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Abstract 

The membrane-based liquid desiccant dehumidification system has high energy efficiency 

without the traditional liquid system carry-over problem. The performance of such a system 

strongly depends on solution’s temperature and concentration, which have direct relationship 

to the solution surface vapour pressure. Compared with the pure liquid desiccant solution, the 

mixed liquid desiccant solution has lower surface vapour pressure, better system performance 

and lower material cost. In this paper, the performance of a flat-plate membrane-based liquid 

desiccant dehumidification system with the mixed solution (LiCl and CaCl2) is investigated 

through theoretical and experimental approaches. A mathematical model is established to 

predict the system performance, while the electrolyte non-random two-liquid (NRTL) method 

is applied to calculate the mixed solution properties. The influences of the solution mixing ratio, 

temperature 𝑇𝑠𝑜𝑙 and concentration 𝐶𝑠𝑜𝑙 are evaluated, and it is found that the regeneration heat 

𝑄𝑟𝑒𝑔 can be dramatically reduced by either applying a high concentration solution or increasing 

CaCl2 content in the mixed solution. Compared with the pure LiCl solution system, the mixed 

solution system COP can be improved up to 30.23% by increasing CaCl2 content for a 30% 

concentration solution. The optimum mixing ratio varies with the solution concentration. For 

the mixed LiCl-CaCl2 solution, the system highest COPs appear at the mixing ratios of 3:1, 2:1 

and 1:1 for 20%, 30% and 40% concentrations respectively.  
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1. Introduction  

Indoor thermal comfort and good air quality are two of the most important factors which a 

building should provide for its occupants. Heating, ventilation and air-conditioning (HVAC) 

system plays a crucial role in providing healthy and comfort environment [1-3], which 

consumes more than 50% of the building total energy. In fact, approximately 20-40% of the 

energy consumed by HVAC system is used for air dehumidification. The traditional mechanical 

vapour compression dehumidification approach has several problems, such as the growths of 

mould and bacteria on the wet surfaces, and additional energy used for air re-heating, which 

result in the poor indoor air quality and huge energy consumption [4-8].  

In recent years, the extensive researches have been conducted on liquid desiccant cooling 

system owing to its advantages: better ability to deal with the latent heat load, more energy 

efficient and healthily friendly compared with the traditional system [9-11]. In such a system, 

the liquid desiccant solution is used to absorb moisture from the supply air directly to achieve 

dehumidification function. The packed beds are traditionally used as heat and mass transfer 

contractors, in which the liquid desiccant and air are in direct contact. As a result, the small 

corrosive desiccant droplets are carried over and supplied to the conditioned space, which 

brings concern to the indoor environment and occupants’ health [12-14]. Selectively permeable 

membranes have been used in the liquid desiccant dehumidification systems as an alternative 

to the packed beds to overcome the carry-over problem [12], and the desiccant solution and air 

channels are separated by the membranes to prevent the solution from crossing over to the air 

flow.  

The extensive studies have focused on the membrane-based dehumidification system recently. 

Zhang at al. [15-18] investigated heat and mass transfer mechanism in both air-to-air and 

solution-to-air cross-flow membrane based enthalpy exchanger under real boundary condition. 

Then they calculated local and mean Nusselt and Sherwood numbers by solving the coupled 

governing equations directly. Moghaddam et al. [19-21] assessed the operating characteristics 

of a liquid-to-air membrane energy exchanger (LAMEE), and evaluated the influences of 

thermal capacity ratio (𝐶𝑟∗), heat transfer unit (𝑁𝑇𝑈) and operating condition. They found 

𝑁𝑇𝑈 to be the most crucial parameter affecting the system effectiveness. Vali et al. [22] studied 

a counter-cross LAMEE by investigating the effects of aspect and entrance ratios through 

numerical modelling, and discovered that the counter-cross-flow configuration would have the 

same performance as the counter-flow configuration if the membrane surface area is enlarged 

by 10%. Moghaddam et al. [23] introduced a solution-side effectiveness to evaluate the impact 

of 𝐶𝑟∗  on dehumidification and regeneration processes, and pointed out that the latent 

effectiveness difference between the air-side and the solution-side is can be neglected. Bai et 

al. [24, 25] experimentally and theoretically studied the operating characters of a parallel-plate 
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membrane-based dehumidification system by focusing on various parameters, and identified 

the effects of 𝑁𝑇𝑈  and mass flow rate ratio (𝑚∗ ) are interacted with each other. Some 

researchers developed different types of the membrane-based contractor. Dong et al. [26] found 

that by applying TiO2 super hydraulic coating for a dehumidifier would significantly improve 

its performance and save building energy consumption. Liu et al. [27] made a detailed 

quantitative comparison of three novel internally-cooled dehumidifiers and discovered that the 

most important reason for performance difference is mass transfer ability. Qiu et al. [28] 

investigated laminar flow and heat transfer in an internally-cooled hexagonal parallel-plate 

membrane channel (IHPMC), then obtained the mean Reynold and Nusselt numbers. Huang et 

al. [29-31] investigated the performance of an internally-cooled membrane-based contractor 

and found that its performance is much better than the adiabatic one’s, and can be largely 

improved by decreasing water inlet temperature. Lin et al. [32] studied a hybrid membrane-

based dehumidification system combined with dew point evaporative cooling technology, and 

discovered such a hybrid system is capable of meeting the humidity (less than 12.0 g/kg) and 

temperature (between 19.5 and 28 ℃) requirements for most simulated conditions.  

The properties of liquid desiccant are closely related to its vapour pressure, as a result the 

system effectiveness varies significantly with the liquid desiccant. The working fluids in the 

above mentioned researches are either pure LiCl or pure CaCl2 solution.  LiCl is the most stable 

liquid desiccant but with high cost, while CaCl2 is the cheapest and most readily available liquid 

desiccant but with relatively unstable state. Compared with the single desiccant solution, some 

mixed desiccant solutions have the better dehumidification efficiency, lower material cost and 

energy consumption [33]. Ertas et al. [34] experimentally tested the properties of the mixed 

LiCl-CaCl2 desiccant solution under 20% of mass concentration, and proposed a mixing ratio 

of 1:1 for the best performance. Ahmed et al. [35] predicted the vapour pressure of the mixed 

LiCl-CaCl2 desiccant solution using a simple mixing rule (SMR) proposed by Nilson [36]. 

However the SMR is not capable of calculating the properties of the mixed desiccant solution 

accurately. Then Chen and Evans [37] and Chen et al. [38] proposed an electrolyte non-random 

two-liquid (NRTL) method which uses only binary parameters. Yao et al. [39] compared these 

two methods by testing the surface vapour pressure of the mixed solution under different 

circumstances, and found that the SMR shows the better accuracy when the mixed solution 

concentration is below 10%, while the NRTL method is much more accurate when the solution 

concentration is higher than 30%. Zhu and Yao [40] investigated the optimum mixing ratio of 

LiCl-CaCl2 solution to be 1:1 by NRTL method and are verified through measuring the vapour 

pressures of various mixture ratios and mass concentrations of mixed solution under different 

temperatures. Zhao et al. [33] and Li et al. [41, 42] applied the NRTL method to investigate the 

optimal ratio of the mixed LiCl-CaCl2 desiccant solution for a direct contact liquid desiccant 

dehumidification system. Nevertheless, there are few studies on the influences of different 
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mixing ratios and the optimum mixing ratio for the membrane-based liquid desiccant 

dehumidification system. The objective of this paper is to investigate the effects of the mixed 

LiCl-CaCl2 desiccant solution properties ( i.e. temperature 𝑇𝑠𝑜𝑙, concentration 𝐶𝑠𝑜𝑙 and mixing 

ratio of LiCl and CaCl2 ) on the performance of a membrane-based liquid desiccant 

dehumidification system by numerical modelling and experimental tests. The optimum mixing 

ratio of the LiCl-CaCl2 desiccant is determined based on dehumidification capacity and COP 

analyses. By comparing with the experimental results, this paper comes out a method to predict 

the system performance with the mixed solution by combining the NRTL method and 

numerical modelling. It presents a comprehensive investigation on the effects of the mixed 

LiCl-CaCl2 desiccant properties on the membrane-based liquid desiccant dehumidification 

system, and provides an approach for the optimum mixing ratio selection through the system 

performance and COP analyses.   

2. Mixed desiccant properties 

The predictions of the mixed desiccant properties (such as surface vapour pressure and specific 

humidity ratio) under different mixing ratios, temperatures and concentrations are of vital 

importance. As presented in the introduction section, the SMR method is only capable of 

predicting the mixed desiccant properties when its concentration is lower than 10%. By contrast, 

the NRTL method provides more accurate calculation for the mixed desiccant solution with 

over 30% concentration. The NRTL method uses only binary parameters to correlate and 

predict the deviation from ideality of aqueous multi-component electrolyte system over the 

entire ranges of temperature and concentration [39]. Thus the NRTL method is adopted in this 

study to calculate the mixed desiccant surface vapour pressure.  

The vapour-liquid equilibrium relation for water in an electrolyte solution can be given as [37]: 

𝑎𝑤 =
𝑃𝑣,𝑠𝑜𝑙

𝑃𝑣,𝑤
                                                                                                                                                                          (1) 

𝑎𝑤 = 𝑥𝑤𝑓𝑤                                                                                                                                                                         (2) 

Where 𝑎𝑤 is activity of water; 𝑃𝑣,𝑠𝑜𝑙 and 𝑃𝑣,𝑤 are vapour pressures of the solution and water 

respectively (𝑃𝑎); 𝑥𝑤 is mole concentration of water; 𝑓𝑤 is activity coefficient of water.  

The vapour pressure of water can be obtained by using August-Roche-Magnus equation [43]: 

𝑃𝑣,𝑤 = 0.61094𝑒𝑥𝑝 (
17.625𝑇

𝑇+243.04
)                                                                                                 (3) 

Where 𝑃𝑣,𝑤 is water vapour pressure (𝑘𝑃𝑎); 𝑇 is water temperature (℃).  

The solution vapour pressure can be obtained once the activity of water is determined, which 

is the product of water mole concentration 𝑥𝑤  and activity coefficient 𝑓𝑤. The calculation of 𝑓𝑤 

can be divided into two parts: long-range and short-range interaction contributions, as can be 

expressed as [37]:   

𝑙𝑛𝑓𝑤 = 𝑙𝑛𝑓𝑤
𝐿𝑅𝐶 + 𝑙𝑛𝑓𝑤

𝑆𝑅𝐶                                                                                                         (4) 
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The long-range interaction contribution 𝑓𝑤
𝐿𝑅𝐶 can be calculated by using Pitzer-Debye-Huckel 

function: 

𝑙𝑛𝑓𝑤
𝐿𝑅𝐶 = (

1000

𝑀𝑤
)

2𝐴𝜙𝐼𝑥
3 2⁄

1+𝜒𝐼𝑥
1 2⁄                                                                                                             (5) 

Where 𝑀𝑤 is molecular weight of water, which is 0.018 kg/mol; 𝐴𝜙 is Debye-Huckel constant 

for the osmotic coefficient, which is 0.391; 𝐼𝑥 is ionic strength in mole fraction, which equals 

0.5 ∑ 𝑥𝑖𝑧𝑖
2, where 𝑥𝑖 is mole fraction of any species in the mixed desiccant solution, and 𝑧𝑖 is 

corresponding absolute value of ionic charge ; 𝜒 is the closest approach parameter of the Pitzer-

Debye-Huckel equation, which is 14.9.  

For the LiCl-CaCl2 desiccant, Eq. (5) can be derived to [37]: 

𝑙𝑛𝑓𝑤
𝐿𝑅𝐶 = 5.829 ×

𝑥𝐿𝑖𝐶𝑙+3𝑥𝐶𝑎𝐶𝑙2

1+14.9(𝑥𝐿𝑖𝐶𝑙+3𝑥𝐶𝑎𝐶𝑙2)1/2                                                                                  (6) 

The short-range interaction in LiCl-CaCl2 electrolyte can be expressed as: 

𝑙𝑛𝑓𝑤
𝑆𝑅𝐶 = (−𝑥𝑤)

2𝐴𝜏𝐿𝑖𝐶𝑙,𝑤𝑥𝐿𝑖𝐶𝑙+4𝐵𝜏𝐶𝑎𝐶𝑙2,𝑤𝑥𝐶𝑎𝐶𝑙2

(2𝐴𝑥𝐿𝑖𝐶𝑙+4𝐵𝑥𝐶𝑎𝐶𝑙2+𝑥𝑤)
2 +

2𝐴𝜏𝐿𝑖𝐶𝑙,𝑤𝑥𝐿𝑖𝐶𝑙+4𝐵𝜏𝐶𝑎𝐶𝑙2,𝑤𝑥𝐶𝑎𝐶𝑙2

1+(2𝐴−2)𝑥𝐿𝑖𝐶𝑙+(4𝐵−3)𝑥𝐶𝑎𝐶𝑙2

+

(𝑥𝐿𝑖𝐶𝑙𝐴
′) ×

𝜏𝑤,𝐿𝑖𝐶𝑙𝑥𝐿𝑖𝐶𝑙+2[𝐶′(𝜏𝑤,𝐿𝑖𝐶𝑙−𝜏𝐶𝑎𝐶𝑙2,𝐿𝑖𝐶𝑙)+2𝜏𝑤,𝐿𝑖𝐶𝑙]𝑥𝐶𝑎𝐶𝑙2

[(1−2𝐴′)𝑥𝐿𝑖𝐶𝑙+(2𝐶′+2−3𝐴′)𝑥𝐶𝑎𝐶𝑙2+𝐴′]
+ (2𝐵′𝑥𝐶𝑎𝐶𝑙2

) ×

[𝐶(𝜏𝑤,𝐶𝑎𝐶𝑙2−𝜏𝐿𝑖𝐶𝑙,𝐶𝑎𝐶𝑙2
)+𝜏𝑤,𝐶𝑎𝐶𝑙2]𝑥𝐿𝑖𝐶𝑙+2𝜏𝑤,𝐶𝑎𝐶𝑙2𝑥𝐶𝑎𝐶𝑙2

[(𝐶+1−2𝐵′)𝑥𝐿𝑖𝐶𝑙+(2−3𝐵′)𝑥𝐶𝑎𝐶𝑙2+𝐵′]
2 + (𝑥𝐿𝑖𝐶𝑙𝐴

′) ×

𝜏𝑤,𝐿𝑖𝐶𝑙𝑥𝐿𝑖𝐶𝑙+2𝐶′(𝜏𝑤,𝐿𝑖𝐶𝑙−𝜏𝐶𝑎𝐶𝑙2,𝐿𝑖𝐶𝑙)𝑥𝐶𝑎𝐶𝑙2

(𝑥𝐿𝑖𝐶𝑙+2𝐶
′𝑥𝐶𝑎𝐶𝑙2 +𝐴′𝑥𝑤)

2 + (2𝐵′𝑥𝐶𝑎𝐶𝑙2
) ×

 
𝐶(𝜏𝑤,𝐶𝑎𝐶𝑙2−𝜏𝐿𝑖𝐶𝑙,𝐶𝑎𝐶𝑙2

)𝑥𝐿𝑖𝐶𝑙+2𝜏𝑤,𝐶𝑎𝐶𝑙2𝑥𝐶𝑎𝐶𝑙2

(𝐶𝑥𝐿𝑖𝐶𝑙+2𝑥𝐶𝑎𝐶𝑙2+𝐵′𝑥𝑤)2                                                                                                        (7)   

Where 𝐴, 𝐵, 𝐶, 𝐴′, 𝐵′ and 𝐶′ represent: 

𝐴 = 𝑒(−0.2𝜏𝐿𝑖𝐶𝑙,𝑤)  

𝐵 = 𝑒(−0.2𝜏𝐶𝑎𝐶𝑙2,𝑤)   

𝐶 = 𝑒(−0.2𝜏𝐿𝑖𝐶𝑙,𝐶𝑎𝐶𝑙2
)
  

𝐴′ = 𝑒(−0.2𝜏𝑤,𝐿𝑖𝐶𝑙)  

𝐵′ = 𝑒(−0.2𝜏𝑤,𝐶𝑎𝐶𝑙2
)
  

𝐶′ = 𝑒(−0.2𝜏𝐶𝑎𝐶𝑙2,𝐿𝑖𝐶𝑙)  

Where 𝜏𝐿𝑖𝐶𝑙,𝑤 , 𝜏𝐶𝑎𝐶𝑙2,𝑤 , 𝜏𝑤,𝐿𝑖𝐶𝑙 , 𝜏𝑤,𝐶𝑎𝐶𝑙2
, 𝜏𝐿𝑖𝐶𝑙,𝐶𝑎𝐶𝑙2

 and 𝜏𝐶𝑎𝐶𝑙2,𝐿𝑖𝐶𝑙  are binary interaction 

energy parameters, which are given at 25℃ and listed in Table 1.  
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Table 1 

Parameters of binary interaction energy for mixed solution activity coefficient calculation (25℃) 

parameter 𝜏𝐿𝑖𝐶𝑙,𝑤 𝜏𝐶𝑎𝐶𝑙2,𝑤 𝜏𝑤,𝐿𝑖𝐶𝑙 𝜏𝑤,𝐶𝑎𝐶𝑙2
 𝜏𝐿𝑖𝐶𝑙,𝐶𝑎𝐶𝑙2

 𝜏𝐶𝑎𝐶𝑙2,𝐿𝑖𝐶𝑙 

value -5.1737 -5.2549 10.1242 10.5126 0 0 

 

For the binary interaction energy parameters at different temperatures, the following correlation 

should be applied [37]: 

𝜏(𝑇) =
298.15

𝑇+273.15
𝜏(25℃)                                                                                                                (8) 

Where 𝜏(25℃) is binary interaction energy parameter at 25℃ as given in Table 1.  

In Eq. (7), 𝑥𝐿𝑖𝐶𝑙 and 𝑥𝐶𝑎𝐶𝑙2
 are mole concentrations of LiCl and CaCl2 respectively, and there 

exits such a relationship: 

𝑥𝐿𝑖𝐶𝑙 + 𝑥𝐶𝑎𝐶𝑙2
+ 𝑥𝑤 = 1                                                                                                             (9) 

Then the mixed solution vapour pressure 𝑃𝑣,𝑠𝑜𝑙 can be obtained by solving Eqs. (1) - (9). Once 

𝑃𝑣,𝑠𝑜𝑙 is obtained, the solution specific humidity ratio 𝑊𝑠𝑜𝑙 (𝑘𝑔 𝑘𝑔⁄  𝑑𝑟𝑦 𝑎𝑖𝑟) can be calculated 

by [44]: 

𝑊𝑠𝑜𝑙 = 0.62198
𝑃𝑣,𝑠𝑜𝑙

𝑃−𝑃𝑣,𝑠𝑜𝑙
                                                                                                                                       (10) 

Where 𝑃 is atmospheric pressure (Pa).  

3. Numerical modelling  

3.1 Governing equations  

Once the mixed desiccant solution properties are obtained, the numerical model for a 

membrane-based parallel-plate dehumidifier can be developed. The schematics of the 

dehumidifier and coordinate system applied for numerical model are given in Fig. 1. The 

solution and air flows are separated by the flat-plate membranes, and they are in a cross-flow 

configuration. As seen in Fig. 1 that the calculating domain consists of one solution channel, 

its adjacent air channel and the middle membrane.   
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Fig. 1. Schematics of cross flow parallel-plate dehumidifier and regenerator (a), and 

coordinate system applied for numerical simulation (b). 

The assumptions made for numerical modelling are given as: 

 The dehumidifier is well-insulated and there is no heat transfer with its surrounding 

environment. 

 The flows in both the air and solution channels are assumed to be fully-developed 

laminar flows, and the changes of their temperatures, humidity ratios or concentrations 

are along the channel length. 

 The directions of heat and mass flows are normal to the membrane surface. 

 The heat generated during the water vapour adsorption is released to the solution 

channel only. 

Afterwards, the normalized governing equations of heat and moisture exchanges for the 

solution and air sides can be established as: 

Solution side: 

∂𝑇𝑠𝑜𝑙
∗

∂𝑦∗ − 𝑁𝑇𝑈𝑚ℎ∗ 1

𝐶𝑟∗ (𝑊𝑎𝑖𝑟
∗ − 𝑊𝑠𝑜𝑙,𝑚𝑒𝑚

∗) − 𝑁𝑇𝑈
1

𝐶𝑟∗ (𝑇𝑎𝑖𝑟
∗ − 𝑇𝑠𝑜𝑙

∗) = 0                            (11) 

𝜕𝑋𝑠𝑜𝑙

𝜕𝑦∗ − 𝑁𝑇𝑈𝑚
1

𝑚∗ 𝑊0(1 + 𝑋𝑠𝑜𝑙)(𝑊𝑎𝑖𝑟
∗ − 𝑊𝑠𝑜𝑙,𝑚𝑒𝑚

∗) = 0                                                            (12) 

Air side: 

𝜕𝑇𝑎𝑖𝑟
∗

𝜕𝑥∗ + 𝑁𝑇𝑈(𝑇𝑎𝑖𝑟
∗ − 𝑇𝑠𝑜𝑙

∗) = 0                                                                                              (13) 

𝜕𝑊𝑎𝑖𝑟
∗

𝜕𝑥∗ + 𝑁𝑇𝑈𝑚(𝑊𝑎𝑖𝑟
∗ − 𝑊𝑠𝑜𝑙,𝑚𝑒𝑚

∗) = 0                                                                                (14) 

Where 𝑋𝑠𝑜𝑙 is solution mass fraction, and calculated by: 

𝑋𝑠𝑜𝑙 =
𝑚̇𝑤𝑎𝑡𝑒𝑟

𝑚̇𝑑𝑒𝑠𝑖
=

1−𝐶𝑠𝑜𝑙

𝐶𝑠𝑜𝑙
                                                                                                                (15) 

Where 𝐶𝑠𝑜𝑙 is solution mass concentration: 

𝐶𝑠𝑜𝑙 =
𝑚̇𝑑𝑒𝑠𝑖

𝑚̇𝑠𝑜𝑙
                                                                                                                               (16) 
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Where 𝑚̇𝑑𝑒𝑠𝑖 and 𝑚̇𝑠𝑜𝑙 are liquid desiccant and solution mass flow rates respectively (𝑘𝑔 𝑠⁄ ). 

In the above governing equations, the dimensionless properties are adopted. 𝑥∗is dimensionless 

length given by: 

𝑥∗ =
𝑥

𝐿
                                                                                                                                        (17) 

𝑦∗ is dimensionless height given by: 

𝑦∗ =
𝑦

𝐻
                                                                                                                                        (18) 

Where 𝐿 and 𝐻 are length and height of the dehumidifier unit respectively (m). 

𝑇∗ is dimensionless temperature given by: 

𝑇∗ =
𝑇−𝑇𝑎𝑖𝑟,𝑖𝑛

𝑇0
                                                                                                                             (19) 

Where 𝑇𝑎𝑖𝑟,𝑖𝑛 is air inlet temperature (℃); 𝑇0 is equal to (𝑇𝑠𝑜𝑙,𝑖𝑛 −  𝑇𝑎𝑖𝑟,𝑖𝑛),  𝑇𝑠𝑜𝑙,𝑖𝑛 is solution 

inlet temperature (℃). 

𝑊∗ is dimensionless humidity ratio given by: 

𝑊∗ =
𝑊−𝑊𝑎𝑖𝑟,𝑖𝑛

𝑊0
                                                                                                                         (20) 

Where 𝑊𝑎𝑖𝑟,𝑖𝑛 is air inlet humidity ratio (𝑘𝑔 𝑘𝑔⁄ );  𝑊0 is equal to (𝑊𝑠𝑜𝑙,𝑖𝑛 −  𝑊𝑎𝑖𝑟,𝑖𝑛); 𝑊𝑠𝑜𝑙,𝑖𝑛 

is solution inlet humidity ratio (𝑘𝑔 𝑘𝑔⁄ ).  

𝑚∗is mass flow rate ratio given as follows: 

𝑚∗ =
𝑚̇𝑠𝑜𝑙

𝑚̇𝑎𝑖𝑟
                                                                                                                                   (21) 

Where 𝑚̇𝑎𝑖𝑟 is air mass flow rate (𝑘𝑔 𝑠⁄ ).  

𝐶𝑟∗ is thermal capacity ratio and defined by: 

𝐶𝑟∗ =
(𝑚̇𝑐𝑝)

𝑠𝑜𝑙

(𝑚̇𝑐𝑝)
𝑎𝑖𝑟

                                                                                                                            (22) 

𝑐𝑝,𝑠𝑜𝑙  and 𝑐𝑝,𝑎𝑖𝑟  are specific heat capacities at constant pressure of the solution and air 

respectively (𝑘𝐽/𝑘𝑔𝐾). 

ℎ∗is operating factor and given as: 

ℎ∗ =
𝑊0

𝑇0

ℎ𝑓𝑔

𝑐𝑝,𝑎𝑖𝑟
                                                                                                                              (23) 

Where ℎ𝑓𝑔 is phase change heat of water during water vapour adsorption (J kg⁄ ). 

𝑁𝑇𝑈 and 𝑁𝑇𝑈𝑚 are defined as the numbers of heat and mass transfer respectively, and can be 

obtained: 

𝑁𝑇𝑈 =
𝑈𝐴

(𝑚̇𝑐𝑝)
𝑎𝑖𝑟

                                                                                                                          (24) 

𝑁𝑇𝑈𝑚 =
𝑈𝑚𝐴

𝑚̇𝑎𝑖𝑟
                                                                                                                             (25) 

Where 𝐴 is total membrane surface area (𝑚2). 𝑈 (𝑊 𝑚2𝐾⁄ ) and 𝑈𝑚 (𝑘𝑔 𝑚2𝑠⁄ ) are heat and 

mass transfer coefficients respectively, and can be obtained by: 
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𝑈 = (
1

ℎ𝑎𝑖𝑟
+

𝛿

𝑘𝑚𝑒𝑚
+

1

ℎ𝑠𝑜𝑙
)

−1
                                                                                                       (26) 

𝑈𝑚 = (
1

ℎ𝑚,𝑎𝑖𝑟
+

𝛿

𝑘𝑚,𝑚𝑒𝑚
)

−1

                                                                                                         (27) 

Where ℎ𝑎𝑖𝑟  and ℎ𝑠𝑜𝑙  are convective heat transfer coefficients in the air and solution sides 

respectively (𝑊 𝑚2𝐾⁄ ); ℎ𝑚,𝑎𝑖𝑟 is mass transfer coefficient (𝑘𝑔 𝑚2𝑠⁄ ) in the air side; 𝛿 is the 

thickness of membrane(𝑚); 𝑘𝑚𝑒𝑚  (𝑊 𝑚𝐾⁄ ) and 𝑘𝑚,𝑚𝑒𝑚 (𝑘𝑔 𝑚𝑠⁄ ) are membrane heat and 

mass transfer conductivity respectively.  

3.2 Boundary conditions  

The boundary conditions for the numerical model are given as: 

Solution side: 

𝑇𝑠𝑜𝑙
∗ = 1, at 𝑦∗=0                                                                                                               (28) 

𝑋𝑠𝑜𝑙 = 𝑋𝑠𝑜𝑙,𝑖𝑛, at 𝑦∗=0                                                                                                         (29) 

Air side: 

𝑇𝑎𝑖𝑟
∗ = 0, at 𝑥∗=0                                                                                                                 (30) 

𝑊air
∗ = 0, at 𝑥∗=0                                                                                                                   (31) 

To solve Eqs. (11) – (14), another two equations based on the conservations of heat and mass 

flows through the membrane should be established as follows:  

𝑁𝑇𝑈𝑠𝑜𝑙(𝑇𝑠𝑜𝑙,𝑚𝑒𝑚
∗ − 𝑇𝑠𝑜𝑙

∗) = 𝑁𝑇𝑈(𝑇𝑎𝑖𝑟
∗ − 𝑇𝑠𝑜𝑙,𝑚𝑒𝑚

∗) + 𝑁𝑇𝑈𝑚ℎ∗(𝑊𝑎𝑖𝑟
∗ − 𝑊𝑠𝑜𝑙,𝑚𝑒𝑚

∗)                   (32) 

𝑁𝑇𝑈𝑚𝑊0(𝑊𝑎𝑖𝑟
∗ − 𝑊𝑠𝑜𝑙,𝑚𝑒𝑚

∗) = 𝑁𝑇𝑈𝑚.𝑠𝑜𝑙(𝐶𝑠𝑜𝑙 − 𝐶𝑠𝑜𝑙,𝑚𝑒𝑚)                                               (33) 

Where 𝐶𝑠𝑜𝑙,𝑚𝑒𝑚 is the mass concentration of liquid desiccant on the membrane surface; 𝑁𝑇𝑈𝑠𝑜𝑙 

is number of heat transfer unit in the solution side and can be calculated by: 

𝑁𝑇𝑈𝑠𝑜𝑙 =
ℎ𝑠𝑜𝑙𝐴

(𝑚̇𝑐𝑝)
𝑎𝑖𝑟

                                                                                                                   (34)                                                                                     

𝑁𝑇𝑈𝑚.𝑠𝑜𝑙 is number of mass transfer unit in the solution side, and defined by: 

𝑁𝑇𝑈𝑚.𝑠𝑜𝑙 =
ℎ𝑚,𝑠𝑜𝑙𝐴

𝑚̇𝑎𝑖𝑟
                                                                                                                    (35) 

Where ℎ𝑚,𝑠𝑜𝑙 is mass transfer coefficient in the solution side (𝑘𝑔 𝑚2𝑠⁄ ).  

3.3 Simulation procedure  

The finite difference method is applied to solve the governing equations, which are discretized 

by using the forward difference scheme. 

The coupled governing equations for air and solution flows are solved in the Matlab. The 

numerical tests are carried out to decide the proper grid size, and it is found that 30×60 grids 

are sufficient in current study. The result difference is less than 1.0% compared with 50×100 

grid’s, so the numerical uncertainty is 1.0%. The flow chart of the calculating method used for 

numerical modelling is demonstrated in Fig. 2.  
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Fig. 2. Flow chart of the calculating method used for numerical modelling 

4. System performance indexes 

4.1. Effectiveness of dehumidifier  

The effectiveness is a critical index applied for the performance evaluation of a heat and mass 

exchanger. The most important functions of the dehumidifier are to absorb air moisture and 

reduce its temperature as well. Thus in this study, two types of the effectiveness referring the 
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air side in the dehumidifier are defined: sensible effectiveness (𝜀𝑠𝑒𝑛) and latent effectiveness 

(𝜀𝑙𝑎𝑡). 𝜀𝑠𝑒𝑛 is the ratio between the actual sensible heat transfer and the maximum potential 

amount of sensible heat transfer. 𝜀𝑙𝑎𝑡  is the ratio between the actual amount of moisture 

transferred and the maximum possible amount of moisture transferred in a mass exchanger. 

When 𝐶𝑟∗ ≥ 1, meaning the desiccant solution thermal capacity is higher than that of air, the 

sensible and latent effectiveness can be defined by Eqs. (36) and (37) [45]. 

𝜀𝑠𝑒𝑛 = 
𝑇𝑎𝑖𝑟,𝑖𝑛−𝑇𝑎𝑖𝑟,𝑜𝑢𝑡

𝑇𝑎𝑖𝑟,𝑖𝑛−𝑇𝑠𝑜𝑙,𝑖𝑛
                                                                                                                   (36) 

𝜀𝑙𝑎𝑡 = 
𝑊𝑎𝑖𝑟,𝑖𝑛−𝑊𝑎𝑖𝑟,𝑜𝑢𝑡

𝑊𝑎𝑖𝑟,𝑖𝑛−𝑊𝑠𝑜𝑙,𝑖𝑛
                                                                                                                 (37) 

Where 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 is air outlet temperature (℃), and 𝑊𝑎𝑖𝑟,𝑜𝑢𝑡 is air outlet humidity ratio (𝑘𝑔 𝑘𝑔⁄ ). 

4.2. Moisture flux rate  

The moisture removal rate (𝑀𝑅𝑅) is an evaluation of the quantity of moisture absorbed by dry 

air from the weak liquid desiccant during regeneration, or the quantity of moisture in moist air 

absorbed by the strong liquid desiccant during dehumidification. For the dehumidifier, it is 

expressed as: 

𝑀𝑅𝑅 = 𝑚̇𝑎𝑖𝑟(𝑊𝑎𝑖𝑟,𝑖𝑛 − 𝑊𝑎𝑖𝑟,𝑜𝑢𝑡)                                                                                             (38) 

Afterward, the moisture flux rate (𝑀𝐹𝑅) is presented: 

𝑀𝐹𝑅 =
𝑀𝑅𝑅

𝑈𝑚𝐴
=

𝑚̇𝑎𝑖𝑟(𝑊𝑎𝑖𝑟,𝑖𝑛−𝑊𝑎𝑖𝑟,𝑜𝑢𝑡)

𝑈𝑚𝐴
                                                                                        (39) 

It can be seen from Eq. (39) that the 𝑀𝐹𝑅 is the ratio of moisture removal rate 𝑀𝑅𝑅 over the 

membrane overall mass transfer conductance. In this study the  𝑀𝐹𝑅 is used for performance 

analysis rather than the 𝑀𝐹𝐹 since compared with the 𝑀𝑅𝑅, the 𝑀𝐹𝑅 is independent of the 

dehumidifier size and it is only related to inlet state.  

4.3. Coefficient of performance (COP)  

The COP of the membrane-based liquid desiccant dehumidification system can be defined as: 

𝐶𝑂𝑃 =
𝑄𝑠𝑒𝑛+𝑄𝑙𝑎𝑡

𝑄𝑟𝑒𝑔
                                                                                                                       (40) 

Where 𝑄𝑠𝑒𝑛, 𝑄𝑙𝑎𝑡 and 𝑄𝑟𝑒𝑔 are sensible cooling output, latent cooling output and regeneration 

power input (𝑘𝑊) respectively, which can be calculated by: 

𝑄𝑠𝑒𝑛 = 𝑚̇𝑎𝑖𝑟𝑐𝑝,𝑎𝑖𝑟(𝑇𝑎𝑖𝑟,𝑖𝑛 − 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡)                                                                                      (41) 

𝑄𝑙𝑎𝑡 = 𝑀𝑅𝑅 × ℎ𝑓𝑔 = 𝑚̇𝑎𝑖𝑟ℎ𝑓𝑔(𝑊𝑎𝑖𝑟,𝑖𝑛 − 𝑊𝑎𝑖𝑟,𝑜𝑢𝑡)                                                               (42) 

𝑄𝑟𝑒𝑔 = 𝑚̇𝑠𝑜𝑙𝑐𝑝,𝑠𝑜𝑙(𝑇𝑟𝑒𝑔 − 𝑇𝑠𝑜𝑙,𝑜𝑢𝑡)                                                                                         (43) 

Where  𝑇𝑠𝑜𝑙,𝑜𝑢𝑡 is solution temperature at the dehumidifier outlet (℃), 𝑇𝑟𝑒𝑔 is required solution 

temperature at the regenerator inlet (℃).  
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5. Experimental tests  

A liquid desiccant dehumidification test rig has been built in the Marmont Lab of University of 

Nottingham, which is illustrated in Fig. 3.  

 

Fig. 3. Schematic diagram of the experimental testing rig 

The main components of the membrane-based dehumidification system include one 

dehumidifier, one regenerator, two storage tanks and three liquid-liquid heat exchangers. An 

environmental chamber as shown in dashed blue line frame in Fig. 3 equipped with several 

cooling coils, heating pipes and a humidifier is used in the rig to provide the high humidity and 

temperature supply air for the dehumidifier. Through the dehumidifier, both the humidity ratio 

and temperature of the supply air are reduced by the cold desiccant solution, then the air is 

supplied to the indoor environment. The exhaust air from the indoor environment is used for 

the desiccant solution regeneration. In the regenerator, the air is heated and humidified by the 

diluted solution with high temperature. Eventually it is discharged to the outside. The air flow 

rates for the dehumidifier and regenerator are adjusted by two AC axial fan rotation speeds. 

The dehumidifier is 410mm in length, 230mm in width and 210mm in height, has eleven air 

flow channels and eleven solution flow channels. The dehumidifier dimensions and the 

membrane physical properties are given in Table 2. 
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Table 2 

Dehumidifier dimensions and membrane physical properties.  

Description  Notation Unit Number  

Length of dehumidifier L m 0.41 

Width of dehumidifier W m 0.23 

Height of dehumidifier H m 0.21 

Air channel thickness dair m 0.0077 

Solution channel thickness dsol m 0.0043 

Membrane thickness δmem m 0.5×10-3 

Membrane conductivity kmem kW/mK 3×10-4 

Membrane mass transfer conductivity km,mem kg/ms 3.87×10-6 

 

To make the mixed solution with the specific mixing ratio and concentration, firstly the mixing 

ratio is achieved at a low concentration, then more LiCl and CaCl2 are added to the mixed 

solution to increase its concentration. For example, to make a 1:1 mixed solution, the same 

amounts of LiCl and CaCl2 are added into water to make a 30% mixed solution. Then the water 

remains unchanged, more LiCl and CaCl2 with the same amount are added into the solution to 

increase its concentration (e.g. 36% and 39%). This procedure is also used for the other mixing 

ratios. The solution circulation is achieved by two 15W centrifugal magnetically driven pumps, 

and their flow rates in the dehumidifier and regenerator are measured by two liquid flow 

indicators. The concentrated solution is cooled by cold water before entering the dehumidifier. 

The diluted solution is collected by the weak solution tank and then pumped into the regenerator 

through a heat exchanger, its temperature is increased in the heat exchanger by hot water 

provided by an electrical boiler with temperature range of 20℃ to 80℃, and its flow rate is 

measured by another liquid flow indicator. The air inlets and outlets in the dehumidifier and 

regenerator are installed with temperature and humidity sensors. Thermocouples are installed 

at inlets and outlets of water and desiccant flows to measure their temperatures. All sensors are 

linked to a data recorder for data collection and all data are eventually sent to the computer. 

The dehumidifier, regenerator, heat exchangers, solution tanks, water and solution pipes are 

properly insulated to minimize the environmental impact. All devices and their corresponding 

accuracies are shown in Table 3. Uncertainty analysis is carried out by applying the propagation 

method [46] to calculate uncertainties for the experimental data. According to [46] for the 

uncertainty in sums and differences, or in products and quotients, the uncertainty in the 

computed value of 𝑞 can be calculated by: 

𝑆𝑢𝑚𝑠 𝑎𝑛𝑑 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝑠:  𝛿𝑞 ≈ √(𝛿𝑥)2 + ⋯ + (𝛿𝑧)2                                                                        (44) 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑎𝑛𝑑 𝑞𝑢𝑜𝑡𝑖𝑒𝑛𝑡𝑠: 
𝛿𝑞

|𝑞|
≈ √(

𝛿𝑥

|𝑥|
)

2
+ ⋯ + (

𝛿𝑧

|𝑧|
)

2
                                                                      (45) 
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Where 𝑥, ∙  ∙  ∙  , 𝑧 are measured quantities.  

If 𝑞 is any function of several variables 𝑥, ∙  ∙  ∙  , 𝑧, the uncertainty of 𝑞 can be obtained by: 

𝛿𝑞 = √(
𝜕𝑞

𝜕𝑥
𝛿𝑥)

2
+ ⋯ + (

𝜕𝑞

𝜕𝑧
𝛿𝑧)

2
                                                                                              (46) 

By applying Eqs (44)-(46), the absolute uncertainties of calculated values can be obtained. 

Error bars are included in all experimental data.  

Table 3 

Devices used for measurement and their uncertainties. 

Measurement equipment Parameter  Range Uncertainty  

Testo thermos-anemometer Air speed 0-10 𝑚/𝑠 ±5%  

Sensiron Evaluation KIT EK-H4 
Temperature -40-125 ℃ ±0.4%  

Relative humidity 0-100 % ±3%  

K-type thermocouple probe Temperature 0-1100 ℃ ±0.75%  

DT500 Data recorder Data collection - ±0.15%  

Parker UCC PET flow indicator Solution flow rate 1-15 𝐿/𝑚𝑖𝑛 ±5%  

Parker FM 26 122 212 flow indicator Water flow rate 2-22 𝐿/𝑚𝑖𝑛 ±5%  

 

6. Model validation 

The numerical model and NRTL method are validated by experimental data. The experiment 

process consists of two stages, and total 28 tests under different designed operating conditions 

have been completed in this study. At first, 15 tests are carried out to verify the sensible and 

latent effectiveness. The operating conditions, together with numerically obtained and 

experimentally collected values of the effectiveness are given in Table 4. Another 13 tests are 

conducted in the second stage to validate the moisture flux rate. The solution and air mass flow 

rates are kept constant through all the tests for the same 𝑚∗ and 𝑁𝑇𝑈. The moisture flux rate 

comparisons between the numerical calculations and the experimental data are given in Table 

5.  

It can be seen in Table 4 that the simulation results of 𝜀𝑠𝑒𝑛 and 𝜀𝑙𝑎𝑡 generally are in accordance 

with the measurement data. The maximum discrepancies for 𝜀𝑠𝑒𝑛  and 𝜀𝑙𝑎𝑡  are 3.679% and 

6.257% respectively. The maximum difference for the 𝑀𝐹𝑅 is 15.510% as indicated in Table 

5. As seen, generally the numerical model predicts the heat and moisture transfer in the 

dehumidifier well. The numerical modelling results are in good agreement with experimental 

data, and they have similar variation trends. This means the developed numerical model with 

the NRTL method predicts the system performance accurately and can predict the 

characteristics of this system rather successfully.  
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Table 4  

Sensible and latent effectiveness under various designed operating conditions, comparison of 

numerical and experimental results 

Designed operating conditions Comparisons 

Tsol,in 

(℃) 

Csol,in 

(%) XLiCl XCaCl2 
mair 

(kg/s) 

msol 

(kg/s) 
εsen,num εsen,exp 

Error 

(%) 
εlat,num εlat,exp 

Error 

(%) 

16 30 1 0 0.0495 0.099 0.8604 0.838 2.603 0.7012 0.687 2.025 

16 30 2 1 0.0495 0.099 0.8555 0.825 3.565 0.7486 0.714 4.622 

16 30 1 1 0.0495 0.099 0.8530 0.832 2.462 0.7807 0.739 5.341 

16 30 1 2 0.0495 0.099 0.8504 0.829 2.516 0.8216 0.803 2.264 

16 30 0 1 0.0495 0.099 0.8448 0.815 3.527 0.9454 0.894 5.437 

16 36 1 0 0.0495 0.099 0.8479 0.818 3.526 0.7658 0.732 0.414 

16 36 2 1 0.0495 0.099 0.8427 0.813 3.524 0.8046 0.785 2.436 

16 36 1 1 0.0495 0.099 0.8399 0.809 3.679 0.8311 0.796 4.223 

16 36 1 2 0.0495 0.099 0.8371 0.807 3.596 0.8658 0.818 5.521 

16 36 0 1 0.0495 0.099 0.8310 0.808 2.768 0.9810 0.921 6.116 

14 36 1 0 0.0495 0.099 0.8596 0.841 2.164 0.7738 0.760 1.783 

14 36 2 1 0.0495 0.099 0.8548 0.830 2.901 0.8062 0.782 3.001 

14 36 1 1 0.0495 0.099 0.8522 0.827 2.957 0.8282 0.799 3.526 

14 36 1 2 0.0495 0.099 0.8496 0.826 2.778 0.8566 0.803 6.257 

14 36 0 1 0.0495 0.099 0.8440 0.817 3.200 0.9486 0.893 5.861 

 

Table 5  

Moisture flux rates under different designed operating conditions, comparison of numerical and 

experimental results 

Designed operating conditions Comparisons  

Tsol,in (℃) Csol,in (%) XLiCl XCaCl2 mair (kg/s) msol (kg/s) MFR MFRexp Error (%) 

16 24 1 1 0.0495 0.099 0.00396 0.0037 6.575 

16 30 1 1 0.0495 0.099 0.00485 0.0041 15.510 

16 36 1 1 0.0495 0.099 0.00571 0.0053 7.209 

16 42 1 1 0.0495 0.099 0.00640 0.0058 9.425 

12 36 1 1 0.0495 0.099 0.00609 0.0054 11.393 

14 36 1 1 0.0495 0.099 0.00591 0.0056 5.288 

16 36 1 1 0.0495 0.099 0.00571 0.0053 7.209 

18 36 1 1 0.0495 0.099 0.00549 0.0048 12.570 

16 36 1 0 0.0495 0.099 0.00573 0.00572 0.175 

16 36 2 1 0.0495 0.099 0.00572 0.0057 3.197 

16 36 1 1 0.0495 0.099 0.00571 0.00569 3.809 

16 36 1 2 0.0495 0.099 0.00570 0.00566 7.886 

16 36 0 1 0.0495 0.099 0.00569 0.00565 7.150 
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7. Results and discussion  

7.1. Specific humidity of the mixed desiccant solution  

Instead of the surface vapour pressure, the equilibrium specific humidity of the mixed solution 

is adopted to evaluate solution capability to absorb vapour since it is more straight-forward. 

Based on Eqs. (1) - (10), the specific humidity of the mixed desiccant solution is related to its 

temperature, concentration and solute mixing ratio. The mixed solutions with concentration of 

15%, 30% and 42% are used in this study, and five different mass fraction ratios between LiCl 

and CaCl2 are adopted: 1:0 (pure LiCl solution), 2:1, 1:1, 1:2 and 0:1(pure CaCl2 solution) for 

each concentration. The variations of the solution specific humidity with temperature for 

different mixing ratios under the three concentrations are plotted in Figs. 4-6.  

 

Fig. 4. Mixed solution specific humidity variations with temperature for different mixing 

ratios under 𝐶𝑠𝑜𝑙 = 15% 

 

Fig. 5. Mixed solution specific humidity variations with temperature for different mixing 

ratios under 𝐶𝑠𝑜𝑙 = 30% 
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Fig. 6. Mixed solution specific humidity variations with temperature for different mixing 

ratios under 𝐶𝑠𝑜𝑙 = 42% 

As shown in these figures, the mixed solution specific humidity increases with its temperature. 

For the solution with the low concentration, its temperature influence is larger than that with 

the high concentration. For example, under 𝐶𝑠𝑜𝑙 = 15%, the specific humidity of the 1:1 mixed 

solution is increased by 0.03051 (from 0.00297 to 0.03348) 𝑘𝑔 𝑘𝑔⁄  when its temperature rises 

from 0℃ to 36℃. By contrast, it is increased by 0.0111 (from 0.00073 to 0.01183) 𝑘𝑔 𝑘𝑔⁄  

under 𝐶𝑠𝑜𝑙 = 42% . In contrast, increasing the solution concentration can enhance the 

dehumidification ability as well by reducing the solution specific humidity. Taking the 1:1 

mixed solution as an example, its maximum specific humidity under 𝐶𝑠𝑜𝑙 of 15%, 30% and 42% 

are 0.0335, 0.0202 and 0.0118 𝑘𝑔 𝑘𝑔⁄  respectively. Apart from 𝑇𝑠𝑜𝑙 and 𝐶𝑠𝑜𝑙, the mixing ratio 

is another important parameter influencing the solution specific humidity, which is the main 

focus of this paper. According to Figs. 4-6, the solution specific humidity decreases with LiCl 

mass fraction at the given concentration and temperature, this is because pure CaCl2 solution 

always has the higher specific humidity compared with pure LiCl solution. It is noticed that the 

influences of the solution temperature, concentration and mixing ratio are interacted with each 

other. Under the same concentration, the impact of the mixing ratio is insignificant when the 

solution temperature is relatively low. For example, under 𝐶𝑠𝑜𝑙 = 42%, the specific humidity 

difference between LiCl and CaCl2 solutions at 36℃ is 0.01185 𝑘𝑔 𝑘𝑔⁄ , while the difference is 

only 0.00213 𝑘𝑔 𝑘𝑔⁄  at 12℃. Furthermore, the influence of the mixing ratio increases with the 

solution concentration, which is illustrated in Fig. 7. It can be seen that the specific humidity 

difference between LiCl and CaCl2 solutions under 15% is much smaller than that under 42%, 

meaning the mixing ratio has more significant influence on the solution specific humidity under 

the high concentration. The solution with high concentration is preferred in dehumidification, 

increasing LiCl mass fraction leads to the significant performance improvement.  
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Fig. 7. Mixed solution specific humidity variations for pure LiCl and CaCl2 solutions under 

different concentrations 

7.2. Impact of the mixed solution property on cooling effect 

To cool the supply air in the dehumidifier is of vital importance [28-31] since the air with low 

temperature can save energy used for the subsequent cooling. The cooling effect is evaluated 

by the sensible effectiveness introduced in Section 4.1. The variations of the sensible 

effectiveness with the mixing ratio under various solution concentrations and temperatures are 

given in Figs. 8 and 9.  

 

Fig. 8. Sensible effectiveness changes with the mixing ratio under different solution 

concentrations 
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Fig. 9. Sensible effectiveness changes with the mixing ratio under different solution 

temperatures 

It is noticed from these two figures that the sensible effectiveness increases with LiCl mass 

fraction in the mixed solution, but very weakly. For instance, for the 42% concentration solution, 

its sensible effectiveness only increases by 2.18% (from 0.8209 to 0.8388) when the mixing 

ratio (LiCl:CaCl2) changes from 0:1 to 1:0. Similarly, at the solution temperature of 18℃, the 

sensible effectiveness also increases by 2.28% (from 0.8144 to 0.833) when the mixing ratio 

changes from 0:1 to 1:0. The dehumidification capacity increases with LiCl mass fraction as 

well, meaning more latent heat is released. However the sensible effectiveness increases slight 

rather than being deteriorated. A reasonable explanation for this is given as follows. The air 

temperature change is induced by two parts: sensible temperature decrease and temperature 

increase caused by the released latent heat. It can be expressed by: 

∆𝑇 = ∆𝑇𝑠𝑒𝑛 − ∆𝑇𝑙𝑎𝑡                                                                                                                                                   (47) 

Where ∆𝑇 is temperature change of the air; ∆𝑇𝑠𝑒𝑛 is sensible temperature decrease caused by 

the temperature difference between the solution and air; ∆𝑇𝑙𝑎𝑡 is temperature increase caused 

by the latent heat during dehumidification. It can be further derived as: 

∆𝑇 = ∆𝑇𝑠𝑒𝑛 −
𝑄𝑙𝑎𝑡

𝑐𝑝,𝑠𝑜𝑙𝑚̇𝑠𝑜𝑙
                                                                                                                                            (48) 

Where 𝑄𝑙𝑎𝑡 is latent heat released (𝑘𝑊), and it increases with LiCl mass fraction. However, in 

the meanwhile 𝑐𝑝,𝑠𝑜𝑙 is increased as well. As a result, 
𝑄𝑙𝑎𝑡

𝑐𝑝,𝑠𝑜𝑙𝑚̇𝑠𝑜𝑙
 is slightly decreased due to this 

combined effect and ∆𝑇 is enhanced. Then based on the definition of the sensible effectiveness, 

it is increased to a small extent.  
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The influence of the solution concentration on the sensible effectiveness is reflected in Fig. 8. 

Under the same mixing ratio, increasing the solution concentration leads to the sensible 

effectiveness decrease. The sensible effectiveness at 𝐶𝑠𝑜𝑙 = 24% is the highest, while it is the 

lowest at 𝐶𝑠𝑜𝑙 = 42%. As explained in the previous section, the higher solution concentration, 

the lower solution specific humidity. Thus the latent heat released during the dehumidification 

is increased, the cooling effect is reduced based on Eq. (48). With regard to the solution 

temperature, it has negative effect on the sensible effectiveness as well, as displayed in Fig. 9. 

The highest sensible effectiveness is at 12℃, while it reaches the lowest at 18℃. This is easy 

to understand since increasing the solution temperature will significantly reduce the 

temperature difference between the solution and air, the heat transfer potential is decreased as 

well. This leads to the sensible effectiveness decrease.  

7.3. Impact of the mixed solution property on dehumidification effect 

Dehumidification is the key function of the heat and mass exchanger. Similar to cooling effect, 

the dehumidification effect is also closely related to the solution properties: concentration, 

temperature and mixing ratio. The influences of the solution mixing ratio on the latent 

effectiveness under various concentrations are plotted in Fig. 10.  

 

Fig. 10. Latent effectiveness changes with mixing ratio for different solution concentrations 

Firstly, the impact of the solution concentration on the latent effectiveness is explored. As 

clearly illustrated in Fig. 10, the higher solution concentration, the better the system 

dehumidification effect. For example, for the solution with a mixing ratio of 1:1, its latent 

effectiveness increases by 18.69% (from 0.7309 to 0.8675) when 𝐶𝑠𝑜𝑙 changes from 24% to 

42%. For the 2:1 mixed solution, its latent effectiveness increases by 21.94% (from 0.6945 to 

0.8467) when 𝐶𝑠𝑜𝑙 varies from 24% to 42%, and the similar cases are found for the other mixing 
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ratios. This can be reflected by the variations of the moisture flux rate (MFR) and air outlet 

specific humidity (𝑊𝑎𝑖𝑟,𝑜𝑢𝑡) with the solution concentration as well. 

 

Fig. 11. Impact of solution concentration on 𝑀𝐹𝑅 and 𝑊𝑎𝑖𝑟,𝑜𝑢𝑡 

The effects of the solution concentration on the MFR and 𝑊𝑎𝑖𝑟,𝑜𝑢𝑡  are shown in Fig. 11 for a 

mixing ratio of 1:1. It can been seen from this figure that the MFR increases by 61.7% (from 

0.00396 to 0.0064) when the solution concentration varies from 24% to 42%. In the meanwhile 

𝑊𝑎𝑖𝑟,𝑜𝑢𝑡  reduces from 0.00969 𝑘𝑔 𝑘𝑔⁄  𝑑𝑟𝑦 𝑎𝑖𝑟  to 0.00475 𝑘𝑔 𝑘𝑔⁄  𝑑𝑟𝑦 𝑎𝑖𝑟 , meaning the 

dehumidification effect is considerably improved. This can be explained by the variation of the 

solution specific humidity with its concentration. As mentioned previously, the solution 

specific humidity decreases with its concentration. Therefore, the mass transfer potential 

between the solution and air is improved, so the MFR increases. As for the latent effectiveness, 

based on its definition given in Eq. (37), although the solution inlet specific humidity is 

decreased, the significant rise of the humidity difference between the inlet and outlet air still 

improves the latent effectiveness. As shown in Fig. 10, the influence of the solution 

concentration becomes weak with CaCl2 mass fraction in the mixed solution. For example, for 

pure LiCl solution, the latent effectiveness can be improved by 27.7% (from 0.6393 to 0.8164) 

when the solution concentration varies from 24% to 42%. By contrast, for pure CaCl2 solution, 

it is increased by 10.98% only (from 0.8955 to 0.9938).  

Apart from the solution concentration, its temperature should be taken into consideration as 

well since it is closely related to the mixed solution surface vapour pressure. The changes of 

the latent effectiveness with the mixing ratio under different solution temperatures are plotted 

in Fig. 12, while the variations of the MFR and 𝑊𝑎𝑖𝑟,𝑜𝑢𝑡 with the solution temperature are 

shown in Fig. 13.  



22 
 

 

Fig. 12. Latent effectiveness changes with mixing ratio for different solution temperatures 

         

Fig. 13. Impacts of solution temperature on 𝑀𝐹𝑅 and 𝑊𝑎𝑖𝑟,𝑜𝑢𝑡 

As indicated in Fig. 12, the solution temperature has different effects on the latent effectiveness 

under different mixing ratios. For the LiCl:CaCl2=1:0 solution, the latent effectiveness is high 

at low temperature. For the LiCl:CaCl2=1:2 and 0:1 solutions, increasing the solution 

temperature can improve the latent effectiveness. For the LiCl:CaCl2=2:1 and 1:1 solutions, the 

influence of the solution temperature on the latent effectiveness is negligible. For example, for 

the LiCl:CaCl2=2:1 solution, the maximum difference of the latent effectiveness at the 

measured temperature range is only 0.0048 (the maximum value is 0.8085 at 𝑇𝑠𝑜𝑙 = 12℃ while 

the minimum value is 0.8037 at 𝑇𝑠𝑜𝑙 = 18℃). As explained previously, the lower solution 

temperature, the lower solution specific humidity, thus the mass transfer potential between the 
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solution and air is increased. In the meanwhile, the solution inlet specific humidity is decreased, 

so the air humidity difference between the air at outlet and inlet is increased and the system 

dehumidification ability is improved. With referring to Eq. (37), both the numerator and 

denominator are increased, this combined effect would lead to different influences on the latent 

effectiveness. However, if only the amount of moisture being absorbed in the dehumidifier is 

considered, the system will benefit greatly from decreasing the solution temperature. This is 

reflected in Fig. 13 as well, where the MFR and 𝑊𝑎𝑖𝑟,𝑜𝑢𝑡  variations with the solution 

temperature for the solution with the mixing ratio of 1:1 are plotted. As can be seen from Fig. 

13 that the MFR is raised by 11% (from 0.00549 to 0.00609), and the 𝑊𝑎𝑖𝑟,𝑜𝑢𝑡 is decreased by 

18.52% (from 0.006598 to 0.005376 𝑘𝑔 𝑘𝑔 𝑑𝑟𝑦 𝑎𝑖𝑟⁄ ) when the solution temperature reduces 

from 18℃ to 12℃. 

Finally the influence of the mixing ratio on the dehumidification effect is investigated. For a 

better understanding of the mixing ratio effect, the MFR and 𝑊𝑎𝑖𝑟,𝑜𝑢𝑡  variations with the 

mixing ratio are plotted in Fig. 14.  

 

Fig. 14. Influences of solution mixing ratio on 𝑀𝐹𝑅 and 𝑊𝑎𝑖𝑟,𝑜𝑢𝑡 

LiCl has been proved to have better moisture absorbing ability compared with CaCl2, and this 

is in accordance with the results shown in Fig. 14. In this figure, the mixed solution 

concentration and temperature are maintained at 36% and 16℃ respectively. When CaCl2 mass 

fraction increases from 0 to 1, the MFR is reduced from 0.00573 to 0.00569, while the 𝑊𝑎𝑖𝑟,𝑜𝑢𝑡 

is increased from 0.00611 to 0.0062 𝑘𝑔 𝑘𝑔⁄  𝑑𝑟𝑦 𝑎𝑖𝑟. This is because the specific humidity 

ratio of pure CaCl2 solution is always higher than that of pure LiCl solution under the same 

concentration and temperature. However, it should be pointed out that the mixing ratio has less 

impact on the dehumidification ability compared with the solution concentration and 

temperature. In Figs. 11 and 13, the MFR can be improved by 61.7% and 11% respectively by 
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increasing concentration from 24% to 42%, or reducing temperature from 18℃ to 12℃. By 

contrast it is only improved by 1.63% by increasing LiCl mass fraction from 0 to1. With regard 

to the latent effectiveness, both Fig. 10 and Fig. 12 reveal that the latent effectiveness increases 

with CaCl2 mass fraction. According to Eq. (37), the numerator would be decreased with CaCl2 

mass fraction, so less moisture is absorbed. However the solution inlet specific humidity 𝑊𝑠𝑜𝑙,𝑖𝑛 

is increased as well, which leads to the decrease of the denominator. This offsetting effect 

finally improves the latent effectiveness.  

7.4. Impact of the solution mixing ratio on system COP 

The previous sections are about impact of the main solution properties on the cooling and 

dehumidification effects. In this section, the system energy efficiency is evaluated by applying 

the COP analysis. According to Eq. (44), the COP is closely related to the system sensible and 

latent cooling outputs, and the heat input for regeneration. First of all, the regeneration heat 

input 𝑄𝑟𝑒𝑔 is assessed.  

 

Fig. 15. Variations of 𝑄𝑟𝑒𝑔 with contents of LiCl and CaCl2 at 16℃ 

The relationship between 𝑄𝑟𝑒𝑔  and the solute content at the mixed solution temperature 

𝑇𝑠𝑜𝑙,𝑖𝑛 = 16℃ is reflected in Fig. 15. It is noticed that when the mixed solution concentration 

increases, 𝑄𝑟𝑒𝑔 tends to decline. For instance, 𝑄𝑟𝑒𝑔 varies from 0.286 to 0.326 kW for the 20% 

solution when LiCl mass fraction changes from 0 to 0.4, while it varies from 0.255 to 0.295 

kW for the 30% solution, and from 0.225 to 0.266 kW for the 40% solution respectively. The 

system dehumidification effect is improved by applying the high concentration solution, as a 

result more latent heat is released during this process, the solution outlet temperature is 

increased. For example, 𝑇𝑠𝑜𝑙,𝑜𝑢𝑡 for the 1:1 mixed solution at 20% concentration is 21.84℃, 

while it is 23.11℃ at 30% concentration and 24.31℃ at 40% concentration. Then based on Eq. 

(47), the temperature difference between 𝑇𝑠𝑜𝑙,𝑜𝑢𝑡  and 𝑇𝑟𝑒𝑔  is narrowed, meaning the less 
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energy is required for regeneration. With referring to the influence of the solute content again, 

as shown in Fig. 15, 𝑄𝑟𝑒𝑔 reduces significantly with CaCl2 mass fraction in the mixed solution. 

This seems to be inconsistent with the impact of the solution concentration, as increasing CaCl2 

can reduce the latent heat transfer, which reduces 𝑇𝑠𝑜𝑙,𝑜𝑢𝑡 . However, it should also be noted 

that when CaCl2 mass fraction is increased, the air cooling effect is reduced, thus 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 will 

be increased. This combined effect leads to the rise of 𝑇𝑠𝑜𝑙,𝑜𝑢𝑡. Taking the 40% solution as an 

example, 𝑇𝑠𝑜𝑙,𝑜𝑢𝑡 increases gradually from 24.03 to 24.76 ℃ when 𝐶𝐶𝑎𝐶𝑙2
 varies from 0 to 0.4. 

So the heat input for regeneration is reduced.  

 

Fig. 16. Variations of COP with contents of LiCl and CaCl2 at 16℃ 

Afterwards the relationships between the COP and solute content are plotted in Fig. 16. 

Obviously the COP differences among various mass fractions are dramatic, and can be 

significantly increased by raising the solution concentration. The maximum COPs for the 20%, 

30% and 40% solutions are 0.413, 0.56 and 0.749 respectively. The sensible heat output is 

decreased slightly with the solution concentration, this is due to more heat released during the 

dehumidification. The latent heat output is increased due to the better dehumidification effect, 

and 𝑄𝑟𝑒𝑔 is reduced as discussed previously. So the dramatic difference of the COP between 

different concentrations is easily understood.  

Then the influences of the solute contents on the system COP are explored. As discussed in 

Sections 7.2 and 7.3, increasing CaCl2 mass fraction will reduce both the cooling and 

dehumidification effects due to the increased 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 and reduced MFR. This is reflected in 

Fig. 17 where 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 increases from 17.95℃ to 18.57℃, and the MFR decreases from 0.0082 

to 0.0063 when CaCl2 mass fraction changes from 0 to 0.3. As a result, both 𝑄𝑠𝑒𝑛 and 𝑄𝑙𝑎𝑡 are 

reduced. In the meanwhile 𝑄𝑟𝑒𝑔  is reduced as well due to the increased solution outlet 



26 
 

temperature. This is also illustrated in Fig. 17 that 𝑇𝑠𝑜𝑙,𝑜𝑢𝑡 increases from 22.83℃ to 23.61℃ 

when CaCl2 mass fraction changes from 0 to 0.3. 

        

Fig. 17. Variations of 𝑇𝑠𝑜𝑙,𝑜𝑢𝑡, 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 and 𝑀𝐹𝑅 with CaCl2 mass fraction 

The variations of the total cooling output (the sum of the sensible and latent cooling output) 

and 𝑄𝑟𝑒𝑔 with CaCl2 mass fraction for the 30% solution are shown in Fig. 18. It can be noticed 

that the total cooling output decreases from 0.163 to 0.108 kW as CaCl2 mass fraction rises 

from 0 to 0.3, while 𝑄𝑟𝑒𝑔 decreases from 0.294 to 0.255 kW. As a result, the system COP 

initially increases with CaCl2 mass fraction, then drops off afterwards. 

 

Fig. 18. Variations of total cooling output and 𝑄𝑟𝑒𝑔 with CaCl2 mass fraction for 30% 

desiccant solution 
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Compared with pure LiCl solution, the system COP can be improved by adopting the mixed 

solution. For the 20%, 30% and 40% solutions, the system COPs can be increased by 28.13%, 

30.23% and 15.38% respectively compared with pure LiCl solution. For the 20% solution, the 

system COP peaks at 0.413 when LiCl:CaCl2=3:1. But for the 30% solution, the COP peaks at 

0.56 when LiCl:CaCl2=2:1, while for the 40% solution, its COP peaks at 0.749 when 

LiCl:CaCl2=1:1. Thus under different solution concentrations, the optimum mixing ratio for the 

highest COP is different, and the higher the solution concentration, the more CaCl2 shall be 

added. This is useful for selecting the optimum mixing ratio under different concentrations. 

Currently the LiCl price in the UK is 40£/kg, while the CaCl2 price is only 1.5£/kg. Considering 

the price difference between LiCl and CaCl2, applying the mixed solution can not only increase 

the system efficiency but also save material cost as well. 

8. Conclusions 

The effects of the mixed LiCl-CaCl2 desiccant properties on the performance of a membrane-

based dehumidification system are analysed in this paper. The finite difference method is used 

to develop the governing equations in the numerical simulation, and the NRTL method is 

applied for the mixed solution property calculation. The experimental tests are carried out to 

validate the numerical modelling. The optimum mixing ratio is identified based on the system 

COP analysis. The main conclusions are given as follows: 

 The specific humidity of the mixed solution can be reduced by decreasing its 

temperature, increasing its concentration, and applying the solution with high LiCl 

content. 

 The effects of the solution temperature, concentration and mixing ratio interact with 

each other. Under the same concentration, the mixing ratio influence is insignificant 

when the solution temperature is relatively low. The mixing ratio has more significant 

effect at the high concentration.  

 The system cooling performance can be enhanced by applying the mixed solution with 

low concentration, temperature and CaCl2 content, while its dehumidification capacity 

can be increased by using the strong and cool solution. Increasing LiCl content can 

improve the dehumidification effect, but its influence is relatively weak compared with 

the solution concentration and temperature effects.  

 The regeneration heat  𝑄𝑟𝑒𝑔 can be dramatically saved, and the high system COP can 

be achieved by increasing either the solution concentration or CaCl2 content. 

 Compared with the pure LiCl solution system, the mixed solution system COP can be 

raised up to 30.23% by increasing CaCl2 content at a 30% solution concentration. The 

system COP initially increases with CaCl2 content, then drops off. 
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 The optimum mixing ratio varies with the solution concentration. For the LiCl-CaCl2 

solution, the highest COPs appear at the mixing ratios of 3:1, 2:1 and 1:1 for 20%, 30% 

and 40% concentrations respectively. More CaCl2 shall be added to the high 

concentration solution for achieving the better performance.  
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Nomenclature  

𝑎𝑤 activity of water 

𝐴 area (m2) 

𝐴𝜙 Debye-Huckel constant 

𝑐𝑝 specific heat capacity at constant pressure J/(kgK) 

𝐶 concentration (%)  

𝐶𝑂𝑃 coefficient of performance 

𝐶𝑟
∗ thermal capacity ratio 

𝑑 width of the air or solution channel (m)  
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𝐷 mass diffusivity (m2/s) 

𝑓𝑤 activity coefficient of water 

ℎ convective heat transfer coefficient W (m2K⁄ ) 

ℎ𝑓𝑔 water vapour adsorption heat (J kg⁄ ) 

ℎ∗ operating factor  

𝐻 unit height (m)  

𝐼𝑥 ionic strength in mole fraction scale 

𝑘 thermal conductivity W (mK)⁄  

𝐿 unit length (m) 

LRC long range interaction 

MFR moisture flux rate 

MRR moisture removal rate (kg s⁄ ) 

𝑀𝑤 molecular weight of water (kg kmole⁄ ) 

𝑚∗ solution to air mass flow rate ratio 

𝑚̇ 

NRTL 

mass flow rate (kg/s) 

electrolyte non-random two-liquid method 

NTU number of heat transfer units  

𝑁𝑇𝑈𝑚 number of mass transfer units  

𝑃 pressure (pa) 

𝑃𝑣 

𝑄 

equilibrium surface vapour pressure of liquid desiccant  (pa) 

energy power (kW) 

𝑅𝑒 Reynolds number 

SMR simple mixing rules  

SRC short range interaction 

𝑇 temperature (℃) 

𝑈 heat transfer coefficient W (m2K⁄ ) 

𝑈𝑚 mass transfer coefficient kg (m2s⁄ ) 

𝑉̇ volumetric flow rate (l/min) 

𝑊 humidity ratio (kg/kg dry air) 

𝑋 mass fraction  

𝑥 mole concentration 

  

Greeks   

𝜀 effectiveness  

𝛿 Membrane thickness (m)  

𝜌 density (kg m3⁄ ) 
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𝜏 binary interaction energy parameter 

𝜒 closest approach parameter of the Pitzer-Debye-Huckel equation 

  

Superscripts   

∗ dimensionless  

  

Subscripts  

𝑎𝑖𝑟 air flow 

𝑑𝑒𝑠𝑖 desiccant flow 

𝑒𝑥𝑝 experimental  

𝑖𝑛 inlet  

𝑙𝑎𝑡 latent  

𝑚 mass transfer  

𝑚𝑒𝑚 membrane 

𝑛𝑢𝑚 numerical  

𝑜𝑢𝑡 outlet  

𝑟𝑒𝑔 regeneration 

𝑠𝑒𝑛 sensible  

𝑠𝑜𝑙 solution flow 

𝑤 water 

 

 

 

 


