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Assessments of High-Efficient
Regenerative Evaporative Cooler
Effects on Desiccant Air Cooling
Systems
In this paper, the effects of regenerative evaporative coolers on the dry desiccant air cooling
system are assessed. Thermodynamic analysis is performed point by point on the unmodified
(ɛ= 0.67) and modified (ɛ= 1) regenerative evaporative cooler supported systems. It is
found that the effectiveness and efficiency of the system were significantly increased by mod-
ification. Effectiveness of the system increases from 0.95 to 2.16 for the wet bulb and from
0.63 to 1.43 for dew point effectivenesses, while the exergy efficiency increases from 18.40%
to 41.93%. Exergy and energy performances of the system increase 1.28 times and 0.61
times, respectively. Finally, sustainability is increased by 40% with the modification of
the regenerative evaporative cooler. Also, changing the regenerative evaporative cooler
of the solid desiccant wheel with the effective one can increase the overall system efficiency
and performance without changing the sensible heat and desiccant wheels.
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1 Introduction
Utilization of energy has been increasing daily due to the rapid

increase population and energy consumption. Some of the global
carbon emissions occur in the building sector [1,2]. The use of air
conditioning systems (e.g., HVAC&R units) is a major reason for
energy utilization in constructions. The increase in energy con-
sumption and fossil fuel prices also plays an important role to
change the traditional air conditioning systems with effective ones
[3,4]. As an important output of HVAC, air conditioning is exten-
sively used in many building areas such as public buildings, shop-
ping malls, and transportation stations/ports. Especially in hot and
arid areas, air conditioning is necessary to maintain normal life stan-
dards [5–7].
The traditional air conditioning system is the mechanical vapor

compression refrigerator in which the refrigerant flows through
the evaporator, compressor, condenser, and expansion valve by
changing its phase in a loop. This kind of traditional air condition-
ing systems has some advantages such as low cost, acceptable coef-
ficient of performance (COP) rates (2–4), and life cycle time. On the
other hand, there is a high electrical energy necessity for the com-
pressor of these type of systems. Most of the electrical energy in
the world is produced by fossil fuels, so traditional air conditioning
systems are not environmental friendly and sustainable [5,8,9]. In
this regard, the desiccant air conditioning system is considered as
an alternative solution in this market by replacing the major sections
of the mechanical vapor compression systems [10]. Desiccant air
cooling systems are generally known as liquid and dry types.
Liquid types have generally conditioning (absorption of incoming
air moisture and dehumidification of desiccant) and regeneration
(transferring of desiccant moisture to the exhaust air) chambers,

and they use the liquid sorbent and cooling material. Solid desiccant
dehumidification (also known as desiccant wheel dehumidification)
systems use adsorbents, such as silica gel, zeolite, and alumina, to
collect moisture by chemically or physically (without phase
change). The desiccant is in a rotating wheel turning through the
process and regenerating air streams in this process. In the wheel,
the first part (desiccant coated) removes the moisture from the air
that enters the systems, and the process air becomes drier compared
to the initial condition. After the rotation of the wheel, regeneration
air in the second section of the wheel takes the desiccant, and the
moisture (removed from process air) is expelled by the regenerating
air stream. Because of the vapor pressure differences, moisture is
transferred. The moisture is trapped in the desiccant (process air
stream channel) when the vapor pressure of air is higher than the
wheel surface’s vapor pressure. If the wheel surface’s vapor pres-
sure rises, the desiccant releases moisture (regeneration air stream
channel). Differences in the relative humidity in the process and
regeneration air streams play an important role in this moisture
transfer [11]. Desiccant air cooling systems usually include air
dehumidification and sensible cooling processes using evaporative
coolers (e.g., regenerative evaporative cooler (REC)). The dehumi-
dification process uses liquid and solid desiccants. Generally, desic-
cant wheels are chosen due to their simple design, low cost, and
effective method [10,12]. For the evaporative cooler section, the
regenerative evaporative cooling method is preferred due to its
advantage of cooling air under the wet-bulb temperature while the
humidity is not rising [13].
There are some studies about the thermodynamic analyses and

designs of desiccant air cooling systems and their indirect evapora-
tive cooler in the literature [14–22]. Goldsworthy and White [14]
worked on the performance of the solar desiccant indirect evapora-
tive cooler system. The heat and mass transfer analyses were done
by focusing on the desiccant wheel’s various supply and regenera-
tion air flowrates, and indirect evaporative cooler’s various primary
and secondary air flowrates. White et al. [15] compared the charac-
teristics of various desiccant wheels that were made from zeolite,
superadsorbent polymer, and silica gel for low regeneration
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temperatures. Peng et al. [16] simulated the liquid desiccant air
cooling system. The thermodynamic performance and the effects
of the parameters were determined. Panaras et al. [17] studied the
design parameters and their effects on the performance of the
solid desiccant air conditioning systems. Enteria et al. [18]
applied exergy analysis on the desiccant evaporative air cooling
system to determine the performance. The effects of the regenera-
tion temperature on the system parameters were also assessed.
Hwang et al. [19] compared the heat pump and sensible wheel-
based desiccant cooling systems. It was found that the heat pump
based system had higher cooling power and COP rates than the sen-
sible wheel-based system. Chung and Lee [20] studied two different
configurations of desiccant cooling systems with the regenerative
evaporative cooler, desiccant wheel, sensible heat exchanger,
filter, direct evaporative cooler, and fan. The components were
the same for both the systems. The only difference was the config-
uration/location of these components in the system. Numerical anal-
yses were conducted and the performances were compared for these
two configurations. Labban et al. [21] compared the conventional
vapor compression system, desiccant-based cooling system, and
membrane-based cooling system. The outdoor humidity and tem-
perature effects on the performances of the system were also
assessed. Caliskan et al. [22] developed a desiccant air cooling
system with the desiccant wheel, sensible heat wheel, and evapora-
tive air cooler. The developed system was analyzed by energy,
exergy, and sustainability methods and compared with previous
studies.
In this study, the REC of the desiccant air cooling system is mod-

ified. The effectiveness rate of the modified REC is 1, while the
unmodified REC has a 0.67 effectiveness rate. This study is first
in the literature to compare the effects of REC on the system param-
eters. There is no refrigerant in these systems. Hence, the designed
systems are environmentally benign. Also, only the fan consumes
the major electric power in this design. On the other hand, the

system is assessed not only by the first law of thermodynamics
but also the second law of thermodynamics.

2 System Description
The schematic of the system is shown in Fig. 1. The overall

system’s size is approximately 2 × 1.5 × 1.5 m. The designed dry
desiccant cooling system comprises sensible heat (SHW), desiccant
(DW) wheels, REC, heating coil, fan, and filter units. Alternatively,
the regenerative evaporative air cooler is modified by accepting the
effectiveness (ɛ) as the maximum (e.g., Maisotsenko cycle [23–
26]). The volume of the desiccant cooling system is generally deter-
mined by the sizes of the heat mass exchanger. So, one heating coil
is considered in this novel system. On the other hand, the fan con-
sumes major electric power, hence the number of fans is minimized
in this design compared to the traditional desiccant air cooling
systems.
The regenerative evaporative cooler is an energy-efficient com-

ponent. It does not include the compressor that consumes energy
in vapor compression refrigeration. There is only water as a
working fluid in REC, so it is environmentally friendly [27]. The
effectiveness of REC can change. In this paper, the effectivenesses
of the RECs are 0.67 and 1 for unmodified [22] and modified (Mai-
sotsenko cycle) RECs. The components, except regenerative evap-
orative coolers, are the same for unmodified and modified systems.
There are “process” and “regenerative” channels for “process air”
and “regenerative air” streams in the system, respectively. The
regenerative evaporative cooler, filter, fan, and one side of the sen-
sible heat and desiccant wheels are present in the process channel,
while the regenerative channel includes heating coil, filter, fan, and
other sides of the wheels. Air that enters the process channel
becomes dry after passing through the desiccant wheel due to
water vapor adsorption. After that it is cooled by the sensible heat

Fig. 1 Schematic of the system
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wheel (via heat transfer between process and regeneration channels)
and the regenerative evaporative cooler supplies the final cooling
quantity required for the air sent to the building (supply air).
An indirect type of evaporative cooling is used in REC in which

the air is cooled sensibly and the humidity of the air does not increase.
Also, a little amount of cooled air is exhausted. At the same time, the
same amount of outdoor air is sent to the entrance part of the process
channel of the system. In the sensible heat wheel, process air is pre-
cooled and regeneration air is preheated. The preheated (regenera-
tion) air in the regeneration channel is heated and the temperature
reaches the regeneration temperature via a heating coil. The wheel
uses this regeneration air (hot air in the regeneration channel) for
its heat transfer mechanism. Hence, the process air in the process
(dehumidification) channel becomes dry and loses its moisture.
The desiccant wheel rotates and the moisture is transferred to the
regeneration air that is released to the atmosphere. This wheel is
made of silica gel material. Its frontal area is 1 m2, face velocity is
2 m/s, and a fraction of the process and regeneration area is 1/0.7
[19,22]. The psychometric charts of the unmodified and modified
systems are shown in Fig. 2. The REC has special channel designs
(dry and wet). Process air flows into the dry side of the channel
and splits. Some flow is directed to the wet side of the channel
with a special design for the pairs (dry/wet), while the other part of
the air goes to the dry side of the channel. The extraction ratio of
REC is 0.3. In the wet side, the wet surface evaporates and absorbs
the heat of the air (dry channel) thus making it cooler. Then, the
cooled air is sent, while remaining air from the wet side of the
channel is released to the atmosphere. Hence, the air temperature
reaches the dew point temperature without an increase in the humid-
ity ratio. For more information on the regenerative evaporative air
cooler, see Refs. [22–29].
The measurements were done in the summer season of the

Republic of Korea. The environment air conditions are as
follows: temperature is 35 °C, pressure is 101.325 kPa, relative
humidity is 39.75%, humidity ratio is 13.727 g/kgda, and saturated
vapor pressure is 5.63 kPa. There are pressure drops compared to
environmental atmospheric pressure such as 0.05 kPa at point 2,
0.25 kPa at point 3, 0.28 kPa at point 3′, 0.05 kPa at point 8,
0.25 kPa at point 9, 0.3 kPa at point 10, and 0.5 kPa at point 11.
The air volumetric flow at 1, 5–7, and 8–11 points of the system
is 0.823 m3/s, while it is 1.176 m3/s at points 2–4, and 0.353 m3/s
at point 7′. The return air’s (that leaves the building) temperature
is 27 °C for unmodified and modified systems (point 1). In the
unmodified system, the temperature is reduced to 19.80 °C by
the traditional regenerative evaporative cooler (point 5= 6). After
the modification of the REC, the temperature is reduced to 10.72
°C (point 5= 6). The electrical energy consumptions of the
process channel, regeneration channel, and exhaust fan are
1250 W, 820 W, and 60 W, respectively [22]. Some of the data
are taken from Ref. [22] which are of the authors. In the present
study, an effective REC is used instead of less-effective REC in
Ref. [22] and both REC effects are presented in the current study.

3 Analysis
The energy rate of each point (1–11) in the system (Ėni) can be

calculated by

Ėni = ṁi hi (1)

where ṁi is the air mass flowrate and hi is the air enthalpy rate. Sub-
script i means the ith component (points 1–11 in Fig. 1).
The exergy rate of each point (1–11) in the system (Ėxi) is as

follows:

Ėxi = ṁiextot,i = ṁi(exch,i + exth,i) (2)

where extot,i, exch,i, and exth,i are the total specific exergy, specific
chemical exergy, and specific thermal exergy of air, respectively
[22,28,29].

\color{blue}
exch,i = ṁi

[
RaT0

[
(1 + ((1.608)ωi)) ln

(1 + ((1.608)ω0))
(1 + ((1.608)ωi))

+((1.608)ωi) ln
((1.608)ωi)
((1.608)ω0)

]]
(3)

where Ra is the general gas constant, ω is the humidity ratio of air, T
is the temperature, and subscript “0” means the environmental con-
dition.

exth,i = ṁi (cp,i + ωcp,i,v) Ti − T0 − T0 ln
Ti
T0

[ ][ ]
(4)

where cp,i,v and cp,i are specific heats of water vapor and air,
respectively.
The cooling capacity of the building (Q̇cool) is expressed by

Q̇cool = ṁ1(h1 − h6) (5)

where the subscripts are connected with the points in Fig. 1.
The cooling capacity exergy rate (Ėxcool) is determined from

Ėxcool = Q̇cool 1 −
2T0

T1 + T6

∣∣∣∣
∣∣∣∣ (6)

Heat rate with regeneration (Q̇reg) is found to be

Q̇reg = ṁ9(h10 − h9) (7)

Regeneration exergy rate (Ėxreg) is computed as follows:

Ėxreg = Q̇reg 1 −
2T0

T9 + T10

∣∣∣∣
∣∣∣∣ (8)

The COP rate considering thermally driven units (COPth) is
determined from

COPth =
Q̇cool

Q̇reg

=
ṁ1(h1 − h6)
ṁ9(h10 − h9)

(9)

The exergetic COP of the system considering thermally driven
units (COPex,th) is expressed by

COPex,th =
Ėxcool
Ėxreg

(10)

The COP of the system considering electrically driven units
(COPel) is calculated as follows:

COPel =
Q̇cool

Ẇtot
(11)

where Wtot is the total electricity consumption.
The exergetic COP of the system considering electrically driven

units (COPex,el) is found by

COPex,el =
Ėxcool
Ẇ tot

(12)

Wet-bulb effectiveness (ɛwb) can be computed from [22–24]

εwb =
T1,db − T6,db
T1,db − T1,wb

(13)

where subscripts db and wb are the dry bulb and wet bulb, respec-
tively (T1,wb = 19.45 °C).
Dew point effectiveness (ɛdp) is found by [25,26]

εdp =
T1,db − T6,db
T1,db − T1,dp

(14)

where subscript dp is the dew point (15.58 °C).
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Exergy efficiency (Ψsys) is found by

Ψsys =
Ėxcool

(Ėx10 − Ėx9) + Ẇtot
(15)

The dew point effectiveness of the REC (ɛdp,rec) is determined
by

εdp,rec =
T5 − T4
T4,dp − T4

(16)

Fig. 2 Psychometric charts of the (a) unmodified and (b) modified systems
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The sustainability index (SI) helps to assess/compare the sus-
tainability of the systems. It is calculated by [28]

SI =
1

1 − Ψsys
(17)

4 Results and Discussion
Energetic results of the unmodified and modified solid desiccant

cooling system points are shown in Fig. 3. After the regenerative
evaporative cooler (at point 5), the air temperature is decreased to
19.8 °C and the energy rate is 38.02 kW for the unmodified
system, while the corresponding temperature is decreased to
10.72 °C and the energy rate is found to be 29.28 kW for the mod-
ified system. The other energy rates of the points are the same for
both the systems. This is because only the regenerative evaporative
cooler, which is the final device before sending the cooled air to the
building, is modified.
Exergetic results of the unmodified and modified system points

are given in Fig. 4. After the regenerative evaporative cooler, the
exergy rate is determined to be 0.56 kW for the unmodified unit,
while the corresponding rate is found to be 1.17 kW for the modi-
fied unit. The rates at the other points are the same for both the
systems. The availability (exergy) of the air, before entering the

building, for the modified system is more than the unmodified
system.
Energetic and exergetic performances of the systems can be seen

in Fig. 5. According to the energy analysis assessment, the electri-
cally driven COP rates are found to be 6.71 and 10.81, while the
thermally driven COP rates are calculated to be 0.77 and 1.24 for
the unmodified and modified systems. According to exergy analysis
assessment, the electrically driven exergetic COP rates are found to
be 0.26 and 0.60, while the thermally driven exergetic COP rates are
calculated to be 0.63 and 1.44 for the unmodified and modified
systems. The modified system has higher energetic and exergetic
COP rates considering all possible options as electrically and ther-
mally driven.
The regenerative evaporative cooler is modified and its effective-

ness is increased from 0.67 (unmodified) to 1 (modified). The effec-
tiveness and exergy efficiencies of the unmodified and modified
solid desiccant cooling systems are presented in Fig. 6. The
wet-bulb effectivenesses of the unmodified and modified systems
are found to be 0.96 and 2.16, respectively; also the corresponding
dew point effectivenesses are computed to be 0.63 and 1.43, respec-
tively. Exergy efficiencies are calculated to be 18.40% and 41.93%.
On the other hand, the sustainabilities of the unmodified and mod-
ified systems are 1.23 and 1.72, respectively. According to energetic

Fig. 3 Energetic results of unmodified and modified system points

Fig. 4 Exergy analysis results of the unmodified and modified system points

Journal of Energy Resources Technology JULY 2020, Vol. 142 / 072101-5

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/energyresources/article-pdf/142/7/072101/6539809/jert_142_7_072101.pdf by Kyunghee U

niversity G
lobal C

am
pus user on 05 July 2021



effectiveness and exergetic efficiency approaches, the modified
system is more efficient and sustainable than the unmodified
system.

5 Conclusions
The regenerative evaporative cooler is modified and its effects on

the dry desiccant air cooling unit are assessed. Thermodynamic
analysis is performed point by point on the unmodified and modi-
fied systems. The effectiveness of the REC is increased from 0.67
(unmodified) to a maximum (modified). It is found that system
effectiveness and efficiency significantly increased. The increase
in system effectiveness is significant (from 0.95 to 2.16 for the
wet bulb and from 0.63 to 1.43 for dew point effectivenesses),
while the increase in the exergy efficiency is high (from 18.40%
to 41.93%). Performances (COP rates) of the solid desiccant
cooling systems increase drastically by using the modified REC.
Sustainability is increased by 40% with the modification of the
REC. Changing REC of the solid desiccant wheel with the effective
one (e.g., Maisotsenko cycle based REC) can increase the overall
system efficiency and performance without changing the sensible
heat and desiccant wheels.
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Fig. 6 Effectiveness and exergy efficiencies of the unmodified
and modified solid desiccant cooling systems

072101-6 / Vol. 142, JULY 2020 Transactions of the ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/energyresources/article-pdf/142/7/072101/6539809/jert_142_7_072101.pdf by Kyunghee U

niversity G
lobal C

am
pus user on 05 July 2021

http://dx.doi.org/10.1016/j.energy.2014.10.014
http://dx.doi.org/10.1142/S2010132517500018
http://dx.doi.org/10.1142/S2010132517500018
http://dx.doi.org/10.1016/j.enconman.2016.02.085
http://dx.doi.org/10.1016/j.apenergy.2014.07.040
http://dx.doi.org/10.1016/j.rser.2012.07.007
http://dx.doi.org/10.1142/S2010132515500273
http://dx.doi.org/10.1142/S2010132515500273
http://dx.doi.org/10.1142/S2010132516500231
http://dx.doi.org/10.1142/S2010132516500231
http://dx.doi.org/10.1016/j.energy.2005.05.027
http://dx.doi.org/10.1142/S2010132516500127
http://dx.doi.org/10.1142/S2010132516500127
http://dx.doi.org/10.1016/j.enbuild.2014.09.049
https://www.polygongroup.com/en-US/blog/liquid-desiccant-vs-desiccant-wheel-dehumidification&ndash;whats-the-difference/
https://www.polygongroup.com/en-US/blog/liquid-desiccant-vs-desiccant-wheel-dehumidification&ndash;whats-the-difference/
https://www.polygongroup.com/en-US/blog/liquid-desiccant-vs-desiccant-wheel-dehumidification&ndash;whats-the-difference/
http://dx.doi.org/10.1016/j.applthermaleng.2014.12.049
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2013.05.068
http://dx.doi.org/10.1016/j.ijrefrig.2010.07.005
http://dx.doi.org/10.1016/j.ijrefrig.2011.06.012
http://dx.doi.org/10.1016/j.ijrefrig.2017.06.021
http://dx.doi.org/10.1016/j.energy.2011.01.022
http://dx.doi.org/10.1016/j.ijrefrig.2013.08.005
http://dx.doi.org/10.1016/j.energy.2016.12.007
http://dx.doi.org/10.1016/j.ijrefrig.2011.03.003
http://dx.doi.org/10.1016/j.apenergy.2017.05.051
http://dx.doi.org/10.1016/j.jclepro.2018.11.174
http://dx.doi.org/10.1016/j.enbuild.2011.02.006
http://dx.doi.org/10.1016/j.ijrefrig.2011.02.001
http://dx.doi.org/10.1016/j.enconman.2011.11.007
http://dx.doi.org/10.1016/j.enbuild.2012.03.024
http://dx.doi.org/10.1016/j.enbuild.2012.03.024
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2013.05.069

	1  Introduction
	2  System Description
	3  Analysis
	4  Results and Discussion
	5  Conclusions
	 References

