

1+ℎ∗                                                                                (3-19) 

Where �̇�𝑑𝑒𝑠𝑖 is the desiccant flow rate (kg/s), which is given by: 

�̇�𝑑𝑒𝑠𝑖 =
�̇�𝑠𝑜𝑙

1+𝑋𝑠𝑜𝑙
                                                                                              (3-20) 

3.3.2.2 Solution side moisture flux rate (𝑴𝑭𝑹) 

As discussed in section 3.2.2.2, the moisture removal rate for the dehumidifier 

has been introduced to evaluate the amount of moisture being removed by the 

air from diluted liquid desiccant solution or the amount of moisture absorbed by 

concentrated solution from humid air. In this study, with the main focus on the 

desiccant solution, a similar index called the moisture removal rate of the 

regenerator (𝑀𝑅𝑅𝑟𝑒𝑔) has been defined and given as: 

𝑀𝑅𝑅𝑟𝑒𝑔 = �̇�𝑑𝑒𝑠𝑖(𝑋𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔 − 𝑋𝑠𝑜𝑙,𝑜𝑢𝑡,𝑟𝑒𝑔)                                                (3-21) 

Then, another vital index called solution side moisture flux rate (𝑀𝐹𝑅) is defined 

and given as: 

𝑀𝐹𝑅 =
𝑀𝑅𝑅𝑟𝑒𝑔

𝑈𝑚𝐴𝑚𝑒𝑚
=

�̇�𝑑𝑒𝑠𝑖(𝑋𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔−𝑋𝑠𝑜𝑙,𝑜𝑢𝑡,𝑟𝑒𝑔) 

𝑈𝑚𝐴𝑚𝑒𝑚
                                             (3-22) 

 As seen from the above equation, 𝑀𝐹𝑅  is the ratio between the moisture 

removal rate of the regenerator (𝑀𝑅𝑅𝑟𝑒𝑔) and membrane overall mass transfer 

conductance (𝑈𝑚𝐴𝑚𝑒𝑚 ). 𝑀𝐹𝑅  is generally used for performance evaluation 

rather than 𝑀𝑅𝑅𝑟𝑒𝑔, since it is independent of the size of the regenerator. It only 

depends on the inlet condition, making the results more general [185].  

3.3.2.3 Solution temperature decrease rate (𝑻𝑫𝑹) 

Apart from re-concentration of the liquid desiccant solution, the lower solution 

temperature is preferred, where a lower solution temperature would make the 
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dehumidification process more effective. Thus, the index so-called solution 

temperature decrease rate (𝑇𝐷𝑅) is applied to evaluate the sensible performance 

of regeneration, which is defined as: 

𝑇𝐷𝑅 =
𝑇𝑠𝑜𝑙,𝑖𝑛−𝑇𝑠𝑜𝑙,𝑜𝑢𝑡

𝑇𝑠𝑜𝑙,𝑖𝑛
                                                                                     (3-23) 

3.4 Description of the complete system 
The previous two sections covered the performance of a single dehumidifier and 

a regenerator, respectively. In the majority of published works on membrane-

based dehumidification systems, the supply and exhaust side exchangers are 

coupled to a closed-loop aqueous salt solution. In these publications, it is 

assumed that the heat and mass transfer rates in the supply exchanger are 

equivalent to those in the exhaust exchanger, i.e. no heat or moisture is added or 

removed from the system. However, the system can benefit significantly from 

an external heat or cold source, in which case a hot water loop and a cooling 

water loop are incorporated into the design. The heat and mass transfer rates of 

the dehumidifier and regenerator might not be identical. This section investigates 

a comprehensive membrane-based liquid desiccant dehumidification system, 

including a dehumidifier, a regenerator, and hot and cold water supply systems. 

This section includes a full parametric study on a complete membrane-based 

liquid desiccant system and offers meaningful information for developing and 

operating a liquid desiccant dehumidification air-conditioning system. 

Dehumidifier, regenerator, and heat exchanger comprise most of the constructed 

numerical model. The structures of the dehumidifier and regenerator are 

comparable, except that their heat and mass transfer directions are opposite. 
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3.4.1 Description of heat exchangers 
There are three liquid-to-liquid plate heat exchangers installed in the complete 

system. The concept diagram of the complete system is given in Fig 3-5. The 

diluted (weak) solution is initially heated by hot water in heat exchanger 1 (HX1) 

before entering the regenerator. Then, heat recovery occurs between the strong 

and weak solutions in heat exchanger 2 (HX2). The concentrated (strong) 

solution is cooled by tap water in heat exchanger 3 (HX3) before entering the 

dehumidifier. For the parallel-flow heat exchanger, the effectiveness 휀 is defined 

as the ratio of the actual heat transfer rate over the maximum possible heat 

transfer rate [186]: 

 휀 ≡
𝑞

𝑞𝑚𝑎𝑥
=

𝑐𝑝,ℎ(𝑇ℎ,𝑖𝑛−𝑇ℎ,𝑜𝑢𝑡)

𝑐𝑚𝑖𝑛(𝑇ℎ,𝑖𝑛−𝑇𝑐,𝑖𝑛)
=

𝑐𝑝,𝑐(𝑇𝑐,𝑜𝑢𝑡−𝑇𝑐,𝑖𝑛)

𝑐𝑚𝑖𝑛(𝑇ℎ,𝑖𝑛−𝑇𝑐,𝑖𝑛)
                                             (3-24)                        

Where 𝑐𝑝,ℎ and 𝑐𝑝,𝑐 are heat capacity rates of hot and cold fluid, respectively; 

𝑇ℎ,𝑖𝑛, 𝑇ℎ,𝑜𝑢𝑡, 𝑇𝑐,𝑖𝑛 and 𝑇𝑐,𝑜𝑢𝑡 are temperatures of hot and cold fluids at inlets and 

outlets. For HX1-HX3, their effectiveness are expressed as:  

휀1 =
�̇�𝑠𝑜𝑙𝑐𝑝,𝑠𝑜𝑙(𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔−𝑇𝑠𝑜𝑙,2)

min(�̇�𝑠𝑜𝑙𝑐𝑝,𝑠𝑜𝑙,�̇�ℎ𝑜𝑡,𝑤𝑐𝑝,𝑤)(𝑇ℎ𝑜𝑡,𝑤,𝑖𝑛−𝑇𝑠𝑜𝑙,2)
                                                  (3-25) 

휀2 =
�̇�𝑠𝑜𝑙𝑐𝑝,𝑠𝑜𝑙(𝑇𝑠𝑜𝑙,𝑜𝑢𝑡,𝑟𝑒𝑔−𝑇𝑠𝑜𝑙,1)

�̇�𝑠𝑜𝑙𝑐𝑝,𝑠𝑜𝑙(𝑇𝑠𝑜𝑙,𝑜𝑢𝑡,𝑟𝑒𝑔−𝑇𝑠𝑜𝑙,𝑜𝑢𝑡,𝑑𝑒ℎ)
=

�̇�𝑠𝑜𝑙𝑐𝑝,𝑠𝑜𝑙(𝑇𝑠𝑜𝑙,2−𝑇𝑠𝑜𝑙,𝑜𝑢𝑡,𝑑𝑒ℎ)

�̇�𝑠𝑜𝑙𝑐𝑝,𝑠𝑜𝑙(𝑇𝑠𝑜𝑙,𝑜𝑢𝑡,𝑟𝑒𝑔−𝑇𝑠𝑜𝑙,𝑜𝑢𝑡,𝑑𝑒ℎ)
         (3-26) 

휀3 =
�̇�𝑠𝑜𝑙𝑐𝑝,𝑠𝑜𝑙(𝑇𝑠𝑜𝑙,1−𝑇𝑠𝑜𝑙,𝑖𝑛,𝑑𝑒ℎ)

min(�̇�𝑠𝑜𝑙𝑐𝑝,𝑠𝑜𝑙,�̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑤𝑐𝑝,𝑤)(𝑇𝑠𝑜𝑙,1−𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑤,𝑖𝑛)
                                       (3-27) 

Where subscript "𝑑𝑒ℎ"  and "𝑟𝑒𝑔"  represent dehumidifier and regenerator, 

respectively; 𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑤,𝑖𝑛 and 𝑇ℎ𝑜𝑡,𝑤,𝑖𝑛 are temperatures of cooling water from 

tap water and hot water from the boiler at inlets (℃), respectively; 𝑇𝑠𝑜𝑙,1 and 

𝑇𝑠𝑜𝑙,2 are temperatures of strong and weak solution after HX1 (℃). As depicted 
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in Fig 3-5. �̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑤 and �̇�ℎ𝑜𝑡,𝑤 are mass flow rates of cooling and hot water 

(kg/s), respectively. 

 

Fig 3-5 Concept diagram of the heat exchangers 

3.4.2 Performance evaluation indices  

3.4.2.1 Total cooling capacity (𝑸𝒕𝒐𝒕) 

The internal cooling capacity for the heat pipe alone has been determined and 

analysed to evaluate how much heat has been taken by the heat pipes during the 

dehumidification process. However, from the complete system perspective, the 

most significant functions are absorbing moisture from the moist air (latent 

cooling) and reducing its temperature (sensible cooling). Therefore, it is crucial 

to evaluate and determine the dehumidifier’s total cooling capacity (𝑄𝑡𝑜𝑡) (kW), 

which is the sum of system sensible cooling (𝑄𝑐 ) (kW) and latent cooling 

capacities (𝑄𝑑𝑒ℎ) (kW): 

𝑄𝑡𝑜𝑡 = 𝑄𝑐 + 𝑄𝑑𝑒ℎ                                                                                          (3-28) 

𝑄𝑐 = �̇�𝑎𝑖𝑟,𝑑𝑒ℎ𝑐𝑝,𝑎𝑖𝑟(𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ − 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ)                                             (3-29) 

𝑄𝑑𝑒ℎ = �̇�𝑎𝑖𝑟,𝑑𝑒ℎℎ𝑓𝑔(𝑊𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ − 𝑊𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ)                                          (3-30) 
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3.4.2.2 Coefficient of Performance (𝑪𝑶𝑷)  

To evaluate the energy efficiency of the complete system, the Coefficient of 

Performance (𝐶𝑂𝑃) is divided into three parts: the thermal 𝐶𝑂𝑃 (𝐶𝑂𝑃𝑡ℎ), the 

electrical 𝐶𝑂𝑃  (𝐶𝑂𝑃𝑒𝑙𝑒 ) and the total 𝐶𝑂𝑃  (𝐶𝑂𝑃𝑡𝑜𝑡 ), in which 𝐶𝑂𝑃𝑡ℎ  includes 

thermal energy input of the regeneration heat from the regenerator (𝑄𝑟𝑒𝑔) and 

𝐶𝑂𝑃𝑒𝑙𝑒  comprises the power needed for the pumps and fans supplied by the 

electricity (𝑊𝑓𝑎𝑛 and 𝑊𝑝𝑢𝑚𝑝), with the expression: 

𝐼𝑓 𝑇𝑤,𝑖𝑛 > 18℃, 𝐶𝑂𝑃𝑡ℎ =

𝑄𝑡𝑜𝑡

𝑄𝑟𝑒𝑔/𝜂/𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦+�̇�𝑤𝑐𝑝,𝑤(𝑇𝑤,𝑖𝑛−18)/𝜂𝑤/𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
      

𝐼𝑓 𝑇𝑤,𝑖𝑛 ≤ 18℃, 𝐶𝑂𝑃𝑡ℎ =
𝑄𝑡𝑜𝑡

𝑄𝑟𝑒𝑔/𝜂/𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
                                   (3-31)                                              

𝐶𝑂𝑃𝑒𝑙𝑒 =
𝑄𝑡𝑜𝑡

𝑄𝑒𝑙𝑒
=

𝑄𝑡𝑜𝑡

𝑊𝑓𝑎𝑛+𝑊𝑝𝑢𝑚𝑝
                                                                       (3-32) 

𝐶𝑂𝑃𝑡𝑜𝑡 =
𝑄𝑡𝑜𝑡

𝑄𝑟𝑒𝑔+𝑄𝑒𝑙𝑒+𝑄𝑡𝑎𝑝
=

𝑄𝑡𝑜𝑡

𝑄𝑟𝑒𝑔+𝑊𝑓𝑎𝑛+𝑊𝑝𝑢𝑚𝑝+𝑄𝑡𝑎𝑝
                                      (3-33)      

𝑄𝑟𝑒𝑔 = �̇�𝑠𝑜𝑙,𝑟𝑒𝑔𝑐𝑝,𝑠𝑜𝑙(𝑇𝑠𝑜𝑙,𝑜𝑢𝑡,𝐻𝑋1 − 𝑇𝑠𝑜𝑙,𝑖𝑛,𝐻𝑋1)                                          (3-34) 

𝑊𝑓𝑎𝑛 =
𝑊𝑜𝑢𝑡𝑝𝑢𝑡,𝑓𝑎𝑛

𝜂𝑓𝑎𝑛
=

𝑄𝑓𝑎𝑛Δ𝑃𝑎𝑖𝑟

𝜂𝑓𝑎𝑛
=

�̇�𝑎𝑖𝑟Δ𝑃𝑎𝑖𝑟

𝜌𝑎𝑖𝑟𝜂𝑓𝑎𝑛
                                                 (3-35) 

𝑊𝑝𝑢𝑚𝑝 =
𝑊𝑜𝑢𝑡𝑝𝑢𝑡,𝑝𝑢𝑚𝑝

𝜂𝑝𝑢𝑚𝑝
=

𝑄𝑝𝑢𝑚𝑝Δ𝑃𝑠𝑜𝑙

𝜂𝑝𝑢𝑚𝑝
=

�̇�𝑠𝑜𝑙Δ𝑃𝑠𝑜𝑙

𝜌𝑠𝑜𝑙𝜂𝑝𝑢𝑚𝑝
                                          (3-36) 

Δ𝑃𝑎𝑖𝑟 =
1

2
𝜌𝑎𝑖𝑟𝑢𝑎𝑖𝑟

2(
𝐴𝑑𝑒ℎ,𝑟𝑒𝑔

𝐴𝑑
)2(

𝐴𝑑

𝐴𝑑𝑒ℎ,𝑟𝑒𝑔
− 1)2                                               (3-37) 

Δ𝑃𝑠𝑜𝑙 =
1

2
𝜌𝑠𝑜𝑙𝑢𝑠𝑜𝑙

2(
𝐴𝑑𝑒ℎ,𝑟𝑒𝑔

𝐴𝑑
)2(

𝐴𝑑

𝐴𝑑𝑒ℎ,𝑟𝑒𝑔
− 1)2                                               (3-38) 

𝑓 =
8𝑣𝐿

𝜋𝑟4                                                                                                          (3-39) 
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Where 𝐶𝑂𝑃𝑡ℎ is thermal 𝐶𝑂𝑃; When 𝑇𝑤,𝑖𝑛 > 18℃, the inlet cold water needs to 

be cooled to 18℃ (explained in section 5.4.1). Therefore, the cold water cooling 

energy consumption is considered in the thermal 𝐶𝑂𝑃  equation. Besides, the 

cold water cooling energy consumption is not considered when 𝑇𝑤,𝑖𝑛 ≤ 18℃. 

𝐶𝑂𝑃𝑒𝑙𝑒 is electrical 𝐶𝑂𝑃; 𝐶𝑂𝑃𝑡𝑜𝑡 is total 𝐶𝑂𝑃; 𝑄𝑡𝑜𝑡 is the sum of total cooling 

and dehumidification capacity (kW); 𝑄𝑟𝑒𝑔 is the regeneration heat input (kW); 

𝑄𝑒𝑙𝑒 is the total electricity consumption (kW); 𝜂 is boiler efficiency, 𝜂𝑤 is cold 

water efficiency and 𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦  is heat transfer efficiency 

from cooler to the system; 𝑊𝑓𝑎𝑛  is fan power consumption (kW); 𝑊𝑝𝑢𝑚𝑝  is 

pump power consumption (kW); 𝑇𝑠𝑜𝑙,𝑖𝑛,𝐻𝑋1  is the solution temperature at the 

inlet of the HX1 (℃); 𝑇𝑠𝑜𝑙,𝑜𝑢𝑡,𝐻𝑋1 is the solution temperature at the outlet of the 

HX1 (℃); 𝑊𝑜𝑢𝑡𝑝𝑢𝑡,𝑓𝑎𝑛 is the fan power output, which is the useful power output 

applied to the air (kW); 𝑊𝑜𝑢𝑡𝑝𝑢𝑡,𝑝𝑢𝑚𝑝 is the pump power output, which is the 

useful power output applied to the solution (kW); 𝜂𝑓𝑎𝑛  is the fan efficiency; 

𝜂𝑝𝑢𝑚𝑝 is the pump efficiency; 𝑄𝑓𝑎𝑛 is the air volumetric flow rate through the 

fan (m3/s); 𝑄𝑝𝑢𝑚𝑝 is the solution volumetric flow rate through the pump (m3/s); 

Δ𝑃𝑎𝑖𝑟 is the total pressure drop across the air (Pa); Δ𝑃𝑠𝑜𝑙 is the total pressure drop 

across the solution (Pa); 𝑢𝑎𝑖𝑟  is the air velocity (m/s); 𝑢𝑠𝑜𝑙  is the solution 

velocity (m/s); 𝐴𝑑𝑒ℎ,𝑟𝑒𝑔 is the windward area of the dehumidifier or regenerator 

(m2); 𝐴𝑑  is the cross area of the duct connected to the dehumidifier or 

regenerator (m2); 𝑓  is the flow resistance of air, solution and water in the 

channel; 𝐿 is the channel length (m) and 𝑟 is hydraulic diameter (m). 
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3.5 Modelling of the integrated liquid desiccant air-

conditioning system 

3.5.1 Description of the ILDAC system 
The HP-ICMLDD system described in previous sections could provide pre-

cooled and dehumidified air. However, in order to achieve the supply air under 

thermal comfort conditions, this section proposes an integrated system 

combining the complete LDD system with the air-water heat pump (AWHP) 

system, where the PVT renewable technology and thermal storage system are 

introduced to provide the renewable heat and electricity. The concept of the 

integrated liquid desiccant air-conditioning (ILDAC) system is depicted in Fig 

3-6.  

In general, the ILDAC system consists of four circuits, including: 

1. Dehumidification circuit: The HP-ICMLDD (dehumidifier), regenerator, 

two solution storage tanks (strong and weak solution), liquid-to-liquid 

heat exchanger); 

2. Heat pump circuit: Evaporator, compressor, condenser and expansion 

valve; 

3. Energy storage circuit: Hot water storage cylinder (single-coil indirect 

unvented water storage cylinder); 

4. Renewable energy circuit: Photovoltaics-Thermal (PVT) panel. 

In the air loop, the ambient hot and humid air enters the HP-ICMLDD 

(dehumidifier) with the outlet of pre-cooled and dehumidified air, and then 

further cooled by the cooling coil of the evaporator, with the cooled and 

dehumidified air supplied to the indoor environment. Besides, the hot return air 

extracted from the indoor environment enters the regenerator to concentrate the 

weak solution with the exhaust air at the outlets to the outdoor environment.  
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In the refrigerant loop, the hot and high-pressure vapour flows into the 

condenser, where the heat is released and absorbed by the pre-heated water from 

the PVT outlet. Then, the hot and high-pressure liquid refrigerant passes through 

the expansion valve, with cold and low-pressure liquid refrigerant entering the 

evaporator. By absorbing heat from the pre-cooled air (from HP-ICMLDD 

outlet), the cold and low-pressure liquid refrigerant is converted from liquid to 

vapour phase and then enters the compressor, where the cold and low-pressure 

vapour refrigerant will be transformed to hot and high-pressure vapour 

refrigerant.  

In the solution loop, the weak solution from the solution tank is pumped to the 

liquid-to-liquid heat exchanger, where the cold and weak solution absorbs heat 

from hot water, with hot and weak solution passing through the regenerator. The 

hot and weak solution is concentrated into the cold and strong solution by 

releasing the moisture and heat to the return air and storing it in the solution tank. 

The cold and strong solution passes through the HP-ICMLDD, absorbs heat and 

moisture from the inlet hot and humid air, and stores in the weak solution tank.  

In the water loop, the cold water outlet from the coil of the hot water storage 

cylinder (top side outlet) enters the PVT back panel absorbing the heat from the 

PV layer. Then, the pre-heated water absorbs the heat from the condenser and 

transfers it into hot water, and flows into the coil of the hot water storage cylinder 

(bottom side outlet). The hot water out from the cylinder has two branches: the 

first hot water flow enters the liquid-to-liquid heat exchanger in the 

dehumidification circuit to heat the weak solution that flows to the regenerator; 

the other water flow enters the indoor radiator to provide space heating.  
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The air loop functions as the cooling and dehumidification source, where the 

indoor environment is adjusted by the LDD-AWHP cascade air-conditioning 

process, whereas the space heating is not undertaken by it. The control strategies 

of the air loop during summertime and wintertime are introduced as: 

1) In the summertime, the air loop is activated, where the hot and humid air from 

the outdoor environment enters the HP-ICMLDD at first with pre-cooled and 

dehumidified air flowing through the evaporator in the heat pump circuit with 

cooled and dehumidified air supplying to the indoor environment. Meanwhile, 

the return air from the indoor environment flows into the regenerator to 

concentrate the weak solution, with the exhausted air emitted to the outdoor 

environment.  

2) In wintertime, the air loop is deactivated, where the dehumidification circuit 

does not function.  

The water loop is functioning as either supplying regeneration heat in 

summertime or space heating in the wintertime. The control strategies of the 

water loop during summertime and wintertime are introduced as: 

1) In the summertime, the water loop functioning as regeneration heat is 

activated, where the cold and weak solution is heated by the hot water coming 

from the water storage cylinder. Meanwhile, the water loop functioned as the 

space heating is deactivated.  

2) In wintertime, the water loop functioning as space heating is activated, where 

the indoor radiator is heated by the hot water coming from the water storage 

cylinder. Meanwhile, the water loop functioned as the regeneration heat is 

deactivated.  
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Moreover, another advantage of this integrated system is that the PVT panels 

provide renewable electricity to support the heat pump compressor when solar 

radiation is sufficient, thereby reducing grid electricity requirements. Besides, 

instead of installing additional batteries and storing renewable electricity, this 

integrated system transforms the renewable electricity into renewable heat and 

stores the thermal energy by supporting renewable electricity to the heat pump 

compressor.  

 

Fig 3-6 The concept of the integrated liquid desiccant air-conditioning 

(ILDAC) system 

3.5.1.1 Air-water heat pump (AWHP) circuit 

Since the ILDAC system combines the LDD with the AWHP and the LDD 

modelling has been described in previous sections, the AWHP modelling needs 

to be discussed in order to integrate the outlet air from the LDD system with the 

inlet air to the AWHP. Besides, the commercial AWHP specification is described 

under the condition of stand-alone operation with hot and humid ambient air 

rather than pre-cooled and dehumidified air. Therefore, the practical AWHP 

cooling and heating performance needs to be discussed with the dynamic 
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modelling method. Fig 3-7 shows the air-water heat pump circuit and main 

components.  The ideal thermodynamic cycle consists in four processes is given 

as: 

Between 1 or 1’ and 2 (condensation of the refrigerant): the hot refrigerant gas 

is condensed and releases heat in the condenser (to hot water storage cylinder). 

During this process, the pressure is kept constant (isobaric process). 

Between 2 and 3 (expansion of the refrigerant): the liquid refrigerant expands in 

the expansion valve, and its pressure and temperature decrease (isenthalpic 

process).  

Between 3 and 4 or 4’ (evaporation of the refrigerant): the refrigerant is heated 

by the extracted heat from the environment. The refrigerant is converted to 

vapour at constant pressure (isobaric process) during this process.  

Between 4 and 1 (or 4’ and 1’) (compression of the refrigerant): the refrigerant 

gas is compressed in the compressor, which increases its pressure and 

temperature.  

 

Fig 3-7 The schematic diagram of the traditional air-water heat pump circuit 

For modelling the AWHP cycle, the following assumptions are considered: 
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No heat losses in the cycle. 

The heat extraction factor (𝐹𝑅 from Eq. (3-197)) of the cooling coil is considered 

constant.  

The mass flow rate of the refrigerant can be adjusted aiming to allow it to be 

completely evaporated in the solar panel (minimum saturated vapour) or to be at 

the maximum super-heated condition with a temperature equal to air temperature 

near the cooling coil (𝑇′𝑎). 

The temperature of the air near the cooling coil 𝑇′𝑎 is considered to be constant. 

The pressure after the expansion valve can be adjusted according to the supply 

air temperature of the HP-ICMLDD system at the outlets.  

The refrigerant is always saturated liquid after the condenser (point 2). 

The refrigerant used in this work is R134a, and its thermodynamic properties are 

obtained from [187], with the pressure-enthalpy and temperature-entropy 

diagrams shown in Fig 3-8, which shows the general Pressure – Enthalpy (P-H) 

and Temperature – Entropy (T-S) diagrams of the thermodynamic cycle.  

 

(a)                                  (b) 

Fig 3-8 (a) Pressure - Enthalpy (P-H) and (b) Temperature – Entropy (T-S) 
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diagrams of the AWHP thermodynamic cycle 

Based on the approaches described above, the enthalpy/energy balance in each 

process/component is: 

Condenser 

𝑄𝐻 = �̇�(ℎ1 − ℎ2)                                                                                         (3-40) 

Expansion valve 

ℎ3 = ℎ2                                                                                                        (3-41) 

Evaporator 

𝑄𝐶 = �̇�(ℎ4 − ℎ3)                                                                                         (3-42) 

Compressor 

𝑊𝐶 = �̇�(ℎ1 − ℎ4)                                                                                         (3-43) 

Where ℎ1, ℎ2, ℎ3 and ℎ4 are enthalpies in points 1, 2, 3 and 4, respectively (in 

case of saturated vapour condition (point 4’), ℎ4  and ℎ1  are ℎ′4  and ℎ′1 , 

respectively), �̇�  is the mass flow rate of the refrigerant, and 𝑄𝐻  is the heat 

released in the condenser (storage tank), 𝑄𝐶  is the heat absorbed from the 

cooling coil and 𝑊𝐶 is the power consumed in the compressor.  

The heat absorbed from the cooling coil can also be calculated using: 

𝑄𝐶 = 𝐹𝑅𝐴[𝑈𝑜𝑣𝑒𝑟𝑎𝑙𝑙(𝑇3 − 𝑇′𝑎)]                                                                    (3-44) 

in which 𝐹𝑅 is the ratio between actual output power and output power when 

𝑇𝑝 = 𝑇3, 𝑇𝑝 is the temperature of the cooling coil, 𝑇3 is the temperature of the 

refrigerant at the inlet of the cooling coil, 𝐴 is the heat transfer area of the cooling 
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coil, 𝑈 is the total heat transfer coefficient on the surface of the cooling coil and 

𝑇′𝑎 is the air temperature of the HP-ICMLDD system at the outlets.  

The wind convection heat transfer coefficient ℎ𝑎𝑖𝑟 is calculated using [188]: 

ℎ𝑎𝑖𝑟 = 5.7 + 3.8𝑉                                                                                        (3-45) 

Where 𝑉 (m/s) is the air velocity.  

The overall heat transfer coefficient is given as: 

𝑈𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = (
1

ℎ𝑎𝑖𝑟
+

𝛿

𝑘
+

1

ℎ𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑛𝑡
)−1                                                            (3-46) 

Where 𝛿 is the thickness of the coil (m); 𝑘 is the thermal conductivity of the coil 

(W/m2K) and ℎ𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑛𝑡  is the heat transfer coefficient of the refrigerant 

(W/m2K). 

Depending on the mass flow rate, super-heated refrigerant conditions in the 

cooling coil may occur for high supply air temperature from the HP-ICMLDD 

system at the outlets. In these situations, the relation between the super-heated 

temperature and the absorbed heat from the cooling coil is described as: 

𝑄𝐶 = �̇�[ℎ𝑐𝐿 + 𝑐′
𝑝(𝑇′

4 − 𝑇4)]                                                                     (3-47) 

Where ℎ𝑐𝐿 is the enthalpy of evaporation of the refrigerant at a given pressure, 

𝑐′𝑝 is the heat capacity of the vapour at that pressure and 𝑇′4 is the super-heated 

temperature at the outlet of the cooling coil (in this work 𝑇′4 is imposed to be at 

maximum equal to 𝑇′𝑎, which is achieved by adjusting the mass flow).  

The power consumed in the compressor can also be calculated using: 
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𝑊𝐶 = �̇� (
𝑃4𝜐4

𝜂𝑐
(

𝑘

𝑘+1
) [(

𝑃1

𝑃4
)

𝑘−1

𝑘
− 1])                                                            (3-48) 

Where 𝑃4 is the pressure at point 4 (same pressure if point 4’ occurs), 𝑃1 is the 

pressure at point 1 (same pressure if point 1’ occurs), 𝜐4 is the specific volume 

of the refrigerant at point 4 (or 𝜐′4 if the condition of point 4’ occurs), 𝜂𝑐 is the 

efficiency of the compressor, and 𝑘 is the ratio of specific refrigerant heat. 

The cooling (𝐶𝑂𝑃𝐶 ) and heating (𝐶𝑂𝑃𝐻 ) coefficient of performance of the 

AWHP is calculated using: 

𝐶𝑂𝑃𝐶 =
ℎ4−ℎ3

ℎ1−ℎ4
=

𝑄𝐶

𝑊𝐶
                                                                                      (3-49) 

𝐶𝑂𝑃𝐻 =
ℎ1−ℎ2

ℎ1−ℎ4
=

𝑄𝐻

𝑊𝐶
                                                                                      (3-50) 

3.5.1.2 Simulation parameters and conditions 

To control the inlet conditions of the refrigerant in the cooling coil, the following 

relations between pressure after the expansion valve and supply air temperature 

from the HP-ICMLDD system at the outlets are considered: 

If 25℃ ≤ 𝑇′
a < 30℃, 𝑃3 = 320 kPa (𝑇′4 = 2.5 ℃), 𝑐′𝑝 = 0.94 kJ/kgK 

If 30℃ ≤ 𝑇′
a < 35℃, 𝑃3 = 400 kPa (𝑇′4 = 8.9 ℃), 𝑐′𝑝 = 0.95 kJ/kgK 

If 35℃ ≤ 𝑇′
a < 40 ℃, 𝑃3 = 500 kPa (𝑇′4 = 15.7 ℃), 𝑐′𝑝 = 0.98 kJ/kgK 

If 𝑇′
a ≥ 40 ℃, 𝑃3 = 600 kPa  (𝑇′4 = 21.5 ℃), 𝑐′𝑝 = 1 kJ/kgK 

Table 3-3 shows the system geometric and thermal parameters and relevant 

thermodynamic properties of the R134a refrigerant.    

Table 3-3 Thermal, geometric and relevant thermodynamic properties of the 

R134a refrigerant [187] 
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Parameter Value 

𝜂𝑐 0.8 

𝐹𝑅 0.85 

𝐴 (m2) 3.2 

𝑘 1.2 

All the other thermodynamic properties of the refrigerant (ℎ, 𝑃, 𝑇, 𝜐, 𝑐𝑝 ) are 

obtained through interpolation data from [187]. 

3.5.1.3 ILDAC system dynamic energy simulation in EnergyPro 

The EnergyPRO software is used to simulate the ILDAC system energy flow 

from the energy source to energy demand via the integrated system, as shown in 

Fig 3-9. The energyPro is the leading software for modelling and analysing 

complex energy projects with the combined supply of electricity and thermal 

energy (process heat, hot water and cooling), which is used for detailed technical 

of both existing and new energy projects in a very user-friendly interface 

providing the user with a clear overview of the project. The software offers a 

long range of technical and economic reports, including a graphical presentation 

of the simulated operation, which provides an overview and in-depth 

understanding of the dynamics of a complex energy system. To simulate the 

ILDAC system performance, the EnergyPro software requires inputs of: 

1) Specification of the PVT panels; 

2) COP correlations of the AWHP; 

3) Thermal and electrical COP correlations of the complete LDD system; 

4) Specification of the water cylinder; 

5) Building dehumidification demand; 
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6) Building cooling demand; 

7) Building space heating demand. 

The specifications of the PVT panels (Solimpeks [189]) are given in Table 3-4. 

The specifications of the hot water cylinder (Telford Tempest 500 Litre Twin 

Coil Solar Indirect Unvented Cylinder [190]) are given in Table 3-5.  

 

Fig 3-9 Energy flow work simulation process in EnergyPro software 

Table 3-4 The specifications of the PVT panels [189]  

Dimension 1670𝑚𝑚 × 995𝑚𝑚 × 60𝑚𝑚 

Nominal electricity output 315 W (under STC of 1000 W/m2 and 25 ℃) 

Nominal thermal energy output 855 W (under STC of 1000 W/m2 and 25 ℃) 

Solar-to-electricity conversion efficiency 20% (under STC of 1000 W/m2 and 25 ℃) 

Solar-to-thermal conversion efficiency 47% (under STC of 1000 W/m2 and 25 ℃) 

Temperature coefficient for module 

efficiency 

-0.5 %/℃ 

Nominal cell temperature 24 ℃ 

Temperature coefficient of Pmp 0.048 %/℃ 
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Temperature coefficient of Voc -0.255 %/℃ 

Temperature coefficient of Isc -0.0331 %/℃ 

 

Table 3-5 The specifications of the hot water cylinder [190] 

Capacity 500 L 

Total heat loss (EN 12897) 69 W 

Peak hot water flow 1800 L/hour 

Maximum hot water temperature 80 ℃ 

Insulation thickness 95 mm 

 

3.5.2 Reference building and modelling  
The residential building stock can be classified according to several variables, 

including different climate conditions, locations, construction years, building 

typologies and the influence of the surrounding environment. The clustering of 

the EU residential buildings has been discussed and classified by several projects 

and documents, such as the TABULA [191], the MARIE [192] and the 

ENTRANZE [193].  

Selection of building retrofit measures, their applicability and associated energy-

saving potentials are inherently dependent on building typologies (i.e. 

residential, commercial, etc.), operating patterns and climatic conditions [46].  

This has been recognised by EPBD (European Performance Building Directive), 

which requires all EU member states to establish their Reference Buildings 

(RBs) to represent the diversification and functionalities of the national building 

stocks under different climatic conditions [46]. Various scientific studies have 

identified reference buildings within this context, representing varying 
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geographic and sectorial conditions for EU building stocks. Based on the source 

and the type of data collected, these RBs can be categorised into two types [194]:  

Hypothetical or example RB: idealised buildings with assumed geometry and 

construction details, aiming to represent a large number of national building 

stocks;  

Real RB: existing buildings with well-defined geometry, building fabric details, 

and internal energy demands that are able to facilitate characterisation of the 

general energy performance for substantial building stocks with similar building 

typologies and construction conditions.  

The scientific community tends to adopt hypothetical RBs when conducting 

data-driven/statistical-based building energy performance analysis [195, 196] 

and/or urban-scale building energy planning [197] under the entire EU building 

stocks [198]. While real RBs are often applied for one particular building 

typology under the same climatic condition [199, 200], results are limited to the 

case study scale. Similarly, intending to create a harmonised EU building stock 

covering a range of building typologies, the EU-funded TABULA project [201]  

defined a series of “agreed parameters of a common classification”, including 

construction year class, building size class, country, region or climate zone.  

According to the literatures [202, 203], most of the previous research focused on 

the dehumidification technology applied in hot and humid Asian regions. 

However, few studies discussed the energy and techno-economic performance 

in Meditteranean climates in Southern European regions, such as Italy, Spain and 

Greece, where subtropical and humid climate dominates most of the 

summertime [204-207]. Especially, due to climate change, the statistics have 



107 

 

indicated the air temperature and relative humidity increase under the 

Mediterranean climate, where heatwaves and extreme weather frequently occur 

in summer [208].  

On the basis of the ENTRANZE database [193], the share of multi-family 

dwellings in total residential building stock account for 60 %, 74 % and 70 % in 

Greece, Italy and Spain, respectively. Besides, the multi-family dwellings 

constructed before the 1970s have approximately 38 %, 56 % and 33 % of the 

multi-family building stocks in Greece, Italy and Spain, respectively, where few 

air-conditioning systems are installed, and the overheating issue occurred. Thus, 

it is significant to retrofit the multi-family terraced houses constructed before the 

1970s to achieve indoor hydrothermal comfort during summertime by 

introducing energy-efficient cooling and dehumidification systems.  

Therefore, the hypothetical RB is established in this research to analyse multi-

family terraced house typology under similar subtropical humid Meditteranean 

climate conditions and regions with different levels of details in global costs, 

primary energy consumption calculations and economic parameters, which 

makes the comparison results more replicable.  

The hypothetical RB defined in this research represents a multi-family terraced 

house selected within the Meditteranean subtropical and humid regions of 

building construction before the 1970s. Construction during this period followed 

regulations in force at that time for new building design, as summarised by the 

TABULA project [209]. The hypothetical RB established in this research case is 

four multi-family terraced houses with a total of 130 m2 in each building’s floor 

area with four people in each building, with the selected location of Methoni, 
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Rome and Barcelona. The building energy model was created as a baseline in 

IES VE [210] software to test the ILDAC system performance, with the 

geometry model and the 3D geometric wireframe view shown in Fig 3-10 (a) 

and (b). The weather file was chosen from the Ladybug website [211] in epw. 

Format. The 30-year average ambient weather conditions with solar radiation, 

ambient temperature and relative humidity are obtained from the WeatherOnline 

website [212], as shown in Fig 3-11. It is figured out that the high-intensity solar 

radiation periods are between April and September in Methoni, Rome and 

Barcelona, while low-intensity periods are for the rest of the months [213]. The 

highest ambient temperature in Methoni, Rome and Barcelona is 36.0 ℃ under 

the relative humidity of 80%.  

 

                               (a)                                                          (b) 

Fig 3-10 (a) The geometry model of the hypothetical RB (b) The 3D geometric 

wireframe view of the hypothetical RB 
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(a) 

 

(b) 

Fig 3-11 30-year average ambient weather conditions in Greece, Italy and 

Spain (a) air temperature and relative humidity and (b) solar radiation [212] 

Furthermore, buildings constructed before the 1970s had exceeded their service 

life by at least 50 years [214]. This led to the construction of many multi-family 

terraced houses featuring brick walls with poor insulation, comprising more than 

60% of their building stocks [193]. The construction type, U-value of the fabric 
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existing energy systems, household electrical appliances, occupancy and energy 

consumption in Greece, Italy and Spain can be extracted from the TABULA 

database [191]. 

According to the TABULA [191], the average energy consumption of the RBs 

for space heating in Greece, Italy and Spain would be about 74 kWh/m2 to 94 

kWh/m2 per year, 135 kWh/m2 to 154 kWh/m2 per year and 95 kWh/m2 to 123 

kWh/m2 per year, respectively. The building construction materials and U-value 

specifications of the RBs are summarized in Appendix A. The Air Change per 

Hour (ACH) for the entire RBs is assumed to be 6.7 ℎ−1  under a pressure 

difference of 50 Pa [215]. Besides, the primary energy source of the baseline 

building is considered as electricity and natural gas. In addition, the space 

heating is driven by combi-boilers with seasonal space heating energy efficiency 

of 94%. Moreover, the RB’s model has a continuous schedule, where all the RBs 

are assumed to be heated continuously to 20℃ during the heating season [215]. 

The initial set temperature for space cooling in Greece (May-October), Italy 

(June-September) and Spain (June-September) is 25 ℃  during the cooling 

season, as shown in Table 3-6 [215]. 

Table 3-6 Heating and cooling schedule for the RBs in Greece, Italy and Spain 

[215] 

RB sites Heating schedule Cooling schedule 

Greece 

From 1 November to 31 

March, 20 ℃  (0:00-9:00, 

19:00-24:00) 

From 1 May to 31 October, 

25 ℃  (0:00-9:00, 19:00-

24:00) 
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Italy 

From 1 December to 28 

February, 20 ℃  (0:00-9:00, 

19:00-24:00) 

From 1 June to 31 

September, 25℃ (0:00-9:00, 

19:00-24:00) 

Spain 

From 1 October to 30 April, 

20 ℃  (0:00-9:00, 19:00-

24:00) 

From 1 June to 31 

September, 25℃ (0:00-9:00, 

19:00-24:00) 

However, natural ventilation is applied by opening the windows to maintain 

indoor air quality and avoid summer overheating. 25% of windows are open 

from 8 am to 9 am and from 5 pm to 6 pm in the winter, while half of the windows 

are open from 8 am to 11 am, and all windows are open from 11 am to 5 pm, and 

30% of windows open from 5 pm to 8 pm in the summer. Windows remain closed 

for the rest of the time. The ventilation profiles are shown in Fig 3-12.  

 

                               (a)                                                          (b) 

Fig 3-12 Window opening profiles in (a) winter and (b) summer 

3.5.3 Building simulation method 
In order to analyse the energy and techno-economic performance of the ILDAC 

system, the flowchart of RB’s simulation method is proposed with eight steps, 

as shown in Fig 3-13.  
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Step 1: The complete LDD system COP modelling and correlation. The 

numerical modelling method of the complete LDD system with the correlation 

(Variations of 𝐶𝑂𝑃𝑡ℎ  and 𝐶𝑂𝑃𝑒𝑙𝑒  with the inlet air temperature and relative 

humidity); 

Step 2: The AWHP system modelling and correlation. The numerical modelling 

method of the AWHP system with the correlation (Variations of 𝐶𝑂𝑃𝐶 and 𝐶𝑂𝑃𝐻 

with the inlet air temperature and relative humidity); 

Step 3: RB establishment and modelling. The three multifamily terraced RBs 

are defined regarding the TABULA database with the location selected in 

Methoni-Greece, Rome-Italy and Barcelona-Spain under the subtropical and 

humid climate condition. The geometry modelling is established in IES VE 

software with space cooling, dehumidification and heating demand calculated; 

Step 4: Retrofit technologies. The specifications of four retrofit technologies are 

collected and the correlations of 𝐶𝑂𝑃𝑡ℎ and 𝐶𝑂𝑃𝑒𝑙𝑒 with the inlet air temperature 

and relative humidity of the complete LDD system collected from Step 1, the 

correlations of 𝐶𝑂𝑃𝐶  and 𝐶𝑂𝑃𝐻  with the inlet air temperature and relative 

humidity of the AWHP system collected from Step 2; 

Step 5: Post-retrofit building energy simulation. The ILDAC system energy 

simulation coding and virtualization are achieved in EnergyPro software, where 

the specifications and correlations of retrofit technologies (output from Step 4), 

weather files (output from Step 3) and space cooling, dehumidification and 

heating demands (output from Step 3) serve as the input of the EnergyPro 

boundary conditions (section 3.5); 
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Step 6: The ILDAC system energy performance. According to the simulation 

results from Step 5, the energy and carbon reduction rates, ILDAC and AWHP 

system COP, and building cooling efficiency are calculated; 

Step 7: The economic modelling. The economic model will be established. The 

electricity, natural gas and PV export tariff are collected, serving as input. The 

initial investment is calculated according to the retrofit technologies in Step 4. 

The energy reduction rate from Step 6, the initial investment from Step 4 and 

energy prices serve as the input for the lifecycle energy cost (LCEC) calculation. 

Besides, the bank interest rate and inflation rate in different countries are 

summarized in Step 7; 

Step 8: Techno-economic and sensitivity analysis. The discount payback period 

(DPP), the annual return on investment (AROI) and the real rate of return 

(RROR) are calculated based on the input of LCEC, bank interest rate and 

inflation rate from Step 7. Moreover, the sensitivity analysis is conducted with 

the variations of electricity, natural gas and PV export tariff, bank interest rate 

and inflation rate. 
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Fig 3-13 The flowchart of the RB simulation method 
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3.5.4 Techno-economic performance indices 
The comprehensive techno-economic performance is calculated with details in 

this section, where two primary economic assessments are discussed:  energy 

reduction rate (ERR), carbon reduction rate (CRR), initial investment (II), 

discounted payback performances (DPP), annualised return on investment 

(AROI) and the real rate of return (RROR). According to the Energy 

Performance and Building Directive (EPBD) [216], buildings before the 1970s 

often had a calculated remaining useful lifespan of at most 30 years, and 

investments in deep retrofit will extend the useful life of the building. Moreover, 

the cost-optimal level calculation of energy retrofit according to the regulation 

EU No. 244/2012 [217] is based on the global costs over a calculation period of 

20 years. Therefore, the DPP, AROI and RROR consider cost-optimality for the 

20-year lifecycle approach in this research. 

Energy reduction rate (ERR) is proposed to determine the energy-saving 

potential for the ILDAC system, whose final energy consumption will be 

compared with that of the baseline reference building with the unit of percentage 

(%). ERR can be calculated as the ratio between the post-retrofit scenario's 

primary energy consumption and the primary energy reduction between the post-

retrofit and baseline model.  

ERR =  (σ(0) − σ(i))/σ(0)                                                                         (3-51)             

Where, σ(i) is the final energy consumption with the ILDAC system (kWh/m2); 

σ(0) is the RB’s baseline final energy consumption (kWh/m2). 

Carbon reduction rate CRR is proposed to determine the carbon-saving potential 

for the ILDAC system, whose final carbon emission will be compared with that 
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of the baseline reference building with the unit of percentage (%). CRR can be 

calculated as the ratio between the post-retrofit scenario's carbon emission and 

the carbon reduction between the post-retrofit and baseline model.  

CRR =  (λ(0) − λ(i))/λ(0)                                                                          (3-52)               

Where, λ(i) is the final carbon emission with the ILDAC system (kgCO2/m
2); 

λ(0) is the baseline carbon emission (kgCO2/m
2). 

According to Statista, the average hourly labour cost is estimated as 28.5 €/h 

[218] and the installation cost as 34 €/m2 [1]. The initial investment (II) is 

calculated by the sum of the capital cost of components and the labour cost for 

installation: 

ϕII = ϕcapital + ϕlabour                                                                              (3-53) 

The capital cost of each technology (complete LDD, AWHP, hot water storage 

cylinder, roof PVT panels and the ILDAC systems) and their miscellaneous cost 

are given in Table 3-7.  

Table 3-7 The capital cost of each technology and their miscellaneous cost 

  unit Cost per unit Barcelona Rome Methoni 

Complete 

LDD 

system 

Core semi-

permeable 

membrane 

21kW in 

Barcelona; 

17kW in 

Rome;    19kW 

in Methoni 

€59.55/kW [219] € 1,250.55 € 1,012.35 € 1,131.45 

fan 

3 in each 

house; 4 

houses in total 

€72.35 per fan 

[220] 

€ 868.20 € 868.20 € 868.20 
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solution 

pump 

3 in each 

house; 4 

houses in total 

€238.84 per 

pump [221] 

€ 2,866.08 € 2,866.08 € 2,866.08 

Liquid 

Heat 

Exchanger 

3 in each 

house; 4 

houses in total 

€343.52 per heat 

exchanger [222] 

€ 4,122.24 € 4,122.24 € 4,122.24 

Storage 

tank 

3 in each 

house; 4 

houses in total 

€69 per tank 

[223] 

€ 828.00 € 828.00 € 828.00 

Heat pipe 

99 in each 

house; 4 

houses in total 

€9.1 per heat pipe 

[224] 

€ 3,603.60 € 3,603.60 € 3,603.60 

Complete LDD system total cost € 13,538.67 € 13,300.47 

€ 

13,419.57 

Air water 

heat pump 

(AWHP) 

system 

Vaillant 

Arotherm 

Plus Air 

Water Heat 

Pump 

19kW in 

Barcelona; 

24kW in 

Rome;    24kW 

in Methoni 

€880.53/kW 

[225] 

€ 16,730.07 € 21,132.72 

€ 

21,132.72 

Heat pump 

mounting 

and control 

accessories 

1 kit of 

installation and 

control devices 

in each house, 

4 houses in 

total 

€334/kit [225] € 1,336.00 € 1,336.00 € 1,336.00 

AWHP system total cost € 18,066.07 € 22,468.72 

€ 

22,468.72 
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Hot water 

storage 

cylinder 

Telford 

Tempest 

500 Litre 

Twin Coil 

Solar 

Indirect 

Unvented 

Cylinder 

twin 

Immersion 

500L cylinder 

for each house, 

4 houses in 

total 

€1538.40 for 

each 500L 

cylinder [226] 

€ 6,153.60 € 6,153.60 € 6,153.60 

Hot water storage system total cost € 6,153.60 € 6,153.60 € 6,153.60 

Roof PVT 

panels 

Solimpkes 

Excell PV-

T Hybrid 

Panel 

12 panels in 

each house; 4 

houses in total 

€250.00 for each 

PVT panel [227] 

€ 12,000.00 € 12,000.00 

€ 

12,000.00 

DC-AC 

Inverter 

1 inverter for 

each house; 4 

houses in total 

€1468.98 for 

each inverter 

[228] 

€ 5,875.80 € 5,875.80 € 5,875.80 

Scaffolding 

4 houses in 

total 

€1166.78 for 

each house [227] 

€ 4,667.12 € 4,667.12 € 4,667.12 

Other 

accessories 

4 houses in 

total 

€2142 for each 

house [227] 

€ 8,568.00 € 8,568.00 € 8,568.00 

Labour 

cost 

3 people, 5 

days 

€28.5 per hour 

per day [218] 

€ 3,420.00 € 3,420.00 € 3,420.00 

Roof PVT panels' total cost € 34,530.92 € 34,530.92 

€ 

34,530.92 

Installation 

of the 

accessories 

(pipes, 

controllers, 

4 houses in 

total 

€832.5 for each 

house [229] 

€ 3,330.00 € 3,330.00 € 3,330.00 
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ILDAC 

system 

cables, 

etc.) 

 

Labour 

cost 

2 people, 4 

houses in total 

€28.5 per hour 

per day [218] 

€ 1,824.00 € 1,824.00 € 1,824.00 

Total initial investment € 77,443.26 € 81,607.71 

€ 

81,726.81 

 

DPP is defined as variation and modification of the payback period that accounts 

for the time value and uses discounted cash flows when calculating the payback 

period with the unit of years [230]. DPP represents the economic performance 

of the retrofit investment to assess the rapidity of the investment payback period. 

To assess DPP, the cumulative discounted net present values (CNPV) are 

calculated first through the difference between initial investment and the 

cumulative annual net cash flows: 

CNPV (t = n) = ϕII − ∑ NPV(t = n)n
t=1                                                      (3-54)                      

Therefore, DPP equals to ‘t = n’ year when the CNPV (t=n) =0 

DPP (i) = n, when CNPV(t = n) = 0                                                          (3-55)                                              

The Net Present Value Method (NPV) is the difference between the present value 

of cash inflows and the present value of cash outflows over a period used in 

capital budgeting and investment planning to analyse an integrated retrofit's 

profitability. The following equation [231] is used to calculate the NPV of annual 

energy bill savings: 

NPV (t) = Rd(t) × (ϕb(t = 0) − ϕb(t) − ϕmaintenance(t))                      (3-56)                                     
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Where ϕmaintenance is the annual maintenance cost (€), which has been given in 

Table 3-8. ϕb is the annual bill (€), which can be expressed as: 

ϕb(𝑡) = θgrid−ele(𝑡) × 𝑝𝑔𝑟𝑖𝑑−𝑒𝑙𝑒(𝑡) + θgas(𝑡) × 𝑝𝑔𝑎𝑠(𝑡) − θexported(𝑡) ×

𝐹𝐼𝑇(𝑡) + θwater(𝑡) × 𝑝𝑤𝑎𝑡𝑒𝑟(𝑡)                                                                   (3-57)                                                                                                                                                                               

Where θgrid−ele is the grid electricity consumption (kWh); 𝑝𝑔𝑟𝑖𝑑−𝑒𝑙𝑒 is the unit 

price of the grid electricity (€/kWh); θgas is the natural gas consumption (kWh); 

𝑝𝑔𝑎𝑠 is the unit price of the natural gas (€/kWh); θexported is the PVT exported 

electricity to the grid (kWh); 𝐹𝐼𝑇 is the PVT feed-in tariff (€/kWh); θwater is the 

water consumption (m3); 𝑝𝑤𝑎𝑡𝑒𝑟 is the unit price of water (€/m3); 

Table 3-8 The maintenance cost and lifespan for each technology 

  Annual maintenance cost (€) [232] Lifespan 

(years) Barcelona Rome Methoni 

HP-ICMLDD 

system 

Core semi-

permeable 

membrane 

N/A N/A N/A 10 [233] 

Fan N/A N/A N/A 10 [234] 

Solution pump N/A N/A N/A 15 [235] 

Liquid Heat 

Exchanger 

N/A N/A N/A 15 [236] 

Storage tank N/A N/A N/A 20 [237] 

Heat pipe N/A N/A N/A 20 [238] 

Air water heat 

pump 

Vaillant Arotherm 

Plus Air Water 

Heat Pump 

501.9 634.0 634.0 20 [239] 
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(AWHP) 

system 

Heat pump 

mounting and 

control accessories 

N/A N/A N/A N/A 

Hot water 

storage 

cylinder 

Telford Tempest 

500 Litre Twin Coil 

Solar Indirect 

Unvented Cylinder 

twin Immersion 

123.1 123.1 123.1 8 [240] 

Roof PVT 

panels 

Solimpkes Excell 

PV-T Hybrid Panel 

72.0 72.0 72.0 20 [241] 

DC-AC Inverter N/A N/A N/A 10 [242] 

Scaffolding N/A N/A N/A N/A 

Other accessories  N/A N/A N/A N/A 

Labour cost N/A N/A N/A N/A 

Installation of 

the ILDAC 

system 

accessories (pipes, 

controllers, cables, 

etc.) 

99.9 99.9 99.9 N/A 

 
Labour cost N/A N/A N/A N/A 

 

The discount rate Rd(t) depends on the real discount rate Rr and the years (t) of 

the considered costs. The discount rate can be expressed as: 

Rd (t) = (1/(1 + Rr))t                                                                                (3-58)                                    

Where t is the number of years and Rr is the real discount rate, which is closely 

related to the bank interest rate R and inflation rate Ri. It can be calculated using: 

Rr = (R − Ri)/(1 + Ri)                                                                               (3-59)                                  
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The market values of interest rate, inflation rate and energy price with their 

increasing rate for Greece, Italy and Spain are shown in Table 3-9.  

Table 3-9 The market values of interest rate, inflation rate and energy price with 

their increasing rate for Greece, Italy and Spain 

 

Bank 

interest 

rate R 

(%) 

Inflation 

rate Ri 

(%) 

Real 

discount 

rate Rr 

(%) 

Electricit

y price 

increase 

rate (%) 

Natural 

gas 

increas

e rate 

(%) 

Natural 

gas 

price 

(€/kWh

) 

Electricit

y price 

(€/kWh) 

PV 

electricit

y Feed-in 

tariff 

(FIT) 

(€/kWh) 

Tap 

water 

price 

(€/m3) 

Methoni-

Greece 

8.32% 

[243] 

9.50% 

[244] 

-1.08% 

3.88% 

[245] 

3.22% 

[245] 

0.0897 

[246] 

0.3071 

[247] 

0.06 

[248] 

1.16 

[249] 

Rome-

Italy 

7.94% 

[243] 

12.60% 

[244] 

-4.14% 

3.88% 

[245] 

3.22% 

[245] 

0.0986 

[246] 

0.3115 

[247] 

0.105 

[250] 

1.05 

[249] 

Barcelon

a-Spain 

7.66% 

[243] 

7.30% 

[244] 

0.34% 

3.88% 

[245] 

3.22% 

[245] 

0.0888 

[246] 

0.2305 

[247] 

0.03 

[251] 

2.00 

[249] 

 

Inflation erodes the purchasing power of cash and impacts borrowing costs and 

real economic returns on investment securities. For this reason, investors are 

wise to understand and calculate what is called "the real rate of return" (𝑅𝑅𝑂𝑅), 

which is an investment's rate of return after adjusting for inflation. The real rate 

of return can be calculated by subtracting the current or expected inflation rate 

from the nominal annual return on investment [252]. 

The annualised return on investment (𝐴𝑅𝑂𝐼 ) is to evaluate the profitability 

efficiency of the retrofit investment in the timescales of the entire building 

serving lifespan after retrofit, which could help decision-makers compare the 
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investment profitability between building retrofit and other market investments 

with the fixed funding ranges [253]. 

𝑅𝑂𝐼 represents the gain or loss from an investment relative to the cost, which is 

useful in evaluating the potential return from a stand-alone investment as it is in 

comparing returns from several investments when deciding whether to invest in 

the purchase of a business or evaluate the results of a real estate retrofit 

transaction [254]. It is calculated by subtracting the pre- and post-retrofit energy 

bills (energy bill savings), dividing them by the cost of the initial retrofit 

investment, and multiplying it by 100%. However, the annualised return on 

investment 𝐴𝑅𝑂𝐼  provides an accurate solution to access the average annual 

𝑅𝑂𝐼, which considers the investment profitability in one year.  

The calculation formula of 𝑅𝑅𝑂𝑅, 𝐴𝑅𝑂𝐼 and 𝑅𝑂𝐼 are summarised as:  

𝑅𝑅𝑂𝑅 = 𝐴𝑅𝑂𝐼 − 𝑅𝑖                                                                                     (3-60)                                 

𝐴𝑅𝑂𝐼 = [(1 + 𝑅𝑂𝐼)
1

20 − 1] × 100%                                                           (3-61)                       

𝑅𝑂𝐼 =
∑ [(

1+𝑅𝑖
1+𝑅

)
𝑡
(ϕb(t=0)−ϕb(t)−ϕmaintenance(t))]20

𝑖=1

ϕII
                                           (3-62)                                       

Where 𝑅𝑅𝑂𝑅 , 𝐴𝑅𝑂𝐼  and 𝑅𝑂𝐼  are based on the calculated the ILDAC system 

serving lifecycle after retrofit, considered as a maximum of 20 years. 

3.6 Summary 
Firstly, this chapter established a concept of the complete membrane-based 

liquid desiccant dehumidification system. By applying such a method, the 

innovative HP-ICMLDD system performance could be calculated, where the 

heat pipe internal cooling method has been first integrated into the dehumidifier 
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and solved. Moreover, the innovative and energy-efficient concept of the ILDAC 

system has been proposed by integrating the complete LDD system with the air-

water heat pump (AWHP) system, where the PVT renewable technology and 

thermal storage system are introduced to provide renewable heat and electricity. 

The ILDAC system has been integrated with the reference buildings (RBs) to 

supply cooled and dehumidified air to the indoor environment for terraced multi-

family houses in subtropical and humid climate regions. Finally, the building 

energy simulation method and techno-economic performance indices and 

calculation methods are also introduced. 
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Chapter 4 Experimental set-up 

4.1 Introduction 
This chapter presents the detailed experiment set-up of the HP-ICMLDD 

(dehumidifier), the regenerator and the complete membrane-based liquid 

desiccant system. Besides, there are no specific experiment procedures for the 

ILDAC system since the system is based on the simulation of the reference 

building and energy simulation software (IES VE and EnergyPro), and the main 

objective of this integrated system is to investigate the applications of the 

integrated liquid desiccant in different Meditteranean climate conditions. 

Sections 4.1-4.3 present the laboratory test rig for the HP-ICMLDD, the 

regeneration and complete liquid desiccant dehumidification systems and all the 

related configurations of the test rigs, including the physical properties of the 

membrane, the air, desiccant solution and water transportation properties, the 

specifications of the experimental equipment and the primary measurement 

instruments with their corresponding accuracies.  

4.2 The experiment of the dehumidifier 
In order to assess the performance of a heat pipe membrane-based liquid 

desiccant dehumidification (HP-ICMLDD) system, a laboratory test rig is 

constructed to evaluate the system performance in various air, solution, and cold 

water states, with the schematic diagram, test rig and its lateral view shown in 

Fig 4-1, Fig 4-2 and Fig 4-3. The test rig principally comprises a membrane-

based dehumidifier integrated with heat pipes and a cooling box unit, a 

membrane-based regenerator, two solution tanks, three pumps, three liquid-to-

liquid heat exchangers (HX) and a boiler. An environmental chamber provides 

hot and humid air to the dehumidifier to simulate outdoor weather conditions. 

Simultaneously, the indoor return air is used to regenerate the desiccant solution 
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in the regenerator. The air flow rates are controlled by adjusting the axial fan 

rotation speeds (Ebm-Papst Mlfingen GmbH & Co. KG). The dimension of 

membrane-based units for the dehumidifier and regenerator is 410mm (𝐿 ) × 

230mm (𝑊) × 210mm (𝐻) with 11 air channels and 11 solution channels, where 

9 gravitational heat pipes are installed in each solution channel of the 

dehumidifier in an aligned arrangement.  

The dehumidifier and regenerator are originally designed in literature [255] at 

the Marmont lab in the University of Nottingham in the UK, where many 

previous research [256, 150, 257, 258] have proved the stability and well 

dehumidification performance. Therefore, in this research, the same dimension, 

structure and membrane materials (semi-permeable hydrophobic AY Tech ePTFE 

Lam membrane [219]) are used for experiment design and test. In theory, the 

more heat pipes indicates more heat transfer area and better solution cooling 

performance. However, to ensure the uniformity of heat pipe heat transfer in each 

solution channel, 11 rows of heat pipes are inserted into 11 solution channels. 

Besides, due to limited space of the cooling box, only 9 heat pipes can be 

arranged with same distance in each row inside each solution channels. 

Therefore, in this research, there are 99 heat pipes altogether inserted in 11 

solution channels with 9 heat pipes in each channel. In addition, commercial 

copper heat pipes with water serving as the working fluid are used with operating 

temperature from 0 ℃ to 250 ℃ and low cost.  

The dehumidifier, regenerator, storage tanks, cooling box, heat pipe adiabatic 

section, and pipeworks are all well-insulated to reduce the environmental 

influence. Especially each air channel is sealed with water-proof sealant at the 

top and bottom to avoid condensed water leakage. Therefore, the condensed 
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water is absorbed by the desiccant solution if there is condensation in the air 

channel. 

The specifications of the HP-ICMLDD system and the physical properties of the 

membrane are given in Table 4-1. The regenerator has the same structure as the 

dehumidifier. Three gauze layers are paved on the top surface of the dehumidifier 

and regenerator units to ensure even solution distribution. As long as the 

desirable inlet conditions for the dehumidifier are met, the system runs 

repeatedly until it achieves a steady state, at which point the measured data will 

be collected. Lithium Chloride (LiCl) aqueous solution is used as the desiccant 

in the HP-ICMLDD system. The solution and water flows are circulated in the 

system by three identical pumps (15W centrifugal magnetic-driven pump with a 

flow rate range of up to 10L/min), and their flow rates are measured by two 

liquid flow indicators. The air, desiccant solution and water transportation 

properties are given in Table 4-2. A series of K-type thermocouples are used to 

get the desiccant solution and water temperatures. A Testo anemometer is 

adopted to obtain the air velocity. The humidity and temperature sensors are 

installed at the inlet and outlet of the dehumidifier to obtain the air temperature 

and relative humidity. All probes are connected to a DT80 data logger. The 

specifications of the experimental equipment are listed in Table 4-3.  

The calibration procedure of the K-type thermocouples, the humidity sensors 

and the anemometer is described below: 

• The K-type thermocouples connected to the DT-80 data logger are 

inserted into ice-water mixture to test if the temperature is 0℃. In this 

experiment, the accuracy of thermocouples is ± 0.75%. 
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• The EK-H4 temperature and humidity sensor are calibrated inside the 

environmental chmaber using different temperature and relative 

humidity. In this experiment, the accuracy of temperature and humidity 

of EK-H4 sensor is 3% and 2%, respectively. 

• The Testo anemometer has been calibrated in regular maintenance by lab 

technician once a year.  

• To calibrate the flow meter, place a small portion of process fluid in a 

test meter and weigh it for a precise amount of time while it flows 60 

seconds. Then, use a calibrated scale to obtain an accurate measurement 

of the weight of test fluid. After the test period is completed, divert the 

test fluid into a discharge container. Obtain the flow rate of the fluid by 

dividing its volumetric weight by the test duration. Compare the 

calculated flow rate to the flow rate of the flow meter and adjust it to the 

measured flow rate. In this experiment, the accuracy for Parker series 

flow meter is 2% and 5%, respectively.  

The EK-H4 is used to measure the air temperature and relative humidity where 

the entire cross-sectional area of duct is divided into 3 concentric circles with the 

same area. Then, the sensor is inserted into the duct where the measurement point 

is 10 cm away from the surface. Next, 9 points in total on 3 concentric circles 

are measured and the average value of them is taken. 

The Testo anemometer is used to measure the inlet air velocity where the entire 

cross-sectional area of duct is divided into 3 concentric circles with the same 

area. Then, the sensor is inserted into the duct where the measurement point is 

10 cm away from the surface. Next, 9 points in total on 3 concentric circles are 

measured and the average value of them is taken. 
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The locations, numbers and functions of the K-type thermocouples are listed 

below and shown in Fig 4-1. The average value of each type of test is calculated 

from the original recorded data.  

1) To test the solution tempearture of the strong solution tank: 6 K-type 

thermocouples in total are inserted into the tank from the wall side in two 

columns; 3 thermocouples in each column with 10 cm distance; 10 cm 

distance between two columns; the sensor probes are 10 cm away from 

the wall side. 

2) To test the solution tempearture of the weak solution tank: 6 K-type 

thermocouples in total are inserted into the tank from the wall side in two 

columns; 3 thermocouples in each column with 10 cm distance; 10 cm 

distance between two columns; the sensor probes are 10 cm away from 

the wall side. 

3) To test the solution tempearture of the inlet condition of the dehumidifier: 

3 K-type thermocouples in total are inserted into the solution pipe from 

the wall side with 2 cm distance between each thermocouple; 2 cm 

distance away from the solution inlet for the first probe and each 

thermocouple is inserted at the center of the pipe. 

4) To test the solution tempearture of the inlet condition of the regenerator: 

3 K-type thermocouples in total are inserted into the solution pipe from 

the wall side with 2 cm distance between each thermocouple; 2 cm 

distance away from the solution inlet for the first probe and each 

thermocouple is inserted at the center of the pipe. 

5) To test the tempearture of the inlet tap water: 3 K-type thermocouples in 

total are inserted into the water pipe from the wall side with 2 cm distance 
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between each thermocouple; 2 cm distance away from the cooling box 

inlet for the first probe and each thermocouple is inserted at the center of 

the pipe. 

6) To test the tempearture of the outlet tap water: 3 K-type thermocouples 

in total are inserted into the water pipe from the wall side with 2 cm 

distance between each thermocouple; 2 cm distance away from the 

cooling box outlet for the first probe and each thermocouple is inserted 

at the center of the pipe. 

7) To test the tempearture of the cold water inlet and outlet from the HX3: 

3 K-type thermocouples in total are inserted into the cold water inlet from 

the wall side with 2 cm distance between each thermocouple; 2 cm 

distance away from the HX3 inlet for the first probe and each 

thermocouple is inserted at the center of the pipe. Besides, 3 K-type 

thermocouples in total are inserted into the cold water outlet from the 

wall side with 2 cm distance between each thermocouple; 2 cm distance 

away from the HX3 outlet for the first probe and each thermocouple is 

inserted at the center of the pipe. 

8) To test the tempearture of the inlet and outlet boiler water: 3 K-type 

thermocouples in total are inserted into the hot water pipe from the wall 

side with 2 cm distance between each thermocouple; 2 cm distance away 

from the HX1 inlet for the first probe and each thermocouple is inserted 

at the center of the pipe. 3 K-type thermocouples in total are inserted into 

the hot water pipe from the wall side with 2 cm distance between each 

thermocouple; 2 cm distance away from the HX1 outlet for the first probe 

and each thermocouple is inserted at the center of the pipe. 
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9) To test the weak solution tempearture of the inlet and outlet from HX1: 

3 K-type thermocouples in total are inserted into the solution pipe from 

the wall side with 2 cm distance between each thermocouple; 2 cm 

distance away from the HX1 inlet for the first probe and each 

thermocouple is inserted at the center of the pipe. 3 K-type 

thermocouples in total are inserted into the solution pipe from the wall 

side with 2 cm distance between each thermocouple; 2 cm distance away 

from the HX1 outlet for the first probe and each thermocouple is inserted 

at the center of the pipe. 

10) To test the strong solution tempearture of the inlet and outlet from HX2: 

3 K-type thermocouples in total are inserted into the solution pipe from 

the wall side with 2 cm distance between each thermocouple; 2 cm 

distance away from the HX2 inlet for the first probe and each 

thermocouple is inserted at the center of the pipe. 3 K-type 

thermocouples in total are inserted into the solution pipe from the wall 

side with 2 cm distance between each thermocouple; 2 cm distance away 

from the HX2 outlet for the first probe and each thermocouple is inserted 

at the center of the pipe. 

11) To test the weak solution tempearture of the inlet to HX2: 3 K-type 

thermocouples in total are inserted into the solution pipe from the wall 

side with 2 cm distance between each thermocouple; 2 cm distance away 

from the HX2 inlet for the first probe and each thermocouple is inserted 

at the center of the pipe.  

To ensure the reliability and accuracy of experimental tests, variables including 

1) inlet cold water temperature, 2) inlet cold water flow rate, 3) inlet air 
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temperature, 4) inlet air relative humidity, 5) inlet air flow rate, 6) inlet solution 

temperature, 7) solution concentration and 8) solution flow rate have been tested 

with 3 repeated tests for each variable and the average values are taken for 

analysis.  

The primary measurement instruments with corresponding accuracies are 

presented in Table 4-4. The LiCl desiccant solution concentration ( 𝐶𝑠𝑜𝑙 ) is 

calculated by the function of the solution density and its temperature in 

Melinder’s work [259]:  

𝐶𝑠𝑜𝑙 = −253.148 + 0.04438563996𝑇𝑠𝑜𝑙 + 0.000162666247𝑇𝑠𝑜𝑙
2 +

0.331709855𝑇𝑠𝑜𝑙
3 − 0.000079370267𝜌𝑠𝑜𝑙                                                  (4-1)                                                                                                                                                                                                      

where 𝑇𝑠𝑜𝑙 is the solution temperature (℃); 𝜌𝑠𝑜𝑙 is the solution density (kg/m3) 

measured by a Brannan hydrometer. Notably, the equation is suitable to be used 

with the solution temperature and density ranging from -40 ℃ to 40 ℃ and 1004 

kg/m3 to 1450 kg/m3. Besides, the solution concentration ranges from 2.0 % to 

42.4 %. 

Moreover, the desiccant volumetric flow rate is measured by a Parker liquid flow 

meter calibrated with water at 20 ℃. The correction correlation is used to ensure 

accurate readings from the installed flow meter and is expressed by [260]: 

𝑣𝑠𝑜𝑙 = 𝑣𝑊√
(𝑚𝑓𝑙𝑜𝑎𝑡−𝑉𝑓𝑙𝑜𝑎𝑡𝜌𝑠𝑜𝑙)𝜌𝑊

(𝑚𝑓𝑙𝑜𝑎𝑡−𝑉𝑓𝑙𝑜𝑎𝑡𝜌𝑊)𝜌𝑠𝑜𝑙
                                                                    (4-2)                            

where 𝑣𝑠𝑜𝑙 and 𝑣𝑊 are the volumetric flow rates of desiccant solution and water 

(L/min), respectively. 𝜌𝑠𝑜𝑙 and 𝜌𝑊 are the solution and water densities (kg/m3), 

respectively. 𝑚𝑓𝑙𝑜𝑎𝑡 and 𝑉𝑓𝑙𝑜𝑎𝑡 are the flow meter float weight (kg) and volume 
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(m3), respectively. As for the flow meter used in this study, the float weight 

(𝑚𝑓𝑙𝑜𝑎𝑡) is 2.1× 10−3kg and volume (𝑉𝑓𝑙𝑜𝑎𝑡) is 0.25× 10−6m3.  

 

Fig 4-1 Schematic diagram of the HP-ICMLDD system 
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Fig 4-2 Test rig of the HP-ICMLDD system 
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Fig 4-3 Lateral view of the HP-ICMLDD system 

Table 4-1 Specifications of the HP-ICMLDD system and physical properties of 

the membrane 

Symbol Definition Value 

𝐿𝑑𝑒ℎ (m) Dehumidifier length 0.41 

𝑊𝑑𝑒ℎ (m) Dehumidifier width 0.23 

𝐻𝑑𝑒ℎ (m) Dehumidifier height 0.21 

𝑑ℎ,𝑠𝑜𝑙  (m) The hydraulic diameter of the solution channel 0.73× 10−2 

𝑑ℎ,𝑎𝑖𝑟  (m) The hydraulic diameter of the air channel 1.5 × 10−2 

𝑑ℎ,𝑤 (m) The hydraulic diameter of the water channel 2.1 × 10−2 

𝑑𝑎𝑖𝑟  (m) Air channel thickness 0.0077 

𝑑𝑠𝑜𝑙  (m) Solution channel thickness 0.0043 

𝑘𝑚𝑒𝑚 (W/m∙K) Membrane thermal conductivity 0.3 

𝑘𝑚,𝑚𝑒𝑚 (kg/m∙s) Membrane mass transfer conductivity 3.87 × 10−6 

𝛿𝑚𝑒𝑚 (m) Membrane thickness 1.05× 10−4 

𝐿ℎ𝑝,𝑒 (m) Heat pipe evaporator section length 0.18 

𝐿ℎ𝑝,𝑐 (m) Heat pipe condenser section length 0.04 
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𝐿ℎ𝑝,𝑎 (m) Heat pipe adiabatic section length 0.034 

𝑊𝑐𝑏 (m) Cooling box width 0.195 

𝐻𝑐𝑏  (m) Cooling box height 0.05 

𝐿𝑐𝑏  (m) Cooling box length 0.41 

 

Table 4-2 Air, solution and water transportation properties 

Symbol Definition Value 

ℎ𝑓𝑔 (kJ/kg) Water condensation heat 2450 

𝐶𝑝,𝑎𝑖𝑟  (J/kg∙K) Air specific heat capacity 1020 

𝐶𝑝,𝑠𝑜𝑙  (J/kg∙K) Solution specific heat capacity 3200 

𝐶𝑝,𝑤 (J/kg∙K) Water specific heat capacity 4186 

𝜌𝑎𝑖𝑟  (kg/m3) Air density 

1.127 - 1.204 

Temperature varies 

from 40 ℃ to 20℃ 

𝜌𝑠𝑜𝑙  (kg/m3) Solution density 

1120 - 1200 

Temperature varies 

from 70 ℃ to 10℃ 

𝜌𝑤 (kg/m3) Water density 

997 

Temperature at 20 ℃ 

 

 

 

 

Table 4-3 Specifications of experimental instruments  

Instruments Properties Manufacturer 
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Centrifugal 

magnetic-

driven 

pump 

Power 15 W 

Xylem 

Maximum frequency 50 Hz 

Maximum speed 2600 r/min 

Maximum capacity 10 L/min 

AC axial 

fan 

Power 45 W Ebm-papst Mlfingen GmbH & 

Co. KG Nominal speed 2800/min 

Boiler 

Capacity 12.87 kW 

RM cylinders 

Supply temperature range 50 – 70 ℃ 

Water storage 117 L 

Circulating pump 68 W 

Hot water flow rate 0 - 5 L/min 

Liquid-to-

liquid 

exchanger 

Designed temperatures -35 ℃ to 170 ℃ 

Xylem 

Maximum flow rate 81900 L/min 

Maximum heat transfer area 1858 m2 

Designed pressure Up to 30 bar 

Chiller 

Designed temperatures -10 ℃ to 30 ℃ 

Polystat Cooling capacity at 20 ℃ 2000 W 

Reservoir volume 18.9 L 

 

Table 4-4 Specifications of measurement instruments with associated accuracies 

Measurement devices Parameter Measurement range Accuracy 

RS K-type thermocouple 

probe 

Liquid temperature 0-1100 ℃ ±0.75% 

Sensirion EK-H4 humidity 

sensor  

Temperature and humidity 

-40-125 ℃ ±3% 

0-100 % RH ±2% 

Testo anemometer 405 Air velocity 0-10 m/s ±5% 

Brannan hydrometer 200 

Series 

Solution density 1.0-1.4 g/m3
 ±2% 
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Parker liquid flow indicator Water flow rate 1-22 L/min ±2% 

Parker Easiflow Series 

flowmeter 

Solution flow rate 1-15 L/min ±5% 

Data logger DT-80 Series 2 N/A Data acquisition ±0.15% 

4.3 The experiment of the regenerator 
Experimental tests are carried out using the same membrane-based heat and mass 

exchanger test facility without the heat pipe structure built in the laboratory, as 

introduced in section 4.1. The regenerator and its membrane have identical 

physical properties to the dehumidifier, which are already given in Table 4-1. 

The weak desiccant solution temperature is controlled by a hot water supply 

system with the supply water temperature range of 20℃ to 80℃. The hot water 

flow rate is controlled and measured by a liquid flow indicator (Parker FM 26 

122 212 0.5-4.5 L/min). All measurement devices and their accuracies have been 

listed in Table 3-4. Uncertainty analysis has been conducted for all experimental 

data by applying Bell's uncertainty analysis method, as explained in section 

3.2.5, to estimate uncertainties for experimental data. 

To ensure the reliability and accuracy of experimental tests, variables including 

1) inlet air temperature, 2) inlet air relative humidity, 3) inlet air flow rate, 4) 

inlet solution temperature, 5) solution concentration and 6) solution flow rate of 

the regenerator have been tested with 3 repeated tests for each variable and the 

average values are taken for analysis.  
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4.4 The experiment of the complete LDD system 
The schematic diagram for the complete liquid desiccant dehumidification 

system is set up in the laboratory, as illustrated in Fig  4-1. As can be seen, the 

complete system consists of one air dehumidifier, one solution regenerator, two 

solution tanks, three liquid-to-liquid heat exchangers, and one hot and one cold 

water supply unit. Before entering the dehumidifier, a strong solution is cooled 

with cold water, which reduces the air's temperature and humidity ratio. The 

indoor environment is supplied with the dehumidifier's output air. The air from 

the indoor environment is returned to the regenerator, where it is humidified and 

heated before being eventually expelled to the outdoors. Before entering the 

regenerator, the diluted solution is heated with hot water. A solution heat 

exchanger (HX2) is used to recover heat between the diluted and re-concentrated 

solutions. There are two solution tanks used for collection. Regarding 

experimental set-up, air flow rates through the dehumidifier and regenerator are 

controlled by two variable speed fans and measured by a Testo thermos-

anemometer (0-10m⁄s) with an accuracy of ±5%. The solution is circulated by 

two 15W centrifugal magnetically driven pumps, and its flow rates in the 

dehumidifier and regenerator are adjusted by two liquid flow indicators (1-

15L/min) with an accuracy of ±5% to make sure the system runs at the steady 

condition. The solution concentration is obtained by measuring its density using 

a Brannan hydrometer with an accuracy of ±2%. The hot water is provided by 

an electrical boiler with a temperature range of 20℃ to 80℃, and the cold water 

is from the main supply pipe with a temperature of 14 ℃. Temperatures of the 

solution and water are measured by K-type thermocouples (0-1100℃) with an 

accuracy of ±0.75%. The air relative humidity is measured by Sensiron 

Evaluation KIT (0-100 %) with an accuracy of ±3%. All sensors are connected 
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to a data logger (DT500) with an accuracy of ±0.15% for data acquisition. 

Besides, the energy consumption of fans and pumps is monitored by the energy 

meter (MECHEER 2900W). The physical and transport properties of the 

dehumidifier (the HP-ICMLDD system) and regenerator are listed in Table 4-5. 

 

Fig  4-1 Schematic diagram of a complete liquid desiccant dehumidification 

system 

Table 4-5 Specifications and physical properties of the dehumidifier and 

regenerator 

Symbol Definition Value 

𝐿𝑑𝑒ℎ (m) Dehumidifier length 0.41 

𝐿𝑟𝑒𝑔 (m) Regenerator length 0.41 

𝑊𝑑𝑒ℎ (m) Dehumidifier width 0.23 

𝑊𝑟𝑒𝑔 (m) Regenerator width 0.23 

𝐻𝑑𝑒ℎ (m) Dehumidifier height 0.21 

𝐻𝑟𝑒𝑔 (m) Regenerator height 0.21 

𝑑ℎ,𝑠𝑜𝑙  (m) The hydraulic diameter of the solution channel 0.73× 10−2 
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𝑑ℎ,𝑎𝑖𝑟  (m) The hydraulic diameter of the air channel 1.5 × 10−2 

𝑑ℎ,𝑤 (m) The hydraulic diameter of the water channel 2.1 × 10−2 

𝑑𝑎𝑖𝑟  (m) Air channel thickness 0.0077 

𝑑𝑠𝑜𝑙  (m) Solution channel thickness 0.0043 

𝑘𝑚𝑒𝑚 (W/m∙K) Membrane thermal conductivity 0.3 

𝑘𝑚,𝑚𝑒𝑚 (kg/m∙s) Membrane mass transfer conductivity 3.87 × 10−6 

𝛿𝑚𝑒𝑚 (m) Membrane thickness 1.05× 10−4 

𝐿ℎ𝑝,𝑒 (m) Heat pipe evaporator section length 0.18 

𝐿ℎ𝑝,𝑐 (m) Heat pipe condenser section length 0.04 

𝐿ℎ𝑝,𝑎 (m) Heat pipe adiabatic section length 0.034 

𝑊𝑐𝑏 (m) Cooling box width 0.195 

𝐻𝑐𝑏  (m) Cooling box height 0.05 

𝐿𝑐𝑏  (m) Cooling box length 0.41 

 

4.5 Summary 
This chapter illustrates the detailed experiments of the HP-ICMLDD, the 

regenerator and the complete membrane-based liquid desiccant system. Section 

4.1-4.3 present the laboratory test rig for the HP-ICMLDD, the regeneration and 

complete liquid desiccant systems and all the related configurations of the test 

rigs, including the physical properties of the membrane, the air, desiccant 

solution and water transportation properties, the specifications of the 

experimental equipment and the primary measurement instruments with their 

corresponding accuracies, which provide imperative guidance for the detailed 

investigation and parametric analysis of the HP-ICMLDD, regeneration and the 

complete liquid desiccant dehumidification systems in the following chapter. 
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Chapter 5 Experimental investigation of the 

dehumidifier, regenerator and complete liquid 

desiccant system 

5.1 Introduction 
Based on the literature review and the experimental set-up, this chapter focuses 

on the parametric analysis and performance evaluations of the heat pipe 

membrane-based liquid desiccant dehumidification (HP-ICMLDD), membrane-

based regeneration and the complete membrane-based liquid desiccant 

dehumidification which are structured in the following sections:  

Section 5.2 presents the influences of the main parameters of the HP-ICMLDD 

system (i.e. cold water properties in section 5.2.1: inlet cold water temperature 

𝑇𝑤,𝑖𝑛, inlet cold water mass flow rate �̇�𝑤,𝑖𝑛; inlet air properties in section 5.2.2: 

inlet air temperature 𝑇𝑎𝑖𝑟,𝑖𝑛, inlet air relative humidity 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛 and inlet air mass 

flow rate �̇�𝑎𝑖𝑟,𝑖𝑛 ; inlet solution properties in section 5.2.3: inlet solution 

temperature 𝑇𝑠𝑜𝑙,𝑖𝑛, solution concentration 𝐶𝑠𝑜𝑙, solution mass flow rate �̇�𝑠𝑜𝑙 on 

the air side sensible (휀𝑠𝑒𝑛 ), latent (휀𝑙𝑎𝑡 ) and total effectiveness (휀𝑡𝑜𝑡 ), the 

moisture removal rate (𝑀𝑅𝑅), and the internal cooling capacity (𝑄𝑖𝑐).  

Section 5.3 presents the influences of the main parameters of the membrane-

based regeneration system (i.e. inlet air properties in section 5.3.1: inlet air 

temperature 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔, inlet air relative humidity 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔 and inlet air mass 

flow rate �̇�𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔 ; inlet solution properties in section 5.3.2: inlet solution 

temperature 𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔, solution concentration 𝐶𝑠𝑜𝑙 and solution mass flow rate 

�̇�𝑠𝑜𝑙,𝑟𝑒𝑔 on the solution side sensible ( 휀𝑠𝑒𝑛,𝑠𝑜𝑙 ), latent ( 휀𝑙𝑎𝑡,𝑠𝑜𝑙 ) and total 

effectiveness ( 휀𝑡𝑜𝑡,𝑠𝑜𝑙 ), the moisture flux rate ( 𝑀𝐹𝑅 ) and the solution 

temperature decrease rate (𝑇𝐷𝑅).  

Section 5.4 presents the performance evaluations for the complete liquid 
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desiccant dehumidification system through 1) system optimal operating 

conditions for the dehumidifier and regenerator in order to assess the energy 

performance of the complete system (in section 5.4.1); 2) the relationship and 

correlations between the supply temperature 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡  and relative humidity 

𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡 at the outlet of the dehumidifier under different inlet air temperature 

𝑇𝑎𝑖𝑟,𝑖𝑛 and relative humidity 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛 of the dehumidifier (in section 5.4.2) and 

3) the relationship and correlations between the inlet air relative humidity 

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛 and the sensible cooling capacity 𝑄𝑐, latent dehumidification capacity 

𝑄𝑑𝑒ℎ, system total cooling capacity 𝑄𝑡𝑜𝑡, thermal 𝐶𝑂𝑃 𝐶𝑂𝑃𝑡ℎ, electrical 𝐶𝑂𝑃 

𝐶𝑂𝑃𝑒𝑙𝑒 and system total 𝐶𝑂𝑃 𝐶𝑂𝑃𝑡𝑜𝑡 under different inlet air temperature 𝑇𝑎𝑖𝑟,𝑖𝑛 

of the dehumidifier (in section 5.4.3).  Besides, the original data processing 

examples have been provided in Appendix B.  

This chapter provides a comprehensive parametric study on the membrane-based 

liquid desiccant dehumidifier performance, which supplies valuable data for the 

optimum design of the dehumidification and air-conditioning systems in practice 

and the applications of the integrated liquid desiccant air-conditioning system in 

residential buildings, which will be introduced in Chapter 6. 

5.2 Dehumidifier performance 

5.2.1 Effects of cold water 
 

5.2.1.1 Effects of inlet cold water temperature 

In order to assess the impact of the cooling box water inlet temperature, a series 

of tests are carried out under the same operating conditions as stated previously, 

except for the inlet water temperature. As shown in Fig 5-1, the 휀𝑠𝑒𝑛, 휀𝑙𝑎𝑡 and 

휀𝑡𝑜𝑡 drop by 14.6%, 2.8% and 4.1% from 0.3293 to 0.2813, 0.7615 to 0.7405 

and 0.6610 to 0.6337, respectively, when the cooling box water inlet temperature 
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(𝑇𝑤,𝑖𝑛) rises from 10℃  to 19℃. This is due to the fact that the solution absorbed 

heat from air-solution heat transfer and moisture condensation heat is removed 

by the heat pipe's internal cooling effect in the solution channels. Besides, the 

lower inlet water temperature, the superior internal cooling capability. 

Moreover, the 𝑀𝑅𝑅  and 𝑄𝑖𝑐  also decrease from 0.403g/s to 0.353g/s and 

632.3W to 401.6W, respectively, as shown in Fig 5-2. This is attributed to that 

the solution equilibrium vapour pressure is increased with the solution 

temperature increase, where the heat pipe's internal cooling capacity is reduced. 

Moreover, although the 𝑇𝑤,𝑖𝑛  reached 10 ℃ minimally in the experiment, no 

solution crystallization is observed since the cold water indirectly removes the 

solution heat gain via the heat pipe heat transfer to maintain the solution 

temperature. Therefore, it is proved that reducing the cold water temperature of 

the cooling box could considerably lower the desiccant solution temperature, 

thereby improving the dehumidifier performance.  

 

Fig 5-1 Effects of 𝑇𝑤,𝑖𝑛 on 휀𝑠𝑒𝑛, 휀𝑙𝑎𝑡 and 휀𝑡𝑜𝑡 (𝑇𝑎𝑖𝑟,𝑖𝑛=30 ℃, 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛=80 %, 

�̇�𝑎𝑖𝑟,𝑖𝑛=1.91 kg/min, 𝐶𝑠𝑜𝑙=32 %, 𝑇𝑠𝑜𝑙,𝑖𝑛=18 ℃, �̇�𝑠𝑜𝑙=3 L/min, �̇�𝑤,𝑖𝑛=3 



145 

 

L/min). 

 

Fig 5-2 Effects of 𝑇𝑤,𝑖𝑛 on 𝑀𝑅𝑅 and 𝑄𝑖𝑐 (𝑇𝑎𝑖𝑟,𝑖𝑛=30 ℃, 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛=80 %, 

�̇�𝑎𝑖𝑟,𝑖𝑛=1.91 kg/min, 𝐶𝑠𝑜𝑙=32 %, 𝑇𝑠𝑜𝑙,𝑖𝑛=18 ℃, �̇�𝑠𝑜𝑙= 3 L/min, �̇�𝑤,𝑖𝑛=3 

L/min). 

5.2.1.2 Effects of cold water flow rate 

The variations of the 휀𝑠𝑒𝑛, 휀𝑙𝑎𝑡  and 휀𝑡𝑜𝑡  with the cooling box water flow rate 

(�̇�𝑤,𝑖𝑛) are shown in Fig 5-3, under the above-mentioned operating conditions 

with 𝑇𝑤,𝑖𝑛 of 10℃. The 휀𝑠𝑒𝑛, 휀𝑙𝑎𝑡 and 휀𝑡𝑜𝑡 increase by 19.6%, 5.0% and 6.6% 

from 0.3051 to 0.3650, 0.7442 to 0.7813 and 0.6421 to 0.6845, respectively, 

when the water flow rate changes from 1L/min to 5L/min. Increasing the water 

flow rate through the heat pipe condenser section enhances the convection heat 

transfer coefficient, leading to high heat removal ability and a relatively low 

temperature in the heat pipe evaporator section. Consequently, raising the water 

flow rate produces a more significant temperature difference between the air and 

solution channels. At the same time, the MRR and 𝑄𝑖𝑐 also increase drastically 

from 0.33g/s to 0.42g/s and 324W to 711W respectively, as shown in Fig 5-4. 
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Thus, it is evident that the dehumidification and cooling performance can be 

drastically improved by increasing the cold water flow rate in the cooling box.  

 

Fig 5-3 Effects of cooling box water flow rate (�̇�𝑤,𝑖𝑛) on 휀𝑠𝑒𝑛, 휀𝑙𝑎𝑡 and 휀𝑡𝑜𝑡 

(𝑇𝑎𝑖𝑟,𝑖𝑛=30 ℃, 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛=80 %, �̇�𝑎𝑖𝑟,𝑖𝑛=1.91 kg/min, 𝐶𝑠𝑜𝑙=32 %, 𝑇𝑠𝑜𝑙,𝑖𝑛=18 ℃, 

�̇�𝑠𝑜𝑙=3 L/min, 𝑇𝑤,𝑖𝑛=10 ℃). 

 

Fig 5-4 Effects of cooling box water flow rate (�̇�𝑤,𝑖𝑛) on 𝑀𝑅𝑅 and 𝑄𝑖𝑐 

(𝑇𝑎𝑖𝑟,𝑖𝑛=30 ℃, 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛=80 %, �̇�𝑎𝑖𝑟,𝑖𝑛=1.91 kg/min, 𝐶𝑠𝑜𝑙=32 %, 𝑇𝑠𝑜𝑙,𝑖𝑛=18 ℃, 

�̇�𝑠𝑜𝑙=3 L/min, 𝑇𝑤,𝑖𝑛=10 ℃). 
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5.2.2 Effects of inlet air condition 

5.2.2.1 Effects of inlet air temperature 

The variations of the 휀𝑠𝑒𝑛, 휀𝑙𝑎𝑡 and 휀𝑡𝑜𝑡 with inlet air temperature (𝑇𝑎𝑖𝑟,𝑖𝑛) are 

illustrated in Fig 5-5. The 휀𝑙𝑎𝑡 decreases slightly by 2.7 % from 0.7633 to 0.7426 

under 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛=80 % when 𝑇𝑎𝑖𝑟,𝑖𝑛 increases from 28 ℃ to 36 ℃. This is caused 

by the increased moisture resistance, and the air becomes more humid as the 

absolute humidity increases when the air temperature rises with the same relative 

humidity, which is also associated with membrane water permeability [75]. 

Besides, based on Eq. (3-12), the increasing air temperature leads to larger 

differences of 𝑊𝑎𝑖𝑟,𝑖𝑛 − 𝑊𝑠𝑜𝑙,𝑖𝑛 (Denominator: 𝑊𝑎𝑖𝑟,𝑖𝑛 − 𝑊𝑠𝑜𝑙,𝑖𝑛) when keeping 

the 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛 constant. However, with the increased moisture resistance, the mass 

transfer potential is reduced, leading to a lower increasing rate of 𝑊𝑎𝑖𝑟,𝑖𝑛 −

𝑊𝑎𝑖𝑟,𝑜𝑢𝑡 (Numerator: 𝑊𝑎𝑖𝑟,𝑖𝑛 − 𝑊𝑎𝑖𝑟,𝑜𝑢𝑡).  

The 휀𝑠𝑒𝑛  gradually rises with the 𝑇𝑎𝑖𝑟,𝑖𝑛  and peaks at 34 ℃. This is because 

increasing air temperature while keeping constant air relative humidity enlarges 

the temperature difference between the air and solution, thereby enhancing the 

heat transfer potential [76]. Based on Eq. (3-11), the increased 𝑇𝑎𝑖𝑟,𝑖𝑛 leads to 

larger differences of 𝑇𝑎𝑖𝑟,𝑖𝑛 − 𝑇𝑠𝑜𝑙,𝑖𝑛  (Denominator: 𝑇𝑎𝑖𝑟,𝑖𝑛 − 𝑇𝑠𝑜𝑙,𝑖𝑛), indicating 

higher heat transfer potential. Besides, a significant increase in heat transfer 

potential promotes the difference of  𝑇𝑎𝑖𝑟,𝑖𝑛 − 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡  (Numerator: 𝑇𝑎𝑖𝑟,𝑖𝑛 −

𝑇𝑎𝑖𝑟,𝑜𝑢𝑡). However, the increment of heat transfer potential tends to be slower to 

reach its peak with progressively higher 𝑇𝑎𝑖𝑟,𝑖𝑛. In addition, more condensation 

heat will be absorbed by the solution to increase the solution temperature 

indirectly. Gradually, the impact of condensation heat dominates the solution 

temperature increase when the heat transfer potential increases to its limit, which 
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is found to be 𝑇𝑎𝑖𝑟,𝑖𝑛 =34 ℃, with heat pipe internal cooling effect. Therefore, 

the increasing rate of 𝑇𝑎𝑖𝑟,𝑖𝑛 − 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 is weakened after 𝑇𝑎𝑖𝑟,𝑖𝑛 =34 ℃, resulting 

in the slight decrease in 휀𝑠𝑒𝑛 . To summarize, the 휀𝑠𝑒𝑛  increases when the 

increase of heat transfer potential dominates the temperature difference between 

the air and solution, whereas the 휀𝑠𝑒𝑛  decreases when the increase of 

condensation heat dominates the temperature difference between the air and 

solution.  

The influences of inlet air temperature on the 𝑀𝑅𝑅 and 𝑄𝑖𝑐 are indicated in Fig 

5-6, the 𝑀𝑅𝑅 increases from 0.31g/s to 0.52g/s when the 𝑇𝑎𝑖𝑟,𝑖𝑛 changes from 

28℃ to 36℃, this is because the air absolute humidity rises with the inlet air 

temperature increase under the same relative humidity. Besides, the increased 

air absolute humidity will enhance the mass transfer potential, leading to the 

increase of 𝑊𝑎𝑖𝑟,𝑖𝑛 − 𝑊𝑎𝑖𝑟,𝑜𝑢𝑡. However, the slightly reduced latent effectiveness 

is attributed to that the increasing rate of 𝑊𝑎𝑖𝑟,𝑖𝑛 − 𝑊𝑎𝑖𝑟,𝑜𝑢𝑡  (Numerator: 

𝑊𝑎𝑖𝑟,𝑖𝑛 − 𝑊𝑎𝑖𝑟,𝑜𝑢𝑡) is lower than that of the denominator (𝑊𝑎𝑖𝑟,𝑖𝑛 − 𝑊𝑠𝑜𝑙,𝑖𝑛) since 

the increasingly moisture resistance. Moreover, according to Eq. (3-12), the 

difference between the inlet and outlet air absolute moisture content (𝑊𝑎𝑖𝑟,𝑖𝑛 −

𝑊𝑎𝑖𝑟,𝑜𝑢𝑡) increases as previously discussed. Moreover, the 𝑄𝑖𝑐 is enhanced from 

597W to 744W because of the high temperature difference between the air and 

solution. 
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Fig 5-5 Effects of inlet air temperature (𝑇𝑎𝑖𝑟,𝑖𝑛) on 휀𝑠𝑒𝑛, 휀𝑙𝑎𝑡 and  휀𝑡𝑜𝑡 

(𝑅𝐻𝑎𝑖𝑟,𝑖𝑛=80 %, �̇�𝑎𝑖𝑟,𝑖𝑛=1.91 kg/min, 𝐶𝑠𝑜𝑙=32 %, 𝑇𝑠𝑜𝑙,𝑖𝑛=18 ℃, �̇�𝑠𝑜𝑙=3 L/min, 

�̇�𝑤,𝑖𝑛=3 L/min, 𝑇𝑤,𝑖𝑛=10 ℃). 

 

Fig 5-6 Effects of inlet air temperature (𝑇𝑎𝑖𝑟,𝑖𝑛) on 𝑀𝑅𝑅 and 𝑄𝑖𝑐 (𝑅𝐻𝑎𝑖𝑟,𝑖𝑛=80 

%, �̇�𝑎𝑖𝑟,𝑖𝑛=1.91 kg/min, 𝐶𝑠𝑜𝑙=32 %, 𝑇𝑠𝑜𝑙,𝑖𝑛=18 ℃, �̇�𝑠𝑜𝑙=3 L/min, �̇�𝑤,𝑖𝑛=3 

L/min, 𝑇𝑤,𝑖𝑛=10 ℃). 

5.2.2.2 Effects of inlet air relative humidity 

The effects of inlet air relative humidity (𝑅𝐻𝑎𝑖𝑟,𝑖𝑛) on 휀𝑠𝑒𝑛 , 휀𝑙𝑎𝑡  and 휀𝑡𝑜𝑡  are 



150 

 

reflected in Fig 5-7, the 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛 is changed while maintaining the 𝑇𝑎𝑖𝑟,𝑖𝑛 at 30 

℃, �̇�𝑎𝑖𝑟,𝑖𝑛at 1.91kg/min, 𝐶𝑠𝑜𝑙 at 32 %, 𝑇𝑠𝑜𝑙,𝑖𝑛 at 18 ℃, �̇�𝑠𝑜𝑙 at 3L/min, �̇�𝑤,𝑖𝑛 at 

3L/min and 𝑇𝑤,𝑖𝑛 at 10 ℃. The 휀𝑠𝑒𝑛 declines by 2.4% from 0.3473 to 0.3391 

when the 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛  rises from 60% to 85%. Under the constant 𝑇𝑎𝑖𝑟,𝑖𝑛 , more 

moisture content is absorbed by the desiccant solution, resulting in more 

condensation heat release when the inlet air relative humidity increases. Based 

on Eq. (3-11), the increasing condensation heat leads to the solution temperature 

increase and the temperature difference reduction between air and solution, 

which further reduces the heat transfer potential and the numerator 𝑇𝑎𝑖𝑟,𝑖𝑛 −

𝑇𝑎𝑖𝑟,𝑜𝑢𝑡. Moreover, the denominator 𝑇𝑎𝑖𝑟,𝑖𝑛 − 𝑇𝑠𝑜𝑙,𝑖𝑛 remains constant.  

On the contrary, the 휀𝑙𝑎𝑡 escalates by 25.6% from 0.6248 to 0.7849 due to the 

increment of water vapour partial pressure difference between the air and 

solution [261]. However, the solution temperature increase caused by more 

condensation heat leads to increased solution equilibrium vapour pressure, 

slightly weakening the mass transfer potential. Therefore, the increasing rate of 

the 휀𝑙𝑎𝑡 is gradually declined. Besides, the 휀𝑡𝑜𝑡 rises by 21.6% from 0.5603 to 

0.6812. The variations of 𝑀𝑅𝑅 and 𝑄𝑖𝑐 with 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛 are shown in Fig 5-8. The 

𝑀𝑅𝑅 increases from 0.30g/s to 0.37g/s when the 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛 changes from 60% to 

85%. Moreover, the 𝑄𝑖𝑐 increases from 572W to 645W because of the increased 

temperature difference between the solution and heat pipe evaporation section, 

resulting from the rising moisture condensation heat. 
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Fig 5-7 Effects of inlet air relative humidity (𝑅𝐻𝑎𝑖𝑟,𝑖𝑛) on 휀𝑠𝑒𝑛, 휀𝑙𝑎𝑡 and 휀𝑡𝑜𝑡 

(𝑇𝑎𝑖𝑟,𝑖𝑛=30 ℃, �̇�𝑎𝑖𝑟,𝑖𝑛=1.91 kg/min, 𝐶𝑠𝑜𝑙=32 %, 𝑇𝑠𝑜𝑙,𝑖𝑛=18 ℃, �̇�𝑠𝑜𝑙=3 L/min, 

�̇�𝑤,𝑖𝑛=3 L/min, 𝑇𝑤,𝑖𝑛=10 ℃). 

 

Fig 5-8 Effects of inlet air relative humidity (𝑅𝐻𝑎𝑖𝑟,𝑖𝑛) on 𝑀𝑅𝑅 and 𝑄𝑖𝑐 

(𝑇𝑎𝑖𝑟,𝑖𝑛=30 ℃, �̇�𝑎𝑖𝑟,𝑖𝑛=1.91 kg/min, 𝐶𝑠𝑜𝑙=32 %, 𝑇𝑠𝑜𝑙,𝑖𝑛=18 ℃, �̇�𝑠𝑜𝑙=3 L/min, 

�̇�𝑤,𝑖𝑛=3 L/min, 𝑇𝑤,𝑖𝑛=10 ℃). 

5.2.2.3 Effects of air flow rate 

The impacts of air flow rate (�̇�𝑎𝑖𝑟,𝑖𝑛) on 휀𝑠𝑒𝑛, 휀𝑙𝑎𝑡 and 휀𝑡𝑜𝑡 are shown in Fig 5-9 
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under 𝑇𝑎𝑖𝑟,𝑖𝑛 =30 ℃ , 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛 =80%, 𝐶𝑠𝑜𝑙 =26%, 𝑇𝑠𝑜𝑙,𝑖𝑛 =18 ℃ , �̇�𝑠𝑜𝑙 =3L/min, 

�̇�𝑤,𝑖𝑛=3L/min and 𝑇𝑤,𝑖𝑛=10℃. It is found that the 휀𝑙𝑎𝑡 decreases by 5.8% from 

0.7962 to 0.7501 when the �̇�𝑎𝑖𝑟,𝑖𝑛 from 0.38kg/min to 2.29kg/min. Moreover, 

the 휀𝑠𝑒𝑛  and 휀𝑡𝑜𝑡  decrease by 40.7% and 10.7% from 0.4337 to 0.2574 and 

0.7119 to 0.6354, respectively. This is attributed to the air short contact time 

with the membrane at the high air flow rate, leading to the decreased moisture 

content difference at the air inlets and outlets. The 휀𝑙𝑎𝑡  is proportional to the 

moisture content difference at the air inlets and outlets, as indicated in Eq. (3-

12). The 𝑀𝑅𝑅 increases significantly from 0.06g/s to 0.42g/s when the �̇�𝑎𝑖𝑟,𝑖𝑛 

changes from 0.38kg/min to 2.29kg/min, as indicated in Fig 5-10. According to 

Eq. (3-14), the 𝑀𝑅𝑅  is proportional to air flow rate and moisture content 

difference, thereby resulting in a substantial increase. Similarly, the 𝑄𝑖𝑐 enlarges 

from 600W to 637W due to the high air temperature in the air channel, increasing 

the temperature difference between the air and solution channels. 

 

Fig 5-9 Effects of air flow rate (�̇�𝑎𝑖𝑟,𝑖𝑛) on 휀𝑠𝑒𝑛, 휀𝑙𝑎𝑡 and 휀𝑡𝑜𝑡 (𝑇𝑎𝑖𝑟,𝑖𝑛=30 ℃, 

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛=80 %, 𝐶𝑠𝑜𝑙=32 %, 𝑇𝑠𝑜𝑙,𝑖𝑛=18 ℃, �̇�𝑠𝑜𝑙=3 L/min, �̇�𝑤,𝑖𝑛=3 L/min, 

𝑇𝑤,𝑖𝑛=10 ℃). 
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Fig 5-10 Effects of air flow rate (�̇�𝑎𝑖𝑟,𝑖𝑛) on 𝑀𝑅𝑅 and 𝑄𝑖𝑐 (𝑇𝑎𝑖𝑟,𝑖𝑛=30 ℃, 

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛=80 %, 𝐶𝑠𝑜𝑙=32 %, 𝑇𝑠𝑜𝑙,𝑖𝑛=18 ℃, �̇�𝑠𝑜𝑙=3 L/min, �̇�𝑤,𝑖𝑛=3 L/min, 

𝑇𝑤,𝑖𝑛=10 ℃). 

5.2.3 Effects of solution properties 

5.2.3.1 Effects of inlet solution temperature 

The solution temperature (𝑇𝑠𝑜𝑙,𝑖𝑛) has apparent influences on the system cooling 

and dehumidification performance since it is relevant to the surface vapour 

pressure of the solution. The effects of 𝑇𝑠𝑜𝑙,𝑖𝑛  on the 휀𝑠𝑒𝑛 , 휀𝑙𝑎𝑡  and 휀𝑡𝑜𝑡  are 

reflected in  Fig 5-11 under 𝑇𝑎𝑖𝑟,𝑖𝑛=30℃, 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛=80%, �̇�𝑎𝑖𝑟,𝑖𝑛=1.91kg/min, 

𝐶𝑠𝑜𝑙=32%, �̇�𝑠𝑜𝑙=3L/min, �̇�𝑤,𝑖𝑛=3L/min and 𝑇𝑤,𝑖𝑛=10℃. It can be seen that all 

the effectiveness decline with the solution temperature. The decreased 

temperature difference between the air and solution also leads to a decrease in 

the heat transfer potential, resulting from the decline in the 휀𝑠𝑒𝑛. The decrease of 

the 휀𝑙𝑎𝑡 is because the increasing vapour partial pressure on the solution side 

restricts the system’s dehumidification potential, which is also stated in the 

literature [140].  

However, the effect of 𝑇𝑠𝑜𝑙,𝑖𝑛 on 휀𝑠𝑒𝑛 is significantly greater than its effect on 
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휀𝑙𝑎𝑡. For example, the 휀𝑠𝑒𝑛 decreases by 21.7% from 0.3347 to 0.2620 as the 

𝑇𝑠𝑜𝑙,𝑖𝑛 rises from 14 ℃ to 21 ℃, whereas the 휀𝑙𝑎𝑡 is only reduced by 5.2 % from 

0.7834 to 0.7429. According to Eq. (3-11), lower inlet solution temperature leads 

to a higher temperature difference between air and solution, which improves the 

heat transfer potential. In addition, the impact of condensation heat is negligible 

compared with the increase in heat transfer potential. However, with high inlet 

solution temperature, the temperature difference between air and solution is 

comparably small, and the heat transfer potential is weakened, where the impact 

of condensation heat is more prioritized. Based on Eq. (3-12), the lower inlet 

solution temperature will increase the mass transfer potential and further lead to 

more moisture absorbed by the solution. Meanwhile, more condensation heat 

diminishes the dehumidification performance.  

Owing to the reduced latent effectiveness, the 𝑀𝑅𝑅 also declines from 0.43g/s 

to 0.33g/s, as shown in Fig 5-12. Moreover, the 𝑄𝑖𝑐  has a noticeable 

improvement from 620W to 653W as the heat pipes are heated by the high 

temperature solution. This leads to the high temperature difference between the 

heat pipe condenser section and the cold water in the cooling box.  

 

Fig 5-11 Effects of inlet solution temperature (𝑇𝑠𝑜𝑙,𝑖𝑛) on 휀𝑠𝑒𝑛, 휀𝑙𝑎𝑡 and 휀𝑡𝑜𝑡 
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(𝑇𝑎𝑖𝑟,𝑖𝑛=30 ℃, 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛=80 %, �̇�𝑎𝑖𝑟,𝑖𝑛=1.91 kg/min, 𝐶𝑠𝑜𝑙=32 %, �̇�𝑠𝑜𝑙=3 

L/min, �̇�𝑤,𝑖𝑛=3 L/min, 𝑇𝑤,𝑖𝑛=10 ℃). 

 

Fig 5-12 Effects of inlet solution temperature (𝑇𝑠𝑜𝑙,𝑖𝑛) on 𝑀𝑅𝑅 and 𝑄𝑖𝑐 

(𝑇𝑎𝑖𝑟,𝑖𝑛=30 ℃, 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛=80 %, �̇�𝑎𝑖𝑟,𝑖𝑛=1.91 kg/min, 𝐶𝑠𝑜𝑙=32 %, �̇�𝑠𝑜𝑙=3 

L/min, �̇�𝑤,𝑖𝑛=3 L/min, 𝑇𝑤,𝑖𝑛=10 ℃) 

5.2.3.2 Effects of solution concentration 

The performance of the system's cooling and dehumidification is significantly 

influenced by the solution concentration ( 𝐶𝑠𝑜𝑙 ), with a higher solution 

concentration producing better dehumidification results, as depicted in Fig 5-13 

and Fig 5-14. Under the examined circumstance (𝑇𝑎𝑖𝑟,𝑖𝑛=30℃, 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛=80%, 

�̇�𝑎𝑖𝑟,𝑖𝑛 =1.91kg/min, 𝑇𝑠𝑜𝑙,𝑖𝑛 =18 ℃ , �̇�𝑠𝑜𝑙 =3L/min, �̇�𝑤,𝑖𝑛 =3L/min and 

𝑇𝑤,𝑖𝑛=10℃), the 휀𝑠𝑒𝑛 decreases by 13.0% from 0.3635 to 0.3162 when the 𝐶𝑠𝑜𝑙 

varies from 26% to 38%, while the 휀𝑙𝑎𝑡 and 휀𝑡𝑜𝑡 rise by 20.3% and 15.7% from 

0.6981 to 0.8395 and 0.6203 to 0.7178, respectively. The decline of the 휀𝑠𝑒𝑛 is 

owing to the increased condensation heat with more moisture absorbed. In 

addition, the higher 𝐶𝑠𝑜𝑙 has a lower solution surface vapour pressure to improve 

the solution absorption ability, which results in the 휀𝑙𝑎𝑡 increase. It is noteworthy 
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from Error! Reference source not found. that high concentration solution will a

lso improve both 𝑀𝑅𝑅  and 𝑄𝑖𝑐 . Due to the significant difference in vapour 

pressure between the air and solution at a high solution concentration, the 𝑀𝑅𝑅 

increases from 0.21g/s to 0.48g/s as the 𝐶𝑠𝑜𝑙  increases from 26% to 38%. 

Moreover, with more moisture absorbed by the solution, the increased moisture 

condensation heat is removed by the heat pipes, resulting in 𝑄𝑖𝑐 increasing from 

542W to 721W as well. Besides, the maximum concentration for this study is 

38%, and it is possible to increase the concentration above this maximum value 

for better dehumidification performance. However, higher solution 

concentration may lead to the desiccant crystallisation issue on the membrane 

surface, thereby decreasing the system performance [25].  

 

Fig 5-13 Effects of solution concentration (𝐶𝑠𝑜𝑙) on 휀𝑠𝑒𝑛, 휀𝑙𝑎𝑡 and 휀𝑡𝑜𝑡 

(𝑇𝑎𝑖𝑟,𝑖𝑛=30 ℃, 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛=80 %, �̇�𝑎𝑖𝑟,𝑖𝑛=1.91 kg/min, 𝑇𝑠𝑜𝑙,𝑖𝑛=18 ℃, �̇�𝑠𝑜𝑙=3 

L/min, �̇�𝑤,𝑖𝑛=3 L/min, 𝑇𝑤,𝑖𝑛=10 ℃). 
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Fig 5-14 Effects of solution concentration (𝐶𝑠𝑜𝑙) on 𝑀𝑅𝑅 and 𝑄𝑖𝑐 (𝑇𝑎𝑖𝑟,𝑖𝑛=30 

℃, 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛=80 %, �̇�𝑎𝑖𝑟,𝑖𝑛=1.91 kg/min, 𝑇𝑠𝑜𝑙,𝑖𝑛=18 ℃, �̇�𝑠𝑜𝑙=3 L/min, �̇�𝑤,𝑖𝑛=3 

L/min, 𝑇𝑤,𝑖𝑛=10 ℃) 

5.2.3.3 Effects of solution flow rate 

The variations of the 휀𝑠𝑒𝑛, 휀𝑙𝑎𝑡 and 휀𝑡𝑜𝑡 and 𝑀𝑅𝑅, as well as the 𝑄𝑖𝑐 with the 

�̇�𝑠𝑜𝑙  are shown in Fig 5-15 and Fig 5-16, while maintaining 𝑇𝑎𝑖𝑟,𝑖𝑛 =30℃ , 

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛 =80%, �̇�𝑎𝑖𝑟,𝑖𝑛 =1.91kg/min, 𝐶𝑠𝑜𝑙 =32%, 𝑇𝑠𝑜𝑙,𝑖𝑛 =18 ℃ , �̇�𝑤,𝑖𝑛 =3L/min 

and 𝑇𝑤,𝑖𝑛 =10 ℃ . The 휀𝑠𝑒𝑛  increases substantially by 45.3% from 0.2687 to 

0.3904 when the �̇�𝑠𝑜𝑙 rises from 1L/min to 5L/min. It is due to that a higher 

solution flow rate leads to a lower solution temperature, and correspondingly a 

lower air temperature at outlets, thus increasing the sensible effectiveness. The 

휀𝑙𝑎𝑡 also raises with the �̇�𝑠𝑜𝑙, where the 휀𝑙𝑎𝑡 improves by 4.5 % from 0.7427 to 

0.7763 since low solution temperature and its equilibrium vapour pressure will 

be obtained as the solution flow rate rises, resulting in higher mass transfer 

potential [262]. Therefore, the 휀𝑡𝑜𝑡 increases by 8.6% from 0.6325 to 0.6866. It 

can be seen that the 𝑀𝑅𝑅 increases from 0.35g/s to 0.45g/s as well. It is also 

noted that the 𝑄𝑖𝑐  enhances from 542W to 706W because of the raised heat 
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transfer between the solution and heat pipe evaporator section. 

 

Fig 5-15 Effects of solution flow rate (�̇�𝑠𝑜𝑙) on 휀𝑠𝑒𝑛, 휀𝑙𝑎𝑡 and 휀𝑡𝑜𝑡 (𝑇𝑎𝑖𝑟,𝑖𝑛=30 

℃, 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛=80 %, �̇�𝑎𝑖𝑟,𝑖𝑛=1.91 kg/min, 𝐶𝑠𝑜𝑙=32 %, 𝑇𝑠𝑜𝑙,𝑖𝑛=18 ℃, �̇�𝑤,𝑖𝑛=3 

L/min, 𝑇𝑤,𝑖𝑛=10 ℃) 

 

Fig 5-16 Effects of solution flow rate (�̇�𝑠𝑜𝑙) on 𝑀𝑅𝑅 and 𝑄𝑖𝑐 (𝑇𝑎𝑖𝑟,𝑖𝑛=30 ℃, 

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛=80 %, �̇�𝑎𝑖𝑟,𝑖𝑛=1.91 kg/min, 𝐶𝑠𝑜𝑙=32 %, 𝑇𝑠𝑜𝑙,𝑖𝑛=18 ℃, �̇�𝑤,𝑖𝑛=3 

L/min, 𝑇𝑤,𝑖𝑛=10 ℃) 
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5.3 Regenerator performance 

5.3.1 Effects of inlet air condition 

5.3.1.1 Effects of inlet air temperature of regenerator 

 

The variations of solution side effectiveness, 𝑇𝐷𝑅  and 𝑀𝐹𝑅  with inlet air 

temperature ( 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔 ), are illustrated in Fig 5-17 and Fig 5-18. All 

effectiveness hardly vary with 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔  in the temperature range of 24℃ to 

32℃ under 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔=40%, and only change by 4.4%, 2.9% and 3.2% for the 

sensible, latent and total effectiveness, respectively. For the latent heat transfer, 

air vapour pressure is only governed by the air humidity ratio 𝑊𝑎𝑖𝑟,𝑖𝑛, and the 

change in air temperature alone would have a negligible effect on air vapour 

pressure. Consequently, the mass transfer potential between the air and solution 

would remain unchanged. The latent effectiveness and 𝑀𝐹𝑅  rise marginally 

with 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔. Literature [263] explains where significant sensible heat transfer 

would occur between air and solution when the solution temperature exceeds the 

air temperature. The decrease in air vapour pressure brought about by the cooling 

of the solution upon contact with air would inhibit regeneration. There would be 

less sensible heat transfer from the solution to the air if the air entering the system 

was at a higher temperature. As a result, the vapour pressure difference between 

the air and solution sides can be maintained at a high level, and the latent heat 

transfer can still be marginally improved. On the other hand, the high 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔 

would reduce the temperature difference between the air and solution, thereby 

diminishing the potential for sensible heat transfer. As a result, the sensible 

effectiveness and 𝑇𝐷𝑅 are marginally diminished. Therefore, the effect of air 

inlet temperature on regeneration performance can be disregarded and adjusting 

𝑇𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔 has no discernible effect. 
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Fig 5-17 Effects of inlet air temperature (𝑇𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔) on 휀𝑠𝑒𝑛,𝑠𝑜𝑙, 휀𝑙𝑎𝑡,𝑠𝑜𝑙 and  

휀𝑡𝑜𝑡,𝑠𝑜𝑙 (𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔=40 %, �̇�𝑎𝑖𝑟,𝑟𝑒𝑔=1.91 kg/min, 𝐶𝑠𝑜𝑙=32 %, 𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔=60 

℃, �̇�𝑠𝑜𝑙,𝑟𝑒𝑔=2 L/min) 

 

Fig 5-18 Effects of inlet air temperature (𝑇𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔) on 𝑇𝐷𝑅 and 𝑀𝐹𝑅 

(𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔=40 %, �̇�𝑎𝑖𝑟,𝑟𝑒𝑔=1.91 kg/min, 𝐶𝑠𝑜𝑙=32 %, 𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔=60 ℃, 

�̇�𝑠𝑜𝑙,𝑟𝑒𝑔=2 L/min) 
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5.3.1.2 Effects of inlet air relative humidity of regenerator 

 

The effects of inlet air relative humidity (𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔) on 휀𝑠𝑒𝑛,𝑠𝑜𝑙, 휀𝑙𝑎𝑡,𝑠𝑜𝑙, 휀𝑡𝑜𝑡,𝑠𝑜𝑙, 

𝑇𝐷𝑅  and 𝑀𝐹𝑅  are reflected in Fig 5-19 and Fig 5-20. The 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔 is 

changed while maintaining the 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔 at 28 ℃, �̇�𝑎𝑖𝑟,𝑟𝑒𝑔at 1.91kg/min, 𝐶𝑠𝑜𝑙 

at 32 %, 𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔 at 60 ℃, �̇�𝑠𝑜𝑙,𝑟𝑒𝑔 at 2L/min at 10 ℃. The 휀𝑠𝑒𝑛,𝑠𝑜𝑙  increases 

by 2.4% from 0.4723 to 0.4836 when the 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔 rises from 30% to 50%. 

The 휀𝑙𝑎𝑡,𝑠𝑜𝑙 escalates by 2.3% from 0.6058 to 0.6197 due to the decrease in water 

vapour partial pressure difference between the air and solution [261]. Based on 

Eq. (3-22), the mass transfer potential is reduced significantly with the 

considerable reduction of the vapour pressure difference between the air and 

solution sides. As a result, 𝑀𝐹𝑅 is decreased gradually, as displayed in Error! R

eference source not found.. Regarding the sensible heat transfer, it is slightly 

influenced by reduced heat absorption during the evaporation process when the 

mass transfer is weakened. Thus, the solution temperature at the outlet would 

increase to a small extent, resulting in the decrease of 𝑇𝐷𝑅.  
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Fig 5-19 Effects of inlet air relative humidity (𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔) on 휀𝑠𝑒𝑛,𝑠𝑜𝑙, 휀𝑙𝑎𝑡,𝑠𝑜𝑙 

and 휀𝑡𝑜𝑡,𝑠𝑜𝑙 (𝑇𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔=28 ℃, �̇�𝑎𝑖𝑟,𝑟𝑒𝑔=1.91 kg/min, 𝐶𝑠𝑜𝑙=32 %, 𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔=60 

℃, �̇�𝑠𝑜𝑙,𝑟𝑒𝑔=2 L/min) 

 

Fig 5-20 Effects of inlet air relative humidity (𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔) on 𝑇𝐷𝑅 and 𝑀𝐹𝑅 

(𝑇𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔=28 ℃, �̇�𝑎𝑖𝑟,𝑟𝑒𝑔=1.91 kg/min, 𝐶𝑠𝑜𝑙=32 %, 𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔=60 ℃, 

�̇�𝑠𝑜𝑙,𝑟𝑒𝑔=2 L/min) 

5.3.1.3 Effects of air flow rate of regenerator 

The impacts of air flow rate (�̇�𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔 ) on  휀𝑠𝑒𝑛,𝑠𝑜𝑙 , 휀𝑙𝑎𝑡,𝑠𝑜𝑙  and 휀𝑡𝑜𝑡,𝑠𝑜𝑙  are 

reflected in Fig 5-21 under 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔 =28 ℃ , 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔 =40%, 𝐶𝑠𝑜𝑙 =32%, 

𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔=60℃ and �̇�𝑠𝑜𝑙,𝑟𝑒𝑔=2L/min. It is found that the 휀𝑙𝑎𝑡,𝑠𝑜𝑙 decreases by 

45.9% from 0.6528 to 0.3532 when the �̇�𝑎𝑖𝑟,𝑖𝑛 from 0.64kg/min to 2.29kg/min. 

Moreover, the 휀𝑠𝑒𝑛,𝑠𝑜𝑙 and 휀𝑡𝑜𝑡,𝑠𝑜𝑙 decrease by 34.6% and 43.9% from 0.4892 to 

0.3198 and 0.6157 to 0.3456, respectively. The 휀𝑙𝑎𝑡,𝑠𝑜𝑙  is proportional to the 

moisture content difference at the air inlets and outlets of the regenerator, as 

indicated in Eq. (3-18). Apart from the solution side effectiveness, the solution 

side 𝑇𝐷𝑅  and 𝑀𝐹𝑅  have also been applied for regeneration performance 
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evaluation. The variations of 𝑇𝐷𝑅 and 𝑀𝐹𝑅 with �̇�𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔 are shown in Fig 

5-22. As seen from the figure, 𝑇𝐷𝑅 decreases from 0.2849 to 0.1772 when the 

�̇�𝑎𝑖𝑟,𝑟𝑒𝑔 from 0.64kg/min to 2.29kg/min, indicating that the solution cooling 

effect deteriorates through the process. The 𝑀𝐹𝑅 increases significantly from 

0.0081g/s to 0.0222g/s when the �̇�𝑎𝑖𝑟,𝑟𝑒𝑔  changes from 0.38kg/min to 

2.29kg/min. According to Eq. (3-22), the 𝑀𝐹𝑅 is proportional to air flow rate 

and moisture content difference at the regenerator side, thereby resulting in a 

considerable increase.  

 

Fig 5-21 Effects of air flow rate (�̇�𝑎𝑖𝑟,𝑟𝑒𝑔) on 휀𝑠𝑒𝑛,𝑠𝑜𝑙, 휀𝑙𝑎𝑡,𝑠𝑜𝑙 and 휀𝑡𝑜𝑡,𝑠𝑜𝑙 

(𝑇𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔=28 ℃, 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔=40 %, 𝐶𝑠𝑜𝑙=32 %, 𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔=60 ℃, �̇�𝑠𝑜𝑙,𝑟𝑒𝑔=2 

L/min) 
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Fig 5-22 Effects of air flow rate (�̇�𝑎𝑖𝑟,𝑟𝑒𝑔) on 𝑇𝐷𝑅 and 𝑀𝐹𝑅 (𝑇𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔=28 

℃, 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔=40 %, 𝐶𝑠𝑜𝑙=32 %, 𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔=60 ℃, �̇�𝑠𝑜𝑙,𝑟𝑒𝑔=2 L/min) 

5.3.2 Effects of solution properties 

5.3.2.1 Effects of inlet solution temperature  

 

The inlet solution temperature of the regenerator ( 𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔 ) has apparent 

influences on the system regenerator performance since it is relevant to the 

surface vapour pressure of the solution. The effects of 𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔 on the 휀𝑠𝑒𝑛,𝑠𝑜𝑙, 

휀𝑙𝑎𝑡,𝑠𝑜𝑙  and 휀𝑡𝑜𝑡,𝑠𝑜𝑙  are reflected in Fig 5-23 under 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔 =28 ℃ , 

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔 =40%, �̇�𝑎𝑖𝑟,𝑟𝑒𝑔 =1.91kg/min, 𝐶𝑠𝑜𝑙 =32% and �̇�𝑟𝑒𝑔 =2L/min, 

respectively. It can be seen that all the effectiveness decline with the inlet 

solution temperature of the regenerator. Compared to the latent and total 

effectiveness, the solution side sensible effectiveness is insensitive to 𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔. 

Apart from the deterioration of all solution side effectiveness with increasing 

𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔, the higher 𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔, the higher solution equilibrium humidity ratio 

and vapour pressure. Regarding the definition of the solution side sensible 

effectiveness in Eq. (3-17), the absolute value of the denominator in the equation 
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increases with 𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔, thus the sensible effectiveness is reduced gradually. 

Furthermore, the increase of 𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔 under the same 𝐶𝑠𝑜𝑙 could lead to a high 

solution equilibrium humidity ratio. According to the definition of the solution 

side latent effectiveness in Eq. (3-18), the absolute value of the denominator in 

the equation increases with 𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔 , resulting in a decrease in the latent 

effectiveness. Besides, both heat and mass transfer potentials are strengthened, 

which have been reflected in Fig 5-24, where 𝑇𝐷𝑅 and 𝑀𝐹𝑅 are improved with 

𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔. 

 

Fig 5-23 Effects of inlet solution temperature (𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔) on 휀𝑠𝑒𝑛,𝑠𝑜𝑙, 휀𝑙𝑎𝑡,𝑠𝑜𝑙 

and 휀𝑡𝑜𝑡,𝑠𝑜𝑙 (𝑇𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔=28 ℃, 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔=40 %, �̇�𝑎𝑖𝑟,𝑟𝑒𝑔=1.91 kg/min, 

𝐶𝑠𝑜𝑙=32 %, �̇�𝑠𝑜𝑙,𝑟𝑒𝑔=2 L/min) 
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Fig 5-24 Effects of inlet solution temperature (𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔) on 𝑇𝐷𝑅 and 

𝑀𝐹𝑅(𝑇𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔=28 ℃, 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔=40 %, �̇�𝑎𝑖𝑟,𝑟𝑒𝑔=1.91 kg/min, 𝐶𝑠𝑜𝑙=32 %, 

�̇�𝑠𝑜𝑙,𝑟𝑒𝑔=2 L/min) 

5.3.2.2 Effects of solution concentration 

 

Similar to the dehumidifier, the solution concentration (𝐶𝑠𝑜𝑙) also influences the 

regeneration performance since it is directly related to surface vapour pressure 

as well, with a higher solution concentration producing better dehumidification 

results. Variations of the solution side effectiveness, 𝑇𝐷𝑅 and 𝑀𝐹𝑅 with 𝐶𝑠𝑜𝑙 

are depicted in Fig 5-25 and Fig 5-26. Under the examined circumstance 

(𝑇𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔=28 ℃, 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔=40 %, �̇�𝑎𝑖𝑟,𝑟𝑒𝑔=1.91 kg/min, 𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔=60 ℃, 

�̇�𝑠𝑜𝑙,𝑟𝑒𝑔=2 L/min), the 휀𝑠𝑒𝑛 increases by 24.6% from 0.4329 to 0.5394 when the 

𝐶𝑠𝑜𝑙 varies from 26% to 38%, while the 휀𝑙𝑎𝑡 and 휀𝑡𝑜𝑡 rise by 23.2% and 23.5% 

from 0.5690 to 0.7011 and 0.5381 to 0.6644, respectively. Based on Eq. (3-17), 

increasing the solution concentration would decrease the solution equilibrium 

humidity ratio, and then both the solution inlet mass fraction 𝑋𝑠𝑜𝑙,𝑖𝑛 and 

equilibrium humidity ratio 𝑊𝑠𝑜𝑙,𝑖𝑛  in Eq. (3-3) are decreased. These offset 
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effects interact with each other, and the solution side latent effectiveness 

increases. Nevertheless, the decrease of the solution vapour pressure would 

reduce the mass transfer potential, leading to the decrease in 𝑀𝐹𝑅 . In the 

meantime, the reduction of the mass transfer would decrease the heat absorption 

during the evaporation process in the solution channel, leading to an increase in 

𝑇𝑠𝑜𝑙,𝑜𝑢𝑡,𝑟𝑒𝑔  and 𝑇𝐷𝑅 . Besides, to explain the increase of the solution side 

sensible effectiveness, based on Eq. (3-17), increase 𝑇𝑠𝑜𝑙,𝑜𝑢𝑡,𝑟𝑒𝑔 would decrease 

the absolute value of the total heat transfer, which is the first term in the 

numerator. Meanwhile, the second term in the numerator also deteriorates, 

representing the latent transfer. Consequently, the solution side's sensible 

effectiveness increases by the offset effect mentioned above.  

 

Fig 5-25 Effects of solution concentration (𝐶𝑠𝑜𝑙) on 휀𝑠𝑒𝑛,𝑠𝑜𝑙, 휀𝑙𝑎𝑡,𝑠𝑜𝑙 and 휀𝑡𝑜𝑡,𝑠𝑜𝑙 

(𝑇𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔=28 ℃, 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔=40 %, �̇�𝑎𝑖𝑟,𝑟𝑒𝑔=1.91 kg/min, 𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔=60 ℃, 

�̇�𝑠𝑜𝑙,𝑟𝑒𝑔=2 L/min) 
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Fig 5-26 Effects of solution concentration (𝐶𝑠𝑜𝑙) on 𝑇𝐷𝑅 and 𝑀𝐹𝑅 

(𝑇𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔=28 ℃, 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔=40 %, �̇�𝑎𝑖𝑟,𝑟𝑒𝑔=1.91 kg/min, 𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔=60 ℃, 

�̇�𝑠𝑜𝑙,𝑟𝑒𝑔=2 L/min) 

5.3.2.3 Effects of solution flow rate  

 

The variations of the 휀𝑠𝑒𝑛,𝑠𝑜𝑙, 휀𝑙𝑎𝑡,𝑠𝑜𝑙 and 휀𝑡𝑜𝑡,𝑠𝑜𝑙 and 𝑀𝐹𝑅, as well as the 𝑇𝐷𝑅 

with the �̇�𝑠𝑜𝑙,𝑟𝑒𝑔  are shown in Fig 5-27 and Fig 5-28, while maintaining 

𝑇𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔 =28 ℃ , 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔 =40 %, �̇�𝑎𝑖𝑟,𝑟𝑒𝑔 =1.91 kg/min, 𝐶𝑠𝑜𝑙 =32 %, 

𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔 =60 ℃ . The 휀𝑠𝑒𝑛,𝑠𝑜𝑙  increases substantially from 0.1867 to 0.5598 

when the �̇�𝑠𝑜𝑙,𝑟𝑒𝑔  rises from 0.5 L/min to 3.5 L/min. The 휀𝑙𝑎𝑡,𝑠𝑜𝑙  increases 

substantially from 0.2679 to 0.7562 when the �̇�𝑠𝑜𝑙,𝑟𝑒𝑔 rises from 0.5 L/min to 

3.5 L/min. Besides, the 휀𝑡𝑜𝑡,𝑠𝑜𝑙  increases substantially from 0.2495 to 0.7117 

when the �̇�𝑠𝑜𝑙,𝑟𝑒𝑔 rises from 0.5 L/min to 3.5 L/min. This is because a high 

solution flow rate leads to a low solution temperature, and correspondingly a low 

outlet air temperature, thus increasing the sensible effectiveness. The latent 

effectiveness also increases with the solution flow rate since high mass transfer 

capacity and heat transfer coefficient will be obtained as the solution flow rate 
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increases [262]. It can be seen from Error! Reference source not found. that the 

�𝐹𝑅 increases from 0.004g/s to 0.0114g/s as well. This is mainly because that 

increasing the solution mass flow rate would raise the desiccant mass flow rate 

as well, thereby improving the 𝑀𝐹𝑅. It is also noted that the 𝑇𝐷𝑅 enhances from 

122W to 312W since the heat capacity rate of the solution becomes higher with 

the solution flow rate, causing less temperature reduction of the desiccant 

solution during the phase change process [92], representing the solution outlet 

temperature is increased, and 𝑇𝐷𝑅 is reduced.  

 

Fig 5-27 Effects of solution flow rate (�̇�𝑠𝑜𝑙,𝑟𝑒𝑔) on 휀𝑠𝑒𝑛,𝑠𝑜𝑙, 휀𝑙𝑎𝑡,𝑠𝑜𝑙 and 휀𝑡𝑜𝑡,𝑠𝑜𝑙 

(𝑇𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔=28 ℃, 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔=40 %, �̇�𝑎𝑖𝑟,𝑟𝑒𝑔=1.91 kg/min, 𝐶𝑠𝑜𝑙=32 %, 

𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔=60 ℃) 
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Fig 5-28 Effects of solution flow rate (�̇�𝑠𝑜𝑙,𝑟𝑒𝑔) on 𝑇𝐷𝑅 and 𝑀𝐹𝑅 

(𝑇𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔=28 ℃, 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑟𝑒𝑔=40 %, �̇�𝑎𝑖𝑟,𝑟𝑒𝑔=1.91 kg/min, 𝐶𝑠𝑜𝑙=32 %, 

𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔=60 ℃) 

5.4 Complete LDD system performance 
 

5.4.1 System optimal operating conditions 
This section will determine the system's optimal operation strategy according to 

the parametric analysis in order to optimize the thermal and energy efficiency of 

the complete LDD system. The system variable parameters mainly include 1) 

solution inlet temperature of the dehumidifier, 2) solution concentration of the 

dehumidifier, 3) inlet water mass flow rate of the cooling box unit, 4) inlet water 

temperature of the cooling box unit and 5) boiler temperature, where the 

optimisation strategy follows three principles as listed below: 

• To maximise the whole system's cooling and dehumidification efficiency 

by balancing the air-cooling demand; 

• To reduce the system complexity, additional cooling sources, fan and 

pump consumption; 
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• To reduce the system operation cost by avoiding extremely high solution 

concentration; 

• To avoid regeneration heat increase significantly. 

In order to determine the system's optimal operating conditions, the complete 

system operating performance under different inlet variables is presented in Fig 

5-29. As seen in Fig 5-29 (a), although reducing the cold water temperature can 

significantly improve the dehumidifier’s effectiveness, additional cooling 

sources are required to cool down the cold water, thereby reducing higher 

cooling energy consumption. Compared with the cold water temperature drop, 

improving the inlet cold water mass flow rate of the cooling box unit becomes 

an alternative to enhance the total effectiveness. In practice, additional cooling 

systems will also increase the cost and complexity of the complete system and 

additional cooling energy consumption. According to the literature [264], the 

range of housing tap water temperature is between 16℃ and 20℃, with an 

average temperature of 18℃ in most Mediterranean regions during summertime. 

Meanwhile, it is figured out that the total effectiveness does not have an obvious 

change once exceeding the inlet cold water temperature of 18℃, however, it is 

sensitive to the increase of inlet water mass flow rate. According to the analysis 

of the critical value of cold water mass flow rate, it is found that selecting the 

optimal cold water mass flow rate of 0.017 kg/s could effectively improve the 

total effectiveness and avoid massive pump energy consumption and water cost.  

It is observed from Fig 5-29 (b) that increasing the solution concentration of the 

dehumidifier will increase the total effectiveness. Besides, it is figured out that 

the total effectiveness considerably increases before 𝐶𝑠𝑜𝑙  reaches 32% and 

slowly afterwards. Nevertheless, extremely high 𝐶𝑠𝑜𝑙 will increase the system 
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operation cost and crystallization risk. Therefore, 𝐶𝑠𝑜𝑙 = 32% is selected as the 

optimal solution concentration for the dehumidification system. Moreover, it is 

discovered that reducing the inlet solution temperature of the dehumidifier will 

increase the total effectiveness before it reaches 18 ℃ . To avoid additional 

cooling energy consumption, tap water is used to lower the inlet solution 

temperature to 18 ℃.  

It is observed from Fig 5-29 (c) that reducing the inlet solution temperature of 

the regenerator could enlarge the sensible, latent and total effectiveness of the 

regenerator. However, the lower the inlet solution temperature, the lower 𝑀𝐹𝑅. 

In practice, most regeneration heat will be supplied by renewables instead of 

traditional boilers, where most renewable technologies could provide hot water 

temperatures of 55-60 ℃, such as solar collectors, PV/T, etc. Therefore, the 

regeneration temperature of 55 ℃ is selected to balance the regenerator’s 

effectiveness and regeneration heat capacity and reduce the regeneration thermal 

energy consumption. 

It should be noted that the above-mentioned optimal operating conditions are for 

the tested system and could be generalised in the future. The system optimisation 

serves as the guidance for selection of optimal operating conditions and is used 

for the complete system COP performance and building application in Chapter 

6. 
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  (a)                                                        (b) 

                                                  

 

                                                                (c)                                                

Fig 5-29 Complete system operating performance under different inlet 

variables: (a) 𝑇𝑤,𝑖𝑛 and �̇�𝑤 variations with 휀𝑡𝑜𝑡 of the cooling box unit; (b) 

𝑇𝑠𝑜𝑙,𝑖𝑛 and 𝐶𝑠𝑜𝑙 variations with 휀𝑡𝑜𝑡 of the dehumidifier and (c) Variation of 

𝑇𝑠𝑜𝑙,𝑖𝑛,𝑟𝑒𝑔 with 휀𝑠𝑒𝑛,𝑠𝑜𝑙, 휀𝑙𝑎𝑡,𝑠𝑜𝑙 and 휀𝑡𝑜𝑡,𝑠𝑜𝑙 of the regenerator  

5.4.2 Outlet air temperature and relative humidity 
The variations of supply air temperature 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ  and relative humidity 

𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ  with the inlet air relative humidity 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ  under different 

inlet air temperature 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ as well as the 3D diagram are shown in Fig 5-30 

and Fig 5-31, respectively. It is figured out that the 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ decreases from 

33.6 ℃  when 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 40℃  and 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 80%  to 26.7 ℃  when 
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𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 28℃  and 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 40% . Besides, under the same 

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ , the 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ  drops with the decreasing 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ . Meanwhile, 

under the same 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ, the 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ has a similar trend where it decreases 

with the lower 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ. Thus, increasing both the 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ and 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ 

have the same influences on the increasing 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ. Moreover, it is found 

that the decrease of the 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ  is evident when the 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ  is at a 

relatively low level, and the temperature difference between the air at the inlet 

and outlet is smaller when the 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ is at a relatively high level. This is 

due to the fact that more air moisture needs to be removed at higher inlet air 

temperature and relative humidity.  

It is figured out that the 𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ  varies between 46.7% to 53.4% when 

𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ and 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ range from 28℃ - 40℃ and 40% - 80%, respectively. 

The highest 𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ of 53.4% occurs when 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 28℃  and 

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 80%, while the lowest 𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ of 46.7% when 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ =

40℃  and 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 40% . Under the same 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ , the 𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ 

decreases with the drop of 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ, since less humidity removal is required. 

Although under the same 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ, the 𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ rises with the drop of 

𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ , the 𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ  only has a slight increase. For instance, the 

𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ rises from 50.5% to 53.4%, with the 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ drops from 40℃ to 

28℃ under 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 80%. Under the same  𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ, the decrease of 

the 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ  represents an obvious decline in absolute humidity. Therefore, 

humidity removal is less required with the lower 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ.  

Based on Fig 5-30 and Fig 5-31, the correlations are derived using the linear 

regression method: 
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𝑇𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ = (−0.0001 × 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ
2 + 0.0098 × 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ + 0.0809) ×

𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ + (0.0041 × 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ
2 − 0.3258 × 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ + 24.448)                                 

(5-1) 

𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ = (0.0002 × 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ
2 − 0.022 × 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ + 0.2375) ×

𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ + (−0.0041 × 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ
2 + 0.5077 × 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ + 45.862)                               

(5-2) 

 

Fig 5-30 Variations of 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ with 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ under different 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ 

 

Fig 5-31 Variations of 𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ with 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ under different 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ 



176 

 

5.4.3 Complete system cooling capacity and 𝑪𝑶𝑷 
The variations of sensible cooling capacity 𝑄𝑐, latent dehumidification capacity 

𝑄𝑑𝑒ℎ  and total cooling capacity 𝑄𝑡𝑜𝑡 with the inlet air relative humidity 

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ  under different inlet air temperature 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ  are shown in Fig 

5-32, Fig 5-33 and Fig 5-34, respectively. It is figured out that the 𝑄𝑐 decreases 

from 138.0 W when 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 40℃ and 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 80% to 27.3 W when 

𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 28℃ and 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 40%. The 𝑄𝑑𝑒ℎ decreases from 885.8 W 

when 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 40℃ and 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 80% to -68.4 W when 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ =

28℃  and 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 40% . The 𝑄𝑡𝑜𝑡  decreases from 1023.7 W when 

𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 40℃ and 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 80% to -41.1 W when 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 28℃ 

and 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 40%. Especially, it is figured out that the 𝑄𝑡𝑜𝑡  is negative 

only when 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 28℃ and 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 40% since the complete LDD 

system mainly aims at air dehumidification and sole pre-cooling. Therefore, the 

𝑄𝑡𝑜𝑡  is negative when the 𝑄𝑐  and 𝑄𝑑𝑒ℎ  are 27.3 W and -68.4 W under 

𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 28℃ and 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 40%.  

 

Fig 5-32 Variations of 𝑄𝑐 with 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ under different 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ 
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Fig 5-33 Variations of 𝑄𝑑𝑒ℎ with 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ under different 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ 

 

Fig 5-34 Variations of 𝑄𝑡𝑜𝑡 with 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ under different 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ 

The variations of thermal 𝐶𝑂𝑃 (𝐶𝑂𝑃𝑡ℎ), electrical 𝐶𝑂𝑃 (𝐶𝑂𝑃𝑒𝑙𝑒) and total 𝐶𝑂𝑃 

(𝐶𝑂𝑃𝑡𝑜𝑡) with the inlet air relative humidity 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ under different inlet air 

temperature 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ  are shown in Fig 5-35, Fig 5-36 and Fig 5-37, 

respectively. It is figured out that the 𝐶𝑂𝑃𝑡ℎ  decreases from 1.157 when 

𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 40℃  and 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 80%  to 0.045 when 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 28℃ 

and 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 40%. The 𝐶𝑂𝑃𝑒𝑙𝑒  decreases from 7.068 when 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ =
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40℃  and 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 80%  to 0.198 when 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 28℃  and 

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 40%. The 𝐶𝑂𝑃𝑡𝑜𝑡 decreases from 0.983 when 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 40℃ 

and 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 80% to 0.030 W when 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ = 28℃ and 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ =

40%. In general, it is figured out that the 𝐶𝑂𝑃𝑡ℎ, 𝐶𝑂𝑃𝑒𝑙𝑒 and 𝐶𝑂𝑃𝑡𝑜𝑡 rise with 

the increase of both the 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ and 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ.  

The correlations are derived using the linear regression method: 

𝐶𝑂𝑃𝑒𝑙𝑒 = (−9 × 10−4 × 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ + 0.3988) × 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ + (0.0989 ×

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ − 13.916)                                                                                 (5-3) 

                          

𝐶𝑂𝑃𝑡ℎ = (−7 × 10−5 × 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ + 0.0615) × 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ + (0.013 ×

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ − 2.1186)                                                                                 (5-4) 

                       

𝐶𝑂𝑃𝑡𝑜𝑡 = (−7 × 10−5 × 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ + 0.0532) × 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ + (0.0115 ×

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ − 1.841)                                                                                    (5-5)                                             

 

Fig 5-35 Variations of 𝐶𝑂𝑃𝑡ℎ with 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ under different 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ 
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Fig 5-36 Variations of 𝐶𝑂𝑃𝑒𝑙𝑒 with 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ under different 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ 

 

Fig 5-37 Variations of 𝐶𝑂𝑃𝑡𝑜𝑡 with 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ under different 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ 

 

5.5 Summary 
From the above-mentioned analysis of experimental data on the performance of 

the heat pipe internally-cooled liquid desiccant dehumidification (HP-

ICMLDD), membrane-based regeneration and the complete membrane-based 

liquid desiccant dehumidification systems, the following conclusions can be 

drawn as: 
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1. The dehumidification (HP-ICMLDD) system (section 5.2): 

• The dehumidification performance is significantly impacted by the 

internal cooling of the heat pipe, where reducing the cold water 

temperature of the cooling box could considerably lower the desiccant 

solution temperature, thereby improving the dehumidifier performance, 

however, decreasing water temperature will not significantly improve the 

sensible effectiveness when the water temperature is higher than 22℃;  

• The dehumidification and cooling performance can be drastically 

improved by increasing the cold water flow rate in the cooling box; 

• All effectiveness are sensitive to solution concentration 𝐶𝑠𝑜𝑙 increment 

only with a higher inlet solution temperature 𝑇𝑠𝑜𝑙,𝑖𝑛 , whereas inlet 

solution temperature drop plays a more significant role;  

2. The membrane-based regeneration system (section 5.3): 

• The solution side's sensible effectiveness is insensitive to inlet solution 

temperature at the regenerator when the solution concentration is high, 

while latent effectiveness is sensible to inlet solution temperature when 

the solution concentration is low. Thus, it implies that the regenerator 

benefits from the high solution temperature due to enhanced re-

concentration and cooling effects. 

3. The complete LDD system (section 5.4): 

• In order to optimize the thermal and energy efficiency of the complete 

system, the system’s optimal operating conditions have been determined 

based on the performance analysis of the dehumidifier and regenerator. 

For the dehumidifier, the optimal inlet cold water temperature, mass flow 

rate, solution temperature and solution concentration are determined as 
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18℃, 0.017 kg/s, 18℃ and 32%, respectively; For the regenerator, the 

optimal solution temperature is determined as 55℃. 

• The decrease of the 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ is evident when the 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ is at a 

relatively low level, and the temperature difference between the air at the 

inlet and outlet is smaller when the 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ is at a relatively high 

level. 

• Although under the same 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ , the 𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ  rises with the 

drop of 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ, the 𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ only has a slight increase. 

• The correlations of 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ and 𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ with the 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ and 

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ are derived as below: 

𝑇𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ = (−0.0001 × 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ
2 + 0.0098 × 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ + 0.0809) ×

𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ + (0.0041 × 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ
2 − 0.3258 × 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ + 24.448)                                  

𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ = (0.0002 × 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ
2 − 0.022 × 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ + 0.2375) ×

𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ + (−0.0041 × 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ
2 + 0.5077 × 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ + 45.862)                               

• The 𝐶𝑂𝑃𝑡ℎ , 𝐶𝑂𝑃𝑒𝑙𝑒  and 𝐶𝑂𝑃𝑡𝑜𝑡  rise with the increase of both the 

𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ and 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ.  

• The correlations of 𝐶𝑂𝑃𝑡ℎ, 𝐶𝑂𝑃𝑒𝑙𝑒 and 𝐶𝑂𝑃𝑡𝑜𝑡 with the 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ and 

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ are derived as below: 

𝐶𝑂𝑃𝑡ℎ = (−7 × 10−5 × 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ + 0.0615) × 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ + (0.013 ×

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ − 2.1186)                                                                                                       

𝐶𝑂𝑃𝑒𝑙𝑒 = (−9 × 10−4 × 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ + 0.3988) × 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ + (0.0989 ×

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ − 13.916)                                                                                                       

𝐶𝑂𝑃𝑡𝑜𝑡 = (−7 × 10−5 × 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ + 0.0532) × 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ + (0.0115 ×

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ − 1.841)          
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Chapter 6 Application of integrated liquid 

desiccant air-conditioning system in residential 

buildings 

6.1 Introduction 
This chapter describes the applications of the integrated liquid desiccant air-

conditioning (ILDAC) system for multi-family terraced houses under 

subtropical and humid climatic conditions in the Mediterranean regions. The 

reference building has been established in section 3.5.2 as the case study to 

investigate the performance of the ILDAC system. The building baseline will be 

analysed in section 6.2, with its hourly and annual cooling, dehumidification and 

heating demand in Methoni, Rome and Barcelona. The energy performance of 

the ILDAC system will be discussed in section 6.3, compared with the complete 

LDD and the AWHP system. Besides, the hourly electrical and thermal 𝐶𝑂𝑃 of 

the complete LDD system in three locations will also be discussed. Moreover, 

the building energy/carbon performance of the ILDAC system will be discussed 

in section 6.4, including the 𝐶𝑂𝑃 comparison with the complete LDD and the 

AWHP system, as well as the electricity/thermal demand and generation. In the 

end, the initial investment, annual bill, discounted payback period, annual return 

on investment and the real rate of return of the ILDAC system regarding the 

economic parameters in three locations will be analysed in section 6.5. Moreover, 

the sensitivity analysis will be conducted with the variation of the inflation rate, 

bank interest rate, grid electricity tariff and PV electricity export tariff increasing 

rates.  

6.2 Building baseline  
According to the simulation in IES VE, the annual cooling, dehumidification, 

and heating demands of the baseline model in Mehtoni, Rome, and Barcelona 
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have been calculated, as shown in Table 6-1. The maximum cooling, 

dehumidification, and heating demands are 23.97 MWh in Rome, 25.79 MWh 

in Barcelona and 79.43 MWh in Rome, respectively. Besides, the hourly cooling, 

dehumidification and heating demands of the baseline model in Methoni, Rome 

and Barcelona are also presented in Fig 6-1. The cooling period of Methoni, 

Rome and Barcelona is from June to October, June to September and June to 

September, with the peak value of 29.78 kW, 29.25 kW and 23.08 kW, 

respectively. The dehumidification period of Methoni, Rome, and Barcelona is 

from June to September, June to September and May to September, with the 

peak value of 20.40 kW, 17.33 kW and 24.47 kW, respectively. The heating 

period of Methoni, Rome and Barcelona is from November to April, October to 

May and November to May, with the peak value of 38.02 kW, 48.20 kW and 

35.33 kW, respectively. Moreover, the cooling, dehumidification and heating 

demand percentage accounted for the annual total energy consumption is shown 

in Fig 6-2. It is figured out that the heating demand accounts for 49.2%, 68.4% 

and 58.5% in Methoni, Rome and Barcelona, respectively. Besides, the cooling 

demand accounts for 25.3%, 20.6% and 16.8% in Methoni, Rome and Barcelona, 

respectively. In addition, the dehumidification demand accounts for 25.5%, 10.9% 

and 24.7% in Methoni, Rome and Barcelona, respectively. Based on Fig 6-2, the 

dehumidification demands in Methoni and Barcelona are higher than their 

cooling demands. However, the cooling demands exceed the dehumidification 

demands in Rome. 

Table 6-1 The cooling, dehumidification and heating demand of the baseline 

model in Methoni, Rome and Barcelona 

 Cooling demand 

(MWh) 

Dehumidification 

demand (MWh) 

Heating demand 

(MWh) 
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Methoni 23.81 24.01 46.26 

Rome 23.97 12.69 79.43 

Barcelona 17.55 25.79 61.1 

 

 

                         (a) 

 

                     (b) 

 

                          (c) 
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Fig 6-1 The hourly (a) cooling, (b) dehumidification and (c) heating demand of 

the baseline model in Methoni, Rome and Barcelona 

         

                                (a) Methoni                                                 (b) Rome 

 

(c) Barcelona 

 

Fig 6-2 The cooling, dehumidification and heating demand percentage of the 

baseline model in Methoni, Rome and Barcelona 

 

6.3 Integrated system energy performance 
Based on the simulation method, the variation of the AWHP system cooling 

𝐶𝑂𝑃 with the inlet air temperature and relative humidity are calculated and 

shown in Fig 6-3. It is found that the cooling 𝐶𝑂𝑃 (𝐶𝑂𝑃𝐶) increases with the 

increasing inlet air temperature, however, higher air relative humidity could 

weaken its 𝐶𝑂𝑃 performance. For example, the 𝐶𝑂𝑃𝐶 increases from 1.76 to 

2.29, with the inlet air temperature increasing from 28 ℃ to 40 ℃ under the 
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inlet air relative humidity of 40%. However, the 𝐶𝑂𝑃𝐶 declines from 2.29 to 

1.94, with the inlet air relative humidity increasing from 40% to 80% when the 

inlet air temperature is 40 ℃. Besides, the heat released from the heat pump 

condenser will be utilised as the regeneration heat for the regenerator in the 

complete LDD system. Therefore, the variation of the AWHP system heating 

𝐶𝑂𝑃 (𝐶𝑂𝑃𝐻) with the inlet air temperature and relative humidity also 

calculated, as shown in Fig 6-4. Furthermore, the correlation of the 𝐶𝑂𝑃𝐶 and 

𝐶𝑂𝑃𝐻 with the inlet air temperature and relative humidity are derived using the 

linear regression method:  

𝐶𝑂𝑃𝐶 = (−0.0003 × 𝑇𝑎𝑖𝑟,𝑖𝑛 + 0.0032) × 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛 + (0.056 × 𝑇𝑎𝑖𝑟,𝑖𝑛 +

0.4011)                                                                                                          (6-1) 

𝐶𝑂𝑃𝐻 = (−0.0003 × 𝑇𝑎𝑖𝑟,𝑖𝑛 − 0.0012) × RH + (0.0413 × 𝑇𝑎𝑖𝑟,𝑖𝑛 + 2.1638)  

                                                                                                                       (6-2) 

 
Fig 6-3 The variation of the AWHP system cooling 𝐶𝑂𝑃 with the inlet air 

temperature and relative humidity 
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Fig 6-4 The variation of the AWHP system heating 𝐶𝑂𝑃 with the inlet air 

temperature and relative humidity 

In addition, by integrating the AWHP, complete LDD, PVT, and hot water 

storage systems in EnergyPro simulation software with the derived 𝐶𝑂𝑃 

correlations of AWHP and complete LDD system, the variation of the ILDAC 

system 𝐶𝑂𝑃 with the inlet air temperature and relative humidity is depicted in 

Fig 6-5. Differing from the AWHP system, the ILDAC system 𝐶𝑂𝑃 rises with 

the increasing inlet air relative humidity. For instance, the ILDAC system 𝐶𝑂𝑃 

increases from 5.16 to 10.24 with the inlet air relative humidity increasing from 

40% to 80% when the inlet air temperature is 40 ℃ due to that the air inlet 

relative humidity of the AWHP system is considerably reduced by the 

dehumidification process in the HP-ICMLDD. This is also attributed to the fact 

that the electricity demand of the heat pump compressor is supplied by the PVT 

module. Moreover, the ILDAC system 𝐶𝑂𝑃 also increases with the rise of the 

inlet air temperature. For example, the ILDAC system 𝐶𝑂𝑃 increases from 6.47 

to 10.24 with the inlet air temperature increasing from 28 ℃ to 40 ℃ when the 

inlet air relative humidity is 80%.  
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Fig 6-5 The variation of the ILDAC system 𝐶𝑂𝑃 with the inlet air temperature 

and relative humidity 

 

6.4 Building energy/carbon performance 
Integrating the ILDAC system with the cooling, dehumidification and heating 

demands of the RBs in EnergyPro simulation software, the building energy and 

carbon emission performances have been calculated in Table 6-2. The net 

electricity consumption is calculated by the differences between the ILDAC and 

AWHP electricity demands and the PVT electricity generation, which can also 

be calculated by the differences between the imported electricity from grid and 

exported electricity to grid. It is found that the maximum and minimum net 

electricity consumptions are 26.6 MWh and 16.4 MWh in Rome and Methoni, 

respectively. Besides, most PVT electricity generation is consumed by the 

ILDAC and AWHP systems with 12.3 MWh,  9.4 MWh and 17.1 MWh in 

Barcelona, Rome and Methoni, respectively, where the electricity is exported to 

the grid is 3.5 MWh, 3.4 MWh and 3.6 MWh.  

Besides, the pre-retrofit energy consumption is summarized in Table 6-3 with 

the space heating by natural gas combi-boiler, space cooling by the AWHP 
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system and net energy consumption. By multiplying the imported grid electricity 

and natural gas energy consumption with the carbon emission intensity, the total 

carbon emission is calculated in Table 6-4, with the carbon reduction rate (𝐶𝑅𝑅) 

calculated. It is figured out that the carbon emission is curtailed from 29.5 tCO2 

to 3.3 tCO2 (𝐶𝑅𝑅=88.8%) in Barcelona, 38.0 tCO2 to 6.0 tCO2 (𝐶𝑅𝑅=84.3%) in 

Rome and 32.1 tCO2 to 7.4 tCO2 (𝐶𝑅𝑅=76.9%) in Methoni. Moreover, by 

comparing the pre-retrofit net energy and post-retrofit net electricity 

consumption, the energy reduction rate (𝐸𝑅𝑅) is calculated as 77.6%, 74.8% and 

78.8% in Barcelona, Rome and Methoni.  

Table 6-2 Post-retrofit building energy consumption 

 

The ILDAC 

system cooling 

electricity 

demand (MWh) 

AWHP 

heating 

electricity 

demand 

(MWh) 

PVT 

electricity 

generation 

(MWh) 

PVT 

thermal 

heat 

generation 

(MWh) 

Net 

electricity 

consumption 

(MWh) 

Imported 

electricity 

from grid 

(MWh) 

Exported 

electricity 

to grid 

(MWh) 

Barcelona 21.5 14.1 15.8 39.7 19.8 23.3 3.5 

Rome 16.6 22.8 12.8 36.6 26.6 30.0 3.4 

Methoni 26.4 10.7 20.7 47.0 16.4 20.0 3.6 

 

Table 6-3 Pre-retrofit building energy consumption 

 Space heating by natural gas 

boiler (MWh) 

Space cooling by 

AWHP (MWh) 

Net energy consumption 

(MWh) 

Barcelona 65.0 23.3 88.3 

Rome 84.5 21.1 105.6 

Methoni 49.3 28.2 77.5 

 

Table 6-4 The pre- and post-retrofit building energy/carbon performance 

 

Pre-retrofit carbon 

emission (tCO2) 

Post-retrofit carbon 

emission (tCO2) 

Energy reduction rate 

(ERR) 

Carbon reduction rate 

(CRR) 

Barcelona 29.5 3.3 77.6% 88.8% 

Rome 38.0 5.9 74.8% 84.3% 
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Methoni 32.1 7.4 78.8% 76.9% 

 

The cooling and dehumidification demand, as well as the 𝐶𝑂𝑃 of different 

systems in Methoni, Rome and Barcelona are shown in Fig 6-6. With the input 

of the cooling and dehumidification demands in three locations obtained from 

IES VE simulation software, the EnergyPro is used to compare the energy 

efficiency applying the ILDAC (𝐶𝑂𝑃𝑡𝑜𝑡), complete LDD (𝐶𝑂𝑃𝑡𝑜𝑡) and AWHP 

(𝐶𝑂𝑃𝐶) systems. It is found that the ILDAC system could achieve higher 𝐶𝑂𝑃 

of 6.41, 8.14 and 7.52, which is significantly higher than both the complete 

LDD and AWHP systems. Moreover, by looking into the detail of the ILDAC 

system, the electricity demand and renewable electricity generation in three 

locations are illustrated in Fig 6-7. Besides, the regeneration heat demand and 

thermal generation by the PVT and AWHP systems are depicted in Fig 6-8. 

 

Fig 6-6 The cooling and dehumidification demand and 𝐶𝑂𝑃 of different 

systems in Methoni, Rome and Barcelona 
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Fig 6-7 The electricity demand and generation of the ILDAC system in 

Methoni, Rome and Barcelona 

 
Fig 6-8 The regeneration heat demand and thermal generation of the ILDAC 

system in Methoni, Rome and Barcelona 

 

6.5 Economic performance and sensitivity analysis  
Based on the calculation method of the techno-economic performance 

mentioned in section 3.5.4, the DPP, AROI and RROR are calculated with the 

initial investment (II), pre- and post-retrofit annual bills summarized in Table 

6-5. It is found that the DPP varies between 7-9 years with AROI ranging from 
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8.40% to 11.90% in Barcelona, Rome and Methoni. However, due to the high 

inflation rate in 2022, the RROR is different from -1.10% to 3.00%. It is also 

found that the only positive RROR occurs in Spain since a relatively lower 

inflation rate of 7.30% compared with that 12.60% and 9.50% in Italy and 

Greece. Moreover, the economic performance under different market standards 

is presented in Table 6-6. Under the EU market standard with the same bank 

interest and inflation rates of 6.61% and 10.60%, the DPP are 7 years, 7 years 

and 9 years for the RBs in Spain, Italy and Greece, respectively. Besides, the 

RROR for the RBs in Spain and Greece are reduced from 3.00% to 1.00% and -

1.10% to -1.40%, whereas the RROR for Italy increases from -0.70% to 1.10%.  

Table 6-5 Economic performance in real case scenario 

 
Initial 

investment 

(€) 

Pre-retrofit 

annual bills 

(€) 

Post-retrofit 

annual bills 

(€) 

DPP 

 (years) 
AROI RROR 

Barcelona 77443.3 12999.4 6945.4 8 10.30% 3.00% 

Rome 81607.7 14899.3 8988 7 11.90% -0.70% 

Methoni 81726.8 10877.9 4502 9 8.40% -1.10% 

 

Table 6-6 Economic performance under different market standards 

 
bank 

interest 
rate 

inflation 
rate 

real 
interest 

rate 

DPP 
(years) 

AROI RROR 

EU standard-Spain 6.61% 10.60% -3.61% 7 11.60% 1.00% 

EU standard-Italy 6.61% 10.60% -3.61% 7 11.70% 1.10% 

EU standard-Greece 6.61% 10.60% -3.61% 9 9.20% -1.40% 

Spain standard-Spain 7.66% 7.30% 0.34% 8 10.30% 3.00% 

Italy standard-Italy 7.94% 12.60% -4.14% 7 11.90% -0.70% 

Greece standard-Greece 8.32% 9.50% -1.08% 9 8.40% -1.10% 

 

Due to the uncertainty of the market economic performance, the sensitivity 

analysis is conducted to investigate the economic performance of installing the 

ILDAC system for RBs in three locations. All the sensitivity analysis data are 
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presented in Appendix C. Fig 6-9 illustrates the variation of grid electricity tariff 

increasing rate with 𝐴𝑅𝑂𝐼 in Greece, Italy and Spain. It is found that the AROI 

slightly increases from 10.90% to 12.40% (in Spain and Italy) and 8.50% to 

9.80% (in Greece), with the grid electricity tariff increasing rate increasing from 

-10% to 10%, indicating that the installation of the ILDAC system could relieve 

the pressure of increasingly living expenses with the rising grid electricity tariff 

on the homeowners.  

Fig 6-10 illustrates the variation of bank interest rates with 𝐴𝑅𝑂𝐼 in Greece, Italy 

and Spain. It is found that the AROI gradually decreases from 14.00% to 10.60% 

(in Spain and Italy) and 11.00% to 8.20% (in Greece), with the bank interest rate 

increasing from 0% to 10%, indicating that higher bank interest rate will 

deteriorate the pressure of the living expenses after installing the ILDAC system. 

Fig 6-11 illustrates the variation of PV electricity export tariff increasing rate 

with 𝐴𝑅𝑂𝐼 in Greece, Italy and Spain. It is found that the AROI is insensitive to 

the PV electricity export tariff increasing rate. For example, the AROI increases 

from 11.59% to 11.68% (in Spain), 11.59% to 11.72% (in Italy) and 9.13% to 

9.18% (in Greece) with the PV electricity export tariff increasing rate escalating 

from -50% to 50%. This is attributed to the fact that the majority of the PVT 

electricity generation is consumed by the ILDAC system rather than exported to 

the grid. 

Fig 6-12 demonstrates the variation of inflation rate with 𝐴𝑅𝑂𝐼 in Greece, Italy 

and Spain. It is found that the AROI substantially increases from 4.20% to 

14.70% (in Spain), 4.30% to 14.70% (in Italy) and 3.10% to 11.80% (in Greece), 

with the inflation rate increasing from -20% to 20%, indicating that the AROI is 

sensitive to the inflation rate, where the installation of the ILDAC system could 
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evidently relieve the pressure of increasingly living expenses with the rising 

inflation rate on the homeowners.  

Fig 6-13 indicates the variation of inflation rate with 𝑅𝑅𝑂𝑅 in Greece, Italy and 

Spain, where it has been classified into four zones: 1) Inflation zone with AROI 

> inflation rate, 2) Inflation zone with AROI < inflation rate, 3) Deflation zone 

with AROI > inflation rate, and 4) Deflation zone with AROI < inflation rate. 

In general, the RROR increases at first with the reducing deflation rate and 

decreases with the rising inflation rate, with the maximum RROR when the 

inflation/deflation rate is 0. For example, the RROR for the RB in Spain 

increases from -15.80% to 8.50%, then decreases to -5.30% with the inflation 

rate from -20% to 20%. In addition, the RROR for the RB in Italy increases from 

-15.70% to 8.50%, then decreases to -5.30% with the inflation rate from -20% 

to 20%. The RROR for the RB in Greece increases from -16.90% to 6.50%, 

followed by a decrease to -8.20%, with the inflation rate from -20% to 20%. The 

results could provide guidance for selecting the proper time to invest in the 

ILDAC system installation when the investment is profitable. In other words, it 

is worth installing the ILDAC system when the calculated AROI is higher than 

the inflation/deflation rate (RROR>0). Moreover, it is appropriate to invest in 

the ILDAC system for the RBs in Spain, Italy and Greece when the inflation 

rates fall between -6.80% and 12.20%, -6.90% and 12.20%, and -5.40% and 

8.70%, respectively.  
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Fig 6-9 The variation of 𝐴𝑅𝑂𝐼 with grid electricity tariff increasing rate in 

Greece, Italy and Spain 

 

Fig 6-10 The variation of 𝐴𝑅𝑂𝐼 with bank interest rate in Greece, Italy and 

Spain 
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Fig 6-11 The variation of 𝐴𝑅𝑂𝐼 with PV electricity export tariff increasing rate 

in Greece, Italy and Spain 

 

Fig 6-12 The variation of 𝐴𝑅𝑂𝐼 with inflation rate in Greece, Italy and Spain 
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Fig 6-13 The variation of 𝑅𝑅𝑂𝑅 with inflation rate in Greece, Italy and Spain 

6.6 Summary 
This chapter describes the energy, carbon and economic performances of the 

integrated liquid desiccant air-conditioning (ILDAC) system for multi-family 

terraced houses under the subtropical and humid climatic conditions in the 

Mediterranean regions. According to the simulation in IES VE, the annual 

cooling, dehumidification, and heating demands of the baseline model in 

Mehtoni, Rome, and Barcelona have been calculated. It is figured out that the 

heating demand accounts for 49.2%, 68.4% and 58.5% in Methoni, Rome and 

Barcelona, respectively. Besides, the cooling demand accounts for 25.3%, 20.6% 

and 16.8% in Methoni, Rome and Barcelona, respectively. In addition, the 

dehumidification demand accounts for 25.5%, 10.9% and 24.7% in Methoni, 

Rome and Barcelona, respectively. Moreover, the dehumidification demands in 

Methoni and Barcelona are higher than their cooling demands. However, the 

cooling demands exceed the dehumidification demands in Rome. In addition, by 

integrating the AWHP, complete LDD, PVT, and hot water storage systems in 

EnergyPro simulation software with the derived 𝐶𝑂𝑃 correlations of AWHP and 
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complete LDD system,  the variation of the ILDAC system 𝐶𝑂𝑃 with the inlet 

air temperature and relative humidity have been presented in this chapter. 

Differing from the AWHP system, the ILDAC system 𝐶𝑂𝑃  rises with the 

increasing inlet air relative humidity. It is also figured out that the carbon 

reduction rate of the RBs is 88.8%,  84.3% and 76.9% in Barcelona, Rome and 

Methoni. Moreover, by comparing the pre-retrofit net energy and post-retrofit 

net electricity consumption of the RBs, the energy reduction rate is calculated as 

77.6%, 74.8% and 78.8% in Barcelona, Rome and Methoni. Furthermore, the 

ILDAC system could achieve higher 𝐶𝑂𝑃  of 6.41, 8.14 and 7.52, which is 

significantly higher than both the complete LDD and AWHP systems. For the 

economic analysis, it is found that the DPP varies between 7-9 years, with AROI 

ranging from 8.40% to 11.90% in Barcelona, Rome and Methoni. However, due 

to the high inflation rate in 2022, the RROR is different from -1.10% to 3.00%. 

Due to the market uncertainty, the sensitivity analysis is conducted and 

concluded as: 

1. The installation of the ILDAC system could relieve the pressure of 

increasingly living expenses with the rising grid electricity tariff on the 

homeowners;  

2. The higher bank interest rate will deteriorate the pressure on the living 

expenses after installing the ILDAC system; 

3. The AROI is insensitive to the PV electricity export tariff increasing rate, 

which is attributed to the fact that the majority of the PVT electricity 

generation is consumed by the ILDAC system rather than exported to grid; 

4. The AROI is sensitive to the inflation rate, where the installation of the 

ILDAC system could evidently relieve the pressure of increasingly living 
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expenses with the rising inflation rate on the homeowners; 

Finally, the RROR increases at first with the reducing deflation rate and 

decreases with the rising inflation rate, with the maximum RROR when the 

inflation/deflation rate is 0. In other words, it is recommended to install the 

ILDAC system when the calculated AROI is higher than the inflation/deflation 

rate (RROR>0). Moreover, it is appropriate to invest in the ILDAC system for 

the RBs in Spain, Italy and Greece when the inflation rates fall between -6.80% 

and 12.20%, -6.90% and 12.20%, and -5.40% and 8.70%, respectively.  
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Chapter 7 Conclusions and future work 
 

The primary objective of this thesis is to develop and assess a novel membrane-

based liquid desiccant dehumidification system consisting of two primary units: 

the heat pipe internally-cooled membrane-based liquid desiccant dehumidifier 

(the HP-ICMLDD) and membrane-based regenerator. In addition to these two 

units, the complete LDD system and the integrated liquid desiccant 

dehumidification air conditioning system have been explored. On the basis of 

experimental results, this thesis has analysed the design concept of the 

membrane-based liquid desiccant dehumidification system, thus making a 

significant contribution to the field of desiccant dehumidification technology. To 

produce a coherent conclusion of the thesis, the main findings are categorized 

into five parts (the  research gaps, the heat pipe membrane-based liquid desiccant 

dehumidification system, the membrane-based regeneration system, the 

complete liquid desiccant dehumidification system and the integrated liquid 

desiccant air-conditioning system), and the recommendations for future work 

have been proposed accordingly. 

7.1 Main conclusions  
The preceding six chapters have sought to analyse and evaluate the performance 

of the HP-ICMLDD system, the membrane-based regeneration system, the 

complete liquid desiccant dehumidification system and the integrated liquid 

desiccant air-conditioning system through the experiments in order to bridge the 

research gaps mentioned in Chapter 2. Thus, the main findings of this thesis are 

presented in five parts in this section: 

1. The research gaps:  

i. Although several studies examine the performance of liquid desiccant 
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systems numerically by analysing the effects of multiple operational and 

design parameters, few studies have been conducted to experimentally 

evaluate the performance of a cross-flow internally-cooled membrane-

based parallel plate liquid desiccant system by considering all relevant 

operational factors; 

ii. There is a lack of experiments of heat pipe internal cooling in the 

dehumidifier. The comprehensive parametric analysis of the operation 

control with the heat pipe internal cooling method should be conducted 

since the internally-cooled flat membrane dehumidifier has higher heat 

transfer density and compact size;  

iii. Even though many modelling studies have been carried out to investigate 

the impact of internal cooling on the liquid desiccant dehumidification 

system, most of the researches focus on the hybrid and finite difference 

models to achieve high accuracy with calculation iterations. Few studies 

have been reported to evaluate the performance of an internally-cooled 

membraned-based liquid desiccant dehumidification system with heat 

pipe; 

2. The HP-ICMLDD system: 

i. The dehumidifier performance is significantly impacted by the internal 

cooling of the heat pipe, where reducing the cold water temperature of 

the cooling box could considerably lower the desiccant solution 

temperature, thereby improving the dehumidifier performance; 

ii. The dehumidification and cooling performance can be drastically 

improved by increasing the cold water flow rate in the cooling box; 

iii. All effectiveness are sensitive to solution concentration only with a high 
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inlet solution temperature, whereas inlet solution temperature drop plays 

a more significant role; 

3. The membrane-based regeneration system: 

i. The solution side's sensible effectiveness is insensitive to inlet solution 

temperature at the regenerator when the solution concentration is high, 

while latent effectiveness is sensible to inlet solution temperature when 

the solution concentration is low. Therefore, it is concluded that the 

regenerator benefits from the high solution temperature due to the 

enhanced re-concentration effect; 

4. The complete liquid desiccant dehumidification (LDD) system: 

i. The optimal operating conditions for the complete LDD system have 

been determined based on the performance analyses of the dehumidifier 

and regenerator: For the dehumidifier, the optimal inlet cold water 

temperature, mass flow rate, solution temperature, solution concentration 

are 18℃, 0.017 kg/s, 18℃, 32%, respectively; For the regenerator, the 

optimal solution temperature is 55℃. It should be noted that the above-

mentioned optimal operating conditions are for the tested system and 

could be generalised in the future. The system optimisation serves as the 

guidance for selection of optimal operating conditions. 

ii. The decrease in the air temperature at the dehumidifier’s outlet is evident 

when the air relative humidity at the dehumidifier’s outlet is at a 

relatively low level, and the temperature difference between the air at the 

inlet and outlet is smaller when the air relative humidity at the 

dehumidifier’s outlet is at a relatively high level; 

iii. Although the air relative humidity at the dehumidifier’s inlet is the same, 
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the outlet air relative humidity rises with the decrease of the inlet air 

temperature; 

iv. All the thermal, electrical and total 𝐶𝑂𝑃 rise with the air temperature and 

relative humidity at the dehumidifier’s inlet; 

v. The correlations of the thermal, electrical, total 𝐶𝑂𝑃, air temperature and 

relative humidity at the dehumidifier’s outlet with the inlet air conditions 

have been developed using the linear regression method. 

5. The integrated liquid desiccant air-conditioning (ILDAC) system: 

i. The ILDAC system 𝐶𝑂𝑃 rises with the increasing inlet air temperature 

and relative humidity; 

ii. By comparing the energy consumption of the residential building without 

and with the ILDAC system in three different locations, the building 

energy consumption is reduced by 77.6%, 74.8% and 78.8% in 

Barcelona, Rome and Methoni, and the corresponding  carbon reduction 

rate are 88.8%,  84.3% and 76.9%; 

iii. The ILDAC system could achieve higher 𝐶𝑂𝑃 of 6.41, 8.14 and 7.52 in 

Barcelona, Rome and Methoni, which are significantly higher than those 

of the complete LDD and AWHP systems; 

iv. The DPP varies between 7 and 9 years, with AROI ranging from 8.40% 

to 11.90% in Barcelona, Rome and Methoni. However, due to the high 

inflation rate in 2022, the RROR ranges from -1.10% to 3.00%; 

v. Installing the ILDAC system could relieve the pressure of increasing 

living expenses with the rising grid electricity tariff and inflation rates on 

the homeowners. The AROI is insensitive to the PV electricity export 

tariff increasing rate; 
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vi. Installing the ILDAC system is recommended when the calculated AROI 

is higher than the inflation/deflation rate (RROR>0). Moreover, it is 

appropriate to invest in the ILDAC system in Spain, Italy and Greece 

when the inflation rates fall between -6.80% and 12.20%, -6.90% and 

12.20%, and -5.40% and 8.70%, respectively.  

7.2 Recommendations for future work 
Based on the major findings as presented in the previous section, 

recommendations for the future work of the heat pipe membrane-based liquid 

desiccant dehumidification system are presented as follows: 

1) In Chapter 5, the effects of various operational factors, such as solution and 

air properties, on dehumidifier and regenerator performance are explored. 

However, the influence of utilising different membrane materials has not yet 

been studied due to the constraints on research time and funding. Numerous 

sophisticated materials have been created in recent years, and using different 

types of membrane materials can result in considerable differences in system 

performance. Future research would concentrate on the detailed heat and mass 

transfer mechanism through a more complex structure of advanced membrane 

materials; 

2) For a better understanding of the system, velocity and pressure profiles should 

be estimated in the future by creating more sophisticated Naiver-Stokes 

equations and applying CFD to their solutions. 

3) Due to testing rig building time constraints, only data at inlets and outlets are 

used to validate the numerical model. Despite the fact that the entire temperature 

and concentration fields are attained through numerical modelling, they are not 

thoroughly validated by experimental experiments. Thus, future research will 
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examine the construction of dehumidifiers and regenerators with improved 

structural designs, allowing sensors to be put within solution and air channels to 

improve data accuracy. 

4) The energy, carbon and economic performances need to be further discussed 

under different climate conditions, building types, construction years, and 

control strategies in order to achieve comprehensive guidance for engineering 

applications; 

5) The validation and correlation of the reference building model simulation 

results should be conducted in real building applications, which could benefit 

the future optimization of the integrated liquid desiccant air-conditioning 

system. 
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Appendices 

Appendix A Building construction materials and 

specifications 

Fig A-1 Building constructions and U-value of multi-family terraced houses 

before the 1970s 

 Greece Italy Spain 

Roof 

surface area 80.0 m2 62.1 m2 52.5 m2 

type of 

construction 

Conventional pitched 

roof 

Pitched roof with 

hollow bricks and steel 

beam 

Ventilated pitched roof 

wooden frame and 

suspended ceiling 

picture 

   

U-value 3.05 W/(m2K) 1.42 W/(m2K) 4.17 W/(m2K) 

Wall 

surface area 90.0 m2 69.2 m2 90.0 m2 

type of 

construction 

Brickwork 10cm - 

Plastered on both 

sides- 3cm insulation 

Solid brick masonry 

(25 cm) 

masonry of coating 

bricks 

picture 

 

  

U-value 0.95 W/(m2K) 2.01 W/(m2K) 2.56 W/(m2K) 

Floor 

surface area 88.0m2 62.1 m2 52.5 m2 

type of 

construction 

Slab on grade 

The concrete floor on 

the soil 

flooring on the ground 

picture 
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U-value 3.10 W/(m2K) 2.00 W/(m2K) 0.85 W/(m2K) 

Window 

surface area 6.5 m2 14.1 m2 16.8 m2 

type of 

construction 

 

Double-glazed 

(6mm), wooden 

frame 

Single glass, wood 

frame 

metal frame, single-

glazed, no thermal 

break 

picture 

 

  

U-value 3.10 W/(m2K) 4.90 W/(m2K) 4.59 W/(m2K) 
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Appendix B Original data and processing examples 

1. Example of data processing 
 Test 1 Test 2 Test 3 Average 

𝑇𝑎𝑖𝑟,𝑖𝑛 30.46℃ 29.87℃ 29.65℃ 30℃ 

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛 79% 77% 83% 80% 

�̇�𝑎𝑖𝑟,𝑖𝑛 1.94 kg/min 1.89 kg/min 1.90 kg/min 1.91 kg/min 

𝐶𝑠𝑜𝑙 34% 32% 30% 32 % 

𝑇𝑠𝑜𝑙,𝑖𝑛 17.56℃ 18.3℃ 18.18℃ 18 ℃ 

𝑇𝑤,𝑖𝑛 15.41℃ 14.73℃ 14.89℃ 15 ℃ 

𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 26.43℃ 25.79℃ 26.18℃ 26.13 ℃, 

𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡 48% 47% 43% 46 % 

𝑇𝑤,𝑜𝑢𝑡 17.32℃ 17.53℃ 17.55℃ 17.47 ℃, 

 

Average inlet condition: 𝑇𝑎𝑖𝑟,𝑖𝑛=30 ℃, 𝑅𝐻𝑎𝑖𝑟,𝑖𝑛=80 %, �̇�𝑎𝑖𝑟,𝑖𝑛=1.91 kg/min, 

𝐶𝑠𝑜𝑙=32 %, 𝑇𝑠𝑜𝑙,𝑖𝑛=18 ℃, �̇�𝑠𝑜𝑙=3 L/min, �̇�𝑤,𝑖𝑛=3 L/min, 𝑇𝑤,𝑖𝑛=15 ℃, 

Average outlet condition: 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡=26.13 ℃, 𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡=46 %,  𝑇𝑤,𝑜𝑢𝑡=17.47 ℃, 

Final indicators:  

1) 휀𝑠𝑒𝑛 =
(�̇�𝑐𝑝)

𝑎𝑖𝑟
(𝑇𝑎𝑖𝑟,𝑖𝑛−𝑇𝑎𝑖𝑟,𝑜𝑢𝑡)

(�̇�𝑐𝑝)
𝑚𝑖𝑛,𝑎−𝑠

(𝑇𝑎𝑖𝑟,𝑖𝑛−𝑇𝑠𝑜𝑙,𝑖𝑛) 
∙

(�̇�𝑐𝑝)
𝑤

(𝑇𝑤,𝑜𝑢𝑡−𝑇𝑤,𝑖𝑛)

(�̇�𝑐𝑝)
𝑚𝑖𝑛,𝑠−𝑤

(𝑇𝑠𝑜𝑙,𝑖𝑛−𝑇𝑤,𝑖𝑛) 
  

𝑐𝑝,𝑎𝑖𝑟 = 1020 J/kgK, 𝑐𝑝,𝑤 =4186 J/kgK, 𝑐𝑝,𝑠𝑜𝑙 =3200 J/kgK, 𝜌𝑠𝑜𝑙 = 1180 

g/L, 𝜌𝑤 = 997 kg/m3, 𝜌𝑎𝑖𝑟 = 1.164 kg/m3 

∵ (�̇�𝑐𝑝)
𝑎𝑖𝑟

= 32.5 𝑊/𝐾  

(�̇�𝑐𝑝)
𝑠𝑜𝑙

= 188.8 𝑊/𝐾  

(�̇�𝑐𝑝)
𝑤

= 208.7 𝑊/𝐾  

∴ (�̇�𝑐𝑝)
𝑚𝑖𝑛,𝑎−𝑠

= 32.5 𝑊/𝐾, (�̇�𝑐𝑝)
𝑚𝑖𝑛,𝑠−𝑤

= 188.8 𝑊/𝐾  

∴ 휀𝑠𝑒𝑛 =
32.5×(30−26.13)

32.5×(30−18)
×

208.7×(17.47−15)

188.8×(18−15)
= 0.2935 

2) 휀𝑙𝑎𝑡 =
�̇�𝑎𝑖𝑟ℎ𝑓𝑔(𝑊𝑎𝑖𝑟,𝑖𝑛−𝑊𝑎𝑖𝑟,𝑜𝑢𝑡)

�̇�𝑚𝑖𝑛,𝑎−𝑠ℎ𝑓𝑔(𝑊𝑎𝑖𝑟,𝑖𝑛−𝑊𝑠𝑜𝑙,𝑖𝑛)
  

ℎ𝑓𝑔 = 2450 𝑘𝐽/𝑘𝑔  

�̇�𝑚𝑖𝑛,𝑎−𝑠 = 1.91
kg

min
= 0.0318 kg/s  

𝑊𝑎𝑖𝑟,𝑖𝑛 = 0.02157 𝑘𝑔/𝑘𝑔  

𝑊𝑎𝑖𝑟,𝑜𝑢𝑡 = 0.0097 𝑘𝑔/𝑘𝑔  

𝑊𝑠𝑜𝑙,𝑖𝑛 = 0.0055 𝑘𝑔/𝑘𝑔  

휀𝑙𝑎𝑡 =
0.0318×2450×(0.02157−0.0097)

0.0318×2450×(0.02157−0.0055)
= 0.7386  
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3) 휀𝑡𝑜𝑡 = 𝑠𝑒𝑛+ℎ∗
𝑙𝑎𝑡

1+ℎ∗   

ℎ∗ =
ℎ𝑓𝑔

𝑐𝑝,𝑎𝑖𝑟
 
𝑊𝑠𝑜𝑙,𝑖𝑛−𝑊𝑎𝑖𝑟,𝑖𝑛

𝑇𝑠𝑜𝑙,𝑖𝑛−𝑇𝑎𝑖𝑟,𝑖𝑛
=

2450

1.020
×

0.0055−0.02157

18−30
= 3.21   

휀𝑡𝑜𝑡 =
0.2935+3.21×0.7386

1+3.21
= 0.6329  

4) 𝑀𝑅𝑅 = �̇�𝑎𝑖𝑟 (𝑊𝑎𝑖𝑟,𝑖𝑛 − 𝑊𝑎𝑖𝑟,𝑜𝑢𝑡)  

𝑀𝑅𝑅 = 0.0318 × (0.02157 − 0.0097) × 10−3 = 0.377𝑔/𝑠  

5) 𝑄𝑖𝑐 = 𝐶𝑝,𝑤�̇�𝑤(𝑇𝑤,𝑜𝑢𝑡 − 𝑇𝑤,𝑖𝑛)  

𝑄𝑖𝑐 = 4186 × 0.04985 × (17.47 − 15) = 515.42W  

6) 𝑄𝑐 = �̇�𝑎𝑖𝑟,𝑑𝑒ℎ𝑐𝑝,𝑎𝑖𝑟(𝑇𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ − 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ)           

𝑄𝑐 = 0.0318 × 1020 × (30 − 26.13) = 125𝑊                                    

7) 𝑄𝑑𝑒ℎ = �̇�𝑎𝑖𝑟,𝑑𝑒ℎℎ𝑓𝑔(𝑊𝑎𝑖𝑟,𝑖𝑛,𝑑𝑒ℎ − 𝑊𝑎𝑖𝑟,𝑜𝑢𝑡,𝑑𝑒ℎ)       

𝑄𝑑𝑒ℎ = 0.0318 × 2450 × 1000 × (0.02157 − 0.0097) = 924.79𝑊                           

8) 𝑄𝑡𝑜𝑡 = 𝑄𝑐 + 𝑄𝑑𝑒ℎ     

𝑄𝑡𝑜𝑡 = 125 + 924.79 = 1050.32𝑊                                 

𝐼𝑓 𝑇𝑤,𝑖𝑛 > 18℃, 𝐶𝑂𝑃𝑡ℎ =

𝑄𝑡𝑜𝑡

𝑄𝑟𝑒𝑔/𝜂/𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦+�̇�𝑤𝑐𝑝,𝑤(𝑇𝑤,𝑖𝑛−18)/𝜂𝑤/𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
      

𝐼𝑓 𝑇𝑤,𝑖𝑛 ≤ 18℃, 𝐶𝑂𝑃𝑡ℎ =
𝑄𝑡𝑜𝑡

𝑄𝑟𝑒𝑔/𝜂/𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
      

𝑄𝑟𝑒𝑔 = �̇�𝑠𝑜𝑙,𝑟𝑒𝑔𝑐𝑝,𝑠𝑜𝑙(𝑇𝑠𝑜𝑙,𝑜𝑢𝑡,𝐻𝑋1 − 𝑇𝑠𝑜𝑙,𝑖𝑛,𝐻𝑋1) = 0.059 × 3200 × (54.92 −

40.80) = 2665.86𝑊                 

9) 𝐶𝑂𝑃𝑡ℎ =
𝑄𝑡𝑜𝑡

𝑄𝑟𝑒𝑔/𝜂/𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
=

1050.32
2665.86

0.92
/0.90

= 0.326             

10) 𝐶𝑂𝑃𝑒𝑙𝑒 =
𝑄𝑡𝑜𝑡

𝑄𝑒𝑙𝑒
=

𝑄𝑡𝑜𝑡

𝑊𝑓𝑎𝑛+𝑊𝑝𝑢𝑚𝑝
        

𝐶𝑂𝑃𝑒𝑙𝑒 =
1050.32

270+90
= 2.92  
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11) 𝐶𝑂𝑃𝑡𝑜𝑡 =
𝑄𝑡𝑜𝑡

𝑄𝑟𝑒𝑔/𝜂/𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦+𝑄𝑒𝑙𝑒+𝑄𝑡𝑎𝑝
=

𝑄𝑡𝑜𝑡

𝑄𝑟𝑒𝑔/𝜂/𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦+𝑊𝑓𝑎𝑛+𝑊𝑝𝑢𝑚𝑝+𝑄𝑡𝑎𝑝
  

𝐶𝑂𝑃𝑡𝑜𝑡 =
1050.32

2665.86

0.92
/0.9+270+90+0

= 0.293  

2. Example of uncertainty calculations 

According to Bell's uncertainty analysis method [184], the uncertainty value of 

𝑈𝑌 is determined by the function of  𝑈𝑋𝑖
 of each variable 𝑋𝑖: 

𝑈𝑌 = √∑ (
𝜕𝑌

𝜕𝑋𝑖
)2𝑈𝑋𝑖

2𝑁
𝑖=1                                      

Measurement devices Parameter Measurement range Accuracy 

RS K-type thermocouple 

probe 

Liquid temperature 0-1100 ℃ ±0.75% 

Sensirion EK-H4 humidity 

sensor  

Temperature and humidity 

-40-125 ℃ ±3% 

0-100 % RH ±2% 

Testo anemometer 405 Air velocity 0-10 m/s ±5% 

Brannan hydrometer 200 

Series 

Solution density 1.0-1.4 g/m3
 ±2% 

Parker liquid flow indicator Water flow rate 1-22 L/min ±2% 

Parker Easiflow Series 

flowmeter 

Solution flow rate 1-15 L/min ±5% 

Data logger DT-80 Series 2 N/A Data acquisition ±0.15% 

                                              

Sensible effectiveness: 

Uncertainty value of 

𝑈𝑌 = √
(0.75%)2 + 2 × (0.75%)2 +

(5%)2 + 2 × (5%)2 + (5%)2 + 2 × (3%)2  + 0.15%2 = 

±0.1094 
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Latent effectiveness: 

Uncertainty value of 𝑈𝑌 = √
(5%)2 + (5%)2 + 2 × (2%)2

+(0.75%)2 + 0.15%2 = ±0.0765 

Total effectiveness: 

Uncertainty value of 𝑈𝑌 =

√
(0.75%)2 + 2 × (0.75%)2 +

(5%)2 + 2 × (5%)2 + (5%)2 + 2 × (3%)2  + 2 × (2%)2 + 0.15%2 = ±0.1130 

MRR: 

Uncertainty value of 𝑈𝑌 = √(5%)2 + 2 × (2%)2 = ±0.0574 

Qic: 

Uncertainty value of 𝑈𝑌 = √(5%)2 + 2 × (0.75%)2 + 0.15%2 = ±0.0511 

Qc: 

Uncertainty value of 𝑈𝑌 = √(5%)2 + 2 × (3%)2 = ±0.0656 

Qdeh: 

Uncertainty value of 𝑈𝑌 = √(5%)2 + 2 × (2%)2 = ±0.0574 

Qtot: 

Uncertainty value of 𝑈𝑌 = √(5%)2 + 2 × (3%)2 + 2 × (2%)2 = ±0.0714 

COPth: 

Uncertainty value of 𝑈𝑌 = √
(5%)2 + 2 × (3%)2 + 2 × (2%)2 + (5%)2 +

2 × (0.75%)2 + 0.15%2 + (5%)2 + 2 × (0.75%)2
=

±0.1016 

COPele: 

Uncertainty value of 𝑈𝑌 = √(5%)2 + 2 × (3%)2 + 2 × (2%)2= ±0.0714 

COPtot: 

Uncertainty value of𝑈𝑌 = √
(5%)2 + 2 × (3%)2 + 2 × (2%)2 + (5%)2 +

2 × (0.75%)2 + 0.15%2 + (5%)2 + 2 × (0.75%)2
=  

±0.1016 
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3. Examples of original data records 

1) Inlet cold water temperature (�̇�𝑠𝑜𝑙=3 L/min, �̇�𝑤,𝑖𝑛=3 L/min,  

𝐶𝑠𝑜𝑙 = 32%) 
 Test 1 Test 2 Test 3 Average 

𝑇𝑎𝑖𝑟,𝑖𝑛 30.46℃ 29.87℃ 29.65℃ 30℃ 

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛 79% 77% 83% 80% 

�̇�𝑎𝑖𝑟,𝑖𝑛 1.94 kg/min 1.89 kg/min 1.90 kg/min 1.91 kg/min 

𝑇𝑠𝑜𝑙,𝑖𝑛 17.56℃ 18.3℃ 18.18℃ 18 ℃ 

𝑇𝑤,𝑖𝑛 15.41℃ 14.73℃ 14.89℃ 15 ℃ 

𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 26.43℃ 25.79℃ 26.18℃ 26.13 ℃, 

𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡 48% 47% 43% 46 % 

𝑇𝑤,𝑜𝑢𝑡 17.32℃ 17.53℃ 17.55℃ 17.47 ℃, 

 

2) Cold water flow rate (�̇�𝑠𝑜𝑙=3 L/min, �̇�𝑤,𝑖𝑛=4 L/min, 𝐶𝑠𝑜𝑙 = 32%) 
 Test 1 Test 2 Test 3 Average 

𝑇𝑎𝑖𝑟,𝑖𝑛 30.47℃ 29.89℃ 29.64℃ 30℃ 

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛 82% 81% 77% 80% 

�̇�𝑎𝑖𝑟,𝑖𝑛 1.89 kg/min 1.93 kg/min 1.91 kg/min 1.91 kg/min 

𝑇𝑠𝑜𝑙,𝑖𝑛 18.13℃ 17.94℃ 17.93℃ 18 ℃ 

𝑇𝑤,𝑖𝑛 15.34℃ 14.93℃ 14.73℃ 15 ℃ 

𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 25.84℃ 25.88℃ 26.19℃ 25.97 ℃, 

𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡 45% 43% 44% 44 % 

𝑇𝑤,𝑜𝑢𝑡 17.64℃ 17.56℃ 17.66℃ 17.62 ℃, 

 

3) Inlet air temperature (�̇�𝑠𝑜𝑙=3 L/min, �̇�𝑤,𝑖𝑛=3 L/min, 𝐶𝑠𝑜𝑙 = 32%) 
 Test 1 Test 2 Test 3 Average 

𝑇𝑎𝑖𝑟,𝑖𝑛 32.31℃ 31.91℃ 31.78℃ 32℃ 

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛 81% 80% 79% 80% 

�̇�𝑎𝑖𝑟,𝑖𝑛 1.94 kg/min 1.88 kg/min 1.91 kg/min 1.91 kg/min 

𝑇𝑠𝑜𝑙,𝑖𝑛 18.19℃ 17.93℃ 17.88℃ 18 ℃ 

𝑇𝑤,𝑖𝑛 15.14℃ 14.97℃ 14.89℃ 15 ℃ 

𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 28.13℃ 28.06℃ 28.02℃ 28.07 ℃, 

𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡 46% 48% 47% 47 % 

𝑇𝑤,𝑜𝑢𝑡 17.65℃ 17.59℃ 17.77℃ 17.67 ℃, 

 

4) Inlet air relative humidity (�̇�𝑠𝑜𝑙=3 L/min, �̇�𝑤,𝑖𝑛=3 L/min, 𝐶𝑠𝑜𝑙 = 32%) 

 
 Test 1 Test 2 Test 3 Average 

𝑇𝑎𝑖𝑟,𝑖𝑛 30.11℃ 29.95℃ 29.94℃ 30℃ 

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛 71% 71% 68% 70% 

�̇�𝑎𝑖𝑟,𝑖𝑛 1.94 kg/min 1.87 kg/min 1.92 kg/min 1.91 kg/min 

𝑇𝑠𝑜𝑙,𝑖𝑛 18.07℃ 18.04℃ 17.89℃ 18 ℃ 

𝑇𝑤,𝑖𝑛 15.12℃ 14.96℃ 14.92℃ 15 ℃ 

𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 26.18℃ 26.09℃ 26.18℃ 26.15 ℃, 

𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡 38% 39% 37% 38 % 

𝑇𝑤,𝑜𝑢𝑡 17.22℃ 17.29℃ 17.24℃ 17.25 ℃, 

 

5) Air flow rate (�̇�𝑠𝑜𝑙=3 L/min, �̇�𝑤,𝑖𝑛=3 L/min, 𝐶𝑠𝑜𝑙 = 32%) 
 Test 1 Test 2 Test 3 Average 

𝑇𝑎𝑖𝑟,𝑖𝑛 29.91℃ 29.98℃ 30.11℃ 30℃ 
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𝑅𝐻𝑎𝑖𝑟,𝑖𝑛 79% 80% 81% 80% 

�̇�𝑎𝑖𝑟,𝑖𝑛 1.6 kg/min 1.64 kg/min 1.62 kg/min 1.62 kg/min 

𝑇𝑠𝑜𝑙,𝑖𝑛 18.11℃ 17.99℃ 17.9℃ 18 ℃ 

𝑇𝑤,𝑖𝑛 15.06℃ 15.03℃ 14.91℃ 15 ℃ 

𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 25.51℃ 25.45℃ 25.39℃ 25.45 ℃, 

𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡 42% 41% 43% 42 % 

𝑇𝑤,𝑜𝑢𝑡 17.77℃ 17.83℃ 17.68℃ 17.76 ℃, 

 

6) Inlet solution temperature (�̇�𝑠𝑜𝑙=3 L/min, �̇�𝑤,𝑖𝑛=3 L/min, 𝐶𝑠𝑜𝑙 =
32%) 

 Test 1 Test 2 Test 3 Average 

𝑇𝑎𝑖𝑟,𝑖𝑛 29.94℃ 30.09℃ 29.97℃ 30℃ 

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛 81% 81% 78% 80% 

�̇�𝑎𝑖𝑟,𝑖𝑛 1.88 kg/min 1.93 kg/min 1.92 kg/min 1.91 kg/min 

𝑇𝑠𝑜𝑙,𝑖𝑛 16.07℃ 15.94℃ 15.99℃ 16 ℃ 

𝑇𝑤,𝑖𝑛 15.07℃ 14.97℃ 14.96℃ 15 ℃ 

𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 25.81℃ 25.97℃ 25.83℃ 25.87 ℃, 

𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡 43% 42% 44% 43 % 

𝑇𝑤,𝑜𝑢𝑡 17.66℃ 17.62℃ 17.55℃ 17.61 ℃, 

 

7) Solution concentration (�̇�𝑠𝑜𝑙=3 L/min, �̇�𝑤,𝑖𝑛=3 L/min, 𝐶𝑠𝑜𝑙 = 29%) 
 Test 1 Test 2 Test 3 Average 

𝑇𝑎𝑖𝑟,𝑖𝑛 30.13℃ 30.09℃ 29.78℃ 30℃ 

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛 79% 79% 82% 80% 

�̇�𝑎𝑖𝑟,𝑖𝑛 1.93 kg/min 1.95 kg/min 1.85 kg/min 1.91 kg/min 

𝑇𝑠𝑜𝑙,𝑖𝑛 18.06℃ 17.93℃ 18.01℃ 18 ℃ 

𝑇𝑤,𝑖𝑛 15.07℃ 15.02℃ 14.91℃ 15 ℃ 

𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 25.34℃ 25.42℃ 25.29℃ 25.35 ℃, 

𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡 51% 50% 49% 50 % 

𝑇𝑤,𝑜𝑢𝑡 17.11℃ 17.08℃ 17.23℃ 17.14 ℃, 

 

8) Solution flow rate (�̇�𝑠𝑜𝑙=2 L/min, �̇�𝑤,𝑖𝑛=3 L/min, 𝐶𝑠𝑜𝑙 = 32%) 
 Test 1 Test 2 Test 3 Average 

𝑇𝑎𝑖𝑟,𝑖𝑛 30.14℃ 29.89℃ 29.97℃ 30℃ 

𝑅𝐻𝑎𝑖𝑟,𝑖𝑛 80% 82% 78% 80% 

�̇�𝑎𝑖𝑟,𝑖𝑛 1.92 kg/min 1.85 kg/min 1.96 kg/min 1.91 kg/min 

𝑇𝑠𝑜𝑙,𝑖𝑛 18.03℃ 18.05℃ 17.92℃ 18 ℃ 

𝑇𝑤,𝑖𝑛 15.07℃ 14.95℃ 14.98℃ 15 ℃ 

𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 26.56℃ 26.52℃ 26.69℃ 26.59 ℃, 

𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡 49% 51% 47% 49 % 

𝑇𝑤,𝑜𝑢𝑡 17.29℃ 17.21℃ 17.25℃ 17.25 ℃, 
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Appendix C Sensitivity analysis data 

Table C-1 The variation of 𝐴𝑅𝑂𝐼 with grid electricity tariff increasing rate in 

Greece, Italy and Spain 

Grid electricity tariff increasing rate 

(%) 

AROI 

Spain Italy Greece 

-10% 10.90% 10.90% 8.50% 

-8% 11.00% 11.10% 8.60% 

-6% 11.20% 11.20% 8.80% 

-4% 11.30% 11.40% 8.90% 

-2% 11.50% 11.50% 9.00% 

0% 11.60% 11.70% 9.20% 

2% 11.80% 11.80% 9.30% 

4% 11.90% 11.90% 9.40% 

6% 12.10% 12.10% 9.50% 

8% 12.20% 12.20% 9.70% 

10% 12.40% 12.40% 9.80% 

 

Table C-2 The variation of 𝐴𝑅𝑂𝐼 with bank interest rates in Greece, Italy and 

Spain 

Bank interest rate 

(%) 

AROI 

Spain Italy Greece 

0% 14% 14% 11% 

2% 13.30% 13.30% 10.60% 

4% 12.50% 12.60% 9.90% 

6% 11.80% 11.90% 9.30% 

8% 11.20% 11.20% 8.80% 

10% 10.60% 10.60% 8.20% 
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Table C-3 The variation of 𝐴𝑅𝑂𝐼 with PV electricity export tariff increasing rate 

in Greece, Italy and Spain 

PV electricity export tariff increasing rate 

(%) 

AROI 

Spain Italy Greece 

-50% 11.59% 11.59% 9.13% 

-40% 11.60% 11.61% 9.14% 

-30% 11.61% 11.62% 9.14% 

-20% 11.62% 11.63% 9.15% 

-10% 11.63% 11.65% 9.15% 

0% 11.64% 11.66% 9.16% 

10% 11.64% 11.67% 9.16% 

20% 11.65% 11.68% 9.17% 

30% 11.66% 11.70% 9.17% 

40% 11.67% 11.71% 9.18% 

50% 11.68% 11.72% 9.18% 

 

Table C-4 The variation of 𝐴𝑅𝑂𝐼 with inflation rate in Greece, Italy and Spain 

Inflation rate (%) AROI 

Spain Italy Greece 

-20% 4.20% 4.30% 3.10% 

-15% 5.10% 5.10% 3.80% 

-10% 6.00% 6.10% 4.50% 

-8% 6.50% 6.50% 4.90% 

-6% 6.90% 7.00% 5.20% 

-4% 7.40% 7.40% 5.60% 

-2% 7.90% 7.90% 6.10% 

0% 8.50% 8.50% 6.50% 

2% 9.00% 9.00% 7.00% 

4% 9.60% 9.60% 7.40% 
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6% 10.20% 10.20% 7.90% 

8% 10.80% 10.80% 8.50% 

10% 11.40% 11.50% 9.00% 

15% 13.10% 13.10% 10.40% 

20% 14.70% 14.70% 11.80% 

 

Table C-5 The variation of 𝑅𝑅𝑂𝑅 with inflation rate in Greece, Italy and Spain 

Inflation rate 

(%) 

RROR 

Spain Italy Greece 

-20% -15.80% -15.70% -16.90% 

-15% -9.90% -9.90% -11.20% 

-10% -4.00% -3.90% -5.50% 

-8% -1.50% -1.50% -3.10% 

-6% 0.90% 1.00% -0.80% 

-4% 3.40% 3.40% 1.60% 

-2% 5.90% 5.90% 4.10% 

0% 8.50% 8.50% 6.50% 

2% 7.00% 7.00% 5.00% 

4% 5.60% 5.60% 3.40% 

6% 4.20% 4.20% 1.90% 

8% 2.80% 2.80% 0.50% 

10% 1.40% 1.50% -1.00% 

15% -1.90% -1.90% -4.60% 

20% -5.30% -5.30% -8.20% 

 

 

 


