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Abstract: In this paper, a solar-powered dehumidification window (SPDW), combining a conventional
double-glazed building window with a solid desiccant packed bed and a photovoltaic panel,
has been proposed to dehumidify the air supplied to a residential building in an energy-saving
way. The solid desiccant packed bed was installed between the double layers of the residential
window to achieve the compact building-integrated window-dehumidifying system that could be
regenerated by solar energy, and the photovoltaic panel was used to compensate the electricity for
the operation of the fans to supply the air to the building. To investigate the dehumidification and
regeneration performance of the SPDW, the transient moisture removal, dehumidification efficiency,
temperature difference between the building inlet and outlet air, heat transfer characteristics, desiccant
temperature, regeneration rate, and the power of the fans and the photovoltaic panel were analysed
for different inlet air conditions and simulated solar radiation. It was found that, for the system
operated under an inlet air temperature of 19.2 °C and a relative humidity of 86.1% during the
dehumidification process, the system performed with a maximum transient moisture removal of
7.1 g/kg, a maximum dehumidification efficiency of 58.60%, a maximum temperature difference
between the inlet and outlet air of 10.7 °C, and a maximum released adsorption heat absorbed by
the dehumidified air of 89.66%. In the regeneration process, the system performed with a maximum
desiccant temperature of 35.3 °C, a maximum regeneration rate of 153 g/h, and a maximum power
of the photovoltaic panels of 39.83 W under the simulated solar radiation of 900 W/m?. The results
from the established semi-empirical model agreed well with the testing results, and the model could
be used to predict the water content ratio of the desiccant modules during the dehumidification
process under different conditions, which will be helpful in the analysis and application of the SPDW
in the future.
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1. Introduction

Nowadays, energy crisis is one of the main problems faced by the whole world, and the building
sector is one of the largest energy end-use sectors that consume more than 40% of the global energy [1,2].
In particular, over half of the energy consumed by a building is contributed by the conventional vapour
compression cooling system for indoor air conditioning due to its air process of excess cooling and
reheating [3]. A suitable alternative to this energy-intensive system is called the solid desiccant
cooling system [4], which integrates a solid desiccant device with an evaporative cooling system
to realize air humidity and temperature independent control for resolving the problems of excess
cooling and reheating. According to the configured methods, the solid desiccant devices of the solid
desiccant cooling system can be divided into the fluidized bed, the rotary desiccant wheel, and the
solid desiccant packed bed. The fluidized bed has a lower pressure drop than the packed bed, but it
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might create dust pollution by the collision between particles [5]. 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 an inner-cooling process due to the structure of the rotary wheel [6,7]. Since the solid desiccant
packed bed performs without dust pollution and since it is relatively easy to realize an inner-cooling
dehumidification process to remove the adsorption heat, the solid desiccant packed bed has received
much attention for application in a solid desiccant cooling system [8,9].

Over the past few years, a number of investigations have been conducted on solid desiccant
packed beds. Kabeel [10] studied the effect of the design parameters on the performance of a
multilayer desiccant packed bed. Awad et al. [11] 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 2.2 kg/m?. An intercooled desiccant packed bed was
proposed by Ramzy et al. [12], and a 22% increase in the total adsorbed mass was achieved in
comparison with the conventional packed beds. A cross-cooled desiccant packed bed was proposed by
Yuan et al. [13], and the simulation results indicated that the dehumidification efficiency reached 12.4%.
Ge et al. [14,15] concluded that the air-liquid heat exchanger had a higher heat transfer coefficient
than the air-to-air heat exchanger and consequently removed more adsorption heat. Peng et al. [16]
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 et al. [17]
improved the desiccant-coated packed bed by combining the regenerative evaporative cooler, and they
found that the average moisture removal of the packed bed with regenerative evaporative cooler was
17% higher than that of the packed bed without regenerative evaporative cooler. It can be seen that
most of the investigations focus on optimizing the structure and improving the adsorption capacity of
the solid desiccant packed bed. However, as the treated air increases, the application of the packed
bed in a solid desiccant cooling system will require more space and energy.

In order to reduce the space and energy the packed bed requires, the novel solar-powered
dehumidification window (SPDW), integrating the double-glazed window of the building with
the desiccant packed bed and photovoltaic (PV) panel, is proposed in this paper. The SPDW can
dehumidify the air supplied to the residential building, and the electric energy the SPDW needs can be
compensated by the PV panel. Moreover, the saturated solid desiccant of the SPDW can be regenerated
from the solar energy. In order to investigate the dehumidification and regeneration performance of
the proposed system, the testing rig of the SPDW was constructed at the laboratory of the Guangdong
University of Technology (Guangzhou, China) and tested under different conditions of inlet air
and simulated solar radiation. The experimental results will be used to verify the semi-empirical
model for the prediction of the water content ratio of the solid desiccant modules by applying the
isothermal adsorption assumption during the dehumidification process. This research will be helpful
in introducing energy-saving and building-integrated dehumidification technology, realising the
global target of decreasing buildings’ energy consumption, and indicating potential research areas for
the researchers.

2. System Description

The proposed SPDW was composed of a PV panel, flat-plate glass cover, fans, orifice plates,
double shutters, and desiccant modules filled with solid desiccant (i.e., silica gel), as shown in Figure 1.

The proposed window will operate under two modes, i.e., dehumidification and regeneration
processes, as shown in Figure 1a,b. In the dehumidification process, the fans inside the window will
operate, while the fans on both sides of the window will be shut down. The outdoor air will enter into
the window from the air inlet, be dehumidified when it passes through the solid desiccant modules,
and be pumped into the building through the fans inside the window. In the regeneration process,
the fans on both sides of the window will operate, while the fans inside the window will be shut
down. Hence, the outdoor air will enter into the window from the air inlet, take away the vapour
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evaporating from the solid desiccant modules due to the regeneration from the solar radiation, and
be discharged to the surroundings through the fans on both sides of the window. It can be predicted
that the interference of the moist air exhaust with the outdoor air inlet will be small 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 airflow flux of the window will be small to allow the ambient airflow
to carry 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 by
the photovoltaic panel.

dehumidified air

. . [
moist air/

moist air

outdoor air

(b)

Figure 1. Schematic of the solar-powered dehumidification window (SPDW): (a) dehumidification
mode; and (b) regeneration mode 1-Photovoltaic panel; 2-Fans; 3-Desiccant modules; 4-Flat-plate glass;
5-Orifice plates; 6-Air inlet.

The novelty of the SPDW could be summarised 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 that the solid desiccant packed bed and PV panel need. This could
be helpful to realise the building integration of the proposed system component. (2) Solar radiation can
be used to regenerate the solid desiccant and drive the fans to a certain extent, which can significantly
increase the energy efficiency of the window and eventually reduce the energy consumption of the
air conditioning.

3. Construction of the Testing Rig

In order to investigate the dehumidification and regeneration performance of the SPDW, the SPDW
was designed with a total flat-plate glass area of 1 m?. The testing rig of the proposed SPDW and
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the images of the testing rig are shown in Figures 2-5. The parameters of the experimental material,
apparatuses, and instruments are presented in Table 1.
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Figure 2. Testing rig of the proposed SPDW: (a) dehumidification mode; and (b) regeneration
mode 1-Air inlet; 2-Electric heater; 3-Ultrasonic humidifier; 4-Mixing chamber; 5-Double shutter;
6-Temperature/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.

Figure 3. Image of the testing rig.
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Figure 5. Image of the xenon lamps.
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The testing rig of the SPDW was composed of the mixing 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 using the
electric heater and the ultrasonic humidifier. The six desiccant modules, each filled with 3 kg silica gel
and 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 3 mm space between the two layers of the ordinary window glass. The inside
layer of the window glass was fixed, while the outside layer was movable for conveniently replacing
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 x 1200 mm x 2000 mm
was made of colour-coated steel insulation panels of 50 mm thickness, representing the an indoor
room of the building, where the temperature and relative humidity of the air were measured every
hour for analysis. The PV panel, which was 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 sunlight of different radiations during the regeneration
mode by 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.

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 were defined for the system operated under different inlet air conditions and
simulated solar radiations.

The transient moisture removal of the solid desiccant modules Ad: is defined in Equation (1) [18].

Adr = din - dout (1)

The dehumidification efficiency of the solid desiccant modules 1 was determined as the ratio of
the transient moisture removal to the humidity ratio of the inlet airflow, as in Equation (2) [19].
Ad dout

= — = 1—
T din din

@

The heat transfer characteristics referred to the distribution of the released adsorption heat Q;
during the dehumidification process. The Q; could be considered as the condensation heat of the water
vapour in the SPDW and divided into three parts: (1) the heat absorbed by the dehumidified air Q;;
(2) the heat absorbed by the solid desiccant modules Qs; and (3) the heat losses from the window to
the surrounding Q. The relationships between the four parameters during the heat transfer processes
of the SPDW is shown in Equations (3) to (6) [20,21].

Q=Qu+Qs+Qu @)
Qi = Ad-Gtr 4)
Qa = GeaAt, ®)
Qs = McsAtg 6)

The regeneration rate of the solid desiccant modules R, 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
Equation (7) [22].

Rc = G(dout - din) (7)
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Table 1. The parameters of the main components of the solar-powered dehumidification window (SPDW).

Name Type Manufacturer Main Parameters
Material
Average diameter: 2 to 4 mm; pore volume: 0.34 to
Macro-porous silica gel - Tasike Material Company (Dongguan, China) 0.40 L/kg; particle density: >600 kg/ m?; specific heat:
0.92 kJ/(kg-K)
Devices
Electric heater DJR WeiRe Electronic and Technology Company (Suzhou, China) Power range: 250 to 500 W
Ultrasonic humidifier H-010 Shide Electric Company (Guangzhou, China) Humidification capacity: 0 to 800 mL/h; power: 60 W
hMuliLtii;lc;?;rI;r:;lﬂtteor;\perature and PC-2WS Solar Science & Technology Company (Jinzhou, China) Accuracy: £2% in humidity, +0.2 °C in temperature
64-channel temperature logger JK-XU Jinailian Electronic Technology Company (Changzhou, China)  Sensor: K-type; accuracy: +(value x 0.5% + 1) °C
Fan ASB20-4-1M Changzhou Jinling Electric Company (Changzhou, China) Mass flow rate: 486 m3/h; power: 28 W
Anemometer 405-V1 Testo Company (Beijing, China) Range: 0 to 10 m/s; accuracy: 0.01 m/s
Xenon lamp AHD2000W Anhongda Opto Technology Co. Ltd. (Shenzhen, China) Power: 2000 W
Pyranometer JTTF JT Technology Company (Jinzhou, China) ?Ft)gcltiurrr?\;/a&g‘;?ﬁg)toR:i’szpfr?s;:fSigf‘;i;}gs
Electric power instrument BDYB Northmeter Co. Ltd. (Shenzhen, China) Accuracy grade: 1.0
PV panel PV-HY-8526 Fujie Solar Company (Guangzhou, China) Output power: 100 W; transfer efficiency: 18%
Electronic balance TCS-01 Bailunsi Electronic and Technology Company (Xiamen, China) Measurement accuracy: 2 g
Electronic oven HN101-2A Hunan Scientific Instrument Company (Nantong, China) Temperature range: 10 to 300 °C; accuracy: +1.0 °C
Hygrothermostat BYCT-TH150B  Boya Equipment Company (Dongguan, China) Temperature range: —40 to 150 °C; relative humidity

range: 20 to 90%; temperature accuracy: £0.5 °C
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5. Analysis and Discussion of the Testing Results

Experiments on the dehumidification and regeneration processes of the SPDW will be conducted,
and the testing results will be analysed and discussed respectively 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 to May) in southern
China (Guangzhou), wherein the air temperature and relative humidity ranged from 18 to 26 °C and
from 70% to 85%, respectively.

5.1. Analysis and Discussion of the Testing Results of Dehumidification Process

In order to investigate the dehumidification performance of the SPDW, five inlet air conditions
will be investigated during the tests, as shown in Table 2. Four evaluation indicators, i.e., the transient
moisture removal, dehumidification efficiency, temperature difference between the inlet and outlet
air of the window and heat transfer characteristics, will be analysed for the system operated under
different inlet air conditions.

Table 2. 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 11.4 414
3 19.4 74.2 10.5 432
4 244 79.5 15.4 42.5
5 242 75.5 14.2 43.7

5.1.1. Transient Moisture Removal

Figure 6 indicates the time variation of the transient moisture removal of the solid desiccant
modules during the dehumidification process at different inlet air temperatures and relative humidities.
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 the 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 of water content and adsorption heat in the modules. Moreover,
it decreased sharply in the first three hours and then slowly due to the increase of the water content
in the modules, indicating that the window could maintain a relatively high humidity adsorption
capacity for more than three hours.

T T T T T T T T
—eo— Test 1|7
—=— Test 2|7
—&— Test 3|
—0— Test 4|
Test 5

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

Time (h)

Figure 6. Variation of the transient moisture removal of the solid desiccant modules with time.
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For the window operated under the same inlet air temperature, the transient moisture removal
increased with the increase of the relative humanity of the inlet air due to the increase of the vapour
pressure difference between the air and the solid desiccant. As to the window operated under the
same relative humidity as the inlet air, the transient moisture removal decreased with the increase
of the inlet air temperature because of the decrease in heat transfer from the solid desiccant to the
dehumidified air, resulting in heat accumulation in the solid desiccant and consequently reducing the
adsorption capacity of the window.

5.1.2. Dehumidification Efficiency

Figure 7 shows the variation of dehumidification efficiency with time under different inlet air
conditions. From Figure 7, it can be found that the dehumidification 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 conditions. The maximum of the solid desiccant modules’
dehumidification efficiency could be found at 58.60%, which corresponded to the inlet air temperature
of 19.2 °C and a relative humidity of 86.1%. Meanwhile, the average dehumidification efficiency of
this test was 33.96%.
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Figure 7. Variation of the dehumidification efficiency of the solid desiccant modules with time.

5.1.3. Temperature Difference between the Inlet and Outlet Air

The air temperature was raised when the air passed through the desiccant in the dehumidification
process, and the temperature difference between the inlet and outlet air had significant influence on
the sensible cooling load of the air conditioning. Figure 8 presents the time variation of the inlet and
outlet air temperature difference, and Tables 3 and 4 indicate the temperature rise of the dehumidified
air and the solid desiccant.
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Figure 8. Variation of the temperature difference between the inlet and outlet air with time.

Table 3. The temperature difference of the inlet and outlet air for five tests ( °C).

Table 4. The temperature rise of the solid desiccant modules for five tests ( °C).
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Time (h) Test1 Test2 Test3 Test4d Test5
1 5.0 44 2.9 2.5 2.2
2 9.0 8.4 6.2 5.3 4.2
3 10.7 10.1 8.4 74 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 45
8 7.7 6.0 6.6 5.4 44
9 7.3 5.9 5.8 4.8 3.6
10 6.5 5.3 3.8 43 3.4
Mean 8.4 7.2 6.5 5.7 4.7

Time (h) Test1 Test2 Test3 Test4d Test5
1 18.3 15.7 13.1 22.1 18.6
2 20.1 17.1 14.5 214 194
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 14.1 114 94 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

10

10 of 17

From above figure and tables, it can be seen that the air temperature difference increased
significantly in the first three hours, reaching the maximum values of 10.7 °C, 10.1 °C, 8.8 °C, 7.7 °C,
and 6.4 °C for the five tests, and then decreased gradually. A delay of one or two hours could be found
between the maximum temperature difference of the air and the temperature rise of the silica gel
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because the adsorption heat was firstly absorbed by the solid desiccant and then to the dehumidified air.
The air temperature difference was also found to increased with the increase of the relative humidity
of the inlet air and the decrease of the inlet air temperature.

5.1.4. Heat Transfer Characteristics

The results of the heat transfer characteristics during the dehumidification process are listed
in Table 5. It can be seen that most of the adsorption heat (more than 80%) was absorbed by the
dehumidified air, while only a small part (less than 20%) was transferred to the solid desiccant
or dissipated to the surroundings, consequently resulting in an increase in the dehumidified air
temperature and the sensible cooling load of the air conditioning. Hence, it is necessary to take
measures, e.g., introducing cooled water by intercooling channels, to reduce the dehumidified air
temperature in the dehumidification process for energy-saving purposes.

Table 5. The calculation of the four heat transfer parameters of the SPDW during the
dehumidification process.

Test Ql (k]) 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

5.2. 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 W/m?2, 600 W/m2, and 900 W/m?Z, will be conducted under an inlet air temperature of 24.5 °C
and a relative humidity of 80%. The variation of the desiccant temperature and the regeneration rate
with time [23,24] will be analysed for the system operated under different simulated solar radiations.

5.2.1. 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 Figure 9.
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Figure 9. The variation of the temperature of the solid desiccant modules with time.
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From Figure 9, it was found that the desiccant temperature increased significantly in the first two
hours and then gradually. This was because the temperature difference between the desiccant and the
process air was initially small and then became large, resulting in large heat loss from the desiccant to
the process air. The maximum desiccant temperatures were found to be 35.3 °C, 31.7 °C, and 29.7 °C
corresponding to the simulated solar radiations of 900 W/ m?2, 600 W/m?, and 300 W/m?, respectively.
The desiccant temperature increased with the increase of simulated solar radiation.

5.2.2. Regeneration Rate

Figure 10 shows the time variation of the regeneration rate of the solid desiccant modules during
the regeneration process. It can be observed that the regeneration rate first increased sharply due to an
increase in the desiccant temperature and then decreased gradually due to the decrease in the moisture
content in the desiccant. The maximum values of the regeneration rate reached 153 g/h, 117 g/h,
and 106 g/h under simulated solar radiations of 900W /m?, 600W /m?, and 300W /m?, respectively.
It was also found that the regeneration rate of the solid desiccant modules increased with the increase
of the simulated solar radiation.

160 T T T T T T T T T

80

60

Regeneration rate (g/h)

40 —a—900W/m?| ]
20 | —e— 600W/m?| |

—=— 300W/m°| |

0 1 2 3 4 5 6 7 8 9 10
Time (h)

Figure 10. The variation of the regeneration rate of the solid desiccant modules with time.

5.3. 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
simulated solar radiations of 900 W/m?2, 600 W/m?2, and 300 W/m?, respectively, and the results are
shown in Figure 11.

Figure 11 indicates that the power of the fans and the PV panel was relatively stable with time
under different simulated solar radiation. The average powers of the PV panel under simulated solar
radiations of 900 W/m?, 600 W/m?, and 300 W/m? were 39.81 W, 26.37 W, and 16.89 W, respectively.
This meant that the PV panel could not completely drive the fans (49.82 W) under a simulated solar
radiation of 300 to 900 W/m?. Therefore, it was necessary to introduce the auxiliary power sources,
e.g., battery, or to connect the PV panel to the grid to run the fans.
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10 —*— Power of fans —=— 900W/m* ]
50 —e— 600W/m’ —A— 300W/m? ]

0
1 2 3 4 5 6 7 8 9 10
Time (h)

Figure 11. The variation of the power of the fans and photovoltaic (PV) panel with time.

6. Comparison of the Testing Results with the Results from the Semi-Empirical Model

A 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 Figure 12). Four
assumptions are taken into consideration in the analysis:

(1) The axial gradient of the moisture content within the desiccant module is neglected.

(2) Mass equilibrium between the solid desiccant and the 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.

Dehumidified air (dout)

— — 09090969096969690%909690%9090%0%9096%09
T _Oa mt - mO 09090969096969090%909690%9090%6%9096%909
00 0-0-0 0 0-0-0-0 0 0-0~0-0~0-0-0C

Moist air (d;)

Figure 12. The mass transfer process for the proposed solid desiccant module.

For the dehumidification process, the mass balance between the dehumidified air and the solid
desiccant at d7 is given as follows:

Au-pq-(diyy — dout)-dt = A-L-(1 — €)-ps-dm (8)

When the mass of the exit air equals that of the solid desiccant and the humidity ratio of the exit
air equals that of the solid desiccant [10],
dout = dp )
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The humidity ratio of the solid desiccant dj, depends on the water content ratio of the solid
desiccant m¢, as well as the thermo-physical properties of the solid adsorbent-adsorbate pair. For silica
gel and water vapour as the adsorbent and adsorbate respectively, the linear relation of the humidity ratio
of the solid desiccant dj, and the water content ratio of the solid desiccant 1, can be expressed as [25]:

dp = K1 + Kp-mz, (10)
Substituting Equations (9) and (10) into Equation (8) gives:

dmr  pKou
me —me  psL(1—¢)

dt (11)

Solving Equation (11) with the initial condition at T = 0, m, = my, gives:

My — My oaKout
—— =exp(———F———— 12
m, — myg P( psL(l—s)) (12)
Then, Equation (12) can be rewritten as:
Me — My
= — 1
pra— exp(—BT) (13)
where: K
PalloU
_ 14
p ps(1—¢€)L (14

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

The initial water content ratio of the solid desiccant module my was small due to fully drying the
modules in the electronic oven for 12 h at 120 °C. Therefore, m(y was neglected in this study.

The water content ratio of the saturated solid desiccant module m, was determined 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 6.

Table 6. The 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

Then the water content ratio of the solid desiccant module in any time m; could be predicted from
the semi-empirical model as shown in Equation (15), and the regression constant 8 could be obtained
from the experimental data through nonlinear regression. The results were compared with the testing
results in Figure 13.

mr = me(1 — exp*ﬁT) (15)

From Figure 13, by comparing the testing results with the results from the semi-empirical model,
the semi-empirical model performed fairly well in predicting the water content ratio of the solid
desiccant module during the experiments with mean relative errors less than 9.58%, which may be
caused by 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.
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Figure 13. Comparison of the results from the testing and semi-empirical model.

7. Conclusions

In this paper, the solar-powered dehumidification window (SPDW) incorporating a double-glazed
window with a solid desiccant packed bed and a photovoltaic panel was proposed. The solid desiccant
bed was fit into the space between the inner and outer layers of the windows to achieve compact
building integration and to save energy. In order to investigate the dehumidification and regeneration
performance of the SPDW, the testing rig was 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 a relative humidity of
86.1% within the 10 h dehumidification period, the transient moisture removal reached a maximum of
7.1 g/kg and a maximum dehumidification efficiency of 58.60%. The released adsorption heat absorbed
by the dehumidified air reached 89.66%, which resulted in a maximum temperature difference between
the inlet and outlet air of 10.7 °C, corresponding to an inlet air temperature of 19.2 °C and a 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 desiccant temperature increased from the beginning
to the end, with a maximum of 35.3 °C for a simulated solar radiation of 900 W /m?, 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 a simulated solar radiation of 900 W/m?, 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 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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Nomenclature

A cross-sectional area, m?;

c specific heat, kJ / (kg-K);

d humidity ratio, g water/kg dry air;

Ad transient moisture removal, g water/kg dry air;

G mass flow rate, kg/h;

K; constant depending on the temperature range;

K constant depending on the temperature rang

L length, m;

M mass, kg;

m water content ratio, g water/kg dry silica;

Q heat, kJ;

R regeneration rate, g/h;

4 latent heat of vaporisation, k] /kg;

At temperature difference, °C;

u velocity, m/s;

T time, h;

0 density, kg/ m3;

7 dehumidification efficiency, %;

€ fractional void volume;

B constant;

Subscript

0 initial condition;

a air;

b equilibrium state;

d dissipation;

e saturated state;

in inlet;

I latent;

out outlet;

s solid desiccant;
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