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Abstract

Is there a practical thermodynamic cycle for desalination that operates at specific energy
consumption close to the thermodynamic limit? If yes, by how much higher would it be? The
conventional desalination processes such as the Multi-stage flash (MSF), the Multi-effect
distillation (MED), the Reverse Osmosis (RO), etc., have energy consumption levels exceeding
the thermodynamic limit (typically at 0.78 kWh/m®) by as much as 5 to 12 times. It has been
reported that the present challenge in energy efficiency for the desalination industry is to have
an amicable specific energy consumption of 1.5 kWh/m’.

In this paper, an efficient adsorption (AD) cycle for desalination is presented that employs only
waste heat, typically at 55° to 85 C. With only a single thermal input, the AD cycle produces
two useful effects, namely the high-grade water and cooling capacity suitable for air-
conditioning. Low-temperature waste heat, such as solar thermal or exhaust of industrial
processes, is available readily in abundance either from industrial processes or the solar thermal
and it is essentially free. This is because if not recovered, the waste heat would be purged into
the ambient. We present our patented adsorption desalination cycle, the simulation and the
experimentally measured performance data of an AD prototype, housed in the laboratory of
NUS. The performances cover over a wide range of operating conditions such as heat source,
cooling and chilled water temperatures. The measured data are succinctly summarized in terms
of key parameters such as the specific daily water production (SDWP) and the specific cooling
capacity (SCP) which are suitable for design purposes. The adsorbent-adsorbate pair used in
the cycle is the silica gel-water pair which is environment-friendly, and the estimated electricity
consumption of AD cycle is only 1.38 kWh/m’; — the lowest specific energy consumption ever
reported for desalination. With almost no major moving parts, the AD cycle has low
maintenance. Based on a life-cycle costing, the water production cost from a large-scale AD
plant is estimated at US$0.457/m* which is, hitherto, the lowest in comparison to all other
desalination methods.
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Introduction

Potable water is basic and essential resource for supporting human lives and economic
activities. Almost all our daily needs such as food, drinking water and amenities etc., relate to
the water usage directly or indirectly. Although water supply in many countries is influenced
by rainfall and climatic changes, but the increasing demands for fresh water has outstripped the
supply from natural sources such as rainfall, rivers, ground water, etc. Such demands for water
are from the domestic, industrial and agricultural sectors have dominate the water supply
patterns of an economy][1]. In the agriculture sector, a large amount of water is needed for food
production; For example, 24 m® of water is used to produce 1 kg of chocolate, 15.5 m® for 1 kg
of beef and up to 4m’ is needed for 1 litre of biofuels [2]. Water utilization in the agriculture
sector is known to be the highest despite much effort in improving the efficiency and the switch
to more efficient production methods. Global water shortage of an economy is compounded by
rapid population increase as well as the climatic changes that resulted from global warming,
etc. Natural occurring fresh or potable water on Earth constitutes less than 1% of the available
water resources, whilst 97% of the water is saline water, found mostly in the oceans. Of the 1%
fresh water available, a majority of the water is locked in forms not convenient to be extracted
such as the ice-caps or deposited deep under the ground. Moreover, the water consumption of
many countries is expected to double every 10 to 20 years, almost twice that of the population
growth rate [3].

Desalination is a process of removing dissolved salts from sea or brackish water and it is a
practical solution for quenching global thirst[4]. With technological advancement in
desalination methods, more than 40 million cubic meter per day of water are produced by three
generic methods, namely (1) boiling and condensation, (2) separation by filtration through
membrane and (3) separation by electro-chemical reaction [5-10]. Although membranes are
becoming widely used in the world, thermally-driven methods are dominantly used in the
Middle East region.

Cost of Desalination

The unit production cost of water production is the key indicator for evaluating the efficacy of
a desalination method. Desalination cost is the sum of capital and operation costs [11-14].
Capital cost is determined by the life-span of equipment and the interest rates for the
amortisation of borrowed capital. The operation cost includes the energy cost, maintenance
cost, chemicals, as well as the pre- and post-treatment costs. When high-grade energy sources
are used in these processes, such as high temperature steam or electrical energy, the cost
analysis is easily determined. However, when renewable or waste heat is used in the
desalination processes, only the electricity consumed by the plant is considered payable and the
recovered waste heat is deemed as “free or non-payable”[15]. Examples of desalination plants
that utilize the combined low and high grade energy input are the multi-effect distillation (LT-
MED), membrane distillation (MD) and more recently, the adsorption desalination (AD) [16,
17]. Another example of “non-payable” energy input is the natural evaporation of seawater by
the heating from the sun. The water vapour rises from the seas and rivers to a higher elevation
where precipitation could occur in the cooler air. Based on an annual average rainfall of about
990 mm, the specific energy consumption of the naturally occurring rain water is determined at
475 kWh/m’. The rainwater runoff is collected at rivers or dams and then treated for chloride
and other salts that are beneficial to human consumption. For simplicity, the energy needed for
desalting brackish or sea water is classified into payable and non-payable (or free) portions.
Engineers and scientists could design desalination cycles, e.g., the adsorption desalination
cycles, where the consumption of the non-payable energy in the desalination processes could
be enhanced.



ond European Conference on Polygeneration — 30™ March -1* April 2011 — Tarragona, Spain

In this paper, we propose a method of evaluating the efficacy of a desalination plant with a
parameter that could track both the total primary energy (7PE) consumption and the payable
energy (PPE). The TPE is the summation of all required energy to produce 1 m’ of potable
water by a desalination method and it is given as:

TPEf:ll or PPE?:OI — z (EThermal 5+ EElc ﬁ] (1)
,7b ,70

where Erperma and Eg,. are the unit energy consumption by thermal and -electricity,
respectively, whilst 7, (= 0.8) and 7. (= 0.45) are the efficiencies of the boiler and the power
grid. The multipliers é and P are integers with their values of 1 or 0 depending if they are taken
to be TPE or PPE. The generic unit cost of desalination can now be applied to all types of
desalination plants, including the naturally occurring rain water of the hydrology cycle with
solar input. The existing desalination systems such as MSF, MED, MD, AD and RO processes
that incur both thermal and electric energy can also be accounted for with TPE and PPE. Fig. 1
gives the cost comparison for the major desalination processes and their energy consumption
are compared with the thermodynamic limit of 0.78 kWh/m”.
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Fig. 1 The energy and cost map of desalination technologies

In the case of water from rainfall, the total solar energy input to evaporate seawater can be
computed with the assumptions of (i) an annual average rainfall of 990 mm [18-20 ] and (ii) an
efficiency of 30% of the average irradiance of 174 W/m?® and this yields a TPE of 475
kWh/m®, which is deemed inefficient in comparison with the thermodynamic limit. However,
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the fresh water from rainfall has zero cost. Should the thermal energy consumed in the
desalting process is unused, it would have been purged or lost into the ambient. More recent
development in low temperature multi-effect distillation (LT-MED) and adsorption
desalination (AD) systems can now be compared with other conventional desalination plants
can now be compared fairly by using the concept of TPE and PPE. Low temperature waste
heat, typically less than 85 'C, is extracted from exhaust of industrial processes or the
renewable sources which are deemed free. Only the capital cost for the energy extraction
apparatus such as heat exchangers are to be duly considered in the unit cost computation [22].

Adsorption and Adsorption Desalination and Cooling

Adsorption is the adhesion or accumulation of atoms, ions, biomolecules or molecules of gas,
liquid, or dissolved solids to the interfacial layer of a porous substance[23]. The term
“adsorption” 1is first introduced by Kayser in 1881 to describe his observation of the
condensation of gases on free surfaces [24] and it occurs whenever a solid surface is exposed to
a gas or liquid: It is defined as the enrichment of material or increase in the density of the fluid
in the vicinity of an interface [25]. When a porous surface is heated, the previously trapped
molecules are released from the force field and this process is termed desorption.

The authors have designed cyclic processes to exploit the sorption phenomena and they have
patented cycles for the production of cooling and water [26-29]. They employ the silica gel
(pore surface area > 720 m”/g) and water as the working pair, where saline solution is first
exposed to the un-saturated adsorbent over a half cycle interval. Concomitantly, the previously
saturated adsorbent is simultaneously heated by a low temperature heat source, driving off the
trapped water vapour and pushing the vapour to condense on tubes surfaces which are cooled
by circulating water from either a closed or open-type cooling tower. Details of the adsorption
chillers and desalination cycles can be found widely in the literature. The salient advantages of
the AD cycle over the other desalination cycles are (i) it can be powered by a low temperature
heat source, (ii) it has almost no major moving parts, (iii) and it has low maintenance and (iv) it
is environment friendly. A schematic of the adsorption chiller and desalination cycle is shown
in Fig.2. Type RD silica gel is selected as the adsorbent and its thermo-physical properties are
listed in Table 1. Sea or brackish water is de-aerated prior to feeding into the evaporator.
Evaporation is initiated instantaneously by the vapour uptake to the adsorbent (silica gel),
thereby removing the dissolved salts in the solution. Desorbed vapour is condensed in a
condenser unit and it is essentially a high-grade potable water where the total dissolved solids
(TDS) are less than 10ppm.

Modelling of solar-assisted adsorption desalination cycles

The solar-assisted adsorption desalination cycle includes two sections; the solar hot water
production system and the adsorption desalination system. The monthly average hourly global
irradiance incident upon a tilted surface is estimated based on the meteorological data obtained
from Singapore Meteorological Service (SMS) for the period of 1988-1997. The global
irradiance consists of beam and diffuse components. The extraterrestrial radiation incident on a
horizontal surface at any time between sunrise and sunset is calculated using the following
equation [30]:

G, =G, [1 +0.033cos 365njcos 6,

365 @)
where the solar constant, Gy, is equal to 1367 W/m? (Igbal, 1983) and # is the day of the year.
The value of G, depends on geographic latitude as well as time of day and year. The values of
solar zenith angle (6.) are calculated as:
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where the declination ¢ is determined by (Cooper, 1969):
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Fig. 2 The description of the solar-assisted adsorption desalination cum cooling cycle

Property Value
Pore size (nm) 0.8-7.5
Porous volume (cm’/g) 0.37
Surface area (m°/g) 720
Average pore diameter (nm) 2.2
Apparent density (kg/m™) 700
pH (-) 4.0
Specific heat capacity (kJ/kg-K) 0.924
Thermal conductivity (W/m-K) 0.198

Table 1. Thermo-physical properties of Type RD silica gel

In order to evaluate the hour angle in Eq. (3), local time is converted to solar time using two
corrections. The first correction takes into account the difference between the locations of the
meteorological station (Changi International Airport, 1° 37" N, 103° 98’ E) and the meridian on
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which local standard time is based. The second correction adjusts for the perturbations in the

earth’s rate of rotation and is expressed in terms of the equation of time. For a location east to

the Greenwich meridian, solar time is given as,
solar time = standard time + 4 (LSt _Lloc) +E

)
where the equation of time £ is given by [31]:
E= 229.2(0.000075 +0.001868cos B—0.032077sin B —0.014615cos 2B —0.04089sin 2B) (6)
with
360
B=(n-1)== 7

The daily extraterrestrial radiation is obtained by integrating Eq. (2) over the period from
sunrise to sunset and the equation is

24%3600G 3651 T
H :—Sc(l+0.033cos J cos gcos dsinw +—-2sin @sin &
365 s 180

0 T
(8)
where the sunset angle w; is
N
@, =cos ( tan ¢)tan5) 9)

The monthly average daily extraterrestrial radiation, H,, can be calculated using » and ¢ for the
mean day of the month. To obtain the monthly average daily diffuse and beam radiation from
the measured monthly average daily global radiation, the monthly average daily diffuse
radiation H; is calculated from monthly average diffuse fraction correlation [32]:

H °

—d =775+ 0.347(w - 90°)i —[0.505 +0.261 (a) —90°)i} cos[lgo (K —0.9)} (10)
H, s 180° s 180° m\T

where the monthly average clearness index Kr is the ratio of monthly average daily radiation on
a horizontal surface to the monthly average daily extraterrestrial radiation

,
0

Then, the monthly average daily diffuse and global radiations, H; and H), are converted into
the monthly average hourly diffuse and global radiations, /; and /;, by means of the ratio of
hourly global to daily global radiation, as a function of day length and the hour in question (32,
33

PRACTALS (12)
B=nlas)m, 13)
where
o COS W—COS C()S

rd(a),ws)—r (14)

day sinw ——3 cosw

s 180° S
rh(aga)s)=(a+bcosw)rd(aga)s) (15)
In these equations g,y = 24 h, and the hour angle
w=27, (16)
Tday

represents the time of day 7, while the time of year enters only through the sunset hour angle w;
cos ¢ = =tan gtan o (17)

The coefficients a and b are given by
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a= o.4o9o+0.5016sin(ws —60°) (18)

b=0.6609-0.4767 sin(a)s —60°) (19)

The isotropic diffuse model is conservative, i.e., it tends to underestimate /, and makes
calculation of radiation on tilted surfaces easy. However, improved models have been
developed which take into account the circumsolar diffuse and horizon brightening components
on a tilted surface. Hay and Davies (1980) estimated the fraction of the diffuse that is
circumsolar and consider it to be all from the same direction as the beam radiation, but they do
not consider horizon brightening [34]. Temps and Coulson (1977) account for horizon

brightening on clear days by applying a correction factor of [1+Sin3(,6’/ 2)} to the isotropic
diffuse [35]. Klucher (1979) modified this correction factor by a modulating factor f so that is
has the form [1+ fsin® (B/ 2)} to account for cloudiness [36]. Reindl et al. (1990) have modified

the Hay and Davies [1980] model by the addition of a term like that of Klucher (1979), giving a
model to be referred to as the Hay-Davies-Klucher-Reindl (HDKR) diffuse model. The diffuse
on the tilted surface is

Iy =1 {(I—Ai)[1+czos,3j{1+fsin3 Egﬂ”in} (20)

where 4; is an anisotropic index which is a function of the transmittance of the atmosphere for
beam radiation

1 1
—_bn _"b
477 7T 21)
on o
and
f= Ib/lh (22)
The total radiation on the tilted surface is then
_ _ l+cosf8 .3( B l-cosf
[T_([b+[dAi)Rb+]d(l Al.)( 5 j[1+fsm (Ej}-lhpg[ 5 j (23)

where the geometric factor Rj, the ratio of beam radiation on the tilted surface to that on a
horizontal surface at any time, is given by

1 bt ©0S 91
R =——= 24
b1 cos@ (24)
b z
and cosd, is determined from
cos 8. =sin Osin grcos B —sin d cos gsin [Scos y +
! (25)

cos J cos gcos [ cos w+ cos Isin @sin B cos ycos w+ cos Jsin Fsin ysin w
In Eq. (20) the extraterrestrial radiation /, on a horizontal surface for an hour period is obtained
by integrating Eq. (1) for a period between hour angles w; and w, which define an hour

12x3600

G
1 —Sc(l +0.033cos 336655nj[c0s @cos J(Sinw —sinw 2 1

. . 26
120 sin ¢sin & (26)

) ﬂ(sina) —sina))
+

o Via 2 1

The calculation of absorbed radiation using the HDKR model of diffuse radiation is similar to
that based on the isotropic model except that the circumsolar diffuse is treated as an increment
to the beam radiation, horizon brightening is considered, and the diffuse component is
correspondingly reduced.

The collector efficiency is defined as the ratio between the useful energy delivered over the
aperture area and the total irradiance of the collector aperture, according to [37]:

q mpcp c(Tco_Tci)
et "rpelleo 7T 27)
AaGT NcAaGT
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The efficiency curve provided by manufacturer is obtained from efficiency tests according to
the standard (EN 12975-2:2006). The efficiency curve is described after a second degree fit of
efficiency points measured at different collector temperatures and follows from:

Tm _Ta Tm _Ta ? 28
,7 _,70 _cl GT _CZGT GT ( )
. +T
with 7 =51 %2
m 2

Since the efficiency curve is produced on the basis of normal incidence measurements, its use
for different incident angles requires the correction of the optical efficiency, measured at
normal incidence, by the appropriate incident angle modifier. Thus, the collector efficiency at
any incidence angle is calculated as:
Tm _T(l Tm _T(l ?

n(6) =/70K(0)—CIG——02GT [G—] (29)

T T
where the incidence angle modifier K(¢) can be approximated by the product of the transversal

and longitudinal incidence angle modifiers according to [38]:
K(0)=k(g.6)=k(g.0)x[0g) 30

From Egs. (26) and (28), the collector outlet temperature is calculated using following
equation:

Z_u:UOK(H)GT_CI(Tm_Ta)_c2(Tm_Ta)2 4 djltn (31)

a
For the four storage tanks, it is noted that the hot water mass flow rate withdrawn from the
storage tank 1 in the SHWP is equal to the desired load flow rate, regardless of storage
temperature. On the other hand, whenever the storage tank 1 temperature falls below the
desired load temperature, the maximum possible portions of the energy demand is met by
keeping the discharge mass flow rate equals to the desired load flow rate and the rest of the
energy demand is supplied by the auxiliary.

A control function FZ.C that determines to which storage tank receives water from the heat

exchanger is written as follows:
Lif 7, >T .,i=1
,0 t,i

h
po 2T 02T (32)
L lLif 7, <T .,i=4
h,o "t
0 otherwise

The water returning from the load is controlled in a similar manner with a load return control
function Fl.l :
Lif T >T .,i=1
r t,i
Lfr . 2T >T .
F,l - ti—=1 " "r " i (33)
bONEET <T, i=4
r 1,1

0 otherwise
The net flow between storage tanks depends on the magnitudes of the collector and flow rates

and the values of the two control functions at any particular instant, and a mixed-flow rate that
represents the net flow into tank 7 from tank i-1:
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mm,1 =0
SR (34)
F'l=4m . =m F>—m F
i m,i cj:1 J j=i+l J
mm, N+1 =0
With these control functions, energy balance of a well-mixed storage tank i can be expressed as

i

me . =(UA)\T -T .|+F‘m |c_,T, =-c T .|+
i p,t,i dt \"a 't i ¢\ p,hho “ptiti

. _ R ,
Fiml(cp,rT Cp,t,iTt,i—l)lka Fz 1 with k <i

. + (39)

Fi "y (Cp,rTr _Cp,t,iTt,i)
. _ o
mm,i(cp,t,i—th,i—l cp,z,iTt,i)‘f i ™0

: B . .
mm,i+l(cp,t,iTt,i Cp,t,i+th,i+ljlfmm,i+l 0

/ . _ . c _ Il _ . .
B (Cp,t,i+1Tt,i+1 Cp,t,l];,‘,ij iEF = hy Shwith kit
Energy demand met by the solar energy is calculated as,
4y =ie, (r.-7,) (36)

When T < T, the desired load temperature requirement can be met by an auxiliary energy. The
required auxiliary energy is calculated as,

) :mlcp,ls(Tl _Ts) 7

The present mathematical modeling of a solar assisted 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. 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,

RT. (P))
*=g exp| —| —1In| — 38
q* =q,exp {E (POD (38)

where, ¢,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,

15D, exp( _RZ; j
(¢°-q) (39)

where R, denotes the average radius of a silica gel particle, E,is the activation energy of

surface diffusion, and D, is the kinetic constant for the silica gel water system.

It 1s 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,
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M sy =m,, —m —m (40)
= Msin d ,cond b
dt
Here, M, is the amount of sea water in the evaporator, m_, is the rate of feed sea water,

My ..,q1S the mass of potable water extracted from the condenser and 7, is the mass of

concentrated brine rejected from the evaporator. The energy balance of the evaporator in
communication with the adsorbers is written as,

dT
[cp,s (Tevap )Ms,evap +M HX Evap € pix ]% =h y (Tmp ) n,,, =
41)
h fe (Tevap )M sg (%) +n evap Cp,evap (Tpireain ~ Tonitied.ous)

Similarly, the energy balance of the condenser is given by,

dT,

cond

dt

dM d.
= (T )= 4 (T)M(Z’—tj (42)

[cp (Tcond )Mcond + MHX,Cond cpHX

+ mcond cp,cond (ﬂ?ond Jin - T'cond Jout )

In this cycle, m,,,, =m,,, 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,

(Moc, +M

S p.sg HX,Adscp,HX +Mabecp,a

dT
ads/des —
) - iQst (Tads/des ° Pevap/cond )

dt (43)
T

dqads/des - ( ) ( )
nx M sg * mcw/ hw cp,cw/ hw \" ads/ des Tcw/hw,in ]:;W/ hw,out

dt

where 7 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 c, is calculated as a function of adsorber
temperature (7,4) or desorber temperature (7,) during adsorption or desorption process,

respectively. Here O, stands for the isosteric heat of adsorption which is calculated [39, 40] as
follow,

1/n
_ q 0P
Qy=h, +E {_ ln(aj} +1v, (ﬁjg

(44)
where v, is the specific volume of the gaseous phase, /4, 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,

T, =T,+(T, —%)ew[%} (45)

mcp

10
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Here T,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, (Qdes), can be calculated by

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

Qdes = mhwcp,hw (Thw) (Thw,in - Thw,out) (46)

where m,,, indicates the mass flow rate and ¢, defines the specific heat capacity of heating

p.hw
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,

Qads = mcwc p.cw (Tcw) (Tcw,out - Tcw,in ) (47)

where m,, and ¢, indicate the mass flow rate and the specific heat capacity of cooling fluid.

p.cw

At the same time, the heat of evaporation (Q ), and the condensation energy (me,) rejected

evap

at the condenser are given by,

Qevap = mevapcp,evap (Tevap ) (T'chilled,in - Tchi/led,out ) (48)

chmd = mmndcp,cw (710011d ) (Ywmnd,out - T'cond,in) (49)

It is noted that the roles of the reactors for adsorption or desorption are switched in a half-cycle
time.

The SDWP and SCP of the cycle is defined as,

tcycle 0 T
SDWP= | cond dt (50)
0 h fe (Tcond ) Msg

t

cycle O T
scp= | 2Py 51)

O M
S8

The performance ratio (PR) for desalting and the coefficient of performance (COP) of the
adsorption cycle are given as,

¢ :
cycle mwaterh fg (Tcond ) r

PR= | : dt (52)
0 QMdes QSdes
t
cycle O T

cor= | AL — (53)

0 QMdes +QSdes
11
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Finally, the overall performance of the adsorption cycle which produces two useful effects
(cooling energy and potable water) from a single heat input i.e., the low temperature waste heat
is analyzed using overall conversion ratio (OCR). The OCR is defined as the ratio of the total
useful effects produced over the energy input, and the expression is given as,

t

cycle (Q +0 j r
OCR= | evap - cond it
0 QMdes QSdes

(54)

The mathematical modeling equations of the adsorption desalination cum cooling cycle are
solved using the Gear's BDF method from the IMSL library linked by the simulation code
written in FORTRAN PowerStation, and the solver employs a double precision with tolerance
value of 1x10™®

Result and discussion

The production of dual useful effects; namely cooling and potable water, are investigated for
two operating conditions: In the first operating states, the cycle is operated to produce high-
grade cooling power i.e., the temperature of the chilled water outlet is 7 to 9°C for the
residential or space cooling by maintaining the chilled water inlet to the evaporator around 12-
14°C. In the second condition, the operation is optimized for the production of potable water
with the increase in chilled water inlet temperature to 25-30 C. The outlet chilled water
temperature which is around 20-25°C can be used for process cooling. It is noted that in both
operating conditions, the cycle produces the cooling power and potable water simultaneously.
Fig. 3 gives the five day-temperature profiles of the hot water storage tanks for the month of
July. The lowest temperature of the tank #1 in the late night hour is about 54.8 ‘C whilst the
highest temperature is about 86.65 "C.
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Figure 3 Temperature profiles of the storage tank for five consecutive days in July
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At solar noon, the temperature difference between tank#1 and tank#2 is around 0.2 "C whilst
that in the mid-night hours is around 2 ‘C. Good temperature stratification is incorporated in the
plant by having a top-to-bottom arrangement for the storage tanks and the temperature-
controlled filling of water from the solar collector. Fig. 4 shows the performance of the
adsorption desalination cum cooling cycle that operates using hot water produced from the
solar hot water system. It is observed that the temperature of the evaporator is influenced by the
hot water supply temperature. At solar noon, the hot water temperature increases up to 86.65 'C
and the evaporator temperature is about 20 ‘C while the chilled water inlet temperature is set at
30 °C.
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Fig. 4 The temperature profile of the solar-assisted adsorption desalination cum cooling
cycle

A simulation of the performance of prototype AD plant is given Fig. 5 where the cyclic steady
state performance of the adsorber, the desorber, the condenser and the evaporator are depicted.
Over the day, the desorber bed temperature first rises with increasing solar radiation before
noon and then dropping gradually in the after noon as the solar irradiance reduces. The
condenser and the adsorber temperatures remain relatively constant since the external cooling
water circuits are used for the heat rejection.

The simulations are compared with experiments using a prototype test facility at the air-
conditioning laboratory of National University of Singapore. A pictorial view of the
experimental AD plant is shown in Fig. 6. The plant consists of four major components: (i)
Adsorber beds, (ii) Desorber beds, (iii) an evaporator and (iv) a condenser. As the plant is fully
automated, it can be configured to operate either as a 2-bed or 4-bed mode as well as with or
without the energy recovery schemes during the switching intervals. The latter schemes are
invoked so as to improve the COP of the plant. Table 2 lists the parameters of the components
in the pilot plant. From such a facility, a dearth of experimental data have been gathered for a
wide range of operating conditions, namely the heat source inlet and cooling water
temperatures. Summarizing the data, the performance of the AD cycle can be expressed in
terms of specific daily water production (SDWP) and the specific cooling power (SCP) for a
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wide range of chilled-water inlet temperatures, typically ranging from 10 "C to 30 'C. The hot
water and cooling water inlet temperatures are maintained at the rating conditions, namely at 85
C and 30 C respectively.
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Fig. 5 The temperature profile of the solar-assisted adsorption desalination cum cooling

cycle
Tempoerature Flow rate
(0 (kg/s)

Hot water inlet (desorber) 65-85 0.83
Cooling water inlet (adsorber) 29.5 0.83
Cooling water inlet (condenser) 29.5 2.00
Chilled water inlet (evaporator) 10-30 0.83
Mass of silica gel per bed (kg) 36
Switching time (s) 40
Evaporator (m?) 7.5
Condenser (m?) 5.08

Table 2. Operating conditions of the AD plant

The results show that both SDWP and SCP have a linear relationship with the chilled water
inlet temperatures; that is increasing performance with higher chilled water inlet temperatures
when the heat source temperature and cycle time are held constant. This is attributed to two
factors: Firstly, an improvement in the boiling process at the evaporator and secondly, the
increase in the pressurization effect of adsorbate onto the adsorbent caused by the higher
evaporation temperature (hence P;,). Figs. 8 and Fig. 9 depict the performance of the cycle for
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two inlet chilled water temperatures i.e., 14 'C and 30 'C, subjected to varying hot water inlet
temperatures. For the case of 30°C chilled water inlet temperature and optimized for potable
water production, the daily average values of the SDWP and SCP are found to be 5.62m’ and
45Rton per tonne of silica gel per day, respectively. Similarly, a lower SDWP of 2.1m’ and
SCP of 16.9 Rton per tonne of silica gel per day are expected when the chilled water inlet
temperature is set at 14 C. These simulation results indicate an excellent match for the
adsorption cooling cum desalination cycles with the solar hot water collectors which have been
designed for 270 m” and a water storage capacity (thermally-stratified design) of 12 m’.
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Fig. 6 The pilot adsorption desalination cum cooling plant in NUS

9 70
= e ;
587 Tew™®C # SDWP : L 60
5 1 Topoun=30°C ! =
g 7 ] cool,in B SCP : gn
o ] thatteyee=600s : L 50 ©
5 -z
L 5
3 s 3 0 g
o c
Q 4 , L\ J [ Q
£ ] y Y F 30 ©
8 3 ] [} Outlet chilled water suitable [ 2
fg for district or process cooling L 20 g

p -

E 2 1  Outlet chilled water suitable E—
& for residential cooling [ 10 9

1 1 [ wn
= ]
[a]
“ I f——----—-r 0

5 10 15 20 25 30 35
Chilled water inlet temperature (°C)

Fig. 7 SDWP and SCP of the AD cycle with assorted chilled water inlet temperatures
suitable for residential cooling and process cooling applications

15



ond European Conference on Polygeneration — 30™ March -1 April 2011 — Tarragona, Spain

The key advantage of the AD cycle is the flexibility of operation over a wide range of heat
source temperatures whilst the performances could improve with a lower coolant temperature
supplied to the condenser. Being robust in the operational conditions, the cycle can be tailored
to meet the requirements between the amount of cooling and the amount of desalted water
needed by simply changing the temperature of evaporator. Should the AD operation is designed
for more residential cooling, the predictions show that the cycle could produce a SCP of
32Rton and a SDWP of 4m’ per day per tonne of silica gel when the outlet chilled water
temperature spans from 7 'C to 10 ‘C. If more desalted water is desired from the condenser, the
AD cycle operation could be adjusted to produce a SDWP and a SCP of 7.7 m® and 60 Rton per
day per tonne of silica gel, respectively. For the latter operation, the cooling water from the
evaporator would have to be raised higher, typically at 18 to 25 'C, a temperature range that is
suited for process or district cooling.
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Fig. 8 Simulated results of the cooling capacity and the SDWP of the AD plant with
hourly varying hot water temperature at chilled water inlet 14°C
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Fig. 9 Simulated results of the cooling capacity and the SDWP of the AD plant with
hourly varying hot water temperature at chilled water inlet 30 C
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For a solar-driven adsorption cycle, the hot water temperatures from collectors are a function of
daily insolation where the hot water temperature is expected to vary from 65 ‘C to 85 'C. The
experimentally-measured performances of the AD plant are given in Fig. 10 and Fig. 11. It can
be seen that the SDWP and the SCC of the adsorption cycle linearly increase with higher heat
source temperature for every set of chilled water inlet temperature. It is also observed that both
the SDWP and SCC of the adsorption cycle improve at higher chilled water temperatures with
higher heat source temperatures.
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Fig. 12 Overall conversion ratio of the two-bed adsorption cycle for cooling and
desalination

Fig. 12 describes the overall conversion ratio of the two-bed adsorption cycle for both air-
conditioning and desalting applications at assorted hot water inlet and chilled water inlet
temperatures. The results show that overall conversion of the Adsorption cycle decreases with
increasing hot water temperature. The overall conversion ratio of the Adsorption cycle can be
as high as 1.5 at 65 "C regeneration temperature. The results also show that the adsorption
cycles can operate efficiently using solar energy.

Conclusions

The performance of an adsorption cooling cum desalination cycle has been investigated
numerically and validated by experiments. The useful effects of the cycle i.e., cooling and
potable water can be extracted when a single heat input at low temperature is supplied to the
cycle. The results showed that the AD cycle produces a SCP of 32 Rton and a SDWP of 4m’
per day per tonne of silica gel when the outlet chilled water temperature spans from 7 'C to 10
'C. At relatively higher chilled water temperature of 25 to 30 ‘C, the AD cycle produces a
SDWP and a SCP of 7.7 m® and 60 Rton per day per tonne of silica gel, respectively. Being
waste heat or solar energy driven, the electrical energy is used only for coolant circulation and
hence, the payable energy of AD cycle is merely at 1.38kWh/m’. With the simultaneous
production of two useful effect i.e., cooling and potable water from the single heat input, the
overall conversion ratio (OCR) of the AD cycle is observed to be about 1.4 at a hot water input
of 65°C, making the waste-heat driven AD plant an excellent environment friendly machine.
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