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a b s t r a c t

This paper presents the performances of an adsorption desalination (AD) system in two-bed and four-bed
operational modes. The tested results are calculated in terms of key performance parameters namely, (i)
specific daily water production (SDWP), (ii) cycle time, and (iii) performance ratio (PR) for various heat
source temperatures, mass flow rates, cycle times along with a fixed heat sink temperature. The optimum
input parameters such as driving heat source and cycle time of the AD cycle are also evaluated. It is found
from the present experimental data that the maximum potable water production per tonne of adsorbent
(silica gel) per day is about 10 m3 whilst the corresponding performance ratio is 0.61, and a longer cycle
time is required to achieve maximum water production at lower heat source temperatures. This paper
also provides a useful guideline for the operational strategy of the AD cycle.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The search for the potable water for quenching global thirst re-
mains a pressing concern throughout many countries of the world,
particularly in semi-arid, desert countries and the highly populated
city states. Especially, the Arabian Gulf countries have been strug-
gling for many decades to meet fresh water demand with a consid-
erable amount of desalination plants [1]. Although most of the
Earth’s surface is covered by oceans, the effort of providing fresh
water for the world’s inhabitants seems insurmountable. Accord-
ing to the World Health Organization (WHO), at least one billion
people do not have access to clean and fresh water, and about
41% of Earth’s population live in the water-stressed areas, and this
deprived population may climb to 3.5 billion by the year 2025.
Thus, the demand for new and sustainable sources and the associ-
ated technologies for producing fresh water are intrinsically linked
for solving potable water availability and hitherto, innovative and
energy efficient desalination methods seem to be practical
solution.

Desalination processes can be divided into two major groups:
the first group is a heat-driven process (distillation) such as mul-
ti-stage flashing (MSF), multiple effect distillation (MED) and solar
distillation. The second method employs electric power driven pro-
cesses that include freezing, mechanical vapor compression, elec-
tro-dialysis and reverse osmosis [2–10]. All the desalination
systems suffer from two heritage drawbacks namely; high energy
ll rights reserved.
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intensive and/or prone to fouling and corrosion to the evaporation
or separation unit of the sea water [11].

Adsorption desalination cycles are aimed to mitigate the short-
comings of the conventional desalination methods [12–14]. The
salient features of the AD cycles are (i) the utilization of low tem-
perature waste heat, (ii) no major moving parts, and (iii) utilization
of environmental friendly adsorbent/adsorbate pairs (silica gel/
water). As compared with other desalination methods, the AD
cycle has the unique advantages, namely (i) the utilization of
renewable or waste heat sources at temperatures below 90 �C,
(ii) low corrosion and fouling rates on the evaporator tube materi-
als due to the evaporation of saline water at low temperatures
(typically below 35 �C). It has no major moving parts, which ren-
ders low maintenance cost, (iii) the adsorbent–adsorbate pair is sil-
ica gel and water, and (iv) it has low electricity usage [8]. In
addition, the adsorption cycles offers two important benefits which
are not found to the existing desalination technologies; namely, (i)
a two-prong phenomenal barrier to eliminate any ‘‘Bio-contamina-
tion” during the water production process as compared with exist-
ing membrane methods, and (ii) the reduction in global warming
due to the utilization of low-temperature renewable or waste heat
which otherwise would have been purged or dissipated into the
atmosphere. Wang and Ng [12] reported that the specific daily
water production of the AD plant can be expected approximately
about 4.7 kg/kg of silica gel at chilled water temperature 12.5 oC
by employing the heat and mass recovery schemes. El-Sharkawy
et al. also reported the AD cycle is capable to produce about
8.2 m3 potable water per tonne of silica gel per day as the chilled
water approaches the ambient temperature [8]. The specific daily
water production and the performance ratio of the AD cycle vary
depending on the regeneration temperatures and cycle times.
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Nomenclature

cp specific heat capacity, J/kg K
hfg latent heat of vaporization, J/kg
Msg mass of adsorbent (silica gel), kg
_m mass flow rate, kg/s

P pressure, Pa
Q power, W
T temperature, �C
t time, s
tcycle cycle time, s
N number of cycles operating/day, –

Subscripts
ads adsorption
cond condenser
cool cooling water
des desorption
hot hot water
in inlet
load load surface at the evaporator
out outlet
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Nevertheless, the performance of the AD cycle with different heat
source temperatures at different cycle times is yet to be reported.

The present paper deals with the operation strategy of an
adsorption desalination system in two-bed and four-bed operation
modes for assorted heat source temperatures supplied to the sorp-
tion elements (SE). The optimal operating cycle times for the AD
system in both modes at different available heat source tempera-
tures are also presented.
2. Adsorption desalination system

The adsorption desalination process utilizes the adsorbent–
adsorbate characteristics [15] and produces fresh water at the con-
denser by the amalgamation of ‘‘adsorption-triggered-evapora-
tion” and ‘‘desorption-resulted-condensation”. Fig. 1 shows the
schematic layout of the AD system. It comprises with an evapora-
tor, a condenser and four sorption elements (SE) or adsorbent beds.
A pilot adsorption desalination (AD) plant has been constructed
and operated in the Air Conditioning Laboratory at National Uni-
versity of Singapore (NUS). Fig. 2 shows the pictorial diagram of
the adsorption desalination system that can be operated both in
two-bed and four-bed modes. The main difference between the
four-bed and two-bed operation modes is that the hot water is
supplied to the desorption beds in SE I and SE II in series configu-
ration for four-bed mode whilst in two-bed mode, SE 1 and SE II
work as a single bed (CV1) and thus the hot water is supplied in
parallel to SE 1 and SE II. On the other hand, the coolant is supplied
in series to SE III and SE IV in four-bed mode, and in parallel to CV2
(SE III and SE IV) in two-bed operation mode. The evaporator and
condenser are connected all the time with at least one adsorber
and desorber in four-bed operation mode. However, two sorption
elements are connected with evaporator and condenser only in
the operation phase for the two-bed operation mode.

The operation of the AD cycle can be summarized as follows:

(i) The pre-treated (e.g., filtering and de-aeration) saline or
brackish water is fed into the stainless steel evaporator.
The evaporator is the only unit which is built of anti-corro-
sive material. Purging of brine from the evaporator is period-
ically conducted for the purpose of salt concentration
control.

(ii) An external water circuit provides the heating load for main-
taining the evaporator process. This evaporation energy is
internally recovered from adsorber beds through plate heat
exchanger. The evaporation is further enhanced by using
the spray nozzles.

(iii) The sea water level inside the evaporator is regulated to
maintain evaporation and control salt concentration. This
prevents the fouling and corrosion of the evaporating
unit.
(iv) During the adsorption phase, the evaporator is connected
with the adsorber beds where the water vapor is adsorbed
by the silica gel. The heat of adsorption is removed by cool-
ant from the cooling tower. The adsorption process contin-
ues until the preset cycle time is reached.

(v) During the desorption phase, the low temperature hot water
typically less than 85 oC is employed to desorb the water
vapors from the sorption element which previously is under
adsorption mode.

(vi) The desorbed vapor is condensed in the condenser where
the heat of condensation is rejected to the cooling water
from the cooling tower.

(vii) The condensate (fresh water) is collected in the collection
tank which is either intermittently pumped out to the ambi-
ent or extracted via a 10 m high U-bend tube.

Table 1 furnishes the experimental operating parameters of the
AD cycle. The switching time is the time period for the pre-heating
and pre-cooling of the sorption elements prior they change in their
role. The experiments are conducted using different hot water inlet
temperatures with assorted cycle times. In the experiments, the
load water flow rate is regulated at 1.9 kg/s to enhance the heat
transfer of the evaporation process. The tests are conducted under
steady state conditions of the hot water and cooling water source
temperatures which are accurately conditioned by the rating
facility.

3. Performance analysis

The performance modelling of any adsorption system for cool-
ing [15–17] and desalination [12–14] is based on adsorption iso-
therms, kinetics and energy balances between sorption elements
and evaporator/condenser. The type-RD silica gel is employed as
the adsorbent in the experiment. The physical properties of the
type-RD silica gel are listed in Table 2.

The uptake of water vapor by the silica gel can be accurately
estimated using Tóth isotherm equation given below

q� ¼ K0 � exp DadsH=ðR � TÞf g � p
1þ K0=qm � expðDadsH=ðR � TÞÞ � Pf gt� �1=t ð1Þ

here qm is denotes the monolayer capacity, DadsH is the enthalpy of
adsorption, R is the gas constant, T is the adsorption temperature in
Kelvin, K0 is the pre-exponential constant and t is the dimensionless
Tóth constant.

The transient uptake of water vapor by the silica gel at specific
temperature and pressure is given by kinetic equation as below

dq
dt
¼

15Ds0 exp �Ea
RT

� �
R2

p

ðq� � qÞ ð2Þ
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Fig. 1. Skeletal diagram of AD system in two-bed and four-bed modes (blue-colored valves that they are idle in two-bed operation). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this paper.)

Fig. 2. Pictorial view of AD plant showing evaporator and pre-treatment tank.

Table 1
Experimental operating parameters.

Temperature (�C) Flow rate (kg/s)

Hot water inlet (desorber) 65–85 0.8
Cooling water inlet (adsorber) 29.5 0.8
Cooling water inlet (condenser) 30 2
Load water inlet (evaporator) 30 1.9
Pressure equalization time (s) 10
Mass of silica gel per bed (kg) 36
Switching time (s) 40

Table 2
Properties of type-RD silica gel.

Property Value

Pore size (nm) 0.8–7.5
Porous volume (cm3 g�1) 0.37
Surface area (m2 g�1) 720
Average pore diameter (nm) 2.2
Apparent density (kg m�3) 700
pH 4.0
Specific heat capacity (kJ kg�1 k�1) 0.921
Thermal conductivity (W m�1 k�1) 0.198
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Fig. 4. SDWP at different cycle times for two-bed mode.
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where Ds0 is the kinetic constant for the silica gel–water system, Ea

is the activation energy, Rp is the particle radius and q denotes the
instantaneous uptake.

The energy required (Qdes) to remove water vapors from silica
gels of sorption element can be calculated by using the inlet (Thot,in)
and outlet (Thot,out) temperatures of the heat source, and this is
given by

Q des ¼ _mhotcpðTdesÞðThot;in � Thot;outÞ ð3Þ

where _mhot indicates the mass flow rate and cp(Tdes) defines the spe-
cific heat capacity of heating fluid. On the other hand, the energy re-
jected (Qads) to adsorb water vapor into silica gel is estimated by
measuring inlet (Tcool,in) and outlet (Tcool,out) temperatures of cooling
fluid and this is written as

Q ads ¼ _mcoolcpðTadsÞðTcool;out � Tcool;inÞ; ð4Þ

where _mcool and cp(Tads) indicate the mass flow rate and the specific
heat capacity of cooling fluid. The heat of evaporation ðQevapÞ and
the condensation energy (Qcond) rejected at the condenser are given
by

Q evap ¼ _mloadcpðTevapÞðTload;in � Tload;outÞ ð5Þ
Q cond ¼ _mcondcpðTcondÞðTcond;out � Tcond;inÞ ð6Þ

The performance of the adsorption desalination system is ex-
pressed in terms of specific daily water production (SDWP) and
the performance ratio (PR) and these are defined by

SDWP ¼ N
Z tcycle

0

Q cond

hfgðTcondÞMsg
dt ð7Þ

PR ¼
_mwaterhfgðTcondÞ

Q des
ð8Þ

where _mwater is the fresh water production rate in kg/s and N is the
number of cycles per day. The SDWP can be expressed as kg of po-
table water produced per kg of silica gel per day or can also be pre-
sented using equivalent expression of m3 of potable water per
tonne of silica gel per day. The performance ratio of the AD cycle
is the ratio of the condensation heat to the heat input for
desorption.

4. Results and discussion

The performance parameters of the AD system include the spe-
cific daily water production and the performance ratio, and these
are calculated as a function of cycle time and the driving heat
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Fig. 3. SDWP–cycle time profile for four-bed operation mode at the hot water inlet
temperature of 85 �C.
source temperature (hot water), from the experimental data in
steady state conditions. The transient water production rate
(LPM-time profile) of the AD system in four-bed operation mode
for different cycle times at the inlet hot water temperature of
85 �C is presented in Fig. 3. The maximum SDWP is achieved at
600 s as shown in the bottom left-side corner of Fig. 3.

Figs. 4 and 5 show the SDWP against cycle times for two-bed
and four-bed operation modes of the AD cycle at different hot
water inlet temperatures. These results denote the existence of
optimal cycle times at the specific hot water inlet temperature as
the SDWP varies with cycle time. The SDWP is obtained lower at
relatively shorter cycle times, and this is due to the fact that the
regeneration process during desorption is not completed and the
water vapors from silica gels are not fully emitted for condensation
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Fig. 5. SDWP at different cycle times for four-bed mode.

Table 3
Specific daily water production and optimal cycle times at different regeneration
temperatures.

Thot water (oC) Four-bed mode Two-bed mode

tcycle (s) SDWP PR tcycle (s) SDWP PR

85 1080 10.0023 0.6065 1240 8.7932 0.5731
80 1200 9.1036 0.6195 1360 8.2462 0.5997
75 1320 8.5218 0.6409 1480 7.5213 0.6231
70 1440 6.9012 0.6441 1720 6.4510 0.6380
65 1560 6.2895 0.6795 1960 6.1076 0.6830
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and producing water in the condenser. This means that the affinity
of the adsorbent (silica gel) for the uptake of water vapor in the
next cycle will be damped due to the incomplete regeneration.
On the other hand, the lower SDWP at longer cycle time is due
to the waste of thermal energy resulting from the excessively long-
er supply of the hot water to the sorption elements during desorp-
tion process. As a result, the additional energy supplied by the hot
water has no effect for desorption but just heating the adsorbents
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Fig. 6. Temperature profile of adsorption desalination plant at hot water inlet 85 �C.
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Fig. 8. SDWP at different hot water tempera
and the heat exchanging components. In addition, the total num-
bers of operation cycles per day is also significantly reduced.

Table 3 summarizes the SDWP and PR of the AD plant for both
four-bed and two-bed operation modes with the corresponding
optimal cycle times at different hot water inlet temperatures. On
the basis of optimal conditions (the hot water temperature of
85 �C, operating cycle time 600 s, and the cooling water tempera-
ture of 30 �C), the maximum SDWP and PR are obtained as 10 m3

per tonne of silica gel and 0.61, respectively, which are shown in
Fig. 5. During the above mentioned optimum condition, the load
water flow rate is 1.9 kg/s that corresponds to the flow velocity
of 1 m/s.

Fig. 6 depicts the temperature profile of AD cycle for (i) the hot
water inlet and outlet temperatures, (ii) the adsorber/desorber bed
outlet temperatures, (iii) the condenser inlet and outlet tempera-
tures, and (iv) the evaporator inlet and outlet temperatures.

Fig. 7 shows the effects of cycle time on heating fluid inlet tem-
perature, and it is found that the optimum cycle time varies line-
arly with the hot water inlet temperature in both operation
modes. The longer cycle time is observed at lower hot water inlet
temperatures as a result of slower regeneration process in the
desorption bed(s). It should be noted here that it may be possible
to make a multi-stage desalination plant which could be operated
with a very low heat source temperature of 40 �C [18] that possess
a very long cycle time.

Fig. 8 shows the comparison on the specific daily water produc-
tion and performance ratio of AD cycles operating with four-bed
and two-bed operation modes at respective optimal cycle times
with assorted hot water inlet temperatures. It is noticed that the
AD cycle in four-bed operation mode produces higher SDWP com-
pared with two-bed operation mode and the significant improve-
ment can be realized at higher hot water inlet temperatures
typically above 70 �C. This is because of the ‘‘master-slave” config-
uration in the four-bed mode which results in the better energy
utilization of the hot water. This is a heat recovery operation in
which the outlet hot water from the master desorber is channeled
to the slave desorber where it is utilized further for the desorption
process. For the lower hot water inlet temperatures, the ‘‘master-
slave” configuration becomes less effective because the outlet hot
water temperature from the master bed is not high enough to per-
form further desorption in the salve desorber. Thus, the advantage
of four-bed operation mode diminishes at lower heat source tem-
peratures. The PR of the AD cycle for both modes is decreased with
the increase of hot water inlet temperature.
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5. Conclusions

The optimum operating cycle times at different hot water inlet
temperatures for the AD cycle have been experimentally investi-
gated. It is noted that the optimum cycle times varies with hot
water inlet temperatures. A longer cycle time is required for lower
hot water inlet temperature. It is also noted that significant
improvement in SDWP is achieved by four-bed operation mode
as compared to two-bed mode at high hot water inlet tempera-
tures. The experimental results which highlight the importance
of suitable operation cycle time at different hot water inlet temper-
atures play a pivotal role in the design and operation of AD plants.
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