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Highlights: 

 Development a type of evaporative medium with high wickability performance 

 Design and construction of a high performance counter-flow REC/HMX 

 Experimental results of the REC system in various test conditions of China 

 Providing an experiment-based method for estimating REC’s energy saving potentials 

 Power demands saved by the REC for China’s various climates were found 

Abstract: 

Recently there has been growing interest in regenerative evaporative coolers (REC), which can 

reduce the temperature of the supply air to below the wet-bulb of intake air and approach its 

dew-point. In this paper, we designed, fabricated and experimentally tested a counter-flow 

REC in laboratory. The REC’s core heat and mass exchanger was fabricated using stacked 

sheets composed of high wicking evaporation (wickability of available materials was 

measured) and waterproof aluminium materials. The developed REC system has a much higher 

cooling performance compared to conventional indirect evaporative cooler. However, the 

decision to use the REC for China buildings depends on a dedicated evaluation of the net 

energy saved against the capital expended. Such an evaluation requires the hourly-based data 

on the availability of cooling capacity provided by the REC for various climates. The paper 

used an experiment-based method to estimate the cooling capacity and energy savings provided 

by the proposed REC for China’s various climates. By using the experimental results and 

regional hourly-based weather data, the energy saving potential of the REC against an 

equivalent-sized mechanical air conditioner alone was analysed. The results indicate that, for 

all selected regions, the REC could reduce 53-100% of cooling load and 13-58% of electrical 

energy consumption annually. 

 

 

Nomenclature  

Cp specific heat of outlet air, kJ/kg K 

E  energy change in airstream, kW 

h enthalpy of moist air, kJ/kg 

m mass flow rate, kg/s  

P electrical power consumptions, kW 

Q cooling capacity, kW 

Qin internal cooling load of building, kW 

Qc total cooling capacity required to satisfy indoor design condition, Qc=Qin, 

kW 

t temperature, oC 
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V volume flow rate, m3/h 

Greek letters  

ε cooling effectiveness 

ρ density of air, kg/m3 

Subscripts  

1 inlet air of product channels 

2 outlet air of product channels 

3 exhaust air of working channels  

cond condensing unit in PUA 

db dry-bulb 

fan fan for circulating primary air through the cooling coil of PUA 

hybrid hybrid cooling system integrated REC and PUA 

in indoor design condition 

out outdoor design condition 

p product air 

PUA,S stand-alone PUA 

w working air 

wb wet-bulb  

Abbreviations  

CDBT coincident dry-bulb temperature, oC 

COP coefficient of performance 

CSWD Chinese Standard Weather Data  

CWBT coincident wet-bulb temperature, oC 

DBT dry-bulb temperature, oC 

HMX heat and mass exchanger   
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IEC indirect evaporative cooler 

PREC percentage of cooling capacity provided by the REC unit, % 

PUA package unit air conditioner  

RH relative humidity, % 

REC regenerative evaporative cooler 

SEC  saving of energy consumption, % 

SSEC seasonal saving of electricity consumption, % 

Std P standard pressure, kPa 

WBD wet-bulb depressions, i.e. temperature difference between db and wb, 
oC 

WBT wet-bulb temperature, oC 

 

 

Keywords: Evaporative cooling; Regenerative evaporative cooler; Experimental test; 

Evaporative material; Wickability measurements 

 

 

1 Introduction 

Vapour compression refrigeration systems, as the most popular air conditioning system in 

the world, consume large amounts of electrical energy due to the participation of compressors. 

Indirect evaporative coolers (IEC), using the latent heat of water vaporisation to remove the 

heat from airflow without adding moisture, have a great potential of providing sensible cooling 

for buildings at the cost of low energy consumption. However, the IEC is limited by wet-bulb 

temperature (WBT) of inlet air that impede its wide application, especially when applied in hot 

and humid outdoor conditions where the wet-bulb temperature is high, the IEC system may 

provide inadequate cooling capacity for buildings.  

Over the last decades, many efforts have been made to combine typical IEC system with 

direct evaporative cooler [1], liquid cooled water chiller system or vapour compression air 

conditioners [2–5] in order to enhance system’s overall efficiency and obtain significant 

energy-saving effect. Quite a few works have been concentrated on integrating liquid desiccant 

system prior to the IEC system in order to reduce the humidity of air entering the IEC [6–9]. 

The hybrid dehumidification and IEC systems could produce about 10-80% energy savings 

[7,10]. The energy saving potentials of those hybrid systems, applied in dry, moderately humid, 
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hot and humid climates, have been extensively evaluated based on the methodologies including 

theoretical analysis [2,11], detailed energy simulation [4,7,10,12] and field/laboratory 

experiment data [3,5,11]. There have been found that the hybrid IEC and vapour compression 

cooling system could provide great amount of energy savings for hot and dry climate, such as 

nearly 75% of cooling load and 55% energy reductions for Iran [3], 15% and 10-70% energy 

savings for Delhi [12] and Saudi Arabia [5] respectively. For hot and humid climate, about 35-

47% of cooling load could be removed by the hybrid IEC system [4]. Despite of considerable 

energy-saving potentials, as opposed to stand-alone IEC, these hybrid systems are still more 

complex in the aspects of system configurations as well as operating modes and are more 

expensive for capital cost. 

More recently there has been growing interest in regenerative evaporative cooler (REC), 

which alone has the ability to produce supply air temperature below the wet bulb of intake air 

and approaching the dew point [13–15]. Fig. 1 demonstrates the basic working principles of 

two types of REC heat and mass exchanger (HMX), i.e. Maisotsenko-cycle (M-cycle) and 

single-stage regenerative HMX and their related psychrometric thermal processes. For M-cycle 

regenerative HMX, as shown in Fig. 1(a), part of the dry surface is designed for the product air 

to pass through while the rest is allocated to the working air. Both the product and working air 

flow parallel along the dry channels. There are numerous perforations evenly distributed over 

the surface where the working air is contained and each of these allows a portion of air to enter 

into the wet channel. Through the small holes, all of the air in working dry channel is gradually 

diverted to the wet surface as it flows along the dry side. This part of dry air, as working air, is 

pre-cooled before entering the wet side by losing heat to the adjacent wet surface. The working 

air flowing over the wet surface of wet channels absorbs heat from the product and working 

air of dry sides. During this process (see psychrometric chart of Fig. 1(a)), the temperature of 

product air is reduced at constant humidity ratio, while the working air is partially pre-cooled, 

humidified and heated in multi-stage process (1-2'-2'wb-3', 2'-2''-2''wb-3'', 2''-2'''-2'''wb-3''', 2'''-

2-2wb-3) before it is exhausted to the outside. The working air in this cooler is capable of 

absorbing more heat from the adjacent product and working dry sides, resulting in higher 

cooling effectiveness against typical indirect evaporative cooler.  

In comparison to the M-cycle flow arrangement, Fig. 1(b) shows a type of REC HMX with 

even higher cooling effectiveness (but with higher pressure loss) [16]. This type of exchanger 

works as follows: The product air enters into the exchanger from the inlet of dry channel and 

flows along the channels. Through the penetrations at the end of channel, a certain percentage 

of the product air, as all of the working air, is redirected into the adjacent wet channel. In this 

thermal process, as represented in the psychrometric chart of Fig. 1(b), product air is cooled 

along the dry channels without any increase in humidity, while the working air is initially 

cooled to the minimum with rise in humidity at a certain distance from the entrance due to the 

effects of water evaporation. After that, the working air temperature begins to go up in the 

remainder of the wet channel because the sensible heat transfer from product air in dry sides 

exceeds the effect of evaporation cooling [17]. This unique arrangement allows the working 

air to be fully cooled before entering the working channel, thus leading to increased 

temperature difference and heat transfer between working and product air. 

In recent years, many studies have been conducted to develop simplified or complicated 

numerical models for the regenerative HMX based on M-cycle cross-flow and counter-flow 

configurations [16,19–25]. The achieved results have been used for 1) predicting/comparing 
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their different performance and characteristics as well as 2) evaluating the effects of 

geometrical and operating parameters on HMX’s performance and 3) optimising flow patterns 

and structures of HMX. A few laboratory and on-site experimental works [24,26–31] have also 

been carried out to obtain operating performance of the cross-flow and counter-flow HMX 

under various inlet conditions, which were used for verifications of the theoretical results 

obtained from numerical modelling. 

The cross-flow configuration based on M-cycle conception has been commercialised in the 

USA by Idalex Inc. and Coolerado Corp. [32]. However the single-stage counter-flow 

regenerative HMX is still at research and development stage. In this paper, we designed, 

fabricated and experimentally tested a single-stage counter-flow HMX/REC system under 

various climates of China. The developed REC system has a much higher cooling performance 

compared to conventional IEC. However, the decision to apply the proposed regenerative 

HMX/REC system for China’s buildings depends largely on an in-depth assessment of net 

energy saved against capital cost. Such an assessment requires hourly data on the availability 

of cooling capacity provided by the REC for locations with various climates, particularly for 

regions with hot and humid climate, in which the REC’s incapable of providing full cooling 

demands. This paper quantifies in-depth cooling availability and energy-savings provided by 

the newly-developed counter-flow REC system for a wide range of regions in China, including 

Beijing, Shanghai, Guangzhou, Chongqing, Lanzhou, Xi’an, Harbin and Urumqi, and suggests 

a method of assessing such data for any world wide location where meteorological records are 

available. The paper incorporates the experimental findings and bases the analysis of cooling 

availability and energy-saving potential on meteorological test reference weather year data. 

This work confirms the technical and economic viability of the technique to be used in various 

locations of China through the dedicated experiments and extensive evaluation of cooling and 

energy saving potential to be undertaken.  

2 Descriptions and design considerations of the proposed REC and HMX 

2.1 Counter-flow regenerative HMX  

As demonstrated in Fig. 2(a), a self-contained counter-flow REC was designed and 

fabricated in this study. The cooler mainly includes a counter-flow regenerative HMX, a supply 

air fan, an exhaust air fan, a water distributor, a water reservoir, a water pump, louvers and an 

enclosure. In this exchanger, product air, entering the dry channel from bottom, is cooled along 

the path and discharged on the top. Through the perforations at the end, a portion of product 

air, as working air, is extracted and diverted into the adjacent wet channel. The working air 

flows downwards in the counter direction to the product air in the dry channel and finally 

discards to the outside.  

As depicted in Fig. 2(b), the dry and wet channel was composed of water-repellent 

aluminium surface and water-retaining wicking surface respectively. The dry and wet channels 

are equally 900 mm in length, 6 mm in height and 314 mm in width. Thickness of the heat 

transfer plate between dry and wet channel is 0.25 mm. The corrugated sheets used as air 

guiders for the dry and wet channels are equally 900 mm in length, 314 mm in width and 5.8 

mm in height. Pitches of the corrugated sheet in dry and wet channels are equally 12 mm. 

For the HMX, the reasons to choose the counter-flow configuration are motivated by 

following considerations: 1) the noticeable advantages of counter-flow configuration include 
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high cooling effectiveness and ease of construction. Although, its disadvantage is less energy 

efficiency than the cross-flow configuration considering the equivalent geometric size and inlet 

conditions [16]; 2) for the cross-flow configuration with larger ratio of dry channel length to 

wet channel length, the deteriorating effect of longitudinal heat condition on the effectiveness 

of cross-flow configuration is higher than that of counter-flow configuration [33]. Therefore, a 

counter-flow configuration was employed and a slim structure was designed to reduce the 

effect of longitudinal heat conduction in the exchanger walls of a compact-plate counter-flow 

indirect evaporative cooler [34].  

2.2 Material of HMX  

The decision to choose suitable material for constructing the HMX is based on overall 

consideration of low capital cost and high performance. In this study, the construction of the 

plate heat exchanger utilises a type of cellulose-blended fibre with the features of high water 

retention and wickability as the wet channel, while the dry channel uses a moisture-impervious 

aluminium film to maintain high strength and machinability. The wicking surface of fibre was 

coated onto the surface of moisture-impervious film by using reactive hydrophilic adhesive. 

The wicking performance was significantly improved as a result of this treatment.  

2.3 Wickability measurements of evaporative medium   

The height approach: The vertical wicking height of available hydrophilic materials was 

measured and compared to attain the ideal evaporative surface used in fabricating heat 

exchanger. A schematic of test apparatus (measurement range: 0-200 mm, 1mm resolution) 

and the experimental setup is shown in Figs. 3(a) and 3(b) respectively. In the test, as shown 

in Fig. 3(a), samples of test surface are hung on a holder at the top, while the bottom edges are 

vertically dipped in a water reservoir (water was dyed to mark the water level). The height that 

the water travels in a certain length of time is measured. Several types of samples, as shown in 

Table 1, were dipped vertically 1.3 mm below the water level of reservoir. The water 

immediately wicked upwards through the test surface.  

This wicking process was being continuously recorded for 2 hours until wicking height 

reach equilibrium. This is the wicking height where capillary forces on the water are balanced 

by the weight of the water. Fig. 4 shows the wicking height as a function of time for the 

different test samples. Water level of reservoir was used as the datum line for measuring the 

wicking height, and the height was measured along the middle axis of the surface. It was found 

that the wicking height of “material H” was dramatically growing within 5-miniute reaching 

90% of maximum wicking height that was finally achieved after 2 hours. Its remarkable 

capability of fast wetting enables the evaporative cooler to generate adequate cooling 

immediately after being started. In contrast, “material I” was less wickable than “material H” 

within 50 minutes approximately, but its wicking height exceeded that of “material H” and still 

continuously increasing afterwards.   

The mass approach: Wickability was also measured by mass approach to see if the surface 

thickness had an effect on the wicking performance. 

In this approach, the test samples were prepared to have equal surface area and dipped into 

a water sink as in the height approach for the same period of time until they were saturated. 

The test samples were then removed and weighted immediately in a Kern PCB 250-3 precision 
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scale (measurement range:0-250 g, 0.001 g resolution). The weight of water wicked was 

accomplished by subtracting the dry weight form the wet weight. Fig. 5 plots the weight of 

water wicked per unit thickness for the available samples. The wicked mass was divided by 

thickness to eliminate the effect of difference in material thickness. Among the test samples, 

“material H” had the highest mass of wicked water whereas “material E” had the lowest value.  

The measurements of wicking height and mass taken above show that the “material H”, i.e. 

cellulose-blended fibre coated aluminium sheet has the highest wickability among others. This 

type of material was finally used to fabricate the heat exchanger of REC for the purpose of 

achieving complete wetting and high water retention. 

3. Performance indicators for REC 

The extent to which the outlet air temperature delivered by the cooler approaches the wet-

bulb temperature of the inlet air is expressed as wet-bulb effectiveness εwb, which is determined 

as:  

db,1 db,2 db,1 db,2

wb

db,1 wb,1 WBD

t t t t

t t


 
 


                                                                                                  (1)  

Cooling capacity of the REC is defined as:  

2 p db,1 db,2 2 p wb

REC

( ) WBD

3600 3600

V C t t V C
Q

  
                                                                            (2) 

Coefficient of performance of the REC is defined as the cooling capacity divided by total 

electrical power consumption of fans and water pump in the REC, which is given bellow:  

REC
REC

REC

COP
Q

P
                                                                                                                      (3) 

4. Experimental setup of REC system and testing procedure 

4.1 Experimental setup  

Sets of dedicated experiments were conducted to investigate performance characteristics of 

the presented REC system under typical climatic conditions of China. The experimental data 

were collected to provide adequate information for predicting system performance, and 

therefore to evaluate the annual energy consumptions for various climates. Through the 

experimental results and detailed analysis, the annual energy savings achieved by the REC for 

different locations were calculated in order to evaluate its regional technical viability. 

A schematic of the experimental setup is shown in Fig 6. The experiment system includes 

the stand-alone REC unit, an inlet air pre-treatment unit and a supply air duct. The inlet air pre-

treatment unit consists of an electric heater, a humidifier, an intake air fan and a filter, which 

was used to adjust the air temperature, humidity and velocity entering the REC unit. The 

velocities of supply and exhaust air were adjusted by supply and extraction fan respectively. 

By adjusting the speeds of supply and extraction fans simultaneously, the ratio of exhaust to 

intake airflow rate, namely working-to-intake air ratio, was set to achieve higher supply airflow 
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rate and cooling effectiveness. The speeds of intake, supply and extraction fans were fixed at 

certain settings to obtain low temperature of supply air. To measure the average dry-bulb 

temperature of intake, supply and exhaust air, numerous K-type thermocouples (±1.5 K error 

after calibration) were located at various positions on the cross section of connecting circular 

ducts to obtain weighted mass flow average of the measured data. Fig. 7 shows a view of the 

experimental setup.  

Velocities of the intake, supply and exhaust air were measured by Testo 425 hotwire 

anemometers (±0.03 m/s error). The mean velocity for each airflow was determined by taking 

arithmetic average of the numerous measured points. Relative humidity of intake, supply and 

exhaust airflows were measured using calibrated Visalia HMP45A humidity probe (±1% RH 

error after calibration), which was fitted to the centre of the measured cross section. The 

electrical power was measured by a 3PH Watt Meter (±0.1 W error). Those measured data of 

thermocouples and humidity probes were recorded and transferred to a computer through a 

data logger (DT500 Datataker). An internal programme was compiled in the logger for data 

acquisition and analysis. The measured data were analysed under steady states which was 

defined as the period when variations of temperature and humidity are within 0.1 oC and 1% 

RH for continuous 15 minutes. Once steady state had been reached, the temperature and 

humidity used to perform the analysis were determined by taking the average of numerous 

measured data over 10-minute intervals. The data collected enabled a number of performance 

indicators to be determined including wet-bulb effectiveness, supply airflow rate, cooling 

capacity, power consumption and COP.   

4.2 Uncertainty analysis of experimental results 

The measurement accuracy of experiment is affected by the locations of testing sensors. 

Particularly, the accuracy of airflow rate evaluated from the air velocity measurement depends 

largely on uniformity of the air velocity distribution. Energy changes between the product and 

working air of dry and wet channels were calculated by Eqs. (4) and (5) respectively to verify 

the accuracy of airflow rate and measuring positions of sensors. Fig. 8 illustrates the 

comparison of energy changes in dry channel and wet channel for all experimental results. It 

is shown that the energy changes between them agree well and the inconsistency is less than 

5%.  

 1 1 2pE m h h                                                                                                                      (4) 

 3 3 2wE m h h                                                                                                                      (5) 

Eq. (6) can be used to determine the relative uncertainty for the dependent performance 

indicator variables. 

2( )i

i i

xy y

y x y

 
 


                                                                                                             (6) 

Where Δy/y represents the relative uncertainty of dependent variables, i.e. Δεwb/εwb, 

ΔQREC/QREC, ΔCOPREC/COPREC; y is the function of independent variables xi described in the 

Eqs. (1)-(3) respectively. For instance, y=εwb, thus xi=tdb,1, tdb,2, twb,1. The uncertainty for the 
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performance indicator variables was found to be within ±2.0% for wet-bulb effectiveness, 

±5.3% for sensible cooling capacity and ±5.3% for COP on average.  

4.3 Test conditions  

Test conditions were selected to evaluate performance of the REC system over a range of 

ambient conditions that adequately represent typical climatic conditions found during the 

cooling season (June-September) at various regions of China. Due to the vast land area and 

highly diverse topography, the climate zones in China are categorised into 5 distinct zones 

including “severe cold”, “cold”, “mild”, “hot summer and cold winter” as well as “hot summer 

and warm winter” zones. From these typical zones, 15 representative cities were selected and 

the summer climatic design conditions for these cities obtaining from ASHRAE Handbook of 

Fundamentals [35] are presented in Table 2.  The design conditions include cooling and 

evaporation design conditions that are exceeded less than 0.4% of a year on average. The 

cooling design conditions, including DBT and coincident wet-bulb temperature (CWBT), are 

used in calculating cooling load of buildings; Evaporation conditions, including WBT and 

coincident dry-bulb temperatures (CDBT) are used in sizing cooling tower and other 

evaporation equipment. These conditions were plotted on a psychometric chart (Fig. 9) to 

determine test points that cover the majority of design conditions for the selected regions. 

These test points (marked with 38 indices), representing the possible intake air conditions of 

the REC, are indicated on Fig. 10. According to the test conditions, the intake air conditions of 

experimental set-up were set to acquire the REC’s performance data. By using the experiment 

data, hourly Chinese Standard Weather Data (CSWD) [36] and the analytical approach 

described in the next section, the system’s performance and associated energy saving potential 

for different regions were calculated. ASHRAE summer thermal comfort zone is also 

highlighted in Fig. 10 to indicate the scope of conditions that should be maintained to keep 

most occupants in a space comfortable. The air supplied to the space should be at a condition 

to the left and slightly below the summer comfort zone to allow for sensible and latent heat 

gains within the space. For some cases, 100% fresh air could be used directly to provide cooling 

for a space when outdoor air temperature is low enough. For instance, the south-western 

regions of China have “mild” outdoor design DBT, such as Xining, Lhasa or Kunming (zone 

4) where the natural outdoor air is adequate for cooling requirements of building for the most 

of summer time. However, for buildings in other regions, there would have great possibilities 

of requiring air conditioning during summer.  

*Note: Climate zone from 1 to 5 represents “severe cold”, “cold”, “mild”, “hot summer and 

cold winter” as well as “hot summer and warm winter” respectively. 

5 Analytical methodology of annual energy saving potential  

We used an example building to determine annual/seasonal energy saving potential of REC 

as pre-cooler in various climates of China. The building is served by the REC unit and a 

conventional packaged unit air conditioner (PUA). Assuming the building fresh air requirement 

is 127 m3/h. The summer indoor design condition is 24 oC dry-bulb and 50% RH, which gives 

an enthalpy of 48.33 kJ/kg. The outdoor design conditions of selected regions are specified in 

Table 2. The building internal cooling load is determined by the given equation:   
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 out out in

in
3600

V h h
Q

 
                                                                                                       (7) 

The REC unit is used to bring the outdoor air condition approach to the room air condition 

for the purpose of reducing the impact of cooling load on the PUA. The cooling capacity of 

REC, QREC, is determined by Eq. (2).  

Provided that the internal cooling load cannot be covered by the REC completely, conventional 

PUA should be used to fulfil the remaining load. To determine the cooling capacity delivered 

by the PUA, QPUA, the following equation is given:  

PUA c REC in RECQ Q Q Q Q                                                                                                      (8) 

Percentage of cooling capacity provided by the REC unit, i.e. PREC, can be estimated as below:  

REC

REC PUA

PREC 100%
Q

Q Q
 


                                                                                                  (9) 

Power consumptions of the hybrid REC and PUA system are calculated as follows:  

hybrid REC PUAP P P                                                                                                                  (10) 

PUA
PUA fan

condCOP

Q
P P                                                                                                               (11) 

The compressor, condenser fans and the air distribution fan are the important power 

consumers of a PUA. The COP of the condensing unit, representing the combined power of 

the compressor and the condenser fans of a packaged unit as a function of ambient dry-bulb 

temperature, can be obtained by the following empirical formula [37]:  

cond db,1COP 4.801 0.0612t                                                                                                    (12) 

Where, Pfan=additional fan power for circulating 127 m3/h of the primary air through the 

cooling coil of the PUA and filter is 12.6 W, assuming a pressure drop of 200 Pa. The energy 

efficiency of fan and motor is 70% and 80% respectively.  

Saving of energy consumption of the hybrid REC and PUA system is accomplished by:  

hybrid

PUA,S

SEC 1 100%
P

P

 
    
 

                                                                                                    (13) 

where, PPUA,S  determined by Eq. (11), is the power consumed by a stand-alone PUA used for 

delivering the equal cooling capacity with Qc. 

To evaluate energy saving potential of the hybrid system, the seasonal saving of electricity 

consumption (SSEC) is attained by integrating Eq. (13) over the entire summer cooling season 

(June-September) using the hourly weather data available in the form of CSWD:  
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cooling season

cooling season

SEC 
SEC

SSEC

t
dt

tdt



 






                                                                                 (14) 

6 Results and discussions 

6.1 Experiment and analysis results for all test conditions  

The results for experiment and energy saving potential analysis for the test conditions with 

11 oC WBD are shown in Table 3. For the test point 15, the inlet air dry-bulb temperature was 

27 oC, the REC provided full cooling load and the percentage saving of energy was 46.6%. 

With increasing the inlet dry-bulb and wet-bulb temperatures, supply air temperature produced 

by the REC was steadily growing and the percentage cooling provided by the REC was getting 

smaller. For the test point 20 with 37 oC inlet dry-bulb, the REC only offered 58.6% of total 

cooling load, also resulting in 46.6% of energy savings.  

For all the test conditions, wet-bulb effectiveness of the REC experimental system as a 

function of intake air dry-bulb temperature for different WBDs is shown in Fig. 11.  

The PREC values as a function of intake air DBT and WBD were calculated using 

experimental results of all test points, as shown in Fig. 12. It is found that the PREC has a 

decreasing trend with increasing DBT or reducing WBD of intake air. With the decreasing of 

WBD, the humidity of outdoor air is growing. In such humid conditions, performance of the 

REC will decline significantly, leading to lower PREC.  

Fig. 13 depicts the percentage saving of electricity consumption (SEC) using REC and PUA 

hybrid system compared against stand-alone PUA unit. It can be seen that the highest SEC 

value was nearly 87%, as opposed to -22% of lowest value. The negative value was caused by 

the reduction in WBD value, which was only 3 oC for this condition. Our experiments indicated 

that REC’s energy efficiency tends to decrease when it is exposed to more humid intake 

conditions, i.e. lower WBD. For this case, the power consumed by hybrid system outweigh that 

by stand-alone PUA, thus the energy would be wasted rather than saved.  

6.2 Hourly energy-saving potential for summer design day  

Fig. 14 shows profiles of hourly building cooling load and cooling capacity provided by the 

REC for the summer design day (21th.July) of Xi’an city. The figure also depicts power 

demands of the REC unit, hybrid REC and PUA system and the stand-alone PUA unit which 

was used to produce the same cooling with the hybrid system. The total difference between 

power demands of the hybrid system and the stand-alone PUA unit is the effective power 

savings achieved by the evaporative cooler. It is observed that a great deal of energy savings 

can be achieved between 13:00 and 19:00 h. Expect for this duration, we noticed that the 

cooling capacity provided by REC unit is higher than the cooling load from 1:00 to 13:00 h, 

thus for this period the REC has the capability of providing the whole cooling independently 

without participation of mechanical cooling system. However, between 13:00 and 20:00 h, the 

cooling capacity delivered by the REC is unable to cover the full cooling load. Under such 

situations, PUA has to be applied in combination with the REC unit, resulting in increased 

power demand. From 4:00 to 9:00 h, the cooling load has negative values due to lower outdoor 
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air temperature (less than indoor design temperature). In this case, to obtain maximum energy 

savings, we can use direct fresh air to provide cooling for the internal space and the REC unit 

should be suspended temperately without consuming power.  

6.3 Analysis of hourly weather data and cooling hours 

Monthly average outdoor air DBT and WBD for selected cities, as shown in Fig. 15 was 

evaluated from June to September using hourly dry-bulb and wet-bulb temperatures of CSWD. 

Guangzhou, Chongqing and Shanghai, representing the southern regions with hot and humid 

climates in summer, have the higher average DBT and smaller WBD compared to other 

locations. Urumqi, Lanzhou, Xi’an, representing the western regions with hot and dry climates, 

have both higher DBT and WBD. Comparatively, Harbin has the lowest average DBT and 

moderate WBD.  

For each selected region, the total hours that require active cooling were summed up and 

indicated in Fig.16. It was obtained by adding up the total hours when hourly outdoor air DBT 

is higher than our specified indoor design temperature. The figure shows that Guangzhou has 

the longest cooling hours (68% of total summer hours), followed by Shanghai (53%) and 

Chongqing (53%). Urumqi (28%), Lanzhou (19%) and Harbin (15%) have the less cooling 

hours due to their distinct climatic conditions.  

The hourly weather data of total cooling hours for each location were used to predict the 

follow-on monthly and seasonal values of PREC and SEC individually. 

6.4 Monthly and seasonal energy-saving potential   

The aforementioned analysis procedure used for estimating the hourly power demand and 

saving for Xi’an’s summer design day was duplicated to calculate the hourly power savings 

for different cooling months and full cooling seasons of selected regions by utilising the cooling 

hours’ hourly dry-bulb and wet-bulb temperature data.  

The monthly and seasonal values of PREC for all selected regions were summarised in 

greater details in Table 4. For every month of summer season, REC can provide 44.2-100% of 

cooling load for all selected cities. It is concluded that, for the regions with hot and dry climate 

in summer, i.e. Urumqi, Lanzhou, Xi’an and Harbin, the REC can provide 90-100% of cooling 

load during whole cooling season. For the regions of Guangzhou, Shanghai and Chongqing 

with hot and humid climate, more than 50% of cooling demand can be supplied by the REC. 

Therefore, adopting the REC unit in mechanical cooling system is regarded as an effective 

approach to reduce the capacity of conventional air conditioning system.  

Using hourly weather data of cooling hours, the monthly and seasonal percentage saving of 

electrical energy (SEC) were estimated and shown specifically in Table 5 and Fig. 17 

respectively. It is found that the monthly SEC is ranged from 7.7% (Guangzhou) to 62.9% 

(Beijing), while the seasonal SEC varies from 13% (Shanghai, Guangzhou) to 58.7% (Urumqi). 

As expected, the highest seasonal SEC (over 50%) can be achieved for the locations of Urumqi, 

Lanzhou, Xi’an due to their high DBT and WBD. Comparatively, less seasonal SEC values 

were attained for Harbin (nearly 45%) and Beijing (nearly 41%), followed by Chongqing 

(28.4%). 
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7 Conclusions  

The performance of a counter-flow REC prototype has been experimentally investigated 

under numerous typical outdoor air conditions of China. The experimental results obtained 

from the testing have been used to assess annual/seasonal reductions in cooling demands and 

energy consumptions of the REC system applied in China’s various regions. The assessment 

method developed here is based on detailed calculations in terms of reductions in hourly 

cooling loads and hourly energy savings. This has been done by using the experimental 

outcomes and hourly climatic data of selected locations. 

The major findings are concluded as bellows:  

1) Variation of cooling capacity provided by the REC and related energy savings as a 

function of outdoor air DBT (ranging from 27 to 37 oC) for different WBD (3-17 oC) have 

been found experimentally. This function relationship can be used to predict the energy-

saving potentials of many other locations in the future.  

2) Average outdoor air DBT and WBD of all selected locations were presented by 

analysing hourly weather data of CSWD. Taking them into account, the suitability of 

evaporative cooling for different regions of China has been compared. The regions with 

high DBT and WBD are expected to have greatest energy-saving potential.  

3) By incorporating the REC into mechanical air conditioning system, nearly 53-100% of 

cooling load and 13-58% of power consumption could be reduced annually for several 

regions with varied typical climates. It confirms that the proposed REC is capable of 

creating significant energy savings when it is applied to cooling for different regions with 

various climates, even for hot and humid climate. Among these regions, the north-western 

regions, i.e. Urumqi, Lanzhou, and Xi’an city have the largest evaporative cooling and 

energy saving potentials, covering annual 93-100% cooling demands and bringing 53-59% 

energy saving reductions. The northern regions such as Beijing and Harbin have the 

moderate cooling capacity (84-96%) and energy saving potentials (41-45%). The south-

eastern and south-western regions of China, including Shanghai, Guangzhou and 

Chongqing, have the least evaporative cooling availability (53-72%) and power 

consumption reductions (13-28%).  

Apart from the remarkable benefit of energy savings, the REC can also provide 100% fresh 

air to improve indoor air quality of buildings. However, it is not always necessary to supply 

100% fresh air to indoor spaces. Therefore, if the REC utilise part of interior return air as inlet 

air, more energy could be saved as a result. In this aspect, more field testing and evaluation 

work should be carried out in the future.  
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Table 1 Test samples of evaporative material 

Index Wicking material Moisture-proof  Bonding treatment method 

A Kraft paper none none 

B Kraft paper waxing hot-melt 

C Kraft paper aluminium foil adhesive 

D cellulose-blended fibre none none 

E cellulose-blended fibre aluminium sheet hot melt polyethylene film 

F non-woven fabric aluminium sheet reactive hydrophilic adhesive 

G Kraft paper aluminium sheet hot melt polyethylene film 

H cellulose-blended fibre aluminium sheet reactive hydrophilic adhesive 

I Kraft paper aluminium sheet reactive hydrophilic adhesive 

 

Table 2 0.4% cooling and evaporation design conditions for representative regions within 

China 

Index Region 
Climate 

zone* 

Std P 

kPa 

Cooling Evaporation 

DBT 
oC 

CWBT 
oC 

RH 

% 

WBT 
oC 

CDBT 
oC 

RH 

% 

1 Urumqi 1 90.76 33.3 16.3 17.1 18 28.2 38.6 

2 Xining 1 76.94 27.3 14.7 29.2 16.8 23.3 55.8 

3 Lanzhou 2 84.37 32 17.7 26.5 20 27.8 51.4 

4 Yinchuan 1 88.66 31.7 19.5 31.4 22.1 28.5 57.6 

5 Beijing 2 100.67 35 22.2 33.1 26.9 30.6 75.3 

6 Dalian 2 100.17 31.1 23.1 51.0 25.7 28.5 80.1 

7 Lhasa 2 64.5 24.9 10.9 23.3 13.2 20.4 51.1 

8 Kunming 3 80.57 27 16.7 38.6 20 24.3 69.7 

9 Xi'an 2 96.63 35.6 23.3 36.3 26.2 31.9 64.6 

10 Wuhan 4 101.05 35.4 27.4 54.6 28.4 33 71.1 

11 Chongqing 4 97.18 36.4 25.8 43.3 27.2 32.7 65.7 

12 Changsha 4 100.51 35.7 27 51.5 28 32.3 72.5 

13 Shanghai 4 101.28 34.4 27.3 58.2 28 32.3 72.4 

14 Guangzhou 5 101.23 34.8 26.5 52.5 27.7 31.5 75 

15 Harbin 1 99.62 31.3 20.8 38.7 24.2 28.1 72.7 
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Table 3 Summary of experiment and energy saving analysis results for a few test 

conditions (WBD=11 oC, V3/V1=0.5) 

Test 

point  

tdb,1 

(oC) 

twb,1 

(oC) 

tdb,2 

(oC) 

εwb 

— 

PREC 

(kW) 

QREC 

(kW) 

Qin 

(kW) 

PREC 

(%) 

SEC 

(%) 

15 27 16 18.8 0.747 0.068 0.305 0.126 100 46.6 

16 29 18 20.5 0.772 0.068 0.310 0.208 100 68.1 

17 31 20 22.4 0.786 0.068 0.311 0.289 100 77.8 

18 33 22 24.2 0.799 0.068 0.310 0.368 84.2 64.9 

19 35 24 26.1 0.810 0.068 0.309 0.447 69.1 54.2 

20 37 26 28.0 0.820 0.068 0.307 0.524 58.6 46.6 

 

Table 4 Monthly and seasonal percentage of cooling provided by REC unit 

City June July August September 
Cooling 

season 

 % % % % % 

Urumqi 100.0 100 100 100 100 

Lanzhou 100 100 100 100 100 

Beijing 99.5 72.9 79.2 96.9 84.3 

Xi'an 99.2 86.5 93.8 99.2 92.9 

Chongqing 73.9 65.7 71.4 90.7 72.5 

Shanghai 59.5 58.9 57 88.1 62.0 

Guangzhou 55.1 44.2 49.3 69.6 53.3 

Harbin 99.5 97.5 89.8 100 95.9 

 

Table 5 Monthly percentage saving of electricity consumption for selected cities 

City June July August September 

-  % % % % 

Urumqi 54.5 60.5 59.7 59.8 

Lanzhou 56.5 61.3 49.7 48.8 

Beijing 62.9 27.2 35.2 45.9 

Xi'an 59.9 46.3 54.1 54.8 

Chongqing 22.4 24.4 30.8 42.4 

Shanghai 11.9 13.3 8.5 23.8 

Guangzhou 13.2 10.6 7.7 26.4 

Harbin 52.2 46.9 33.7 43.2 
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Fig. 1. Graphs showing working principle and psychrometric process of (a) M-cycle multi-

stage regenerative HMX [18] (b) single-stage regenerative HMX.  

(b) 

(a) 
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(c) 

Fig. 2. Graphs showing schematics of (a) the developed counter-flow REC system, (b) the heat 

exchanging walls with corrugated air guiders and (c) images of the heat exchanging walls and 

HMX fabricated in laboratory. 

 

(a) (b) 

(a) (b) 
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Fig. 3. Graphs showing the (a) schematic of test apparatus of vertical wicking height and (b) 

image of experimental set-up. 

 

Fig. 4. Wicking height as a function of time. 

 

Fig. 5. Wicked weight of water per unit thickness for test materials. 
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Fig. 6. Schematic of experimental set-up. 

 

Fig. 7. View of the experimental set-up. 
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Fig. 8. Comparison between energy changes in product and working air. 

 

Fig. 9. Psychometric chart showing 0.4% cooling and evaporation design conditions for 

representative regions within China. 
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Fig. 10. Psychometric chart showing all test points. 

 

Fig. 11. Wet-bulb effectiveness of the REC experimental system as a function of intake air dry-

bulb temperature for different WBDs (all test conditions).  
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Fig. 12. Percentage cooling provided by the REC in hybrid system (all test conditions). 

 

Fig. 13. Percentage saving of electricity consumption for all test conditions. 
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Fig. 14. Hourly profiles of building cooling load, cooling capacity of REC and power demands 

of REC, stand-alone PUA and hybrid system for Xi’an. 

 

(a) 

 

(b) 
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Fig. 15. Monthly average (a) outdoor air dry-bulb temperature and (b) wet-bulb depression for 

selected cities during cooling season. 

 

Fig. 16. Total cooling hours of annual cooling season for selected cities. 

 
Fig. 17. Seasonal saving of electricity consumption for selected cities.  
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