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Abstract- In the past decades, desiccant cooling systems have received much attention. These
systems are considered as an alternative way to decrease energy consumption and greenhouse gas
emission in humid and hot locations. To address the importance of desiccant air-conditioning systems,
the present research aims to provide an overview of recent studies on the development of desiccant air
conditioning system. Another objective is to consider the numerical and theoretical analysis of
desiccant systems. Moreover, for the first time, a summary of recent researches regarding the use of
Computational Fluid Dynamics (CFD) technique for numerical modeling of desiccant cooling systems
has been especially reviewed in detail. Finally, in the present review, the principle of regeneration of
liquid desiccant using solar energy have also been considered briefly.

Indexed Terms- Desiccant; Solar energy; Regeneration, Numerical analysis, Greenhouse gas
emission.

INTRODUCTION

Renewable energy is expected to meet around 30% of global energy demand by 2040 which is
demonstrated in Figure 1 [1]. Solar energy contributes a considerable portion to the predicted share of
renewable energy. Desiccant dehumidification system can use solar energy for the regeneration of its
desiccant. Thus, it is an attractive alternative to Conventional Air Conditioning (CAC) system for
humidity control [2]. The desiccant dehumidification processes involve removing water vapor from
the air by absorbing it in the desiccant which is hygroscopic in nature. It is substantial to reduce the
energy cost of Heating, Ventilating and Air Conditioning (HVAC) system without compromising
indoor air quality and comfort condition because of increasing cost of fossil fuel and other
environmental concerns [3]. In the past decades, desiccant cooling system has received much
attention. This system is considered as an alternative way to reduce energy consumption and
greenhouse gas emission in humid and hot locations [4-6]. Researchers indicate that this system can
reduce total consuming of energy by shifting the energy used away from electricity and towards
renewable, cheaper fuels and waste energy that are pleasant for solar energy [7,8]. Desiccant can
absorb water moisture, so they employed positively to overcome the latent part of cooling load.

The present review paper focused on the recent studies on the development of desiccant air-
conditioning systems, numerical and theoretical analysis of desiccant systems, especially using CFD
method for numerical modeling of liquid and solid desiccants, and finally summarizing significant
works on the regeneration of liquid desiccant using solar energy.

DESICCANTS AIR-CONDITIONING SYSTEM

As desiccants can be either solid or liquid [9], they can be categorized into solid desiccant
systems, which include fixed bed type and rotary wheel type, and liquid desiccant system. Silica gel,
LiCl, molecular sieves, etc. are commonly utilized as solid desiccants. Solid desiccant cooling
systems operate on the principle of adsorption of water vapor from the air. In solid desiccant cooling

84



H. Fatahian et al./International Journal of Engineering Technology and Sciences 7:1 (2020) 84 — 96

systems, the moisture in ventilated/recirculated process air is first removed by a rotating desiccant
wheel [10]. The energy required for regeneration of rotary desiccant wheel is supplied through
regeneration heat source either by an electrical heater or solar/waste heat. Desiccant cooling systems,
hence, comprise principally four components, namely the regeneration heat source, the rotary
dehumidifier, sensible heat exchanger, and the cooling unit (Figure 2). The possible configuration and
composition of each of the four components can change largely according to the nature of the
desiccant [10].
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Figure 1: Share of renewable energy [1].

Liquid desiccant has some advantages over solid desiccants [11,12]. The basic sections of the
liquid desiccant system including the dehumidifier, regenerator, cooling coil, heating coil, and
solution heat exchanger that is shown in Figure 3a [2]. The liquid desiccant solution is the major
operating fluid in this system which is used to absorb/desorb water vapor from/to an air stream
(Figure 3b) [2]. The liquid desiccant system is more energy-efficient and provides effective control of
indoor air humidity [13]. Most liquid desiccant units are direct contact type in which air comes in
direct contact with desiccant solution [14].

The problem of carryover of the desiccant solution is a major problem in these direct contact type
units. The problem of carryover will affect the indoor air quality and will also raise the cost of
maintenance due to corrosion [16]. Abdel-Salametal. [15] introduced a new kind of liquid air
membrane energy exchanger as the dehumidifier for avoiding the problem of desiccant solution
carryover. The results under fully developed conditions give a system coefficient of performance of
0.6 and humidifier sensible heat ratio of 0.3-0.5. Bichowsky [3] used lithium chloride (LiCl) solution
for the aim of drying the air. Some parameters which depict desiccant materials performance are
energy storage density, temperature for regeneration, boiling point elevation, availability, and cost.
Furthermore, a good desiccant should have these properties including low viscosity, high heat
transfer, non-toxic, non-flammable, stable, and inexpensive [3]. Commonly used liquid desiccants in
the industrial dehumidifiers are glycols and solutions of halide salts that include lithium chloride
(LiCl), lithium bromide (LiBr), calcium chloride (CaCl,), and a mixture of salts, etc. Zuber et al. [17]
and Ahmed et al. [18] presented thermodynamic characteristics of a single desiccant. They found that
lithium chloride has the lowest vapor pressure but it is very expensive as compared to the other ones.
Park et al. [19] experimentally studied four 8-C alcohol additives to liquid desiccant to lower its
surface vapor pressure. Ertas et al. [20] stated that the viscosity of the mixture of LiCl and CacCl, is
low and it is highly soluble. Liu et al. [21] considered the performance of two liquid desiccants that
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are commonly used. Moreover, they investigated the reason for replacing triethylene glycol with other
aqueous salts. triethylene glycol
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Figure 2: Solid desiccant cooling system [10].
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Figure 3: (a) Liquid desiccant system (b) Liquid desiccant cycle [2,15].
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NUMERICAL AND THEORETICAL ANALYSIS OF DESICCANT SYSTEMS

The prediction and analysis of fluid flow and heat transfer can be derived by CFD simulation
relating to continuity and momentum equations as well as energy equation [22,23]. This numerical
investigation can be implemented using Ansys Fluent [24] based on CFD code which is carried out to
describe the complex behavior of heat and mass transfer in the absorption and separation process and
analyzing the fluid flow and heat transfer in different problems [25-34]. The absorption process of
liquid desiccant dehumidifier considered with the CFD technique is rarely presented. Guo et al. [35]
used a transient model with the CFD technique to analyze the dynamic performance of a liquid
desiccant regenerator. They concluded that the impact of inlet air temperature on the regeneration
process was relatively smaller compared to other factors. Also, they found that the mass fraction of
water vapor at the air outlet raised with the increment of inlet solution temperature (Figure 4) [35].
The outlet air temperature increased as the inlet solution temperature raised, resulting from the
sensible heat and latent heat exchange with the desiccant solution.
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Figure 4: Mass fraction of water vapor under different inlet solution temperature [35].

Bonello et al. [36] implemented a CFD model as a predictive tool for the transient characteristics
of silica gel under different operational conditions such as ambient temperature, ambient humidity,
supply airflow, and mass of desiccant. Their CFD results accurately predicted the dehumidification
performance of changing silica gel masses by using only an experimental test. Luo et al. [37]
numerically investigated the flow in liquid desiccant dehumidifier using a CFD-based analysis. They
demonstrated that the model successfully predicted the optimum flow rates of solution and air. It was
concluded in the study of Luo et al. [38], for optimizing the operating condition, the air velocity
should be set based on the channel size, including the channel length and width. Also, they concluded
that the CFD model has been proved to be reliable because of good agreement results with the other
models. Wen et al. [39] introduced a 3D CFD model of heat and mass transfer process in a falling film
dehumidifier. They showed that the non-wetting of falling film and mass transfer resistance in the
airside hindered the dehumidification performance. As a result, the CFD simulations have been
proved to be reliable to simulate and analyze the dehumidification process. Niu et al. [40] employed a
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standard turbulence model and Discrete Phase Model (DPM) to simulate the heat and mass transfer in
a humidification evaporator and consider the velocity and temperature fields in the device. They
indicated that the velocity of air was higher under the pipe bundle and there was a partial eddy current
near the wall of the box (Figure 5a). The air velocity at the center of the eddy current was higher than
in the surrounding area. Figure 5b depicts that the total air pressure reduced gradually from the bottom
to the top, and was higher under the pipe bundle [40].
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Figure 5: (a) Airflow velocity vector (b) Total air pressure [40].

Luo et al. [41] introduced some mathematical models to predict and investigate the heat and mass
transfer process in a liquid desiccant dehumidifier. The finite-difference model, effectiveness NTU
model, and simple analytical model are used commonly in dehumidifier [42]. Different mathematical
models are indicated in Table 1. Salarian et al. [43] analytically studied the performance of packed-
tower dehumidifiers. They considered the impact of dimensionless parameter air to liquid desiccant
flow rate ratio (ASMR) on its performance. It can be observed from Figure 6, there is an optimum
number for the efficiency of enthalpy which is useful in the design of dehumidifier and regenerator.

Table 1: Mathematical model.

Model Flow References
Effectiveness NTU model Counter [43,44]
Simple/quick prediction Counter [45]
Empirical correlations Cross [46]
Artificial neural network Counter [47]

The kinetic mass transfer model Cross [48]
Simple hybrid model Counter [49]
Runge-Kutta based model
fixed step method Counter [50]
Simple analytical Cross [51]
Simple analytical Counter [52,53]

88



H. Fatahian et al./International Journal of Engineering Technology and Sciences 7:1 (2020) 84 — 96

1.0, R
—— NTU=3
e B —  NTU=4
——NTU=5
s .8 = NTU=8 ||
207 o ~N b e NTU= 10
ko —— NTU= 100
O
s 0.6~ T ——
o 4
>y 0.5
L
g 0.4 NN S I S E—
é‘ 0.3
0.2 || \_
0.1 | | | | | | [

o
o2

05 1 1.5 2 25 3 35 4 45 5 55 6

Figure 6: Enthalpy efficiency in terms of m*[43].

Qi et al. [52] analytically investigated a theoretical model for predicting the falling film desiccant
dehumidification process. Consequently, it is theoretically possible to evaluate the characteristics of
liquid/air interface with heat and mass transfer. Liu et al. [53] validated a simple analytical solution
for heat and mass transfer of a liquid desiccant dehumidifier. They found that the enthalpy efficiency
of the dehumidifier equaled moisture efficiency.

REGENERATION OF LIQUID DESICCANT USING SOLAR ENERGY

Increased population, improved economy, comparatively lower cost of air conditioning equipment
for more suitable human conditions are imposing major stress on our electricity production house
[54,55]. Air conditioners mainly operate on Vapour Compression Refrigeration System (VCRS),
which consumes a large amount of electrical energy. Solar cooling is a significant solution to global
warming and environmental degradation [56-60]. The major option to the conventional VCRS is solar
used Liquid Desiccant (LD) dehumidification followed by evaporative water cooling. In liquid
desiccant based air conditioning, after the adsorption of moisture from process air LD requires to be
regenerated. This weak liquid desiccant solution can be regenerated by heating by using solar
radiation [61]. This heat can be supplied by solar-heated air in the stripping column or with the help of
various process solar equipment e.g. solar still [62-64], solar collector [65,66], falling film [67],
packed bed [68], solar dryer [69], solar pond [70], etc.

A solar-powered liquid desiccant system having an evaporative pad for greenhouse food
production application in hot and humid climates as illustrated in Figure 7 [71]. As an alternative
option of Solid Desiccant Cooling Systems (SDCS), Liquid Desiccant Air conditioning (LDAC)
systems have emerged rapidly in the last few years. The lower regeneration temperature around 45-70
°C [72,73] allows liquid desiccant to be applied in the air conditioning system rather than solid
desiccant having a temperature range of 70-120 °C [74].
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Figure 7: Solar used liquid desiccant dehumidification [71].

As a kind of renewable energy, solar energy can be utilized for regenerating liquid desiccant and
solar desiccant regeneration system has attracted much attention [75,76]. At present, the solar
desiccant regeneration system is mainly driven by solar thermal energy (TH regeneration) [77]. The
solar collector/regenerator, which combines solar collector and regenerator of solar desiccant
regeneration system, has been investigated by many researchers [78-80]. Katejanekarn et al. [81] have
experimentally considered the performance of a Solar regenerated liquid desiccant ventilation pre-
conditioning system in all-year-round seasons containing winter, summer, and rain as depicted in
Figure 8. They concluded the reduction in temperature around 1.2 °C with a total humidity reduction
of about 11%.

Kabeel [82] investigated the regeneration of liquid solution using cross-flow of air stream with a
flowing film of desiccant on the surface of a solar collector/regenerator. Their results indicated that
the enhancement of regeneration efficiency for the forced cross-flow compared with the free
regeneration. Li and Yang [83] analyzed the energy performance for using exhaust air for the
regeneration of weak desiccant solution and heating the solution to a temperature higher than the
equilibrium value for different lengths of the collector/regenerator panels. They concluded that the
thermodynamic performance is substantially improved and it is possible to shorten the length of the
solar collector/regenerator without degrading the performance greatly. Mehta et al. [84] used a novel
Evacuated Type Collector (ETC) as a regenerator for a liquid desiccant-based solar air conditioning
system. This non-tracking type ETC can obtain more range of temperature than a conventional solar
flat plate collector and liquid can be boiled in it.
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CONCLUSION

This review provides a comprehensive overview of the developments of the desiccant air
conditioning system. It explained the numerical and theoretical analysis of desiccant systems.
Furthermore, a summary of recent studies regarding the use of the CFD method for numerical analysis
of desiccant systems was reviewed. Finally, the regeneration of liquid desiccant using solar energy
was considered in detail. The conclusions emerging from reviewing recent studies can be summarized

as:

Desiccant dehumidification system is an attractive alternative to Conventional Air
Conditioning (CAC) systems for humidity control.

Liquid desiccant has more advantages over solid desiccants.

The liquid desiccant systems are more energy-efficient and provide effective control of indoor
air humidity.

Most of the liquid desiccant units are direct contact type in which air comes in direct contact
with the desiccant solution.

CFD method has been proved to be reliable in order to simulate the desiccant
dehumidification system.

The finite-difference model, effectiveness NTU model, and simple analytical model are used
commonly in a desiccant dehumidifier.

In liquid desiccant based air conditioning, after the adsorption of moisture from process air
liquid desiccant needs to be regenerated which can be regenerated by heating with the help of
solar radiation.
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