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Abstract 

Clean Air Heat Pump (CAHP) was one type of rotary desiccant cooling system which 

combined a silica gel rotor with a heat pump to achieve air cleaning, dehumidifying and cooling 

in buildings. Using exhaust air from the conditioned room for regeneration of the silica gel rotor 

might have an advantage on reducing the regeneration air temperature and further improving 

the energy performance of the CAHP. However, the exhaust air carried a lot of indoor air 

pollutants. Whether using exhaust air for the regeneration of the silica gel rotor had an impact 

on the air cleaning performance of the CAHP was experimentally studied. The results showed 

that using the air contained acetone or toluene for regeneration reduced the pollutants removal 

capability of CAHP with a reduction of approx. 10% in air cleaning efficiency. The energy 

performance of the CAHP when using exhaust air for regeneration was also evaluated 

compared with the CAHP with outdoor air for regeneration by means of numerical simulation. 

The simulated results showed that the energy saving of the CAHP was obvious when using 

exhaust air for regeneration, regardless of the degradation of indoor air quality. If the same 

indoor air quality level as that when using outdoor air for regeneration was expected to be 

maintained, increasing the intake of outdoor air was one possible way but would increase the 

energy consumption. The increased energy counteracted the reduced energy of using exhaust 

air for regeneration, and consequently the energy of CAHP was not saved. 

 

Keywords:  desiccant wheel; air cleaning; polluted regeneration air 
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1. Introduction 

Rotary desiccant cooling (RDC) system can be an attractive alternative to the existing air 

conditioning system for many advantages such as a large amount of moisture removal, 

sensible heat and latent load handled independently and a better air quality [1-3]. For a long 

time, high grade thermal heat (eg. electricity) was used for regenerating the desiccant wheel 

that led to a substantial energy consumption and restricted the development of RDC system. 

Afterwards the desiccant cooling system combined with vapor-compression cycle (RDC-VC) 

was put forward [4-8], which could make full use of both heating and cooling from the 

condenser and evaporator to provide the thermal energy for desiccant regeneration. One type 

of RDC-VC system was called Clean-Air Heat Pump (CAHP) which combined a silica gel rotor 

with a heat pump [9-12]. The recirculation air from the conditioned room was mixed with 

outdoor air to form process air, which was dehumidi�ed and cleaned by the silica gel rotor, 

then cooled by the evaporator of the heat pump and delivered to the room. On the other side, 

the regeneration air taken from outside was heated up by the condenser of the heat pump, and 

then used to reactive the silica gel rotor. The condensing heat from the heat pump was 

adequate for reactivating the desiccant wheel without any additional heat. It was found that the 

CAHP system saved energy in the range of 5%~59% in the different summer and winter 

conditions compared with the traditional vapor compression air conditioning system [12], so 

that the CAHP system could achieve cooling, heating and ventilation in buildings with less 

energy consumption.  

In addition to the researches on the cooling, dehumidification and energy performance of 

CAHP system, another feature of air purification potential of the CAHP was found, which 

mainly due to the extensive adsorption of silica gel desiccant wheel. Early in 1993, Hine et al. 

[13] studied that the adsorption performance of silica-gel on chemical samples i.e. 

1,1,1-trichloroethane, toluene, carbon dioxide, formaldehyde and radon. The results showed 

that the silica gel was capable of adsorb both water and chemicals. Popescu and Ghosh [14] 

found that the desiccant material including silica gel, molecular sieve and hydrophobic 

molecular sieve could remove 40% for carbon dioxide and 80% for VOCs selected. The study 

by Fang et al. [15] showed that more than 80% sensory air pollutants from building materials, 

human emissions and dosed pure chemicals were monitored to be removed by a silica gel 
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rotor and the percentage dissatisfied with the air quality decreased from 70% to 20%. Recently 

Sheng et al. [16] evaluated the perceived indoor air quality by using CAHP. It was found that 

the percentage dissatisfied was only 5.2% with the CAHP in operation based on adapted 

perception assessment. 

As aforementioned researches, CAHP achieved cooling, dehumidifying and air cleaning in 

buildings was based on taking outdoor air as the regeneration air to reactivate the desiccant 

wheel. However, some researches [3,17,18] indicated that using the exhaust air for 

regenerating the desiccant wheel had an advantage on reducing the regenerating air 

temperature since it was dry and hence the vapor pressure difference would be higher. For 

example, the first rotary desiccant air conditioning cycle, Pennington cycle [19], indicated that 

the thermal coef�cient of performance (COP) and coo ling capacity would be increased when 

using exhaust air for regeneration. In view of this aspect, some rotary desiccant air 

conditioning cycles adopted exhaust air for regeneration such as the staged regeneration 

cycle [20,21] and two-stage desiccant cooling system [22]. It seems that using exhaust air for 

the regeneration of the desiccant rotor can contribute to the energy conservation of the CAHP. 

However, the exhaust air carries a lot of indoor air pollutants probably from the humans, 

building materials or electrical machines, which is not clean. It is not certain that the 

regeneration of a desiccant wheel in the CAHP using polluted air has the same effect of air 

cleaning as the regeneration of a desiccant wheel using clean outdoor air. Whether the 

exhaust air has an impact on the air cleaning performance of CAHP should be analysed in 

detail.  

The present study experimentally examined the air cleaning performance of the CAHP 

system when the polluted air was determined as the regeneration air. Based on the 

experimental results, the energy performance of the CAHP was simulated by a numerical 

model, and compared with the situation of the CAHP with outdoor air for regeneration. Finally, 

a recommendation was provided for the further development of the CAHP. 

2. Experimental Method 

2.1 Experimental facility 

The experiment was carried out in a test room that equipped with a CAHP system as 

shown in Fig. 1. A commercially available silica gel rotor produced by Munters was used in the 



� �

experiment and its properties were presented in Table 1. For the vapor-compression cycle, a 

piston compressor produced by Bitzer was selected with the max power of 2.7kW. The type of 

condenser and evaporator was air source chip tubular. The expansion valve with brand of 

Danfoss was used to adjust the flow rate of the refrigerant. The refrigerant of R134a was 

adopted in this cycle.  

To easily build the experimental conditions, the exhaust air from the room was not directly 

used for regeneration. Instead another stream of outdoor air was used for regeneration in 

order to control the type and concentration of pollutants. A humidifier installed was used to 

make the humidity of regeneration air similar to that of exhaust air.  

  

Fig. 1 Experimental facility 

 

Table 1 Specification of silica gel rotor 

Thermodynamic properties ��  ��  ��  

Specific heat of silica gel [J/(kg� )] 921 Volume weight (kg/m3) 200 

Specific heat of substrate [J/(kg� )] 900 Weight percentage of silica gel (%) 80 

Geometrical parameters 

Radius (m) 0.225 Micro duct height (mm) 1.9 

Thickness (m) 0.2 Micro duct width (mm) 3.7 

Sectional angel for process air (°) 240 Total thickness of adsorbent and substrate (mm) 0.15 

Sectional angel for regeneration air (°) 120 Pore area (m2/g) 600 

Operating parameters 

Rotation speed (rounds/h)              11.6   

Test room
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Two air flows of process air and regeneration air entered the wheel: 

�  process air, dehumidi�ed and cleaned by the silica  gel rotor, then cooled by the 

evaporator of the heat pump and delivered to the room. 

�  regeneration air, heated by the condenser of the heat pump, and then used to 

reactivate the silica gel rotor. 

2.2 Pollution sources 

The pure chemicals were selected as the pollution sources, i.e. toluene and acetone. 

Toluene is nonpolar and non-water-soluble compound which is the common pollutant from the 

oil paint and adhesive when a building is renovated or decorated [23]. Acetone is polar and 

water-soluble compound that is normally emitted from the human bio-effluents [24]. These two 

chemicals can be the representatives of common VOCs existing in the indoor environment and 

the experimental results can reveal the air purification effect of desiccant wheel for VOCs with 

different chemical properties. As shown in Fig. 1, the chemicals were dosed in the ventilation 

ducts at the upstream of process section of silica gel rotor. When the exhaust air was 

determined for regeneration, the chemical was continuously dosed at the upstream of 

regeneration side to simulate the concentration of pollutant in the exhaust air. The gas wash 

bottles were used for dosing the chemicals as shown in Fig. 2. The dosing rate of chemical 

was controlled by manipulating the airflow rate through the wash bottle. The concentration of 

the dosed chemical was controlled in the magnitude range of 0-5ppm that the concentration of 

each chemical being several times higher than its guideline value for human health [25].  

 

Fig. 2 Schematic diagram of chemicals dosed 

 

2.3 Physical and chemical measurement 

Physical parameters measured in the CAHP ventilation system included air temperature, 

air humidity ratio and airflow rates. They were measured continuously throughout each 

Air pump�� Regulater��
Float 
flowmeter��

Gas bottle��Clean air��

Gas phase 
chemical 
compound��

(a)��
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exposure in the location as presented in Fig. 1. The specifications of the measuring devices 

are listed in Table 2. 

Table 2 Specifications of the measuring devices in ventilation system 

Measured parameter Device Measuring range Accuracy 

Temperature and 

relative humidity 
CARELDPD010000  

-20�  to 70� / 

10% to 90% RH 

±0.5��  at 25�� , 

±0.9��  at -20�� to 70�� ; 

±3% at 25�� /50%RH, 

±6% at -20�� to70�� . 

Airflow rate 

IRIS 

differential-pressure 

transmitter 

0m3/h -1260m3/h ±10%  

 

Five sampling points for pollutants were installed upstream and downstream of the 

process side and regeneration side of the wheel as shown in Fig. 1. The sampling points were 

connected to a photo-acoustic Multi Gas Monitor “INNOVA 1312” by plastic tubes to measure 

the concentration of the pollutants monitored. INNOVA 1312 was capable of measuring almost 

any gas that absorbs infrared light and expressed as its toluene equivalent. The accuracies of 

INNOVA 1312 for measuring concentrations of toluene and acetone was 0.05 ppm and 0.05 

ppm respectively after calibration. Its repeatability was 1% of the measured value in the 

manufacture’s specification. The sampling time and testing time lasted for a total of 40 

seconds for each air sample. The concentrations at S0~S4 were measured next to each other 

in time. 

During the experiments, the silica gel rotor was controlled to handle with 260 L/s of 

process air and 144 L/s of regeneration air with manual dampers according to the 

manufacture’s instruction. The outdoor air and return air were mixed as the process air. The 

proportion of outdoor air was 24%. Before dosing and sampling of the pollutants, the 

experimental conditions listed in Table 3-5 was established in the process and regeneration air 

flow. The process of equilibration of each thermal condition would nearly take 30 mins. After 

the thermal conditions reached steady state, pollutants were dosed at the dosing point as the 

requirements described in the experimental scheme, the concentrations of pollutants at five 

sampling points were measured by INNOVA 1312 in real time. The concentration of pollutants 
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usually took 1-2 hours to reach the steady state, at which the slope of the linear regressions of 

the concentration of S0-S4 against time was 0. After the concentration of pollutants reached 

the steady state, the measurement of pollutant concentration would still last for 1 hour to 

obtain the average value at the steady state to support the calculation of Eq. (1) to (2). During 

the whole process of experiments, air temperature, air humidity and air volume at the 

measuring locations in the ventilation system were measured continuously with an interval of 5 

seconds and recorded on a computer by Agilent 34970 data logger. The concentrations of 

pollutants were measured continuously with an interval of 4 mins and recorded on a computer 

by INNOVA. 

2.4 Data treatment 

The silica gel rotor was the core component of CAHP for air purification. Since the 

pollutants removal is in parallel with air moisture removal, the moisture removal efficiency can 

use for reference to the air cleaning performance of the rotor [26]. Then the single pass air 

purification efficiency of silica gel rotor  represents the air cleaning efficiency of CAHP, 

which is expressed as the ratio between the real and ideal air cleaning capability of the silica 

gel rotor: 
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To reveal whether the pollutants were accumulated on the rotor, an index of mass balance 

 was also calculated. It represents the ratio between the mass of VOCs desorbed on the 

regeneration side and the mass of VOCs adsorbed on the process side: 
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-where ���6�F , 
, ,  and 

 are the average concentration of pollutants in 

sample S0~S4, respectively, ppm. ���6�F is the average concentration of pollutant in sample S0, 

ppm. It represents the background pollutant concentration level that is equal to the 

concentration of pollutants in outdoor air. 
 and 

are the process airflow rate and 

regeneration airflow rate, L/s. 

The error analysis carried out in this paper is based on the root of sum square method, 
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and it allows the evaluation of the error in results obtained by calculation from measured 

variables. This method indicates that as the errors are statistically independent, they will 

partially counteract each other most of the time, such that the square root of the sum of the 

squares of the individual standard deviation is a more representative value of the overall 

random standard deviation. The method uses the following relationship: 
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-where �I is a function of the independent variable �L�[ , 
�L�[s is the standard deviation 

associated with the variable �L�[ , �\ is the dependent variable and �\s  is its standard 

deviation.  

In this work, the performance parameters (  and ) described are obtained by 

calculation from the measured variables (concentration in sample S0~S4, and air volume), 

each of these measured variable is characterized by a value of standard deviation, then the 

values of standard deviation of  and are obtained.  

2.5 Experimental design and procedure 

Scheme 1: When using polluted air for regeneration, whether the pollutant in the 

regeneration air would affect the pollutants removal capability of silica gel rotor was firstly 

investigated. This was accomplished by means of comparative research. The regeneration air 

temperature was set as 60 �- . After reaching the thermal conditions of process and 

regeneration air listed in Table 3, the pollutant was dosed at the inlet of the rotor on the 

process side to simulate the relatively high VOC concentration in the test room, using clean 

outdoor air for regeneration. When the equilibrium of pollutant concentration was established, 

the evaluation parameters (  and ) were calculated with the average concentrations in 

sample S0~S4. Then the same pollutant was dosed at the regeneration side to simulate using 

polluted air for regeneration. The concentration of the pollutant in the regeneration air should 

be similar to that in the process air. When another equilibrium of the concentration of pollutant 

was established, evaluation parameters were obtained again. Consequently, evaluation 

parameters obtained in these two scenarios were compared to evaluate the impact of using 

h e

h e

h e
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polluted air for regeneration on the air cleaning performance of CAHP. It should be noted that 

the silica gel rotor would be adequately desorbed after completing each test with a 

regeneration air temperature of over 100�-  to avoid any pollutant accumulated on the surface 

of the wheel, which would be to the detriment of the sequent experiment. 

Table 3 Average values of air temperature and humid ity at the inlet of silica gel rotor for 

experimental scheme 1 

Pollutant dosed in 

Proc. air 

Pollutant dosed in 

Reg. air 

Process air Regeneration air 

Temp./

��  

Humidity ratio 

(g/kg) 

Temp./

��  

Humidity ratio 

(g/kg) 

Acetone - 25.0 9.78 60.2 9.82 

Acetone Acetone 25.0 9.78 60.2 9.82 

Toluene - 24.1 9.32 60.3 9.40 

Toluene Toluene 24.1 9.32 60.3 9.40 

 

Scheme 2: Based on the first author’s previous study [9,10], the regeneration air 

temperature of the rotor was generally in the range from 40 to 60�-  to meet different indoor 

comfortable requirements. Hence the impact of polluted air with three different temperatures 

(60, 50, 40�- ) for regeneration on the performance of CAHP was analysed. For each test with 

a regeneration air temperature, the equilibrium of thermal conditions of process air and 

regeneration air (shown in Table 4) were firstly established, and then the pollutant was 

simultaneously dosed in the process air and regeneration air until the equilibrium of the 

concentrations of pollutant was established. After completing each test at a regeneration air 

temperature, the silica gel rotor would also be adequately desorbed. The same procedure was 

repeated in the scenarios when the regeneration air temperature was 50�-  and 40�- . By 

comparing the parameters of  and , the impact of regeneration air temperature on air 

cleaning performance of CAHP using polluted air for regeneration was analysed.  

Table 4 Average values of air temperature and humid ity at the inlet of silica gel rotor for 

experimental scheme 2 

h e
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Pollutant dosed in 

Proc. air 

Pollutant dosed in 

Reg. air 

Process air Regeneration air 

Temp./

��  

Humidity ratio 

(g/kg) 

Temp./

��  

Humidity ratio 

(g/kg) 

Acetone Acetone 

22.6 8.15 60.2 8.18 

22.5 8.15 50.4 8.19 

22.6 8.16 41.3 8.18 

Toluene Toluene 

23.3 8.18 60.3 8.21 

23.1 8.18 50.7 8.16 

23.3 8.20 40.0 8.23 

 

Scheme 3: The building exhaust of room air in some cases was not centralized or was 

not located in a convenient location for reactivating the wheel. It was possible that some waste 

heat carrying with pollutants from other environment would be used to regenerate the wheel. In 

this occasion, the property of pollutant in the regeneration air was not same as that in the 

process air. Therefore, the experiment was designed to make the acetone dosed in the 

process air while the toluene dosed in the regeneration air as indicated in Table 5. Another 

experimental scenario was to make the acetone and toluene dosed reversedly in two air 

streams. Finally, the effect of the property of pollutant in the regeneration air on the air cleaning 

performance of CAHP was analyzed by evaluating the parameters of  and . 

Table 5 Average values of air temperature and humid ity at the inlet of silica gel rotor for 

experimental scheme 3 

Pollutant dosed in 

Proc. air 

Pollutant dosed in 

Reg. air 

Process air Regeneration air 

Temp./

��  

Humidity ratio 

(g/kg) 

Temp./

��  

Humidity ratio 

(g/kg) 

Acetone 
- 24.0 9.09 59.9 9.10 

Toluene 24.0 9.09 59.9 9.10 

Toluene 
- 25.3 9.29 60.6 9.31 

Acetone 25.3 9.29 60.6 9.31 

 

3. Results of experiments 

h e
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The average concentration of pollutants at each sampling point (S0~S4) was the mean 

value of concentration measured in 1 hour after the equilibrium had been established, which 

was expressed as mean�f SD (standard deviation) in the figures. According to the theory of 

error analysis stated in this study, the error of evaluation parameters  and  were 

calculated and the specific values are shown as mean�f SD. It is found that the standard 

deviation values obtained for the calculated parameters are as follows: 2%~6% for and 

6%~15% for  in these experimental conditions provided. 

3.1 Effect of polluted air for regeneration on air cleaning of CAHP 

The results of gas-phase pollutants removal capacity of CAHP when the same pollutant 

contained in the regeneration air or not are shown in Fig. 3 and Fig. 4. It is found in Fig. 3 that 

the concentration of acetone in the process air was significantly reduced (S1�� S2) after being 

processed by CAHP when outdoor air was used for regeneration, with an air cleaning 

efficiency  of 69.7% based on the calculation of Eq. (1). The adsorbed acetone by the rotor 

was also effectively desorbed (S3�� S4) at Treg=60�-  with an index of mass balance  of 

96.0%. After dosing acetone in the regeneration air with a similar dosing rate of acetone dosed 

in the process air, the concentration of acetone after the rotor in the process side (S2) was 

continuously increased until another new equilibrium of concentration was established. Based 

on the calculation of  and  using the average concentrations of acetone (S0~S4), it is 

found that air cleaning efficiency  was reduced from 69.7% to 59.4% and mass balance  

was also reduced from 96.0% to 80.2%. It was probably because that in presence of higher 

acetone content in the regeneration air, there was a minor difference of acetone content partial 

pressure between regeneration air and silica gel surface, and this determined a weaker 

diffusion of the acetone from the surface to the air and finally obtained a lower . This effect 

reduced the adsorption space of silica gel and then less pollutants can be removed from the 

process air, which made the value of  reduced.  

Fig. 4 shows the results that toluene was the pollutant when the regeneration air 

temperature was 60�� . Toluene is a nonpolar, non-water soluble compound, however silica gel 

has a strong affinity for polar molecules, which means that the silica gel rotor will not remove 

toluene as effective as acetone. This was testified by comparing the results shown in Fig. 3 
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and Fig.4. Even so, more than 50% of toluene can still be removed with a regeneration 

temperature of 60��  when using outdoor air for regeneration. When toluene was dosed in the 

regeneration air, due to the same reason explained for acetone as the pollutant, the air 

cleaning efficiency of CAHP was reduced from 52% to 43.2% and the index of mass balance 

 was reduced from 90.0% to 78.3%. 

 

Fig. 3 Average concentration of acetone upstream an d downstream of the process 

and regeneration side when T reg=60��������  

 

Fig. 4 Average concentration of toluene upstream an d downstream of the process 
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and regeneration side when T reg=60��������  

3.2 Effect of polluted regeneration air with differ ent temperature on air cleaning of 

CAHP 

Fig. 5 shows the concentration of acetone upstream and downstream of the process and 

regeneration side at different regeneration air temperatures for the silica gel rotor, expressed 

by mean�f SD. It is found that the higher regeneration air temperature for the rotor, the higher 

air cleaning efficiency obtained. The rise in regeneration air temperature caused an increase in 

the surface temperature of silica gel, and thus a major difference of acetone partial pressure 

between regeneration air and silica gel surface. Therefore, acetone adsorbed was easily fled 

away from the rotor surface, which made adsorption sites unoccupied for the further 

adsorption with the rotation of the rotor and determined a higher air cleaning efficiency. 

Compared with the condition Treg=60�- , although the purification capability of CAHP was 

significantly reduced at the temperature of 40�- , it was still over 50%. Since the regeneration 

air temperature was too low to make the wheel reactivated adequately, the mass balance 

index was reduced to 62.9%. Fig. 6 gives the results when using toluene instead of acetone as 

the pollutant. The same trend of experimental results was observed for the measured data of 

toluene, namely higher regeneration air temperature led to a higher  and . However, 

compared to the acetone removal capability of CAHP, the air cleaning effect for toluene was 

less effective. The air cleaning efficiency  was only 34.7% and the mass balance  was 

accordingly 64.8% when the regeneration air temperature was 40�-��

h e

h e
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Fig.5 Average concentration of acetone upstream and  downstream of the process 

and regeneration side at the regeneration temperatu re of 40, 50, 60 ��� �  

 

Fig.6 Average concentration of toluene upstream and  downstream of the process 

and regeneration side at the regeneration temperatu re of 40, 50, 60 ��� �  

3.3 Effect of property of pollutant in the regenera tion air on air cleaning of CAHP 

The acetone removal capability of CAHP was tested when using outdoor air or the air with 

toluene for regeneration and the results are compared in Fig. 7. Using the air carrying toluene 

to reactivate the rotor, acetone was removed in the process air by the silica gel rotor and 
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rejected with toluene after regeneration. Compared with using outdoor air for regeneration, the 

air cleaning efficiency  was reduced by 10.6% and the mass balance  was reduced by 

8.9%. However, the extent of reduction of  was not significantly different from the results 

shown in Fig. 3 (  has a reduction of 10.3%) in the occasion of using the air containing 

acetone for regeneration. Fig. 8 shows that the results of the toluene was removed by the 

CAHP with acetone contained in the regeneration air and the similar variation of  and  

were observed. The property of pollutant in the regeneration air would not have a significant 

impact on the extent of reduction of evaluation parameters. Therefore, it is indicated that when 

using CAHP to remove the target pollutant in the process air, no matter whether the same 

pollutant or a different type of pollutant contained in the regeneration air, CAHP had a very 

similar removal capability for target pollutant.  

 

Fig. 7 Average concentration of acetone/toluene whe n toluene determined as pollutant 

in the regeneration air at T reg=60��������  
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Fig. 8 Average concentration of toluene/acetone whe n acetone determined as pollutant 

in the regeneration air at T reg=60��������  

 

4. Energy performance of CAHP using exhaust air for  regeneration 

The previous studies [19-22] indicated that using exhaust air to regenerate the rotor in the 

desiccant cooling system improved the energy performance and saved energy. However, the 

experimental results in this study indicated that using polluted air for regeneration indeed 

affected the air cleaning performance of CAHP, which would lead to an indoor environment 

degradation. If the same level of indoor air quality is expected to be maintained, one possible 

solution is to increase the intake of outdoor fresh air, but this will consume energy to deal with 

the increased thermal and latent load. Therefore, the lost energy to keep the indoor air quality 

may counteract the saved energy when using exhaust air for regeneration. Whether the 

energy consumption of CAHP is reduced or not was analyzed by means of theoretical 

calculation.  

To predict the energy performance of CAHP under different regeneration conditions, a 

theoretical model for the CAHP had been built. The theoretical model consisted of two parts, 

the silica gel rotor sub-model and heat pump sub-model. The silica gel rotor sub-model was 

used to simulate heat and moisture transfer in the silica gel rotor. With the sub-model, setting 
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silica gel rotor and the required regeneration air temperature could be calculated. With the 

simulation results from the silica gel rotor sub-model, setting the target supply air temperature 

as another input parameter, the energy consumption of the heat pump could be calculated by 

the heat pump sub-model. Thus, the energy performance of the CAHP could be simulated with 

the two sub-models. More information of the theoretical model can be find in the authors 

previous work [11]. 

Before calculating the energy consumption, comparing with outdoor air for regeneration, 

the reduction of air cleaning efficiency  of CAHP was set as 10% when using exhaust air for 

regeneration. If the regeneration air temperature was reduced by 1�- �È the air cleaning 

efficiency of CAHP would be further reduced by 1%. For example, the reduction of  was 12% 

with exhaust air for regeneration at 58�-  comparing to  with outdoor air for regeneration at 

60�- . 

To maintain the same concentration of pollutants in the indoor air as that achieved by 

CAHP with outdoor air for regeneration, some outdoor air would be supplemented to the test 

room. An index of Clean Air Deliver Rate (CADR) was used to calculate the increased outdoor 

air volume when using exhaust air for regeneration to maintain the same indoor air quality. 

CADR was used to express the air cleaning effect of the CAHP system as being equivalent to 

an additional airflow of fresh air to the test room. It can be expressed as in the following 

equation.  

)1( -=
CAHP

none
o c

c
QCADR  (4) 

- where CADR [27] is clean air delivery rate of the CAHP in air change volume per hour, 

L/s; is outdoor airflow rate, equals to 62.4 L/s as designed,  is concentration of 

pollutants of indoor air in the test room with CAHP turned off (ppm) and  is 

concentration of pollutants of indoor air with CAHP in operation (ppm). Here the concentration 

of pollutants in the supply air is determined to represent the concentration of pollutants of 

indoor air.  

When the CAHP was turned on with outdoor air for regeneration,  was recorded as 

h

h

h

Q0 cnone

cCAHP

cCAHP
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���F, its value was equal to �Q�R�Q�H�F�Å�����Ä h  based on the Eq. (1) when the concentration of 

pollutants in the outdoor air was assumed as 0, namely the concentration of pollutants in the 

supply air (h  was the air cleaning efficiency of the CAHP). When the CAHP was turned on 

with exhaust air for regeneration,  was recorded as ���F, which was equal to 

�Q�R�Q�H�F���@�[���Ä���> h-  ( �[  was the reduction of h ). The value of h  was based on the 

experimental results, namely h  equaled to 50%, 60%, 70% at the regeneration air 

temperature of 40, 50, 60� . Therefore, the difference of intake of outdoor air �4D  under the 

conditions with CAHP using outdoor air and exhaust air for regeneration was calculated as: 
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  (5) 

Then the total intake of outdoor air to the test room was increased to �4�4 D+��  and the 

total air volume ventilated the test room would be increased to �4D+�S�U�R�4 . Accordingly the 

outdoor air ratio (OAR) of total air volume of the test room can be calculated as: 

���������� ´
D+

D+
=

�4�4
�4�4

�2�$�5
�S�U�R

    (6) 

This increased outdoor air ratio would change the thermal-hygro conditions of process air 

before the rotor, which would lead to an increase in the thermal and moisture load handled by 

the CAHP. To ensure the intended conditions of supply air, the regeneration air temperature 

would further be increased. In this study, the target hygro-thermal conditions of supply air were 

set as 20�  and 8.85 g/kg, which balanced the thermal and moisture load of the test room. The 

indoor thermal environment was set as 25�  with 9.7 g/kg moisture. The energy consumption 

of CAHP would be calculated under two typical outdoor climates in the summer, namely a mild 

climate zone with hygro-thermal condition of 25 � /11.5 g/kg and an extremely hot humid 

climate zone with hygro-thermal condition of 28.5 � /18.5 g/kg. Refrigerant R134a was used in 

the heat pump sub-model for energy performance analyzing. The energy consumed by CAHP 

was the electrical power to drive the compressor of the heat pump and fans. In this study, the 

electricity input for fans was ignored.  

Inputting the parameters of air flow rate, air temperature and humidity of the process air 

cCAHP
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before rotor as well as the intended air temperature and humidity of supply air, and the air flow 

rate, air humidity of regeneration air to the theoretical model of CAHP, the energy performance 

of CAHP can be simulated and analyzed. The simulation results of energy consumptions of the 

CAHP operated under different outdoor climates are summarized in Table 6.  

In the mild climate, when the CAHP was turned on with outdoor air for regeneration, due 

to the high air humidity ratio of regeneration air (11.5 g/kg), the regeneration air temperature 

was calculated as 40�  to obtain the intended supply air conditions, and the energy 

consumption was 0.59kW. If the exhaust air with a low air humidity of 9.7 g/kg substituted 

outdoor air for regeneration, the regeneration air temperature was reduced to 37�-  which 

reduced the condensing temperature of heat pump, and then the energy consumption was 

reduced to 0.50 kW which was saved by 15.1%. In this case, although the energy was saved, 

the indoor air quality was worsened due to the reduction of air cleaning efficiency of CAHP. To 

maintain the indoor air quality, additional outdoor air was supplemented and the outdoor air 

ratio was calculated from 24% to 43% based on the Eq. (4~6). To ensure the target supply air 

conditions, the regeneration air temperature was kept as 40 �-  and more energy was 

consumed to handle with the increased heat and latent load. As a result, the energy was not 

saved compared with the condition of using outdoor air for regeneration.  

In the extreme hot humid climate, to acquire the desired supply air conditions, the 

regeneration air temperature was high to 61 �-  when the CAHP used outdoor air for 

regeneration with an air humidity of 18.5 g/kg. Using exhaust air (air humidity of 9.7 g/kg) 

substituting outdoor air for regeneration made the regeneration air temperature reduced to 

51�� , which made the condensing temperature of heat pump greatly reduced and accordingly 

the energy was significantly saved by 32.5%. If taking the effect of exhaust air on air cleaning 

performance of CAHP into consideration, to keep the same concentration of pollutants in the 

indoor air, the outdoor air ratio was increased to 37%. To handle the increased the heat and 

latent load, the regeneration air temperature was back toward to 60�-  and more energy was 

consumed. The energy was lost by 9.4% compared to the condition of CAHP using outdoor air 

for regeneration. 
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It is found that if the CAHP was operated as an air conditioner with air purification as an 

affiliated function, using exhaust air to regenerate the rotor can significantly improve the 

energy performance of CAHP, especially in the hot humid climate zones. From the point of 

indoor air quality view, the variation of perceived indoor air quality should be evaluated by a 

panel of human subjects. If this variation of air quality cannot be precepted, using exhaust air 

for regeneration of CAHP was recommended from the energy point of view. If the CAHP was 

regarded as a purifier, the increased energy for keeping the indoor air quality was more than 

the reduced energy of using exhaust air for regeneration, and consequently the energy 

performance of CAHP was not improved. Therefore, if the concentration of pollutants in the 

indoor air was required to be strictly controlled, it is recommended that using outdoor air for the 

regeneration of the rotor and installing pollutant sensors to provide effective signal to control 

the operation of CAHP. 
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Table 6 Operating conditions and simulation results of energy performance of CAHP system 
   

No. 

indoor air  Outdoor air 
Pro. air before 

rotor Pro. air after rotor 
Reg. air before 

rotor Supply air 
Simulation 

results 

Temp. 
(�� ) 

Humd. 
(g/kg) 

Temp. 
(�� ) 

Humd. 
(g/kg) 

outdoor 
air ratio 

(%) 

Temp. 
(�� ) 

Humd.
(g/kg) 

Temp. 
(�� ) 

Humd. 
(g/kg) 

Temp. 
(�� ) 

Humd. 
(g/kg) 

Temp. 
(�� ) 

Humd. 
(g/kg) 

E 
(kW) 

Energy 
saving 

rate (%) 

1 

25.0  9.70  

25.00  11.50  

24% 25.00  10.13  28.93  8.87  40.00  11.50  20.00  8.87  0.59a - 

2 24% 25.00  10.13  29.60  8.89  37.00  9.70  20.00  8.89  0.50b 15.1% 

3 43% 25.00  10.47  29.60  8.87  40.00  9.70  20.00  8.87  0.63c -7.5% 

4 

28.50  18.50  

24% 25.72  11.81  34.93  8.86  61.00  18.50  20.00  8.86  2.02d - 

5 24% 25.72  11.81  33.90  8.88  51.00  9.70  20.00  8.88  1.36e 32.5% 

6 37% 26.08  12.87  37.40  8.93  60.00  9.70  20.00  8.93  2.21f -9.4% 

Note: The air volume of process air and regeneration air are kept constant of 260 and 144 L/s. 
     

 
Values of No.1 ~No.3 show the simulation results with CAHP operated in the mild climate and Values of No.4 ~No.6 show the results with CAHP operated 
in the hot and humid climate. 

 
a,c Energy consumption of CAHP using outdoor air for rotor regeneration; 

 
b,e Energy consumption of CAHP using exhaust air for rotor regeneration regardless of the degradation of indoor air quality; 

 
c,f Energy consumption of CAHP using exhaust air for rotor regeneration taking the degradation of indoor air quality into consideration. 
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5. Discussion 

The VOC concentrations in the experiments were high, generally 10 times its guideline 

[25] value for human health, which takes the accuracy of INNOVA into consideration and 

makes the concentration variation of pollutant upstream and downstream of the process and 

regeneration air easily observed. Due to this high concentration of VOC, the air cleaning 

efficiency was only 70% at the regeneration temperature of 60�  in this study, which was not 

high up to 90% in our previous study of [15] when testing the air purification performance of 

silica gel rotor. The high moisture in the process air in this study (the relative humidity was 

nearly 50%) can also aggravate the adsorption competition between water vapour and VOC 

and consequently reduce the VOC removal efficiency. However, the object of this study is not 

to identify the specific quantity but reveal the trends under different conditions of regeneration 

air. The variation trends on air cleaning performance of CAHP was therefore not influenced by 

these specific values.  

From the observation and calculation in this study, the acetone or toluene adsorbed were 

removed from the rotor after regeneration with an index of mass balance was in the range from 

60 to 96%. A great concern may be risen that part of VOC will be continuously accumulated 

until the saturation of rotor. In order to get a clear understanding of the regeneration, a 10-h 

test of toluene removal at the regeneration air temperature of 50�-  had been conducted and 

analysed, and the results are shown in Fig. 9. At 11:00, toluene was dosed at the inlet of 

desiccant wheel on the process side and it was effectively removed with time using outdoor air 

for regeneration until approx. 12:00 to reach a steady state. Then toluene was dosed in 

regeneration air at 14:00 to simulate using polluted air for regeneration, which led to a 

significant reduction of mass balance. The mass balance was firstly dropped and then risen 

and finally kept constant of approx. 70% and there was no reduction trend of mass balance 

observed until the end of this test. This test indicated that the operation of the desiccant rotor 

was in a dynamic balance after reaching a steady state and the rotor would not be saturated. 

However, the results are limited to the specific conditions analysed in the present study. The 

long period experiment for CAHP when using polluted air for regeneration, at least a few days, 

should be further studied to verify this conclusion. 
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Fig. 9 Mass balance calculated during the process o f toluene removal at the 

regeneration air temperature of 50 �;��

From the results of energy performance analysis of the CAHP, the energy is significantly 

saved with CAHP using exhaust air for regeneration compared with CAHP using outdoor air 

for regeneration, regardless of the degradation of indoor air quality. However, the degradation 

of indoor air quality is only due to 10~20% lower of pollutants removal capability of CAHP, 

which is predicted that this may not be easily perceived by humans in the actual indoor 

environment. Of course, the accurate result should be obtained by conducting another 

perceived indoor air quality evaluation by a panel of human subjects. This is worth further 

studied. If the concentration of pollutants in the indoor air is required to be controlled, using 

exhaust air for regeneration of CAHP is not recommended, since supplemented outdoor air 

and other possible solutions to maintain the indoor air quality increases the energy consumed 

of CAHP, which is not acceptable from the energy point of view. Moreover, it will make the 

indoor air quality more difficult to be controlled. In this case, CAHP using outdoor air for 

regeneration is recommended.  

6. Conclusion 

In this study, the effect of polluted regeneration air on the air cleaning performance of 

CAHP system was examined experimentally. The polluted regeneration air reduced the 

pollutants removal capability of the CAHP, which led to a reduction of approx. 10% in air 
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cleaning efficiency. The reduction of air purification capability of CAHP were taken place either 

toluene or acetone determined as pollutant. In view of toluene and acetone representing the 

properties of most polar and nonpolar, water-soluble and non-water-soluble compounds, it can 

be inferred that the regeneration air polluted by VOCs has an impact on the pollutants removal 

efficiency of CAHP. Operation of CAHP at low regeneration air temperature could further 

worsened the air purification performance. If the pollutant in the regeneration air was different 

from the target pollutant contained in the process air, CAHP had a very similar removal 

capability for target pollutant compared with when the same target pollutant in the regeneration 

air.  

The energy consumption of CAHP using exhaust air for regeneration was numerically 

simulated and analysed, compared with CAHP using outdoor air for regeneration. Increasing 

the intake of outdoor air for the room could maintain the same concentration of pollutants in the 

indoor air as that when using outdoor air for regeneration but increase the energy consumption 

of the CAHP. If regardless of the degradation of indoor air quality when using exhaust air for 

regeneration, the energy of the CAHP would be significantly saved. Since the degradation of 

indoor air quality caused by the reduction of air cleaning efficiency of the CAHP is not so 

significant that it is predicted to be not easily perceived by the humans, it is recommended that 

the CAHP used as an air conditioner should be operated with exhaust air for regeneration. 

However, this should be further verified by the evaluation of human subjects.  
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Fig. 1 Experimental facility 
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Fig. 2 Schematic diagram of chemicals dosed 
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Fig. 3 Average concentration of acetone upstream an d downstream of the process 
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Fig. 4 Average concentration of toluene upstream an d downstream of the process 

and regeneration side when T reg=60
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Fig.5 Average concentration of acetone upstream and  downstream of the process 

and regeneration side at the regeneration temperatu re of 40, 50, 60 ��� �  

�� �� �� �� �� �� �� ��

Oudoor air as Reg. air                         Tolu ene dosed in Reg. air

���

���

���

���

���

���

���

���

���

C
on

ce
nt

ra
tio

n 
of

 t
ol

ue
ne

 (
pp

m
)

(T
ol

ue
ne

 e
qu

ilv
al

en
t 

)

���0 �H�D�Q�����0 �H�D�Q�f�6�' ��

� =52.0%�f 2.3% � =90.0%�f 8.1%

� =78.3%
�f 8.2%

� =43.2%�f 2.9%

VOC 
concentration 
in outdoor air 
(S0) 

�� ��	
� �-�� ��	�� �-�� ��	�� �-�� �� ��	
� �-�� ��	�� �-�� ��	�� �-��

Process side                                     Re generation side

������

������

������

������

������

������

������

������

������

������

������

C
on

ce
nt

ra
tio

n 
of

 a
ce

to
ne

 (
pp

m
)

(T
ol

ue
ne

 e
qu

ilv
al

en
t 

)

���0 �H�D�Q�����0 �H�D�Q�f�6�' ��

VOC 
concentration 
in outdoor air 
(S0) 

� =65.4%
�f 2.6%

� =58.1%
�f 2.5%

� =50.8%
�f 3.2%

� =85.1%
�f 7.8% � =72.3%

�f 7.5%
� =62.9%
�f 8.2%



 

Fig.6 Average concentration of toluene upstream and  downstream of the process 

and regeneration side at the regeneration temperatu re of 40, 50, 60 ��� �� ���

 

 

Fig. 7 Average concentration of acetone/toluene whe n toluene determined as pollutant 

in the regeneration air at T reg=60
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Fig. 8 Average concentration of toluene/acetone whe n acetone determined as pollutant 

in the regeneration air at T reg=60
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Fig. 9 Mass balance calculated during the process o f toluene removal at the 

regeneration air temperature of 50 �;��
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Highlights 

·  Air cleaning efficiency of CAHP was reduced by 10% using polluted air for regeneration. 

·  Higher regeneration air temperature, higher air cleaning efficiency of CAHP. 

·  Energy conservation of CAHP was obvious using exhaust air for regeneration regardless 

of degradation of indoor air quality. 

·  Increasing outdoor air can maintain indoor air quality but consume more energy when 

CAHP using exhaust air for regeneration. 
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