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A B S T R A C T   

Liquid desiccant dehumidification technology, driven by renewable energy, presents an energy- 
efficient solution to dehumidification. However, a large solution amount is always configured 
to extend the dehumidification process and address the unavailability of renewable energy. This 
is due to a lack of design guidance regarding the optimal desiccant solution amount. This study 
aims to address this gap by offering guidelines, with a particular focus on the dehumidification 
duration. Initially, a benchmark for the solution amount is defined for convenient quantification 
in further study. Then, a theoretical analysis of the dehumidification degradation process is 
conducted. Results reveal that dehumidification duration is primarily constrained by the tem
perature rise of the desiccant solution, rather than the solution amount. Consequently, a natural 
cooling unit, instead of mechanical cooling, is introduced to remove the temperature rise. 
Following this guideline, multiplying the benchmark for the solution amount can significantly 
extend the dehumidification duration from minutes to hours, while increasing it by tens of times 
can extend further to days. Furthermore, the solution amount can be reduced by over 90 % with 
the design guideline compared to the traditional method. This study paves a way to significantly 
reduce the solution amount and relevant costs for liquid desiccant dehumidification systems.  

Nomenclature 

m mass flow rate (kg⋅s− 1) 
G air mass flow rate (kg⋅s− 1) 
M thermal mass (kg) 
h specific enthalpy (kJ⋅kg− 1) 
Ac packed column cross area (m2) 
NTUm number of mass transfer unit 
Sh Sherwood number 
Pr Prandtl number 
Da diffusion coefficient of water vapor in air (m2⋅s− 1) 
p Vapor pressure (Pa) 
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kh heat transfer coefficient (kW⋅(m2⋅◦C)− 1) 
H height of packing column (m) 
T temperature (◦C) 
r latent heat of condensation (kJ⋅kg− 1) 
Z Cost ($) 
n the number of cycles 
NTU the number of heat transfer units 
U overall heat transfer coefficient (W⋅(m2⋅K)− 1) 
D tube diameter (mm) 
ratio the ratio between desiccant and air flow rate 
X desiccant concentration (kg⋅kg− 1) 
Y air humidity ratio (g⋅kg− 1) 
Cp specific heat capacity (J⋅(kg⋅◦C) − 1) 
Av specific packing surface area (m2⋅m− 3) 
Le Lewis number 
Nu Nusselt number 
Sc Schmidt number 
Re Reynolds number 
λ thermal conductivity (W⋅(m⋅K)− 1) 
de equivalent diameter of packing (m) 
km mass transfer coefficient (kg⋅(m2⋅s)− 1) 
N the number of finite elements 
t time (s) 
RMSE root-mean-square error (%) 
DT the duration of the dehumidification process (s) 
Ms,tot total amount of the desiccant solution (kg) 
C∗ heat capacity rate ratio 
A Heat transfer area (m2) 
CEPCI Chemical Engineering Plant Cost Index 

Greek symbols 
ε volume fraction (%) 
ρ density (kg⋅m− 3) 
φ heat transfer effectiveness (− ) 

Subscripts 
a air 
o outlet/outter 
e equilibrium state 
s desiccant solution 
p packing 
2000 certain year 
i inlet/inner 
2022 certain year 
cycle one cycle 
c cooling media  

1. Introduction 

Global energy consumption is experiencing rapid growth, with projections of a 35 % surge from 2010 to 2035 [1]. Remarkably, 
air-conditioning applications account for approximately 20 % of total energy utilization, characterized by a 60 % sensible heat load for 
cooling and 40 % latent heat for dehumidification [2,3]. Liquid dehumidification, as a sustainable dehumidification technology, has 
garnered significant attention due to its ability to utilize renewable energy sources such as solar energy and waste heat. Additionally, it 
facilitates independent temperature and humidity control, boasting potential electricity savings of up to 50 % [4]. 

Numerous studies have focused on liquid dehumidification systems [5–7]. An experimental apparatus was established using solar 
evacuated tube collectors to regenerate a desiccant mixture [8]. Key operating parameters such as solution-to-airflow rate, solution 
concentration, and temperature were investigated. The results demonstrate higher solution-to-airflow ratios can enhance dehumidi
fication rates while lower ratios tend to favor regeneration rates. The system’s thermal coefficient of performance (TCOP) and coef
ficient of performance (COP) peak at 1.1 and 0.63, respectively. Ionic liquids, as potential replacements for salt solutions to mitigate 

X. Zhang et al.                                                                                                                                                                                                          



�&�D�V�H �6�W�X�G�L�H�V �L�Q �7�K�H�U�P�D�O �(�Q�J�L�Q�H�H�U�L�Q�J ���� ������������ ������������

3

corrosion, are also investigated. Sixteen types of ionic liquids were screened with respect to the dehumidification capability [9]. The 
results show that tributyl(methyl)phosphonium dimethyl phosphate ([P4441][DMPO4]) presents the best dehumidification capacity. 
Moreover, transitioning to corrosion-resistant ionic liquid desiccants can potentially trim manufacturing costs by 20 %. An experi
mental study of the dehumidification process with simultaneous cooling has been conducted, examining the impacts of operating 
parameters such as desiccant flow rate and cooling water flow rate on the dehumidification performance [10]. The results indicate that 
increasing both the desiccant and cooling water flow rates can enhance the dehumidification rate and efficiency. The mass transfer 
coefficient changes little with an increase in the cooling water flow rate, but it can increase with an increase in the desiccant flow rate. 
For dehumidifiers with internal cooling, the mass transfer coefficient can range from 6 to 16 kg m− 3 s− 1, suggesting that the dehu
midification process with simultaneous cooling outperforms that without cooling. Solution storage tanks are integrated into a 
solar-driven liquid desiccant air-conditioning system [11]. The impacts of the solution amount in the solution storage tank on the 
system’s performance are investigated. The results show that the solution storage tanks make the system’s performance less sensitive to 
variations in solar radiation, and easier to fulfill the required cooling load. Besides, the use of solution storage tanks allows for a 
reduction in device size. 

However, attention to the amount of desiccant solution configured in the liquid desiccant dehumidification system is rare. Although 
many systems have configured much desiccant solution like adding the solution storage tank [12,13], none has illustrated how much 
the desiccant solution amount should be configured to the authors’ best knowledge. Besides, the desiccant solution accounts for the 
largest part in the initial investment of the liquid desiccant system (Fig. 1). Therefore, optimizing the solution amount in the liquid 
desiccant dehumidification system is necessary. 

The main aim of configuring a large amount of solution is to extend the dehumidification process while overcoming the un
availability of renewable energy. Therefore, to optimize the solution amount, it is essential to learn the maximum dehumidification 
duration achievable for a given solution amount without regeneration. Accordingly, the worst-case scenario where renewable energy is 
unavailable for a long time is considered in the study. Furthermore, the duration of the dehumidification process is influenced not only 
by the desiccant solution amount but also by other operating parameters such as air relative humidity and desiccant flow rate. 
Therefore, it is necessary to conduct a comprehensive parametric study on the dehumidification duration when optimizing the 
desiccant solution amount. A benchmark for the desiccant solution amount is defined for convenient quantification in the parametric 
study. Following this, the study investigates the dehumidification degradation process, which can simultaneously present the effects of 
solution amount and other operating parameters (including initial desiccant concentration, desiccant flow rate, air temperature, and 
air relative humidity) on the dehumidification duration. Findings reveal the temperature rise of the desiccant solution instead of the 
desiccant solution amount significantly impacts the dehumidification duration. Building on these insights, design guidelines are 
proposed to optimize the amount of desiccant solution usage. 

The contributions of this work are: (1) disclosing the impact mechanisms of dehumidification duration. Dehumidification duration 
hinges on two factors: the number of cycles, largely impacted by temperature rise of the desiccant solution, and the duration of each 
cycle, predominantly influenced by the mass flow rate and amount of the desiccant solution; (2) introducing natural cooling resources 
at 28 ◦C instead of mechanical cooling can facilitate a reduction of the solution amount by over 90 % compared to the traditional 
method; (3) proposing a general method for defining the benchmark solution amount. With natural cooling, using a multiple of this 
benchmark can sustain the dehumidification process for several hours, while increasing it by dozens of times can extend the duration to 
several days. (4) the developed design guidelines in reducing the solution amount are applicable to other types of dehumidification 
systems, such as internally-cooling or membrane-based liquid desiccant dehumidification systems. 

2. Methodology 

2.1. Modelling 

A typical liquid dehumidification system includes a regenerator, dehumidifier, desiccant solution, heat exchanger, pumps, and fans 
(Fig. 2). Due to the intermittent nature of renewable energy sources, such as solar energy, the operation of the regenerator is likewise 
intermittent. Conversely, the dehumidifier should operate continuously since the requirement of a low humidity environment always 
continues. Hence, the dehumidifier is the focus in this study. 

For a counter flow dehumidifier, the desiccant solution is pumped to the upper section of the dehumidifier, subsequently under
going a downward flow through the unit. Conversely, air flows upward. The water vapor within the air would be transferred into the 
desiccant solution, rendering the air dry and the desiccant solution diluted. The treated air is then dispatched to users, ensuring a low- 
humidity environment, while the resultant desiccant solution is either regenerated or recirculated into the dehumidifier. The packed 

Fig. 1. Distribution of initial investment among components in the liquid desiccant dehumidification system [14].  
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dehumidifier is considered in this study, and the properties of the packing are shown in Table 1. 
For simulation purposes, the dehumidifier is divided into N elements along its height (Fig. 3), and similar heat and mass transfer 

processes are considered in each element. Modelling of the dynamic dehumidification process necessitates several assumptions: (1) 
parameters are uniform within each element, and the temperatures of packing and desiccant are consistent in each element, i.e. Ts =

Tp; (2) heat transfer exclusion between the dehumidifier and its external surroundings; (3) the simulation considers only one 
dimension due to pronounced parameter gradients along the height; (4) the global heat and mass transfer coefficients are equivalent to 
the local ones. 

Energy and mass conservation equations: 
For air side: 

Ma

G
∂ha

∂τ =
NTUm ·Le

H

[

(he − ha)+ r
(

1
Le

− 1
)

(Ye − Y)
]

−
∂ha

∂y
(1)  

Ma

G
∂Y
∂τ =

NTUm

H
(Ye − Ya) −

∂Y
∂y

(2) 

For desiccant and packing: 

[
Ms +

�
cp,p

/
cp,s

)
Mp

] ∂hs

∂τ +Ma
∂ha

∂τ =
∂(mshs)

∂y
− G

∂ha

∂y
(3) 

For desiccant side: 

Ms

ms,i

∂ms

∂τ +Ma
∂Y
∂τ =

∂ms

∂y
− G

∂Y
∂y

(4)  

d(msX)= 0 (5)  

where h, r, w and c symbolize specific enthalpy, latent heat of condensation, humidity ratio and specific heat capacity, respectively. 
Subscripts a, s and p demonstrate the air, desiccant and packing, respectively. Ms, Mp and Ma are the thermal mass of desiccant, packing 
and air, respectively. They can be calculated by ρsAcεs, ρpAcεp and ρaAcεa. NTUm, and Le could be obtained by: 

Fig. 2. Diagram of a typical liquid dehumidification system.  

Table 1 
Properties of the packing [15].  

Photo Parameter Value 

[ 

] 

Material Porous cellulose 
Specific surface area (m2⋅m− 3) 650 
Density (g⋅cm− 3) 0.68 
Void fraction 0.05 
Equivalent diameter (mm) 6.0 
Length (m) 0.3 
Width (m) 0.3 
Height (m) 0.4  
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NTUm =
kmAvAcH

G
(6)  

Le=
kh

kmcp,a
(7)  

where kh and km are heat and mass transfer coefficients. Av, Ac and H indicate the specific surface area, cross sectional area, and height 
of the packing. cp,a is specific heat capacity of air. 

The physical meanings of the governing equations (1)–(5) are elaborated for a certain element. Equation (1) represents the energy 
conservation of the air. The left-hand side signifies the energy change within the air over time. On the right-hand side, the first term 
accounts for the energy exchange between the air and the desiccant due to heat and mass transfers, while the second term represents 
the energy change resulting from airflow. Equation (2) describes the mass conservation of water in the air, with the left-hand side 
quantifying the water mass change over time. On the right-hand side, the first term represents water transfer between the air and the 
desiccant, and the second term denotes changes due to airflow. Equation (3) shows the energy conservation for the desiccant solution 

Fig. 3. Schematic representation of a packed dehumidifier.  

Fig. 4. Flow chart for the model solution.  
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and packing. On the left-hand side, the first term indicates the energy change of the desiccant and packing over time, while the second 
term does so for the air. On the right-hand side, the first and second terms denote the energy change of the desiccant and air due to their 
respective flows. Equation (4) indicates the mass conservation of water within the desiccant solution. On the left-hand side, the first 
and second terms reflect the mass change of water within the desiccant and air over time, respectively. On the right-hand side, the 
terms account for the mass changes of the desiccant solution and water within the air due to their respective flows. Equation (5) 
represents the mass conservation of the solute within the desiccant solution over time. 

The LiCl solution is applied, the corresponding heat and mass transfer coefficients are expressed by the following empirical re
lationships [15]: 

Sh=
kmAvd2

e

Daρa
= 0.034Re0.77Sc0.33

(
pa − ps

p0

)0.13(m
G

)0.3
(8)  

Nu=
khAvd2

e

λa
= 0.028Re0.9Pr0.33

(m
G

)0.51
(9)  

where Sh, Nu, Re, Pr and Sc are Sherwood number and Nusselt number, Reynolds number, Prandtl number, and Schmidt number. And 
de is equivalent diameter of packing, Da and λa are diffusion coefficient of water vapor in air and thermal conductivity of air. 

The model is solved using the finite difference method, as outlined in the thesis [15]. The specific discretization of the governing 
equations is presented in Appendix 2. The flow chart for the model solution is given (Fig. 4). Initial conditions are determined via inlet 
parameters and their relevant heat and mass transfer coefficients, as per equations (8) and (9). Boundary conditions stem from specific 
experimental or simulated conditions, and heat and mass transfer coefficients are adapted according to these boundaries. In simu
lation, the parameters in each element are iterated until variances between two adjacent iterations fall below a defined criterion. Then, 
the solution at each time point can be derived. The MATLAB software facilitates the entirety of this computational procedure. 

2.2. Validation 

The dynamic model of the packed dehumidifier is validated by two distinct sets of experimental data [16,17], where the inlet air 
humidity ratio and inlet desiccant temperature change (Fig. 5), respectively. Meanwhile, the other inlet parameters maintain 
constantly (Table 2). The simulated and experimental results are compared (Fig. 6), suggesting the trends of outlet air temperature and 
humidity ratio are similar between the experimental and simulated results. The deviations observed in specific values of outlet air 
temperature and humidity ratio hover around ±5 % of the experimental results. Moreover, the Mean Absolute Error (MAE) and the 
Root Mean Squared Error (RMSE) are calculated to quantify the differences between the experimental and simulated results for the 
outlet air temperature and humidity ratio. For the air temperature, the MAE and RMSE are 0.77 ◦C and 0.86 ◦C, respectively. For the air 
humidity ratio, the MAE and RMSE are 0.26 g kg− 1 and 0.29 g kg− 1, respectively. Therefore, the simulations taken in the study are 
feasible. 

3. Theoretical study on the dehumidification degradation process 

In this section, a theoretical study is carried out on the dehumidification degradation process, where effects of initial desiccant 
concentration, desiccant solution amount, desiccant flow rate, air temperature and air humidity ratio are explored. When conducting 
the study, each parameter is individually varied, while the other parameters maintain constantly (Table 3). 

3.1. Parameter settings 

Prior to conducting the theoretical study, a baseline is given in Table 3 with a shadow. The air temperature and humidity ratio are 

Fig. 5. Evolutions of inlet air humidity ratio and desiccant temperature during experimental trials.  
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Table 2 
Operating parameters of experiments in literature [16,17].  

Case Desiccant inlet flow 
rate 

Desiccant inlet 
temperature 

Desiccant inlet 
concentration 

Air inlet flow 
rate 

Air inlet 
temperature 

Air inlet humidity 
ratio 

kg⋅s− 1 ◦C kg⋅kg− 1 kg⋅s− 1 ◦C g⋅kg− 1 

1 0.0976 22.5 → 18.3 0.348 0.057 30 18.2 
2 0.095 24.3 0.350 0.057 30 16.0 → 14.1  

Fig. 6. Comparative analysis of outlet air humidity ratio and temperature: (a) under varying inlet desiccant temperature conditions; (b) under varying inlet air 
humidity ratio conditions. 

Table 3 
Operation conditions for the theoretical study. 

aThe baseline is marked with a shadow and the varied parameter is in bold. 
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set at 28.7 ◦C and 19.96 g kg− 1, respectively, mirroring the climatic conditions prevalent in Hong Kong during the month of July [18]. 
The desiccant temperature is synchronized with that of the air, and the desiccant mass concentration is set at 0.4 kg kg− 1. To 
conveniently quantify the amount of desiccant solution in further study, a benchmark of solution amount is provided: 

Ms,tot =ma • ratio • tcycle (10)  

where Ms,tot denotes the desiccant solution amount. The air flow rate ma is assumed at 0.06 kg s− 1, and the ratio between desiccant and 
air flow rate ratio is set as 1, which can be adjusted according to the requirements, such as the outlet air humidity ratio. If the outlet air 
humidity ratio is required to be low, then the ratio should be higher. Otherwise, the ratio can be lower. The desiccant solution amount 
is set at 7.2 kg, where the cycle time for the desiccant solution tcycle is assumed at 120 s. One cycle means the desiccant is pumped from 
one starting point to the dehumidifier and then returns to the starting point, therefore, tcycle is closely related to the length of solution 
passage. The method for defining the benchmark is general and can be applied to liquid desiccant dehumidification systems of different 
sizes. If there is a cooling source available for the desiccant solution, the inlet desiccant temperature will be adjusted by: 

φ=
Ts.i − Ts,o

Ts,i − Tc,i
(11)  

where φ is the heat transfer effectiveness and set at 0.6, while subscripts i and o indicate inlet and outlet of the heat exchanger, and 
subscript c demonstrates the cooling source. 

In simulating the dehumidification degradation process, the outlet desiccant temperature and concentration at each cycle are 
subsequently used as inlet parameters for the succeeding cycle. The interval, between each reintroduction of desiccant solution to the 
dehumidifier, is derived from the total amount of desiccant solution divided by its flow rate. The heat and mass transfer processes 
occurring in the dehumidifier are modeled based on equations introduced in Section 2. 

Simulation results under the baseline are presented with a cycle of desiccant solution visually represented by a shaded area (Fig. 7). 
Upon the desiccant solution is pumped into the dehumidifier, the air will be dried, and the outlet air humidity ratio decreases to a 
certain level (Fig. 7(a)). Given there is a little time for the desiccant solution to traverse the dehumidifier, the outlet desiccant pa
rameters are zero at the beginning (Fig. 7(c) and (d)). During the dehumidification process, the desiccant solution and air are heated 
due to the water transfer with exothermic effect. The consequent temperature increases are approximately 5 ◦C for the outlet desiccant 
and 2 ◦C for the air in one cycle (Fig. 7(d)). The desiccant is diluted after drying the air, the concentration variation is less than 0.002 
kg kg− 1 or 0.5 % of the initial desiccant concentration per cycle (Fig. 7(c)), which are consistent with the result in the report [19]. It 
indicates the variation in concentration is tiny compared to that of the desiccant temperature. Therefore, the diminished dehumidi
fication performance is mainly attributed to the temperature rise of the desiccant solution. 

Fig. 7. Dehumidification durability at the baseline: (a) outlet air humidity ratio; (b) outlet air temperature; (c) outlet desiccant concentration; (d) outlet desiccant 
temperature. 
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3.2. Concentration analysis 

The impact of initial desiccant concentration is investigated (Table 3). Elevated concentrations of the LiCl solution manifest 
marginal changes in the dehumidification duration (Fig. 8(a)). Only a small increase in the number of cycles is observed when the 
desiccant mass concentration surges from 30 wt % to 45 wt %. The higher concentration the desiccant solution, the less the surface 
vapor pressure, causing augmented water vapor to be transferred from the air and more latent heat will be released to heat the 
desiccant solution. Then, a larger temperature rise of desiccant solution is accomplished (Fig. 8(d)), limiting the dehumidification 
performance and the number of cycles. In cycles, the concentration is diluted slightly (Fig. 8(c)). Hence, the temperature rise is the 
primary factor in limiting the duration of the dehumidification process. From the above findings, it can be inferred that the results with 
varying initial desiccant temperatures and concentrations are similar, wherein the temperature rise of the desiccant solution is 
significantly important. Therefore, the results for varied initial desiccant temperatures are omitted. 

3.3. Desiccant flow rate 

The desiccant flow rate significantly impacts the dehumidification duration, which is determined by the product of the number of 
cycles and the duration of each cycle. As the desiccant flow rate increases, the dehumidification and exothermic rates also increase, 
making the temperature rise of the desiccant change slightly. The number of cycles is closely related to the desiccant temperature as 
shown in Section 3.1, therefore, the number of cycles changes slightly when the desiccant flow rate varies. However, with the total 
desiccant solution amount remaining constant, the duration of each cycle significantly decreases as the desiccant flow rate increases. 
Therefore, the overall dehumidification duration substantially decreases with an increase in the desiccant flow rate. Specifically, 
increasing the desiccant flow rate from 0.03 kg s− 1 to 0.12 kg s− 1 can reduce the overall duration by approximately threefold (Fig. 9 
(a)). However, the variation in the desiccant flow rate can lead to a dominant change of the outlet humidity ratio. The duration will be 
zero for ΔY >6 g kg− 1, when a low desiccant flow rate of 0.03 kg s− 1 is applied (Fig. 9(b)). Therefore, it should refrain from adjusting 
the duration by altering the desiccant flow rate. 

3.4. Desiccant solution amount 

The desiccant solution amount can markedly impact the dehumidification duration. Elevating the desiccant solution amount from 
7.2 kg to 28.8 kg correlates with an increase in the duration, ranging from approximately 600 s–2400 s for ΔY > 1 g kg− 1 (Fig. 10(b)). 
The duration extension is almost proportional to the augmented desiccant solution, since the addition of desiccant solution just 
prolongs the running time of each cycle. Besides, when the desiccant solution amount increases, both the outlet air humidity ratio in 
each cycle and the number of cycles remain constant (Fig. 10(a)). Therefore, adding the desiccant solution amount is a traditional 
method to address the intermittent of renewable energy, it can effectively prolong the duration without compromising the dehu
midification performance. 

Fig. 8. Effects of initial desiccant concentration on the dehumidification durability: (a) outlet air humidity ratio profiles; (b) running time variations; (c) outlet 
desiccant concentration profiles; (d) outlet desiccant temperature profiles. 
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3.5. Air humidity ratio 

The air humidity ratio has an ignorable impact on the duration of the dehumidification process. The number of cycles increases by 
one when the inlet air humidity ratio rises from 14.85 g kg− 1 to 22.55 g kg− 1 (Fig. 11(a)). An increment in the inlet air humidity ratio 
can lead to an augmentation in the outlet air humidity ratio, but the variation of the inlet air humidity ratio slightly surpasses that of 
the outlet air humidity ratio. Then, the maximum ΔY will be a little larger when the inlet air humidity ratio increases, indicating there 
is more space for the outlet air humidity ratio to increase. Therefore, the number of cycles can increase slightly when the inlet air 
humidity ratio is higher. 

3.6. Air temperature 

The effect of air temperature on the dehumidification duration is also marginal, since the profiles of outlet air humidity are almost 
the same (Fig. 12(a)). A decrease in the air temperature aids in lowering the desiccant temperature, but the released latent heat of 
water vapor dominates the desiccant temperature when ΔY is large. Consequently, the temperature rise of desiccant solution is hardly 
suppressed by lowering the air temperature. Only when ΔY is small, the cooling performance offered by the low-temperature air can be 
apparent. Therefore, the running time for ΔY >1 g kg− 1 is slightly longer when the air temperature is lower (Fig. 12(b)). 

Fig. 9. Dehumidification durability sensitivity to the desiccant flow rate: (a) outlet air humidity ratio profiles; (b) running time variations.  

Fig. 10. Dehumidification durability sensitivity to the desiccant solution amount: (a) outlet air humidity ratio profiles; (b) running time variations.  

Fig. 11. Impact of air humidity ratio on the dehumidification durability: (a) outlet air humidity ratio profiles; (b) running time variations.  
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4. Discussion 

In this section, the dehumidification duration is investigated by introducing a cooling unit. Additionally, the results of theoretical 
study are analyzed to reveal the impact mechanisms of dehumidification duration. Based on these findings, design guidance for 
minimizing desiccant solution amount is proposed. 

4.1. Introducing a natural cooling unit 

As presented in Section 3, the temperature rise of desiccant solution significantly influences the dehumidification duration. 
Therefore, configuring a cooling unit is necessary. With an available 28 ◦C natural cooling source, such as the ambient air in Hong Kong 
[18], the duration can be extended up to 105 s (Fig. 13(a)). The natural cooling source can effectively diminish the temperature rise of 
the desiccant solution. Consequently, the desiccant temperature can be maintained at a low level close to the cooling temperature 
(Fig. 13(d)), suppressing a rapid increase in the desiccant solution’s surface vapor pressure. As a result, the dehumidification duration 
can be significantly extended. A further reduction in the cooling temperature to 20 ◦C can approximately triple the duration (Fig. 13 
(a)). 

It should be noted that the desiccant solution becomes more diluted when a lower cooling temperature is accessible (Fig. 13(c)), 
indicating the initial desiccant concentration should be higher. Otherwise, the dehumidification duration will be constrained. Thus, 
the primary limiting factor for the duration becomes the initial desiccant concentration when a cooling source is available. 

4.2. Analysis of mechanisms 

The theoretical study conducted above elucidates that the cooling unit, desiccant solution amount and flow rate critically influence 
the dehumidification duration. However, their impact mechanisms are different. The cooling unit can effectively eliminate temper
ature rise of the desiccant solution and increase the number of cycles, while increasing the desiccant solution amount or decreasing the 
desiccant flow rate can extend the duration of each cycle. Therefore, the dehumidification duration can be expressed quantitatively as 
follows: 

DT = n ·
Ms,tot

ms
(12)  

where n represents the number of cycles. 
In scenarios where the cooling resource is unavailable, n is capped at 8. Due to the temperature rise of the desiccant, this upper limit 

is maintained regardless of the initial desiccant and air parameters. In this context, the duration may be extended primarily by 
decreasing the desiccant flow rate or increasing the desiccant solution amount. The state parameters of desiccant and air are main
tained in each cycle if augmenting the desiccant solution amount, and the extended duration is proportional to the added desiccant 
solution (Fig. 10). Thus, the duration can be controlled easily by adjusting the desiccant solution amount as traditional method does. 
However, reducing the desiccant flow rate results in a notable increase in the outlet air humidity ratio (Fig. 9). This suggests that 
adjusting the desiccant flow rate should be avoided, as it negatively impacts dehumidification performance. Accordingly, adjusting the 
duration through decreasing the desiccant flow rate is not advisable. 

When a cooling source is available, the dehumidification duration can be extended significantly from a few minutes to several hours 
(Fig. 14), signifying a hundredfold increase. This pronounced increase originates from the elimination of temperature rise, which leads 
to a substantial increase in the upper limit of n. Consequently, the upper limit becomes subject to the initial desiccant concentration. 
The higher the concentration of the initial desiccant solution, the larger the parameter n. Nevertheless, the concentration of the initial 
desiccant solution should be less than 50 % at 25 ◦C to prevent crystallization [20], indicating that there is also an upper limit to the 
initial desiccant concentration. Therefore, a more effective way to further extend the duration is by increasing the amount of desiccant 
solution. 

4.3. Design guidance 

Based on the above analysis, design guidance aims at minimizing the solution amount is developed. By introducing a natural 

Fig. 12. Dehumidification durability sensitivity to the air temperature: (a) outlet air humidity ratio profiles; (b) running time variations.  
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Fig. 13. Impact of cooling temperature on the dehumidification durability: (a) outlet air humidity ratio profiles; (b) running time variations; (c) outlet desiccant 
concentration profiles; (d) outlet desiccant temperature profiles. 

Fig. 14. Running time comparison: with and without Cooling.  

Fig. 15. Design guidance evaluation: (a) economy perspective; (b) weight perspective.  
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cooling resource, multiplying benchmark can sustain the dehumidification process for several hours, while tens of times this bench
mark can further extend the duration to several days. 

The benefits of the design guidance are elucidated with respect to the solution amount and investment cost reductions. As the 
natural cooling resource at 28 ◦C can be obtained freely, such as the ambient air in Hong Kong [18], then an air-solution heat 
exchanger with an effectiveness of 0.6 is configured. According to the effectiveness, the heat transfer area of the heat exchanger should 
be 0.2 m2, resulting in a corresponding cost of approximately $407.8. Appendix sections provide detailed parameter calculations for 
the heat exchanger. However, when more desiccant solution is added to achieve a duration of 105 s at ΔY >3 g kg− 1, around 1584 kg of 
desiccant solution should be configured, resulting in a cost increase of around $6132 (Fig. 15(a)), exclusively considering solute 
expenses with anhydrous LiCl priced at $9.68 per kilogram [21]. Besides, the superiority of adding a heat exchanger becomes more 
prominent when the dehumidification duration extends further. Transitioning from a 105 s to a 4 × 105 s duration, the required cost is 
$2.45 × 104 for the traditional method while $491 for the proposed design guidance. 

Furthermore, when the duration is around 105 s, the solution amount experience little increase upon introducing a natural cooling 
unit, while an overwhelming 1584 kg should be configured for the traditional method (Fig. 15(b)). This suggests the introduction of a 
natural cooling unit can significantly reduce the solution amount. Furthermore, this superiority can be further pronounced when the 
duration extends to several days. As the duration extends from 105 s to 4 × 105 s, the desiccant solution amount increases from 0 kg to 
22.47 kg for the proposed method, while it increases from 1584 kg to 6336 kg for the traditional method. The required desiccant 
solutions can be minimized by over 90 % for the proposed design guidance. 

Although some previous studies have incorporated the heat exchanger to cool the desiccant solution, they aim to improve the 
dehumidification effectiveness. They do not quantitatively elucidate the capability of cooling desiccant solution on extending the 
dehumidification process’s duration and lowering the investment of liquid desiccant dehumidification systems. Additionally, previous 
studies do not reveal that a natural cooling resource rather than mechanical cooling is fulfilled to significantly reduce the solution 
amount. This study fills this knowledge gap and serves as a valuable reference to optimize the solution amount. 

4.4. Consideration with specific applications 

The above study mainly addresses the dehumidification duration impact mechanisms but overlooks some restraints in specific 
applications, such as the outlet air humidity ratio requirements and the potential for obtaining renewable energy. When the 
requirement for the outlet air humidity ratio is considered, the number of cycles would be influenced, since the outlet air humidity 
ratio increases with the number of cycles, as shown in Fig. 7(a). Typically, a lower required outlet air humidity ratio would result in 
fewer cycles and less dehumidification duration. Taking the simulated results in Fig. 7 as an example, when the outlet air humidity 
ratio is required to be lower than 16 g kg− 1, the number of cycles and dehumidification duration would decrease by approximately 40 
%. Given that the requirement for outlet humidity ratio serves merely as an evaluation criterion rather than an impact factor, it does 
not directly affect dehumidification duration impact mechanisms. Thus, to extend the dehumidification duration, introducing a 
cooling unit can still effectively manage the desiccant temperature and significantly increase the number of cycles. This increase in the 
number of cycles would be less pronounced compared to scenarios without a specific requirement for the outlet air humidity ratio. 
Following this, adding a small amount of desiccant solution can significantly extend the dehumidification duration, as indicated by 
equation (12). With such design guidelines, the solution amount can be minimized compared to the traditional method that solely 
increases the solution amount. 

Furthermore, during the design stage, the maximum duration of renewable energy unavailability is always considered. This 
consideration enables the determination of the maximum dehumidification duration without regeneration. Then, the design guidance 
proposed above can be directly applied, since the above study aims to explore the maximum dehumidification duration with a certain 
amount of solution. Therefore, introducing a cooling unit and adding a small amount of desiccant solution can also be feasible to meet 
the required maximum dehumidification duration while minimizing the required solution amount. 

Therefore, the requirements for the outlet air humidity ratio and the potential for obtaining renewable energy can be considered as 
boundary conditions of the above-studied situation. Even though these complex factors are considered, the results obtained and the 
design guidance proposed above remain feasible. 

5. Conclusions 

This study investigates the mechanisms impacting the dehumidification duration with the aim of minimizing the desiccant solution 
usage in the liquid desiccant dehumidification system. It identifies the temperature rise of the desiccant solution, rather than the 
amount of desiccant solution, as the primary factor limiting the dehumidification duration. By utilizing a natural cooling resource at 
28 ◦C, instead of mechanical cooling, the dehumidification duration can be significantly extended and a reduction in desiccant solution 
amount by over 90 % can be achieved compared to the traditional method. Furthermore, the proposed design methods in reducing the 
solution amount can be applicable to other types of dehumidification systems, such as internally-cooling or membrane-based liquid 
desiccant dehumidification systems. The specific conclusions are as follows:  

1. The dehumidification duration is governed by two factors: the number of cycles, largely impacted by temperature rise of the 
desiccant solution, and the duration of each cycle, predominantly influenced by the amount and mass flow rate of the desiccant 
solution. 
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kh,a = 26.8 ·m0.418
a (A5) 

The required air velocity is 1 m s− 1 for the air flow rate of 0.06 kg s− 1, if the length and width of the heat exchanger are designed as 
0.25 m and 0.25 m. The required velocity is easily available, for instance, the average air velocity is 4 m s− 1 at Hong Kong in July [18]. 

The heat transfer coefficient of desiccant solution (kh,s) is calculated by Ref. [22]: 

kh,s =
Nu · λs

Di
(A6)  

Nu=
0.023 ·Re0.8 ·Pr

0.88 + 2.03 · (Pr2/3 − 0.78) ·Re− 0.1 (A7)  

D. Derivation of heat transfer area and subsequent calculations 

Subsequently, the heat transfer area can be derived, assuming the heat transfer area for the air and desiccant solution are the same. 
The length of the tube is equal to the total heat transfer area divided by the circumference of the tube cross-section. The inner and outer 
tube diameters (Di and Do) are set as 8 mm and 10 mm, then the volume of stainless steel used for building the heat exchanger can be 
obtained by multiplying the length of the tube with the difference in cross-sectional area between the outer and inner diameters. 
Accordingly, the weight of heat exchanger can be approximately calculated by the density and volume of stainless steel. The cost of 
heat exchanger is calculated by equation (A8) and updated to year 2022 by equation (A9) with Chemical Engineering Plant Cost Index 
(CEPCI) [24]. CEPCI of year 2022 and reference year 2000 are reported as 816.0 and 394.1. 

Z2000 = 8000 ·
(

A
100

)0.6

(A8)  

Z2022 =Z2000 ·
CEPCI2022

CEPCI2000
(A9) 

This comprehensive analytical derivation ensures a precise and rigorous understanding, enabling an accurate calculation of the 
heat exchanger’s parameters, and thereby facilitating an informed and optimal design choice. 

Appendix 2. Discretization of the governing equations 

In simulating the dehumidification performance, the governing equations (1)–(5) are discretized by the finite difference method. 
The partial derivatives are approximated using a forward difference scheme for the time derivatives and a first-order backward dif
ference scheme for the spatial derivatives. n and n + 1 indicate the current and next time steps, while i and i − 1 demonstrate the 
current and previous spatial steps. Δτ and Δy are the sizes of the time and space steps, respectively. The specific discretization of the 
governing equations is as follows: 

Ma
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a,i − hn
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