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Abstract


Air conditioning accounts for up to 50% of energy use in buildings. Increased air-conditioning-system installations not only increase total energy consumption but also raise peak load demand. Desiccant evaporative cooling systems use low-grade thermal energy, such as solar energy and waste heat, instead of electricity to provide thermal comfort. This system can potentially lead to significant energy saving, reduction in carbon emissions, and it has a low dew-point operation and large capacity range. Their light weight, simplicity of design, and close-to-atmospheric operation make them easy to maintain. This paper evaluates the applicability of this technology to the climatic conditions of Brisbane, Queensland, Australia, specifically for the residential sector. Given the subtropical climate of Brisbane, where humidity levels are not excessively high during cooling periods, the numerical study shows that such a system can be a potential alternative to conventional compression-based air-conditioning systems. Nevertheless, the installation of such a system in Brisbane’s climate zone requires careful design, proper selection of components, and a cheap heat source for regeneration. The paper also discusses the economy-cycle options for this system in such a climate and compares its effectiveness to natural ventilation.
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1. Introduction


The air-conditioning industry faces many challenges as the demand for comfortable indoor environments continues to increase [1]. Air conditioning accounts for a major part, up to 40%, of energy use in buildings [2]. Widespread air-conditioning-system installation not only increases total energy consumption but also raises peak electricity demand. Peak demand in many countries and Australian cities is growing at about 50% more than base demand growth and, in some areas, up to four times the average, which, in turn, requires higher generation capacity [3]. Power generation accounts for the majority of greenhouse-gas emissions and associated climate change. These challenges lead to the need for green and sustainable and innovative systems [4] with minimum impact on the environment, materials, resources, and processes that prevail in nature [5].



Heat-driven air-conditioning systems are systems that use low-grade thermal energy such as solar energy and waste heat rather than electricity. These systems can produce significant energy savings, have low global-warming and zero ozone-depletion potential, while at the same time being able to deliver better indoor-air quality. Studies have indicated that such a system is applicable to a wide range of climatic conditions and offers a feasible alternative to conventional air-conditioning systems [6,7,8,9,10,11]. Among these systems, desiccant evaporative cooling systems are worthy of consideration due to their low dew-point operation and large capacity range. Their light weight, simplicity of design, and close-to-atmospheric operation make them easy to maintain. In terms of providing thermal comfort, the system combines the dehumidifying capability of a solid desiccant system with the sensible cooling capability of an evaporative cooling system.



For hot dry summers as experienced in Adelaide and Melbourne, evaporative cooling achieves coefficient of performance (COP) values of more than 20 [12]. Furthermore, since these systems provide 100% ventilation, they reduce the amount of heat entering the home through walls and roofs, as cooled air absorbs this heat as it exits the building. This characteristic, known as displacement ventilation, results in less cooling being required compared to a refrigeration-based system that has to remove all the heat that enters the building to achieve the desired conditions [13]. However, evaporative cooling is ineffective in humid climates, including in Brisbane, where thermal comfort is unachievable even using two-stage cooling systems [14].



In Australia, the energy efficiency of cooling systems is regulated through the Minimum Energy Performance Scheme (MEPS) and the star rating of air-conditioning systems, which is based on the COP measured at an indoor temperature of 27 °C and an outdoor temperature of 35 °C operating at 100% output (AS/NZS 3823.2:2011). The rating only considers the unit itself and does not consider the energy-efficiency impact of ducting or using multiple heads, as found in whole-of-house systems. In addition, inverter air conditioning involves the compressor within the system adjusting its rotational speed to match the load requirement. Usually, these systems have the ability to reach a cooling capacity of more than 150% of the rated capacity, which is a ‘hidden’ capacity. This will increase power demand beyond the rated capacity. There is no regulation limiting this additional capacity [12]. The COP of a refrigerated air conditioner is a function of the outdoor air temperature. The COP value is reduced by half of its rated value during hot conditions, which are more likely to occur frequently in future [12].



In a refrigerated air conditioner, air is dehumidified by cooling air below dew-point temperature to condense water vapor in the air using a cooling coil that uses a vapor-compression system. Besides being energy-intensive, these systems are not particularly effective in dealing with higher latent loads [13]. The cooling and dehumidifying process in a refrigerative air conditioner may necessitate heating after reducing moisture content to achieve comfort conditions, particularly for commercial systems. Water condensation during this process can also cause mildew, leading to material degradation and potential health problems.



This paper presents an analysis of the technical suitability of a residential desiccant evaporative cooling system for Brisbane, Queensland, Australia. According to the Köppen Climate Classification, Brisbane (and Queensland in general), has subtype Cfa (humid subtropical) climate with “relatively high temperatures and evenly distributed precipitation throughout the year” [15]. Recent studies have indicated that a desiccant evaporative cooling system is technically viable for office buildings in warm and humid climates such as Darwin and Brisbane [16,17]. The present work focuses on residential applications and shows how the values of certain system parameters affect indoor thermal-comfort conditions, as well as the system’s overall performance. The TRNSYS computer modeling package was used to analyze the performance of a system hypothetically installed in a residential building. While the paper presents the specific case for Brisbane, the outcomes of the study should be applicable to regions with climates similar to Brisbane. In addition, this study should trigger further investigations on the technical and economic viability of such a system in more challenging (humid and warm to hot) climates. The paper also presents conclusions and recommendations arising from the study.




2. Solid-Desiccant Evaporative Cooling System—Overview


A typical ventilation-mode solid-desiccant evaporative system consists of a desiccant wheel, an energy-recovery wheel, evaporative coolers (at supply and exhaust streams), and a regeneration (reactivation) source, as shown in Figure 1. The desiccant wheel dehumidifies the air, but substantially raises its temperature (Processes 1→2). The first (sensible) cooling of this supply air takes place in the energy-recovery wheel (2→3). Before entering the conditioned space, further cooling of supply air occurs in a direct evaporative cooler (3→4). Air humidity is slightly raised (3→4), but is still well below comfort requirements. As the supply air enters the conditioned space, its temperature and humidity increase due to the space-sensible and latent heat gains (4→5).



The air coming from the air-conditioned space is directed to the exhaust, where it undergoes several psychrometric processes starting with cooling in an evaporative cooler (5→6). This brings the air close to the saturation line with humidification. In the energy-recovery wheel, the air is preheated (6→7) before it passes through the heater (7→8), where its temperature is further raised so that it will be able to desorb the water from the desiccant on the regeneration side of the desiccant wheel (8→9). The regeneration heat source (E) can be either a solar thermal system or waste heat.



Typical air temperature and humidity levels at the inlet and outlet of each component of this configuration, extracted from Reference [6], are given in Table 1.



Recent numerical studies have indicated that a desiccant evaporative cooling system with solar thermal collectors, as the heat source is suitable for warm and humid climates such as Darwin and Brisbane [16,17]. This is particularly relevant in the case where cooling demand occurs during a period of maximum solar gains. The system’s dehumidification performance, however, needs to be improved to enable it to address a high latent load. Such improvement in dehumidification performance has recently been achieved [18]. The so-called ‘nonadiabatic desiccant wheel’ has been found to improve dehumidification capability by around 45%–53% under identical supply-air and regeneration-air conditions [18]. In this study, however, the standard desiccant wheel model available in the TRNSYS was employed. This means that the benefits of the improved desiccant wheel system were not considered.




3. Computer Modeling Analysis of System Performance


3.1. Computer Modelling Setup


The TRNSYS modeling package [19] was employed to analyze system performance. The main components of the system include: Brisbane weather data, a reference house modelled using TYPE56, and the components of the desiccant evaporative cooling system (available in TRNSYS/TESS library), which consist of: desiccant wheel TYPE716, energy-recovery wheel TYPE760, one direct evaporative cooler at the supply side (TYPE506), one direct evaporative cooler at the return side (TYPE506), TYPE930 to model the regeneration heat source, and several printers (TYPE25) to record all the relevant outputs. At this stage, the main purpose of this modeling is to assess the capability of the solid-desiccant evaporative system to deliver thermal comfort, hence choosing electric heater TYPE920 as the heat source. Future research will explore the most suitable regeneration heat source(s).




3.2. Reference House


To have an idea as to how a desiccant evaporative cooling system serves a house built in the Brisbane climate zone, a house, of which the floor plan is shown in Figure 2, has been modeled. The floor plan of the house is adapted from the “Example” house in Cheetah program [20], used in References [21,22]. The house consists of three bed rooms, one lounge, and one dining room/kitchen. A passage connects the bedrooms from the lounge and dining space as shown. The laundry room and bathroom (called service section) are located close to each other at the right side of the building space. The height of the building was set to 2.4 m and the two roof sections, facing north and south, respectively, have 25° pitch.



The thermal zoning of the house was set so that only the living room and bedrooms were conditioned, while the passage and service sections were not. Internal heat gains came from five occupants, kitchen appliances, a computer, a TV set, and lights in every room and passage. Heat gains were estimated according to the scheduled conditioning of rooms: 07.00–23.00 (living room) and 23.00–07.00 (bedrooms).



The house has single-glass external windows in the external walls of the living room and bedrooms. The external wall consists of gypsum, foil, airspace, and brick layers. The total area of the glass windows on living-room walls was 6.3 m2, and of those on bedroom external walls was 4.5 m2. Internal and adjacent walls were made of two 10 mm gypsum layers separated by a 100 mm airspace layer. The ceiling separating the roof space and the rooms was made of 10 mm gypsum and a layer of insulation having an R1.3 value. The roof consisted of 0.8 mm corrugated steel, 20 mm airspace, and a 0.6 mm thick GI sheet layer. The floor was made of stone, concrete, silencer, and insulation. All other main dimensions of the house are shown in Figure 2. In addition to internal shading devices (internal curtains), the windows were protected from direct sunlight by the eaves surrounding the upper part of the roof.




3.3. Room Set Point Temperature-Design Indoor Temperature


In a residential home conditioned by a refrigerative cooling system, the set-point temperature is based on the ASHARE/Fanger’s comfort chart [23]. For Australian homes, the Australian Institute of Refrigeration, Air Conditioning, and Heating (AIRAH) specifies the acceptable indoor-design temperature range of 22.5–26 °C while maintaining dew point at or below 13 °C [24]. Realising the different nature of evaporative cooling, Australian Standard AS 2913 Evaporative air-conditioning equipment [25] specifies 27.4 °C as the target indoor temperature.





4. Results and Discussion


4.1. Temperature, Humidity, and Irradiance Profiles


According to TRNSYS weather data used in the model, Brisbane has an annual maximum temperature of 33.2 °C and a minimum temperature of 3.4 °C, with an annual mean of 20.5 °C, Figure 3. As expected, the maximum occurs during the four summer (or warmer) months of January, February, November, and December. Cooling can be expected to occur with less frequency during transition periods to and from winter. The winter months of May to August are practically free from cooling demand when some heating is needed. In terms of humidity, typical of subtropical climates, Brisbane is relatively dry, although some dehumidification is required during the summer months. The information processed from the TRNSYS weather data (Figure 3, Figure 4 and Figure 5) is very close to that reported in Reference [15].



Figure 6 shows the plot of the humidity ratio against the dry bulb temperature of air in Brisbane during the cooling months. As shown, the number of points where humidity ratios are below ASHRAE’s upper recommended value and that lie between 20–26 °C are quite significant. In such a situation, mechanical cooling is not required and, as discussed in Section 4.3.4, the economy cycle is not required, either. However, the same figure also shows that mechanical cooling is required for a significant number of hours during the cooling season.




4.2. Living-Room and Bedroom Temperature and Humidity Profiles


Living-room and bedroom temperature profiles are shown in Figure 7 and Figure 8. As shown, during the conditioning periods, temperature in both types of room stays at around the room-temperature set point of 26 °C (±0.5 K). The peaks in the profile indicate the temperatures where the zone (bedroom) is not conditioned.



It is worth noting that the peaking of the temperature profile of the bedrooms is much more pronounced than that of the living room. This is because the living zone, situated in the northern part, gets less sun exposure and it is conditioned during the whole day through to near midnight (7–23 h). On the other hand, the bed zone, situated in the southern part, gets more sun exposure during the day when it is not conditioned.




4.3. Cooling-Energy Demand


4.3.1. Cooling Demand During Normal Operation


Figure 9 shows the cooling-energy demands of the living room and bedrooms as well as the total cooling demand of the house with normal operation of the system (i.e., no use of economy cycle). As shown, the monthly cooling demand of the living room is twice as high as the monthly cooling demand of the bedrooms. This is understandable as the cooling demand of bedrooms occurs during night time, when heat gains are low. On the other hand, the cooling demand of the living room is high because of high heat gains during the day: radiation gain as well as the internal gains, such as the gain from the appliance operations.



It is also interesting to note that the latent energy demands for both zones are relatively low as shown in Figure 10. This confirms the previous brief/general observation in Section 4.1.




4.3.2. System’s Electrical Energy Consumption


In this research, it is assumed that the energy required for desiccant regeneration comes from nonelectrical sources, such as solar thermal or waste heat, although, during modeling, it was modeled using an electrical heater TYPE930. Therefore, the system’s electrical-energy consumption comes from the operation of the supply air fan, desiccant wheel, energy-recovery wheel, and evaporative coolers. Figure 11 show the monthly electrical-energy consumption of the system. On an annual basis, the performance coefficient of the system is around 4.0–4.9, which is comparable to the refrigerative cooling system. On a monthly basis, peak energy consumption occurs during the summer months of December, January, and February. This is expected, as high cooling demands occur during this period that require the system to work longer.



It should be stressed that the seemingly rather low COP of the system compared with the results of the recent studies for office buildings [16,17] can be caused by several factors, two of which are briefly discussed here, namely: the saturation efficiency of the evaporative cooler (TYPE506), and the sensible effectiveness of the energy-recovery wheel (TYPE760) used in the model. The saturation efficiency of the evaporative cooler dictates the air outlet temperature and relative humidity (or humidity ratio). For instance, the value of 0.85 typically used in the system evaluation [14] will give the outlet temperature of 16.5 °C from inlet temperature 27.1 °C, or a ΔT of 10.6 K across the evaporative cooler, but with an outlet humidity ratio of 9.6 g/kg. On the other hand, the effectiveness value of 0.65 gives a ΔT of 8.2 K with a lower humidity ratio of 8 g/kg. In other words, higher effectiveness results in higher ΔT (a desirable factor from a system-efficiency point of view), but with a higher outlet-humidity ration (an undesirable factor from a thermal-comfort standpoint). In short, higher effectiveness of the evaporative cooler results in a more efficient system but with more hours of humidity levels being pushed above the acceptable comfort boundary. The same can be said of the effectiveness of the energy-recovery wheel, which affects the inlet and outlet conditions of the evaporative cooler.




4.3.3. Humidity Levels in Air-Conditioned Spaces


Shown in Figure 12 and Figure 13 are plots of humidity ratio vs dry bulb temperature for living room and bedrooms, respectively, during the times of cooling demand while the system is operating. As shown, only for around 50% of cooling hours for the living room does the humidity ratio fall within the comfort boundary, i.e., below 12 g/kg dry air as recommended by ASHRAE [23] while the rest falls beyond the upper boundary. The upper value of humidity ratio is for the room expected to be conditioned by a conventional refrigerative system where the air velocity is below 0.1 m/s. In the room cooled by an evaporative cooling system, the cooling effect from higher room air velocity compensates for slightly higher humidity. However, although the system under study has an evaporative cooling component, its air conditioning (i.e., cooling and dehumidification) capability should be expected to be similar to conventional refrigerative systems. In Figure 13, the number of data plots is much less than that in Figure 12. This merely indicates that, during bed-time cooling, the number of hours where cooling is active is lower compared to that for the living room.




4.3.4. Impact of the Economy Cycle on Cooling Energy Consumption and Comfort


When temperature of the outside air is significantly less than the room temperature, and when outside humidity levels are acceptable, then the economy cycle can be considered for reducing the cooling energy provided to the conditioned space [26]. In this exercise, the economy-cycle control strategy is based solely on the temperature of the outside air. The use of humidity sensors in economy-cycle strategies is possible [26], but it may be impractical. In this case, the economy cycle is activated when the ambient temperature is 20 °C or below, as in Reference [26]. Figure 14 shows cooling-energy demands when the economy cycle of the system is activated. As shown, there is insignificant reduction of cooling-energy demand on a monthly and annual basis compared to the normal operation of the system. As expected, most (in fact: all) economy-mode occurs during the night when bedrooms are being conditioned.



The values shown in Figure 14, Figure 15 and Figure 16 are very much similar to those for normal cycle (Figure 9, Figure 10 and Figure 11) indicating insignificant impact of the economy-cycle operation.



Increasing the temperature when economy cycle is set from 20 to 22 °C results in insignificant reduction of system energy consumption, from 1902 to 1891 MJ p.a. (for 21 °C set point) and 1856 MJ p.a. (for 22 °C set point), respectively. On the other hand, this rise in economy-cycle set points results in the rooms’ humidity ratio being pushed much further beyond the upper limit prescribed by ASHRAE. Furthermore, anecdotal evidence shows that people sometimes opt to rely on natural ventilation by opening windows and/or doors when the ambient temperature is below 25–26 °C even if that means humidity is slightly or rather high. In such a case, economy-cycle consideration is no longer relevant.






5. Conclusions and Recommendations


The performance evaluation of a residential desiccant evaporative cooling system operating in the Brisbane climate zone was carried out using the TRNSYS modelling package. The following are the initial findings of the research:




	
The study based on the TRNSYS supplied weather data, which seem confirmed by other observations, found that the sensible cooling demand is the predominant load, while the monthly latent load during the cooling periods represents about 20% of the total cooling load. This, however, is still significant in terms of providing comfort to the occupants of the house.



	
The number of hours where plots of humidity ratio vs. temperature are within the comfort zone during the cooling season are quite significant. During these hours, occupants can rely on the natural ventilation or economy cycle for thermal provision by allowing outside air entering the room though open windows or doors.



	
Likewise, the number of hours where plots of humidity ratio vs. temperature are outside the comfort zone during the cooling season are equally quite significant. During most of these hours, the proposed desiccant evaporative cooling system can technically provide thermal comfort, and its thermal performance is comparable to refrigerative cooling systems. Specifically, the following is the summary of the findings:




	-

	
About half of the plots of temperature vs. humidity ratio during system operation fall beyond the upper acceptable boundary. The system’s capability to provide suitable temperature and humidity air levels supplied to the room is dependent on the performance of ‘exhaust components’ of the systems, namely, the evaporative cooling system, energy-recovery system, and heat-regeneration system.




	-

	
The heat required to regenerate the desiccant on the exhaust side can be quite significant. Therefore, the availability of a cheap or waste-heat source is essential in making this system economically viable.




	-

	
It is observed that the admission of some return air to the conditioned space, as normally practiced in conventional cooling systems to save energy, seems to have some, albeit limited, benefit in this system. This is because while the return air reduced the system’s burden on the supply side in terms of temperature and humidity, the exhaust side requires raising the temperature for regeneration purposes. In this particular study, the optimum ratio of return air and supply admitted to the room and that which returns to the exhaust side for treatment is 50:50.




	-

	
For the Brisbane climate, the introduction of an economy cycle seems to not be very prospective since periods in which it is applicable are mostly at night, when people may be expected to opt for natural ventilation.









	
The values of some of the parameters can significantly affect system performance, especially the humidity level of the conditioned space. These include saturation effectiveness of the evaporative cooler and the energy-recovery device. The proper selection of these values should be considered in the design stage of the system.








The research scope presented in this paper is limited to analyzing the capability of the system to satisfy the sensible and latent demands of the house being modeled.
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Figure 1. Solid-desiccant evaporative cooling system. A: desiccant wheel, B: energy-recovery wheel, C and D: evaporative cooler, E: regeneration source. 
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Figure 2. A reference house based on Reference [20]. 
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Figure 3. Monthly ambient temperature profiles. 
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Figure 4. Monthly relative humidity profiles. 
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Figure 5. Monthly humidity ratio profiles. 
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Figure 6. Air-humidity ratio vs. ambient temperature for cooling months. 
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Figure 7. Living room temperature profile. 
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Figure 8. Bedroom temperature profile. 
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Figure 9. Monthly cooling energy for living room and bedrooms, and the total (normal operation). 
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Figure 10. Monthly total and latent cooling demands for the house (normal operation). 
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Figure 11. Electrical-energy consumption of the cooling system. 
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Figure 12. Temperature vs.humidity ratio—living room. 
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Figure 13. Temperature vs humidity ratio-bedrooms. 
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Figure 14. Monthly cooling energy for living room and bedrooms, and the total (economy-cycle mode). 
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Figure 15. Monthly total and latent cooling demands for the house (economy cycle mode). 
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Figure 16. Electrical-energy consumption of the cooling system during economy-cycle mode. 
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Table 1. Typical air-temperature and humidity levels at the inlet and outlet of each component of solid-desiccant evaporative air-cooling (SDEAC) system whose configuration is shown in Figure 1. DW: Desiccant wheel, ERW: Energy-recovery wheel, DEC: Direct evaporative cooler, REG: Regenerator.
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