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Abstract: This paper reviews the principle and application of the thermally activated desiccant cooling systems with their capability to perform efficiently in hot-humid climates. The paper first introduces the continuous increase of thermal comfort required in building and their relation with the consumption of conventional energy sources. The importance of desiccant cooling technology and its applications has been introduced as well. The energy and environmental issues with the conventional energy supply and the demand with the environmental problems and conditions mainly related to indoor air quality have been also discussed in the second chapter of this paper. The third part of this paper deals with different techniques and systems applied for cooling and dehumidification including the principles of solid and liquid desiccant applications. Indeed, these systems perform well in hot-humid climates. The result of a case study of the solid desiccant cooling system combined with solar energy for the desiccant wheel regeneration has been presented in the last chapter in this paper to show the capability of these systems once well applied in a hot-humid climate.
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	Nomenclature




	COP
	Coefficient of performance



	Cp
	Specific heat of air (kJ/kg°C)



	H
	Specific enthalpy (kJ/kg)



	M
	Mass flow rate of air (kg/min)



	T1 to T9
	Intermediate temperatures (°C)



	W
	Specific humidity (kg/kg of dry air)



	Ε
	Effectiveness



1  Introduction

Improved human lifestyle with a lower cost of air conditioning equipment is the main reason for the high electricity consumption bill in all buildings [1]. One of the main concerns of the present time is the rising levels of energy consumption of cooling applications. Air conditioning (AC) nowadays in most of the world is applied by conventional vapor compression refrigeration-based air conditioners which demands huge amounts of conventional energy to work. The use of this equipment increased CFC levels which are causing the depletion of the ozone layer. These applications require the production of electricity in power stations which led to several environmental issues such as global warming. The rise in the need for space cooling applications has pushed scientists to study alternate technologies for AC to solve the above-mentioned issues. Air conditioners mainly work on the vapor compression refrigeration system (VCRS), which consumes a large amount of electrical energy. Air conditioners are essential in enhancing air quality and ensure thermal comfort as shown in Fig. 1.
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Figure 1: Functions of air conditioning [2]

The design and sizing of the air-conditioning system should be done considering both sensible and latent loads. Indeed, latent cooling, which refers to humidity control, is very important for hot-humid weathers. The range of human comfort conditions needed to be provided by the air conditioning system is shown in Fig. 2 [3].
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Figure 2: Thermal comfort zone according to ASHRAE55 [3]

One of the most important parameters affecting thermal comfort is humidity [4]. High levels of humidity cause discomfort and affect the body surface temperature, it also allows for germs breeding which could lead to other health issues such as SARS and H1N1 [5,6]. It is recommended by the ASHRAE Standard 62-2001 for indoor environment relative humidity to be 30%–60% [7]. However, some special spaces such library and museum more control on the humidity is required.

Air humidity remains over 80–90% continuously for days in Southern China and also in some other hot and humid regions [8] and as a result, the latent heat load used by fresh ventilation air of high humidity can reach up to 20%–40% of the total energy consumption of heating, ventilation and air conditioning (HVAC) system [4]. As a result, it is essential to have effective dehumidification for fresh air to save energy and reduce carbon emissions. Many studies have shown that building energy consumption could be decreased by 20%–64% by applying efficient dehumidification technologies [9]. It was found that air dehumidification can have a major role in energy saving.

To ensure indoor air quality (IAQ) in AC, fresh air is usually ventilated into space. However, as mentioned above, fresh air with high humidity levels not only causes discomfort but also adds heat load to the HVAC system. Therefore, dehumidification for fresh air before cooling is a must. Conventional dehumidification technologies consume high energy levels and can be reduced by using more energy-efficient dehumidification methods such as desiccant cooling which is quite simple to apply. These systems can meet the level of the comfort requirement and energy-saving for all types of buildings.

The aim of this paper is to present and highlight some of the research studies published by several references related to different aspects of desiccant cooling techniques to improve their efficiencies. A case study of solid desiccant cooling system is also presented with results of simulation under hot-humid climate.

2  Energy and Environmental Issues

The population of the world is growing continuously every year. Therefore, the need for thermal comfort conditions is also growing and increasing. This will eventually lead in a large increase in energy consumption [10–12]. Specifically, the building sector (residential and commercial) uses up the biggest percentage of primary energy which is responsible for 40% of the world’s primary energy consumption and accounts for about one-third of global Carbone dioxide (CO2) emissions [13]. The largest amount of this energy is responsible for maintaining indoor thermal comfort with around 368 million installed heat pumps and AC systems throughout the world [14]. The needed and required type of energy is electric energy in most cases [13] used to run the HVAC systems. Yet, the highest amount of electric power usage happens in summer for cooling purpose. This includes the use of large amounts of fossil fuels for electric power generation. Using conventional energy sources adds to greater emissions of greenhouse gases such as Carbon-dioxide (CO2) [14]. The air cooling and heating systems account for many of these gases which account for a lot of environmental problems [15]. Therefore, to decrease the building sector’s energy consumptions and emissions of greenhouse gases, while maintaining proper conditions for users’ comfort, the development of renewable energy systems and clean and efficient sustainable technologies are required [16–18]. One of these technologies is desiccant cooling which could be a possible solution for the problems mentioned above.

2.1 Conventional Energy Supply and Demand

Most of the world’s energy is derived from non-renewable sources which are oil, coil, and gas (Fig. 3), and only a little over 13 percent of the world’s energy is generated from renewable sources, 10.6 percent of which comes from combustible renewables and renewable municipal waste. The rest of renewable energy comes from geothermal, solar, wind, and wave sources. Total global energy usage projections indicate that between the years 2004 and 2030, the greatest increase will be provided by fossil fuels, where nuclear and other sources will contribute to relatively very small amounts in absolute terms (Fig. 4). Gas and coal are most likely to demonstrate the biggest variations in percentage with increases of 65 and 74 percent, respectively. Oil consumption is predicted to grow by 42 percent while nuclear and renewables starting from a lower baseline and predicted to rise by 44 and 61 percent, respectively. The eventual input from other sources will be highly reliant on policy guidance. Thus, projections have to be considered mainly as a point of departure for future discussion.
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Figure 3: World total energy supply in 2004 [13]
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Figure 4: Energy consumption in 2004 and projected for 2030 [13]

2.2 Environmental Problems and Conditions

Outdoor and indoor air quality is highly influential on human health. An adult weighing 70 kg inhales around 20 m3 of air per day if performing moderate physical activity [19]. Thus, it is not surprising individuals with certain medical conditions, such as asthma, emphysema, bronchitis, heart disease, and diabetes, as well as pregnant women, elderly, and young children, are especially sensitive to the health impacts of outdoor air toxicants [20]. Moreover, outdoor air is also a major source of particulate and gaseous pollutants for indoor air [21].

Since the beginning of the industrial revolution, greenhouse gases have accumulated in the atmosphere in large quantities [22]. Therefore, human activities (urbanization, industrialization, and others) are the main cause of the rise of global pollution [23]. The ozone-depleting substances are the cause of the ozone layer thinning [24]. These combined effects have resulted in the rise of global temperature which has a serious impact on climate, whereby floods, cyclones, and other weather disturbances have become more frequent and severe.

Clearly, as energy consumption increases, there is a need for new approaches that would reduce greenhouse and pollutant gas emissions [18,25]. This has prompted extensive research into alternative energy resources [26] and efficient and clean technologies [27]. Yet, it is important not to sacrifice the indoor thermal comfort conditions for the aim of reducing energy consumption [28,29].

3  Indoor Environment Conventional Cooling and Dehumidification

3.1 Conventional Dehumidification

Traditionally, conventional cooling systems have been employed for dehumidification even in the most humid climate conditions. However, since high-efficiency home designs and modern building codes necessitate the use of continuous outdoor ventilation, high indoor humidity has become more prevalent [30]. For large interior spaces, this issue is addressed by connecting a dehumidifier to space through ductwork for forced-air heating, ventilation, and air conditioning (HVAC).

Based on the application, the difference between building latent load and equipment latent capacity can raise the humidity in the conditioned zone [31]. According to the review of unitary air conditioning equipment manufacturer reports conducted by Amrane et al., the average sensible heat ratio (SHR) is usually about 0.7 [32]. Under typical conditions, HVAC systems are designed to provide indoor comfort conditions at peak cooling loads. However, proper dehumidification during low load periods may not always be attainable [33]. At partial-load operating conditions under which systems predominantly operate, many commercial buildings demand latent cooling ratios of up to 60%, whereas some buildings will demand latent cooling only, without sensible cooling [34]. Moreover, the space humidity level is not controlled directly because conventional air conditioning provides dehumidification, resulting in sensible cooling loads and humidity levels beyond the acceptable range [35].

According to the ANSI/ASHRAE Standard 62-2001, relative humidity inside a conditioned space should be within the 30−60% range in order to limit the quantity of disease-causing organisms [36]. The U.S. Environmental Protection Agency (EPA) also recommends controlling indoor air moisture to suppress the growth of fungi and mold; therefore, the relative humidity must be kept below 60%, which may be challenging for many public facilities such as hotels, libraries, schools, etc. [32].

The most commonly used approach to increase the moisture-removal efficacy of air conditioning systems relies on excessively cooling and re-heating with conventional energy, re-heating with condenser heat, and heat exchanger cycle, as shown in Fig. 5 [37]. To achieve required dehumidification in the vapor compression refrigeration cycle, water suspended in humid air is condensed by passing the humid air over the evaporator coils in the vapor compression refrigeration cycle.
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Figure 5: Principle of operation air to air dehumidifier [37]

3.2 Evaporative Cooling

The evaporative coolers have been used by the ancient Egyptians to cool down the air in buildings 2500 B.C. The new technology of these equipment were started in the USA. Many of those equipment were also designed and used for the first time in Arizona and California [38,39]. Soon these equipment spread around the world in a wide range of marketplaces.

Many air-cooling methods for lowering the dry-bulb temperature DBT exit nowadays and are applied particularly in dry-hot climates. Actually there are two types of evaporative cooling systems ECS which are the direct and indirect evaporative systems.

3.2.1 Direct Evaporative Cooling

The principle behind ECS are converting sensible heat to latent heat. Direct evaporative cooling system DECS, the air is in contact directly with moisture such as a wet medium, liquid, or even spray as shown in Fig. 6 [40,41]. The objective of the DECS is to reduce the temperature of the air by adding water vapor to the air. This transferred energy is used to reduce the air temperature (DBT), however, the humidity increases and this whole process happens at constant enthalpy.

[image: images]

Figure 6: The direct evaporative cooler with schematic diagram and psychometric process

The extensive mathematical and experimental work done by Camargo on the DEC air conditioning system reveals that ECS have a high opportunity and potential to provide thermal comfort conditions in many hot-humid regions [40].

3.2.2 Indirect Evaporative Cooling (IEC)

As shown in Fig. 7, the main component of indirect evaporation is a heat exchanger (tube heat exchanger, plate heat exchanger, or rotary heat exchanger). The heat exchanger works by sensibly cooling the air stream without direct contact with the air stream. Therefore, no moisture is added to the incoming air.
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Figure 7: The IEC with schematic diagram and psychometric process [42]

The evaporative cooling principles were presented by Sheng et al. [41] to attain human thermal comfort for indoor conditions. Fig. 8 illustrates the difference between the mechanical cooling system and the DEC in the cooling process on the psychometric chart [43]. As shown in the chart higher value of mass flow rate is needed for EC than the conventional AC to maintain the same cooling load due to lower enthalpy difference. Performance comparison and characteristics of different types of ECS are shown in Tab. 1.
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Figure 8: Mechanical cooling system and the DEC the psychometric chart [43]

Table 1: Types and characteristics of ECS [44]
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4  Desiccant Cooling Principles and Concepts

The main principle of desiccant cooling is to dehumidify the incoming outside air by directing it through a desiccant material and then removing the moisture to dry the air to the desired room temperature. In order to keep the system functioning continually, the absorbed water vapor should be taken out of the desiccant material so that it will be dried and able to absorb moisture in the next cycle. This is called regeneration process which consist to heat up the desiccant material to a certain temperature. Therefore, a desiccant cooling system (DCS) consists of three main components, the regeneration heat source, the dehumidifier (desiccant material), and the cooling unit as represented in Fig. 9 below.
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Figure 9: Principles of desiccant cooling

The DCS efficiency is strongly dependent on the Sensible Heat Ratio (SHR). SHR can be defined as “the ratio of the sensible heat gain to the sensible and latent heat gain of the space being conditioned”. When the SHR is low it means that the latent load is the predominant compared to the total sensible and latent load which means that the desiccant system is assumed to be effective. Fig. 10 shows the principle of desiccant cooling with different components that contribute all to the desired function of cooling and dehumidification.
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Figure 10: Principle of desiccant cooling on psychrometric chart

4.1 Desiccant Materials

A desiccant material that absorb large amounts of moisture and desorb at regeneration temperature is required for the DCS [45]. Desiccants may be classified into two main ways solid or liquid desiccants. New desiccants including composite materials are also developed which gives better results as compared to conventional desiccant silica gel [46–48]. The feasibility of this technique is predicated on low cost and efficient desiccant material, and tons of labor has been published in this repute [47,48].

4.2 Solid Desiccant Cooling

4.2.1 Overview of Solid Desiccant Cooling

In general, the solid desiccant air-conditioning system utilizes low-grade heat energy and is environmentally friendly [49]. Several arrangements of the solid desiccant cooling system SDCS have been studied and published by several scholars for better thermal comfort performance. Combining the SDCS with heat source and EC has been recently proposed with further improvement on the SDCS by introducing parallel passages in a rotary dehumidifier [50].

4.2.2 Principle of Solid Desiccant Cooling

The SDCS uses a solid desiccant materials made by silica gel in controlling air moisture content by absorbing water vapor from the air [51,52]. Solid desiccants are inexpensive and environmentally friendly. The water vapor in air is removed by the SDCS when it crosses it. The temperature of the air is decreased further by using a sensible heat recovery wheel [53]. Finally, the DCW should be regenerated by heat source to remove the absorbed water vapor (Fig. 11). The desiccant cooling system comprises principally three components: dehumidifier (desiccant material), cooling unit, and regeneration heat source which are illustrated as follows [54].

•   Dehumidifier (desiccant material): is generally a slowly rotating desiccant wheel with high capability to absorb the moisture from the air stream [55]. Different types of solid desiccants include colloid, zeolites, activated alumina, titanium silicate, synthetic polymers, lithium chloride, etc. [56]. In the solid desiccant dehumidification, the moisture from the air stream is absorbed by porous and hydrophilic materials [55]. There are some considerations that should be taken into account for the selection of DWs such as, suitable desiccant materials, wheel size, and cost [57]. The performance of the DW depends on several parameters which include inlet and outlet process air temperature and humidity, inlet reactivating air temperature and humidity, face velocity of the two air streams, and size of the regeneration segment [57].

•   Cooling unit: which could be an evaporative cooler or a cold coil with capability to remove the sensible heat while the desiccant handle the latent load [58].

•   Regeneration heat source: a variety of energy sources can be utilized for this purpose such as solar energy, waste heat, and natural gas heating [59].
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Figure 11: Principles of solid desiccant cooling

4.2.3 Types of Solid Desiccant Cooling Cycles

DCSs can be operated in a ventilation mode, in recirculation mode, and Dunkle cycle [60]. The ventilation cycle was introduced by Pennington as shown in Fig. 12. The humid ambient air dehumidifies by crossing the DSW which results in reduction in moisture content and increase in DBT. The gained sensible heat is removed by the heat recovery wheel HRW (2–3) by passing through it. Then cooled further and dehumidified up to comfort supply conditions (State 4) by passing through the DEC (State 4). Return room air (State 5) is cooled and humidified by passing through another DEC (State 6). This air is then sensibly heated with process air by passing through a sensible HRW (State 7).

[image: images]

Figure 12: Ventilation cycle

The DW is regenerated by heating the warm air through a heat source HS. Around 20% of this air by-pass the HS and exhaust to the ambience (State 9) for energy saving purpose. The heated airstream at state 8 crosses the DW and removes the excessive moisture content [61]. Improvements have been done on Pennington cycle to enhance the cooling capacity by introducing the recirculation cycle as shown in Fig. 13 [62].
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Figure 13: Recirculation cycle

The third type of desiccant cooling cycle is the Dunkle cycle (Fig. 14), thus named after its inventor [63], it combines both the ventilation cycle and the recirculation cycle to enhance cooling capacity. Another SHW is integrated in the system to lower the temperature for the sensible heat exchanger [64].
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Figure 14: Dunkle cycle

Different SDCS are shown in Fig. 15. The supply room air temperature is lowest in the case of the recirculation cycle because it reuses 100% building air at the dehumidifier inlet [45]. 100% outdoor air is used for the Pennington cycle, while the thermal coefficient of performance and specific cooling capacity would be reduced for the ventilation cycle.
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Figure 15: Psychometric chart of solid desiccant cycles

4.2.4 Commented Examples of Solid Desiccant Cooling System

a. a. Solid desiccant aided evaporative cooling

In the system presented in Fig. 16, the outside airstream at state1 crosses the DW. Its moisture is adsorbed and higher its DBT and exits at state 2. From state 2 to state 3 the air is cooled in SHW and then in evaporative cooler from state 3 to state 4. The return air is cooled down by an EC from state 5 to state 6 which will absorb the heat in the HW and increases in temperature when exiting the HW at state 7. The heater will increase the temperature of the air in order to regenerate the desiccant material. To reduce the regeneration heat consumption, about 20% of the return air by-pass the heating source.

b. b. Solid desiccant-aided radiant cooling

[image: images]

Figure 16: Desiccant dehumidification associate with evaporative

The radiant cooling systems, as shown in Fig. 17, have different types, including metal ceiling panels, chilled beams, and tube embedded ceiling–walls–floors. In this process, the energy transfer is separated from the ventilation which leads to a significant reduction of ventilation air volume with 27% to 37% energy savings [65]. This system presents many advantages as follows:

•   Uniform cooling which leads to better comfort to the occupants.

•   Less energy consumption since a pump is used.

•   No need for ventilation.

In the afternoons on the land mass, as a lower warmed air mass breaks through the higher cooler air mass, creating.

4.3 Liquide Desiccant Cooling

4.3.1 Overview of Liquid Desiccant Cooling

•   The increasing need for energy saving and environmental protection led to come up with new energy-saving as well as environmentally friendly air conditioning systems which the liquid desiccant cooling system is principally one of them as it can achieve up to 40% of energy savings [66].

•   Many system configurations using liquid desiccant cooling have been studied over the years. The concept is the same, however, the air cooling process and the source regeneration heat differ [67].

•   The liquid desiccants are flexibility and they are generally regenerated at relatively lower temperatures [68].

4.3.2 Principle of Liquid Desiccant Cooling (LDCS)

•   Liquid systems are very simple in concept. However, they are more complex in hardware, because the liquid desiccant solution can be corrosive, and because the components of the system can be located in different parts of a building with interconnecting piping. In the past, this flexibility of component arrangement has meant that in smaller sizes, liquid desiccant systems were more expensive to install than dry desiccant systems [57]. The principle of the LDCS consists of spraying a desiccant solution and then the air is cooled down in contact with the solution [69].

•   The liquid desiccant air conditioning system operates on an open cycle absorption principle and consists of three main components: conditioner, regenerator, and interchange heat exchanger (IHX) [63], which are illustrated as follows and shown in Fig. 18.

•   Conditioner: the conditioner is a parallel-plate liquid-to-air heat exchanger. The air temperature leaving the conditioner is less humid with no significant change in its temperature [70].

•   Regenerator: the dilute desiccant that leaves the conditioner will go to the regenerator which has the same configuration as the conditioner. The hot fluid flows within the plates and can be supplied by any kind of energy source such as a gas-fired boiler or solar thermal collectors [71].

•   Interexchange heat exchanger: the hot, concentrated desiccant that leaves the regenerator and the cool, dilute desiccant that flows to the regenerator exchange thermal energy in the interchange heat exchanger. This exchange increases the efficiency of the regenerator and decreases the cooling load on the conditioner as the heat is transferred from one fluid stream to another across the solid surface of it [55].
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Figure 17: Solid desiccant-aided radiant cooling
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Figure 18: Liquid-desiccant dehumidification system

4.3.3 Commented Examples of Liquid Desiccant Cooling System

a. Vapor compression air conditioning aided liquid desiccant cooling system

The cool strong desiccant solution is sprayed onto the top of the dehumidifier through spraying nozzles as shown in Fig. 19. By gravitation, it trickles through the structure of the dehumidifier where it gets contact with the process air stream blown perpendicularly to its trickling flow direction. Since the cool and strong desiccant solution vapor pressure is less than that of the air vapor pressure, water vapor migrates from the air stream to the desiccant solution and condenses therein. Consequently, the heat of condensation and mixing are liberated causing an increase in the solution’s temperature. The process air stream is slightly cooled down in contact with the cold desiccant solution. The dehumidified and rather warm process air stream then passes through the evaporative cooler before been discharged into space [50,72].

b. Evaporative cooling complemented with liquid desiccant

[image: images]

Figure 19: Schematic of liquid desiccant aided vapor compression air conditioning

In this system, the liquid desiccant is used in conjunction with the ECS to form standalone applications as shown in Fig. 20 [73]. On one side of the separating plate, water is brought in contact with the secondary air which is thereby cooled by DEC. This cooled secondary absorbs heat from the primary air on the other side of the plate thus realizing the IEC. This primary airstream is concurrently dehumidified through a crossflow contact with the desiccant solution sprayed using nozzles [50]. This system has a number of advantages. Indeed, solar energy and waste heat can readily be used to drive it and could be used in regions with high cooling needs [40,50].
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Figure 20: Compact heat exchanger–dehumidifier

4.4 Advantages and Disadvantages of Desiccant Cooling Systems

In general, the desiccant dehumidification systems have many advantages as follows:

•   The system is environmentally friendly.

•   The sensible and latent cooling loads can be handled independently.

•   High electric utility demand charges, which encourage a shift away from conventional, electrically driven air-conditioning (which requires a heavy daytime loading.

•   They offer significant potential for energy savings and reduced consumption of fossil fuels. A small amount of electrical energy is required with a variety of thermal energy sources.

•   Indoor air quality is improved with lower humidity.

•   With desiccant systems, air humidity, and temperature are controlled separately, enabling better control of humidity [55,74].

The two systems of liquid and solid dehumidification have advantages and disadvantages. Tab. 2 summarizes the advantages and disadvantages of solid and liquid desiccant systems [56,75].

Table 2: Advantages and disadvantages of solid and liquid desiccant systems
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4.5 Energy Sources for Solid Desiccant Systems (Regeneration Process)

Electricity source is required to operate pumps, fans, and the heating for the regeneration. The heat energy can be provided through solar thermal systems or any waste heat source.

The process of removing the moisture from the desiccant is called regeneration. The heated air pass through the desiccant causing the desiccant to release the moisture.

Solid desiccants require a high temperature for regeneration. This temperature usually is higher than 80°C. That is why this type of system has a high level of energy consumption. For this purpose is usually used gas, electric, low-level waste heat energy, or solar heat energy [76].

a. Electric Energy

An electrical source of energy is the most commonly used for regeneration process of the desiccant system in spite of its cost which will increase the energy consumption of the whole system [46].

b. Gas Energy

Gas can be used as a source of energy for regeneration as shown in Fig. 21.
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Figure 21: Schematic of desiccant dehumidification/rooftop cooling system

c. Solar Energy

Solar energy is also widely used as a source of energy for the regenerating the desiccants. Three types of regenerating desiccant source from solar energy: solar water, solar air, and solar desiccant are mainly used. The first kind of regenerating desiccant source is a solar water collector. It supplies hot water in order to heat the air regenerator. During the times when there is a lot of solar energy some energy goes to the heat exchange of air regenerator and another part of the solar energy goes to a tank where it is stored for a time when there is not enough energy. The water solar collector is shown in Fig. 22 [1,76].

[image: images]

Figure 22: Solar water collector

Another type of solar energy collector is an air solar energy collector (Fig. 23). This system is cheaper than mid-temperature collectors. The temperature, which can be achieved on this installation, is more than 94°C internal temperature of the air and greater than 72°C ambient temperature. In the summer, there is a big range of air temperatures. Because of it, there is a big amount of air for the regeneration of the desiccant. However, to transfer the hot air to the regenerator, it needs a pipe system and good insulation [76].

When comparing solar energy with the other sources of energy we can find out some advantages and disadvantages:

✓   Clean and free energy.

✓   Solar energy is available around the world.

✓   Better storage process compared with solar air.

✓   Better storage capability.

✓   Although the capital costs of utilizing solar energy are high but running costs are less than electric and gas energies.

✓   Electric and gas heaters are more convenient than solar heating systems.

d. Geothermal energy

A DCS can be combined with a geothermal energy source. In this case, borehole heat exchangers are used as a chiller. A heat pump is used for heating the desiccant until its regenerative temperature. It decreases energy consumption by about 30%.

The system with the geothermal source of energy has its advantages and disadvantages. One of the advantages is that the heat sink can have the same level of temperature for better control of the supply air. The disadvantage is the air must be prepared for utilization it by the geothermal heat sink [76].

4.6 Mathematical Modeling of the Solid Desiccant Cooling System

To determine several parameters like temperature, specific humidity, mass flow rate, COP, etc. Mathematical modeling of a solid desiccant cooling system can be used depending on the following equations (see Fig. 24).

According to Daou et al. the effectiveness of the desiccant wheel can be given by [50]:


εDW=T2−T1T8−T1
(1)

The effectiveness of the heat recovery wheel is given by:


εHRW=(mCp)2  (T2−T3)(mCp)min  (T2−T6)
(2)

The effectiveness of DEC:


εDEC=(T3−T4)(T3−T3w)
(3)


εDEC=(T5−T6)(T5−T5w)
(4)

Applying energy balance on HRW:


(mCp)6(T6−T7)=(mCp)2(T3−T2)
(5)

Regeneration Heat:


Q=(mCp)7(T8−T7)
(6)

Coefficient of performance (COP) of the system is defined below:

COP=(h5−h4)(h8−h7)
(7)

where,

m: mass flow rate of air (kg/min)

w: specific humidity (kg/kg of dry air)

T1 to T9: Intermediate temperatures (°C)

Cp: specific heat of air (kJ/kg°C)

h: specific enthalpy (kJ/kg)

COP: coefficient of performance

ε: effectiveness

5  Solar Assisted Desiccant Cooling System (Case Study: Abu Dhabi City)

5.1 Background

The use of AC in several regions of the world lead to a tremendous amount of electricity consumption. Indeed, more than 70% of the electrical power is used by AC systems. Thus, alternative energy could have a great benefit to solve this issue. Renewable energy for instance appears to be promising for such a target.

The main aim of air conditioners is the control of indoor air temperature and humidity. In a typical room we find five categories of loads including the internal and external loads [77]:

•   Conduction through the building envelope

•   Solar gain through windows

•   Ventilation air

•   Internal sensible load

•   Internal latent load

The United Arab Emirates UAE is characterized with a long hot and humid summers which extend for more than six months. Some desert regions of UAE are hot and dry. Due to such harsh climate the AC system is one of the biggest power consumer in the UAE [78]. Therefore, solar energy is one of the alternative to reduce the energy consumption of these equipment for a desired thermal comfort [79].

The United Arab Emirates is located as one of the major energy users in the world. It exceeds the global development levels in energy use. It is increasing with a mean rate of 10% every year which is more than twice the global growth rate of 4% [79]. The relatively low energy cost in this country compared to the high economic growth and rising population in the past decades has raised energy consumption [80,81].

5.2 Abu Dhabi Location and Climate Type

Abu Dhabi is located in the far west and southwest part of UAE along the southern coast of the Arabian Gulf between latitudes 22°40′ and 25° north and longitudes 51° and 56° east (Fig. 25).
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Figure 23: Solar air collector
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Figure 24: Solid desiccant cooling system with mix (ventilation and re-circulation) mode
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Figure 25: Abu Dhabi city location

The climate is hot and humid during most of the year (Figs. 26 and 27). The temperatures are highest on average in August, at around 34.2°C with a humidity of 70% and the lowest average temperatures occur in January at around 18.2°C. Wind in Abu Dhabi comes from different directions with a few variations in terms of wind velocity. The need for air conditioning in hot seasons, resulting in increased energy demand.

[image: images]

Figure 26: Temperature in Abu Dhabi 2017
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Figure 27: Humidity in Abu Dhabi 2017

5.3 Studies of Using Solar Energy in the Desiccant Cooling System

Previous studies reported that a solar-assisted desiccant cooling system (SADCS) is a very important technology in ACSs. The UAE has a high solar energy potential and it is found that applying solar desiccant air conditioners could be an effective solution to lower cooling demands specifically in the hot-humid period. Some previous investigations reported the potential of the use of the desiccant cooling systems in the UAE as an effective technique for cooling. Although the initial cost of this technology is high, the payback period is expected to be reasonable considering that energy savings are estimated to be in the range of 0% and 50%.

The humidity of spaces is well controlled by the solar desiccant air conditioners. This technique is therefore appropriate for the high level of humidity in summer in most cities in UAE [81]. This concludes that applying the SDCS is possible and feasible in the UAE.

Another research studied the influence of different types of design parameters on the performance of a DCS under two different system configurations [82]. Sphaier and Nobrega did research on the component effectiveness on the ventilation and recirculation DCS performance [83]. Their findings show that, although all components can affect the total system performance but the effectiveness of the HRW and DW have a greater influence. Fong et al. have simulated a SADCS in subtropical Hong Kong [80]. They showed that the SADCS can provide satisfactory performance in subtropical Hong Kong. La et al. suggested a two-stage DCS with IEC instead of DEC [45]. They compared the performance of the proposed system with a one-stage and two-stage DECS. It was concluded that for subtropical outdoor conditions (35, 14 gr/kg), the COP of a two-stage system with an IEC is higher than that of one-stage.

Another work reported a study of solar-powered AC for buildings in hot climates [84]. A computer code has been developed in TRNSYS to simulate a well-insulated single-family residential building, starting from a 3D model of the building architecture, and the SCS.

5.4 Case Study of the Solar-Assisted Solid Desiccant Cooling System in Abu Dhabi City in the UAE

5.4.1 Solar Thermal System

The studied model of a solid desiccant cooling system uses the solar thermal system to pre-heat the desiccant solution for regeneration. In general, the solar thermal system converts sunlight into heat and consists of the following components: collector, storage technology, and regulator system (see Figs. 28 and 29).

[image: images]

Figure 28: Solar thermal system
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Figure 29: Solar collector

The solar collectors (panels) consists of three types including 1) flat Plate collector, delivering output temperature of around 70°C; 2) evacuated tube collector, delivering output temperature in the range of 100°C–150°C; and 3) concentrating solar collector, delivering output temperature of over 150°C. The first temperature range is that above 8°C, fits for applying with the ACS, while the second are those between 0°C to 8°C as summarized below and shown in Fig. 30.

[image: images]

Figure 30: Types of solar collectors

5.4.2 TRNSYS Model

The simulation model is shown in Fig. 31 and all the transformations of the airflow through different stages within the whole system are described in Fig. 32. The air enters the solid desiccant wheel at point 1. After dehumidification, the temperature of process air raises due to adsorption. Process air is sensibly cooled between state points 2 and 3 in the heat recovery wheel. It is further cooled between state points 3 and 4 by an evaporative cooler before entering the room. After leaving the room, return air passes through the heat recovery wheel before the air passes through the heat exchanger at 6–11. Between points 11–12, regeneration air removes moisture from the dehumidifier by desorption process at around 80°C before leaving for the atmosphere. In the TRNSYS simulation studio project as shown in Fig. 33, the model contains rotary dehumidifier (type 683), heat wheel (type 667a), evaporative cooler (type 506), house (type 88), pump (type 3b), is flat plate collector (type 73), heat exchanger (type 91), weather data (type 109-TMY2), psychometrics (type 33e), stratified tank (type 4c) and plotter (type 65c). Abu Dhabi Weather file was used in the simulation.
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Figure 31: Simulation model
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Figure 32: Transformation process of the airflow through each stage of the solar desiccant system
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Figure 33: TRNSYS simulation studio of the solar assisted SDCS

5.4.3 Results of the Simulation

The result of the simulation shows through the Figs. 34–44 for 24 h. The inlet and outlet temperatures through the desiccant wheel are shown in Fig. 34. Indeed, we notice the increase of the temperature through the dehumidification process. The desiccant wheel is capable to absorb the moisture when the hot-humid airflow crosses it as shown in Figs. 35 and 36 for the absolute and relative humidities, respectively. When the air crosses the heat wheel its dry bulb temperature decreases as shown in Fig. 37 and the moisture content remains constant. The temperature and moisture conditions in the house are shown in Figs. 38 and 39. Indeed, the relative humidity in the house is within the acceptable level between 30% and below 40% for 24 h. The heat wheel has the capability to heat up the airflow as shown in Fig. 40 which will be further heated cross the heat exchanger as shown in 41. The heat gained from the solar heating system which leads to an increase in the outlet of the water temperature from the storage tank is shown in Fig. 42. Indeed, this heat gain will be transferred to the heat exchanger to increase the temperature of the desiccant wheel regeneration. The heat accumulated in the tank comes from the energy gained by the water outlet from the solar collector. The gradient temperature from the outlet and inlet solar collector is plotted in Fig. 43. The exhaust air temperature from the desiccant wheel is shown in Fig. 44. Indeed, it has been shown by several references that the optimal regeneration temperature for the DW is around 85°C.

a. Desiccant Wheel
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Figure 34: TRNSYS studio project simulation results showing temperature during 24 h (1 day) before and after entering the desiccant wheel (States 1–2)
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Figure 35: TRNSYS studio project simulation results showing humidity ratio during 24 h (1 day) before and after entering the desiccant wheel (States 1–2)
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Figure 36: TRNSYS studio project simulation results showing relative humidity during 24 h (1 day) before and after entering the desiccant wheel (States 1–2)

b. Heat Recovery Wheel
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Figure 37: TRNSYS studio project simulation results showing temperature during 24 h (1 day) before and after entering the heat recovery wheel (States 2–3)

c. House Conditions
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Figure 38: TRNSYS studio project simulation results showing Temperature during 24 h (1 day) before and after entering the house (States 4–5)
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Figure 39: TRNSYS studio project simulation results showing relative humidity during 24 h (1 day) inside the house (States 4–5)

d. Heat Recovery Wheel (Air Return)
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Figure 40: TRNSYS studio project simulation results showing temperature during 24 h (1 day) before and after entering the heat recovery wheel (States 5–6)

e. Heat Exchanger

[image: images]

Figure 41: TRNSYS studio project simulation results showing temperature of air during 24 h (1 day) before and after entering the heat exchanger (States 6–11)
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Figure 42: TRNSYS studio project simulation results showing temperature of water during 24 h (1 day) before and after entering the heat exchanger (States 7–8)

f. Solar Collector
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Figure 43: TRNSYS studio project simulation results showing temperature during 24 h (1 day) before and after entering the solar collector (States 9–10)

g. Exhaust Air
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Figure 44: TRNSYS studio project simulation results showing temperature during 24 h (1 day) after exiting the desiccant wheel (State 12)

6  Conclusions

Desiccant cooling systems are increasingly developed as an alternative to the conventional vapor compression systems since the conventional vapor compression system consumes a large amount of energy and causes environmental problems. So, the desiccant systems become a priority because of the continuing rise in energy demand, increasing cost, and climate change.

The energy required for the cooling and air conditioning is estimated between 30%–40% of total energy use. The cooling energy demand is always increasing because of the occupants’ demands. Accordingly, the usage of a conventional vapor compression system increases the green-house gases in the environment which depletes the ozone layer. The desiccant cooling systems combined with solar energy could be one of the alternatives to solve this issue. One of the main points of applying these systems is that they can use renewable sources of energy such as solar energy or geothermal energy. It means that there is a reduction in CO2 emissions. Also, they do not use any refrigerants which are harmful to the environment. Thereby desiccant systems are better for the environment. There are two types of desiccant cooling systems: solid desiccant systems and liquid desiccant systems. Liquid desiccant systems can be standard and hybrid. Hybrid liquid desiccant systems can be combined with direct, indirect evaporating cooling. Liquid desiccant systems are more effective than solid desiccant systems. They require a smaller regenerative temperature for desiccant. It means that they need less energy. Additional energy such electricity or gas is required for desiccant wheel regeneration. These systems have a sanitizing effect on the air. Airborne microorganisms are killed by passing through the system. Because of the possibility to regulate the level of the relative humidity in the indoor air. There is no dew, so no mold and mildew. Therefore, these systems can prevent building-related illnesses. In addition, desiccant cooling systems can be applied in different climates.
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