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Abstract:

 A desiccant air-conditioning system was developed as a latent-load-processing air conditioner in a dedicated outdoor air system during the summer. This study investigated the application of this air-conditioning system to humidification during the winter without using make-up water, thereby eliminating the cause of microbial contamination in air-conditioning systems. The experiments were conducted with a system used for summer applications to determine the feasibility of adsorbing vapor from outdoor air and supplying it to an indoor space. The humidification performance, energy efficiency, and operating conditions were examined. Although the conditions were subpar because the experiments were performed with an actual dedicated outdoor air system, the results showed that it is possible to supply air with a minimum humidity ratio of 5.8 g/kg dry air (DA) when the humidity ratio of outdoor air ranges from 1.8 to 2.3 g/kg DA. The minimum humidification performance required for a dedicated outdoor air system was achieved by increasing the airflow rate of the moisture-adsorption side to 2–3 times that of the humidification side. In addition, air leaking from the moisture-adsorption side to the humidification side, improving the mechanical structure, such as by the insulation of the moisture-adsorption side, and an efficient operating method were examined for humidification during the winter.
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1. Introduction


Compared to conventional super-cooling dehumidification methods, a desiccant air-conditioning system can produce a dew-free environment inside both the air-conditioning system and indoor space during the summer. This has been reported as an effective method for reducing the degradation of the Indoor Air Quality (IAQ), which is caused by microbes, such as mold or bacteria [1,2,3,4]. In addition, many studies have been conducted on the application of desiccant air-conditioning systems as dedicated outdoor air systems (DOASs) during the summer [5,6,7,8,9,10,11,12,13,14,15,16].



A desiccant air-conditioning system can transfer vapor through the desiccant wheel, and thus, it is possible that such systems can be applied to humidification during the winter, as well as dehumidification during the summer. There have been reports of humidification-heating using a room air-conditioner in residential houses [17], using a liquid-type desiccant air-conditioning system [18,19,20], or recovering vapor from the indoor exhaust-airflow by coating the heat-pump coil with a desiccant [17]. Only few authors have investigated the wheel-type desiccant humidification method. De Antonellis et al. [21] proposed an air humidification system with desiccant wheel, which humidify an air stream by adsorbing water vapor from the outdoor air (OA), and examined the optimal system configuration and the effect of operation conditions on humidification by experimental tests and simulations. The higher ratio of the moisture-adsorption mass-flow rate to the humidification one, and the lower OA temperature could achieve a satisfactory humidification level in conditions of Southern Europe winter climate. La et al. [22] investigated the heating-humidification performance of a solar heating and humidification system with a one-rotor two-stage desiccant air-conditioning unit and estimated the optimal solar collector area. Solar heating with desiccant humidification could improve the indoor thermal comfort significantly, though return air (RA) was reused as humidification source. Wada et al. [23] developed a DOAS with desiccant wheel, which regenerated at a temperature of about 50 °C by using waste heat from water source heat pump, and showed that the humidification without using make-up water was possible if the humidity ratio of the OA was 3.5 g/kg dry air (DA) or above. However, this system basically required the RA for stable humidification. Fukudome [24] and Mathiprakasam [25] discussed the humidification-applicability of desiccant wheel primarily used for dehumidification. Most of the above studies were mainly conducted by measurements in laboratory facilities and/or numerical analysis. In addition, the research relevant to estimation of that humidification method using actual DOAS in actual outdoor condition has been rare, especially when the whole humidification source is secured from the OA without the RA.



Most of the commonly used humidification methods (evaporative, spray, and steam) require the drainage to be processed, which has a corresponding risk of microbes growing inside the air-conditioning unit under certain conditions. Evaporative humidification uses unheated water [26,27,28,29]. This may cause the growth of microbes in the humidifier during the summer or non-operating hours at night, as well as unpleasant odors. Spray humidification releases water directly into the air [30,31,32,33], and thus, any impurities and germs that are contained within the water are released into the air. Facilities where a degraded IAQ is not acceptable, such as hospitals, humidification methods that use unheated water should be avoided; i.e., they use steam humidification [34,35,36]. With this method, even though the impurities in the water are not transported by the steam, there is still a risk of microbe growth in the drain pan and water tank. It also requires a greater level of maintenance because of the occasional buildup of limescale. When water is used as the source of humidity, a method of sterilizing the humidification filter and duct may be necessary, such as potassium chloride [37], microwaves or ozone [38,39,40], or ultraviolet germicidal irradiation (UVGI) [41,42].



The following benefits are expected from using a desiccant air-conditioning system that adsorbs the water vapor in the air and uses it for humidification, which is the focus of this study.

	
By adsorbing water vapor from the air and using it as the source of humidity instead of water, a water source and drain pan will not be necessary.



	
Peripheral equipment and piping work for heating and humidification, as well as the corresponding maintenance required to treat limescale, will not be necessary.



	
The risk of microbial growth inside the drain pan and water tank of the air-conditioning unit will be eliminated, and an improved IAQ is expected. A dew-free environment could be achieved both inside the air-conditioning unit and indoors throughout the year.



	
Under ideal conditions during the summer, where both the process and regeneration sides operate is isenthalpically, the regeneration energy is used to convert the latent-heat energy on the process side at the desiccant wheel to sensible-heat energy without reducing the enthalpy. To use high-temperature dehumidified air for cooling, its enthalpy must be reduced by a sensible-heat exchange wheel and cooling coil. When the system is used for humidification during the winter, all of the regeneration energy put into the regeneration side, i.e., the humidification side during the winter, is converted to enthalpy. Thus, a high-temperature air supply with increased humidity is obtained, thereby producing highly efficient humidification-heating compared to the process used for dehumidification during the summer.








With this method, insufficient humidification is a concern because it increases the humidity of the OA by pumping water vapor from the OA, which has low humidity ratio. To ensure a suitable humidification performance, a method was adopted to increase the airflow rate on the moisture-adsorption side (the process side during the summer) compared to that on the humidification side (the regeneration side during the summer). With this method, the following advantages and disadvantages are anticipated.

	
The amount of water vapor adsorbed by the wheel is increased by increasing the amount of water vapor in the OA supplied to the moisture-adsorption side.



	
Passing a large volume of low-temperature OA through the moisture-adsorption side quickly cools the wheel on the moisture-adsorption side, which increases the moisture-adsorption efficiency.



	
On the other hand, cooling the moisture-adsorption side slows the heating of the wheel on the humidification side, thereby reducing the desorption performance.








In this study, a desiccant air-conditioning system of a DOAS that was primarily used for dehumidification during the summer was used to perform humidification experiments in which water vapor was adsorbed from the OA and supplied to an indoor space for the purpose of humidification during the winter.



Despite the disadvantages of using an actual DOAS manufactured for summer dehumidification, the humidification performance, humidification efficiency, and efficient operating method of the desiccant air-conditioning system were investigated.




2. Outline of Experiment


2.1. Overview of the Experimental Setup


The authors developed the desiccant-based air-conditioning system in a previous study [4]. The proposed system was ameliorated by combining it with a heat pump for regeneration, and dehumidification experiments were performed. No other modifications were made to the desiccant air-conditioning system for evaluating its humidification performance during the winter. Figure 1 and Table 1 show the appearance and main elements of the experimental setup, respectively.


Figure 1. Appearance of the experimental setup.
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Table 1. Specifications of the experimental setup.



	
Desiccant wheel

	
Silica gel; diameter = 800 mm; thickness = 200 mm; moisture-adsorption side = 0°–180°; humidification side = 180°–360°




	
Sensible-heat exchange wheel

	
Aluminum; diameter = 800 mm; thickness = 200 mm; moisture-adsorption side = 0°–180°; humidification side = 180°–360° nominal sensible-heat exchange efficiency = 75% (when the face air velocity on both sides is 3 m/s)




	
Regeneration heat pump

	
Evaporator

	
Cooling capacity = 7.2 kW (when the refrigerant boiling temperature is −5 °C and the air temperature to condenser is 32 °C); boiling was controlled by an electronic expansion valve




	
Condenser

	
Heating capacity = 10.7 kW (when the refrigerant boiling temperature is −5 °C and the air temperature to condenser is 32 °C); finned-tube-type air-cooling; high-pressure control achieved with a microcomputer-controlled fan




	
Compressor

	
Closed-loop; air-cooled refrigerant; condensing type; nominal output = 3.5 kW (when the refrigerant boiling temperature is −5 °C and the air temperature to condenser is 32 °C); vertical DC twin-rotary-type; refrigerant = R407C




	
Fans

	
Moisture-adsorption side (inlet)

	
Turbo fan; nominal power = 1.5 kW; fan is controlled by the frequency of the inverters




	
Moisture-adsorption side (exhaustion)

	
Sirocco fan; nominal power = 3.7 kW; fan is controlled by the frequency of the inverters




	
Humidification side (supply)

	
Turbo fan; nominal power = 0.75 kW; fan is controlled by the frequency of the inverters




	
Drive motor for wheels

	
Desiccant wheel

	
Geared motor; nominal power = 0.4 kW; motor is controlled by the frequency of the inverters




	
Sensible-heat exchange wheel

	
Geared motor; nominal power = 0.4 kW; motor is controlled by the frequency of the inverters




	
Measuring instruments

	
Measuring points * 1, 3, 5, 7 and 8 for temperature and relative humidity

	
Temperature sensor = Pt100 RTD 1/3 class B IEC 751; polymer-type humidity sensor; temperature range = −40–100 °C; humidity (relative humidity) range = 0%–100%; accuracy of temperature measurements = ±0.2 °C; accuracy of humidity measurements = ±1% (0%–90%)




	
Measuring points * 2, 4 and 6 for temperature

	
T-type thermocouple; measuring range = −40–350 °C; accuracy = ±1.5 °C




	
Measuring points * 1, 5 and 7 for airflow rate

	
Measuring method = Multi-pitot tube traverse method according to Japanese Industrial Standards (JIS) B 8330; maximum range of airflow rate measurement = 6350 m3/h; accuracy of airflow rate measurements = ±2%








* Note: See Figure 3b for the positions of the corresponding measuring points.

Figure 3. Operational flow of the experimental system for (a) summer dehumidification; and (b) winter humidification. SA = supply air; OA = outdoor air; EA = exhaust air.
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Figure 2 shows the dimensions of desiccant wheel and channel, measuring points of temperature at the outlet on the moisture-adsorption side of desiccant wheel. The desiccant wheel is made of honeycomb ceramic paper impregnated by silica gel. Figure 3 shows the operational flow of the experimental setup for summer dehumidification and winter humidification. The system used for this humidification study had been modified for several experiments during the summer. Therefore, the specifications of the desiccant wheel, capacity of the regeneration heat pump, insulation, pressure in the respective channels, etc., were not optimized for winter humidification applications. In addition, the many bends, branches, and joints in the duct paths caused a large pressure drop because of these modifications. This resulted in large fan-shaft power consumption.


Figure 2. Dimensions of desiccant wheel and channel, and measuring points of temperature at the outlet on the moisture-adsorption side of desiccant wheel.
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2.1.1. System for Summer Operation


The system shown in Figure 3a is configured as a latent-load-processing DOAS. It is intended to improve the IAQ by creating a dew-free environment in the SA side. The energy efficiency of the DOAS is improved by combining it with a heat pump, which recovers the enthalpy from the high-temperature and high-humidity exhaust air (EA) of regeneration side. During summer operation, point 8 in Figure 3a indicates the SA on the process side (moisture-adsorption side or dehumidification side). Point 5 indicates the exhaust air on the regeneration side (humidification side during winter operation). The heat pump condenser and electric heater are positioned on the regeneration side to regenerate the desiccant wheel. The heat pump evaporator cools the high-temperature, high-humidity EA of the regeneration side (point 5 in Figure 3a) and recovers the exhaust heat, thereby delivering high-efficiency regeneration of the desiccant wheel because of the high boiling temperature and dew-free environment of the SA side.




2.1.2. System for Winter Operation


In winter operation, point 8 in Figure 3b becomes the EA by switching the duct of the desiccant-based air-conditioning system in Figure 3a with the damper. Point 5 in Figure 3b is used as the SA on the humidification side (regeneration side during summer operation). The position of the heat pump evaporator is also switched with the damper to cool the EA (point 7 in Figure 3b) on the moisture-adsorption side. The characteristics of this operating method are as follows:

	(1)

	
The heat-pump condenser was placed upstream of the electric heater for regeneration. Therefore, when the heating of the desiccant wheel with the heat-pump condenser was insufficient, the electric heater was turned on.




	(2)

	
The sensible-heat exchange wheel was placed upstream of the heat pump condenser, which enabled the heating of the desiccant wheel, when necessary, by recovering the sensible energy from the high-temperature air caused by adsorption on the moisture-adsorption side.




	(3)

	
The air temperature at the condenser outlet was controlled at the upper limit, which was slightly below the high-pressure cut-out temperature (approximately 50 °C), by the DC inverter.




	(4)

	
The evaporator was positioned at the EA on the moisture-adsorption side. It pumped the heat from the high-temperature EA on the moisture-adsorption side to the humidification side and maintained the high-boiling temperature of the heat pump to enable high-efficiency operation. It also simultaneously cooled the low-humidity air after moisture-adsorption to minimize frost generation.




	(5)

	
The airflow rate was controllable at both the humidification and moisture-adsorption sides, and the evaporator was controlled with an electronic expansion valve to accommodate the changes in conditions.




	(6)

	
In the airflows of Figure 3b, the temperature of path point 2 → 3 → 4 → 5 after the sensible-heat exchange wheel on the humidification side was insulated, whereas path point 1 → 2 between the OA and after the sensible-heat wheel was not. Path point 7 → 8, downstream of the sensible-heat wheel on the moisture-adsorption side, was insulated, but path point 1 → 6 → 7 was not. This is because the experimental system was manufactured for summer dehumidification, where the air dehumidified by the desiccant wheel becomes warmer than the OA. Furthermore, cooling of the dehumidification path is required before the air is supplied. For heat dissipation to the OA, the insulation was not provided.




	(7)

	
The partial air of the moisture-adsorption side leaked to the humidification side via the sensible-heat exchange wheel. The detailed mechanisms of the air leakage are described in (2) of Section 3.1.









The humidification side that corresponds to the regeneration side during summer operation becomes the SA side during winter operation, and thus, the heat pump for heating the desiccant wheel, heating temperature, and heating energy were designated as the heat pump for regeneration, regeneration temperature, and regeneration energy, respectively. This was done to make them consistent with the components during summer operation.





2.2. Details of the Experiments


To improve the IAQ by achieving a dew-free environment, the humidification system was not operated in conjunction with an auxiliary humidification method. When considering its application as a DOAS, the system must steadily supply air with a minimum humidity ratio of 5.8 g/kg DA (humidity ratio at 20 °C and relative humidity 40% (the indoor set-point for humidification-heating)).



Table 2 shows the conditions tested in this study. The tests were conducted under two different OA conditions. The first experiment was conducted under a relatively high OA humidity (close to the amount of saturated water vapor) to verify the efficient operation method when the OA conditions are not inclement for humidification. The second experiment was performed with a low OA humidity ratio (close to the outdoor winter conditions used for designing an air-conditioning system in Japan, except Hokkaido area) to examine a method that achieves the aforementioned minimum humidification performance. It was assumed that drawing the EA (RA) from the indoor environment was not possible. Therefore, a method to pump in the required water vapor for humidification from the OA was adopted on the moisture-adsorption side (point 1 → 6 → 7 → 8 in Figure 3b).



Table 2. Experimental conditions.



	
Experiment

	
1st Experiment

	
2nd Experiment






	
Period of experiment

	
8–13 March 2012




	
Location of experimental setup

	
1–8 Yayoicho, Inageku, Chiba 263–0022, Japan




	
Outdoor conditions

	
Temperature (°C)

	
7–8

	
6–11




	
Humidity ratio (g/kg DA)

	
4.7–5.9

	
1.8–2.3




	
Atmospheric pressure (hPa)

	
1015




	
Case

	
Case A1

	
Case A2

	
Case B1

	
Case B2

	
Case C1

	
Case C2




	
Airflow rate

	
Humidification side (supply) (m3/h)

	
500




	
Moisture-adsorption side (inlet) (m3/h)

	
500

	
1000

	
500

	
1000

	
1000

	
1500




	
Rotation speed of the desiccant wheel (rph)

	
5

	
10

	
5




	
Regeneration temperature (°C)

	
50/60/70




	
Heat pump compressor

	
Output changed to achieve the required regeneration temperature




	
Rotation speed of the sensible-heat exchange wheel (rph)

	
0










To pump the moisture until the humidity ratio on the humidification side reached 5.8 g/kg DA at a low OA humidity ratio, the airflow rate on the humidification side was maintained at 500 m3/h. The airflow rate on the moisture-adsorption side was controlled at either 500, 1000, or 1500 m3/h. The regeneration temperature was set to 50, 60, or 70 °C.



Each airflow rate was set to and fixed by the frequency of the inverters for fans on the condition that the experimental system was running, i.e., the heat pump for regeneration and the electric heater was operating, and the desiccant wheel was rotating. The average measured values of the airflow rate were stable but the actual value was varied within ±5% because of factors such as wind pressure.



Sensors on all measuring points except for point 4 and point 6 were set at the center of a sufficiently long and straight duct with an internal diameter of 300 mm. Nine thermocouples were set at measuring point 4, and the values were weight-averaged by the face air velocity at each point was adopted as the measured value, because this point was located in a narrow space between the heater and the desiccant wheel. The humidity on path point 2 → 3 → 4 of the humidification side was assumed to be the same value, and measured at measuring point 3. The measuring point at the outlet of the desiccant wheel on the humidification side had a large cross-sectional area; the humidity was measured at point 5 after well mixed by fan. At measuring point 6, the air temperature and humidity were not uniform with rotation angle because of the distribution of moisture-adsorption. Six thermocouples were set at measuring point 6 along with the rotating angle of the desiccant wheel (see Figure 2a), and the values were weight-averaged by the face air velocity. The humidity at the outlet of the desiccant wheel on the moisture-adsorption side was estimated at measuring point 7. Because the air leakage occurs from the moisture-adsorption side to the humidification side, the humidity at measuring points 6 and 7 was assumed as the same value.



The sensible-heat exchange wheel, which was used to increase the efficiency by recovering the adsorption heat from the air (point 6 in Figure 3b) on the moisture-adsorption side, was not rotated. This is because a large latent-heat carryover was observed in the preliminary experiments from the moisture-adsorption side (point 6 in Figure 3b) to the humidification side (point 2 in Figure 3b) when the sensible-heat exchange wheel was rotated. This significant leakage was caused by rotated air channels filled with moisture-adsorbed air of the sensible wheel from the moisture-adsorption side to the humidification side.



The airflow rate on the moisture-adsorption side was controlled by the only fan on the moisture-adsorption side, the fan for exhaustion on the moisture-adsorption side was not operated.





For each case, the temperature and humidity were measured and logged for a duration of 30 min with a measuring interval of 1 min after reaching the steady operating condition, which was obtained approximately 40 min following the running-in operation. These samples recorded values were averaged and used. Electric power for the heat pump was also logged in every one minute and averaged, but electric power for the heater was calculated by the airflow rate and the difference in temperature between point 3 and point 4 in Figure 3b. Electric power for each fan and drive motor of desiccant wheel was measured separately in operation.



For the first experiment, the measurements were taken under two different desiccant-wheel rotation speeds: 5 and 10 rph. However, because the faster rotation speed had a negligible effect on the performance of the desiccant wheel, the wheel speed was set to 5 rph for the second experiment.





3. Results and Discussion


To examine the accuracy of measurements [43,44], the results before averaging the experimental values in Case A1 under the condition that the regeneration temperature is 60 °C are plotted on time charts in Figure 4, as an example. The subscript-numbers of T and X in Figure 4a,b correspond to measurement points in Figure 3b. The values of ratio of temperature differences (σX) and ratio of humidity ratio differences (σT) were evaluated using Equations (1) and (2).
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(1)
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(2)






Figure 4. Experimental results of Case A1 at regeneration temperature of 60 °C on time charts for (a) inlet temperature and outlet temperature; (b) inlet humidity ratio and outlet humidity ratio; and (c) ratio of temperature differences and ratio of humidity ratio differences.
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The values of X1 and T1 in Figure 4a,b show that the OA state was stable during measuring period. Because the OA of the inlet on humidification side was mixed with the leaked air from the moisture-adsorption side at measuring point 2 in Figure 3b, and the leaked air was dehumidified by desiccant wheel (see (2) of Section 3.1), the values of X4 were lower than the ones of X1. The values of T5 and T6 were relatively stable, although the values of T4, regeneration temperature, were varying in a wave-like manner. This variation of the values of T4 in Figure 4b was caused by the imperfect tuning of automatic controller for the regeneration temperature. The values of X5 were not constant, which was in a slight contrast with the constant values of X7. In Case A1, the airflow rate on humidification side and moisture-adsorption side were equal, 500 m3/h. The values of σX and σT were equal to the ratio of mass rate, 1.11, ideally, considering that the density of moist air at measuring point 1 in Figure 3b was 1.25 and that at measuring point 5 in Figure 3b was 1.13. Figure 4c shows that σX was constant but slightly lower than 1.11. This difference indicates a small error of mass balance caused by the adjustment of airflow rate and measurement. In addition, because the measuring points for evaluation of σX and σT were not located just before and soon after the desiccant wheel, the sensible heat generated from fans, which located between desiccant wheel and measuring points, might influence on the states of air. However, the rise in temperature by fan was estimated at 1–2 °C, its influence is insignificant, considering the fluctuation band of OA temperature and maximum regeneration temperature of 70 °C. The waveform of the values of σT was caused by the wave-like variation of T4. The values of σT were significantly larger than 1.11. The causes of this difference are examined in (6) of Section 3.1. In other cases, the dry-bulb temperature and humidity ratio of the OA listed in Table 2 were also relatively stable, considering the range of OA temperature, the ratio fluctuation band of OA temperature to maximum regeneration temperature of 70 °C.





The results of the experiments performed under various conditions are plotted on psychrometric charts in Figure 5. The energy increments of the moisture-adsorption (point 1 → 6 in Figure 3b; see Section 3.1 for a detailed explanation) and humidification (point 4 → 5 in Figure 3b) sides of the desiccant wheel are shown alongside the latent and sensible heats in Figure 6. A positive value indicates an energy increment and a negative value indicates an energy decrement. All energy values shown in Figure 6 were calculated using Equations (3)–(8), by the mass rate depending on the density of moist air.


Figure 5. Plots of the experimental results on psychrometric charts for (a) Case A1; (b) Case A2; (c) Case B1; (d) Case B2; (e) Case C1; and (f) Case C2. RT = regeneration temperature.
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Figure 6. Energy increments for (a) Case A1; (b) Case A2; (c) Case B1; (d) Case B2; (e) Case C1; and (f) Case C2. TH = total heat; LH = latent heat; SH = sensible heat; RT = regeneration temperature.
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[image: there is no content]



(4)
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(6)
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(7)






[image: there is no content]



(8)







Figure 5a,b and Figure 6a,b show the results of the first experiment when the desiccant wheel was rotated at 5 rph, while Figure 5c,d and Figure 6c,d show the experimental results when the desiccant wheel was rotated at 10 rph. Finally, Figure 5e,f, and Figure 6e,f show the results of the second experiment, where the desiccant wheel was rotated at 5 rph. The numbers 1–8 in Figure 5 correspond to measurement points 1–8 in Figure 3b.



Table 3 shows the electric energy consumption of the regeneration heat pump (ER_HP), the electric heater (ER_EH), fans (EF) and the drive motor of desiccant wheel (EW). These values were used in calculation of the coefficient of performances (COPs). Figure 7 shows the heating efficiency of the heat pump for regeneration (COPR_HP), humidification-heating efficiency of the heat-source side (COPHH), and the humidification-heating efficiency of whole system (COPSYS) under each set of experimental conditions; the aforementioned COP values were evaluated using Equations (9)–(11), respectively. The COPHH and COPSYS values were calculated from the difference in enthalpy of the inlet and outlet on the humidification side.


Figure 7. (a) Heating efficiency of the heat pump for regeneration (COPR_HP), (b) Humidification-heating efficiency of the heat-source side (COPHH), (c) Humidification-heating efficiency of the whole system (COPSYS). RT = regeneration temperature.
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Table 3. Electric energy consumption.



	
Title

	
Case A1

	
Case A2

	
Case B1

	
Case B2

	
Case C1

	
Case C2






	
RT * (°C)

	
50

	
60

	
70

	
50

	
60

	
70

	
50

	
60

	
70

	
50

	
60

	
70

	
50

	
60

	
70

	
50

	
60

	
70




	
ER_HP (kW)

	
3.381

	
3.490

	
3.367

	
3.466

	
3.143

	
3.138

	
3.467

	
3.361

	
3.241

	
3.237

	
3.098

	
3.009

	
3.180

	
3.215

	
2.875

	
3.038

	
3.072

	
2.945




	
ER_EH (kW)

	
1.243

	
2.372

	
3.764

	
1.051

	
2.328

	
3.668

	
1.178

	
2.222

	
3.784

	
0.986

	
2.223

	
3.714

	
0.598

	
1.495

	
2.806

	
0.000

	
0.933

	
2.609




	
EF (kW)

	
0.797

	
0.910

	
0.797

	
0.910

	
0.910

	
0.945




	
EW (kW)

	
0.014

	
0.016

	
0.014








* Note: RT = regeneration temperature.
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3.1. Humidification Performance


The following conclusions were drawn from the humidity ratios of the air and energy increments before and after the desiccant wheel in Figure 5 and Figure 6, respectively.

	(1)

	
Figure 5e,f indicate that the minimum humidity ratio of 5.8 g/kg DA is achieved at the outlet on the humidification side (SA or point 5 in Figure 3b) under certain operating conditions, even when the humidity ratio of the OA was approximately 2 g/kg DA in the second experiment. This satisfies the minimum humidification performance requirements of a DOAS in most areas of Japan. The required humidification performance is achievable by selecting the appropriate parameters, such as increasing the airflow rate on the moisture-adsorption side or increasing the regeneration temperature.




	(2)

	
In all of the cases shown in Figure 5, a reduction of the humidity ratio occurs for path point 1 → 2 of the humidification side in Figure 3b. This is caused by the air leaking from the moisture-adsorption side to the humidification side via the sensible-heat exchange wheel. In a typical desiccant air-conditioning system for summer dehumidification, the degradation of the dehumidification performance is due to the inflow of high-humidity air from the regeneration side (humidification side during winter operation) to the process side (moisture-adsorption side during winter operation). To prevent this dehumidification performance degradation, a fan is positioned on the process side to push the humid air away, and another fan is positioned on the regeneration side to pull the air out. This arrangement maintains a positive pressure on the dehumidification side with respect to the regeneration side. In addition, to prevent the transportation of air from the regeneration side to the process side via the rotation of the sensible-heat exchange wheel, a channel is created in a portion of the wheel that allows the air on the process side to pass through. This intentionally permits some of the air on the process side to flow to the regeneration side. In this study, this setup also caused the air to leak from the moisture-adsorption side to the humidification side, reducing the efficiency of the DOAS for humidification applications.




	(3)

	
Once the operation of the desiccant air-conditioning system becomes stable, the size of the latent-heat energy decrement on the moisture-adsorption side (point 1 → 6 in Figure 3b) becomes equal to the latent-heat energy increment on the humidification side (point 4 → 5 in Figure 3b). Each case in Figure 6 also shows that the increments and decrements in the latent-heat energy at the desiccant wheel are approximately equivalent.




	(4)

	
Normally, both the level of moisture-adsorption and humidification of the desiccant wheel increase as the regeneration temperature increases. However, the levels of moisture-adsorption (size of the latent-heat energy decrement on the moisture-adsorption side) and humidification (size of the latent-heat energy increment on the humidification side) are almost constant in Figure 6a,c,e,f, regardless of the regeneration temperature. The minimum values for the humidity ratio after moisture-adsorption (point 6 in Figure 3b) in all of the cases shown in Figure 5 range from 0.5 to 0.7 g/kg DA. Therefore, it can be concluded that the lowest possible humidity ratio after moisture-adsorption (point 6 in Figure 3b) in this experimental setup is 0.5 g/kg DA, and neither the level of dehumidification nor that of humidification can increase once this limit is reached. Most of the water vapor in the OA is adsorbed at this lower limit by the wheel and released to the humidification side, regardless of the regeneration temperature. On the other hand, in Figure 6b,d, both the level of moisture-adsorption and humidification increase slightly as the regeneration temperature increases. This is probably because the humidity ratio of the OA (point 1 in both Figure 5b,d) was high, and thus, the potential for moisture-adsorption was higher than in the other cases.




	(5)

	
Comparison of Figure 6a–f shows that the level of humidification increases as the airflow rate on the moisture-adsorption side is increased with respect to the flow on the humidification side.




	(6)

	
In all of the cases shown in Figure 6, the absolute value of the sensible-heat energy increment on the moisture-adsorption side, which should be nearly identical for all cases, is smaller than the absolute value of the sensible-heat energy decrement on the humidification side. A slight difference between the increment and decrement of the latent-heat energy is also observed, but it is small compared to that of the sensible-heat energy. Therefore, this difference between the increment and decrement of the sensible-heat energy is attributed to the difference between the gradients of the moisture-adsorption side (point 1 → 6 in Figure 3b) and humidification side (point 4 → 5 in Figure 3b) on the psychrometric charts (Figure 5). It is also attributed to the difference between the increment of the total heat energy on the moisture-adsorption side (point 1 → 6 in Figure 3b) and its decrement on the humidification side (point 4 → 5 in Figure 3b), as shown in Figure 6. These phenomena are assigned to the loss of sensible-heat energy (heat that is released from the air-conditioning system to the low-temperature OA during the winter) on the moisture-adsorption side. This loss of sensible-heat energy is caused by path point 1 → 6 → 7 on the moisture-adsorption side because it is not insulated, while path point 2 → 3 → 4 → 5 on the humidification side is insulated (see Figure 3b). Thus, if path point 1 → 6 → 7 on the moisture-adsorption side in Figure 3b were insulated, it can be expected that the air temperature of point 8 and the boiling temperature of the heat pump increase, which in turn improves the efficiency of the heat pump. In addition, no frost was observed on the evaporator side during any of the experiments.










3.2. Efficiency of the System


The following conclusions were drawn from the values calculated for COPR_HP, COPHH, and COPSYS under the various experimental conditions, as shown in Figure 7.

	(1)

	
The shape of the ducts and fans in this experimental setup were not optimized for winter operation, and therefore, the COPHH values were evaluated by only considering the heat pump for regeneration and the electric heater. In addition, the power consumption of the fan and rotating power of the wheel were excluded. Figure 7b indicates that the COPHH values range from 0.8 to 1.59, which are very low efficiency values for a heat-pump-assisted system. The possible causes for this are as follows:

	(a)

	
The lines representing the moisture-adsorption side of the desiccant wheel (point 4 → 5 in Figure 3b) are more inclined towards the left-hand side than the isenthalpic line in the psychrometric charts (Figure 4), indicating a substantial enthalpy loss, which is primarily caused by a transfer of sensible-heat energy from the humidification side to the moisture-adsorption side. The enthalpy transferred from the humidification side (the regeneration side during summer operation) to the moisture-adsorption side (the process side during summer operation) occurs because of the rotation of the desiccant wheel, regardless of the season. Compared to the summer operation for dehumidification, the air temperature in the moisture-adsorption side and the temperature of the OA are relatively low during winter operation, and thus, the heat released from the humidification side to the moisture-adsorption side and OA is larger than that during summer operation. Figure 6 shows that the total heat loss on the humidification side increases as the regeneration temperature increases while all of the other conditions remain the same. This confirms that the temperature differential between the humidification and moisture-adsorption sides is the major cause of the total heat loss. Comparison of Figure 6a,b, Figure 6c,d, Figure 6e,f show that there are no significant difference in the total heat loss on the humidification side, even when the airflow rate on the moisture-adsorption side is increased. Regarding the effect of the rotating speed of the desiccant wheel, there is no substantial difference in the total heat-energy loss on the humidification side, as shown by comparing Figure 6a,c, Figure 6b,d. However, the total heat-energy losses are slightly greater at 10 rph (Cases B1 and B2) than at 5 rph (Cases A1 and A2). It is believed that the speed of the desiccant wheel affects the level of sensible-heat transportation.




	(b)

	
The condensation temperature of the heat pump for regeneration is high at approximately 50 °C. The boiling temperature of the heat pump, which was estimated from the temperature measured at point 8 in Figure 3b, is low at 0 °C and below. This results in the low efficiency of the heat pump.




	(c)

	
The heat pump was operating under a partial load.










	(2)

	
For each case, as the regeneration temperature decreased, the operating rate of the low-efficiency electric heater was also decreased. Conversely, both the COPHH and COPSYS values tend to increase.




	(3)

	
When the other conditions are the same, both the COPHH and COPSYS values increase faster as the airflow rate on the moisture-adsorption side increases with respect to the flow on the humidification side. It is concluded that the main reason for the improved efficiency is that the quantity of heat transferred from the heat pump condenser to the humidification side is approximately the same. This also causes the quantity of heat to cool the moisture-adsorption side to be approximately equal. The increasing temperature of point 8 in Figure 3 is due to the increased airflow rate on the moisture-adsorption side increasing the boiling temperature of the heat pump. The COPR_HP values are also higher when the airflow rate of the moisture-adsorption side is set at 1000 m3/h instead of 500 m3/h.




	(4)

	
In Figure 7, a comparison of Cases A1 and B1, and Cases A2 and B2 shows that the COP values are slightly higher when the rotation speed of the desiccant wheel is 5 rph (Cases A1 and A2) instead of 10 rph (Cases B1 and B2). The differences between the total heat-energy losses on the humidification side, as previously discussed, are believed to affect these results. No overall tendency can be inferred from the results in Figure 7b for the effect of the rotation speed of the desiccant wheel on the COPR_HP value of the heat pump. The efficiency can be improved slightly by applying an optimal rotation speed to the desiccant wheel.











4. Conclusions


This study experimentally evaluated the humidification performance of a desiccant air-conditioning system that was combined with a heat pump. To improve the regeneration efficiency of the heat pump, the heat pump evaporator was positioned at the EA on the moisture-adsorption side.



The results of this study, which was performed with an actual DOAS under two different OA conditions, allowed the following conclusions to be drawn.

	(1)

	
Even under OA conditions that were the equivalent of the outdoor winter conditions for designing an air-conditioning system, a humidity ratio of 5.8 g/kg DA or more was achieved for the SA by selecting the appropriate parameters, such as increasing the airflow rate on the moisture-adsorption side or increasing the regeneration temperature. In addition, it was confirmed that the system satisfied the minimum level of humidification performance required for a DOAS in Japan.




	(2)

	
The configuration of the air-conditioning system was optimized for dehumidification, and therefore, the air leaking from the moisture-adsorption side to the humidification side substantially reduced the humidification performance. To use the desiccant air-conditioning system for winter humidification, its structure must be improved to minimize such leaks.




	(3)

	
It is desirable to keep the sensible-heat exchange wheel stationary because the negative effects, which are due to the transportation of latent heat from the moisture-adsorption side to the humidification side by rotation, are greater than the adsorption heat recovered by the rotation of the sensible-heat exchange wheel.




	(4)

	
In the case of a desiccant air-conditioning system that is combined with a heat pump for winter humidification, the moisture-adsorption side should be insulated to improve the efficiency of the heat pump for humidification-heating.




	(5)

	
The COPSYS and COPR_HP values in an actual controlled operation will be higher than the ones shown in Figure 7 in most cases. The dew-points of SA were higher than the required one. To obtain the required dew point, an automatic controller would calculate and set a lower regeneration temperature than that in this experiment. Lower controlled regeneration temperature by automatic controller leads higher COPSYS and COPR_HP values by reducing the operation of the low efficient electric heater or the lower condensation temperature of the heat pump.




	(6)

	
Air leakage on the humidification side (point 1 → 2 in Figure 3b) causes a larger amount of humidification at the set dew-point of SA in an actual controlled operation. A smaller amount of humidification due to no leakage requires a lower regeneration temperature lower. This also leads higher COPSYS and COPR_HP values by reducing the operation of the low efficient electric heater or the lower condensation temperature of the heat pump. Improvement rate of the COPSYS and COPR_HP values depends on outdoor air conditions.




	(7)

	
The lowest possible humidity ratio after moisture-adsorption with this system was 0.5 g/kg DA. Neither the level of moisture-adsorption nor that of humidification was improved by increasing the regeneration temperature once this limit was reached.




	(8)

	
By increasing the airflow rate of the moisture-adsorption side with respect to the rate on the humidification side, the level of humidification increased approximately in proportion to the increase in the airflow rate on the moisture-adsorption side.




	(9)

	
The COPR_HP, COPHH, and COPSYS values were also improved when the airflow rate on the moisture-adsorption side was increased with respect to the flow on the humidification side.









From the above results, it can be concluded that it is advantageous to augment the airflow rate on the moisture-adsorption side with respect to the flow rate on the humidification side for the highly efficient operation of a desiccant air-conditioning system, which is combined with a heat pump, as a humidifying device. The reasons for this are as follows:

	(a)

	
The boiling temperature of the evaporator of the heat pump used for humidification-heating at the downstream of the moisture-adsorption side rises, thereby increasing the efficiency of the heat pump.




	(b)

	
In addition, increasing the boiling temperature of the evaporator can minimize the possibility of frost.




	(c)

	
A high humidity ratio in the SA can be achieved, even when the humidity ratio of the OA is low. This makes it possible to restrict the regeneration temperature to low values to obtain the same humidity ratio at the outlet, which also reduces the input energy.




	(d)

	
Controlling the level of humidification (dew-point of the SA) by varying the regeneration temperature can reduce the operating rate of the low-efficiency electric heater when the heat-pump capacity is insufficient. Even when its capacity is sufficient and the electric heater is not operating, reducing the compressor speed increases the boiling temperature when under a constant condensation temperature. This is expected to increase the scale of the efficiency improvements. When the humidity ratio of the OA is low, the moisture is only adsorbed to the adsorption limit of the desiccant wheel, even if the regeneration temperature is increased. By setting the humidity ratio after moisture-adsorption to the adsorption limit (0.5 g/kg DA in the case of this study) to control the lower limit of the regeneration temperature, it is possible that unnecessary energy inputs can be avoided.









As described above, stable humidification-heating is believed to be possible when the maximum COPHH value of this study (1.62) is obtained. The COPHH value of 1.62 is inferior in terms of primary energy consumption to that of the conventional humidification-heating method of using a boiler. Therefore, to improve the humidification-heating performance, it is believed that ameliorating the mechanisms of the air-conditioning system is required, such as improving the efficiency of the heat pump for regeneration, enhancing the insulation of the equipment, and minimizing the air leakage from the moisture-adsorption side to the humidification side.



As future work, investigation into the optimization of the desiccant system and the improvement of dehumidification/humidification performance by numerical analysis [11,18] will be accomplished.
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Nomenclature








	σT
	
Ratio of temperature differences, dimensionless value





	TN
	
Dry-bulb temperature at the measuring point N in Figure 3b, °C





	σX
	
Ratio of humidity ratio differences, dimensionless value





	XN
	
Humidity ratio at the measuring point N in Figure 3b, kg/kg DA





	EITH_M-A
	
Total heat increment of desiccant wheel on the moisture-adsorption side, kW





	HN
	
Enthalpy at the measuring point N in Figure 3b, kJ/kg





	QN
	
Airflow rate at the measuring point N in Figure 3b, m3/s





	ρN
	
Density of moist air at the measuring point N in Figure 3b, kg/m3





	EISH_M-A
	
Sensible heat increment of desiccant wheel on the moisture-adsorption side, kW





	cpA
	
Specific heat of air, kJ/(kg·K)





	EILH_M-A
	
Latent heat increment of desiccant wheel on the moisture-adsorption side, kW





	EITH_H
	
Total heat increment of desiccant wheel on the humidification side, kW





	EISH_H
	
Sensible heat increment of desiccant wheel on the humidification side, kW





	EILH_H
	
Latent heat increment of desiccant wheel on the humidification side, kW





	COPR_HP
	
Heating efficiency of the heat pump for regeneration, dimensionless value





	COPHH
	
Humidification-heating efficiency on the heat-source side, dimensionless value





	ER_HP
	
Electric energy consumption of the heat pump for regeneration, kW





	ER_EH
	
Electric energy consumption of electric heater, kW





	COPSYS
	
Humidification-heating efficiency of the whole system, dimensionless value





	EF
	
Electric energy consumption of the fans (fan on the moisture-adsorption side and supply fans in Figure 3b), kW





	EW
	
Electric energy consumption of the rotating motor for the desiccant wheel, kW
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