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Abstract Air dehumidification in humid climates can improve the people’s living
environment to promote the life quality and improve working environment signifi-
cantly to increase production rate and product quality. Desiccants are key materials
used in the dehumidification technologies. In this chapter, the conventional solid
desiccant materials and different types of desiccant systems are introduced. Further-
more, the performance of solid dehumidification materials is emphatically analysed.
In addition, desiccant regeneration methods are summarized, and two examples of
their applications are presented in the last part of the chapter, namely the novel solar
solid. dehumidification/regeneration bed and solar-powered dehumidification win-
dow. This chapter would be helpful for researchers and engineers in this area to
exploit the potential applications of solar desiccant technologies in building sector.
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1 Introduction

Hot and humid weather affects people’s comfort, bringing inconveniences to peo-
ple’s life and work, as well as influences industrial productivity, thus reducing the
quality of process products. Taking an example of South China, most time in a year
in South China that is humid, its annual average relative humidity is above 70%
[1] and the daily average moisture content in the air-conditioning season is 20 g/kg
[2]; air dehumidification becomes more and more important in modern life in such
an area with the rapid development of economic and increased life quality demand.
Currently, the commonly used air dehumidification methods are cooling dehumid-
ification, compressed air dehumidification, liquid absorption dehumidification and
solid adsorption dehumidification, or combination of the above dehumidification
methods. Meanwhile, some scholars put forward some new dehumidification tech-
nologies, such as membrane dehumidification, electrochemical dehumidification,
heat pipe dehumidification and heat pump dehumidification [3]. The selection of
air dehumidification methods is mainly based on the processed air parameters and
environment, and the comparison of common air dehumidification methods is shown
in Table 1 [4]. Among different methods, solid adsorption dehumidification has the
advantages of large air volume, strong dehumidification capacity, energy-saving,
simple structure and no pollution. Solid adsorption dehumidification usually realizes
air dehumidification by loading desiccant material in the air flow channel. Accord-
ing to the structure, solid dehumidification includes rotary dehumidification and
packed-bed dehumidification. A rotary dehumidifier has a complex structure, high
cost, easy running wet, high regeneration temperature (90–150 °C); thus, the use of
low-grade heat source is inhibited [5]. Furthermore, its rotating parts make difficult
to achieve the process of internal cooling dehumidification and thermal regeneration,
which reduce the dehumidification and regeneration performance. Packed-bed dehu-
midification has the advantages of large air volume, low-grade energy regeneration,
easy of achieving internal cooling dehumidification and thermal regeneration, simple
structure and maintenance, low noise and reliable operation, etc. [6–8].

When the packed-bed is saturated, it needs to be regenerated to achieve the opera-
tion cycle. The regeneration performance is one of the most important factors which
affect the dehumidification performance of the packed-bed [9]. The traditional regen-
eration method is the electrical heating regeneration, which regenerates the solid
desiccant material of the packed-bed by the air that is directly heated by electrical
energy. This regeneration method has the following major disadvantages:

(1) Low regeneration efficiency Two reasons lead to low regeneration efficiency.
One is the two-step heating process, i.e. regeneration air is heated firstly by
electricity and then solid desiccant material heated by the regeneration air, lead-
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Table 1 Comparison of the dehumidification methods

Dehumidification
method

Cooling
dehumidifi-
cation

Liquid
dehumidifi-
cation

Rotary
dehumidifi-
cation

Membrane
dehumidifi-
cation

Solid dehu-
midification

Separation mode Condensation Absorption Adsorption Infiltration Adsorption

Dew point
temperature after
dehumidifica-
tion/°C

0–20 0–30 −30 to 50 −20 to 40 −30 to 50

Handling air
volume/m3 min−1

0–30 100–2000 0–200 0–100 0–2000

Equipment area Middle Large Small Small Large

Operation and
maintenance

Middle Difficult Difficult Middle Middle

Existing problems Difficult to
achieve low
dew point,
high energy
consump-
tion

Adsorbent
corrosion

High energy
consump-
tion

High
membrane
require-
ments

Repeated
regenera-
tion

ing to the decrease in the regeneration efficiency. Another is that in the heating
and regeneration process the moisture movement direction in the solid desic-
cant material is opposite to the heat transfer and therefore further reduces the
regeneration efficiency.

(2) Large regeneration energy consumption. The thermal resistance of the solid
desiccant material is large, so the heat in regeneration air is difficult to trans-
fer to interior of the dehumidification material, causing most of the heat to be
discharged with the air, and the high temperature (greater than 80 °C) of the
regeneration process leads to a large loss of energy consumption [10]. After
regeneration, the temperature of solid desiccant material is high, so it is nec-
essary to cool the material before performing the further dehumidification. In
the system cycle, heat and cold cancel each other out, further increasing the
regeneration energy consumption of the packed-bed.

(3) Long regeneration time. Due to the increase in regeneration temperature, the
energy consumption of regeneration will increase, and the high temperature
will destroy the structure of solid desiccant material; therefore, the regeneration
air temperature of electric heating cannot be too high, resulting in its long
regeneration time, which is difficult to meet the engineering application.

In order to solve the problemsof lowefficiency, large energy consumption and long
regeneration time, many scholars have proposed new regeneration methods, includ-
ing solar regeneration, waste heat regeneration, ultrasonic regeneration, electro-
osmotic regeneration and microwave regeneration.
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Among these new regeneration methods, solar regeneration has a good energy-
saving effect, which can effectively alleviate the pollution caused by the burning of
fossil fuels, and it will not cause harm to human body.

Taking an example of South China which is a hot and humid area, the annual
total sunshine hours in South China ranges from 1200 to 2200 h and solar radiation
range is about 4086.6–5225.1 MJ/m2 [10]. Rich solar energy source provides a good
environment for the solar regeneration in this area.

2 Desiccant Materials

The solid desiccant material in a solid dehumidification device is a key factor which
affects the dehumidification and the regeneration performance. The solid desiccant
materials used commonly include the activated alumina, the molecular sieve, the
activated carbon and the silica gel, and the basic properties of each solid desiccant
material are given as follows:

2.1 Activated Alumina

Activated alumina (Al2O3) is a kind of high microporous particle, which is mainly
made of aluminium hydroxide by hydroxyl reaction, and the capillary structure of
activated alumina makes the specific surface area of the internal channel is large and
has high activity. The specific surface area of activated alumina is about 100–200m3/g
and the pore diameter is 1.5–6 nm, and the adsorption heat is about 3000 kJ/kg.
Activated alumina has higher mechanical strength than silica gel [11]. Moreover,
it also has stronger adsorption capacity for water molecules, and its capacity on
water can reach about 60% of its own weight [12]. Activated alumina can be used
for the deep environmental dehumidification. Under experimental conditions, the
dehumidification of the activated alumina to the air can reach the air dew point
below −70 °C [13].

2.2 Molecular Sieve

Molecular sieve is mainly composed of crystalline silicate or aluminosilicate, which
can be divided into micropore (<2 nm), mesoporous (2–50 nm) and macro-porous
(>50 nm) according to the size of the pore. Molecular sieves can also be divided
into 3A, 4A, 5A, 10X and 13X according to the chemical composition. The skeleton
structure of molecular sieve is stable, and it has strong corrosion resistance. In the
case of low relative humidity, molecular sieve has a strong dehumidification capacity.
Research has shown that at an ambient temperature of 25 °C, a relative humidity of
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20%, themaximumadsorption capacity of 5A,molecular sieve is approximately 20%
and the maximum adsorption capacity of microporous silica gel is approximately 5%
[14, 15]. At the same time, there are some disadvantages of the molecular sieve. In
general, the adsorption capacity of molecular sieve is commonly smaller than that
of silica gel [16]. Due to the strong adsorption capacity to molecular sieve for water
molecules, it is necessary to consume a lot of thermal energy in the regeneration
stage to achieve desorption of moisture, resulting in higher heat loss and detrimental
to the use of low-grade energy such as solar energy and waste heat [17]. Molecular
sieve has strong adsorption to water molecules and has excellent dehumidification
performance under low humidity condition, so it is suitable for low-dew-point dehu-
midification and special goods storage room, precision instrument storage room and
other environment with high humidity requirement [18–21].

2.3 Activated Carbon

Activated carbon contains carbon, oxygen and hydrogen, and carbon accounted
for more than 80–90%. The adsorption performance of activated carbon is mainly
determined by its micropore. The pore volume of activated carbon is usually
0.25–0.9 mL/g, and the surface area of microporous surface is about 500–1500 m2/g.
Measured by BET method, the micropore surface area can reach 3500–5000 m2/g.
Activated carbon is non-polar molecule, which is easy to adsorb non-polar adsorbed
mass, while water molecule belongs to polar molecule, so the adsorption ability of
the activated carbon to water molecule is poor. Adsorption of activated carbon for
water molecules is V-type adsorption, it means under low water vapour pressure, the
interaction betweenmolecules isweaker, and the adsorption capacity of activated car-
bon is smaller. When activated carbon adsorbs part of water, the interaction between
adsorbate and adsorbate is formed inside the activated carbon and the adsorption of
water molecules increases [22]. Activated carbon is generally used in water adsorp-
tion process; it can also be used as a solid desiccant material, but it is poor in water
absorption when used as a solid dehumidification material.

2.4 Silica Gel

Silica gel is a kind of semi-transparent, non-toxic, non-corrosive solid desiccantmate-
rial, and its chemical composition is mSiO2·nH2O, which contains a lot of capillary
and crystal block structure. The specific surface area of silica gel is 600–700 m2/g,
and the average pore size is 3.2–3.5 nm [23, 24]. The adsorption of silica to water is
mostly physical adsorption, and the mass of water that it can absorb can reach 40%
of its own mass. The moisture of physical adsorption can basically be removed when
the regeneration temperature of silica gel is 100 °C; therefore, low-grade heat source
can be used to achieve the regeneration of silica gel. In addition, silica gel adsorbs
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a small amount of water (about 7% of silica gel mass) by chemical adsorption. This
part of water needs a higher regeneration temperature to make it desorbed. Silica gel
has the advantages of high moisture adsorption capacity, low regeneration temper-
ature, good mechanical properties and stable chemical properties [25]. At the same
time, the silica gel has also some disadvantages; for example, many adsorption heats
will be released during the process of dehumidification, causing a sharp decrease in
its dehumidification capacity in low humidity conditions and cracks when meeting
water droplet and so on.

3 Types of Desiccant Systems

Initially in desiccant bed dehumidification system, solid desiccant material was
placed in a closed container to dehumidify the air in the container, and then it devel-
oped into two types of desiccant bed [26]: (1) Packed-bed. The solid desiccant mate-
rial is filled in the tower (cylinder) to dehumidify air. This dehumidification process
is intermittent, and regeneration of the solid desiccant material in the tower is period-
ically; neither its operation nor control is convenient. In order to realize continuous
air dehumidification, a two-tower dehumidification method has emerged: a tower
for air dehumidification and another tower for the solid desiccant material regenera-
tion. After a certain period two towers are converted, interchanging dehumidification
process and regeneration process, so it can achieve continuous air dehumidification.
However, in the process of air dehumidification, the adsorption heat produced by the
solid desiccant material is difficult to be dissipated, which leads to the increase in
temperature and the reduction of the dehumidification performance of the packed-
bed, so some scholars put forward a new desiccant device. (2) Desiccant-coated
dehumidification packed-bed: the solid desiccant material is fixed on the air channel
to dehumidify air. Due to the low thickness of the solid dehumidification material,
the adsorption heat is easy to dissipate, which effectively reduces the influence of
adsorption heat on the bed dehumidification performance. In order to further reduce
the influence of adsorption heat, some scholars have proposed a packed-bed with
cooling gas on the other side of the dehumidification channel, which can reduce
the temperature and improve the dehumidification performance of the bed [27, 28],
and then the fin tube with cooling water is added in packed-bed, which strengthens
the heat transfer inside the packed-bed, to further improve the performance of the
desiccant bed [29–31].

3.1 Packed-Bed

The domestic and foreign researchers have studied the dehumidification performance
and dehumidification model of packed-bed. In the aspect of dehumidification per-
formance of the packed-bed, Kabeel [32] studied and analysed the effects of air
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temperature, humidity, airflow velocity and bed thickness on the dehumidification
performance of the packed-bed in the dynamic operation, which is with eight layers,
and the results showed that the dehumidification quantity of the packed-bed mainly
depended on the humidity of inlet air and air velocity. Song et al. [33] studied the
dehumidification performance of packed-bed with different desiccant material filling
modes, and they found that the average dehumidification capacity of two pieces of
50-mm-thick, 100-mm-filled desiccant modules was 16.8% greater than that of one
piece of 100-mm-thick desiccant module. It is indicated that the dehumidification
performance of packed-bed could be improved effectively by the sectional dehu-
midification of the thickness direction. In order to reduce the effect of adsorption
heat on the dehumidification performance of the desiccant material in the thickness
direction, the gas–liquid heat exchanger was set in the middle of the packed-bed to
reduce air temperature. Ramzy et al. [34] produced a packed-bed with intercooling
and compared traditional packed-bed with the experimental one. The results showed
that the dehumidification capacity of the packed-bed via intercooling is 22% larger
than that of the traditional packed-bed.

In the dehumidification model of the packed-bed, Pesaran and Mills [35] estab-
lished a solid-side resistance model (SSR) and a pseudo-gas-side-controlled model
(PGC) to study the law of water transfer in the dehumidification process of the
packed-bed. The results showed that the model calculated with the solid-side resis-
tance was closer to the experimental data. In order to study the effect of heat transfer
along the thickness direction of the packed-bed in the process of non-isothermal
dehumidification, Ramzy et al. [36] established a solid-side resistance with axial
heat conduction model (SSR-AC) that considers the direction heat transfer of the
thickness of the bed based on the solid-side resistance model. And by comparing
the calculation results of SSR model and SSR-AC model, the effect of heat transfer
along the thickness direction of the packed-bed in the dehumidification process was
studied. Ramzy et al. [37] established the pseudo-gas-side-controlled (PGC) mathe-
matical model and compared with the experimental results. The results showed that
the root mean square of errors ranges from 1.15 to 9.03% for the exit air humidity
ratio and from 1.08 to 9.68% for the exit air temperature. By using the scale principle
to analyse and calculate the heat and mass transfer process of the desiccant in the
packed-bed and comparing with the numerical simulation results of the packed-bed
dehumidification process, Mitra et al. [38] found that the scale principle can accu-
rately describe the two-dimensional heat andmass transfer process of the packed-bed
dehumidification, which provides the theoretical basis for the establishment of the
packed-bed dehumidification model.

3.2 Desiccant-Coated Dehumidification Packed-Bed

The research on the desiccant-coated dehumidification packed-bed at home and
abroad mainly includes the dehumidification performance and the dehumidifica-
tion model. In the aspect of the dehumidification performance of desiccant-coated
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dehumidification packed-bed, Ge [39] carried on the experimental research on the
dehumidification performance of the cross-flow packed-bed and downstream-flow
packed-bed. The results showed that the dehumidification capacity of the cross-flow
packed-bed is greater than that of downstream-flow packed-bed, but there is a large
heat resistance between the dehumidification material in the cross-flow packed-bed,
resulting in the difference between the temperature of inlet and outlet air of the cross-
flow packed-bed is greater than that of the downstream-flow packed-bed. In order
to study the effect of air channel structure on the dehumidification performance
of the packed-bed, based on the turbulent boundary layer theory, Feng et al. [40]
designed three types of packed-beds, including the straight channel type packed-
bed, the curved channel type packed-bed and the spiral channel type packed-bed,
and carried on the experimental research. The results showed that the spiral channel
structure had the most obvious effect on improving the motion of water molecules
on the surface of the desiccant material, so the spiral channel structure had the best
dehumidification effect. In order to reduce the effect of adsorption heat on the dehu-
midification performance of the packed-bed in dehumidification process, Worek and
Lavan [41] glued silica gel on the dehumidification channel and passed the cooling
gas on the other side of the channel, setting up a cross-cooled desiccant dehumid-
ifier with cooling gas channel. The results showed the dehumidification capacity
of the cross-cooled desiccant dehumidifier was 30–60 g/kg. Fathallah and Aly [42]
improved the dehumidification performance of cross-cooled desiccant packed-bed.
Dehumidification channel was filled with silica gel, which improved dehumidifica-
tion capacity of cross-cooled desiccant packed-bed, but this method increased the
heat resistance of the dehumidification material in dehumidification channel, going
against to the adsorption heat dissipation. Yuan et al. [28] stick the solid desiccant
material on the air channel of the plate-fin heat exchanger to produce a cross-cooled
compact solid desiccant dehumidifier and compared the cross-cooled desiccant dehu-
midifier with it, and the results showed that the dehumidification performance of the
cross-cooled compact solid desiccant dehumidifier is better than that of cross-cooled
desiccant dehumidifier. Under the high humidity condition, the dehumidification
rate of cross-cooled compact solid desiccant dehumidifier can reach 12.4%. The
dehumidifier can use the gas–solid heat exchange to eliminate the adsorption heat
generated by the solid desiccant material; however, with this heat exchange method
it is difficult to improve the thermal efficiency. Peng et al. [29] proposed the method
of liquid–solid heat exchange to eliminate the adsorption heat that produced by solid
desiccant material. They stick the solid desiccant material on outer surface of the
finned tube and pipe of heat exchanger and passed cooling water in the pipes. The
results showed that when the inlet air temperature was 24.7 °C and the moisture con-
tent was 12.41 g/kg, the dehumidification rate of finned tube packed-bed can reach
43.8%.

In the dehumidification model of the desiccant-coated dehumidifier, Yuan et al.
[28] established the dynamic dehumidification model of the cross-cooled compact
solid desiccant dehumidifier by the finite difference method, and the results showed
that the error between simulation results and experimental results was less than 7%.
Zhao et al. [43] studied the heat and mass transfer law of the gas side in the finned



Solar Desiccant (Absorption/Adsorption) … 219

tube packed-bed dehumidification process through experiments under conditions of
a different air temperature, humidity, velocity and cold water temperature, the NU
number and SH number of the finned tube packed-bed dehumidification process
under various operating conditions are obtained, which provided a theoretical basis
for the establishment of the finned tube packed-bed dehumidificationmodel. Ge et al.
[31] established the mathematic model of the finned tube packed-bed in dehumidifi-
cation process, and the operation of the packed-bed was simulated by C++ language
program and compared with the experiment, which showed that the error between
the simulation results and the experimental results was less than 15%.

The current research status of packed-bed dehumidification is mainly focused
on the improvement of dehumidification performance and establishment of dehu-
midification model. The desiccant-coated dehumidifier provides an effective cooled
method for dehumidification process, most of the adsorption heat created in the dehu-
midification process can be taken, which effectively improves the dehumidification
performance of the packed-bed. But the effective dehumidification time of most
desiccant-coated dehumidifier is short, which cannot meet the engineering appli-
cation, and the dehumidification/regeneration switching time is too short leading
to energy waste. Nowadays, packed-bed dehumidification is more common, which
can deal with large amount of air and have a long effective dehumidification time,
but because the solid desiccant material is loaded in the form of accumulation, the
adsorption heat produced in the dehumidification process is difficult to disperse,
which leads to the decrease in the dehumidification performance of packed-bed.

4 Performance of Solid Dehumidification Materials

The physical properties of solid desiccant materials have important effects on their
internal heat and moisture transfer. Solid desiccant material silica gel with two kinds
of phase change materials, GR50 and PK52, were investigated; their basic perfor-
mance parameters such as bulk density, porosity, thermal conductivity and radiation
transmittance of solid dehumidification materials and phase change materials were
tested, which provide a reference for solid dehumidification bed simulation and
structural optimization.

4.1 Density Measurement

In this section, the density of the solid desiccantmaterials used in the experimentswas
measured by a graduated cylinder method and verified by a mass-volume method.
The equipment used in the test includes electronic balance, electric blast oven and
cylinder. The performance parameters of each test instrument are shown in Tables 2
and 3.



220 W. Yang et al.

Table 2 Performance parameters of electronic balance

Model Range
(kg)

Actual scale value
(g)

Voltage
(V)

Power
(W)

Manufacturer

TCS-01 0–75 2 220 14 Bai Lens
Electronic
Weighing
Apparatus Co.,
Ltd.

Table 3 Performance parameters of the electric drum wind drying oven

Model Temperature
range (°C)

Voltage (V) Rated power
(W)

Manufacture
number

Manufacturer

DHG-
9145A

10–300 220 2050 0,610,016 Shanghai
Heng
Technology
Instrument
Co., Ltd.

Table 4 Experimental test results of silica gel density

No. Measuring
cylinder mass (g)

Measuring
cylinder volume
(cm3)

Total weight of
cylinder and dry
material (g)

Bulk density
(g/cm3)

1 312 500 824 1.024

2 312 500 828 1.032

3 310 500 832 1.044

4 312 500 830 1.036

Average 311.5 500 828.5 1.034

Table 5 Experimental test results of PK52 phase change materials

No. Measuring
cylinder mass (g)

Measuring
cylinder volume
(cm3)

Total weight of
cylinder and dry
material (g)

Bulk density
(g/cm3)

1 310 500 638 0.656

2 310 500 640 0.660

3 310 500 634 0.648

4 312 500 640 0.656

Average 310.5 500 638 0.655

(1) Test results from cylinder method
The material bulk density test results are listed in Tables 4, 5, 6, 7 and 8.
It can be seen from the above test that the density of the two kinds of phase
change materials is basically in line with the nominal value. GR50 had an error
of 2.01% and PK52 had an error of 8.2%, which reflects the accuracy of the test
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Table 6 Experimental test results of GR50 phase change materials

No. Measuring
cylinder mass (g)

Measuring
cylinder volume
(cm3)

Total weight of
cylinder and dry
material (g)

Bulk density
(g/cm3)

1 312 500 740 0.856

2 310 500 742 0.864

3 314 500 748 0.868

4 314 500 752 0.876

Average 312.5 500 745.5 0.866

Table 7 Test results of PK52 phase change materials and silica gel compound

No. Measuring
cylinder mass (g)

Measuring
cylinder volume
(cm3)

Total weight of
cylinder and dry
material (g)

Bulk density
(g/cm3)

1 310 500 682 0.744

2 310 500 690 0.760

3 310 500 684 0.748

4 312 500 684 0.744

Average 310.5 500 685 0.749

Table 8 Test results of GR50 phase change materials and silica gel compound

No. Measuring
cylinder mass (g)

Measuring
cylinder volume
(cm3)

Total weight of
cylinder and dry
material (g)

Bulk density
(g/cm3)

1 312 500 756 0.888

2 310 500 760 0.900

3 314 500 766 0.904

4 312 500 760 0.896

Average 312.0 500 760.5 0.897

results. In order to further verify the density accuracy of the dehumidification
material, the mass-volume method is used for further calculation.

(2) Test results from mass-volume method
To correct the volume of the dehumidification and phase change mixture mate-
rial, the mass-volume method was applied according to Eq. (1). The materials
were homogeneously hybrid and placed in a rigid three-dimensional module
with a length × width of 400 mm × 340 mm. The surface of the desiccant
material was gently flattened by plate, and the thickness was measured at nine
random points. The thickness of each point is listed in Table 9, and the basic
test parameters for silica gel + PK52 hybrid material and silica gel + GR50
hybrid material are shown in Table 10.
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Table 9 Thickness parameters of hybrid materials

Test no. 1 2 3 4 5 6 7 8 9 Average

Thickness of
silica gel +
PK52
material (cm)

14.8 14.7 14.7 15.1 14.8 15.2 15.0 15.2 15.2 15.0

Thickness of
silica gel +
GR50
material (cm)

12.3 12.2 12.4 12.4 12.2 12.3 12.1 12.2 12.0 12.2

Table 10 Bulk density test parameters of hybrid materials

Material Initial weight (kg) Thickness (cm) Volume (m3) Density
(kg/m3)

Thickness of silica
gel + PK52
material

15.20 14.97 0.0203592 746.6

Thickness of silica
gel + GR50
material

14.92 12.23 0.0166328 896.9

ρ = m

v
(1)

It can be calculated from the known data and Eq. (1) that the average density of
silica gel+ PK52 hybrid material is 746.6 kg/m3. Similarly, the average density
of silica gel + GR50 hybrid material is 896.9 kg/m3, which is in accord with
the results obtained by measuring cylinder method.

4.2 Porosity Calculation

The porosity of material is the percentage of the pore volume of the material in the
unit of the original material [44], defined by:

� =
(
VP

V0

)
× 100% =

(
VP

Vs + VP

)
× 100% (2)

where�—the porosity of the material, %; V p—the pore volume of the material, cm3;
V 0—the total volumeof thematerial, cm3;V s—thematerial dense solid volume, cm3.

Like porosity, the relative density ρr is the ratio of the apparent density of the
porous material to the density of the corresponding dense material. The relationship
between relative density ρr and porosity � is as follows [45]:
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� = (1 − ρr) × 100% =
(
1 − ρ∗

ρs

)
× 100% (3)

where ρr—the relative density of the material, g/cm3; ρ∗—the apparent density of
the material, g/cm3; ρs—the dense density of the material, g/cm3.

Methods for measuring the porosity of commonmaterials include [45]: (1) micro-
scopic analysis; (2) mass-volume direct calculation method; (3) soaking medium
method; (4) vacuum impregnation method; (5) floating method. In this paper, the
adsorption medium is loose material, and formula (2) was applied to calculate
the porosity of the material. The results showed that the porosity of silica gel is
0.34–0.4 L/kg and the bulk density of silica gel is 1034 kg/m3, so the porosity of
silica gel is 35.12–41.36%.

4.3 Thermal Conductivity Measurement

(1) Measurement method

The heat transfer in the solid desiccant material is a combination process of thermal
and moisture migration effects. In order to explain the mechanism of the material’s
thermal conductivity and mass transfer, the thermal conductivity of the solid des-
iccant material with different moisture contents is tested with the DRM-II thermal
conductivity meter, as shown in Fig. 1, and the specific instrument performance
parameters are shown in Table 11.

Fig. 1 The DRM-II
coefficient of thermal
conductivity tester

Table 11 Performance parameters of DRM-II of thermal conductivity tester

Model Voltage Dimensions (LWH) Measuring range W/(m K)

DRM 220 V/50 Hz 600 × 440 × 720 (mm) 0.035–107.0
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There are two different test methods for thermal conductivities of solid desic-
cant materials: steady-state method and unsteady method. The unsteady plane heat
source method can be applied to measure homogeneous solid materials, heteroge-
neous materials and porous materials. The material thermal conductivity, specific
heat capacity and other thermal properties can be obtained at the same time by only
measuring the temperature changes in a sample. The following thermal conductivity
tests were carried out to measure the thermal conductivities of silica gel, silica gel
+ PK52 hybrid material and silica gel + GR50 mixture, respectively. For the above
materials, the interspace between the particle skeletons is mostly interconnected, and
the fluid could pass through; therefore, it belongs to a typical porous medium [46].
The main steps of the test are as follows:

(1) The dehumidification material samples with the same ratio were divided into
two groups for two different tests; each group includes three pieces: one is a thin
specimen (200 mm× 200 mm× 20 mm) and the other two are thick specimens
(200 mm × 200 mm × 100 mm). The thickness of the specimen is uniform,
and the unevenness of the thin specimen shall be less than 1% of its thickness.

(2) Two different tests were carried out for the two groups of the samples, respec-
tively. One test was the natural wet performance test, and another was perfor-
mance test in the artificial humidification state. For the natural wet performance
test, the pure silica gel was placed in a drying ovenwith a temperature of 140 °C,
and the time for drying was at least 4 h so that the physical adsorption water can
be taken out, and then the silica gel was cooled to the room temperature to be
tested for its performance. For the performance test in the artificial humidifica-
tion state, the test was carried out using the method of artificial humidification
to dry the specimen to the required humidity and the moisture content change
within the material was measured by a humidity meter. For each group of test
pieces, the humidity difference should be less than± 1%, and the humidity in the
same specimen should be evenly distributed to study the thermal performance
parameters of the material under different humidification conditions.

(3) Put the samples in the test device. When the test dehumidification temperature
changes within 5 min, temperature is less than 0.05 °C, and the temperature
difference between the upper and lower surface of the thin specimen is less than
0.1 °C, that is, the beginning of the measurement.

To verify the test results, Eq. (4) [47] is used to calculate the theoretical thermal
conductivity of the materials in different humidity conditions.

λwet = λdry + ϕλw (4)

where λwet—the thermal conductivity of the material in the wet state, W/(m K);
λdry—the thermal conductivity of the material in the dry state, W/(m K); ϕ—the
moisture content of thematerial,%;λw—the thermal conductivity ofwater,W/(mK).
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(2) Thermal conductivity test results
1. Silica gel

The test results of the thermal conductivity of pure silica gel were obtained.
The moisture content varies from 0 to 21.2%. The test results and theoretical
calculation results are shown in Table 12.
It can be seen from Table 12 and Fig. 2 that the thermal conductivity test results
of pure silica gel material are in accord with the calculated values, and the ther-
mal conductivity increases linearly with the moisture content. The correlation
between the thermal conductivity and themoisture content is shown in Table 13.
As shown in Table 12, the measured value of the thermal conductivity and the
theoretical value are consistent, the relative error is between 0.29 and 6.84%,
and the absolute error is about 0.001–0.018 W/(m K).

2. Silica gel + PK52 hybrid materials
The thermal conductivity of silica gel + PK52 hybrid materials was tested. The
moisture content varies from the natural dry state to 20.0% (moisture content
0–20.0%). The test results and theoretical calculation are shown in Table 14.
The correlation between the thermal conductivity and the moisture content is
shown in Fig. 3, and the thermal conductivity changed with moisture content is
shown in Fig. 4.
In the state of moisture content that is below 20%, the thermal conductivity
of silica gel + PK52 hybrid material is linearly increasing with moisture con-
tent (see Fig. 4 and Table 14). This is because when the moisture content is
about below 12%, the pores have a larger flow area, and the diffusion of steam
by the wall dehumidification contains less. The smaller the internal air con-
tent of the material, the greater the heat and mass exchange coefficient, so the
thermal conductivity increases with the increase in the moisture content [48].
When the dehumidification material is in the near saturation state, the material
shows non-dehumidification and gradually produces water, the heat and mass
exchange coefficient becomes smaller, and the thermal conductivity decreases.
There should be a critical moisture content, at which the dehumidification of the
dehumidified material has the strongest influence, the heat and mass exchange

Fig. 2 Theoretical and measured value of thermal conductivity of silica gel
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Table 13 Correlation of silicone between thermal conductivity and moisture rate

Relationship R2 Moisture content (%)

Measured value λ = 0.0061ϕ + 0.2110 0.9411 ≤21.2

Theoretical value λ = 0.0062ϕ + 0.2094 0.9995

Table 14 Correlation of thermal conductivity and moisture content of the silica gel+ PK52 hybrid
materials

Relationship R2 Moisture content (%)

Measured value λ = 0.0064ϕ + 0.2258 0.9904 ≤12

Theoretical value λ = 0.0031ϕ + 0.2347 0.9167

Fig. 3 Theoretical and measured value of thermal conductivity of the silica gel + PK52 hybrid
materials

Fig. 4 Theoretical and measured value of thermal conductivity of the silica gel + PK52 hybrid
materials in low moisture rate condition
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Table 15 Theoretical and measured thermal conductivity of hybrid materials

Moisture content (%) 0 4 5.5 6.5 7.5 9 9.8

Measured value [W/(M K)] 0.237 0.238 0.256 0.268 0.279 0.280 0.289

Theoretical value [W/(M K)] 0.237 0.246 0.251 0.254 0.258 0.262 0.265

Absolute error [W/(M K)] 0 0.008 0.005 0.014 0.021 0.018 0.024

Relative error (%) 0 3.25 1.99 5.51 8.14 6.87 9.05

Moisture content (%) 10 11 12 14 15 20 –

Measured value [W/(M K)] 0.289 0.295 0.298 0.340 0.341 0.326 –

Theoretical value [W/(M K)] 0.266 0.269 0.273 0.295 0.303 0.302 –

Absolute error [W/(M K)] 0.023 0.026 0.025 0.045 0.038 0.024 –

Relative error (%) 8.65 9.66 8.39 15.2 12.5 7.9 –

Table 16 Theoretical and measured thermal conductivity of silica gel + GR50 hybrid materials

Moisture content (%) 0 2 4.5 10.5 14 15.8

Measured value [W/(M K)] 0.1683 0.1813 0.1974 0.2363 0.2590 0.2706

Theoretical value [W/(M K)] 0.1683 0.1811 0.2037 0.2512 0.2787 0.2938

Absolute error [W/(M K)] 0 0.0002 0.0063 0.0149 0.0197 0.0232

Relative error (%) 0 0.08 3.19 6.31 7.62 8.57

coefficient is the largest, and the thermal conductivity is the largest. Analysis
of the test data shows that the critical moisture content is 15%. It could be
inferred from Table 15 and Fig. 4 that the relative error between the theoretical
thermal conductivity and the actual test results was between 1.99 and 15.2%.
In the case of moisture content ≤12%, the theoretical thermal conductivity was
consistent with the experimental data, the minimum deviation was 1.99%, and
the maximum deviation was 9.66%. In the case of moisture content >12%, the
calculation results of the theoretical thermal conductivity differed much from
experimental data, with the maximum deviation of 15.2%.

3. Test for the thermal conductivity of silica gel + GR50 hybrid material
The test results of thermal conductivity of silica gel + GR50 hybrid material
were obtained. The moisture content varies from the natural dry state to 15.8%.
The test and theoretical calculation results for the thermal conductivity at differ-
ent moisture contents are listed in Table 16. The thermal conductivity changes
with the moisture content are shown in Fig. 5.
It can be seen from Fig. 5 and Table 17 that the thermal conductivity test results
of the silica gel + GR50 mixture tend to be consistent with the theoretical
calculated values (relative error <10%), and the thermal conductivity changed
with moisture content linearly. The surface of the GR50 material was wrapped
with a layer of soil-likematerial, and thematerial itself could absorb water when
the moisture content reaches 15.8%. Compared to PK52, when the moisture
content is more than 12%, the internal pores of the material still have a large
circulation area. The diffusion of steamwas less affected by the dehumidification
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Fig. 5 Theoretical and measured value of thermal conductivity of the silica gel + GR50 hybrid
materials

Table 17 Correlation of silica gel + GR50 hybrid materials between thermal conductivity and
moisture rate

Relation R2 Moisture content (%)

Theoretical value λ = 0.003ϕ + 0.1215 0.9714 ≤16

Test value λ = 0.0224ϕ + 0.1404 0.9724

of the wall. The greater the moisture content, the more moisture content of
the material, the smaller the air content inside the material, the heat and mass
exchange coefficient becomes larger, so the thermal conductivity increases with
the increase in the moisture content (Table 17).

4.4 Solar Radiation Penetration Test

(1) Test rigs and test method
In this test, the thickness of the material with the internal temperature that
reaches 60% of the surface temperature is defined as the effective layer for solar
radiation. The ratio of the temperature of the material at different thicknesses
to its surface temperature is defined as the solar radiation transmittance. The
experimental device shown in Fig. 6 was used to test the transmittance of the
material, and length × width × thickness of the dehumidification bed is 400 ×
350 × 200 (mm). To reduce the impact of heat transfer to the surrounding
environment, a 50-mm-thick extruded polystyrene board was used as the insu-
lation, the upper part of the dehumidification bed with double vacuum glass as
a cover with glass glue to seal. A sun radiation simulator was set at 500 mm
from the surface of the dehumidifying material, and the average thickness of
the dehumidifying material was 150 mm. The oblique diagonal 1/3, 2/3 division
points on the dehumidified bed were selected as the experimental points, and
14 temperature measuring points were arranged every 20 mm in the vertical
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Fig. 6 Solar radiation penetration test system

Table 18 Specification of instruments

Instrument Technical specifications

JK-16/32 multi-channel
temperature logging
device

Temperature range: −100 to 1000 °C
Measurement accuracy: ± (reading value × 0.5% + 1) °C
Sensors: nickel–chromium–nickel–silicon (K-type) thermocouple
Power supply: AC 220 V ± 10%, 50 Hz ± 2%
Use of the environment: temperature −20 to 70 °C, humidity
20–90%

JTBQ-S2 solar radiation
measuring instrument

Spectral measurement range: total solar radiation (280–3000 nm)
Accuracy class: less than 5%
Radiation measurement range: −2000 to +2000 (W/m2)
Temperature measurement range: −40 to 80 °C

Solar radiation simulator Wavelength range: 0.2–2 μm
Colour temperature: 6000 k, colour rendering Ra = 94

DRM-II thermal
conductivity tester

Thermal conductivity test range: 0.035–1.7 W/(M K)
Ambient temperature: 10–35 °C
Relative humidity: ≤80%
Accuracy: ±2%

height direction of the dehumidifying material to measure the temperature of
the material at different thicknesses. The voltage of the solar radiation simula-
tor was adjusted to obtain the transmittance of the dehumidified material under
different simulated solar radiations. The temperature was collected every 5 min
and the test last for 5 h each day, and the specification of the instrument for
measurement is shown in Table 18.

(2) Test results of solar penetration rate
1. Penetration rate of pure silica gel

The temperature and radiation transmittance curves of the pure silica gel at
different solar radiation intensities are shown in Figs. 7, 8, 9, 10, 11 and 12.
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Fig. 7 Temperature of desiccant bed in the 350 W/m2 radiation intensity

Fig. 8 Temperature of the desiccant bed in the 750 W/m2 radiation intensity

Fig. 9 Temperature of the desiccant bed in the 1150 W/m2 radiation intensity
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Fig. 10 Penetration rate of the desiccant bed in the 350 W/m2 radiation intensity

Fig. 11 Penetration rate of the desiccant bed with 750 W/m2 radiation intensity

Fig. 12 Penetration rate of the desiccant bed with 1150 W/m2 radiation intensity
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It can be seen from the above test results:

(1) The surface and internal temperatures of pure silica gel material increased
with the test time, and the growth rate of the surface temperature was
obviously larger than the internal temperature growth rate within the first
1 h. The penetration rate was declining with time.

(2) Under different solar radiation intensities, the surface temperature of the
dehumidified bed and the temperature curve at 2 cm thickness were convex
curve. The temperature of the 4 cm thickness material increased linearly
with time, and the temperature curves of 4 cm and below had concave
trend.

(3) The heat transfer at the bottom of the dehumidification bed is hysteresis.
The smaller the solar radiation is, the more obvious the hysteresis effect
of the pure silica material. During the experiment, the transmittance of
pure silica gel was decreased obviously from 0 to 0.5 h mainly due to the
rapid increase in the surface temperature of the xenon lamp in the form of
radiant heat, and then the heat transfer from the surface of the pure silica
material to the bottom. The larger the thickness of the measuring point, the
longer the duration of the decline in penetration, the more obvious the rate
of decline. This phenomenon reflects the heat transfer along the thickness
of the hysteresis effect, the thicker the material, the more significant the
hysteresis effect.

(4) Pure silica gel material had a high transmittance at a thickness of less
than 4 cm, and the transmittance changed linearly with time when the
transmittance was stabilized.

(5) The temperature rise rate at the bottom of the material was smaller than
the temperature rise rate at the upper part of the material, and the rate of
penetration growth at the bottom of the material was higher than the rate
of penetration growth at the upper part of the material. Comparison of the
material temperature and permeability difference under different radiation
intensities showed that the maximum difference is between the thickness
of 4 and 6 cm. For the radiation intensity of 750 W/m2, the temperature
difference at 4 and 6 cmwas 12 °C and the penetration difference was 20%.

2. Solar penetration rate of silica gel + PK52 hybrid material
The variation of internal temperature and permeability of the silica gel + PK52
hybrid material with time for different solar radiation intensities is shown in
Figs. 13, 14, 15, 16, 17, 18, 19 and 20; and Table 19.
The test results have been analysed, and the following conclusions have been
obtained:

(1) Silica gel + PK52 hybrid material itself could storage heat. At the start
of the test, the penetration rate of the material was 100%. The internal
temperature of the material was higher than that of the surface, indicating
that the external heat dissipation temperature of the material surface was
reduced during the test, and the internal temperature was changed by the
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Fig. 13 Temperature of silica gel + PK52 hybrid material with 360 W/m2 radiation intensity

Fig. 14 Temperature of silica gel + PK52 hybrid material with 600 W/m2 radiation intensity

Fig. 15 Temperature of silica gel + PK52 hybrid material with 1000 W/m2 radiation intensity
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Fig. 16 Penetration rate of silica gel + PK52 hybrid material with 360 W/m2 radiation intensity

Fig. 17 Penetration rate of silica gel + PK52 hybrid material with 600 W/m2 radiation intensity

Fig. 18 Penetration rate of silica gel + PK52 hybrid material with 1000 W/m2 radiation intensity
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Fig. 19 Temperature of 4 cm thickness hybrid material in different radiation intensity

Fig. 20 Temperature of 6 cm thickness silica gel + PK52 hybrid material in different radiation
intensity

Table 19 Relationship of penetration rate changes with time in hybrid material layer

Radiation (W/m2) Material thickness (cm) Transmittance versus timea R2

360 2 Y = 0.1716t + 74.9 0.9818

4 Y = 0. 2046t + 60.328 0.9856

600 2 Y = 0.1977t + 83.365 0.9485

4 Y = 0.2967t + 59.485 0.9826

1000 2 Y = 0.1566t + 83.810 0.9726

4 Y = 0. 2192t + 66.989 0.9655

aNote Y—is the transmittance, t—is the time

phase change material. The phase change material slowly solidified and
phase change latent heat was released, resulting in the material’s higher
internal temperature than the surface temperature.

(2) The variation of the temperature at the surface and 2 cm and 4 cm thickness
of the material under different solar radiation intensities with time showed
slightly convex curve growth, the temperature rise rate gradually decreased,



Solar Desiccant (Absorption/Adsorption) … 237

Table 20 Relationships between penetration rate and time in silica gel + GR50 hybrid material
layer

Radiation (W/m2) Material thickness (cm) Transmittance versus time R2

500 2 Y = 0.2035t + 79.585 0.9726

4 Y = 0. 2478t + 68.404 0.9694

750 2 Y = 0.1387t + 81.478 0.9635

4 Y = 0.29t + 64.146 0.9725

1100 2 Y = 0. 2318t + 81.7 0.9483

4 Y = 0.3825t + 62.713 0.9767

Fig. 21 Penetration rate of silica gel + GR50 hybrid material in 500 W/m2 radiation intensity

the temperature at thickness below 6 cm increased linearly with time, and
the rate of material temperature rise decreased as the thickness increased.

(3) The smaller the solar radiation, the more obvious hysteresis effect of the
material. With the same radiation intensity, the larger the thickness, the
larger the heat lag effect. After the penetration rate was stabilized, the
transmittance increased linearlywith time. The linear growth slope of 4 and
6 cm thickness was the largest, and the linear relationship of transmittance
change at 2 and 4 cm with time is shown in Table 19.

3. Solar penetration rate of silica gel + GR50 hybrid material
Variation of temperature and permeability of silica gel + GR50 hybrid material
with time for different solar radiation intensities is shown in Figs. 21, 22, 23,
24, 25 and 26. The relationship between the permeability rate and time at 2 cm
and 4 cm thickness is shown in Table 20.
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Fig. 22 Penetration rate of silica gel + GR50 hybrid material in 750 W/m2 radiation intensity

Fig. 23 Penetration rate of silica gel + GR50 hybrid material in 1100 W/m2 radiation intensity

Fig. 24 Penetration rate of silica gel + GR50 hybrid material in 500 W/m2 radiation intensity
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Fig. 25 Penetration rate of silica gel + GR50 hybrid material in 750 W/m2 radiation intensity

Fig. 26 Penetration rate of silica gel + GR50 hybrid material in 1100 W/m2 radiation intensity

4.5 Preparation of Dehumidification Material

The silica gel with diameter of 2–4 mm and the phase change material particles
with the similar diameter were selected. With the phase change medium added, the
vaporized latent heat released from thewater vapour in the treated air can be absorbed,
thereby reducing the sensible heat load. Phase change material can absorb heat in
the dehumidification process and release heat in the regeneration process, forming a
melting–condensation cycle process.

After the comparison of the performance requirements of the material, PK52 and
GR50 were selected as the phase change medium. They were mixed with the silica
gel as the dehumidification material to be tested. The parameters of the material are
shown in Table 21.

Referring to the summer outdoor temperature, relative humidity and dehumidifi-
cation capacity in Guangzhou (a city in South China), melting point of about 50 °C
is suitable. The thickness of the dehumidification material was calculated based on
the optimum thickness of the bed of the dehumidification bed (5 cm), and the mass
ratio of the dehumidifying material and the phase change material was determined
by the dehumidification capacity of the dehumidification material and the amount of
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Table 21 Experimental materials and related parameters

Materials Parameters

Silica gel The average particle size is 2–4 mm, the bulk density is
>760 kg/m3, the pore volume is 0.34–0.4 L/kg, the thermal
conductivity is about 0.63 kJ/(M K), the specific heat is
about 0.92 kJ/(kg K), water dehumidification capacity is
30–40%, and effective dehumidification rate is 80%

Phase change
material

PK52 The bulk density is 0.55 kg/L, the melting point is 49–53 °C,
the average particle size is 3–5 mm, the heat storage density
is 131 kJ/kg, the volume expansion rate is 8%, the specific
heat capacity is 2 kJ/(kg K), the effective heat exchange area
is 1 m2/L, and operating temperature is >100 °C

GR50 The bulk density is 0.849 kg/L, the melting point is
45–51 °C, the average particle size is 1–3 mm, and the heat
storage density is 55–99 kJ/kg

latent heat released. The experiment was carried out in Guangzhou at room temper-
ature 34 °C and relative humidity 75%. It was known that the moisture content d =
25.2 g/kg, the average density ρ = 1.132 kg/m3, the size of the duct is the length ×
width = 0.3 m × 0.25 m, the vaporized latent heat of the water vapour at 34 °C is
2415 kJ/kg, the adsorption rate of silica gel was 30%, effective dehumidification rate
was 80%, and wind speed v = 1.5 m/s. It can be obtained that the air mass flow was
458.35 kg/h, the theoretical unit of silica gel adsorption capacity was 0.216 kg/kg,
latent heat release per unit time was 1506.6 kJ/h, and the weight of dehumidification
material was 6 kg. Considering the system of air leakage loss and heat loss [18], the
correction factor 0.7 was applied, and the heat needed to be absorbed by that phase
change material was 1054.62 kJ/h. It could be inferred from Table 21 that the stor-
age density of phase change material was 131 kJ/kg, so 8 kg phase change material
needed to be added, and mass ratio of silica gel/phase change material was 3:4.

5 Desiccant Regeneration Methods

The traditional regeneration method of the solid dehumidification packed-bed is
electric heating regeneration; the principle is to use the air directly heated by elec-
tric energy to regenerate the packed-bed. However, it has the disadvantages of low
efficiency, high energy consumption and long regeneration time [49], so this kind of
regeneration method cannot meet the engineering applications and the increasingly
urgent energy-saving requirements. To solve the above problems effectively, it is
vital to develop the solid dehumidification packed-bed. New regeneration methods
of the solid dehumidification packed-bed are needed to control and reduce the regen-
erative energy consumption, improve the regenerative efficiency, save the operating
cost and meet the inevitable requirements of energy-saving and emission reduction.
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Aiming at the problems of low regeneration efficiency, large energy consumption
and long regeneration time of electric heating regeneration, many researchers have
proposed the new regeneration methods that include waste heat regeneration, ultra-
sonic regeneration, electro-osmotic regeneration, microwave regeneration and solar
regeneration.

5.1 Waste Heat Regeneration

Thewaste heat regeneration systemof solid dehumidification packed-bed is reformed
based on original production system, combining the heat transfer equipment with
the packed-bed, and the basic principle is to use the waste heat generated from the
production process to heat and regenerate the packed-bed. At present, the waste heat
which is commonly used mainly includes the waste heat of air-conditioning system
and industrial waste heat. Under the normal circumstances, the temperature of the
equipment is relatively low when the air-conditioning system is in the operation, and
the hot air generated by the heat exchange has a low temperature. Therefore, it is
commonly used for the preheating of the packed-bed regeneration. Zhao et al. [50]
designed a system, which could recover the exhaust heat of air-conditioning system
for preheating the regeneration of the packed-bed, effectively improving the COPh
of dehumidification cooling system. Compared to the compressed air-conditioning
system, high temperature hot water can be produced by the operating process of the
absorption air-conditioning system. Fathallah and Aly [42] designed a kind of waste
heat regeneration system,which used thewaste heat from condenser of the absorption
refrigeration unit to regenerate the packed-bed, so the temperature of regeneration
air was increased to 73 °C, which can be used directly for regeneration. In the use of
the packed-bed regenerated by industrial waste heat, the US Department of Energy
has developed an integrated energy system (IES) which uses the waste heat from
the generator to regenerate the packed-bed. The system was reported by Zaltash
et al. [51]. Myat et al. [52, 53] used the waste heat from factory to regenerate the
multi-layer packed-bed, and in the process, they used the 55–80 °C hot water, which
is heated by the factory waste heat, to achieve the regeneration of the multi-layer
packed-bed.

The waste heat regeneration method has the advantages of energy-saving, stable
effect and no need of auxiliary heating equipment, which can effectively improve the
energy efficiency and stability of the packed-bed regeneration. However, the research
and application of the packed-bed waste heat regeneration are limited by the heat
source place, it is difficult to popularize, and the heat exchange equipment, which
is suitable for utilizing the waste heat in various industries, is still in the research
stage, resulting in waste heat regeneration mode only applicable for the production
of 60–140 °C waste heat site [7].
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5.2 Ultrasonic Regeneration

Ultrasonic regeneration is to use the mechanical effect and thermal effect produced
by super acoustic wave to strengthen the regeneration of the packed-bed. On the
one hand, the mechanical vibration effect produced by ultrasonic wave propagates
in the solid desiccant material, causing severe air disturbances in the pores of solid
desiccant materials, destroying the surface water vapour film of the solid desiccant
material, thus reducing the gas-sidemass transfer resistance of solid desiccantmateri-
als. On the other hand, the heat effect caused by ultrasonic wave increases the internal
temperature of the dehumidification material, speeding up the migration of internal
moisture to the outer surface, thus increasing the gas-side mass transfer power of
the dehumidification material [54, 55]. Many scholars have studied the regenera-
tion characteristics, regeneration mechanism and regeneration model of ultrasonic
regeneration packed-bed.

In terms of the regeneration characteristics of ultrasonic regeneration packed-
bed, Yao et al. [56, 57] studied about the influence factors of ultrasonic regenera-
tion packed-bed, including the regeneration air temperature, the moisture content of
solid dehumidificationmaterials, the ultrasonic power and frequency; then the results
showed that the efficiency of the ultrasonic regenerative packed-bed increased with
the decrease in regenerative air temperature and increased with the increase in the
water ratio of silica gel. The results also showed the regeneration rate of the ultra-
sonic regenerative packed-bed increased with the increase in ultrasonic power and
decreased with the increase in ultrasonic frequency, and the influence of ultrasonic
power and frequency change increased with the decrease in regenerative air temper-
ature. Yao et al. [57] found that the regenerative energy consumption of the ultra-
sonic regenerative packed-bed decreased with the increase in ultrasonic power and
increased with the increase in ultrasonic frequency; in further research and analysis
[58], they found that the regenerative energy consumption of the ultrasonic regener-
ative packed-bed depended mainly on the regeneration condition of the packed-bed,
and the SEC index was proposed to evaluate the energy-saving characteristics of
ultrasonic regenerative packed-bed under different regeneration conditions, by cal-
culating the different regenerative air temperatures, and ultrasonic power of the SEC
can find the best energy-saving conditions, which provided the theoretical basis for
the selection of theworking condition of the packed-bedwith ultrasonic regeneration.

In the regeneration mechanism of ultrasonic regenerative packed-bed, through
theoretical analysis, Yao et al. [55] found that the mechanical effect and thermal
effect of ultrasonic wave can not only improve the moisture diffusion rate of silica
gel regeneration, but also reduce the activation energy that required for the internal
moisture removal of silica gel, consequently reducing the regeneration temperature
and improving the availability of low-temperature heat source in the process of
packed-bed regeneration. Yang et al. [59] used two kinds of silica gel (M and SS
type) as dehumidification material, to study the mechanical effect and thermal effect
on promoting regeneration process, and the research results showed that the thermal
effect on promoting the regeneration processwas less than 14% (m type) and 20% (SS
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type), which was shown that the ultrasonic regenerative process of the packed-bed
was mainly promoted by mechanical effect. Yao et al. [60] studied the mechanism
of ultrasonic mechanical effect and heat effect on the regeneration process; they
found that the mechanical effect of ultrasound enlarged the synergy between the
surrounding velocity field and the temperature field of silica gel particles, effectively
promoted the convection heat and mass transfer effect of the air side and improved
the regeneration rate of silica gel; the thermal effect of ultrasound promoted the
diffusion of moisture and temperature in silica gel and increased the rate of silica gel
regeneration.

In the regenerationmodel of the packed-bedwith ultrasonic regeneration,Yaoet al.
[57, 61] used six models (Page model, Lewis model, Henderson model, Logarithmic
model, Gaussian model and Weibull model) to simulate and analyse that water ratio
variation with time in the process of ultrasonic regeneration. The results showed that
the regeneration rate constants of theWeibullmodel did not varywith the regeneration
condition, while the regeneration rate constants of the other models varied with
the regeneration condition, so the Weibull model was more suitable for the change
of silica gel moisture ratio with time during the simulated ultrasonic regenerative
packed-bed process. On the basis of ultrasonic mechanical effect and thermal effect
mechanism, Yao et al. [62, 63] proposed one dimensional transient heat and mass
transfer model of ultrasonic combined with hot air regenerative packed-bed, and
the theoretical value of the model calculation was compared with the experimental
value, the results showed that the average relative error between the theoretical and
experimental values was less than 2%, and it showed that the model could simulate
the heat and mass transfer process of ultrasonic combined with hot air regenerative
packed-bed well.

Ultrasonic regeneration has the advantages of high regeneration rate, small regen-
erative energy consumption, low regenerative temperature, and so on; at the same
time, ultrasonic also has bactericidal function and can effectively reduce the solid
desiccant materials and airborne bacteria concentration. However, ultrasonic regen-
eration has not been popularized in practical application, and most of the research
remains in the laboratory stage. On the one hand, it is because the cost of the equip-
ment is 2–3 times higher than that of the electric heating regeneration; on the other
hand, it is difficult to meet the application requirement because of the production
process of sonic generator; in the mechanism of ultrasonic regeneration, mechanical
effect and thermal effect have been studied, while the effect of ultrasonic cavita-
tion on the packed-bed ultrasonic regeneration is rarely reported. The results show
that the cavitation effect of ultrasonic wave is the main power of ultrasonic chem-
istry, and the shock wave, microjet and microdisturbance are the main mechanism
of strengthening ultrasonic drying in the fields of food and medicine. Therefore,
it is necessary to study the effect of ultrasonic cavitation effect on the ultrasonic
regenerative packed-bed [56, 64, 65].
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5.3 Electro-osmotic Regeneration

The electro-osmotic regeneration is to regenerate the dehumidification material by
using the electro-seepage effect of moisture in the solid desiccant material under
electric field, when the moisture in the air is absorbed by the solid desiccant material
to a certain water content, forming a double electric layer on the wall surface of
the desiccant material [66]. In the electric field, the ions in the double layer migrate
from the positive electrode to the negative electrode, forming the ion flow. Under
the action of viscous force, the moisture in the dehumidification material transfers
from the positive electrode to the negative electrode to form the electro-seepage flow
and finally separates from the solid desiccant material [67]. The electro-osmosis
regeneration is affected by the Joule heat and the corrosion of the electrode, the
regeneration rate is low, and the duration is short [68]. Qi et al. have improved
these issues, increasing the regeneration rate of zeolite to 0.0021 g/s and improving
the duration time to 120 h. In addition, the moisture content of the solid desiccant
material has great influence on the effect of the electro-osmotic regeneration, Zhang
et al. [67] found that when the voltage at both ends of the packed-bed was 60 V, there
is no electro-osmosis effect on macro-porous silica gel with initial water content of
95%, while the macro-porous silica with initial moisture content of 105 and 110%
has electro-osmotic effect.

The regeneration rate of electro-osmotic regeneration is lower, but compared to the
traditional electric heating regeneration, this regeneration has the advantages of the
lower regeneration temperature, uniform regeneration effect, dehumidification and
regeneration at the same time, and no damage to the solid dehumidification material
structure. Meanwhile, the electro-osmotic regeneration does not need to consume
heat energy, so it can save a great deal of energy.

5.4 Microwave Regeneration

Microwave regeneration places the packed-bed in a high-frequency alternating elec-
tromagnetic field with a frequency of up to hundreds of millions of times per second,
and the dipole in the solid desiccant material is rearranged and oscillates with the
alternating electromagnetic field. At the same time, due to the direction of electric
field constantly changes, the molecules in the dehumidification material will also be
constantly rearranged. In this process, the thermal motion of molecules and the fric-
tion between molecules produces a large amount of heat, which causes the internal
and external temperature of the dehumidification material to rise simultaneously, and
the moisture in the desiccant material is heated and vaporized, realizing the regen-
eration of the packed-bed [69]. The study on microwave regeneration of packed-bed
mainly concentrates on the regeneration of Zeolite, the results show that the regener-
ation rate of microwave regeneration zeolite packed-bed is about 5 times that of hot
air regeneration [70], at the same time, microwave regeneration can reduce the heat
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source temperature by 16 °C [71], andmicrowave combinedwith hot air regeneration
can improve the energy efficiency of initial regeneration stage of zeolite packed-bed
[72]. But it is also found that the microwave-regenerated zeolite has the problems
of large heat loss and easy structure damage [73]. Ohgushi et al. [74, 75] proposed
that the heat loss during microwave regeneration could be reduced significantly by
adding Ca-X zeolite to the zeolite. At the same time, they [76] found that the percent-
age of the zeolite’s dehumidification capacity decreased 1.3%/times due to structural
damage.

Microwave regeneration has the advantages of high regeneration rate, low temper-
ature of heat source, high energy utilization, ease of realizing heating uniformity and
sterilization in uniform microwave field, but in experiments, it is found that the com-
bination of packed-bed andmicrowave device is difficult to form uniformmicrowave
field, which results in uneven heating of solid desiccant material and even causes the
local overheating of the solid desiccant material to rupture; at the same time, the com-
bination of packed-bed andmicrowave device can easily producemicrowave leakage
and endanger the health of people; on the other hand, the microwave heating process
is a complicated unsteady process, the researches on transient heat and mass transfer
theory of microwave regeneration are insufficient, and it is difficult to provide an
effective theoretical basis for the researches of microwave regenerative packed-bed
and the development of microwave regeneration equipment and instruments [77].

5.5 Solar Regeneration

Solar regeneration is an application of solar thermal effect. The basic principle is to
use the collector to convert solar energy into heat to regenerate the packed-bed. Solar
regeneration can be divided into direct and indirect types.

Direct solar regeneration uses solar radiation to heat and regenerate the packed-
bed directly. Under the action of solar radiation, the temperature of solid dehumid-
ification material in packed-bed elevates, and then the moisture vapour adsorbed in
the solid desiccant material vaporizes and discharges out of the packed-bed under
the action of natural convection or fan, realizing the regeneration of solid desiccant
material. The packed-bed, which is directly regenerated by solar energy, was initially
metal structure [78–81]. However, it is found that the metal structure packed-bed has
high reflectivity of solar radiation and large heat loss, which is unfavourable to solar
regeneration. Lu et al. [82] replaced the metal structure with the glass structure, and
it effectively reduced the reflectivity and heat loss of the packed-bed to the solar
radiation, improving the thermal efficiency of the packed-bed and the regeneration
efficiency of the desiccant material. Saito [83] and Techajunta et al. [84] developed
a direct solar regenerative packed-bed device suitable for tropical hot and humid
climatic conditions, which further improved the applicability of direct solar regen-
erative packed-bed. Kumar et al. [85] developed a parabolic disc structure of the
collector for the regeneration of the packed-bed, and the regeneration rate of direct
solar regenerative packed-bed was improved. The results showed that the maximum
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regeneration rate of silica gel per unit quality is up to 0.216 kg/h, and the minimum
time for regeneration of silica gel per unit quality is 110 min.

Indirect solar regeneration is to set the collector and the packed-bed separate,
and the collector absorbs the solar energy to heat the air (water) and uses the blower
(pump) to pass the heated air (water) into the packed-bed to realize the regeneration of
the packed-bed. The indirect solar regeneration system can be divided into traditional
type and internal heat type according to the structure of packed-bed.

The research on the traditional packed-bed regeneration mainly concentrates
on the optimization of the collector. Surajitr and Exell [86] designed a composite
parabolic solar air collector to regenerate the traditional packed-bed, and the results
showed that the heat collector could increase the air temperature in the tropical hot
and humid climate conditions by 10–50 °C, and themaximum regeneration rate of the
traditional packed-bed could achieve 0.51 kg/h. Yadav and Bajpai [9] used vacuum
tubular collector to regenerate traditional packed-bed. In the sunny day conditions,
they got the regeneration air which temperature of is 14–27 °C higher than that of
the ambient air. The results showed that under the conditions of 5 kg of silica gel and
88 and 138 kg/h of air flow, the regeneration rate of silica gel was 0.063–0.207 and
0.006–0.506 kg/h.

The research on the internal heat packed-bed regeneration mainly concentrates on
the optimization of packed-bed. Zhen et al. [27, 87] adopt plate-fin heat exchanger
as bed body, the inner surface of the heat exchanger channel adhered to silica gel,
and a cross-heated compact silica packed-bed with indirect solar regeneration is
developed, as shown in Fig. 27. The packed-bed is mainly composed of the main
flow channel and the secondary flow channel, the inner wall of the main channel
adhered with silica gel in order to dehumidify the flowing air, and the secondary flow
channel is used to regenerate the silica gel in the main channel by using regeneration
air heated by the collector. The cross-heated compact silica packed-bed adopts the
method of gas–solid heat transfer to regenerate the solid desiccant material, so heat
exchange efficiency is difficult to improve. Ge et al. [88–90] put forward the use
of liquid–solid heat-type packed-bed, as shown in Fig. 28. They stick silica gel on
the fins and the outer surfaces of the finned tube heat exchangers and used solar hot
water in the pipeline to regenerate silica gel, developing a heat-type packed-bed with
finned tubes, and a series of studies were carried out. They studied the solar hot water
temperature required for the regeneration of the silica gel-coated fin-tube packed-bed
in finned tubes under various operating conditions, and the results showed that hot
water with 50–80 °C temperature could meet the regeneration of packed-bed under
various working conditions; they also studied the effect of hot water temperature on
the COPh of the silica gel-coated fin-tube packed-bed in the solar regenerative fin
tube, the results showed that when the air temperature was 30 °C, the air moisture
content was 14.3 g/kg, the air velocity was 1 m/s, and the COPh of the silica gel-
coated fin-tube packed-bed was up to the maximum when the hot water temperature
in the tube was 70 °C; and then a mathematical model of the silica gel-coated fin-
tube packed-bed in solar regenerative fin tube was established, and the operation
of the bed body was simulated by C++ language program and compared with the
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Fig. 27 Cross-heated compact silica packed-bed [27]

Fig. 28 Silica gel-coated fin-tube packed-bed [90]

experiment. The results showed that the error between the simulation results and the
experimental results was less than 15%.

Solar energy has the advantages of large reserves, wide distribution and no pollu-
tion, solar regenerative packed-bed has good energy-saving effect, and it can effec-
tively alleviate the environmental pollution that caused by the burning of fossil fuels.
Solar regeneration includes direct and indirect type; the efficiency of direct-type
regeneration is better than that of indirect type [91], but it is also found that the
regeneration efficiency of direct solar regeneration is not high and the regeneration
effect is unstable in application; the main factors affecting the efficiency and stability
of direct solar regeneration include solar radiation intensity, air flow rate and inlet
air temperature humidity [92, 93]; it is an effective method to improve the efficiency
and stability of solar energy regeneration by increasing the temperature of inlet air
and reducing air humidity in the case of solar radiation intensity and air velocity
constant.
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5.6 Existing Problems

Regarding the current research on the regeneration of packed-bed worldwide, ultra-
sonic regeneration, electro-osmotic regeneration and microwave regeneration have
effectively improved the regeneration efficiency and energy utilization of packed-
bed regeneration, but the above methods are all dependent on energy supply, which
is a problem of high-grade energy consumption [94]. At the same time, it is diffi-
cult to popularize the regeneration device by using these methods. The waste heat
regeneration can regenerate packed-bed by the low-grade energy, but it is difficult
to be popularized in the engineering application because of the site restriction. Solar
regeneration does not consume electricity, and the distribution of solar energy is
widely and without the limitation of the site, and the production of solar regenera-
tion device is relatively simple. In addition, there are still some technical problems
about filling-type packed-bed dehumidification and solar regeneration, as follows
[95]:

(1) Most of the existing research results are that setting up the packed-bed dehu-
midification system in buildings as an additional device and seeing packed-bed
dehumidification system as a single building surface attachment rather than its
own structure or components, and there are less researches on the integrated
design of packed-bed dehumidification system and building.

(2) The adsorption heat affects the dehumidification efficiency of the packed-bed
dehumidification process, and the air temperature is increased by the adsorption
heat which is absorbed by the air flowing through the solid desiccant material,
which causes the air to be sent indoors to increase the heat load of the air
conditioner.

(3) The dehumidification and regeneration effect of the packed-bed is influenced by
the inlet air temperature andhumidity, and thedehumidification and regeneration
efficiency of the packed-bed is not high and unstable under the condition of the
inlet air temperature and humidity is not good.

(4) The dehumidification model of packed-bed dehumidification process is mainly
a mathematical model deduced from the theory, which is complex in form, not
intuitive in calculation and inconvenient for engineering application.

6 The Novel Solar Solid Dehumidification/Regeneration
Bed

6.1 Introduction

The independent temperature- and humidity-controlled air-conditioning systems are
more and more widely used in buildings. The complete air-conditioning cycle of
the system consists of the adsorption process, regeneration process and cooling pro-
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cess, while the regeneration process is the core of the entire cycle. This is because
the regeneration process not only affects the dehumidification performance in the
adsorption process, but also affects the energy efficiency of the entire system [96].

Traditionally, one of the mostly used regeneration methods for the dehumidifica-
tion materials in building’s air-conditioning systems is by means of the high temper-
ature from the simulated solar energy [97–99]. Techajunta et al. [100] established
the integrated desiccant/collector system which was regenerated by solar radiation
directly, and the results proved that the silica gel can be regenerated in tropical humid
climates by using the solar-heated air. Surajitr et al. [101] investigated the regenera-
tion of silica gel desiccant by the solar air heater, and it was found that the average
regeneration rate under the various weather conditions was at 0.19 kg/h per m2 of
the aperture area, and the highest regeneration rate was at 0.51 kg/h in one silica gel
bed with the air flow rate of 0.007 kg/s. Ram et al. [102] studied the feasibility of
the regeneration of solid desiccants by using the solar parabolic dish collector, and
the results showed that the maximum regeneration rate of activated charcoal was
0.24 kg/h. Dong et al. [103] designed the solar heating system which combined the
technologies of evacuated tube solar air collector and rotary desiccant humidification
together, and the experimental and simulation results showed that the solar heating
with desiccant humidification was worthwhile being applied to improving the indoor
thermal comfort in heating season. The solar regeneration method can improve the
COP of the air-conditioning system and suitable for all dehumidification materials,
but with low regeneration efficiency and long working time.

So far, another commonly used regeneration method is called the microwave
regeneration, which has been introduced due to its improved regeneration efficiency,
shortened regeneration time and little damage to the dehumidification materials
[104–106]. Ania et al. [107] compared the regeneration of activated carbon under
electric heating and microwave irradiation. It proved that the time of the microwave
regeneration was less than that of the electric heating, and the adsorption capacity of
the activated carbon after the microwave irradiation was greater than that after the
electric heating. Polaert et al. [108] found that the porous and molecular structure
of the adsorbent had little effect on the absorption of microwave energy, while the
dielectric properties of the adsorbents played a dominant role in this process. Chao
et al. [109] studied the regeneration of the granular activated carbon by microwave
thermal treatment, and the results also showed that in comparison with the conven-
tional thermal regeneration, microwave regeneration reduced the processing temper-
ature and time. Even though the microwave technology appears to be very successful
in the regeneration of solid desiccant, most research cases are demonstrated on the
closed microwave oven and have the drawback of non-uniformity in the regeneration
process [105, 110–112].

To resolve the existing problems in the solar regeneration technologies (e.g. low
energy efficiency and time-consuming) and microwave regeneration technologies
(e.g. non-uniformity during the process), the combined solar/microwave regenera-
tion method has been proposed. In this section, the novel solar solid dehumidifica-
tion/regeneration bedwill be investigated that the generationmethodwhich combines
the microwave with the solar radiation to regenerate the dehumidification materials
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will be explored. The combined solar/microwave regenerationmethod is compared to
the solar radiation regeneration and microwave regeneration regarding their regen-
eration performance and regenerative energy consumption. The dehumidification
performance of the proposed bed is investigated. Finally, a mathematical model is
proposed to predict the regeneration characteristics of the proposed system under
the combined method of the microwave and solar regeneration. The research can be
expected to improve the regeneration performance of the dehumidification materials
and reduce the energy consumption of the regeneration process for the building’s
air-conditioning systems.

6.2 System Description

The proposed solar solid dehumidification/regeneration bed is made of plexiglass
and wooden rectangular container filled with silica gel. The container was divided
into five sub-containers using four columns; each column has two holes on it: one
is on the upper part of the sub-container, and another is on the lower part of the
sub-container. Figure 29 shows the schematic drawing of the proposed system.

Fig. 29 Schematic of the solar solid dehumidification/regeneration bed: a dehumidification mode;
b regeneration mode
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The proposed bed can operate under two modes, i.e. dehumidification mode and
regeneration mode. In the dehumidification process (Fig. 29a), the outdoor air driven
by the fans passes through the silica gel layer in the container, and the water vapour in
the outdoor airwill be absorbed by the silica gel. Then the dehumidified air is supplied
to indoor of the building. In the regeneration process (Fig. 29b), the saturated silica
gel will be heated by the simulated solar and microwave radiation, and the water
vapour inside the silica gel will be vaporized. Then the outdoor air driven by the fans
passes through the bed to bring away water vapour, and it finally dissipates to the
environment. The regenerated silica gel is ready for use.

The independent temperature- and humidity-controlled air-conditioning systems
have been demonstrated that the novel solar solid dehumidification/regeneration bed
designed based on the concept of temperature and humidity independent control
is more energy efficient compared to the traditional condensate dehumidification
air-conditioning systems [20, 96, 113]. Compared to the conventional dehumidifi-
cation/regeneration bed, the advantages of the proposed solar solid dehumidifica-
tion/regeneration bed can be presented as follows: (1) the proposed bed is composed
of five dehumidification sub-containers with thin silica gel, which will enhance the
dehumidification capacity and reduce the total thickness of the dehumidification
layer in the conventional air-conditioning systems; (2) the structure of the proposed
bed is simple so that the dehumidification and regeneration modes could be eas-
ily adjusted according to the requirements of the residents in the buildings; and (3)
the saturated silica gel in the proposed bed will be regenerated using the combined
method of solar radiation and microwave, reducing the energy consumption and cost
of operating conventional air-conditioning systems in the buildings.

The proposed solar solid desiccant/regeneration bed, as the major component of
the independent temperature- and humidity-controlled air-conditioning systems for
buildings, is simple in structure and easy for building integration and has excellent
dehumidification performance and regeneration efficiency with the reduced energy
consumption and carbon emission.

6.3 Construction of the Testing Rig

In order to investigate the performance of the proposed bed, a testing rig was con-
structed at a laboratory in theGuangdongUniversity ofTechnology,China, inFigs. 30
and 31. The testing rig was mainly consisted of the DC air conditioner, solar solid
dehumidification/regeneration bed, microwave generator, xenon lamps, electronic
scale, multi-channel temperature and humidity recorder and Pitot tube anemometer.
The DC air conditioner was used to provide the air flow across the solar solid dehu-
midification/regeneration bed with controlled temperature and humidity. The size of
the solar solid dehumidification/regeneration bed (shown in Fig. 32) was 700 mm ×
500 mm × 250 mm. The thickness of the silica gel layer was chosen at 50 mm. This
was because the authors in the previous study [114] had measured the temperature
of silica gel at different thicknesses under the simulated solar radiation condition.
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Fig. 30 Structure of the testing rig 1—DC air conditioner; 2—solar solid dehumidifica-
tion/regenerationbed; 3—silica gel; 4—microwavegenerator; 5—electronic scale; 6—xenon lamps;
7—temperature/humidity sensor; 8—Pitot tube anemometer

The results had shown that the temperature of the silica gel at 50 mm thickness
was 60% of the surface temperature. When the thickness was more than 50 mm,
the temperature of the silica gel would be significantly decreased, while when the
thickness was less than 50 mm, the water contained in the air cannot be absorbed
by the silica gel. The microwave generator for providing microwave radiation was
mounted on the sides of the bed, and the xenon lamps were fixed above the bed for
the simulation of the sunlight. The electronic scale can measure the weight change
of the silica gel during the humidification and regeneration processes of the bed.
The multi-channel temperature and humidity recorder and Pitot tube anemometer
can measure the temperature/humidity of the air and the export wind speed, respec-
tively. The performance parameters of each component are shown in Table 22, and
the experimental test data are within the error range of the test instrument.

The testing rig was operated in two processes:

Regeneration process: Before testing, the silica gel was placed in the blast oven at
the temperature of 120 °C for 8 h to be completely dried, which was measured for its
mass reach 11.312 kg. Then the dried silica gel was put into the bed, and the moisture
air-controlled by the air conditioner passed through the silica gel until the mass of
the silica gel reached 13.312 kg, which was considered as the saturation point of
the silica gel. In the regeneration process, the microwave generator was turned on
for 10 min and turned off for 5 min in order to prevent the damage of the container,
while the xenon lamps were turned on all the time. The weight change of the silica
gel will be recorded every 15 min through the electronic scale. When the weight of
the silica gel was no longer change, the xenon lamps and microwave generator were
turned off to finish the testing. For comparison, the regeneration of the bed under the
pure simulated radiation and pure microwave radiation (turn on 10 min and turn off
5 min) will be tested as well. In these processes, the power consumption for the bed
operated under different regeneration methods was also monitored for analyses.
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Fig. 31 Image of the testing rig

Fig. 32 Image of the solar solid dehumidification/regeneration bed

Dehumidification process: Before the testing, the silica gel was put in the blast oven
at the temperature of 120 °C for drying for 8 h, and then the silica gel was weighted
to ensure it was fully dried and then put into the bed. Then the air flow channels were
closed as shown in Fig. 29a, and the air in different conditions (shown in Table 23)
provided by the DC air conditioner passed through the silica gel layer. The weight
change of the silica gel will be recorded every 10 min by the electronic scale. When
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Table 22 Performance parameters of each component of the testing rig

Equipment Specification Parameter

DC air conditioner DW11-50No2
OCS-I

Power: 105 W; voltage:
220 V/50 Hz; current: 0.48 A; air
flow volume: 370 m3/h; static
pressure: 400 Pa

Microwave generator Custom-made Frequency: 2450 MHz; power:
0–1000 W

Electronic scale TCS-01 Power supply: 220 V; power:
14 W; maximum weight: 75 kg

Xenon lamps AHD1000 Wavelength range: 0.2–2 μm;
power: 1000 W

Multi-channel temperature
monitor

AT4340 Sensor: K-type thermocouple;
temperature range: −200 to
1300 °C; measurement accuracy:
± (0.5% × value + 2); power
supply: 220 V ± 10%, 50 Hz ±
2%

Multi-channel temperature and
humidity recorder

BYCT-TH150B Temperature range: −40 to
150 °C; relative humidity range:
20–90%; temperature accuracy:
±0.5 °C

Pitot tube anemometer VF110 Range: 0–10 m/s; accuracy:
0.01 m/s

Table 23 Performance parameters of the testing rig during the dehumidification process

Condition Inlet air
temperature (°C)

Inlet air relative
humidity (%)

Inlet air humidity
ratio (g/kg)

Mass flow (kg/s)

1 27.69 81.84 19.24 0.33992

2 26.09 89.23 19.09 0.33992

3 27.66 85.24 20.03 0.33992

4 29.17 81.68 20.98 0.33992

the weight of the silica gel was no longer changed, the DC air conditioner was turned
off to complete the testing.

6.4 Test Results and Analysis

The regeneration performance of the proposed solar solid dehumidifica-
tion/regeneration bed was evaluated for its dry basis moisture content, speed of
regeneration, regeneration degree and energy efficiency. The dehumidification per-
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Fig. 33 Variation of the dry basis moisture content of the solar solid dehumidification/regeneration
bed under the three regeneration methods

formance of the bed will be studied by analysing the moisture removal, dehumidifi-
cation efficiency and speed of dehumidification.

(1) Dry Basis Moisture Content
Dry basis moisture content refers to the ratio of the mass difference between
the silica gel at a time during the regeneration process and at the completely
dried state to the mass of the silica gel at the completely dried state [115],
which is expressed in Eq. (5). Figure 33 presents the variation of the dry basis
moisture content of the solar solid dehumidification/regeneration bed under the
three regeneration methods.

Mτ = mτ − mg

mg
(5)

From Fig. 33, it can be found that the dry basis moisture content for the three
regeneration methods presented similarly that it decreased until reached rela-
tively stable. This is because with the increase in the regeneration degree, water
vapour in the silica gel was reduced and the energy required for the regenera-
tion was improved, leading to the reduced dry basis moisture content. The dry
basis moisture content was maintained at 14.02% for the simulated solar regen-
eration, 4.67% for the microwave regeneration and 4.01% for the combined
simulated solar/microwave regeneration, indicating that most water vapour was
regenerated from the solar solid dehumidification/regeneration bed by using the
combined method among the three regeneration methods.
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Fig. 34 Variation of the speed of regeneration of the solar solid dehumidification/regeneration bed
for the three regeneration methods

(2) Speed of Regeneration
Speed of regeneration is defined as the ratio of the change of the dry basis
moisture content at the unit time to the unit time [116], which is described in
Eq. (6). The variation of the speed of regeneration with time is shown in Fig. 34.

υ = Mτ − Mτ+�τ

�τ
(6)

In Fig. 34, the regeneration speeds for all the three different methods rapidly
increased at the first time and then decreased slowly. This could be explained
in the aspect of the molecular structure of the water vapour inside the silica gel.
At the beginning of the regeneration process, the regeneration speed increased
with the increase in the regeneration energy required for free water molecules,
while later the regeneration speed decreasedwith the increase in the regeneration
energy required for bound water molecules. For the simulated solar radiation
condition, the speed of regeneration reached its maximum at 0.491 g/(kg s)
in the first 90 min. The maximum speed of regeneration under the microwave
regeneration method appeared at the 60 min with the value of 0.569 g/(kg s) The
maximum speed of regeneration for the combined simulated solar/microwave
regeneration method was at 0.668 g/(kg s) corresponding to the first 135 min
during the testing. Compared with the pure simulated solar and microwave radi-
ation regeneration methods, the combinedmethod can improve the regeneration
effect of the silica gel.

(3) Regeneration Degree
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Fig. 35 Variation of the regeneration degree for the solar solid dehumidification/regeneration bed
under the three regeneration methods

The regenerationdegree is the ratio of themass of thewater vapour regenerated at
a time during the regeneration process to the mass of the water vapour contained
in the saturated silica gel when the process starts [117], which is expressed in
Eq. (7). The variations of the regeneration degree with time are shown in Fig. 35,
and the regeneration degree for the simulated solar radiation, microwave and
combined regeneration methods increased and kept stable at 20.7, 73.5 and
77.7%, respectively. These results showed that the combined method could
regenerate more water vapour from the silica gel and therefore improve the
dehumidification capacity of the silica gel.

R = Wτ

W0
(7)

(4) Energy Efficiency
The energy efficiency of the testing rig is defined in Eq. (8). The energy con-
sumed by the simulated solar radiationwas negligible in the practical conditions,
and therefore, the variation of the energy efficiency with the regeneration degree
for the microwave and combined regeneration methods is compared in Fig. 36.

η = Qr

Qτ

= Wr · �H

Qτ

(8)

In Fig. 36, the energy efficiencies firstly increased with the increase in the
regeneration degree and then reached stable and finally reduced. At the point of
21% of the regeneration degree, the energy efficiency for the two regeneration
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Fig. 36 Variation of the energy efficiency with the regeneration degree for the solar solid dehu-
midification/regeneration bed under the microwave and combined regeneration methods

methods obtained the same value of 18.6%. When the regeneration degree was
less than 21%, the energy efficiency of the combined method was lower than
that of the microwave method, while when the regeneration degree was higher
than 21%, the energy efficiency of the combined method was higher than that of
the microwave method. This was because the regeneration process of the silica
gel was not only related to the temperature but also to the external pressure. The
maximum energy efficiency for the two methods, i.e. microwave and simulated
solar/microwave, was at 19.4 and 21.7%, respectively, which indicated that
the combined method improved the energy utilization efficiency during the
regeneration process.

(5) Moisture removal performance
The moisture removal was defined as the difference of the humidity ratio
between the outlet air and inlet air Eq. (9), and the results are shown in Fig. 37
[50].

�d = din − dout (9)

Figure 37 shows the variation of the moisture removal at different inlet air
temperatures and relative humidity with time. It was found that the trend of
the moisture removal in the four conditions was similar, which is because with
the increase in the water in silica gel, the water vapour pressure in silica gel
increased, and therefore, the dehumidification capacity was also reduced. Until
the end of the dehumidification process, the water vapour pressure in silica gel
was the same as that in the air. The maximum moisture removal of 14.1 g/kg
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Fig. 37 Variation of themoisture removal of the solar solid dehumidification/regeneration bedwith
time

was found when the inlet air temperature was at 26.09 °C and the air relative
humiditywas at 89.23%, and its averagemoisture removal was also atmaximum
value of 4.2 g/kg. This indicated that the inlet air with lower temperature and
higher humidity can improve the dehumidification performance.

(6) Dehumidification efficiency
The dehumidification efficiency of the system, defined as the ratio of the mois-
ture removal performance to the humidity ratio of inlet air, is expressed in
Eq. (10) and shown in Fig. 38 [117]. From Fig. 38, it can be found that the
maximum dehumidification efficiency, which was significantly influenced by
the temperature of the inlet air, decreased with time. The maximum dehumidi-
fication efficiency was 68.0% when the inlet air temperature was 26.09 °C and
the air relative humidity was 89.23%.

εd = �d

din
(10)

(7) Speed of dehumidification
Speed of dehumidification is defined as the ratio of the moisture removal at
the unit time to the mass, which is expressed in Eq. (11). Figure 39 shows the
variation of the speed of dehumidification with time [118], and the maximum
speed of dehumidification s appeared at the beginning of the dehumidification
process since the water vapour pressure difference between the silica gel and
the inlet air was biggest at this stage, resulted in a maximum speed of dehu-
midification. After that, the speed of dehumidification decreased slowly. The
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Fig. 38 Variation of the dehumidification efficiency of the solar solid dehumidifica-
tion/regeneration bed with time

maximum average speed of dehumidification was 0.126 g/(kg s) at the inlet air
temperature of 26.09 °C and the air relative humidity of 89.23%.

υd = ṁ · �d

mg
(11)

6.5 Comparison with the Previous Models

Themoisture ratio is themajor parameter used to study the regenerativemathematical
model of the dehumidification materials [119], and the calculated moisture ratio
(Eq. 12) using the tested data is shown in Fig. 40.

MR = Mτ − M1

M0 − M1
(12)

For comparison, four commonly used previously studied regeneration models
were selected to simulate the moisture ratio of the silica gel (shown in Table 24)
[120–123], and the semi-empirical equations from the testing results are summarized
in Table 25. By comparing the testing results with the modelling results using the
semi-empirical models, the Page model was validated, and it can be used to predict
the moisture ratio of the silica gel.
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Fig. 39 Variation of the speed of dehumidification of the solar solid dehumidification/regeneration
bed with time

Fig. 40 Comparison of the moisture ratio from the testing and semi-empirical Page model results
[120]

Table 24 Previous regenerative mathematical models for thin layer silica gel

Model Expression

Lewis model [120] MR = exp(−k · τ)

Page model [121] MR = exp(−k · τ n)
Wang and Singh model [122] MR = 1 + a · τ + b · τ 2

Two-term model [123] MR = a · exp(−k0 · τ) + b · exp(−k1 · τ)
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Table 25 Summary of the semi-empirical equations

Regeneration method Model Semi-empirical equations R2

Microwave regeneration Lewis model [120] MR = exp(−0.0033 · τ) 0.9414

Page model [121] MR = exp(−1.57 · τ 1.52) 0.9926

Wang and Singh model
[122]

MR = 1 − 0.0023 · τ +
1.12 × 10−6 · τ 2

0.9956

Two-term model [123] MR = 0.57·exp(−0.0038·
τ)+0.57·exp(−0.0038·τ)

0.9577

Combined simulated
solar/microwave
regeneration

Lewis model [120] MR = exp(−0.0035 · τ) 0.9289

Page model [121] MR = exp(−0.78 · τ 1.66) 0.9973

Wang and Singh model
[122]

MR = 1 − 0.0024 · τ +
1.275 × 10−6 · τ 2

0.9886

Two-term model [123] MR =
0.584 · exp(−0.0041 · τ)+
0.584 · exp(−0.0041 · τ)

0.9534

6.6 Conclusion

This section presents a novel solar solid dehumidification/regeneration bed using
three different regeneration methods, respectively, i.e. simulated solar radiation,
microwave radiation, combined simulated solar/microwave radiation. Experimen-
tal testing was carried out to investigate dehumidification performance of the system
for the three different regeneration methods. The testing rig was constructed at a lab-
oratory in Guangdong University of Technology, China. The parameters determining
the characteristics of the proposed bed including dry basis moisture content, speed
of regeneration, regeneration degree, energy efficiency, moisture removal, dehumid-
ification efficiency and speed of dehumidification were evaluated. The regenerative
testing results were compared to the modelling results using the previous developed
models to validate the models. Both modelling and testing results were analysed to
find the most appropriate regeneration method for silica gel.

It was found that the speeds of regeneration rose linearly and then decreased
slowly, and their maximum values were 0.491, 0.569 and 0.668 g/(kg s) for the
simulated solar radiation, microwave radiation and combined regeneration meth-
ods, respectively. The maximum regeneration degree for the combined regeneration
method, i.e. microwave combined with simulated solar, was 77.7%, which was 3.77
times higher than that for the simulated solar radiation and 1.05 times higher than
that for the microwave radiation. The maximum energy efficiency for the testing
rig under the combined regeneration method was 21.7%, and that of the microwave
regeneration method was 19.4%. The testing results indicated that the performance
of the combined simulated solar/microwave regenerationmethodwas the best among
the three regeneration methods. When the inlet air temperature was 26.09 °C and
the air relative humidity was 89.23%, the maximum transient moisture removed was
14.1 g/kg, the maximum dehumidification efficiency was 68.0%, and the maximum
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speed of dehumidification was 0.294 g/(kg s). By comparing with the previous stud-
ies, the semi-empirical Page model equation was established for the moisture ratio
of the silica gel, and the results from the semi-empirical Page model were in good
agreement with the testing results in the regeneration process.

This study concluded that the combination of microwave and simulated solar can
improve the regeneration effect and energy efficiency of the regeneration process and
reduce the regeneration energy consumption for the proposed solar solid dehumidi-
fication/regeneration bed. The further work will need to be carried out to investigate
the dehumidification performance of the entire system and the optimization of the
experimental devices, providing an effective theoretical basis for the system use in
practical applications.

7 Solar-Powered Dehumidification Window

7.1 Introduction

Nowadays, energy crisis is one of the major problems faced by the whole world, and
building sector is one of the largest energy end-use sectors that consume more than
40%of the global energy [124, 125].Over half of the energy consumedby the building
is contributed by the conventional vapour compression cooling system because of its
air process of excess cooling and reheating [126].A suitable alternative to this energy-
intensive system is called the solid desiccant cooling system [127], which integrates
solid desiccant device with evaporative cooling system to realize air humidity and
temperature independent control for resolving the problems of excess cooling and
reheating. According to the integrated methods, the solid desiccant devices of the
solid desiccant cooling system can be divided into the fluidized bed, rotary desiccant
wheel and solid desiccant packed-bed. The fluidized bed has lower pressure drop than
the packed-bed, but it might create dust pollution by the collision between particles
[128]. The rotary desiccant wheel is widely adopted in the solid desiccant cooling
system, but it was found that the adsorption heat from the desiccant dehumidification
greatly lowered its performance because it was difficult to remove the heat by inner-
cooling process due to its structure of rotary wheel [7, 129]. Since the solid desiccant
packed-bed performswithout the dust pollution and is relatively easy to realize inner-
cooling dehumidification process to remove the adsorption heat, it has receivedmuch
attention for application in solid desiccant cooling system [6, 8].

Over the past few years, several investigations have been conducted on solid des-
iccant packed-bed. Kabeel [32] studied the effect of the design parameters on the
performance of a multi-layer desiccant packed-bed. Awad et al. [130] designed a
radial flow hollow cylindrical packed-bed for reducing the distance travelled by the
air through the vertical bed, and the maximum value of the mass transfer coefficient
was at 2.2 kg/m3. An intercooled desiccant packed-bedwas proposed by Ramzy et al.
[34], and 22% increase in the total adsorbed mass was achieved in comparison with
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the conventional packed-beds. A cross-cooled desiccant packed-bed was proposed
byYuan et al. [28], and the simulation results indicated that the dehumidification effi-
ciency reached 12.4%. Ge et al. [30, 89] concluded that the air–liquid heat exchanger
had higher heat transfer coefficient than the air-to-air heat exchanger and conse-
quently removed more adsorption heat. Peng et al. [29] proposed a desiccant-coated
packed-bed by coating desiccant material to the outside surface of the conventional
fin-tube heat exchangers, and the moisture removal could reach 43.8%. Wang [90]
improved the desiccant-coated packed-bed by combining the regenerative evapo-
rative cooler, and they found that the average moisture removal of the packed-bed
with regenerative evaporative cooler was 17% higher than the packed-bed without
regenerative evaporative cooler. Most of the investigations have been focused on
optimizing the structure and improving the adsorption capacity of the solid desic-
cant packed-bed. However, as the amount of the air to be treated increases, the more
space and energy will be required to use the packed-bed in solid desiccant cooling
system.

In order to reduce the space and energy of the packed-bed required, a novel solar-
powered dehumidification window (SPDW) which integrated the desiccant packed-
bed and photovoltaic (PV) panel into the double-glazed window of the building is
proposed and presented in this section. The SPDW is used to dehumidify the outdoor
fresh air that enters the residential building, and the part or the whole electric power
used to drive the SPDW can be produced by PV panel. Moreover, the saturated solid
desiccant of the SPDW can be regenerated by the solar radiation. In order to inves-
tigate the dehumidification and regeneration performance of the proposed system,
the testing rig of the SPDW will be constructed at the laboratory of the Guangdong
University of Technology (China) and tested for different conditions of inlet air and
simulated solar radiation. The experimental results will be used to verify a semi-
empirical model for the prediction of the water content ratio of the solid desiccant
modules applying the isothermal adsorption assumption during dehumidification
process. This research would provide a novel energy-saving and building-integrated
dehumidification technology, which would be helpful for realizing the global target
of the building energy reduction and produce a new research area for researchers.

7.2 System Description

The proposed SPDW was composed of a PV panel, a flat-plate glass cover, fans,
orifice plates, a double shutter and desiccant modules filled with solid desiccant (i.e.
silica gel) as shown in Fig. 41.

The proposed window will operate under two modes, i.e. dehumidification mode
and regeneration mode, as shown in Fig. 41a, b. In the dehumidification mode, the
fans inside thewindowwill be switched on,while the fans on both sides of thewindow
will be switched off. The outdoor air will firstly enter the window from the air inlet
and is dehumidified when it passes the solid desiccant modules, and then it will be
driven into the building by the fans inside the window. In the regeneration mode,
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Fig. 41 Schematic of the SPDW: a dehumidification mode; b regeneration mode 1—photovoltaic
panel; 2—fans; 3—desiccant modules; 4—flat-plate glass; 5—orifice plates; 6—air inlet

the fans on both sides of the window will be switched on, while the fans inside the
window will be switched off. Hence, the outdoor air will enter the window from the
air inlet, bring away the vapour evaporated from the solid desiccant modules during
the regeneration process by solar radiation, and is discharged to the surroundings
driven the fans on both sides of the window. It can be predicted that the interference
of themoist air exhaust with the outdoor air inlet will be little because the temperature
of the exhaust air will be higher than that of the ambient air, and the exhaust air will
move upward. Moreover, the air flow flux of the window will be small to allow
the ambient air flow carrying away the exhaust air. Also, there will be no fogging
on the upper level fenestration near the moist air exhaust because the temperature
of fenestration will be raised due to the adsorption of solar radiation. During these
processes, the electric energy consumed by the fans can be compensated from the
photovoltaic panel.

The novelty of the SPDW could be summarized as follows: (1) the SPDW can
be potentially used to replace the existing residential building window, which can
not only save the construction materials, but also reduce the space the solid desic-
cant packed-bed and PV panel need. This could be helpful to realize the building
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(a)                                   (b) 

Fig. 42 Testing rig of the proposed SPDW: a dehumidification mode; b regeneration mode 1—air
inlet; 2—electric heater; 3—ultrasonic humidifier; 4—mixing chamber; 5—double shutter; 6—tem-
perature/humidity sensor; 7—solid desiccant module (silica gel); 8—thermocouple; 9—inner layer
of the flat-plate glass; 10—outer layer of the flat-plate glass; 11—fans; 12—PV panel; 13—testing
space; 14—air outlet; 15—bracket; 16—xenon lamps

integration of the proposed system component. (2) Solar radiation can be used to
regenerate the solid desiccant and drive the fans in certain extent, which can signifi-
cantly increase the energy efficiency of the window and eventually reduce the energy
consumption of the air conditioning.

7.3 Construction of the Testing Rig

In order to investigate the dehumidification and regeneration performance of the
SPDW, the SPDW was designed with the total flat-plate glass area of 1 m2. The
testing rig of the proposed SPDW and the images of the testing rig are shown in
Figs. 42, 43, 44 and 45, respectively. The parameters of the experimental material,
apparatuses and instruments are presented in Table 26.

The testing rig of the SPDWwas composed of themixing chamber, solid desiccant
modules, ordinary window glass, fans, testing space, PV panel and xenon lamps.
The outdoor air was pretreated in the mixing chamber where the temperature and
humidity of the inlet air were controlled by using the electric heater and ultrasonic
humidifier. The six desiccant modules filled with 3 kg silica gel each, having the
same size of 550 mm in length, 190 mm in width and 50 mm in thickness, were
used to dehumidify the air. The distance between each two desiccant modules was
at 290 mm. The desiccant modules were fit into the space between the two layers
of the ordinary window glass of 3 mm thickness. The inside layer of the window
glass was fixed, while the outside layer was movable for conveniently replacing
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Fig. 43 Image of the testing rig

the saturated desiccant modules. Two fans were installed above the solid desiccant
modules to drive the outdoor air into the testing space. The testing space of 1250 mm
× 1200 mm × 2000 mm was made of the colour-coated steel insulation panels of
50 mm thickness representing the building indoor room, where the temperatures
and relative humidity of the air were measured every one hour for analysis. The
PV panel having the size of 1150 mm in length and 500 mm in width was made
of polycrystalline silicon cells and installed on the sunblind. For the evenness of
the simulated solar energy, four xenon lamps were used to simulate the sunlight for
different radiations during regeneration mode through regulating the input voltage
of the lamps. Also, two xenon lamps were used to simulate the sunlight for the PV
panel, and the simulated radiations were recorded by the pyranometer.
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Fig. 44 Image of the desiccant modules embedded in the window

7.4 Methods

In order to investigate the dehumidification and regeneration performance of the
SPDW, the transient moisture removal, dehumidification efficiency, heat transfer
characteristics and regeneration rate will be analysed for the system operated under
different inlet air conditions and simulated solar radiation.

The transient moisture removal of the solid desiccant modules �dτ is defined in
Eq. (13) [50].

�dτ = din − dout. (13)

Dehumidification efficiency of the solid desiccant modules η was determined as
the ratio of the transient moisture removal to the humidity ratio of the inlet air flow
as shown in Eq. (14) [118].

η = �dτ

din
= 1 − dout

din
, (14)

The heat transfer characteristics referred to the distribution of released adsorption
heat Qi during the dehumidification process. The Qi could be considered as the
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Fig. 45 Image of the xenon
lamps

condensation heat of the water vapour in the SPDW and be divided into three parts:
(1) the heat absorbed by the dehumidified air Qa; (2) the heat absorbed by the solid
desiccant modules Qs; and (3) the heat losses from the window to the surroundings
Qd. The relationship of the four parameters during the heat transfer processes of the
SPDW is shown in Eqs. (15) to (18) [37, 131].

Ql = Qa + Qs + Qd, (15)

Ql = �dτGτr, (16)

Qa = Gca�ta, (17)

Qs = Mcs�ts, (18)
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Regeneration rate of the solid desiccantmodulesRc was determined as the product
of the mass flow rate and the humidity ratio difference between the inlet and outlet
air of the SPDW as in Eq. (19) [84].

Rc = G(dout − din) (19)

7.5 Analysis and Discussion of the Testing Results
of Dehumidification Process

The experiments of the dehumidification and regeneration processes of the SPDW
will be conducted, and the testing results will be analysed and discussed, respec-
tively, for the investigation of the dehumidification and regeneration performance
of the SPDW. It should be mentioned that the basis for choosing the air conditions
was the typical hot and humid weather (from March through May) in South China
(Guangzhou) and that the air temperature and relative humidity ranged 18–26 °C
and 70–85%, respectively.

In order to investigate the dehumidification performance of the SPDW, five inlet
air conditions will be conducted during the tests as shown in Table 27. Four eval-
uation indicators, i.e. the transient moisture removal, dehumidification efficiency,
temperature difference between the inlet and outlet air of the window and heat trans-
fer characteristics, will be analysed for the system operated under different inlet air
conditions.

(1) Transient moisture removal
Figure 46 indicates the time variation of the transient moisture removal of the
solid desiccant modules during the dehumidification process at a different inlet
air temperature and relative humidity. It was found that the solid desiccant
modules had the maximum transient moisture removal at 7.1 g/kg when the
inlet air temperature was at 19.2 °C and relative humidity was at 86.1%. It
was also found that the transient moisture removal reached its maximum at the
beginning of the dehumidification process due to the least accumulation ofwater
content and adsorption heat in the modules. Moreover, it decreased sharply at
the first 3 h and then slowly due to the increase in the water content in the
modules, indicating that the window could maintain a relatively high humidity
adsorption capacity for a long time of more than 3 h.
For the window operated under the same inlet air temperature, the transient
moisture removal increased with the increase in the inlet air relative humidity
due to the increase in the vapour pressure difference between the air and the
solid desiccant. As to the window operated under the same relative humidity
of the inlet air, the transient moisture removal decreased with the increase in
the inlet air temperature because of the decrease in heat transfer from the solid
desiccant to the dehumidified air, resulting in the heat accumulation in solid
desiccant and consequently reducing the adsorption capacity of the window.
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Table 26 Parameters of the main components of the SPDW

Name Type Manufacturer Main parameters

Material

Macro-porous silica
gel

– Dongguan Tasike
Material Company
(China)

Average diameter:
2–4 mm; pore volume:
0.34–0.40 L/kg;
particle density:
>600 kg/m3; specific
heat: 0.92 kJ/(kg K)

Devices

Electric heater DJR HQDRG Company
(China)

Power range:
250–500 W

Ultrasonic humidifier H-010 Guangzhou Shide
Electric Company
(China)

Humidification
capacity: 0–800 mL/h;
power: 60 W

Multi-channel
temperature &
humidity monitor

PC-2WS Jinzhou Solar Science
& Technology
Company (China)

Accuracy: ±2% in
humidity, ±0.2 °C in
temperature

64-channel
temperature logger

JK-XU Changzhou Jinailian
Electronic Technology
Company (China)

Sensor: K-type;
accuracy: ± (value ×
0.5% + 1) °C

Fan ASB20-4-1 M Changzhou Jinling
Electric Company
(China)

Mass flow rate:
486 m3/h; power: 28 W

Anemometer 405-V1 Testo Company Range: 0–10 m/s;
accuracy: 0.01 m/s

Xenon lamp AHD2000 W Shenzhen Anhongda
Opto Technology Co.
Ltd. (China)

Power: 2000 W

Pyranometer JTTF JT Technology
Company (China)

Spectrum range:
0.3–3.2 μm;
sensitivity:
7–14 mV/(kW m2);
response time: <35 s

Electric power
instrument

BDYB Shenzhen Northmeter
Co. Ltd. (China)

Accuracy grade: 1.0

PV panel PV-HY-8526 Guangzhou Fujie Solar
Company (China)

Output power: 100 W;
transfer efficiency:
18%

Electronic balance TCS-01 Xiamen Bailunsi
Electronic and
Technology Company
(China)

Measurement
accuracy: 2 g

(continued)
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Table 26 (continued)

Name Type Manufacturer Main parameters

Electronic oven HN101-2A Nantong Hunan
Scientific Instrument
Company (China)

Temperature range:
10–300 °C; accuracy:
±1.0 °C

Hygrothermostat BYCT-TH150B Dongguan Boya
Equipment Company
(China)

Temperature range: −
40 to 150 °C; relative
humidity range:
20–90%; temperature
accuracy: ±0.5 °C

Table 27 Inlet air conditions for the experiments

Test no. Temperature (°C) Relative humidity
(%)

Humidity capacity
(g/kg)

Mass flow rate
(kg/h)

1 19.2 86.1 12.1 45.7

2 19.6 79.2 11.4 41.4

3 19.4 74.2 10.5 43.2

4 24.4 79.5 15.4 42.5

5 24.2 75.5 14.2 43.7
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Fig. 46 Variation of the transient moisture removal of the solid desiccant modules with time
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Fig. 47 Variation of the dehumidification efficiency of the solid desiccant modules with time

(2) Dehumidification efficiency
Figure 47 shows the variation of dehumidification efficiency with time under
different inlet air conditions. From Fig. 47, it could be found that the dehumid-
ification efficiency of the solid desiccant modules decreased during the testing
period that the maximum values appeared at the beginning of the testing. It
could also be observed that the system performed better under higher inlet air
relative humidity and lower inlet air temperature condition. Themaximumof the
solid desiccant modules’ dehumidification efficiency could be found at 58.60%
corresponding to the inlet air temperature of 19.2 °C and relative humidity of
86.1%. Meanwhile, the average dehumidification efficiency of this test was at
33.96%.

(3) Temperature difference between the inlet and outlet air
The air temperature was raised when the air passed through the desiccant in
dehumidification process, and the temperature difference between the inlet and
outlet air had a significant influence on the sensible cooling load of the air
conditioning. Figure 48 presents the time variation of the inlet and outlet air
temperature difference, and Tables 28 and 29 indicate the temperature rise of
the dehumidified air and the solid desiccant.
From above figure and tables, it could be seen that the air temperature difference
increased significantly in the first 3 h, reaching the maximum values of 10.7,
10.1, 8.8, 7.7 and 6.4 °C for the five tests, and then decreased gradually. A delay
of 1 or 2 h could be found between the maximum temperature difference of the
air and the temperature rise of the silica gel because the adsorption heat was
firstly absorbed by the solid desiccant and then to the dehumidified air. The air



274 W. Yang et al.

0 1 2 3 4 5 6 7 8 9 10
0

1

2

3

4

5

6

7

8

9

10

11

 Test 1
 Test 2
 Test 3
 Test 4
 Test 5In

le
t a

nd
 o

ut
le

t a
ir 

te
m

pe
ra

tu
re

 d
iff

er
en

ce
 (°

C
)

Time (h)

Fig. 48 Variation of the temperature difference between the inlet and outlet air with time

Table 28 Temperature difference of the inlet and outlet air for five tests (°C)

Time (h) Test 1 Test 2 Test 3 Test 4 Test 5

1 5.0 4.4 2.9 2.5 2.2

2 9.0 8.4 6.2 5.3 4.2

3 10.7 10.1 8.4 7.4 6.6

4 10.2 8.6 8.8 7.7 6.4

5 10.0 8.9 8.6 7.5 6.3

6 9.7 8.0 8.1 6.4 5.3

7 8.2 6.5 5.9 5.7 4.5

8 7.7 6.0 6.6 5.4 4.4

9 7.3 5.9 5.8 4.8 3.6

10 6.5 5.3 3.8 4.3 3.4

Mean 8.4 7.2 6.5 5.7 4.7

temperature difference was also found to be increased with the increase in the
inlet air relative humidity and the decrease in the inlet air temperature.

(4) Heat transfer characteristics
The results of the heat transfer characteristics during dehumidification process
are listed in Table 30. It could be seen that most of the adsorption heat (more
than 80%) was absorbed by the dehumidified air, while only a few (less than
20%) was transferred to the solid desiccant or dissipated to the surroundings,
consequently resulting in the increase in the dehumidified air temperature and
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Table 29 Temperature rise of the solid desiccant modules for five tests (°C)

Time (h) Test 1 Test 2 Test 3 Test 4 Test 5

1 18.3 15.7 13.1 22.1 18.6

2 20.1 17.1 14.5 21.4 19.4

3 17.8 16.1 12.9 17.6 17.1

4 16.1 14.8 11.6 15.3 14.7

5 15.0 12.7 10.5 14.8 12.6

6 14.1 11.4 9.4 13.5 11.3

7 12.1 10.8 8.7 12.3 10.1

8 10.3 9.6 7.4 11.4 8.7

9 9.9 9.2 6.8 10.5 7.9

10 8.8 8.0 5.2 9.5 8.1

Mean 14.2 12.5 10.0 14.8 12.9

Table 30 Calculation of the four heat transfer parameters of the SPDWduring the dehumidification
process

Test Qi (kJ) Qa Qs Qd

Amount
(kJ)

Percentage
(%)

Amount
(kJ)

Percentage
(%)

Amount
(kJ)

Percentage
(%)

1 4004.60 3590.33 89.66 241.18 6.02 173.08 4.32

2 3674.21 3128.75 85.15 211.88 5.77 333.58 9.08

3 3168.40 2826.11 89.20 168.54 5.32 173.75 5.48

4 3072.10 2479.92 80.72 274.39 8.94 317.78 10.34

5 2389.21 2040.11 85.39 227.06 9.50 122.03 5.11

Mean 3261.70 2832.64 86.55 224.68 7.11 204.39 6.34

the sensible cooling load of the air conditioning. Hence, it is necessary to take
measures, e.g. introducing the cooled water by intercooling channels, to reduce
the dehumidified air temperature in the dehumidification process for energy-
saving purposes.

7.6 Analysis and Discussion of the Testing Results
of Regeneration Process

The regeneration experiment was conducted after the solid desiccant was saturated.
In order to investigate the regeneration performance of the SPDW, three conditions
of simulated solar radiation, i.e. 300, 600 and 900 W/m2, will be conducted under
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Fig. 49 Variation of the temperature of the solid desiccant modules with time

the inlet air temperature of 24.5 °C and air relative humidity of 80%. The variation
of desiccant temperature and regeneration rate with time [9, 95] will be analysed for
the system operated under different simulated solar radiation.

(1) Desiccant temperature
The desiccant temperature was raised due to the adsorption of simulated solar
radiation during the regeneration process, and the time variation of the desiccant
temperature is shown in Fig. 49.
From Fig. 49, it was found that the desiccant temperature increased significantly
in the first 2 h and then gradually. This was because the temperature difference
between the desiccant and the process air was initially small, and then it became
large, resulting in large heat loss from the desiccant to the process air. The max-
imum desiccant temperature was found at 35.3, 31.7 and 29.7 °C corresponding
to the simulated solar radiation of 900, 600 and 300 W/m2, respectively. The
desiccant temperature increased with the increase in simulated solar radiation.

(2) Regeneration rate
Figure 50 shows the time variation of the regeneration rate of the solid desiccant
modules during regeneration process. It could be observed from Fig. 50 that
the regeneration rate first increased sharply due to an increase in the desiccant
temperature and thendecreasedgradually due to the decrease inmoisture content
in the desiccant. The maximum value of regeneration rate reached 153, 117
and 106 g/h under the simulated solar radiation of 900, 600 and 300 W/m2,
respectively. It was also found that the regeneration rate of the solid desiccant
modules increased with the increase in the simulated solar radiation.
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Fig. 50 Variation of the regeneration rate of the solid desiccant modules with time

7.7 Analysis and Discussion of the Testing Results
of the Fans and PV Panel

In order to investigate the operation of the fans and the PV panel, the power was
tested under the simulated solar radiation of 900, 600 and 300 W/m2, respectively,
and the results are shown in Fig. 51.

Figure 51 indicates that the power of the fans and the PV panel was relatively
stable with time under different simulated solar radiation. The average power of the
PV panel under the simulated solar radiation of 900, 600 and 300W/m2 was 39.81W,
26.37 and 16.89 W, respectively. This meant that the PV panel could not completely
drive the fans (49.82 W) under the simulated solar radiation of 300–900 W/m2.
Therefore, it was necessary to introduce the auxiliary power sources, e.g. battery, or
connected to the grid to run the fans.

7.8 Comparison of the Testing Results with the Results
from the Semi-empirical Model

Semi-empirical model for the dehumidification process of the SPDW will be set up
based on the mass balance of the desiccant module and used to compare the testing
results (as in Fig. 52). Four assumptions are taken into consideration in the analysis:

(1) Axial gradient of the moisture content within the desiccant module is neglected.
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(2) Mass equilibrium between the solid desiccant and exit air in the module is
assumed.

(3) Isothermal adsorption is assumed during the dehumidification process.
(4) The bulk mean value of the air is assumed to simulate the mass transfer process.

For the dehumidification process, mass balance between the dehumidified air and
solid desiccant at dτ is given as follows:

A · u · ρa · (din − dout) · dτ = A · L · (1 − ε)ρs · dmτ , (20)

¦Ó =0, mt = mo

Moist air (din)

Dehumidified air (dout)

Fig. 52 Mass transfer process for the proposed solid desiccant module
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When the mass of the exit air equals to that of the solid desiccant, the humidity
ratio of the exit air equals to that of the solid desiccant, then [32]

dout = db. (21)

The humidity ratio of the solid desiccant db depends on the water content ratio
of the solid desiccant mτ , as well as the thermo-physical properties of the solid
adsorbent–adsorbate pair. For silica gel andwater vapour as adsorbent and adsorbate,
respectively, the linear relation of the humidity ratio of the solid desiccant db and
water content ratio of the solid desiccant mτ can be expressed as [132]:

db = K1 + K2 · mτ , (22)

Substituting Eqs. (21) and (22) in Eq. (20) gives

dmτ

me − mτ

= ρaK2u

ρsL(1 − ε)
dτ, (23)

Solving Eq. (23) with the initial condition at τ = 0, mτ = m0,

me − mτ

me − m0
= exp

(
− ρaK2uτ

ρsL(1 − ε)

)
, (24)

Then, Eq. (24) can be rewritten as:

me − mτ

me − m0
= exp(−βτ), (25)

β = ρaK2u

ρs(1 − ε)L
, (26)

Therefore, if the initial water content ratio of the solid desiccant module (m0) and
water content ratio of the saturated solid desiccant module (me) were given, the water
content ratio of the solid desiccant module in any time mτ can be predicted.

For the initial water content ratio of solid desiccant module m0, it was small due
to the fully dried modules in the electronic oven for 12 h at 120 °C temperature.
Therefore, the m0 was neglected in this study.

Thewater content ratio of the saturated solid desiccantmoduleme was determined
from the experiments that by putting the desiccant modules into the hygrothermostat
under the five experimental conditions, respectively, until the variation of the water
content ratio was less than 1%, the solid desiccant was then saturated, and the results
are shown in Table 31.

Then, the water content ratio of the solid desiccant module in any time mτ could
be predicted from the semi-empirical model as shown in Eq. (27), and the regres-
sion constant β could be obtained from the experimental data through nonlinear
regression. The results are compared with the testing results in Fig. 53.
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Fig. 53 Comparison between the results from the testing and semi-empirical model

mτ = me(1 − exp−βτ ), (27)

From Fig. 53, by comparing the testing results with the results from the semi-
empirical model, the semi-empirical model performed well in predicting the water
content ratio of the solid desiccant module during the experiments with the mean
relative errors less than 9.58%, which may be caused from the assumption of the
isothermal adsorption of the model. In addition, the semi-empirical model described
the relationship between the water content ratio of the solid desiccant module and
the effective dehumidification time, providing an effective and convenient way to
predict the water content ratio for a certain time in the dehumidification process.

7.9 Conclusions

In this section, the solar-powered dehumidification window (SPDW) incorporating
double-glazed window with the solid desiccant packed-bed and photovoltaic panel
had been proposed. The solid desiccant bed was fit into the space between the inner
and outer layers of the windows to achieve the compact building integration and

Table 31 Testing results of the water content ratio of the saturated solid desiccant module

Test no. 1 2 3 4 5

Water content ratio (g/kg) 425 415 400 395 380
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energy-saving. In order to investigate the dehumidification and regeneration perfor-
mance of the SPDW, the testing rig had been constructed and tested in the laboratory
under different inlet air conditions and simulated solar radiations.

For the window operated under the inlet air temperature of 19.2 °C and relative
humidity of 86.1% within the 10-hour dehumidification period, the transient moist
removal reached the maximum of 7.1 g/kg and the maximum dehumidification effi-
ciency of 58.60%. The released adsorption heat absorbed by the dehumidified air
reached 89.66% that resulted in the maximum temperature difference between the
inlet and outlet air of 10.7 °C corresponding to the inlet air temperature of 19.2 °C
and relative humidity of 86.1%, meaning that most of the released adsorption heat
was transferred to the sensible heat load of the air-conditioning system. The des-
iccant temperature increased from the beginning to the end with the maximum of
35.3 °C for the simulated solar radiation of 900 W/m2, leading to the regeneration
rate of 153 g/h. The average power of the fans was found to be 49.82 W, while the
maximum power of the PV panel was 39.83 W for the simulated solar radiation of
900 W/m2, meaning that the fans could not be completely driven by the PV panel.
An agreement between the results from the testing and the semi-empirical model
was achieved with the mean relative errors less than 9.58%, and the semi-empirical
model was developed to predict the water content ratio of the desiccant modules in
the dehumidification process.
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