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Abstract: Evaporative cooling technology (ECT) has been deemed as an alternative to the conven-
tional vapor-compression air conditioning system for dry climates in recent years due to its simple
structure and low operating cost. Generally speaking, the ECT includes two types of different tech-
nologies, direct evaporative cooling (DEC) and indirect evaporative cooling (IEC). Both technologies
can theoretically reduce the air temperature to the wet-bulb temperature of outdoor air. The major
difference between these two technologies is that DEC will introduce extra moisture to the supply
air while IEC will not. The enhanced IEC, Maisotsenko-cycle (M-cyle) IEC, can even bring down
the air temperature to the dew point temperature. The ECT integrated with solid desiccant systems,
i.e., solid desiccant-assisted evaporative cooling technologies (SDECT), could make the technology
applicable to a wider range of weather conditions, e.g., weather with high humidity. In this paper, the
recent development of various evaporative cooling technologies (ECT), solid desiccant material and
the integration of these two technologies, the SDECT, were thoroughly reviewed with respect to their
configuration, optimization and desiccant unit improvement. Furthermore, modeling techniques for
simulating SDECT with their pros and cons were also reviewed. Potential opportunities and research
recommendations were indicated, which include improving the structure and material of M-cycle
IEC, developing novel desiccant material and optimizing configuration, water consumption rate and
operation strategy of SDECT system. This review paper indicated that the SDECT system could be a
potential replacement for the conventional vapor-compressed cooling system and could be applied
in hot and humid environments with proper arrangements.

Keywords: direct evaporative cooling; indirect evaporative cooling; solid desiccant; air conditioning;
solar energy

1. Introduction

Evaporative cooling technology (ECT) is one of the most effective and sustainable
alternatives to vapor-compressed cooling technology that could provide thermal comfort
with less power consumption and installation cost [1,2]. In ECT, the refrigerant is water,
which is environmentally benign, and there is no requirement for compressors, which
consume a large amount of energy [1]. On the other hand, the demand for designing
a more efficient and environmentally friendly cooling system has been increasing in
recent years [3,4]. This is mainly because over 30% of the total energy usage in the world
is consumed in buildings and mostly by air conditioning systems [5,6]. In addition, the
global warming effect and high demands of cooling systems exacerbate energy con-
sumption [7]. Among air conditioning systems, vapor-compressed cooling technology
has dominated the market for more than 100 years [8]. This cooling approach has the
two major drawbacks of high energy demand for operating mechanical compressors
and global warming issues caused by typical refrigerants, such as R-134a and R-410a [3].
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These factors have made ECT a hot topic for a long time. However, the humidity ra-
tio of the inlet air significantly affects the system performance because ECT achieves
cooling through water evaporation [9]. When the ambient air is humid, less water
can be evaporated into the air, which means less cooling capacity is obtained. In this
case, a dehumidification process is usually adopted to pre-dry the supply air before
entering the evaporative cooling system [10]. In this hybrid system, the temperature
and humidity ratio can be controlled separately, and the solid desiccant wheel is a
typical dehumidification system that can be applied to remove the moisture, while the
evaporative cooling unit is responsible for providing sensible cooling [11]. Therefore,
the ECT integrated with a solid desiccant system attracts attention from engineers and
researchers. Furthermore, low-grade heat, such as solar or waste heat, can be used to
meet the regeneration temperature requirement of the desiccant unit, which makes such
hybrid systems even more favorable [12].

Although some papers have conducted reviews for the evaporative cooling tech-
nology that could be found in the literature [1,8,13-18], there is still a lack of reviews
specifically on the ECT integrated with a solid desiccant system. In this paper, recent
technical developments and evaluation methods of ECT and solid desiccant-assisted
evaporative cooling technologies (SDECT) were comprehensively reviewed. Firstly, the
development of ECT was reviewed. In this section, the history of ECT development was
briefly introduced. Then, these two types of ECT were reviewed separately, direct evap-
orative cooling (DEC) and indirect evaporative cooling (IEC). Later, the solid desiccant
material used in recent studies was also reviewed. After that, the recent development of
conventional solid desiccant-based ECT was evaluated. Afterward, the enhancement
techniques were discussed with respect to configuration optimization, desiccant unit
improvement and integration of novel IEC technologies. Furthermore, experimental
and numerical methods were used to evaluate the SDECT and report its advantages and
limitations. The current research gap, challenges, opportunities and future research rec-
ommendations were discussed. This review provides useful information for researchers
and engineers in the development of effective ECT technologies for wide community
applications under different climate conditions.

2. Evaporative Cooling Technology (ECT)

ECT provides cooling with water evaporation. Utilizing the water evaporation phe-
nomenon to provide thermal comfort was recorded back in ancient times in the Middle
East [19]. Around 2500 BC, Egyptians used porous clay to make containers filled with water
and placed them at ventilated places to allow wind to blow over the vessels. Attributed to
the material features of clay, the outer surface remains wet when air flows over the clay con-
tainers, air temperature decreases because heat is absorbed by water evaporation occurred
on the container surface [20]. After the 1900s, modern evaporative cooling applications in
industrial areas became popular in the USA. With the technology development, evapora-
tive cooling products have been widely used in domestic and commercial buildings since
the early 1950s in many countries, such as the USA, Canada and Australia [8]. Evaporative
cooling can be categorized into direct evaporative cooling (DEC) and indirect evaporative
cooling (IEC). The major difference between these two cooling approaches is whether extra
moisture from water will be added into the supply air.

2.1. Direct Evaporative Cooling (DEC)

DEC allows the air to contact wet surfaces directly. Figure 1 shows a DEC system
diagram and its cooling process in a psychometric chart [15]. From the figure, it can be
found that the hot and dry outdoor air (35 °C and 38% relative humidity) flows over
the cooling pad, which is fully wetted by water. After passing through the cooling pad,
the air temperature decreases to 25 °C. This is because the heat and mass are exchanged
between the air and water inside of the cooling pad during the cooling process. As the
water evaporates, it absorbs the thermal energy from the water and air, which leads to a
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reduction of the dry-bulb temperature of the airstream and an increase in the humidity
ratio [21]. The hot and dry inlet air turns into cool and humid conditions [22]. The thermal
process could be regarded as an isenthalpic process; the temperature of supply air from
the cooling pad could ideally approach the wet-bulb temperature of the inlet condition.
Wet-bulb effectiveness is usually used to evaluate the DEC performance, which represents
the ability of DEC to achieve the wet-bulb temperature of the supply air. It is defined by
Equation (1) [23]:

Tdb in — Tdb out
“ " Tapin — Tbyin
90 _
b) '
Min TEM at v+ /80% .
Ideal con-ditjon e 60% 40%
RH = 100% : - e
pd )] r
Wet bulb temp (°C)  “"<_ PP 0%
15« e
3 l q’ e ! i
oI .

Dry bulb temp (°C)

Figure 1. (a) System diagram of direct evaporative cooling (DEC); (b) DEC cooling process in a psychrometric chart [15].

In a real situation, the DEC supply air temperature is always higher than the
theoretical value. Many research studies indicate that DEC system effectiveness is
significantly affected by the cooling pad material under the same inlet air conditions [24].
The material selection is crucial and widely studied. Abohorlu Dogramaci et al. [20]
studied the potential of using eucalyptus fibers as evaporative cooling pad material. The
study identified cheap, easy to access and sustainable materials to replace the currently
used commercial products. According to their study, the maximum air temperature
drop was 11.3 °C, the highest cooling efficiency was 71% and the highest coefficient
of performance (COP) was 4.05. The research also presented a suggestion of an inlet
air velocity of 0.6 m/s. Jain and Hindoliya [25] experimentally tested two cooling pad
materials and compared them with conventional commercial products. Coconut fibers
and Palash fibers were examined and the results revealed that these two materials could
be alternatives of commercial fibers. It was shown that the temperature difference
between the inlet and outlet air could reach 14.90 °C and 16.23 °C for coconut fibers
and Palash fibers, respectively. In terms of wet-bulb efficiency, Palash fibers showed
the highest effectiveness among all the tested materials, while for coconut fibers, the
efficiency is slightly lower. Khosravi et al. [26] investigated five different evaporation
materials through experiments with two operation modes. Wood chips were found
as the best cooling pad material in direct evaporative cooling mode, which reduced
the air temperature by 10.6 °C on average and has wet-bulb effectiveness of 81%. In
another research work conducted by Laknizi et al. [27], pottery rods were selected as the
cooling pad material. The temperature reduction, saturation efficiency, cooling capacity
and COP are 7 °C, 65.87%, 539.7 W and 8.8, respectively. Al-Sulaiman [28] conducted
experiments with three local fibers and one commercial product, which contain jute,
palm, luffa, and aspen wood. Luffa was found to be the most promising material under
the testing environment even compared with the commercial material. Velasco-Gémez
et al. [29] explored a new evaporative cooling pad material made of cotton fabric. It
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was reported that the saturation efficiency could reach 100%, which means the outlet air
temperature could be cooled to the wet-bulb temperature. The maximum temperature
difference was obtained as 19.2 °C under a hot and dry inlet condition. Nada et al. [30]
carried out experimental work using corrugated cellulose papers as evaporative cooling
pad material. They reported that using a bee-hive structure of corrugated-cellulose
papers could enhance heat and mass transfer compared to the conventional pad material.
Information from the previous literature is summarized in Table 1.

Table 1. Summary of some investigations on different cooling pad materials.

. Maximum Air Highest Cooling .
Author(s) C‘I)\?Ilal:;%iglad Temperature Velocity Wet-Bulb Capacity Macxng\)um
Drops (°C) (m/s) Efficiency (%) (kW)

AbOhoertlle[g%]ramm Eucalyptus fibers 11.3 0.6 71 0518 4.05
. . : Coconut fibers 14.9 14 78.60 - -
Jain and Hindoliya [25] Palash fibers 16.23 14 83.89 - -
Khosravi et al. [26] Wood chips 10.6 - 81 0.9 -

Laknizi et al. [27] Pottery rods 7 - 65.87 0.5397 8.8
Al-Sulaiman [28] Luffa - 24 55.1 - -
Velasco-Gomez et al. [29] Cotton fabric 19.2 - 100 - -

Corrugated-cellulose
Nada et al. [30] papers 16 2.2 85 6.1 170

In comparison to the vapor-compression air-conditioning system, DEC has a simple
and compact structure, including a fan, cooling pad and water distribution system. The
power consumption is mainly contributed by the fan and pump and are much lower
than that consumed by the compressor. DEC uses an eco-friendly working fluid (water)
instead of non-environmental refrigerants. Moreover, the efficiency of DEC is usually high
due to the direct contact between supply air and water. However, there are also some
drawbacks that restrict the DEC application. For example, the theoretical minimum supply
air temperature cannot be below the wet-bulb temperature of the inlet air, which might not
be able to meet the cooling requirement during humid weather conditions. Furthermore,
direct contact between supply air and water could lead to an increment of air humidity
ratio. For the buildings with occupants, there is a requirement for a humidity ratio range.
If the air humidity ratio is too high, it would make humans feel uncomfortable and even
cause health problems [31]. Consequently, DEC is more suitable for hot and arid locations
where moisture control is not compulsory.

2.2. Indirect Evaporative Cooling (IEC)

A simple IEC is basically a DEC plus a heat exchanger, as shown in Figure 2, which
can decrease the intake air temperature without adding extra moisture. It can be seen
from Figure 2, in an IEC, there are two air channels for intake air and working air, and
they are adjacent to each other. Inside the dry channel, the intake air is cooled by the
wall between the two channels. The cooled product air is supplied to the conditioned
space for the cooling purpose. On the other hand, the thin water film on the surface
of the wet channel absorbs the heat from the dry channel via the wall and evaporates
into water vapor, removing the heat. The working air flows through the wet channel,
and the water vaporizes into the working air. The air vapor mixture is discharged
into the environment after the wet channel. Although the conventional IEC solved
the high humid ratio in the DEC, the IEC application is still limited due to the poor
heat transfer rate and low wet-bulb effectiveness (<60%) [32]. It should be noted that
the cooling temperature of IEC is also limited by the wet-bulb temperature of the inlet
air. In this case, a stand-alone IEC is less desirable, so it is often integrated with a
vapor-compressed chiller to further cool the supply air [1,7]. The simple IEC could
eliminate the addition of moisture into supply air that is a disadvantage of DEC, but its
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Figure 2. (a) Working diagram of indirect evaporative cooling (IEC); (b) Cooling process of IEC in psychrometric chart [15].

To improve the simple IEC, Maisotsenko proposed a new flow arrangement for IEC,
termed as Maisotsenko-cycle (M-cycle) IEC. This concept made a great contribution to
the IEC development [33-35]. M-cycle IEC theoretically could decrease the minimum
temperature from DEC’s wet-bulb temperature down to the dew temperature of the intake
air while avoiding the addition of moisture into the supply air [36-38]. Figure 3 shows
the schematic of a single-stage M-cycle cooler and its cooling process in a psychrometric
diagram. In an M-cycle IEC, the intake air flows into the dry channel in the same way as the
conventional IEC. But at the end of the dry channel, partial air is extracted to enter the wet
channel as the working air, and the remaining air is supplied to users. The ratio between
the mass flow rate inside the dry and wet channels is called the working air ratio. Because
of this flow arrangement, the working air is pre-cooled before entering the wet channel.
Then the evaporation phenomenon takes place and makes the working air temperature
approach a lower value, which also enhances the heat exchange rate between the dry
and wet channels. Based on M-cycle, the product air is able to achieve a temperature
below the ambient wet-bulb temperature, towards the dew point temperature of the inlet
condition [39,40]. Except for the aforementioned wet-bulb effectiveness, another technical
term called dew point effectiveness is often applied to access the IEC system performance
as shown in Equation (2) [23]:

e — Tav,in — Tav,out o)
P Tapin — Tap,in
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Figure 3. (a) Working diagram of M-cycle IEC; (b) Working process of M-cycle IEC in psychrometric
diagram [41].

In recent years, the system performance of M-cycle IEC has been widely studied
through experimental, numerical and analytical methods. Improvements in flow arrange-
ments, geometrical size, the water distribution system and adsorbent material are the
major targets in these studies [13]. Cui et al. [42] introduced a configuration of M-cycle IEC
simulated with CFD. In this configuration, the working air was totally separated from the
product air while it was extracted from the product air at the end of the dry channel in
previous studies. The model was validated with experiments. Some suggestions for device
manufacturing and operation parameters were given based on the simulation results. The
inlet air velocity should be below 1.5 m/s, ratios between channel length and height should
be over 200, channel height should be smaller than 10 mm, channel height ratio between
the dry channel and wet channel should be around 2 and the air ratio between product air
and working air should be less than 1.5. Boukhanouf et al. [43] proposed a new structure
of heat piped-porous ceramic tube integrated with regenerative IEC. A lab-scale prototype
was built to test under various climate conditions. The experimental results showed that
with this arrangement, the supply air temperature could be lower than 14 °C, and the
overall COP reached up to 11.43. Xu et al. [44] conducted a numerical investigation on a
guideless irregular heat and mass exchanger (HMX) with corrugated heat transfer surface
using computational fluid dynamics (CFD) and engineering equation solver (EES). It was
found that cooling capacity increased by 32.9-37%, COP increased by 29.7-33.3% and
pressure drop reduced by 55.8-56.2%. Xu et al. [45] conducted an experimental investi-
gation of the guideless irregular and corrugated surface structure HMX with Coolmax
fabric. The experimental results revealed that with a working air ratio of 0.44, the cooling
system had a better cooling performance compared to an existing commercial dew point
cooler. The wet-bulb effectiveness and dew-point effectiveness reached 100-109.8% and
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67-79.3%, respectively. At the optimum value of working air ratio of 0.364, the wet-bulb
effectiveness and dew-point effectiveness reached 114% and 75% correspondingly, and
COP significantly increased to 52.5. Arun and Mariappan [46] conducted an experimental
test on a water distribution system. An ultrasonic transducer was used to produce water
mist. The wick material inside the wet channel was not used because a thin water film
could be formed by the new water distribution system. It was shown that the wet-bulb
effectiveness reached 1.15, and the maximum temperature drop was 10 °C. Tariq et al. [47]
developed an M-cycle by adding alumina nanoparticles into the water to improve the
heat and mass transfer inside the wet channel. They demonstrated that when the ambient
temperature is 45 °C, the cooling capacity and energy efficiency ratio (EER) increased by
18% and 19%, respectively. When the inlet air velocity increased to 1.6 m/s, the maximum
increase of cooling capacity and EER could be as high as 54% and 22%. Nanoparticle
volume fraction also showed a positive influence on system performance. However, a low
concentration of nanofluid is recommended due to its feature of huge viscous loss at high
concentrations. Tariq et al. [48] numerically tested the performance improvements of using
aluminum-oxide, copper-oxide and titanium-oxide-based nanofluids inside of the M-cycle
IEC. They found that with the assistance of aluminum nanofluid, enhancements could be
observed in heat flux, wet-bulb effectiveness, dew point effectiveness, cooling capacity
and EER. They also concluded that the optimum values for particle volume concentration
and particle diameter are 1% and 20 nm. Kashyap et al. [49] studied four types of heat
exchanger surfaces integrated with hybrid nanofluids. It reported that the plate surface
modification had more obvious improvements than nanofluid types in all performance
parameters. Among these four different surfaces, the capsule embossed surface was the
best in terms of dew point effectiveness, COP and exergy efficiency.

From the above-mentioned studies, it can be concluded that M-cycle IEC could cool
the supply air to a lower temperature than DEC. In addition, unlike DEC, no extra water va-
por would be introduced into the supply air stream by using M-cycle IEC. M-cycle IEC also
maintains the features of evaporative cooling in terms of power-saving, high-performance
efficiency and being eco-friendly compared with conventional vapor-compressed cooling
systems. However, the performance of M-cycle IEC is also influenced by the ambient condi-
tions, which limits the application in humid regions. To overcome this major shortcoming,
the hybrid evaporative cooling technology and other latent heat handling methods seem
vital. A solid desiccant unit is one of the most promising approaches.

3. Overview of Solid Desiccant Dehumidification

Desiccant dehumidification has been widely studied and applied in air-conditioning
systems to control the room humidity. The desiccant dryer could be classified into liquid
desiccant and solid desiccant according to the desiccant material, and each has its own
characteristics. The solid desiccant has a higher water adsorption rate, simpler structure
and no carry-over risk compared to the liquid desiccant [50]. The dehumidification process
is to remove the moisture of air through the strong water vapor attraction property of the
desiccant material. The water vapor pressure difference between the desiccant surface and
flowing air is the main driving force [51]. As the process air is continuously dehumidified,
the desiccant materials become saturated, and sorption ability decreases, which requires a
regeneration process [52]. Thermal energy is usually used to regenerate the desiccant unit,
and this could be achieved using solar energy, electrical heater, electro-osmotic and waste
heat [53-55]. To improve the desiccant system performance, many studies have been con-
ducted from the aspects of improving water adsorption capacity and reducing regeneration
temperature [56]. Zheng et al. [56] reviewed the recent developments of solid desiccant
material by considering both adsorption isotherms and regeneration ability, which covered
composite desiccants, nanoporous inorganic materials and polymetric desiccants. The
results showed that the dehumidification and regeneration capacity of composite desiccant
could be enhanced via host matrix and immersed salts selection. For nanoporous inorganic
materials, a good balance between regeneration and adsorption could be identified by
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modifying the textural properties. However, further investigation into advanced materials
is needed to fulfill all the demands of solid desiccant cooling systems.

4. Integrated Evaporative Cooling and Solid Desiccant System
4.1. Features of Solid Desiccant-Based Evaporative Cooling System

The temperature difference between the ambient dry-bulb temperature and dew-point
temperature is an important indicator to determine the application eligibility of evaporative
cooling technology. According to this criterion, evaporative cooling technology is not
suggested in hot and humid areas [57]. In order to extend the application of evaporative
cooling, integrated evaporative cooling with a solid desiccant unit gained lots of attention,
and it is believed that the desiccant-based evaporative cooling system is one of the best
alternatives to the vapor-compression system under wet and hot climates [58]. Compared
with the traditional vapor-compression cooling system, the solid desiccant evaporative
cooling system consumes less electricity, has no harmful refrigerant, controls air humidity
effectively and maintains a high level of air quality [59]. The hybrid system usually includes
two main processes: the dehumidification process and the evaporative cooling process. The
function of the dehumidification process is to remove the moisture, and the evaporative
cooling process is responsible for handling the sensible heat of the air. Some commonly
used desiccant materials are silica gel, zeolites, alumina, hydratable salts and mixtures [12].

Figure 4 shows a typical solid desiccant-assisted evaporative cooling system configu-
ration. From the configuration, the ambient air is dehumidified when flowing through the
desiccant wheel. Then the dehumidified air flows through the sensible heat wheel, where
it is cooled by the return air from the building zone. The cool, dry air then flows through
the evaporative cooler and is further cooled and supplied to the building. The return air
from the conditioned room flows through the evaporative cooler and is cooled. This cold
air flows through the heat wheel, where it cools the supply air. Afterward, this return air
is heated to the regenerative temperature in a heat exchanger by solar or electric energy.
Then the high temperature returns airflow through the solid desiccant wheel, where the
solid desiccant is regenerated. The exhaust air is discharged into the environment [60].

Exhaust Desiccant Sensible heat Evaporative
air fan wheel exchanger cooler
< k Exhaust /
" regenerative air
Regenerative o
heating coil Evaporative Buildin g
cooler zone
J Supply
air
Fresh air
fan

Figure 4. Schematic diagram of solid desiccant-based evaporative cooling system [60].

4.2. Development of the Integrated Cooling System

Solid desiccant-assisted evaporative cooling systems have been studied extensively
from different aspects. Zadpoor and Golshan [61] investigated the performance enhance-
ment of a gas turbine cycle with a desiccant-based evaporative cooling system; a com-
parative study was conducted between the proposed system and in combination with
other types of evaporative cooling, such as direct evaporative and direct and indirect
evaporative cooling. Numerical models were built based on the configuration and tested
in three climatic conditions. The authors concluded that the performance enhancement
obtained using this hybrid system was more obvious than the other evaporative cooling
technologies for hot and humid climates. Khalid et al. [62] proposed four configurations
of solar-assisted, pre-cooled hybrid desiccant cooling system and tested numerically and
experimentally under Pakistan climates. The results showed that the fourth operation
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mode, which applied IEC for pre-cooling and DEC for post-cooling of the air, achieved
the highest COP. However, none of these four operation modes could fully provide a
cooling load without the assistance of the auxiliary cooling unit. For the city of Lahore’s
climate, the hybrid system could only provide enough thermal comfort for three of the
seven months of the cooling season. White et al. [63] used TRNSYS to study a solar-assisted
desiccant two-stage evaporative cooling system without any backup heating equipment
under Australian climates. The first stage of evaporative cooling was an IEC, and then
the air passed into the second stage DEC for further cooling. The results revealed that the
effectiveness of IEC, supply airflow rate and solar collector area were the main factors that
would affect the thermal comfort of the building. The results also pointed out that the
system was not suitable for tropical climates. Goldsworthy and White [64] numerically
investigated the optimization of a desiccant cooling system design with IEC. The heat and
mass transfer equations of the desiccant wheel and IEC were solved simultaneously. It was
found that the hybrid system showed great potential to reduce energy consumption and
greenhouse emission. The electrical COP could be greater than 20 when the regeneration
temperature was 70 °C, supply and regeneration airflow ratio was 0.67 and the extraction
air ratio of IEC was 0.3. Hatami et al. [65] conducted an optimization study of the solar
collector surface requirement in a desiccant evaporative cooling cycle. They concluded that
after considering the design parameters and operating conditions of the desiccant wheel,
the compulsory solar collector areas could decrease by 45% compared to an empirical
model. Parmar and Hindoliya [66] evaluated a desiccant cooling system performance un-
der four types of climates in India (hot and dry, warm and humid, moderate and composite
climates). From the research outcomes, the desiccant cooling system was suggested to use
in warm and humid climates; the maximum system thermal COP achieved 4.98 when the
flow rate ratio between the regeneration air and process air (R/P ratio) was 0.55. They also
claimed that the increase of the R/P ratio led to an elevation of the regeneration heat load
requirement and a reduction in system thermal COP. Angrisani et al. [67] compared three
types of solar collectors applied in the solar desiccant cooling systems in terms of energy,
environmental and economic performance with a reference system. A selection of 16 m?
of the evacuated solar collectors was recommended to obtain a drop of 50.2% in energy
consumption and 49.8% equivalent CO, emissions. But the economic payback period was
over 20 years due to its high installation cost. Rafique et al. [59] developed a numerical
model of desiccant evaporative cooling systems and conducted a feasibility analysis for a
hot and humid city in Saudi Arabia. The results showed that this system was feasible to use
in such weather conditions with optimum selection of the operating parameters. Ma and
Guan [68] investigated the system performance of a solar desiccant evaporative cooling
system for a commercial building under various climates in Australia. Performance param-
eters including thermal COP, annual primary energy consumption, annual energy saving
and annual CO, emissions reduction were compared with a reference variable air volume
system. The maximum energy saving and CO, emission reduction were obtained as 557 GJ
and 121 tones per year, respectively, in Darwin. The highest values of 7 of thermal COP
could be achieved during summertime in Darwin. They pointed out that the solar desiccant
evaporative cooling technology was useful in Darwin, which has a tropical climate, while
it was not a competitive approach for other climate regions. Ma et al. [69] evaluated several
important performance parameters of a solar desiccant evaporative cooling system, which
included solar fraction, electrical CODP, electricity power consumption, CO; emissions
reduction, payback period and net present value. A comparative study was also carried
out between the proposed system and two other solar-assisted vapor-compression air
cooling systems under Australian climates. The simulation results presented that the solar
desiccant-evaporative cooling system is suitable for most Australian climates, especially
for hot and humid places. A total of 82.1% of annual power saving, 178.45 tons of annual
CO, emissions reduction, 3.9 years of payback period and AUD 466,199 net present value
could be accomplished by applying this cooling system in Darwin. Ma et al. [70] conducted
a parametric study on solar collector area, solar thermal storage tank volume and backup
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heater capacity for a cooling system under Australian climates. It was shown that both
increasing solar collector areas or solar thermal storage tanks could lead to solar fraction
and electrical COP increase, but the tank volume was more sensitive to affect the system.
A humidity control set point was also given as 0.008 kg/kg by considering indoor design
conditions and electricity usage of the backup heater. Narayanan et al. [71] evaluated a des-
iccant evaporative cooling system for a residential building in Brisbane by using TRNSYS
software. They found that this type of system could provide thermal comfort for about
50% of the time required for cooling. They also concluded that the system performance
was mainly affected by the evaporative cooling system, heat recovery system and desiccant
regeneration process.

5. Recent Research and Development to Improve the Performance of a Solid Desiccant
Evaporative Cooling System

5.1. Improvement in System Configuration

Uckan et al. [72] conducted an experimental study on a proposed configuration of
desiccant-based ECT (see Figure 5). The novelty of the configuration was to employ the
ambient air with high temperature and low absolute humidity as regeneration air. In this
study, the supply air temperature could be cooled to around 14 °C when the initial tempera-
ture was 35 °C. According to the definition of thermal comfort zone for evaporative cooling
applications by ASHRAE, this novel configuration could fully meet comfort conditions in
hot and humid areas. Ali et al. [73] performed a comprehensive study on the performance
evaluation of the desiccant evaporative cooling system with different weather conditions.
In this research work, five system configurations, including three standard systems and two
modified systems, were assessed under five different climate zones via an equation-based
object-oriented modeling and simulation method. According to the simulation results, it
was concluded that the ventilated-dunkle cycle configuration (refer to Figure 6) is more
desirable for use in continental (Vienna), temperate (Sao Paulo) and dry-summer subtrop-
ical (Adelaide) climates with thermal COPs of 0.405, 0.89 and 1.01, respectively. While
the ventilation cycle is better suited for arid (Karachi) and sem-arid (Shanghai) climates
with average thermal COPs of 2.43 and 3.03, respectively. Three new configurations (see
Figure 7) were proposed by Elgendy et al. [74] to improve the system performance of
a desiccant evaporative cooling system. Compared with the conventional system, each
novel system has its own features: in configuration-I, a direct/indirect evaporative cooler
was placed before the heat wheel, in configuration-II, the evaporative cooling system
was positioned after the heat wheel and in configuration-III, an additional direct/indirect
evaporative cooler was installed in the opposite way. The numerical model was validated
using experimental data, and only 2.23% and 3.87% average errors were obtained for
the temperature and humidity ratio, respectively. The simulation results revealed that
the highest cooling capacity was achieved by using configuration-I and configuration-III
had the highest thermal COP and air handling COP. In addition, configuration-III also
showed a 54% higher than the conventional configuration in terms of average exergetic
efficiency. Heidari et al. [75] proposed a new desiccant evaporative cooling system (see
Figure 8) that could produce cooling and water at the same time. This configuration was
numerically tested and compared with conventional vapor-compression systems for a
60 m? residential building in a hot and humid city of Iran. It was reported that not only
the comfort temperature and relative humidity were achieved, but also around 590 L of
water was produced per week to fulfill the water consumption of the evaporative cooler
and domestic water usage.
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, aust
1 2 213 4 Air Amblent

_P air

8 7é&~H 6 [ 5 R m
neration
JL Alr
1 &=
? 0

134f

Figure 6. Schematic of ventilated-dunkle cycle [73].



Energies 2021, 14, 5982

12 0f 23

/

Building zone

Heat source [€
5

Desiccant wheel DIEC Heat wheel DEC

Configuration-I

/

Heat source

:

Building zone

Desiccant wheel Heat wheel DIEC
Configuration-I1

DEC

Heat source

Building zone

Desiccant wheel Heat wheel DIEC1 DIEC2 DEC
Configuration-IIl

Figure 7. Three proposed desiccant evaporative cooling systems (modified from [74]).

l Exhaust air 8
to ambient Duct 1 —-__ Returnair
714 =~ ofhome
Freshair [l Ug 3 ‘“}_Euctz S Supply air to
- 3 NI home
T I ke [ 1— —{ s Em:s — — | Duct3  Ambientair
Exhaust \A’ m=al P ./ W S iiic.; i O R -
airtoambient | | | Duct 4 N am‘Il)Stm
) 1ent
11
Condensed <
moisture ey
a2
~—— — Evaporative
Domestic cooler makeup
¢ water usage 15 water
-
—_—
13
],l\\
il
= 7y Hot water A
o
/ 14
/‘/ 16 / PN Cold water
/ / &/
15 pE—

Figure 8. Scheme of novel desiccant cooling system with water production function [72].



Energies 2021, 14, 5982

13 of 23

5.2. Improvement in Solid Desiccant Sub-System

It was reported that the regeneration process of the desiccant wheel contributes to more
than 50% of the total energy consumption of a solid desiccant-based evaporative cooling
system [76]. When the fuel price increases, the energy cost for the drying process has the
same trend, which makes the dehumidification process less attractive [50]. If the air flows
over an infinite number of desiccant wheels and heat wheels, the thermodynamic process
could be regarded as isothermal [77]. In another word, using a multi-stage desiccant wheel
could lead to a lower requirement of regeneration temperature and a higher coefficient of
performance. In this case, some investigations were conducted to analyze the influence
of multi-stage desiccant arrangement on the whole desiccant evaporative cooling system.
Dezfouli et al. [78] performed an annual simulation of four configurations of solar desiccant
cooling systems (one-stage ventilation, one-stage recirculation, two-stage ventilation and
two-stage recirculation) under Malaysian weather conditions. After the comparative
analysis, the two-stage ventilation system was more attractive to use in hot and humid
conditions due to its higher efficiency compared to the others. Supply air at 17.6 °C and
0.0096 kg/kg could be provided for cooling purposes when the initial air condition is
30 °C, 0.0200 kg/kg. Hands et al. [79] organized a one-year performance test on a two-rotor
desiccant evaporative cooling system with the ability to handle 12,000 m3/h of air. With
the assistance of this dehumidifier arrangement, the dehumidification performance was
maximized, and the regeneration temperature requirement decreased from around 80 to
60 °C, which could be easily achieved by using flat plate solar collectors. Gadalla and
Saghafifar [80] conducted a numerical study on an air pre-cooling two-stage desiccant air
conditioning system. With the air pre-cooling process, the performance of the desiccant
wheel was further improved, and the average thermal COP during the five cooling months
was 1.77.

Some researchers tried to improve the performance of the solid desiccant system from
different aspects. Ren et al. [81] explored the feasibility of utilizing a photovoltaic thermal
collector-solar air heater (PVI-SAH) and a phase change material (PCM)-based thermal
energy storage unit to regenerate the desiccant wheel, which aimed to operate the system
for a whole day and could provide certain heating load in winter. With proper design
and control strategies, using this hybrid unit to drive the desiccant wheel showed great
potential under Brisbane’s weather conditions. Similarly, a PVT-PCM-based solar-assisted
desiccant evaporative cooling system combined with a desalination unit has been assessed
by Wang et al. [82]. According to the study, the maximum COP of the cooling system
and water production was 0.411 and 4.9 L/h at a mass flow rate of 0.78 kg/s. It was
also noted that this system was more efficient in hot and humid areas. Aydin et al. [83]
conducted related experiments on a novel solid desiccant material (vermiculite-calcium
chloride (V — CaClp)) for a desiccant evaporative cooling system. The experimental results
revealed that this composite material had strong moisture sorption ability when the ambient
relative humidity was over 40%, while it also showed benefits in response time and cost.
Therefore, V — CaCl, was suggested to apply in future application of desiccant evaporative
cooling systems. Zhou [84] performed TRNSYS simulations of a solar-assisted internally
cooled desiccant evaporative cooling system and conventional vapor-compression cooling
system for three types of commercial buildings under three climates of tropical, subtropical
and temperate. The internally cooled desiccant wheel applied in this study had a 45%
higher dehumidification ability than the conventional desiccant wheel. A super-adsorbent
polymer was selected as the desiccant material, which had a better dehumidification
performance at a low level of regeneration temperature (50 °C) than traditional desiccant
materials, such as silica gel and zeolite. The simulation results showed that the system
could provide sulfficient cooling and save 26% energy compared with a conventional vapor-
compression system under subtropical and temperate climatic conditions most of the time.
However, for more than 28.36% of the working time in tropical regions, this system failed
to meet thermal comfort requirements due to the lack of dehumidification capacity at low
regeneration temperatures.
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5.3. Integrated with M-Cycle IEC

Most desiccant-based evaporative cooling systems were coupled with DEC and con-
ventional IEC. Although the evaporative cooling performance could be improved by the
dehumidification process of the desiccant unit, the supply air still cannot meet the thermal
comfort requirement for places with a high humidity ratio. With the development of evap-
orative cooling technology, research interests are attracted by coupling M-cycle IEC with
the dehumidification approach. Saghafifar and Gadalla [85] presented a study on an inlet
cooling system for a gas turbine power plant, integrating M-cycle IEC with the desiccant
wheel, which is regenerated using the waste heat of the gas turbine. Three different inlet
cooling systems combining M-cycle IEC were analyzed and compared with a conventional
desiccant inlet cooling system. A total of USD 31.882 million savings was observed by
applying an M-cycle IEC, and this hybrid system is the most economical technology for a
50 MWe gas turbine power plant in the UAE with a 25-year life cycle. Pandelidis et al. [86]
used a modified e-NTU method to simulate three types of desiccant-enhanced evaporative
cooling systems, which included the cross-flow M-cycle IEC, count flow M-cycle IEC and
the standard cross-flow evaporative cooler. The systems were compared with each other
under various inlet air conditions and regeneration temperatures. The obtained simulation
results showed that the system with the cross-flow M-cycle IEC was sensitive to the ambient
humidity ratios, and it had the most complicated structure and could provide the lowest
supply air temperature. The system with the regenerative M-cycle IEC was sensible on the
air extraction ratio, and it was comparatively simpler and cheaper, which deemed it to be
an alternative to the previous system. Gadalla and Saghafifar [80] investigated a two-stage
desiccant evaporative cooling integrated with three M-cycle IECs installed at different
locations for pre-cooling, intercooling or recovering purposes. The system that applied
M-cycle IEC to pre-cool the inlet air was recommended compared with the other two
systems, as this system increased the system thermal COP and reduced the regeneration
temperature. Lin et al. [87] applied numerical and experimental methods to investigate the
performance improvement of the dehumidification process on a cross-flow type M-cycle
IEC. Their research work revealed that the wet-bulb effectiveness of the M-cycle IEC de-
creased from 1.25 to 0.86 when the ambient air humidity ratio changed from moderate to
humid. A combination of dehumidification and evaporative cooling could greatly enhance
the cooling capacity and energy efficiency by 70% to 135%, respectively, according to the
moisture removal rate. Kashif Shahzad et al. [88] conducted an experimental evaluation of
a solid desiccant M-cycle IEC cooling (MC-DAC) system. The system was compared with
a typical conventional solid desiccant evaporative cooling (DAC) system. It was found
that the MC-DAC system was 62.96% more efficient than the DAC in terms of thermal
COP, but the cooling capacity of MC-DAC was 39.29% less due to the extraction air from
the dry channel to the wet channel. In subtropical areas, the regeneration temperature
of MC-DAC could be as low as 70 °C, and when the humidity ratio increased, the regen-
eration temperature requirement increment of the MC-DAC was less than that of DAC.
Qadar Chaudhary et al. [89] conducted an experimental test on a solar-assisted cooling
system, including a solid desiccant wheel and an M-cycle IEC. A 7.2 m? flat plate and
4.7 m? evacuated tube collectors were connected in a series by considering cost and thermal
loss. The experiments were operated on selected days of three months of summertime
in Taxila, Pakistan, from 10:00 a.m. to 4:00 p.m. The experimental results showed that
this hybrid system could fully meet the cooling requirement in a hot and humid place
with an average cooling capacity of 3.78 kW, a thermal COP of 0.91 and a solar fraction of
70%. Caliskan et al. [90] assessed a hybrid desiccant wheel and regenerative cooler system
from the aspects of energy, exergy and sustainability. Analysis was performed under an
ambient condition of 35 °C and 101.3 kPa. The researchers pointed out that even though
the energy effectiveness of the system was high, the system could still be boosted based on
exergy analysis. Because the largest exergy destruction ratio was 42.87% and the lowest
sustainability was 1.62 of the desiccant wheel, the improvement of the desiccant wheel
should be given priority. Caliskan et al. [91] analyzed the effect of unmodified (eqp = 0.67)
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and modified (eqp = 1) M-cycle IECs on the desiccant cooling system. With replacing
with a higher effectiveness M-cycle IEC, the effectiveness of the whole system increased
significantly in terms of wet-bulb effectiveness (from 0.95 to 2.16), dew point effectiveness
(increasing from 0.63 to 1.43) and exergy efficiency (increasing from 18.40% to 41.93%).
Pandelidis et al. [92] investigated four arrangements of desiccant evaporative cooling
systems through numerical simulation and experiments. They found the configuration
of the system B, which used cross-flow M-cycle for pre-cooling and counter-flow M-cycle
for post-cooling, had the highest value of electrical EER (20.4), the second-highest thermal
COP (1.7) and the minimum water consumption rate among the other arrangements. Due
to these factors, system B was provided as an optimal solution to maintain thermal comfort
under a temperate climate. Delfani and Karami [93] used TRNSYS to analyze three solid
desiccant/M-cycle cooling systems under moderate and humid, hot and semi-humid and
hot and humid climates. They concluded that the system with the M-cycle IEC in both
supply air and return air streams could offer a supply air temperature below 16 °C, with
the highest average thermal COP of 0.728 in moderate and humid climates and average
regeneration temperature of 59.8 °C. The configuration utilizing the M-cycle IEC only in
the supply air side had the highest solar fraction. Compared with conventional systems
integrated with DEC, the configurations with M-cycle IEC showed a better cooling perfor-
mance. A similar study was conducted by Ahmad et al. [94], studying two configurations
with a combination of M-cycle IEC installed at the process air or regeneration air side. This
numerical model was built by TRNSYS with the consideration of three different climates.
The simulation results also proved that utilizing M-cycle IEC at both sides had the highest
thermal COP and solar fraction in all three selected climates, 2.28 and 23.84% in hot desert
conditions, 2.03 and 23.33% in subtropical and humid conditions and 2.12 and 46.86% in
hot semi-arid conditions. Zhou [84] proposed a solid desiccant evaporative cooling system,
which consists of an internally cooled desiccant wheel and M-cycle IEC. In this research
work, the multiquadric-biharmonic method was used to build the simulation model of a
commercialized M-cycle IEC. It was found that this hybrid system could save up to 50%
electricity power in comparison to the conventional cooling system. Kashif et al. [95] stud-
ied a solid desiccant evaporative cooling system for livestock thermal comfort. Three types
of the system were assessed: stand-alone M-cycle IEC (MEC), stand-alone desiccant air-
conditioning and M-cycle-based desiccant air-conditioning. Stand-alone MEC was tested
experimentally, and the wet-bulb effectiveness was from 46% to 78%. The investigation
of M-cycle-based desiccant air-conditioning was conducted through theoretical methods,
and a higher wet-bulb effectiveness was obtained from 70% to 86% with same the operat-
ing conditions. The findings indicated that the M-cycle-based desiccant air-conditioning
system could maintain thermal comfort for livestock from March to September, while
the stand-alone MEC could only provide sufficient cooling from March to June, and the
stand-alone desiccant air-conditioning system failed to meet the cooling requirement in
any month.

Replacing DEC/IEC with M-cycle IEC in solid desiccant evaporative cooling systems
has been widely studied by many researchers. Table 2 presents a summary of selected
publications. From Table 2, it can be found that different simulation methods have been
used to build M-cycle IEC models. However, around 50% of studies simply assumed the
wet-bulb effectiveness or dew point effectiveness is constant. Then the outlet temperature
is calculated through Equation (1) or Equation (2). However, in a real situation, the
effectiveness of M-cycle IEC is not consistent, as the ambient temperature and humidity
ratio varies over time. This would lead to a remarkable error accumulation for a long-
time analysis.
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Table 2. Studies of solid desiccant evaporative cooling system using M-cycle IEC.

Dynamic Operation

Studies Year Method (Y/N) M-Cycle IEC Type M-Cycle IEC Model
Saghafifar and Gadalla [85] 2015 Numerical Y - €dew point = 0.8
Pandelidis et al. [86] 2016 Numerical N Regenerative e-NTU-models
Cross flow
Gadalla and Saghafifar [80] 2016 Numerical Y - €dew point = 0.8
Lin et al. [87] 2017 Nun}encal N Cross flow Based on energy apd mass
Experimental balance equations
Kashif Shahzad et al. [88] 2018 Experimental N Cross flow
Qadar Chaudhary et al. [89] 2018 Experimental Y -
Caliskan et al. [90] 2019 Numerical N Regenerative
Regenerative c 067
Caliskan et al. [91] 2020 Numerical N Perforated rfggf”"m“vf o 1
regenerative Perforated =
Wang et al. [82] 2020 Numerical Y - €dew point = 0.8
Pandelidis et al. [92] 2020 Numer1ca1 N Regenerative Based on energy a.nd mass
Experimental Cross flow balance equations
Delfani and Karami [93] 2020 Numerical N Perforated counter Based on energy a'nd mass
flow balance equations
Ahmad et al. [94] 2020 Numerical Y - Regression model
Zhou [84] 2021 Numerical N B Multiquadric-biharmonic
method
Kashif et al. [95] 2021 Numerical Y - Regression model

6. Evaluation Methods of the Solid Desiccant Evaporative Cooling System
6.1. Experimental Method

The main experimental investigations on solid desiccant-based evaporative cooling
systems are illustrated in Table 3. It is noted that only a few experimental studies existed
in the literature based on the literature survey. This is mainly caused by high initial
construction cost and large geometric size. As it can be seen from Table 3, previous
experimental studies mainly explore the following considerations.

Study of cooling performance of the hybrid system under hot and humid climates.
Evaluation of novel configuration on the thermal cooling performance.

Assessment of pre-cooling inlet air with an evaporative cooler.

Effect of multi-stage dehumidification on performance enhancement.

Analysis of combination of desiccant unit with M-cycle IEC.

Integration of solar thermal energy to reduce desiccant regeneration energy consump-
tion.

Although each experiment has a different arrangement of configurations, evaporative
cooler and desiccant unit, the experimental results are similar. It proves that the hybrid
system can provide thermal cooling in hot and humid areas without the need for the
backup cooling equipment. Most efforts have been made to improve dehumidification
performance at low regeneration temperatures, to use solar energy to reduce regeneration
energy usage and to use advanced evaporative cooling technology.

Table 3. Experimental studies of solid desiccant evaporative cooling system.

Experimental Studies Year Description
Uckan et al. [72] 2013 Analysis of novel configuration of solid desiccant-based evaporative cooling system.
Performance analysis of a solar-assisted two-stage desiccant evaporative cooling
Hands et al. [79] 2016 system in a building, which can produce heating, cooling and hot water
simultaneously.
Lin et al. [87] 2017 Comparative study of a cross flow M-cycle IEC with and without dehumidification.
Qadar Chaudhary et al. [89] 2018 Combination of solar desiccant-assisted cooler and M-cycle IEC.

Pandelidis et al. [92] 2020 Comparative study of pre-cooled desiccant system with different dew point coolers.

Kashif et al. [95] 2020 Assessment of desiccant-based evaporative cooling system for animals.
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6.2. Numerical Method

In comparison with experimental approaches, numerical methods are more popular
because they can provide accurate results within a short time and at a low cost. Among the
numerical methods, the transient system simulation program (TRNSYS) was commonly
adopted to simulate solid desiccant-based evaporative cooling systems [96]. TRNSYS is
a flexible and component-based software package that mainly focuses on assessing the
performance of thermal and electrical energy systems. Around 150 models are included
in the TRNSYS library, which are written in Fortran, such as HVAC equipment, solar
components and weather date processors. It is possible to easily connect and modify the
existing components or even create your own models when necessary [97]. MATLAB,
EnergyPlus and EES have also been used to simulate the hybrid system. e-NTU and finite
element/difference/volume methods are often applied to solve the heat and mass transfer
equations of the system. For different numerical models, the major difference between
each model is the assumptions adopted for building the models. The commonly used
assumptions in the literature are listed below. In fact, most of the assumptions are made
for simplification of the numerical model, which will result in sacrificing accuracy. When
a system is working at a steady-state, most assumptions are suitable to use. However,
when it comes to a dynamic situation, some assumptions are not appropriate anymore. For
example, the cooling performance of the evaporative cooler relies on the inlet air condition
heavily, if the cooling effectiveness of the evaporative cooler is still assumed as a constant
when the inlet air condition varies, a huge error will be obtained in the result. Table 4
shows the assumptions that are commonly used in numerical simulations.

Table 4. Main assumptions used in numerical modeling.

Assumptions 1 2 3 4 5 6 7 8 9 10 11
White et al. [63] Vv v vV
Parmar and Hindoliya [66] vV vV Y
Rafique et al. [59] Vv vV Vv vV v VY
Elgendy et al. [74] v oV v v
Heidari et al. [75] Vv v v Vv
Arun and Mariappan [46] vV vV VY
Lee et al. [98] Vv Vv Vv
1.  Adiabatic system with no heat loss to the environment.
2. The system is operating at a stable state.
3. Laminar flow inside of the air ducts.
4. No air leakage and pressure loss.
5. Thermodynamic properties of air are constant.
6.  The desiccant wheel is assumed as an inertial system due to its low rotation speed.
7. Desiccant regeneration temperature is from 60 to 120 °C.
8.  Same flow rate at both dehumidification and regeneration sides.
9.  Effectiveness of the evaporative cooler is constant.
10.  Effectiveness of the heat exchanger is constant.

11. No axial heat conduction or mass diffusion in the desiccant unit.

7. Challenges and Future Research Direction

According to the literature review, as discussed above, it was found that numerous
investigations have been made of the development of highly efficient and effective inte-
grated ECTs with a solid desiccant system. Improvements made by researchers have been
reviewed from configuration optimization, desiccant unit enhancement and integration of
M-cycle; and the evaluation methods are also discussed in this paper. Despite the substan-
tial improvements that have been achieved in energy consumption, cooling performance
and system efficiency, further research work is still necessary as follows:
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Further improvements should be made on M-cycle IEC. Novel structure arrangements
should be explored that could potentially increase the heat transfer areas and decrease
the geometric size of the cooler for the same cooling capacity. New materials with large
surface areas for water evaporating and correspondent water distribution strategies
should be further investigated to enhance water evaporation. Utilizing nanofluids as
the working fluid instead of water to improve heat transfer rate has been discussed
numerically by some researchers; as this conception still lacks experimental validation,
related experiments could be conducted to gain a better understanding of this idea in
the future.

Developing new solid desiccant materials with high performance and lower genera-
tion temperature requirements would be recommended for future research. Based on
the literature, silica gel was commonly selected as the adsorbent material of the desic-
cant unit for most studies. Few studies investigated the effects of different desiccant
materials on system performance. If a single desiccant unit with a new desiccant ma-
terial can achieve the same dehumidification performance as a multi-stage desiccant
unit arrangement, equipment space occupation requirement and initial cost can be
reduced greatly.

In general, the warm and humid outlet air of the regeneration process is discharged
to the environment directly, which is a potential waste. Future work could focus on
recycling the waste heat and moisture of exhaust air. The waste heat could be recycled
to preheat the regeneration air through simple modification of the configuration, and
liquid water could be recovered from water vapor to reduce the water consumption
of the evaporative coolers.

Extra efforts could be made to optimize the system configuration by considering
both system performance and economic performance. Additional heat recovery cycle,
desiccant unit and evaporative coolers could enhance the system performance indeed,
but these also lead to an increase in complexity, cost and construction size of the
system, which make it less favorable than a mechanical vapor-compression cooling
system. A trade-off between economics and efficiency should be considered.

A specific operation strategy should be proposed based on the ambient humidity ratio.
Existing studies often assumed the desiccant unit is continuously operating during
its working time no matter what the humidity level is. However, the humidity ratio
changes over time and a huge difference could even be observed in the same day.
When the ambient air is dry enough, the supply air can be sent to M-cycle IEC directly
to provide cooling solely by bypassing the desiccant unit. The desiccant unit only
needs to operate when the environment humidity exceeds a set value.

8. Conclusions

In this paper, the recent developments of the ECT, including IEC, the solid desiccant

systems and the integration of both, have been reviewed. The performance enhancement
strategies for these technologies were also discussed. From the review, the following
conclusions can be drawn:

ECT has been proven to be an energy-efficient alternative for vapor-compression
air-conditioning systems, especially in hot and dry climates.

ECT includes DEC technology and IEC, including M-cycle IEC technologies. For the
DEC technology, the recent R&D focuses on the cooling pad material. M-cycle IEC
technology has attracted more and more attention and has been used in wider areas
recently because of its capacity to overcome two major drawbacks of the DEC technol-
ogy while keeping its energy merits. However, it was found that the performance of
an M-cycle IEC was not satisfactory when the ambient relative humidity (RH) was
70% or above.

The evaporative cooling technology integrated with the solid desiccant unit could
extend the DEC application under different climate conditions. However, the conven-
tional solid desiccant-based evaporative cooling system still cannot fulfill the cooling
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requirement when the humidity ratio is too high. Optimizing the system configuration,
improving desiccant sub-system and integrating M-cycle are the three commonly used
approaches. Among these methods, applying M-cycle IEC instead of conventional
ECT is the most effective one because it reduces supply air temperature significantly
and requires few additional modifications to the system. Improvements in configura-
tion and desiccant sub-system also present some advantages in energy recovery and
power saving. However, high construction cost and large system geometrical size are
also present, which partially offset the benefits.

e  Most of the electricity of the integrated system is consumed by the regeneration process
of the desiccant unit. Solar energy and industrial waste heat could be introduced to
offset part of electricity usage via simple modifications to the system.

e  With novel system configuration and proper evaporative coolers arrangements, the
COP of conventional solid desiccant evaporative cooling systems could be improved,
and the system could meet cooling requirements in hot and semi-humid conditions. A
few studies also concluded that their proposed configurations of solid desiccant evap-
orative cooling systems could maintain thermal comfort even in hot and humid areas.

e A two-stage desiccant arrangement has been proven to be able to improve the de-
humidification performance with a lower regeneration temperature, but its cost-
effectiveness needs to be further studied. Other approaches, such as developing
novel desiccant material with a high water adsorption rate and lower regeneration
temperature requirement, adopting internally cooled desiccant wheel arrangement
and using PVT and PCM to drive the desiccant wheel, are also effective for improving
solid desiccant unit performance.

e Replacing conventional DEC or IEC with M-cycle IEC in the solid desiccant evap-
orative cooling system is another attempt to improve the supply air temperature,
system COP and humid climate adaptability, which was proven to work preliminarily.
Further research is also required.
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