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Abstract: The composite material made by impregnating 40 wt. % lithium chloride (LiCl) into the
mesopores of a kind of natural porous rock (Wakkanai Siliceous Shale: WSS) micropowders (short for
“WSS + 40 wt. % LiCl”) had been developed previously, and can be regenerated below 100 ◦C with
a cooling coefficient of performance (COP) of approximately 0.3 when adopted as a sorbent in a sorption
cooler. In this study, experiments have been carried out on an intermittent solid sorption chiller with the
WSS + 40 wt. % LiCl coating over two aluminum corrugated heat exchangers. Based on the experimental
condition (regeneration temperature of 80 ◦C, condensation temperature of 30 ◦C in the desorption
process; sorption temperature of 30 ◦C and evaporation temperature of 12 ◦C in the sorption process),
the water sorption amount changes from 20 wt. % to 70 wt. % in one sorption cooling cycle. Moreover,
a specific cooling power (SCP) of 86 W/kg, a volumetric specific cooling power (VSCP) of 42 W/dm3,
and a specific sorption power of 170 W/kg can be achieved with a total sorption and desorption time of
20 min. The obtained cooling COP is approximately 0.16.
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1. Introduction

The technology of a solid–gas sorption cooling and heating system has attracted intense
interest because of its effectiveness to utilize renewable energy and store industrial waste heat.
Moreover, this technology is ecological friendly as it does not use chlorofluorocarbons (CFCs) and
hydrochlorofluorocarbons (HCFCs) as refrigerants, which are widely used in conventional vapor
compression heating and cooling systems [1].

Comprehensive studies about sorption heating and cooling have been carried out from the
points of novel sorbents (e.g., bi-salt and tri-salt composite sorbents–ammonia [2], microporous
silica gel impregnated with calcium chloride–water [3], compound adsorbent of macroporous
silica gel/LiCl–methanol [4], composite sorbent CaClBr/silica–methanol [5], selective water
sorbents (SWSs) [6,7], silica Siogel–water [8], fiber silico-aluminophosphate (SAPO-34)–water [9],
and LiBr/silica–ethanol [10]) and systems (e.g., packed bed with Mitsubishi AQSOA-FAM-Z02
advanced adsorbent [11], coated type bed with SWSs [12], granulated bed of composite sorbent [13],
packed bed of CaCl2-in-silica gel–water system [14]). The common refrigerants adopted in sorption
heating and cooling systems are ammonia, methanol, ethanol, and water [15]. Water was chosen
as the refrigerant in this study because of its high latent heat of vaporization, thermal stability,
non-flammability, non-toxicity, and typical environmental safety. When sorbent with a certain amount
of water is heated during the regeneration process, the water vapor is generated and then condenses in
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the condenser to release heat. For the opposite process, cooling energy can be obtained in an evaporator
because of water evaporation, and the evaporated water vapor binds to the sorbent during the sorption
process [15]. Several novel porous solids with water as refrigerant are being researched in sorption
heating and cooling systems: silica gel, FAM-01 and FAM-02 developed by Mitsubishi Plastics Ltd.
(Tokyo, Japan), metal-organic frameworks (MOFs), and various composite sorbents [16]. Among these
sorbents, composite sorbents are considered to be promising to enhance the efficiency of the sorption
cooling and heating system by means of a target-oriented design of the sorbent specified for a particular
cycle. Composites with two components can offer the opportunity for nano-tailoring the sorption
properties by varying the confined salt chemical nature and content, porous structure of host matrix,
and synthesis conditions [16,17].

Two basic configurations for the composite sorbents–water working pairs were described
in the literatures; namely, (1) packed bed sorbent contacting with the heat transfer surface,
and (2) sorbent coating on the heat exchanger surface. For the packed bed sorbent cooling systems,
Restuccia et al. [6,18] developed an adsorptive cooling system with packed SWS-1L (mesoporous silica
gel impregnated with CaCl2) inside a high-efficiency heat exchanger. A mean SCP of 20–40 W/kg of
adsorbent and a cooling COP of 0.4–0.6 were obtained when the Tre was 95 ◦C, Tcon was 35 ◦C, and Tev

was 10 ◦C. Freni et al. [19] tested the performance of a packed bed sorption chiller using SWS-8L (silica
modified by Ca(NO3)2). At the operation condition of Tev = 15 ◦C, Tcon = 30 ◦C, and Tre = 90–95 ◦C,
the cooling COP increased from 0.28 to 0.41, while the SCP decreased from 389 W/kg to 190 W/kg
when the cycle time changed from 8 min to 30 min. The performance of the packed bed sorption chiller
using LiNO3 impregnated into silica gel (SWS-9L: silica modified by lithium nitrate) was tested by
optimizing of the relative duration of the isobaric adsorption and desorption stages [20]. When the
sorption chiller was driven by a lower temperature heat (<90 ◦C) (Tre was 75 ◦C, Tcon was 30 ◦C,
and Tev was 10 ◦C), the cooling COP of 0.155 and SCP of 193 W/kg still remained reasonable.

Though the above researched composites adopted in the sorption chillers showed relatively good
performance, the main matrix is silica gel, which is a type of amorphous silica. It has been proven
that the pores of silica gel increase in size when more than 5 wt. % chloride is impregnated into the
pores [21], making it inappropriate for long-term use. Therefore, a new composite with high stability
was developed by impregnating LiCl into pores of mesoporous WSS [22]. LiCl is usually used as
the liquid desiccant [23–25] or liquid absorption chiller [26,27]; its higher exergetic efficiency and
long-term stability [28] is thought to be suitable as the other main component of the composite sorbent
for a sorption chiller. For the prototype of the sorbent packed sorption cooler built in our previous
research [29], the WSS + 40 wt. % LiCl can contribute to getting a cooling COP of 0.3 and SCP of
70 W/kg, when it was regenerated at a temperature as low as 80 ◦C; Tcon = 30 ◦C, and Tev = 10 ◦C
with a cycle time of 30 min. This indicated that the sorption cooling system using WSS + 40 wt. % LiCl
can be applied in low grade heat (solar thermal energy and industrial waste heat) utilization systems.
However, heat and mass transfer improvement of the system is still needed to get a higher efficiency.

When compared with the introduced pelletized bed, the coated heat exchanger ensures better
heat transfer properties [12], which can ensure good dynamics of the sorption/desorption cycle
accompanying a shorter cycle duration. The coated sorbents can sorb water more efficiently [30]
because of their faster sorption kinetics [31], and thus can deliver higher SCP. Freni et al. improved the
adsorptive cooling system with packed SWS-1L (mesoporous silica gel impregnated with CaCl2) [6,18]
by developing a sorption chiller based on a heat exchanger coated with a compact layer of SWS-1L.
Higher SCP of 150–200 W/kg and a cooling COP ranging between 0.15 and 0.3 were obtained within
a cycle time of 10–20 min when the SWS-1L was regenerated at 90–100 ◦C, Tcon = 35 ◦C, Tsor = 15–20 ◦C,
and Tev = 10 ◦C [12]. The interesting result of the coated heat exchanger obtained from the above
research and our previous research on the sorption cooler has stimulated us to take a necessary step
for the development of the WSS + 40 wt. % LiCl coated type heat exchanger installed sorption chiller.

Consequently, in this study, an innovative intermittent sorption chiller with WSS sorbent coating
over corrugated heat exchangers is presented and tested. The developed sorption chiller consists of
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two aluminum corrugated heat exchangers coated with WSS + 40 wt. % LiCl in the reactor and a spiral
fin tube heat exchanger in the evaporator/condenser. The heat and mass transfer of the composite
material is expected to be improved by the high-efficiency corrugated heat exchanger with extensive
fin area, when compared with the packed sorbent in our previous research. The thermodynamic and
experimental performances of the WSS + 40 wt. % LiCl for the developed solid sorption chiller system
will be evaluated.

2. Experiments

WSS is a natural mesoporous mudstone that is sourced in the north part of Hokkaido Island in
Japan. It is naturally derived from diatoms and planktonic organisms composed mainly of silicon
dioxide. As a result of the increase of temperature and pressure, diatomaceous mudstone changes to
siliceous shale, and scale-like crystals of Opal-CT can be observed in WSS [32]. The main composition of
WSS, shown in Table 1, was measured using a HORIBA X-ray Fluorescence Analyzer MESA-500. It can
be seen that the main compounds are SiO2, Al2O3, and Fe2O3, and it is a kind of diatomaceous earth.

Table 1. Chemical composition of natural Wakkanai Siliceous Shale (WSS).

Compound Concentration (wt. %)

SiO2 87.09
Al2O3 8.09
Fe2O3 3.39
K2O 0.78
TiO2 0.41
CaO 0.21
V2O5 0.03

It has been confirmed that the composite material made by impregnating chloride into the
mesopores of WSS is stable because of WSS’s crystallized structure [29,32]. The composite material
made by impregnating LiCl into the mesopores of WSS has shown high stability with lower
regeneration temperature when compared with the composite material made by impregnating
CaCl2 into WSS [22]. The physical properties, including pore size distribution and pore volume;
sorption properties, such as water sorption isosters and sorption isotherms; and thermal properties of
specific heat capacity and activation energy of the composite material WSS + LiCl were also tested
in the research work reported in Jiang et al. [25]. Among the four developed composite samples,
WSS + 40 wt. % LiCl exhibited the best performance.

2.1. The Sorbent Coated Heat Exchanger

The corrugated heat exchanger, before and after being coated with the WSS + 40 wt. % LiCl, is
shown in Figure 1. The main features of the composite material coated heat exchangers are listed in
Table 2. The effective heat transfer area of the rectangular aluminum heat exchanger is 150 × 150 mm,
and the overall dimensions are 170 × 150 × 25 mm. The coating procedure is listed as follows:

1. The micropowders of WSS with peak particle diameter of 5 µm were dried at 120 ◦C for 24 h.
2. The solution of LiCl was prepared first, and the corresponding amount of WSS was added to

make the slurry of WSS and LiCl. The slurry was vacuumed to make sure the LiCl solution got
into the pores of WSS.

3. The corrugated aluminum heat exchanger was dip-coated with the slurry of WSS and LiCl
without any binder, because the fine particles of WSS clay act as a kind of binder. There are no
composite powder or LiCl drops after the coating procedure.

4. The coated heat exchanger was left open to the air for 24 h for air drying, before being heated at
120 ◦C (the temperature was chosen according to the result obtained in Figure 9 in Liu et al. [22])
for 24 h to get its dry weight.
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Figure 1. Corrugated heat exchanger before being coated (left), and after being coated (right) with
Wakkanai Siliceous Shale (WSS) + 40 wt. % lithium chloride (LiCl).

Table 2. Main features of the sorbent coated heat exchangers in the reactor.

Parameters Value

Total metal mass of one heat exchanger (kg) 0.454
Total volume of one heat exchanger (m3) 0.5625 × 10−3

Heat transfer area of one heat exchanger (m2) 6.375 × 10−2

Total mass of the coated material on a heat exchanger (kg) 0.143
Coating density (kg/m3) 254.2

Number of coated heat exchangers inside reactor (–) 2
Total mass of the lithium chloride (LiCl) (kg) 0.1144

2.2. Experimental Setup

The schematic diagram of the experimental setup is shown in Figure 2. It consists of a vacuum
reactor with two sorbent coated heat exchangers inside and an evaporator/condenser with a spiral fin
tube heat exchanger inside.
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During the sorption process, the water vapor evaporates in 2 (evaporator), and the produced
cooling energy is taken away by low temperature thermostatic bath 6. The evaporated water vapor
flows through the connection valve, and is sorbed by the composite sorbent coating over the surface
of heat exchangers inside of 1 (reactor) to release sorption heat, which is taken away by the medium
temperature thermostatic bath 4. On the other hand, heat from the high temperature thermostatic
bath is supplied to the corrugated heat exchangers inside 1 (reactor), desorption of the sorbent
occurs, and water vapor is generated. The desorbed water vapor condenses in 2 (condenser), and the
condensation heat is taken away by medium temperature thermostatic bath 5.

The picture of the experimental setup is shown in Figure 3, with reactor on the left side
and condenser/evaporator on the right side. There is a ball valve connecting the reactor and the
evaporator/condenser, and the inner diameter of the connecting tube is 12 mm and length is 30 cm.
The diameter of the evaporator/condenser is 10 cm, and there is a spherical fin tube inside with
a diameter of 6.35 mm. Four thermostatic water baths simulate the heat source and sinks as described
above. Water is used as external heat transfer fluid inside the thermostatic water baths.
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Figure 3. The testing experimental setup for producing cooling energy.

Temperature sensors of Pt100 thermal resistances were fitted in the inlet/outlet of each heat
transfer circuit. The flow rates of the respective heat fluids were measured by two electromagnetic
flow meters with an accuracy of ±0.6%. Four T-type thermocouples were inserted into the interval of
two fins of the coated heat exchangers at different positions, whose mean temperature was considered
as the temperature of the composite sorbent during the test. The water temperatures inside the
condenser/evaporator were measured by Pt100 thermal resistances. The reacted water amounts could
be measured by level gauge sets on the condenser/evaporator. Two digital vacuum gauges were
connected to the reactor and the condenser/evaporator, respectively. The pressure was measured by
a digital pressure indicator, with accuracy of ±1.0% full scale. The testing facility was equipped with
data acquisition equipment. The characteristics of the measuring system to evaluate the performance
of the prototype are given in Table 3.

Table 3. Description of each measurement parameter.

Component Type Properties

Sorbent temperature T −200 < T < 350 ◦C, ±0.5 ◦C
Water temperature Pt100 Screw-in sensor, −40 < T < 150 ◦C, ±0.15%

Pressure sensor Digital pressure indicator −100 kPa < p < 100 kPa, ±1.0% full scale
Flow meter Electromagnetic flow sensor G < 5 L/min., −25 ◦C < T < 80 ◦C, ±0.6% full scale
Data logger Digital measuring station Sample rate every 125 ms, ±0.05%
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The mass and volumetric specific cooling power SCP and VSCP were calculated according to the
following equations [12]:

SCP =
∑τ4

τ3 ρH2OGH2O,evCP,H2O(Tin,ev − Tout,ev)∆τev

mdryτcycle
(1)

VSCP =
∑τ4

τ3 ρH2OGH2O,evCP,H2O(Tin,ev − Tout,ev)∆τev

Vhexτcycle
(2)

where the Tin,ev − Tout,ev refers to the temperature difference between the inlet and outlet of the
external heat transfer water of the evaporator during the sorption process. τ3 to τ4 represents the
isobaric sorption time (evaporation time).

The evaporated water vapor will flow to the reactor and be sorbed by the composite material
inside, and the sorption heat can be released and taken away by the fluid inside the heat exchanger. In
this case, the specific heating power qSH can be obtained by the following equation:

qS,H =
∑τ4

τ3 ρH2OGH2O,sorCP,H2O(Tin,sor − Tout,sor)∆τev

mdryτcycle
(3)

where Tin,sor − Tout,sor refers to the temperature difference between the inlet and outlet of the external
heat transfer water of the reactor during the sorption process.

While in the regeneration process, the composite material with a certain water uptake will be
decomposed into the relative dry material and the water vapor. The desorbed water vapor goes
through the connecting tube and condenses in the condenser. The condensation heat in this case can be
taken away by the water inside the heat exchanger in the condenser. The specific condensation power
qS,con was defined as follows:

qS,con =
∑τ2

τ1 ρH2OGH2O,conCP,H2O(Tin,con − Tout,con)∆τcon

mdryτcycle
(4)

The cooling COP can be calculated as follows:

COP =
∑τ4

τ3 ρH2O,evGH2O,evCP,H2O(Tin,ev − Tout,ev)∆τev

∑τ2
τ0 ρH2O,reGH2O,reCP,H2O(Tin,re − Tout,re)∆τre

(5)

where Tin,re − Tout,re refers to the water temperature difference between the inlet and outlet of the
external heat transfer of the reactor during the regeneration process. τ0 to τ2 represents the isosteric
heating time and desorption time, and τ1 to τ2 represents the desorption time after the isosteric heating.
It is considered that the obtained SCP, VSCP, specific heating power qSH, specific condensation power
qS,con, and cooling COP are influenced by thermodynamic and kinetic properties of the sorbent, heat
transfer properties of the heat exchanger in the reactor and condenser/evaporator, and the mass
transfer of the water vapor through the composite material, as well as the sensible heat due to the
weight of the heat exchanger, the heat loss, and the residual air inside the device [12].

2.3. Experimental Procedure

The Clapeyron diagram of WSS + 40 wt. % LiCl was obtained in our previous study [29], which
relates the equilibrium pressure and temperature at the fixed water sorption amount. For a space
cooling system, the inlet of the chiller water is set as 12 ◦C. The desorption temperature of 80 ◦C is
optimal to obtain a high cooling COP and high SCP by evaluating the effect of regeneration temperature
on the cooling performance of the sorption cooler using WSS + 40% wt. % LiCl. A cooling experimental
cycle (Tin,ev = 12 ◦C, Tin,sor = 30 ◦C, Tin,con = 30 ◦C, Tin,re = 80 ◦C) had been decided in this study
according to the optimal experimental condition for WSS + 40% wt. % LiCl obtained in our previous
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study [29]. Before starting the experiment, the whole device was vacuumed by a connected vacuum
pump for at least 24 h. The cooling cycle was conducted by the following procedures:

1. The sorbent coated heat exchanger was cooled by the medium temperature thermostatic bath
(Tin,sor = 30 ◦C), and the water inside the evaporator was controlled by a low temperature
thermostatic bath at the same time (Tin,ev = 12 ◦C).

2. When the pressure of the reactor decreased to the target pressure of the evaporator, the connecting
valve between the evaporator and reactor was opened to start the heat release process.
The connecting valve would be closed until the sorption time reached 10 min.

3. The composite material was heated by the fluid from the high temperature circulating the
thermostatic water bath. The water inside the condenser was controlled by the medium
temperature thermostatic water bath at the same time (Tin,re = 80 ◦C, Tin,con = 30 ◦C).

4. The valve connecting the reactor and condenser was opended to start the regeneration release
process until the pressures of the two containers were the same. The condenser and reactor
remained connected and the composite material was still heated until the desorption process was
completed. The continued cycle began from step (1).

3. Results and Discussion

3.1. The Sorption Cycle on Clapeyron Diagram

The tests were carried out according to the experimental condition described in Section 2.3 (Tin,ev = 12 ◦C,
Tin,con = 30 ◦C, and Tin,re = 80 ◦C,). The real cooling cycle on the Clapeyron diagram obtained in this research
is presented in Figure 4, which relates the equilibrium pressure and temperature at fixed water uptake.
The isosteric chart of the WSS + 40 wt. % LiCl was measured at the equilibrium conditions using the
thermogravimetric method [29]. The cooling cycle consists of the isosteric cooling process 2→ 3, the sorption
process 3→ 4, the isosteric heating process 4→ 1, and the desorption process 1→ 2. It can be seen that the
isosteric heating and cooling phases follow the theoretical cycle in general. Whereas the isobaric desorption
phase deviates from the theoretical cycle, which is considered to be caused by the following two reasons:
(1) the retard of the connection valve opening causes a pressure increasing in the desorption process before the
water flows into and condenses in the condenser; (2) the mix of high temperature and medium temperature
fluids supplied by two different thermostatic baths results in a lower supplied hot water temperature than
the set value (cf. Figure 2). Then, it has to be heated gradually to the setting value by the thermostatic
bath, thus resulting in a pressure increase. However, the above two problems are related with the thermal
management of the components and the current sophisticated design of evaporator/condenser, which should
be modified in our future work.
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The important result obtained from the Clapeyron diagram is that the water uptake changes from
20 wt. % to 70 wt. %. It is well known that the water sorption can be characterized by water content
ω = mH2O(P, T)/mdry [33]. According to the phase diagram of LiCl–H2O [34], in which the phase depends
on the temperature and solution composition, LiCl may exist in many crystalline forms (anhydrous LiCl,
LiCl·H2O, LiCl·2H2O, LiCl·3H2O, and LiCl·5H2O). The sorption amounts 20 wt. % and 70 wt. % correspond
to 66.7 and 36.3 mass % LiCl, respectively, in the phase diagram (cf. Figure 5). Because the composite
material was previously prepared under the temperature of 120 ◦C, for the first cooling cycle using this
material, the LiCl in the pores of WSS changes from anhydrous LiCl + solution to LiCl·H2O + solution,
and at last to LiCl solution after being sorbed 70 wt. % water at 30 ◦C. Therefore, both the adsorption and
absorption processes occur in the first cycle. While for the next several sorption/desorption cycles, LiCl·H2O
+ solution changes to LiCl solution after being sorbed 70 wt. % water, as shown in Figure 5. However,
Aristov et al. pointed out that the confinement of salt to mesopores can strongly influence the formation of
crystal hydrates because of vapor–salt interactions. Their results indicated that the melting temperature
of CaCl2 tetrahydrates and hexahydrates in the mesopores was depressed [35]. For the mesoporous host
material, the typical melting temperature depression was about 15–30 ◦C [36]. Therefore, the phase diagram
of LiCl used in this research is a general indication of LiCl phase change, and it is thought that the LiCl
confined to the mesopores of WSS changes from anhydrous LiCl + solution to LiCl·H2O + solution, and at
last to LiCl solution in the sorption process, considering the melting temperature depression.

Energies 2018, 11, x FOR PEER REVIEW  8 of 15 

 

The important result obtained from the Clapeyron diagram is that the water uptake changes 
from 20 wt. % to 70 wt. %. It is well known that the water sorption can be characterized by water 
content  

2H O dry( , ) /m P T m  [33]. According to the phase diagram of LiCl–H2O [34], in which the 

phase depends on the temperature and solution composition, LiCl may exist in many crystalline 
forms (anhydrous LiCl, LiCl·H2O, LiCl·2H2O, LiCl·3H2O, and LiCl·5H2O). The sorption amounts 20 
wt. % and 70 wt. % correspond to 66.7 and 36.3 mass % LiCl, respectively, in the phase diagram (cf. 
Figure 5). Because the composite material was previously prepared under the temperature of 120 °C, 
for the first cooling cycle using this material, the LiCl in the pores of WSS changes from anhydrous 
LiCl + solution to LiCl·H2O + solution, and at last to LiCl solution after being sorbed 70 wt. % water 
at 30 °C. Therefore, both the adsorption and absorption processes occur in the first cycle. While for 
the next several sorption/desorption cycles, LiCl·H2O + solution changes to LiCl solution after being 
sorbed 70 wt. % water, as shown in Figure 5. However, Aristov et al. pointed out that the confinement 
of salt to mesopores can strongly influence the formation of crystal hydrates because of vapor–salt 
interactions. Their results indicated that the melting temperature of CaCl2 tetrahydrates and 
hexahydrates in the mesopores was depressed [35]. For the mesoporous host material, the typical 
melting temperature depression was about 15–30 °C [36]. Therefore, the phase diagram of LiCl used 
in this research is a general indication of LiCl phase change, and it is thought that the LiCl confined 
to the mesopores of WSS changes from anhydrous LiCl + solution to LiCl·H2O + solution, and at last 
to LiCl solution in the sorption process, considering the melting temperature depression. 

 
Figure 5. Phase diagram for the LiCl + H2O system [37]. 

The water uptake changes from 20 wt. % to 70 wt. %, which means that for per unit weight dry 
WSS + 40 wt. % LiCl, 0.5 g water can ideally be sorbed and desorbed in a cycle. However, according 
to the recorded water level change in the evaporator, in the sorption process, almost a half of the ideal 
sorption amount changes were supplied by the evaporated water in the evaporator during a sorption 
time of 10 min. Moreover, all of the sorbed water in the evaporation process was regenerated within 
a desorption time of 10 min. This indicates that the relative high heat and mass transfer characteristics 
of the sorbent coated type heat exchanger inside the reactor are guaranteed a short isosteric 
sorption/desorption time of 10 min. 

3.2. Performance of the Sorbent Coated Type Sorption Chiller 

Figure 6 shows the behavior of the average temperature of the composite sorbent and the inlet 
and outlet temperature of the heat exchanger on the reactor during one cycle. The total elapsed time 
is about 40 min, while it is only 20 min in total for the sorption and desorption processes. The high 

170

210

250

290

330

370

0 20 40 60 80 100

T(
K

)

LiCl (Mass%)

④

Liquid

Ice + 
Liquid

Ice + 
LiCl·5H2O

LiCl+ Liquid

Li
C

l +
 L

iC
l·H

2O

Li
C

l·H
2O

+ 
Li

C
l·2

H
2O

Li
C

l·2
H

2O
+ 

Li
C

l·3
H

2O

Li
C

l·5
H

2O
+ 

Li
qu

id
+ 

Li
C

l·3
H

2O
Li

qu
id

+ 
Li

C
l·2

H
2O

Li
C

l·H
2O

  
+ 

Li
qu

id

LiCl·5H2O + 
Liquid

②

③

①

Figure 5. Phase diagram for the LiCl + H2O system [37].

The water uptake changes from 20 wt. % to 70 wt. %, which means that for per unit weight dry WSS
+ 40 wt. % LiCl, 0.5 g water can ideally be sorbed and desorbed in a cycle. However, according to the
recorded water level change in the evaporator, in the sorption process, almost a half of the ideal sorption
amount changes were supplied by the evaporated water in the evaporator during a sorption time of 10 min.
Moreover, all of the sorbed water in the evaporation process was regenerated within a desorption time of
10 min. This indicates that the relative high heat and mass transfer characteristics of the sorbent coated type
heat exchanger inside the reactor are guaranteed a short isosteric sorption/desorption time of 10 min.

3.2. Performance of the Sorbent Coated Type Sorption Chiller

Figure 6 shows the behavior of the average temperature of the composite sorbent and the inlet
and outlet temperature of the heat exchanger on the reactor during one cycle. The total elapsed time
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is about 40 min, while it is only 20 min in total for the sorption and desorption processes. The high
temperature thermostatic bath and the medium temperature bath are connected to reactors through
a long common tube, which results in the two totally different temperature fluids mixing, and then
the fluid temperature for the regeneration is decreased below 70 ◦C. Therefore, the high temperature
thermostatic bath needs to heat the heat transfer fluid up to 80 ◦C for the desorption process to start.
The time for hot water to be heated to the desired temperature of 80 ◦C is almost 10 min, so is the
thermostatic bath in the evaporator/condenser side, which indicates that the improvement of the
thermal management for the sorption chiller is necessary for the next step. However, it can be seen
from Figure 6 that the good heat transfer between the composite sorbent and the heat exchanger can
be proven by the small temperature difference between the composite temperature and the external
heat transfer fluid.
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Figure 6. Temperature of the composite material; the inlet and outlet temperatures of the heat exchanger
on the reactor side changes with time.

The water temperature inside the condenser/evaporator, and inlet and outlet temperatures of
the heat exchanger on the condenser/evaporator in a cycle, are shown in Figure 7. The obvious
temperature increase of the water in the regeneration process due to water vapor condensation can
be observed. At the same time, the water temperature decrease from 2 to 12 min during the sorption
process can also be detected.
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There were only two WSS + 40 wt. % LiCl coated heat exchangers set inside the reactor and the
total coated material’s dry weight was 286 g. Therefore, according to the results shown in Figure 7,
the total amount of water needed to be evaporated during the experiment in the evaporator was
less than 100 g. However, the diameter of the evaporator/condenser was 100 mm, which means
the spiral heat exchange area was insufficient when the evaporation water amount was small.
Therefore, the outlet temperature of the heat exchanger in the evaporator is only 1 ◦C lower than
the inlet temperature, while the water’s temperature is 3 ◦C lower than the inlet water temperature,
as shown in Figure 7. In the case of the sorption cooler developed in our previous research [1],
the water temperature inside the evaporator was even 5 ◦C lower than the inlet temperature at the
same experimental condition, due to the appropriate injected amount of water in the evaporator.
However, in this study, in order to increase the heat exchange area, the injected water amount in the
evaporator was 300 g, which was more than three times that of the necessary amount (<100 g) during
10 min sorption time. The excessive amount of water inside the evaporator resulted in a relatively
low water temperature decrease. This indicates that more effort should be made to improve the heat
transfer properties of the evaporator/condenser, and thus further to enhance the performance of
the system. Therefore, an optimal design of the heat exchanger for evaporator/condenser [38,39] is
necessary to obtain a high efficiency sorption chiller in future.

The temporary reactor pressure and evaporator/condenser pressure are shown in Figure 8.
The pressure changes inside the two containers are consistent with the corresponding temperature
change. It can be seen that the pressure difference is the driving force of the water vapor flowing
between the reactor and evaporator/condenser. During the sorption process, the pressure of the
evaporator is higher than that of the reactor, which is why the evaporated water vapor automatically
flows to the reactor side. Whereas in the desorption process, the pressure of the reactor is larger than
that of the condenser, which causes the desorbed water vapor to condense in the condenser.
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The instantaneous specific cooling power, specific heating power, specific condensation
power (effective energy), and the input and extracted power from the reactor are illustrated in
Figure 9. The instantaneous power is delivered by the heat exchangers of the reactor and the
evaporator/condenser, respectively. This was calculated from the corresponding input and output
temperature difference and the flow rate of the heat transfer fluid. Because there is only one reactor
installed in the sorption chiller, the useful effect has to be produced intermittently. During the sorption
process, the instantaneous cooling effect is about 200 W/kg of dry WSS + 40 wt. % LiCl, while the
instantaneous sorption heat released is about 400 W/kg of dry WSS + 40 wt. % LiCl.
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The mass and volumetric specific cooling powers SCP and VSCP, calculated according to
Equations (1) and (2), are 86 W/kg and 42 W/dm3, respectively, without considering the time caused
by the mix of different temperature fluids. Whereas a higher specific sorption power is displayed
as more than 170 W/kg. The specific condensation power is almost the same with that of the SCP,
with a value of 72 W/kg. Under the same working condition with the packed bed sorption cooler,
the calculated cooling COP according to Equation (5) is 0.16, without considering the time caused
by the mix of fluids. The typical experimental errors of the cooling COP and SCP were calculated
according to the method of combined uncertainty [40]. The result of this uncertainty study showed
that the measuring errors of SCP and cooling COP were less than 10%.
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3.3. Performance Comparison

The performance comparisons among the current sorption chiller, the previous developed sorption
cooler adopting the same composite sorbent WSS + 40 wt. % LiCl [29], and the SWS-1L coated heat
exchanger type sorption chiller developed by Freni [12] are presented in Table 4.

Table 4. Cooling performance comparison. SWS—selective water sorbents; SCP—specific cooling
power; COP—coefficient of performance.

WSS + 40 wt. % LiCl
Coated Heat Exchanger

WSS + 40 wt. % LiCl
Packed Bed [29]

SWS-1L Coated
Heat Exchanger [12]

Salt content x (%) 40 wt. % LiCl 40 wt. % LiCl 33.7 wt. % CaCl2
SCP (W/kg) 86 50–60 150–200

Cycle time tcycle (min.) 20 120 10–20
Cooling COP 0.16 0.2–0.3 0.15–0.3

Sorption/evaporation temperature Tcon (◦C) 30/12 30/12 (15–20)/(7–12)
Regeneration/condensation temperature Tre (◦C) 80/30 (80–90)/30 (95–100)/35

Both cooling COP and SCP of the current study are lower than those of the novel coated type
sorption chiller described in Freni et al. [12]. However, it is difficult to compare the performance of
the WSS + 40 wt. % LiCl coated sorption chiller with the SWS-1L coated sorption chiller simply
from SCP and COP, because it is a small-scale experimental setup to prove whether or not the
WSS + 40 wt. % LiCl coated corrugated heat exchanger can be applied to a realistic sorption chiller.
One of the causes of the not so high cooling COP is thought to be the large heat capacity of the thick
stainless steel vessel without inner thermal insulation. In this case, the composite sorbent is not enough
to match the weight of the vessel. Therefore, extra heat must be transferred to the vessel during
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regeneration process. On the other hand, the produced cooling energy in the evaporator would cool
down the vessel of the evaporator during the sorption process.

The sorbent coated corrugated heat exchanger discussed in this study can reduce the
sorption/desorption cycle when compared with the packed bed, although the cooling COP of the
sorption chiller with the sorbent coated heat exchanger is lower than that of the packed bed. This is
because the short sorption/desorption duration limits the effective amount of water vapor exchanged
during one cycle [12].

Although the current thermal management system is not perfect, the SCP is still slightly higher
than the SCP of the sorption cooler developed in our previous study [29]. This indicates that the
WSS + 40 wt. % LiCl coated sorption chiller still shows its effectiveness to improve the SCP.

3.4. Further Improvements and Considerations

Based on the analysis of the experimental results, the WSS + 40 wt. % LiCl has great potential to
be a sorbent for the sorption chiller, and the sorbent coated corrugated heat exchanger has advantages
to improve both the heat and mass transfer of the sorbent. Future improvements to achieve higher
efficiency with higher SCP and cooling COP are as follows:

- Lower the heat capacity of vessels of the reactor and condenser/evaporator, and increase the
mass ratio of sorbent/metal.

- Optimally design the corrugated heat exchanger in the reactor and heat exchanger in
condenser/evaporator.

- Optimize the coating thickness of the sorbent and the coating manufacture; fully packed bed
type, thin coating on fins, moderate thickness of coating layer, and so on.

- Install sorbent coated corrugated heat exchangers tightly into the evacuated reactor, while keeping proper
gaps between each of the two heat exchangers, and in this case, a precise manifold should be made.

- Set a coat of thermal insulation material over both the inside and outside surface of the reactor
and condenser/evaporator vessels.

- Add heat recovery process during the early several minutes after switching from the desorption
to sorption process and from the sorption to desorption process.

- Add vapor recovery process for the last several seconds before switching different processes.

Of course, the long-term durability and the life span of the sorbent should be checked.

4. Conclusions

The experimental testing on the composite material WSS + 40 wt. % LiCl coated heat exchanger
sorption chiller was presented.

(1) The WSS + 40 wt. % LiCl was coated on two corrugated heat exchangers, and it can work well as
the sorbent in the developed lab-scale sorption chiller under regeneration temperature of 80 ◦C
and evaporation temperature of 12 ◦C.

(2) In one sorption cooling cycle, the water uptake changes from 20 wt. % to 70 wt. %, which means that
for per g dry WSS + 40 wt. % LiCl, 0.5 g water can ideally be sorbed and desorbed in one cycle.

(3) The cycle time of the sorbent coated sorption chiller could be decreased compared with our
previous packed bed sorption cooler under the same operating condition.

(4) The experimental results showed a SCP of 86 W/kg, VSCP of 42 W/dm3, and specific sorption
power of 170 W/kg with a total sorption and desorption time of 20 min. Based on the current
operation condition (regeneration temperature of 80 ◦C, condensation temperature of 30 ◦C in
the desorption process; sorption temperature of 30 ◦C and evaporation temperature of 12 ◦C in
the sorption process), the obtained cooling COP is approximately 0.16.

The low cooling COP is considered to be caused by the large heat capacity of the reactor vessel,
which, compared with the amount of the adopted sorbent material, is overlarge.
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Scaling up, carefully high thermal insulating, and continuous operation using double reactors can
enhance its efficiency with higher SCP.

Finally, the direction for the improvements of the sorption chiller is described. The sorption chiller
adopted with WSS + 40 wt. % LiCl will be improved based on the above considerations, within which
thinner and larger-sized corrugated heat exchangers would be tightly inserted into the reactor.
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Abbreviations

WSS Wakkanai Siliceous Shale
WSS + 40 wt. % LiCl WSS impregnated with 40 wt. % LiCl
Nomenclature
COP Coefficient of performance (-)
CP Specific heat capacity (kJ/(kg·K))
G Flow rate of the fluid (m3/s)
m Weight of sorbent (g)
P Pressure (Pa)
qS Specific power (W/kg-sample)
SCP Specific cooling power (W/kg)
T Temperature (◦C)
V Volume (m3)
VSCP Volumetric specific cooling power (W/dm3)
Greek symbols
∆τ Time interval (s)
ρ Density (kg/m3)
τ Time (s)
ω Water sorption amount (g/g)
Subscripts
C Cooling
con Condensation
cycle Cycle
dry Dry state
ev Evaporation
H Heating
H2O Water or water vapor
hex Heat exchanger
in Inlet
out Outlet
re Regeneration
sor Sorption
sorb Sorbent
0 Start of cycle
1 End of isosteric heating
2 End of desorption phase
3 End of isosteric cooling
4 End of cycle
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