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Abstract

This study investigates the efficiency of two distinct heat-recovery schemes as applied to the two-bed silica gel–water adsorption
chiller. Performance predictions stemming from an experimentally verified distributed-parameter model compare favorably with the
experimental results at various operating conditions. Our study highlights the pivotal role played by heat-recovery schemes to ameliorate
the chiller performance and substantially improve the coefficient of performance (or COP). The two different schemes essentially offer the
same cooling capacity and similar COP boosting capability. In the studied working conditions of a two-bed adsorption chiller, the
difference in COP by using the two schemes is less than 5%.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Adsorption chillers have been commercialized for more
than a decade. It has attracted a lot of attention from the
scientific community and cooling industry due to its (i) uti-
lization of waste heat for useful cooling; (ii) environmen-
tally benign refrigerant and (iii) low maintenance cost.
However, adsorption chillers have not been prevalently
reduced to practice due to its low COP and high initial cost.
How to improve the system performance is still a key issue
for the fraternity.

Many operation schemes had been proposed to improve
the chiller COP in the past 20 years. Douss et al. [1] and
Wang [2] studied the performance of a cascading cycle in
which activated carbon–methanol and zeolites–water were
cascaded in the different beds. That cycle enjoyed a high
COP; however, its sophistication presented an obstacle to
commercialization. In a trial to improve the COP, Shelton
and Wepfer [3] separately proposed a thermal wave cycle
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for an adsorption heat pump. Based on that work, Critoph
[4] offered a forced convection regenerative cycle for the
same purpose. Those two cycles were attractive but were
difficult to apply in the field due to their low cooling
throughput and costly adsorber design. Wang [5] subse-
quently investigated the combined effect of a continuous
heat-recovery scheme and a mass recovery scheme. That
scheme however, was predicated on the use of a high
temperature heat source which precluded its use in silica
gel–water adsorption chillers.

In the current market, only the water-circulation heat-
recovery scheme is applied in commercial adsorption chill-
ers by Nishiyodo Kuchouki Co. Ltd. [6] and Mayekawa
Manufacturing Co. Ltd. [7]. In such a scheme during the
bed switching period, the hot adsorber to be pre-cooled
for adsorption transfers its heat to the cold desorber to
be pre-heated for desorption. This configuration recovers
the sensible heat stored in the heat exchanger matrix due
to the thermal mass of materials and hence largely
improves the system COP.

More recently, Wang et al. [8] proffered a passive heat-
recovery scheme by delaying the water valve switching
from the beginning of the switching period to a certain
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Nomenclature

cp specific heat capacity (J/kg K)
d diameter (m)
Ds surface diffusivity (m2/s)
Dso pre-exponent constant (m2/s)
Ea activation energy of surface diffusion (kJ/kg)
FS fin spacing (m)
�h heat transfer coefficient (W/m2 K)
h enthalpy (J/kg)
hfg latent heat of condensation or vaporization

(J/kg)
kD permeability of porous media (m2)
k thermal conductivity (W/m K)
L length (m)
m mass (kg)
_m mass flow rate (kg/s)
P pressure (Pa)
q fraction of refrigerant as adsorbed by the adsor-

bent (kg/kg dry adsorbent)
q* fraction of refrigerant which can be adsorbed by

the adsorbent under saturation condition (kg/kg
dry adsorbent)

r radius (m)
t time (s)
T temperature (�C)
u specific internal energy (J/kg)
v velocity (m/s)
V volume (m3)
DHads isostearic heat of adsorption (J/kg)
d fin thickness (m)
e porosity
l viscosity (N s/m2)
q density (kg/m3)
s time constant (s)
COP coefficient of performance

Superscripts/Subscripts

a-h heat of adsorption
b bed
c condenser
chilled chilled water
cond condenser cooling water
cooling cooling water
e evaporator
f fluid(water)
fin fin
h heat
heating hot water
i inner
in inlet
l liquid water, left
m metal tube
mean mean
o outer
p particle
p-h pre-heating
p-c pre-cooling
r radial direction, right
rej rejection
rev recovery
s silica gel
sorp adsorption/desorption related to corresponding

stage
t total
v water vapor
z axial direction
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stage of the normal operating period. Their experimental
study confirmed that a passive heat-recovery scheme could
substantially boost the system COP by a simple minor
adjustment to the control logic and without having the
need to introduce any additional hardware. Hence, it could
be easily implemented in existing commercial adsorption
chillers and possibly supplant the active water-circulation
heat-recovery scheme at the design stage.

We shall show that by adopting the Nishiyodo water-
circulation scheme, the details of which will be presented
later, we are able to soundly explain some hitherto unex-
plained regenerative trends embedded in the chiller experi-
mental data [9,10]. Specifically, we have achieved an
excellent agreement between simulation and experiment
particularly during the bed switching period when the
hot-water outlet temperature actually approaches the hot-
water inlet temperature. We shall then evaluate the effi-
ciency of the Nishiyodo water-circulation scheme vis à vis
our passive heat-recovery scheme and benchmark with
actual experimental data [9,10] collected over assorted
operating conditions.

2. The working principles of two heat-recovery schemes

Adsorption cycles encompass two processes: heating-
desorption-condensation and evaporation-adsorption-
cooling. The heating-desorption-condensation process
requires energy input to pre-heat the cold bed and over-
come the heat of desorption. The adsorption-cooling
process enjoins the active dissipation of sensible heat and
heat of adsorption. Fig. 1 shows the schematic of a two-
bed adsorption chiller. In the conventional normal opera-
tion when bed 1 is cooled to sustain vapor adsorption,
cooling water flows through bed 1 (acting as an adsorber)
via valve V2 to dissipate the heat of adsorption. The bed
is connected to the evaporator to boil the refrigerant.
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Fig. 1. A schematic of a two-bed silica gel adsorption chiller.
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Meanwhile bed 2 is heated to maintain vapor desorption
and the hot water flows through bed 2 (acting as a deso-
rber) via valve V3 to provide the requisite energy. The
bed is connected to the condenser to condense the refriger-
ant from the desorber. The operation phase is changed
once the adsorber is nearly saturated and desorber purged
of refrigerant. The ensuing transitional phase is called the
switching process in which bed 1 is switched to a desorber
and bed 2 to an adsorber. The desorber is cool due to its
thermal mass and the residual cooling water in the heat
exchanger and it must be pre-heated. The adsorber is hot
due to its thermal mass and the remaining hot water in
the heat exchanger. Hence, it must be pre-cooled. During
the switching process, no refrigerant enters or leaves
both the adsorber and the desorber. The total energy input
Qinput to the chiller system includes the energy input Qh

during normal operation to promote desorption and sensi-
ble heat Qp-h during the switching process to pre-heat the
desorber. The total energy rejection Qrej comprises the heat
of adsorption Qa-h generated during the adsorption process
and sensible heat Qp-c for pre-cooling the adsorber during
the switching process. In the standard operation scheme
[9–11], the hot water and cooling water flow paths are
changed at the same time as the beds are switched during
the switching period. The hot water flows through the
desorber (switched from an adsorber) en route to the
hot-water reservoir and the cooling water meanders
through the adsorber (switched from the desorber) on its
way to the cooling tower. The sensible heat Qp-c is carried
by the cooling water and rejected at the cooling tower. This
precious energy is fully squandered. The extra energy
equaling to Qp-h has to be externally provided by the hot
water to pre-heat the desorber. It is imperative to note that
the sensible heat Qp-c stems from not just the enthalpy of
the entrapped hot water in the heat exchanger tubes
of the desorber, but more substantially from the stored
energy of the heat-and-mass transfer matrix in the deso-
rber. The resultant COP is Qe/(Qh + Qp-h).

The two heat-recovery schemes discussed herein essen-
tially serve to recover the energy Qrev from Qp-c to partially
compensate for Qp-h. The improved COP for a two-bed
heat-recovery cycle is therefore Qe/(Qh + Qp-h � Qrev); the
greater the Qrev, the higher the COP. The Nishiyodo
water-circulation scheme salvages the heat by transferring
the energy inside the hot adsorber directly to the cold
desorber. The cooling water flows into the hot adsorber
and is heated by the energy stored therein. Subsequently
the heated water flows into the cold desorber, partially
imparts its energy to the desorber and then returns to the
cooling tower. Meanwhile, the hot water bypasses the sys-
tem to achieve energy saving. Hence, energy from the hot
adsorber is used to pre-heat the cold desorber and thereby
reducing the external energy input.

Our passive heat-recovery scheme [8] is markedly
distinct from the Nishiyodo water-circulation scheme. It
directly aims to reduce the energy drawn from the
hot-water source instead of relying on an active energy
transfer from the hot adsorber to cold desorber. During
the switching period and in general a certain time period
into the ensuing normal operating period, the switching
of the system outlet valves is delayed to ensure that the
high temperature water is always channeled back to the
hot reservoir and the cold water pumped back to the cool-
ing tower. The cooling water upon passing through the hot
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adsorber is heated and directed to the hot-water reservoir
instead of the cooling tower by delaying the switching of
the valves 6 and 5 (i.e., V6 and V5, respectively in
Fig. 1). Concomitantly, the hot water upon exchanging
heat with the cold desorber is cooled and flows to the cool-
ing tower by delaying the switching of valve 7 and valve 8
(i.e., V7 and V8, respectively in Fig. 1). This process lasts
until the hot-water outlet temperature is equal to the cool-
ing water outlet temperature. It is obvious that part of the
sensible heat Qp-c is recovered and Qrev is returned to the
hot-water reservoir. Less energy will be required to heat
the circulated hot water in the hot-water reservoir back
to its pre-set temperature. Hence, the passive heat-recovery
scheme attenuates the energy input to the chiller system
and improves the COP.
1

2

1

2

1

2

Cooling
input

Cooling
rejection

Heating
input

Heating
rejection

Adsorption

Desorption

Standard scheme 
Cooling

input

Heating
input

Pre-hea

Pre-coo

Pre-hea

Pre-co

Passive heat 
recovery
scheme

Heating
input

Cooling
input

Water-circulation
heat recovery 

scheme

1

2

Pre-he
Heating

input

Cooling
input

Pre-co

Fig. 2. A schematic of regenerative schemes

Table 1
The water flow direction for different operating scheme

Stage Beds’ status Water Standard scheme

C1 Bed 1 A Cooling V2 ? Bed 1 ? V8
Bed 2 D Hot V3 ? Bed 2 ? V6

SW Bed 1 A–D Hot V4 ? Bed 1 ? V5
Bed 2 D–A Cooling V1 ? Bed 2 ? V7

C2 Bed 1 D Hot V4 ? Bed 1 ? V5
Bed 2 A Cooling V1 ? Bed 2 ? V7

SW Bed 1 D–A Hot V2 ? Bed 1 ? V8
Bed 2 A–D Cooling V3 ? Bed 2 ? V6

C1 Bed 1 A Cooling V2 ? Bed 1 ? V8
Bed 2 D Hot V3 ? Bed 2 ? V6

A and D represents adsorption and desorption, respectively. C# means the no
Fig. 2 schematically compares the standard operation,
passive heat-recovery and water-circulation heat-recovery
schemes. The water flow paths in the various schemes are
detailed in Table 1 in congruence with Fig. 1. The differ-
ence between the two heat-recovery schemes is salient.
The Nishiyodo water-circulation scheme scavenges the heat
by actively channeling energy from the hot adsorber to cold
desorber. On the other hand, the passive heat-recovery
scheme conserves energy by transferring energy from the
hot adsorber to the hot-water reservoir so as to mitigate
the external energy input. The passive heat-recovery
scheme does not affect the adsorption/desorption process
since the hot and cooling waters are only re-directed after
emanating from the adsorber and desorber. The scenario
is different in the Nishiyodo water-circulation scheme.
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rmal operation time and SW represents switching period.
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The cooling water heated by the hot adsorber serves to pre-
heat the desorber. The temperature of this heated coolant is
still lower than that from the hot-water reservoir. The
resultant rate of desorber temperature increase is expect-
edly slower than that of the conventional and standard
operation scheme. Hence, it may retard the desorption/
adsorption process and somewhat reduce the cooling
capacity at the same cycle time. In addition, the Nishiyodo
water-circulation heat-recovery scheme requires three addi-
tional water valves and corresponding accessories such as
piping works and modification of the control logic vis à
vis the conventional and standard operation scheme. On
the contrary, our passive heat-recovery scheme only man-
dates a modification to the control logic of those water
valves at the system outlet. It dispenses with any additional
hardware installation or modification and can be easily
implemented in existing commercial chillers.
3. Mathematical modeling

The distributed-parameter model has been proven to
exhibit a better agreement with the experimental data
[12]. It is used herein to analyze the benefit of the two
heat-recovery schemes since it employs the least empirical
parameters in the simulation. The two-bed silica gel
adsorption chiller analyzed was made by Nishiyodo
Kuchouki Co. Ltd. The bed design incorporated a circular
fin-tube heat exchanger. By using the control volume
method, the modeling of mass and heat transfer inside
the different components is summarized [12] below. One
could consult Refs. [13,14] for a more detailed treatment
of the transport phenomena in the beds.
3.1. Adsorber and desorber

The mass and energy balance for silica gel, tubes, fins
and coolant inside the tubes can be written asZ

V
et

oqv

ot
þ 1� etð Þqs
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The temperature boundary conditions are listed as

Silica gel: � ks
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or

����
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oT s

or

����
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¼ 0
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ð8Þ

Coolant: T f jz¼0 ¼ T cooling;in; when cooling;

T f jz¼0 ¼ T hot;in; when heating;
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����
z¼Lb

¼ 0

The pressure inside the adsorber is equal to the evapora-
tor pressure and the pressure inside the desorber is equated
to the condenser pressure. During the switching period, the
pressure is determined from a mass-and-energy balance of
the vapor inside the chamber and adsorbents by following
a constant volume process. These mass and energy balance
equations are as follows:
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In order to economize the computing time, the density
change inside the porous volume is omitted since it is
negligible in comparison to the adsorption/desorption
term.

3.2. Condenser

The energy balance for the tubes and coolants are
expressed as

qmcp;m
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and

o qfcp;f T cooling

� �
ot

¼ �vcooling

o qfcp;fT cooling

� �
oz

þ o

oz
kf

oT cooling

oz

� �

� 4�hc;i

dc;i

T cooling � T c;m

� �
ð12Þ

The temperature boundary conditions are

Tubes:
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ð13Þ
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3.3. Evaporator

The energy balance for the tubes and coolants are
presented as
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The mass and energy balance for the refrigerant is given
as
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The temperature boundary conditions are
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oT chilled
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3.4. Adsorption equilibrium

The adsorption rate for the silica gel–water system is
dictated by the linear driving force equation [15]. It can
be expressed as

oq
ot
¼ 15Ds0 exp �Ea=RT sð Þ=R2

p � q� � qð Þ ð21Þ

where q� is the equilibrium vapor uptake at (Ts,Ps). The
coefficients are obtained from the Fuji Davison Type A sil-
ica gel–water system and have been shown to be sufficiently
robust to be applied to the present Fuji Davison Type RD
silica gel–water system [12]. This equilibrium uptake is con-
trolled by the following adsorption-equilibrium equation
[16]:

q� ¼ K0 exp DH ads=ðR � T Þf gP
1þ K0=qm � exp DH ads= R � Tð Þð Þ � Pf gt� 
1

t
ð22Þ

where qm, K0 and t are constants.
3.5. Performance equations

The cycle averaged cooling power, Qevap, and COP are
respectively defined as

Qevap ¼ _mchilled cp;f T chilled;meanð Þ
� 


�
Z tcycle

0

T chilled;in � T chilled;outð Þ dt ð23Þ

and

COP¼
Qevap

_mheating cp;f T heating;mean

� �� 
R tcycle

0
T heating;in� T heating;out

� �
dt

ð24Þ
4. Result and discussion

The investigations described herein are conducted on a
two-bed silica gel adsorption chiller made by Nishiyodo
Kuchouki Co. Ltd. [10]. As we shall report below, we
discover that the recently reported Nishiyodo water-
circulation heat-recovery scheme [6] can aptly explain the
assorted experimental data gathered from the chiller. We
will also be comparing the simulation and experimental
results at the various reported working conditions.

The water temperature at the outlets of the bed systems,
condenser and evaporator is commonly used to character-
ize the adsorption/desorption behavior in adsorption
cycles. Figs. 3 and 4 show the temperature histories at
the outlets of the bed system, condenser and evaporator.
The operation conditions are listed in Table 2. From the
experimental results, it was evident that the hot-water
outlet temperature returns back to the hot-water inlet
temperature during the switching process. This hitherto
enigmatic phenomenon consistently appeared in all the
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Table 2
Nominated operation conditions

Description Temperature (�C) Flow rate (kg/s)

Hot water to desorber 86.3 1.3
Cooling water to adsorber 31 1.6
Cooling water to condenser 31 1.3
Chilled water to evaporator 14.8 0.71
Cycle time (s) 442
Switching time (s) 30
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working conditions reported in the literature [10]. None of
the model reported heretofore succeeds in explaining this
heat-recovery phenomenon [9,11,12]. This in turn implies
that a water-circulation heat-recovery scheme was applied
in this studied chiller. When we apply the Nishiyodo
water-circulation scheme, the hot water bypasses the bed
system during the switching period so that the temperature
at the system inlet and outlet are the same. It is consistent
with experimental findings. Furthermore, our simulation
results exhibit a good agreement with the experimental
results which further proves that the Nishiyodo water-
circulation scheme has been applied in the chiller. The pre-
diction results also accurately describe the experimentally
observed precipitous drop in the hot-water outlet tempera-
ture and the sharp transition in the cooling water outlet
temperature at about the end of the switching period which
eluded all the previous simulation attempts [9,11,12]. In
particular, as shown in the inset of Fig. 3, our simulation
model incorporating the Nishiyodo water-circulation
scheme fittingly explains why the hot-water outlet temper-
ature regeneratively returns to the inlet temperature as
the switching process progresses. Although our passive
heat-recovery scheme and the associated simulation [8]
can explain the temperature histories during the normal
operation time, it fails to address the observed energy
regeneration during the switching period as evidenced from
the inset in Fig. 1. This further proves that the chiller was
operated with the regenerative Nishiyodo water-circulation
scheme. Regardless of the regenerative schemes used in our
simulation, the time at which the hot-water temperature
drops sharply is under predicted. This is because the valve



440 X. Wang, H.T. Chua / International Journal of Heat and Mass Transfer 50 (2007) 433–443
operating (on/off) time was not considered in the prediction
model.

Fig. 5 demonstrates the efficiency of the two heat-recov-
ery schemes. The corresponding working conditions are
listed in Table 2. The area subtended between the hot-water
inlet and outlet temperature curves represents the energy
input for the system operation. The area covered between
the chilled water inlet and outlet temperatures represents
the cooling capacity. The ratio of chilled water area to
hot-water area is essentially the system COP. The two
schemes offer different hot-water outlet temperature pro-
files from the beginning of the switching process to the first
part of normal operation stage. During the switching pro-
cess, the hot-water outlet temperature in the water-circula-
tion scheme is higher than that in the passive heat-recovery
scheme as explained early and shown in Fig. 5. The former
scheme recovers the energy more effectively than the pas-
sive heat-recovery scheme. However, the situation reverses
in the first part of the normal operation scheme due to the
retardation of the desorption process in the Nishiyodo
water-circulation scheme. Therefore the areas covered by
the hot-water inlet and outlet temperatures are almost the
same for the two different processes. It was found that
Fig. 5. A demonstration of energy saving b
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Fig. 6a. Cooling capacity predictions at 85 �C hot-water inle
the two schemes substantially reduce energy input as indi-
cated by the shading area in Fig. 5. In the abovementioned
operation condition, the energy saving is around 40%.
Thus the two schemes have almost the same COP boosting
effect without compromising the cycle average cooling
capacity. In the abovementioned working condition, the
predicted cooling capacity by water-circulation heat-recov-
ery scheme and passive heat-recovery scheme is respectively
10.3 kW and 10.7 kW and the COP is 0.36 and 0.37, respec-
tively while the experimental cooling capacity and COP are
10.7 kW and 0.39, respectively.

Figs. 6 and 7 show the system performance map at
different hot-water and chilled-water inlet temperatures.
Table 3 delineates the corresponding experimental condi-
tions. The results predicted by adopting the Nishiyodo
water-circulation heat-recovery scheme exhibit a favorable
agreement with the experimental data [10]. At the
rated condition where Tchilled = 14 �C, Thot = 85 �C, and
Tcooling = 30 �C, the simulation can accurately predict the
COP and cooling capacity to within 9% and 2%, respec-
tively. With decreasing chilled water temperatures, we over
predict the experimental results for the cooling capacity
and COP by up to 30% and 50%, respectively. Our kinetic
y using the two heat-recovery schemes.
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model for the adsorption of water vapor is ostensibly ade-
quate to describe the boiling phenomenon at the evapora-
tor under the rated conditions and therefore for chiller
design. However, under substantially part-load conditions,
the dearth of ebullient mass transfer data at low vacuum
conditions give rise to a significant error in predicting the
rate of mass transfer between the evaporator and the
adsorber. We opine that this contributes to the major
source of error in our simulation at part-loads and point
to the need for more data accumulation to improve the
chiller design model for part-load prediction. At
Thot = 70 �C, our simulation also reliably predicts the



Table 3
Operation condition under different temperature

Description Temperature (�C) Flow rate (kg/s)

Hot water to desorber 85 and 70 1.3
Cooling water to adsorber 30 1.6
Cooling water to condenser 30 1.3
Chilled water to evaporator 10, 12, 14, 16 0.7
Cycle time (s) 450
Switching time (s) 30

Table 4
Operation condition under different temperature

Description Temperature (�C) Flow rate (kg/s)

Hot water to desorber 85 1.3
Cooling water to adsorber 31 1.6
Cooling water to condenser 31 1.3
Chilled water to evaporator 14 0.35
Cycle time (s) 120–780
Switching time (s) 30
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system performance [10]. This demonstrates the robustness
of the distributed-parameter modeling in relation to the
commonly used lump-parameter models [9,11]. The passive
heat-recovery scheme offers essentially the same trends and
results as the Nishiyodo water-circulation scheme. This fur-
ther proves that the two schemes effectively have the same
efficiency of ameliorating the system performance.

Fig. 8 presents the effects of cycle time on COP and cycle
average cooling capacity. The chiller operation conditions
are listed in Table 4. A favorable agreement is obtained
between experimental data [10] and simulation in which
both show a peak in cooling capacity at around 400 s of
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cycle time and a tendency of the COP to increase with
longer cycle time. However, with increasing cycle time,
the distributed-parameter simulation over predicts the
cooling capacity and COP at long cycle times. This is
because the simulation assumes the same boiling heat
transfer coefficient at all cycle times when in an actual sit-
uation the heat transfer efficiency is likely a function
of cycle times. With longer cycle times, the adsorption driv-
ing force reduces and the intensity of boiling may reduce.
Once again our passive heat-recovery scheme matches the
Nishiyodo water-circulation scheme very well.
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5. Conclusions

We have investigated the efficiency of two different heat-
recovery schemes by using a verified distributed-parameter
model at assorted operating conditions. Our predictions
compare favorably with the corresponding experimental
results. The recently reported Nishiyodo water-circulation
heat-recovery scheme clearly clarifies the heretofore unex-
plained regenerative effect during the switching period in
previously collected chiller data. Our recently reported pas-
sive heat-recovery scheme shows the same efficiency as the
Nishiyodo water-circulation heat-recovery scheme. Both
can substantially improve the system COP without affect-
ing cycle average cooling capacity. The passive heat-recov-
ery scheme can be easily adopted in the commercial chiller
with a simple modification of system control logic and may
be able to replace the Nishiyodo water-circulation heat-
recovery scheme at the design stage.
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