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In this  study,  a compact  dual  adsorber  adsorption  cooling  system  (ACS)  prototype  was  built  using  the
zeolite  13X/CaCl2 composite  adsorbent  with  water  as  the  adsorbate.  The  adsorbers  were  constructed  by
directly  coating  the composite  adsorbent  on  parallel  flow  finned  heat  exchangers  to  enhance  the  heat  and
mass transfer  performance.  The  compactness  of the ACS is of  great  concern  for  use  in  buildings,  where
space  is  always  limited.  Through  a better  adsorber  design,  the  specific  cooling  power  (SCP)  is largely
improved  from  106 W/kg  to  377  W/kg  (256%  improvement)  under  the  same  desorption  temperature,
85 ◦C, and  chilled  water  inlet  temperature,  14 ◦C,  even  though  the  cooling  water  temperature  is  increased

◦ ◦

omposite adsorbent
dsorber design
peration sequence

from  22 C to 28 C. Besides,  four different  operation  sequences,  namely  basic  cycle,  mass  recovery  cycle,
pre-heating  & pre-cooling  cycle, and  mass  recovery  with  pre-heating  & pre-cooling  cycle,  were  studied
to optimize  the system  performance.  It is found  that performing  the  pre-heating  & pre-cooling  cycle
can  further  increase  the  SCP  to  401 W/kg.  This  promising  result  shows  that  the  ACS  has  potential  to  be
installed  in  buildings  to achieve  the goals  of heating/cooling  energy  saving.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Today, people spend a large portion of time in indoor envi-
onments. A huge amount of energy is consumed in order to
rovide a comfortable indoor environment. For example, 92% of
he total electricity in Hong Kong was consumed by buildings at
nd-use level in 2014 [1]. Among different electricity end-uses,
hermal systems contribute to a significant consumption of elec-
ricity in buildings, with 37% of electricity used to power space
onditioning and refrigeration systems in buildings. Adsorption
ooling systems (ACS) can be a sustainable alternative to the tra-
itional vapor compression systems currently used in buildings,
eing an energy-efficient and environmentally friendly option for
ooling and refrigeration. ACSs offer a number of distinct advan-

ages as they do not require a compressor, which uses about 80%
f the electricity consumed by a traditional air conditioner, while
he solid non-toxic adsorbents and their corresponding refriger-

∗ Corresponding author at: Department of Mechanical and Aerospace Engineering,
ain Academic Building, The Hong Kong University of Science and Technology, Clear
ater Bay, Kowloon, Hong Kong, China.

E-mail address: mekcchan@ust.hk (K.C. Chan).

ttps://doi.org/10.1016/j.enbuild.2017.11.040
378-7788/© 2017 Elsevier B.V. All rights reserved.
ants (e.g. water) of an ACS are environmentally friendly with zero
ozone depletion potential and easy to handle in operation and
maintenance. Thus, ACS has energy saving potential, featuring no
moving parts and lower noise and vibration levels [2,3]. ACSs
require a low-grade thermal energy source, possibly from solar
energy or industrial waste heat, with minimal electricity required
for other system components [4–7]. This could substantially reduce
the dependence on fossil fuels, making the ACS a potential candi-
date for net zero energy building operation. In comparison with
absorption cooling systems, the ACSs have no coolant pollution and
no crystallization problems [8]. In comparison with a traditional
vapor compression system, an ACS has the advantages of simple
control, low initial investment and low noise [9]. A recent study
compared the performance of a solar electrical vapor compression
chiller, a solar thermal driven adsorption chiller and a hybrid solar
electrical-thermal driven adsorption chiller [10]. The solar thermal
system with the advanced flat plate solar collector has the shortest
payback period of 7.6 years, while that of a solar electrical vapor
compression chiller is more than 10 years. However, the bulkiness

and heavy weight of an ACS presently limits its commercialization.
The main challenge this technology faces is the low specific cool-
ing power (SCP) that originates from the low adsorption capacity

https://doi.org/10.1016/j.enbuild.2017.11.040
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2017.11.040&domain=pdf
mailto:mekcchan@ust.hk
https://doi.org/10.1016/j.enbuild.2017.11.040
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Nomenclature

cp Specific heat capacity, J/kg.K
ṁ Mass flow rate, kg/s
COP Coefficient of performance
SCP Specific cooling power, W/kg
tcycle Cycle time, s
W Weight of the composite adsorbent, kg
ω Water uptake, kg/kg of adsorbent

Subscripts
chill Chilled water
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design can also significantly improve the performance and reduce

F
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hot Hot water

i.e. 0.1–0.3 g/g), the low thermal conductivity of adsorbent par-
icles (i.e. 0.1–0.4 W/mK)  [11,12] and the low mass diffusivity of
dsorbent-adsorbate pairs (i.e. 10−14–10−8 m2/s) [12,13].

To overcome these limitations, many researchers have devoted
heir work to develop different types of composite adsorbents for
CSs [14–17]. Hygroscopic salts, including lithium chloride (LiCl)
nd calcium chloride (CaCl2), are often chosen and water is used as
he adsorbate because hygroscopic salts have high affinity for water
nd water has a high latent heat of vaporization with no pollution
mplications. Chen et al. synthesized an attapulgite based LiCl com-
osite adsorbent [18]. The water loading is as high as 0.44 kg/kg at
0 ◦C and 1500 Pa, and 0.31 kg/kg at 30 ◦C and 750 Pa. A compos-

te adsorbent employing LiCl in silica gel was also developed [19].
he measured maximum water uptake was 0.39 kg/kg at 35 ◦C and
621 Pa. Mobile Crystalline Material 41 (MCM-41) impregnated
ith CaCl has achieved a reported coefficient of performance
2

COP) of 0.7 [14]. Daou et al. have developed a composite adsorbent
y impregnating microporous silica gel with CaCl2. They predicted
hat the SCP would be drastically increased by 2.87 times com-

ig. 1. Schematic diagram of the adsorption cooling system prototype. [Remark: Thinn
ressure pipeline for water vapor or condensed water]
ngs 158 (2018) 1368–1378 1369

pared to the host silica gel [20]. Silica gel impregnated with CaCl2,
called selective water sorbent (SWS), shows an adsorption capacity
of 0.7 g of water per gram of adsorbent. Systems using SWS  have
reported a COP of 0.6 and an SCP of 20 W/kg [15]. Saha et al. [16]
investigated a two-bed adsorption chiller using a composite adsor-
bent called SWS-1L (CaCl2 confined in silica gel). SWS-1L has a high
water adsorption capacity, which shows a favorable characteristic
as an adsorbent for ACSs [17]. Recently, a zeolite 13X/CaCl2 com-
posite adsorbent which has excellent adsorption related properties
was developed by our research team [5]. The 13X/CaCl2 compos-
ite adsorbent has much better performance than untreated zeolite
13X. A difference in equilibrium water uptake of 0.4 kg/kg between
25 ◦C and 75 ◦C at 870 Pa was  recorded for the composite adsor-
bent impregnated in 40 wt%  CaCl2 solution. This was  420% of that
of zeolite 13X and 233% of that of silica gel under the same condi-
tion. The ideal COP of an adsorber using the 13X/CaCl2–water pair is
0.78 compared with 0.54 for the zeolite 13X-water pair. Simulation
results suggest that the COP of a cooling system using the composite
adsorbent would be 0.76, which is 81% better than a system using
pure zeolite 13X. The SCP is also increased by 34% to 18.4 W/kg.

This composite adsorbent has also been studied experimentally
[21]. The maximum SCP was found to be 106 W/kg in that study.
Under the same operating condition, the SCP of the ACS using
the composite adsorbent is approximately 30% higher than that
of the same system using silica-gel as the adsorbent. Although a
longer adsorption/desorption phase time (cycle time) is required
for the ACS equipped with the composite adsorbent, it shows a
better cooling performance than that of the silica gel adsorbent if
a lower chilled water temperature, below 15 ◦C, is required. The
SCP achieved is, however, too low for the ACSs to be commercial-
ized. In addition to having a better adsorbent, a better adsorber bed
the footprint of an ACS. The combined heat and mass transfer during
adsorption has a large effect on the COP and SCP of the system. The
adsorbent has to be quickly heated and cooled such that more water

er lines: water pipeline for heating and cooling the adsorbers; Thicker lines: low
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ig. 2. P-T-W Diagrams of the studied operation cycles (a) Basic Cycle; (b) Mass re
olour  in this figure legend, the reader is referred to the web  version of this article.)
urple: Pre-heating & pre-cooling phase]

apor can be adsorbed to produce cooling within a shorter time.
dsorbents usually have low thermal conductivity [22]. Different
dsorber designs have been tried to increase the overall thermal
onductivity of the adsorber, including the use of extended sur-
aces like plate-fin heat exchangers [23], adsorbent-coated heat
xchangers [24] and consolidated composite adsorbents [25]. An
xtended surface is not applicable for low pressure operation for
eolite-water, silica gel-water or activated carbon because of the
nudsen effect. The extended surface increases the thermal mass
f the adsorber and lowers the COP and SCP of the system [26].
oating adsorbent directly on the surface of a heat exchanger can
educe the thermal contact resistance between the adsorbent and
he surface of the heat exchanger, but the low thermal conductiv-
ty of adsorbents limits the coating thickness to about 1 mm [27],
imiting the COP and SCP of the system. Thus, the heat exchangers
sed for an adsorber have to be carefully selected to allow a good
eat and mass transfer in the adsorbent bed.
Unlike a traditional vapor compression cooling system, the pro-
uction of cooling in an ACS is intermittent. Thus, at least two
dsorbers filled with adsorbents have to be used in order to pro-
uce a quasi-continuous cooling effect [28–30]. If the switching

Fig. 3. Photographs of the heat exchanger (adsorbent bed). a) b
 cycle; (c) Pre-heating & pre-cooling cycle. (For interpretation of the references to
arks: Red: desorption phase; Blue: adsorption phase; Green: Mass recovery phase;

between the adsorption and desorption phase is not well con-
trolled, a large amount of energy will be wasted, reducing the
cooling production and efficiency [31,32]. Cycle time can signifi-
cantly affect the COP and SCP of the system [4]. The solid adsorption
system is an intermittent process so that the temperature and
pressure of the components have to be changed for the adsorbers
to adsorb and desorb adsorbate. Besides, heat and mass recovery
are the processes that can improve system performance [3]. The
stored regenerative heat in the desorbed adsorber is transferred
to the saturated adsorber after adsorption by circulating the heat
transfer fluid (HTF) between them. This can increase the system
COP, since the heat left in the desorbed adsorber can be trans-
ferred to the adsorber that needs to be desorbed and the desorbed
adsorber can thus cool faster [4]. In mass recovery, adsorbate is
transferred between two  adsorbers. It is reported that mass recov-
ery can increase the SCP by up to 20% and COP  by up to 100%
[4].
This study aims to improve the performance of the ACS by:
1) Advanced composite adsorbent; 2) Directly coated adsorbers,
and 3) Optimized operation sequence, in terms of SCP and COP.
A dual bed adsorption cooling system prototype with directly

efore and b) after coating with the composite adsorbent.
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Table 1
Standard operating conditions for the adsorption cooling system.

Parameters Symbol Value Unit

Hot water inlet (desorption) temperature Thot,in 85 ◦C
Adsorber cooling water inlet temperature Tcool,in 28 ◦C
Chilled water inlet temperature Tchill,in 14 ◦C
Chilled water mass flow rate ṁchill 5 kg/min
Hot  water mass flow rate ṁhot 14 kg/min
Cooling water mass flow rate ṁcool 16 kg/min
Adsorption/desorption phase time tphase 8 mins
Mass recovery time tmr 22 seconds

Table 2
Varied operating conditions for the adsorption cooling system.

Parameters Symbol Value Unit

Hot water inlet (desorption) temperature Thot,in 55, 65, 75, 95 ◦C
Adsorber cooling water inlet temperature Tcool,in 19, 32, 43 ◦C
Chilled water inlet temperature Tchill,in 8, 11, 17, 20 ◦C
Adsorption/desorption phase time t 2, 4, 12, 16, 20 mins
ig. 4. A prototype of the ACS. a) vacuum chambers as adsorbers and b) overall
iew [Remarks: 1: Adsorber A; 2: Adsorber B; 3: chilled water tank (evaporator); 4:
ondenser; 5: DAQ device; 6: isothermal water circulator].

oated adsorbers was built. The zeolite 13X/CaCl2 composite adsor-
ent was directly coated on a parallel flow heat exchanger with
uitable fin pitch and hydrophilic coating. The prototype was
nvestigated under various operating conditions, including the des-
rption temperature, phase time, cooling water inlet temperature
nd evaporating temperature. The effects of mass recovery, pre-
eating and pre-cooling, and their combination were also studied.

. Working principle of the adsorption cooling systems

ACSs can be compared to conventional vapor compression cool-
ng systems for air conditioners, chillers or refrigerators in which
he electric powered mechanical compressor is replaced by an
dsorber. The system can be powered by a rather low driven tem-
erature, e.g. waste heat or solar energy, which makes it attractive

or saving electrical energy. Besides, the ACS can be operated with
inimal moving parts; only solenoid vacuum valves are used. These

esult in low vibration, simple mechanics, high reliability and a
ery long life cycle [33,34]. As the adsorbent cannot be circulated
35], the system only produces cooling intermittently in the adsorp-
ion step. In order to provide a quasi-continuous cold production, a
aboratory prototype of a double-bed ACS was designed and built,
nd its performance was analysed experimentally under different
orking conditions.

.1. Basic operation phases of dual bed adsorption cooling

ystems

The basic operating cycle of the dual bed ACS consists of two
hases, namely phase I and II. In phase I, adsorption takes place
phase

in Adsorber A, and desorption takes place in Adsorber B. In phase
II, desorption takes in Adsorber A, and adsorption takes place in
Adsorber B. A schematic diagram of a dual bed ACS is shown in
Fig. 1. The thinner lines represent the water pipeline for heating
and cooling the adsorbers, while the thicker lines represent the
low pressure pipeline for water vapor or condensed water.

The system components and the pipeline for water vapor or
condensed water are evacuated before operation. Water is then
introduced into the evaporator and U-tube. The whole system is
filled with low pressure water vapor. In phase I, valves VV1, VV4,
V1, V2, V5 and V6 are opened. Adsorber A is connected to the evap-
orator. The water vapor is adsorbed by the composite adsorbent
in the adsorber, maintaining a low pressure condition inside the
evaporator, allowing the water to evaporate at a low temperature.
Thermal energy in the chilled water is absorbed by the evaporated
water. Adsorption heat is generated during the adsorption process
in the adsorbent, and it has to be removed by providing the cooling
water. Adsorber B is heated by the hot water, and water vapor is
desorbed from the adsorbent. The desorbed water vapor is trans-
ferred to the condenser by the pressure difference between the
adsorber and condenser. The water vapor is cooled and condensed
in the condenser, and the heat released is transferred to the cooling
water. The condensed water flows back to the evaporator via the
U-tube connecting the condenser and evaporator, to complete the
cycle [36,37]. In phase II, valves VV2, VV3, V3, V4, V7 and V8 are
opened. By switching between the two phases in a dual bed ACS, a
quasi-continuous cooling effect is produced.

2.2. Mass recovery phase

At the end of the desorption phase, the pressure of the heated
adsorber is higher than the cooled adsorber. The pressure of the
cooled adsorber is equal to that of the evaporator, while the pres-
sure of the heated adsorber is equal to that of the condenser.
After that, the heated adsorber under high pressure needs to
be cooled and depressurized while the cooled one needs to be
heated and pressurized for the next phase. Before the next adsorp-
tion/desorption phase, mass recovery phase can be operated by
opening VV5 to connect the two adsorbers together. Mass recovery
should be conducted until the two  adsorbers reach the same pres-
sure. Then the valves are closed and the adsorbers are ready for the

next phase.
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Fig. 5. Temperature profile of the heat transfer fluid durin

.3. Pre-heating & pre-cooling phase

The pre-heating & pre-cooling phase is a pre-conditioning pro-
ess. In the pre-heating & pre-cooling phase, the cooling water is
onnected to the desorber (the adsorber in the next phase), and the
ot water is connected to the adsorber (the desorber in the next
hase). When the pressures of the desorber and adsorber are nearly
qual to the pressures of the condenser and evaporator respec-
ively, the corresponding system components are connected. The
-T-W diagrams of basic, mass recovery and pre-heating & pre-
ooling cycles are also presented in Fig. 2. The adsorbent-adsorbate
air shown in Fig. 2 is the composite adsorbent (Zeolite 13X/CaCl2)
nd water.

. Description of the adsorption cooling system prototype
The adsorber is the most important component of an ACS.
ecause of the poor thermal conductivity of the adsorbent materi-
ls commonly used in an ACS, the heat and mass transfer abilities
f the adsorbers that affect the performance of the system should

Fig. 6. Effect of desorption tempe
ical experiment. [Remarks: WI:  water in; WO:  water out]

be considered carefully during the adsorber design. In this study,
the composite adsorbents were directly coated on the fins of the
heat exchangers (adsorbent beds). Fig. 3 shows photographs of a
heat exchanger before and after coating with the composite adsor-
bent. The heat exchangers are parallel flow, made of copper tubes
and aluminium fins, with a fin pitch of 1.8 mm  and thickness of
0.115 mm.  The dimensions of the heat exchangers are 264 mm
(L) × 100 mm (L) × 420 mm  (H). About 2 kg of composite adsorbent
(zeolite 13X/CaCl2) is coated on each heat exchanger. Thus, the
thickness of the composite adsorbent coated on the fin surfaces
is less than 1 mm for better heat transfer [27]. The heat exchangers
also have a hydrophilic coating so the composite adsorbent can be
adhered strongly to the metal surface. The coated heat exchang-
ers (adsorbent beds) are put inside vacuum chambers, forming an
adsorber. Photographs of the ACS prototype are shown in Fig. 4.
All signals from thermocouples and pressure transducers were

recorded by data acquisition (DAQ) devices from National Instru-
ment. The thermocouple signals were recorded by NI 9213 16
channels thermocouple input module, while the pressure trans-
ducer signals were recorded by NI 9203 8 channels current input

rature on the SCP and COP.
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Table 3
Varied operating sequences for the adsorption cooling system. [I: Phase I; II: Phase
II;  MR:  Mass Recovery; Pre-HC: Pre-heating & Pre-cooling]

Operating Sequences

Basic Cycle I → II → . . ..
Mass Recovery Cycle I → MR → II → MR → I . . ..
Pre-heating & Pre-cooling Cycle I → Pre-HC → II → Pre-HC → I . . ..
Fig. 7. Effect of adsorption/desor

odule, all connected to a computer. NI LabVIEW (version 9.0) was
sed to build a virtual DAQ program. Data was  recorded every 5 s
nd stored in the computer’s hard disk. Another LabVIEW program
as built to control all valves and pumps through a NI SCXI-1160

6 channel general purpose relay module in an SCXI-1001 chassis.
he program can control the valves individually or in a group, so the
peration sequences of the ACS can be completed automatically.

In order to make a direct comparison with our previous work
21], the standard operating conditions for the ACS are the same and
hown in Table 1, also for various conditions as listed in Table 2. The
ater flow rates are not varied and no flow restrictor is installed.

his is because a higher flow rate will give a better heat transfer.
ifferent operation sequences are listed in Table 3. Eq. (1) is used

o calculate the SCP of the ACS:

CP = .
m cp,water

tcycle∫
(T − T )dt/Wt (1)
chill

0

chill,in chill,out cycle

here ṁchill is the mass flow rate of chilled water, cp,water is the
pecific heat capacity, W is the weight of the composite adsorbent

Fig. 8. Effect of cooling water inlet te
MR  together with Pre-HC Cycle I → MR & Pre-HC → II → MR & Pre-HC → I . . ..

(2 kg zeolite 13X/CaCl2) and tcycle is the cycle time. Eq. (2) is used
to calculate the COP of the experimental prototype for different
operating conditions. Specifically, this is referred to as the time-
average COP:

COP =
∫ tcycle

(
ṁchillcp,water(Tchill,in − Tchill,out)

)
dt/

∫ tcycle

dt (2)

0 ṁhotcp,water(Thot,in − Thot,out) 0

where ṁhot is the mass flow rate of hot water.

mperature on the SCP and COP.
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. Results and discussions

The performance of the prototype is investigated under various
onditions. Since the thermal input power is obtained by the tem-
erature difference between the inlet and outlet of the hot water
ank, heat loss to the ambient environment is included in the calcu-
ation. The energy loss is mainly from the adsorbers, hot and cooling

ater tanks and piping system through which the heat transfer
uid (water) circulates. Fig. 5 shows the temperature profiles of
he heat transfer fluid during a typical experiment. The data of the
ourth cycle are used to calculate the SCP and COP to ensure that
he system is under steady state operation.

.1. Effect of desorption temperature

The desorption temperature is one of the major factors affecting

he performance of ACSs. Fig. 6 shows the effect of the desorption
emperatures on the SCP and COP. The water temperature in the hot
ater tank is controlled by a PID temperature controller. It is found

hat the SCP increases almost monotonically with the desorption

Fig. 10. Effect of duration of mass reco
ing) temperature on the SCP and COP.

temperature from 55 ◦C to 95 ◦C. Since the adsorbent is drier at the
higher desorption temperature, this allows more water vapor to
be adsorbed during the next adsorption process. A drier adsorbent
can also adsorb water vapor at a faster rate according to the linear
driving force model [38]. In other words, the higher the desorption
temperature, the higher the SCP of the ACS.

However, the thermal energy used for desorption should be
from solar energy or waste heat, from an energy saving point of
view. A very high water temperature is hard to achieve. There-
fore, standard hot water inlet temperature was selected to be 85 ◦C.
Besides, solar energy and waste heat are free of charge, so the ther-
mal  COP values shown in this study are just for reference and
comparison with other studies. SCP is indeed a very important
parameter which indicates how large in size the ACS is along with
the cooling power of the ACS.
4.2. Effect of adsorption/desorption phase time

Fig. 7 shows the effect of the adsorption/desorption phase time
on the SCP and COP. All system parameters remained the same

very phase on the SCP and COP.
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Fig. 11. Effect of duration of pre-heating & pre-cooling phase on the SCP and COP.

Fig. 12. Effect of duration of mass recovery together with pre-heating & pre-cooling phase on the SCP and COP (duration of pre-heating & pre-cooling was fixed at 45s).

Table 4
Comparisons among all the operating sequences.

Operating Sequences SCP (W/kg) �SCP COP  �COP

Previous study [21] 106 N.A. 0.16 N.A.
Basic  Cycle (BC) 319 201% 0.22 40%

377 

401 

362 

a
t
s
t
t
a
s
t
d

BC  + Mass Recovery (MR  for 22 s) 

BC  + Pre-heating & Pre-cooling Cycle (Pre-HC for 45 s) 

BC  + MR together with Pre-HC (MR  for 42 s and Pre-HC for 45 s) 

s shown in Table 1, except for the adsorption/desorption phase
ime. The phase time was set through the LabVIEW program. It is
hown in Fig. 7 that 8 min  is the best adsorption/desorption phase
ime for this ACS, because for shorter adsorption/desorption phase
imes, the desorption process is incomplete, leading to diminished

dsorption capacity of adsorbents. As a result, the SCP is low at a
horter phase time. For longer phase times, the SCP decreases due
o the rapid diminution of adsorption capacity of the adsorbents
uring the last few minutes. As a very thin layer of the composite
256% 0.27 70%
278% 0.28 73%
241% 0.30 85%

adsorbent is formed on the fins of the heat exchanger compared to
our previous study where the composite adsorbents were packed
in between the copper circular fins (i.e. thickness of about 6 mm),
the diffusion process of the water vapor through the composite
adsorbents is much faster using the coating strategy presented in

this study, leading to a significantly shorter adsorption/desorption
phase time (i.e. the optimized adsorption/desorption phase time
is about 8 min  in this system, while it was  25 min in our previous
study [21]).
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Table 5
SCP comparison between this study and other experimental studies.

Adsorbent − Adsorbate
Working Pairs

Adsorber
Packaging

Desorption
Temperature (◦C)

Chilled Water
Inlet
Temperature (◦C)

Cooling Water
Inlet
Temperature (◦C)

Cycle Time
(minutes)

SCP (W/kg)

Zhang [39] Zeolite 13X − water Packed bed 310 10 25 131.5 25.7
Wang [4] Activated carbon − methanol Packed bed 96.8 9.9 29.6 40 151
Wang et al. [28] Silica gel − water Packed bed 85 12.2 29.4 10 115
Akahira et al. [31] Silica gel − water Packed bed 70 14 30 17 140
Wang et al. [40] Silica gel − water Packed bed 85 14 30.8 38 63.4
Liu  et al. [41] Silica-gel − water Packed bed 85 14 30 17 52.8
Wang et al. [3] Silica gel − water Packed bed 86.8 21.1 30.9 32 102
Chang et al. [42] Silica gel − water Packed bed 80 14 30 26 72
Chen  et al. [43] Silica gel − water Packed bed 85.1 11.7 30.9 28 132
Vasta  et al. [44] AQSOA-FAM-Z02 − water Packed bed 90 13 28 7 260
Gong  et al. [45] Silica gel/LiCl − methanol Packed bed 84.8 21.3 29.8 26 250
Freni  et al. [46] Silica gel/Ca(NO3)2 − water Packed bed 95 15 30 10 400
Lu  & Wang [47] Silica gel/LiCl − methanol Packed bed 86.6 9.2 31.4 16 95
Zhu  et al. [48] Silica gel − water Packed bed 90 16 25 19 198
Thimmaiah et al. [49] AQSOA FAM-Z02 − water Directly coated 90 15 30 20 238
Vodianitskaia et al. [50] Silica gel − water Packed bed 80 15 30 80 68
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Previous Study 1 [21] Zeolite 13X/CaCl2 − water Packed bed 85 

Previous Study 2 [37] Silica gel − water Packed bed 85 

Present Study Zeolite 13X/CaCl2 − water Directly coated 85 

.3. Effect of cooling water inlet temperature and chilled water
nlet temperature

The cooling water inlet temperature is one of the decisive fac-
ors on the performance of ACSs because it influences not only the
ondensation process but also the adsorption process. The cooling
ater is used to cool down both the adsorber during adsorption and

he condenser. If the temperature of the cooling water is high, both
he performances of desorption and adsorption processes deteri-
rate, losing more refrigerating power. Fig. 8 shows the effect of
he cooling water inlet temperature on the SCP and COP. The lower
he cooling water inlet temperature, the higher the SCP and COP
ince more water vapor is adsorbed by the composite adsorbent at

 lower temperature for a given cycle time. It is, however, desirable
o use cooling water at room temperature in real practice. The cool-
ng water inlet temperature averages 28 ◦C due to the operation of

 water pump. Under this condition, the SCP is at about 376 W/kg
ith the COP about 0.27.

Fig. 9 shows the effect of the chilled water inlet temperature
evaporating temperature) on the SCP and COP. The chilled water
nlet temperature is controlled by adjusting the set point of the
sothermal water circulator shown in Fig. 4. Both SCP and COP rise

ith an increase in chilled water inlet (evaporating) temperatures.
his is because the higher the chilled water inlet (evaporating) tem-
erature, the higher the evaporating pressure is, leading to a larger
mount of water vapor to be adsorbed by the composite adsor-
ent. The composite adsorbent can also adsorb more water under a
igher water vapor pressure. As a result, the SCP and COP increase
ith the chilled water inlet (evaporating) temperature.

.4. Effect of duration of mass recovery phase

Fig. 10 shows the SCP and COP of the ACS under different
urations of mass recovery. The cycle with a 0 s mass recovery rep-
esents the basic cycle. The SCP and COP increase with the duration
f mass recovery, and decrease when the duration is longer than
2 s. This is because the mass recovery is completed at about 22 s.

 lengthy mass recovery process has no further benefit but unnec-
ssarily increases the cycle time, reducing the SCP. The maximum

CP is 377 W/kg and is significantly increased by 255% from the
revious prototype, where the highest SCP was 106 W/kg [21].

In the mass recovery process, the adsorbers are not connected to
he evaporator and condenser. At the beginning of the mass recov-
14 22 51 106
14 27 30.3 81.4
14 28 17.5 401

ery process, only VV5 is opened. The heated desorber is at a higher
pressure condition while the cooled adsorber is at a lower pressure
condition. By connecting the two  adsorbers together, the desorbed
water vapor flows from the high pressure heated desorber to the
low pressure cooled adsorber. The mass recovery can further dry
the desorber after desorption and reduce the internal pressure. The
dryer adsorber can adsorb more water vapor in the next adsorption
phase. This process leads the ACS to provide a better performance
[29,30,32].

4.5. Effect of duration of pre-heating & pre-cooling phase

Besides mass recovery, pre-heating & pre-cooling can also
improve the system performance. The improvement is shown in
Fig. 11. The trend of increase in SCP and COP is similar to the effect
of mass recovery. The maximum SCP is, however, further increased
to 401 W/kg. After the adsorption phase, the internal pressure of
the adsorber is low. If it were immediately connected to the con-
denser, water in the condenser would evaporate and flow back to
the adsorber. This would increase the water uptake of the adsorbent
in the adsorber and lower the system performance. A similar draw-
back would also appear on the desorption side. Hence, the pressure
of the desorber has to be increased and that of the adsorber has to
be decreased before connection to the condenser and evaporator.

4.6. Effect of duration of mass recovery together with pre-heating
& pre-cooling phase

It has been shown that both mass recovery and pre-heating &
pre-cooling can improve the system performance and their com-
bination was also assessed to find out the possible enhancement.
A set of experiments was conducted with the duration of pre-
heating & pre-cooling fixed at 45 s. The result is shown in Fig. 12.
It is found that performing mass recovery and pre-heating & pre-
cooling together cannot further improve the SCP compared to
pre-heating & pre-cooling only. The COP is, however, increased to
0.30 when the mass recovery is conducted for 42 s. This may be
because the dried adsorber adsorbs the water vapor desorbed from

the saturated adsorber. This not only reduces the available adsorp-
tion capacity in the next phase, but also reduces the amount of
water to be desorbed. In other words, the cooling power of the sys-
tem is reduced, but the energy required to desorb the adsorbers is
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lso reduced. This results in a lower SCP but higher COP. The SCP
nd COP of all the different cycles are summarized in Table 4.

. Comparison with other and previous studies

The performance of the ACS prototype is also compared with
ther experimental studies in terms of SCP as shown in Table 5.

n general, a higher desorption temperature [4,44,46,48,49] and a
igh chilled water inlet temperature [3,45] result in higher SCP. The
omposite adsorbents/advanced adsorbents also have better per-
ormance than traditional adsorbents [21,44–47,49]. The optimized
erformance of the ACS prototype in this study is close to that pre-
ented in [46]. However, the desorption temperature in their study
s 95 ◦C, 10 ◦C higher than the present study. Thus, the SCP of the
eolite 13X/CaCl2 ACS prototype would be higher than 400 W/kg.
esides, there are very few experimental results of the ACS employ-

ng a directly coated adsorber. The system using directly coated
QSOA FAM-Z02 built by Thimmaiah et al. shows a SCP of 238 W/kg.

. Conclusions

In this study, a compact dual adsorber adsorption cooling system
ACS) prototype was built using the zeolite 13X/CaCl2 composite
dsorbent, with water as the adsorbate. The adsorbent was  directly
oated on the surface of the heat exchangers in the adsorbers.
he heat transfer of the adsorbent is greatly improved by directly
oating the heat exchangers. Thus, the SCP of the prototype is sig-
ificantly improved from our previous study, where the adsorbent
as packed between the copper circular fins. With the same des-

rption temperature, 85 ◦C, and chilled water inlet temperature,
4 ◦C, the SCP is increased from 106 W/kg to 377 W/kg, which is a
56% improvement, even though the cooling water temperature is

ncreased from 22 ◦C to 28 ◦C. The COP is also improved from 0.16
o 0.27. This proves that coating the adsorbents on the fins of the
eat exchanger substantially improved the cooling performance of
he ACSs.

Four different operation cycles, namely basic cycle, mass recov-
ry cycle, pre-heating & pre-cooling cycle and mass recovery
ogether with pre-heating & pre-cooling cycle, were also investi-
ated. Both mass recovery and pre-heating & pre-cooling cycles
how improvement in the SCP and COP. The maximum SCP of
01 W/kg is achieved when pre-heating & pre-cooling is performed
or 45 s. By performing mass recovery together with pre-heating &
re-cooling, the SCP is not improved as much as with performing
re-heating & pre-cooling, but the COP is maximized to be 0.30.
rom these results, it is confirmed the performance of the ACS can
e substantially enhanced by the improved adsorber design and
peration optimization. With more development, the ACS can be

nstalled in buildings to reduce the energy consumption for cooling,
orking towards net zero energy buildings.
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