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Abstract 

This paper presents the results of an investigation on the efficacy of a silica gel-water based 
advance adsorption desalination (AD) cycle with internal heat recovery between the 
condenser and the evaporator. A mathematical model of the AD cycle was developed and the 
performance data were compared with the experimental results. The advanced AD cycle is 
able to produce the specific daily water production (SDWP) of 9.24 m3/tonne of silica gel per 
day at 70°C hot water inlet temperature while the corresponding performance ratio (PR) is 
comparatively high at 0.77. It is found that the cycle can be operational at 50°C hot water 
temperature with SDWP 4.3. The SDWP of the advanced cycle is almost twice that of the 
conventional AD cycle. 
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Nomenclature 

A total area (m2) 
cp  specific heat capacity (J/kg·K) 

Dso  kinetic constant for the silica gel water system (m2/s) 

E   characteristic energy (kJ/mole) 
Ea  the activation energy (kJ/kg) 

hf sensible heat (J/kg) 
hfg latent heat of vaporization or condensation (J/kg) 

M  mass (kg) 
m  mass flow rate (kg/s) 

n  D-A constant (-) 
P pressure (Pa) 
PR performance ratio (-) 
q fraction of vapour adsorbed by the adsorbent (kg/kg of silica gel) 
Q power (W) 

0q  maximum adsorbed amount (kg/kg of silica gel) 
∗q  equilibrium uptake (kg/kg of silica gel) 

Qst isosteric heat of adsorption (J/kg) 
R gas constant (J/kg mol) 

Rp  particle radius (mm) 
SDWP specific daily water production (m3 per tonne of silica gel per day) 

t time (s) 
T temperature (°C) 
U overall heat transfer coefficient (W/m2 ·K) 
v specific volume (m3/kg) 
τ  number of cycles per day (-) 
Subscripts  
abe adsorbate 
ads adsorber 
chilled chilled water 
cond condenser 
cw cooling water 
cycle one cycle with one bed undergoing either complete adsorption and desorption  
d distillate 
des desorber 
evap evaporator 
hw hot water 
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HX heat exchanger 
in inlet 
out outlet 
s sea water 
sg silica gel 
switching switching period 
 

 

1. Introduction 

Potable water is a necessity for daily consumption and activities of human as well as the 

economic growth through the industrial processes. The accessible fresh water on Earth is less 

than 1% of the available water since 97% of the available water is either seawater or brackish 

water where the total dissolved solids (TDS) are more than 35 ppt. Within the fresh water 

inventory, as much as 65% is locked in the ice-caps or stored in deep aquifers under the 

ground surface. The water consumption by humans would double in every 20 years as the 

population growth rate increases. In the 2nd UN World Water Development Report, more than 

one billion people lack accessibility to safe drinking water, and 40 percent lack water for 

basic sanitation [1]. It is noted that over the past century, the global water consumption level 

has increased by tenfold, reaching or exceeding the limits of renewable water resources in 

some water stressed countries, such as in the Middle East, city states and North African 

countries. For instance, fresh water resources are almost completely exhausted in many 

middle-east region countries [2-5].  

Desalination has become a practical solution for the global water shortage problem as its 

economic viability has improved drastically in recent decades. Worldwide, more than 15,000 

industrial-scale desalination units have been installed or constructed. These plants account for 

a total capacity of 8.5 billion gallons of water/day [6]. The process of producing potable 

water by desalting of sea or brackish water can be classified into two main groups; namely (i) 

thermally-activated systems and (ii) pressure-driven systems. The International Desalination 

association (IDA) data shows that the reverse osmosis (RO) and multi-stage-flash (MSF) 

desalination processes account for 44% and 40% of the global installed desalting capacity, 

respectively [7]. However, these desalination processes have shortcomings such as high 

energy intensive, fouling in the separation units (membrane and evaporator) and high 
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operation cost. Being energy intensive, they contribute to environmental pollution such as 

global warming and green house gas emission through the burning of fossil fuels.  

Over the last 200 years, a significant contribution by anthropogenic emission of greenhouse 

gases from the burning of fossil fuels has increased the atmospheric temperature by about 1.2 

to 1.4ºF [8], contributing to the increasing melting rate of polar ice caps. Global warming has 

been increasing the melting rate of sea ice. Data from the National Ice and Snow Data Center 

(NISDC) showed that Arctic sea ice has declined dramatically over at least the past thirty 

years [9]. If the ocean surface receives a layer of fresh water, thermohaline circulation that 

contributes to a proper temperature balance across the earth can be disrupted [10]. Hence, the 

re-utilization or the conversion of waste heat to useful effects plays a crucial role in slowing 

down the global warming. Thus, the development of desalination technologies coupled with 

renewable energy sources or process waste heat has become indispensable [11].  

Several studies have contributed to the desalination technologies that utilize renewable 

energy sources ranging from solar to geothermal energy [12-17]. The earliest development on 

adsorption-based desalination was reported by Broughton [18], using an ion-retarded resin for 

the vapor uptake, where a process with a thermally-driven two-bed configuration is simulated. 

Similar theoretical studies on the adsorption desalination plant were also proposed recently 

by Zejli et al. [19] and Al-kharabsheh and Goswami [20]. Solar heat source was studied as a 

heat source for the desalination plant, combined with an open-cycle adsorption heat pump 

using the zeolite as the adsorbent. Wang and Ng investigated the performance of the AD 

cycle using a four-bed regeneration scheme and reported the optimal specific daily water 

production (SDWP) of 4.7 kg/kg silica gel [21]. The operation strategy of the adsorption 

desalination plant has been reported highlighting the existence of the optimal cycle time 

depending on the regeneration temperatures [22]. The same authors have reported the 

performance of low temperature waste heat-driven adsorption desalination cum cooling 

cycles [23-25].   

The motivation of the present study is to enhance the performance of the conventional multi-

bed adsorption desalination cycle by incorporating internal heat recovery within part of the 

AD cycle, namely the evaporator-condenser units by having a coolant “run-around” circuit. 

The performance of the retrofitted AD desalination cycle is compared with the conventional 

AD cycle at similar ranges of the heat source, coolant and chilled water temperatures and 

flow rates as well as varying half-cycle time. 
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2. Description of the advanced AD cycle with the condenser/evaporator heat recovery 

circuit 

The schematic diagram of the advanced AD cycle that employs the internal heat recovery 

between the condenser and the evaporator by a heat recovery circuit is shown in Figure 1. 

The AD cycle comprises an evaporator, a condenser, and four adsorber/desorber heat 

exchangers. The experimental AD plant was designed with the flexibility to operate either 

two-bed or four-bed operation mode. In the present study, the AD plant is investigated under 

two-bed operation mode where two physical adsorbers are under adsorption process while the 

other two beds perform as desorbers. The de-aerated sea water is evaporated in the evaporator 

where the water vapours are adsorbed on the surfaces of the adsorbent packed in the adsorber 

bed which is in communication with the evaporator through vapour pipe. The adsorption 

process is an exothermic process and thus, cooling is needed to maintain the temperature of 

the adsorbent so as to maximise the vapour uptake. For potable water conservation, cooling 

tower may use either the brackish or the seawater as the medium for heat rejection. The 

coolant used in the AD cycle during adsorption processes is isolated from the cooling tower 

water, namely the brackish or seawater, via an heat exchanger.   The water vapours from the 

adsorber bed which is previously in adsorption mode are removed using low temperature hot 

water, typically below 85°C. The regenerated vapours from the desorber are condensed on 

the surfaces of the condenser tubes and condensate is collected as potable water. These 

evaporation-adsorption and desorption-condensation process are controlled by the cycle time. 

In the advanced adsorption desalination (AD) cycle, the energy rejected at the condenser is 

recovered for the evaporation of the saline water in the evaporator. This internal heat 

recovery is achieved by the implementation of the heat transfer circuit that runs across the 

condenser and the evaporator of the AD cycle. 

In the advanced AD cycles, the advantages over the conventional cycle are (i) the recovery of 

the condensation energy and its utilization for evaporation of the sea water, (ii) saving in the 

pumping power requirement for the condenser cooling water, and (iii) the increase in the 

pressure of adsorption process is a result of a higher evaporator temperature caused by the 

recovery of condenser heat. 
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3. Mathematical Modelling 

Several mathematical models have been proposed for adsorption cooling cycles and can be 

found in open literatures [26-32]. The present mathematical modeling of a 2-bed advanced 

adsorption desalination cycle with the heat recovery between the condenser and the 

evaporator is developed based on adsorption isotherms, adsorption kinetics and energy 

balances between the sorption elements (adsorber/desorber heat exchangers), the evaporator 

and the condenser. Type-RD silica gel is employed as the adsorbent and the physical 

properties of type-RD silica gel are listed in Table 1. Dubinin–Astakhov (D-A) equation is 

used for the calculation of the water vapour uptake by the silica gel at specific temperature 

and pressure and is given by, 
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where, 0q is the maximum adsorbed amount, E is the characteristic energy and n  is the 

surface heterogeneity parameter.  

 

The transient uptake of by the silica gel can be obtained by linear driving force equation as, 
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where soD is the kinetic constant for the silica gel water system, aE  is the activation energy, 

pR  is the particle radius and q  denotes the instantaneous uptake. 

It is assumed that the adsorbed and desorbed amounts of water vapour during the adsorption 

and desorption are the same and the overall mass balance of the cycle is given by, 

bconddins
evaps mmm

dt
dM

 −−= ,,
,         (3) 
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Here, evapsM , is the amount of sea water in the evaporator, insm , is the rate of feed sea water, 

conddm , is the mass of potable water extracted from the condenser and bm is the mass of 

concentrated brine rejected from the evaporator. The energy balance of the evaporator in 

communication with the adsorbers is written as, 
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Similarly, the energy balance of the condenser is given by, 
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In this cycle, evapcond mm  = since water re-circulating circuit is employed across the evaporator 

and the condenser for heat recovery. 

The energy balance of the adsorber/desorber is given by, 
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where n is the number of adsorber or desorber bed in the cycle. In this analysis, the value of n 

is 2 since a pair of two reactors is under adsorption process whilst the other pair is under 

desorption mode. The specific heat capacity cp is calculated as a function of adsorber 

temperature (Tads) or desorber temperature (Tdes) during adsorption or desorption process, 

respectively. Here stQ stands for the isosteric heat of adsorption which is calculated [33-34] as 

follow, 
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where gv is the specific volume of the gaseous phase, fgh  is the latent heat.  

The outlet temperature of the water from each heat exchanger is estimated using log mean 

temperature difference method and it is given by, 
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Here 0T is the temperature of the heat exchanger assuming uniform temperature across the 

reactor heat exchanger. In the advanced AD cycle where the heat recovery between the 

evaporator and the condenser is achieved by the heat recovery loop that circulates the water 

in between them. In this case, the outlet water from the evaporator is channelled to the inlet 

of the condenser whilst the outlet water from the condenser is sent to the evaporator. 

The energy required to remove water vapors from the silica gels, ( )desQ , can be calculated by 

using the inlet and outlet temperatures of the heat source supplied to the reactors, and this is 

given by, 

( ) ( )outhwinhwhwhwphwdes TTTcmQ ,,, −=                      (9) 

where hwm  indicates the mass flow rate and hwpc ,  defines the specific heat capacity of heating 

fluid. Concomitantly, the energy rejected to the cooling water during the adsorption process 

is estimated by the inlet and outlet temperatures of cooling fluid supplied to the other reactor 

and this is written as,  

( ) ( )incwoutcwcwcwpcwads TTTcmQ ,,, −=                                (10) 

where cwm  and cwpc ,  indicate the mass flow rate and the specific heat capacity of cooling 

fluid. At the same time, the heat of evaporation ( )evapQ , and the condensation energy ( )condQ  

rejected at the condenser are given by, 

( )outchilledinchilledevapevappevapevap TTTcmQ ,,, )( −=                   (11) 

( ) ( )incondoutcondcondcwpcondcond TTTcmQ ,,, −=                 (12) 
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It is noted that the roles of the reactors for adsorption or desorption are switched in a half-

cycle time.  

Finally, the performance of the advanced adsorption desalination cycle is assessed in terms of 

specific daily water production (SDWP) and the performance ratio (PR) as follows, 

( )∫=
cyclet

sgcondfg

cond dt
MTh

QSDWP
0

τ                     (13) 

( )
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cyclet

des

condfgwater dt
Q

Thm
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0
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                    (14) 

 

In this cycle, tcycle is the duration of the adsorption and desorption processes whilst tswitching is 

the time for which the adsorber and desorber beds change their roles. The mathematical 

modeling equations of the advanced adsorption desalination are solved using the Gear's BDF 

method from the IMSL library linked by the simulation code written in FORTRAN Power 

Station, and the solver employs a double precision with tolerance value of 1x10-6
. Table 2 

furnishes the parameters used in the simulation program. 

 

4. Results and discussions 

The performance of the advanced adsorption cycle with the internal heat recovery between 

the evaporator and the condenser is experimentally investigated. The pilot AD plant has been 

constructed and the heat recovery circuit is implemented between the condenser and the 

evaporator. Figure 2 depicts the pictorial view of the advanced AD plant showing the 

condenser-evaporator heat recovery circuit. 

The transient temperature profiles of the major components of the advanced AD cycle that 

incorporates the heat recovery scheme between the condenser and the evaporator are shown 

in Figure 3. In this analysis, the hot water inlet temperature was maintained at 70°C while the 

cycle time (tcycle) and the switching time (tswitching) are kept 600s with 40s, respectively. It is 

noted that the experimental temperature measurements are subjects to the time constant of the 

sensors. As can be observed from Fig. 3, the simulated results of transient temperature agree 
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well with those of the experimental data thus the simulation is being validated by the 

experiment.  

The hysteretic found in the condenser temperature is resulted from the location of the sensor 

which is placed near the desorber vapour pipe. Thus, it fails to capture the temperature drop 

by the cold front from the evaporator at the beginning of the cycle operation. 

The temperature profiles of the inlet and outlet water of the heating and cooling fluids for 

55°C hot water inlet temperature are shown in the Fig. 4. It is found that there is a large 

fluctuation in the hot and cooling water outlet temperatures during the switching period 

where the pre-heating of the adsorber and the pre-cooling of the desorber reactors are taking 

place.  

It can also be observed from Fig. 4 that the temperature differences between the evaporator 

outlet and the condenser inlet, and that between the condenser outlet and the evaporator inlet 

are negligibly small resulted from the good thermal insulation of the pipes involved in the 

heat recovery circuit between the condenser and the evaporator.  

The parametric study of the advanced AD cycle has been conducted to investigate the 

performance of the cycle under various operating conditions. The cycle is studied under 

different hot water inlet temperatures, selectively between 50°C and 70°C, which is the 

practical available temperature range that can be recovered from the low temperature waste 

heat or solar energy. Figure 5 gives the specific daily water production (SDWP) and the 

performance ratio (PR) of the advanced AD cycle while operating at different hot water inlet 

temperatures. The experimental results show that the SDWP linearly increases with the hot 

water inlet temperature and is about 9.24 m3 per tonne of silica gel per day at 70°C hot water 

inlet temperature, whilst the SDWP reaches 14.2 m3 per tonne of silica gel per day at 85°C 

hot water inlet temperature. 

The increase in the SDWP with the increase in the hot water temperature is attributed to the 

better desorption-condensation process at higher regeneration temperatures resulting in the 

increase in SDWP.  It should be noted that the advanced AD cycle is capable to operate at 

substantially low hot water inlet temperature i.e., 50°C at which conventional AD cycle fails 

to operate and the produced SDWP is 5.2 m3 of potable water per tonne of silica gel per day.  
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It can be seen from Fig. 5, the performance ratio (PR) of the plant remains relatively constant 

with the regeneration temperature due mainly to the resilience of silica gel with water vapor. 

At 85°C hot water inlet temperature, the SDWP of the advanced AD cycle is found to be 13.5 

which is twice that achieved by the conventional AD cycle [24]. 

The effect of the cooling water inlet temperature on the performance of the advanced AD 

cycle is shown in Figure 6. The SDWP of the cycle for two sets of hot water inlet 

temperatures i.e., 70°C and 50°C is presented while varying the temperature of the coolant 

from 26°C to 32°C. Higher water production rate is achieved at lower coolant temperatures 

while the production rate decreases as increased in the coolant temperature.  

The performance of the advanced AD cycle under different flow rates of the heating and 

cooling fluids is presented in Figures 7 to 9. It is found that the SDWP of the cycle increases 

with the increase in the flow rate while the temperature of heat source and cooling 

temperatures are held at 70°C and 30°C, respectively. The performance improvement is 

attributed to the better heat transfer coefficient at higher flow rates. 

The effect of hot water flow rates on SDWP for four different flow rates of cooling water is 

depicted in Figure 7. SDWP increases only moderately with the increase in hot water flow 

rates. 

Figure 8 gives the SDWP of the advanced AD cycle for assorted cooling water flow rates at 

specific hot water flow rate and constant hot water inlet temperature at 70°C. The results 

showed that the water production rate increased at higher cooling flow rates. This is due to 

the improvement in the heat transfer coefficient at higher flow rates. It is also noted that the 

increase in the SDWP becomes less significant at flow rates higher than 1.67 kg/s due to 

finite amount of adsorption and desorption capacities of the adsorbent.  

The performance of the advanced AD cycle under different flow rates of the heating and 

cooling fluids is presented in Figure 9. The liner increment in the SDWP is observed while 

the temperature of heat source and cooling temperatures are held at 70°C and 29°C, 

respectively. 

It has been reported that the cycle time at which the AD cycle provides the optimal potable 

water production varies with the available hot water inlet temperatures [23]. The optimal 

cycle times for the advanced AD cycle have been experimentally evaluated for two different 

temperature levels of hot water and are shown in Figure 10. The results showed that the 
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optimal cycle times exist at the half-cycle time 570s and 600s for 70°C and 65°C, 

respectively whilst the corresponding SDWPs are 9.39 and 8.3. The optimal cycle time for 

the advanced AD cycle is shorter than that of the conventional AD cycle [23].  

This is because the evaporation-adsorption and desorption-condensation processes in the 

advanced AD cycle become much faster due to the pressurization of the adsorption and the 

lower in the condensation temperature resulted from the heat recovery process between the 

condenser and the evaporator. The pressurization of the adsorption process is achieved since 

the relatively higher temperature water from the condenser is utilized for the evaporation. On 

the other hand, the temperature of the outlet water from the evaporator that is channelled to 

the condenser is around 25°C to 27°C and this cold front lower condensing temperature 

imparts the better desorption process. These effects are more significant at the beginning of 

the operation mode after switching process since the adsorption and desorption rates at 

maximum at that period. 

 

5. Conclusions 

A significant improvement in the performance of the advanced AD cycle is recorded with 

internal heat recovery between the condenser and the evaporator. These findings are also 

predicted to agree well with the experiments. For this configuration, the maximum specific 

daily water production (SDWP) of the AD cycle is about 9.34 m3 of potable water per tonne 

of silica gel per day at a regeneration temperature of 70°C and the corresponding 

performance ratio is 0.77 which implies that the AD cycle is an efficient cycle. The 

experimental results showed that it can operate even at a low hot water inlet temperature as 

low as 50°C and yet is delivering a respectable SDWP of 5.5. The optimal cycle time of the 

advanced cycle has been evaluated to be shorter than that of a conventional AD cycle.  
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Figure 1. Schematic diagram of the advanced AD cycle with the evaporator-condenser heat  

                recovery circuit. 
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Figure 2. Pictorial view of the AD cycle with the condenser-evaporator heat recovery circuit. 
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Figure 3. The temperature profiles of the major components of the advanced AD cycle. 
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Figure 4. The temperature profiles of the inlet and outlet of the heat transfer fluids measured  

                 experimentally. 
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Figure 5. The SDWP and PR of the advanced AD cycle with assorted hot water inlet  

                       temperatures ranging from 50°C to 70°C. 
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Figure 6. The performance of the advanced AD cycle at different cooling water inlet  

                      temperatures. 
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Figure 7. Specific daily water production of the advanced AD cycle for assorted hot water  

                 flow rates. 
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Figure 8. Specific daily water production of the advanced AD cycle for assorted cooling  

                   water flow rates. 
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Figure 9. Performance of the advanced AD cycle using different flow rates of heating and  

                cooling fluids at constant source temperatures. 
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Figure 10. The performance of the advanced AD cycle showing the optimal cycle times at hot 

water inlet temperatures 70°C and 65°C. 
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Table 1. Physical properties of Type-RD silica gel. 

Property Value 
Pore size (nm) 0.8-7.5 
Porous volume (cm3/g) 0.37 
Surface area (m2/g) 720 
Average pore diameter (nm) 2.2 
Apparent density (kg/m-3) 700 
pH (-) 4.0 
Specific heat capacity (kJ/kg·K) 0.924 
Thermal conductivity (W/m·K) 0.198 
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Table 2. Values of the parameters used in the simulation program. 

Parameter Value 

0q  0.592 (kg/kg of silica gel) 
E   3.105 (kJ/mole) 
n  1.1 (-) 
Dso  2.54x10-4 (m2/s) 

Ea  4.2x10-4 (kJ/kg) 

Rp  0.4 (mm) 
Thw,in  50-85 (°C) 
Tcw,in  30 (°C) 

Msg  36 (kg) 

Abed 41.7 (m2) 

HXpAdsHX cM ,,  184.1(kJ/K) 

HXpEvapHX cM ,,  25.44 (kJ/K) 

HXpCondHX cM ,,  12.62 (kJ/K) 
Uads  250 (W/m2 ·K) 
Udes 240 (W/m2 ·K) 
Aevap  3.5 (m2) 
Acond  5.08 (m2) 
cp,sg  924 (J/kg·K) 
tcycle  600 (s) 
tswitching  40 (s) 

hwcw mm  ,  0.83-2.08 (kg/s) 

condchilled mm  =  1.42 (kg/s) 

 

 

 

 

 


