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SUMMARY
Portable air conditioners are popular to provide comfort in
open-air shops and cafes in the tropical Singapore. However,
the system is highly energy intensive. Separating
dehumidification and cooling was proposed to improve the
energy efficiency. A standard portable AC unit with a cooling
load of 3.24 kW and power rating of 0.87 kW was used as the
benchmark. In such system, 47% of the cooling load was for
latent heat and 53% for sensible heat. A dehumidifier was
installed to remove moisture from the air prior to entering the
AC. Unfortunately, the overall performance dropped due to the
reduced air flow and the elevated air temperature. An
additional fan and an intercooler were proposed to overcome
these issues. The final system was potentially able to reduce
the cooling load by 18%. The proportions of cooling load of the
proposed system were 65% for sensible heat and only 35%
for latent heat.

INTRODUCTION
Singapore, being located in the tropical region, experiences
constantly high temperature and high humidity throughout the
year. The temperature is between 23-33°C throughout the
year with an average relative humidity of 84% (Meteorological
Service Singapore 2017). To overcome these uncomfortable
conditions, many open-air shops (i.e. shops with the door and
windows constantly open) and outdoor cafes in Singapore
employed various methods to provide more comfortable
conditions. Traditionally, these include providing shade, using
fans and spraying mist to create evaporative cooling effects.
These methods, however, are limited in their capabilities to
provide cooling. Air conditioners (ACs) are required if more
cooling is required. Due to decreasing prices of portable air
conditioners (ACs) in the recent years, they are becoming
more popular as an alternative to provide more comfortable
conditions in open-air shops and outdoor cafes in the country.
Using portable ACs in this way, however, is highly energy
intensive. The AC practically operates in an open-system
condition where the inlet air condition is always close to the
outdoor conditions, forcing the AC to operate at its maximum
capacity at all time. Moreover, in tropical countries like
Singapore, air conditioning is generally highly energyintensive because of the high temperature and high humidity
conditions. Typically, an air conditioner must control the indoor
air temperature and humidity to be always in the comfortable
zone. In the tropics, this means an air conditioner must cool
and dehumidify the air. These processes are usually carried
out simultaneously at the evaporator, where humid air is
cooled to its dew-point temperature to remove some of the

ISBN: 978-0-646-98213-7

moisture by condensing the water vapour, as illustrated in
Figure 1. Unfortunately, this condensation process typically
accounts for around half of the cooling load of air conditioners
in the tropics. It has been proposed to separate the
dehumidification
and
cooling
processes,
where
dehumidification is carried out by a dehumidifier that is
powered by free energy, e.g. waste heat, while the AC only
needs to carry out the cooling process. This concept can
potentially reduce the energy consumption by 50%
(Subiantoro et al. 2012).

Figure 1. The standard air flow schematic of an AC unit
One of the available dehumidification systems is the
desiccant-based dehumidifiers. Desiccants attract water
vapour from the air they are in contact with. This process is
usually exothermic, which increases the air temperature
during the process. The friction from the desiccant also
reduces the air velocity. The values depend on various factors
(Zhang et al. 2003). After reaching a certain concentration
level, the desiccants are saturated and must be regenerated.
The regeneration process typically involves increasing the
temperature of the material to an elevated level where it will
then release the water vapours. The required regeneration
temperature varies from material to material but it can be as
low as 50°C in the case of superadsorbent polymers (White et
al. 2011).
In general, there are two types of desiccants, i.e. solid and
liquid. Both have been evaluated for improvement of AC
purposes but a major advantage of solid desiccants is they do
not contaminate the air (La et al. 2010, Sultan et al. 2015, Jani
et al. 2016). A popular design of the solid desiccant-based
dehumidifier is with a desiccant wheel (Subramanyam et al.
2004, Jeong et al. 2010).
Solid desiccant-based dehumidifiers coupled with AC units
have been built and tested before in various places. Ghali
(2008) and Ghali et al. (2008) showed that the system
modified the cooling load usage to be more for cooling than
for moisture removal in Beirut. The payback period was less
than 5 years, depending on operating pattern. Yong et al.
(2006) tested the system in Hong Kong. The electrical
coefficient of performance was up to 3 and the flow rate of the
process air as well as the regeneration temperature influenced
the system performance significantly. Jani et al. (2015) carried
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out a detailed theoretical work on the performance of such a
system with cooling capacity of 1.8 kW in hot and humid
climates. The latent heat component of the cooling load was
significantly reduced by the introduction of the desiccant
dehumidifier. Results also show that the system’s coefficient
of performance was quite sensitive to changes in the
regeneration temperature and humidity ratio. The change in
the temperature of ambient air had great influence on the
system performance.
All of the studies mentioned above are for typical room air
conditioning applications where indoor air is circulated and
steady-state indoor room conditions can be achieved. The
conditions may be different from the applications of ACs in
open-air shops and outdoor cafes where the set air conditions
are never achieved, hence, the air conditioners have to
continuously operate at their maximum capacity. It is the
purpose of this study to analyse the effectiveness of
separating of dehumidification and cooling for application in
open-air shops and cafes in tropical conditions. The schematic
of the proposed system is shown in Figure 2. The “room” is
the outdoor area in the vicinity of the AC unit to be cooled. The
regeneration energy for the dehumidifier is from waste heat or
free energy such as from solar thermal energy. It is
hypothesized that the proposed system will offer a more
energy efficient method of air conditioning in the tropics.

The test setup (Figure 3) comprised three main components,
i.e. a dehumidifier, an intermediate box and a portable AC.
The dehumidifier and the portable AC were of the commercial
type.
As mentioned above, when air flows through a desiccant bed,
its humidity decreases, its temperature rises and its velocity
drops. The dehumidifier in this setup was set to simulate these
effects. The intermediate box was used to provide provisions
to measure and modify the AC inlet conditions. These
components were connected with flexible ducts.
Temperature and humidity sensors were placed at the inlets
and outlets of the dehumidifier and the AC to measure the air
conditions at those locations. An anemometer was placed in
the flexible duct to measure the air velocity from which the air
flow rate can be computed. The accuracy and uncertainty
specifications of these sensors are also listed in Table 1.
Table 1. Specifications of sensors
Hygrometer and thermometer
Relative humidity accuracy

±4% for 10-95% RH
±5% for other ranges

Temperature accuracy

±0.6°C

Relative humidity resolution

0.1%

Temperature resolution

0.1°C

Anemometer
Wind speed range

Figure 2. The dehumidifier-portable AC schematic in an openair application

0 - 30 m/s

Accuracy
Resolution

METHODS

±5%
0.1 m/s

Experimental Setup

Mathematical Models

An experimental setup was assembled in the Heat Transfer
Laboratory of Nanyang Technological University, Singapore.
The laboratory was not air conditioned and hence, the room
conditions were the same as the atmospheric conditions,
which were the tropical conditions. Tests were conducted at
random times between 9 AM to 6 PM. Each test lasted around
30 minutes with 15 sets of readings.

The processes were assumed to take the following stages:
1. Moist air (dry air and water vapour) is cooled from the
ambient conditions to the dew-point temperature
2. A portion of the water vapour condenses at the dew-point
temperature
3. The remaining moist air is further cooled to the outlet
conditions
Therefore, the cooling load of the AC unit comprised:
1) Cooling of dry air
2) Cooling of water vapour to the dew point temperature of
the inlet conditions
3) Removal of water vapour through condensation at the
dew point temperature
4) Cooling of the remaining water vapour to the dew point
temperature of the outlet conditions
These processes can be approximated using Equations (1-4).

Dehumidifier

Intermediate box

Figure 3. The test setup
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Flexible duct

Portable AC

𝑄𝑄̇𝐴𝐴𝐴𝐴 = 𝑄𝑄̇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑑𝑑𝑑𝑑𝑑𝑑_𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑄𝑄̇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑣𝑣𝑣𝑣𝑣𝑣 + 𝑄𝑄̇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(1)

𝑄𝑄̇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑣𝑣𝑣𝑣𝑣𝑣 = 𝑚𝑚̇𝑣𝑣𝑣𝑣𝑣𝑣,𝑖𝑖𝑖𝑖 ∆ℎ𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,1 + 𝑚𝑚̇𝑣𝑣𝑣𝑣𝑣𝑣,𝑜𝑜𝑜𝑜𝑜𝑜 ∆ℎ𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,2

(3)

𝑄𝑄̇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑑𝑑𝑑𝑑𝑑𝑑_𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑚𝑚̇𝑑𝑑𝑑𝑑𝑑𝑑_𝑎𝑎𝑎𝑎𝑎𝑎 ∆ℎ𝑑𝑑𝑑𝑑𝑑𝑑_𝑎𝑎𝑎𝑎𝑎𝑎

(2)

𝑄𝑄̇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = �𝑚𝑚̇𝑣𝑣𝑣𝑣𝑣𝑣,𝑖𝑖𝑖𝑖 − 𝑚𝑚̇𝑣𝑣𝑣𝑣𝑣𝑣,𝑜𝑜𝑜𝑜𝑜𝑜 �ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

(4)

where 𝑚𝑚̇ is mass flow rate (kg/s), ℎ is specific enthalpy (J/kg)
and ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is latent heat of vaporisation (J/kg). The latent heat
of vaporisation was assumed constant throughout the process
as the value of the inlet dew-point conditions.
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Properties of water were obtained from REFPROP (Lemmon
et al. 2013) and those of air were obtained from the ASHRAE
Fundamental Handbook (2009). In this study, the known
parameters were dry-bulb temperature (in K), T, relative
humidity, ϕ, and pressure (in Pa), p. The parameters required
for computation were enthalpy (in kJ/kg), h, humidity ratio (in
kg/kg), ω, partial pressure of water vapour (in Pa), pw and
partial pressure of saturated water vapour (in Pa), pw_sat.
These were computed with Equations (5-8). Enthalpy was
used to compute cooling loads, humidity ratio was to compute
mass flow rate of water vapour and partial pressures of vapour
were for the computations of other water properties.

Table 2. Experimental data
Benchmark

Setup

Temperature

28.5°C

27.7°C

Relative humidity

63.4%

70.4%

Temperature

28.5°C

36.9°C

Relative humidity

63.4%

34.2%

Temperature

18.0°C

20.1°C

Relative humidity

83.0%

76.0%

0.11 m3/s

0.07 m3/s

125.6 g/s

78.0 g/s

Item
Ambient

AC inlet

AC outlet
Flow rate of air

ℎ = 1.006(𝑇𝑇 − 273) + 𝜔𝜔�2501 + 1.805(𝑇𝑇 − 273)�
𝜔𝜔 = 0.622

𝑝𝑝𝑤𝑤

𝑝𝑝−𝑝𝑝𝑤𝑤

𝑝𝑝𝑤𝑤 = 𝜙𝜙𝑝𝑝𝑤𝑤_𝑠𝑠𝑠𝑠𝑠𝑠

ln 𝑝𝑝𝑤𝑤_𝑠𝑠𝑠𝑠𝑠𝑠 = −5.8002206 × 103 𝑇𝑇 −1 + 1.3914993
−4.8460239 × 10−2 𝑇𝑇 + 4.1764768 × 10−5 𝑇𝑇 2
−1.4452093 × 10−8 𝑇𝑇 3 + 6.5459673 ln 𝑇𝑇

(5)
(6)

RESULTS

𝑄𝑄̇𝐴𝐴𝐴𝐴
𝑊𝑊̇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Water vapour in

1.9 g/s

1.0 g/s

rate

Condensate

0.6 g/s

0.2 g/s

Water vapour out

1.3 g/s

0.8 g/s

1692.7 W

1665.9 W

Dry air cooling
Cooling

(8)

load

Vapour cooling

40.8 W

39.1 W

Condensation

1507.6 W

423.6 W

Proportion

Cooling of dry air

52%

78%

of cooling

Cooling of vapour

1%

2%

load

Condensation

47%

20%

0.87 kW

0.88 kW

3.7

2.4

Electrical power consumption

(9)

Benchmark
The average performance of the original portable AC was
used as the benchmark. Fifteen data sets were taken at
various times for this purpose. The AC was operated in an
open system to simulate operations in open-air shops. A
consequence of this was the AC continuously operated at
maximum capacity. The electrical power consumption was
870 W. The inlet moist air flow rate was 0.11 m3/s. The
average inlet air temperature and relative humidity were
28.5°C and 63.4%, respectively. The corresponding dew point
inlet temperature was 20.9°C. The average outlet air
temperature and relative humidity were 18°C and 83%,
respectively. The corresponding dew point outlet temperature
was 15.1°C. These are tabulated in Table 2 under the
“benchmark” column. Based on these readings, the relevant
parameters can be computed and the results are also listed in
Table 2.
The total cooling load of the AC unit was 3241.1 kW.
Therefore, the COP was around 3.7. Condensation accounted
for 47% of the total cooling load while only 53% was for the
cooling of air. This is in agreement with the available data for
typical air conditioners in tropical conditions (Subiantoro et al.
2012) where dehumidification accounted for around half of the
total cooling load.
Dehumidifier–Portable AC
Experiments were conducted with the test setup in Figure 3.
The average measured data are tabulated in Table 2 under
the “setup” column. From the measured data, the relevant
parameters can be computed as tabulated also in Table 2.
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Mass flow

(7)

The performance of an air conditioner is usually measured
using the ratio between the cooling load and the compressor
power consumption, called the coefficient of performance
(COP), according to Equation (9).
𝐶𝐶𝐶𝐶𝐶𝐶 =

Dry air

Coefficient of performance

The air flow rate of 0.07 m3/s was lower by 36% than the
benchmark value of 0.11 m3/s because of the flow restriction
of the dehumidifier. The average ambient air temperature and
relative humidity were 27.7°C and 70.4%, respectively. These
are slightly different from those of the benchmark conditions
because of the natural variations in the ambient conditions.
The pscyhrometric processes of the benchmark and the
proposed systems are illustrated in Figure 4.

Figure 4. The processes on psychrometric chart
As expected, the relative humidity of the AC inlet (i.e. after
dehumidifier), which was 34.2%, was significantly lower than
the ambient because the moisture has been reduced by the
dehumidifier prior to entering the AC. The rate of moisture
removal by the dehumidifier can be calculated and found to be
around 0.24 g/s. Correspondingly, the temperature of the AC
inlet was higher at 36.9°C than the ambient because of the
exothermic nature of the dehumidification process. The
corresponding dew point temperature of the AC inlet
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conditions was 18.6°C. This air was then cooled and further
dehumidified by the AC to the outlet temperature of 20.1°C
and relative humidity of 76%. The corresponding dew point
temperature of the outlet conditions was 15.8°C. Observing
the dew point temperatures of the outlet airs in both the
benchmark and the setup settings show that the evaporator of
the AC was designed to cool the air to around 15-16°C.
The experimental data obtained from the test setup show that
by using a dehumidifier to remove moisture from the air prior
to entering the AC, the cooling load proportions were
significantly altered. Cooling of moist air was increased to 80%
from the benchmark figure of 53%, while the dehumidification
decreased from 47% to 20%. These showed that the
dehumidifier was effective in reducing the latent heat
component of the AC’s cooling load. Therefore, separating
dehumidification with cooling can potentially make the
portable AC smaller for the same cooling load.
Two other major changes were observed in the process: 1)
the 36% reduction of air flow rate due to the flow restriction
imposed by the dehumidifier, and 2) the elevated temperature
of the AC inlet air caused by the exothermic reaction of the
water absorption process of the dehumidifier. These,
unfortunately, decreased the overall performance of the AC,
resulting in the lower COP of the test setup system as
compared to the benchmark value. Moreover, the outlet air
temperature was higher than the benchmark value because of
the elevated inlet air temperature.
The results suggested that the portable AC design should be
modified to suit the constraints imposed by the dehumidifier.
These include the additions of a fan and an intercooler. The
fan was to overcome the additional flow restriction of the
dehumidifier. The intercooler was to induce heat exchange
between the hot dehumidified air and the ambient air to reduce
the air temperature after leaving the dehumidifier closer to the
ambient temperature. The final design of the proposed system
is shown in Figure 5.

Figure 5. The proposed dehumidifier-portable AC schematic
for open-air applications
Calculations were carried out with the proposed system of
Figure 5. It was assumed that the additional fan was able to
supply an air flow rate that is equal to the benchmark value of
0.11 m3/s. The intercooler was assumed to be able to cool the
air prior to entering the AC back to the ambient temperature.
Using the benchmark ambient conditions as the supply air
inputs and the benchmark AC outlet conditions as the target,
the performance of the proposed system can be computed.
The data are tabulated in Table 3 under the “proposed”
column.

DISCUSSION
The results in Table 3 show that the proposed system was
successful in reducing the cooling load by 18%. It means the
AC size can be reduced, or more area can be cooled by using
the same AC. The proportions of cooling load of the proposed
system were 65% for sensible heat and only 35% for latent
heat.
It should be noted that the additional fan may impose
additional power consumption, but it is typically significantly
smaller as compared to the AC’s compressor power
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consumption. Furthermore, the intercooler may not be able to
cool the air perfectly to the ambient air. However, a welldesigned intercooler should be, at least, cool the air closer to
the ambient temperature.
Regeneration energy for the dehumidifier must be from
free/waste heat. In outdoor cafes applications, waste heat can
be obtained from the stoves or ovens. Solar energy can also
be considered for the regeneration power source.
Table 3. Calculation results
Item

Benchmark

Proposed

Temperature

28.5°C

Relative humidity

63.4%

Temperature

28.5°C

Ambient

AC inlet
Relative humidity

63.4%

55.6%

Temperature

18.0°C

Relative humidity

83.0%

AC outlet
0.11 m3/s

Flow rate of air
Dry air

125.6 g/s

126.0 g/s

Mass flow

Water vapour in

1.9 g/s

1.7 g/s

rate

Condensate

0.6 g/s

0.4 g/s

Water vapour out

1.3 g/s

1.3 g/s

Dry air cooling

1692.7 W

1698.5 W

Cooling

Vapour cooling

40.8 W

39.0 W

load

Condensation

1507.6 W

924.6 W

Total

3241.1 W

2662.1 W

Proportion

Cooling of dry air

52%

64%

of cooling

Cooling of vapour

1%

1%

load

Condensation

47%

35%

CONCLUSIONS
Portable air conditioners are popular to provide comfort in
open-air shops and cafes in Singapore. However, the system
is highly energy intensive because of the open-air conditions
that forces it to always operate at maximum power. Moreover,
the high ambient humidity condition of the tropical climate in
Singapore imposes significant thermal load to the system.
Separating dehumidification and cooling in such applications
was proposed to improve the efficiency.
A theoretical model was developed to analyse the system.
The cooling process was assumed to go through three stages,
i.e. 1) cooling of moist air from inlet condition to the
corresponding dew point temperature, 2) removal of moisture
by condensation, and 3) cooling of the remaining moist air to
the dew point temperature of the outlet conditions. In other
words, the cooling load comprised of three components, i.e.
sensible heat of dry air, sensible heat of water vapour and
latent heat of water vapour.
The portable AC unit performance data were used as the
benchmark. The total cooling load was 3.24 kW and the power
consumption was 0.87 kW, which corresponded to a COP of
3.7. The proportions of the cooling load were found to be 47%
for latent heat and 53% for sensible heat.
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An experimental test setup was developed and tested. It
consisted of a dehumidifier, an intermediate box and a
portable AC unit. The tests were conducted in an open-air
space at random times between 9 AM to 6 PM. Each test
lasted around 30 minutes with 15 sets of readings. It was
found that the separation of dehumidification and cooling can
increase the cooling load ratio usage to 80% for cooling from
the previous 53%. This means that the latent heat load was
reduced to only 20%. However, by directly coupling the
dehumidifier to the AC, the air flow rate was reduced by 36%
because of the flow restriction imposed by the dehumidifier
and the AC inlet temperature was significantly raised because
of the exothermic nature of the dehumidification process.
These caused the overall performance of the system to be
worse than the benchmark.
A modification to the system was proposed to include an
intercooler and additional fan between the dehumidifier and
the AC unit. The fan was to overcome the flow restriction of
the dehumidifier and the intercooler was to cool the hot and
dehumidified air prior to entering the AC. Using the benchmark
ambient conditions as the inputs, the proposed system was
able to successfully reduce the cooling load by 18% while
maintaining the air flow rate and the output conditions equal
to the benchmark values. This means that a smaller AC unit
can be used for the purpose or the same unit can be used to
cool a larger space. The proportions of cooling load of the
proposed system were 65% for sensible heat and only 35%
for latent heat.
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