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a b s t r a c t
This paper introduces a novel time-scheduling scheme for adsorption desalination (AD). Mathematically, a critical bed pressure of the Toth isotherm is deﬁned as the pressure above which the uptake ratio scarcely changes.
Heat balance equations of sorption beds for precooling, adsorption, preheating, and desorption are uniﬁed into a
single equation. This general governing equation is used to model AD systems, which consists of an arbitrary
number of bed pairs with speciﬁcally preset initial thermal phases. A theoretical minimum of switching interval
is derived as a function of thermal properties of reaction beds and heat exchangers. In the new time scheduling
scheme, no bed pairs are in an identical process schedule, because each bed has its initial time lag (ITL) when the
operation starts. We found that speciﬁc AD performances vary noticeably depending on the ITL values, the number of beds, and more importantly, the number of beds in a time-lag group. There must be an optimal ITL for given
operational parameters, which can distinctly increase the water production rate without using extra heat
sources. This can dynamically optimize the relative performance of desalination rates and cooling capacities of
AD processes.
© 2016 Elsevier B.V. All rights reserved.
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Supplies of water, energy and food are vital resources for human living, which are being depleted worldwide. The world's population is
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now 7.35 billion (B) and is projected to be 8.5 B by 2030 [1]. Current
global water requirement is 4500 km 3 (cubic kilometers) annually
and will increase to 6900 km3 by 2030. Water demand is closely related to food production. For example, 1 cal of food requires on the
average 1 l of water for production [2], and agriculture accounts for
two thirds of global water withdrawal [3]. To meet the everincreasing global water demand, desalination by thermal and membrane processes can be primary methods [1]. Ideal thermodynamic
limit for seawater desalination is 0.78 kWh/m3, independent of speciﬁc thermodynamic processes. Comparative analyses of speciﬁc energy consumption of the thermal and membrane processes can be
found elsewhere [4–6]. In addition to water demand, global cooling
demand also seems to signiﬁcantly increase with population growth
and individual income growth. Cooling degree days (CDD) is often
used to estimate the daily cooling demand, deﬁned as the day's average of the highest and lowest temperatures, subtracted by the base
temperature (typically set as 65 °F). Annual CDD is calculated as
CDD times 365 days. Sivak suggested annual person cooling degree
days (APCDD), which is a product of ACDD and a nation's population
[7]. The current ACDD and APCDD of the United States are 882 and
278,712, respectively. The total demand in 169 countries (excluding
the United States) is currently 45 times greater than that in the
United States [8].
The current global situation for water and cooling demands requires
an innovative technology that can produce potable water and cooling
power ﬂexibly, using renewable and/or inexpensive heat sources. As
energy-saving solutions for renewable desalination, AD and membrane
distillation recently received close attention [9,10]. Adsorption desalination (AD) can be used for the dual production of potable water and
cooling power, and thus be beneﬁcial for regions with hot climates.
AD systems are compact, (almost) free from moving parts, and efﬁciently driven by renewable/inexpensive heat sources. AD consists of nontoxic and environmentally benign materials, requires no synthetic lubricants because it uses only water as the working ﬂuid, and has a low initial cost. AD uses an adsorbent (silica gel) for dynamically alternating
adsorption and desorption of an adsorbate (water) using only one
heat source. Pairs of beds undergo alternative sub-operations of adsorption/desorption and precooling/preheating. For instance, if bed 1 is in
the adsorption (or precooling) phase, paired bed 2 is in the desorption
(or preheating) phase. This is because cold and hot water streams for
heat exchange are alternatively directed toward the paired beds using
a toggle valve. AD does not have a steady state, but phases are
systematically coupled and periodically exchanged. The time used for
precooling and preheating is the switching interval, and time spent for
adsorption and desorption is the reaction time. The sum of these two
time scales is a half cycle. Thus, a full cycle consists of two switching intervals and two reaction times.
Ng et al. has compared various refrigeration and desalination systems and reported that a silica-gel/water AD system is one of the
most cost-effective and environmentally friendly solutions for desalination and refrigeration [6,11]. Extensive experimental and simulation studies have been performed to investigate the performance of a
single stage silica-gel/water AD system for various temperature
ranges [12–16]. Previously, Saha et al. showed that the cycle time is
an inﬂuential parameter on both cooling capacity and coefﬁcient of
performance (COP) [17], reporting that the cooling capacity is maximized at a certain cycle time, while the performance increases monotonously with the cycle time. In the same light, Alam et al.
reported that the maximum cooling capacity can be achieved by controlling the switching interval [18]. Recently, the potential of AD hybridization the conventional multi-effect distillation (MED) was
modeled using thermal energy from the brine heater and extracted
vapor stream from the last stage of the MED process at subatmospheric pressures and temperatures [19]. A follow-up experimental study supported the model prediction, as attributed to the
synergistic operation of the conventional MED and AD systems

[20]. On the other hand, an advanced AD cycle was proposed by
utilizing an encapsulated evaporator–condenser unit for effective
heat transfer and internal heat recovery [15]. Wu et al. theoretically
proposed several thermodynamic cycles of AD in terms of temperatures of evaporator and cooling water streams [21] and experimentally validated the new cycles [22]. Their study concluded that the
maximum water production rate as well as the minimum energy
consumption were achieved by maintaining the evaporator temperature higher than the cooling temperatures of adsorbent and condenser. Thu. et al. applied the concept of multi-effect to AD, and
investigated multi-effect adsorption desalination (MEAD) using a
single heat source [23]. The performance ratio of the MEAD cycle
was reported as high as 6.3 and the cycle-averaged speciﬁc water
production rate was about 1.0 m3/h per ton of silica gel. Kim et al.
investigated the potential of ferroaluminophosphate as a novel adsorbent in a temperature range from 20 °C to 80 °C [24]. A hybrid isotherm consisting of Henr's and Sips' isotherms successfully captured
the unique trend of the uptake ratio, i.e., a monotonous increase
followed by a sudden jump with respect to the vapor partial pressure. Solar-assisted AD cycle was investigated to assess product
water quality [25], reporting that the TDS levels from approximately
40,000 ppm in feed seawater was signiﬁcantly reduced to b 10 ppm.
The above research aimed to improve AD performance by developing multi-stage AD systems of serially connected reaction beds,
hybridizing AD with conventional thermal desalination schemes,
and utilizing internal heat resources for efﬁcient/additional energy
recovery. However, relatively less work has been carried out on understanding effects of initial time lag (ITL) of bed phases, chilling
water temperature, and the various number of beds (having the
same evaporator and condenser). When multiple pairs of reaction
beds are used, the initiation time of each bed pair can be, in principle,
independent. For example, when two bed-pairs (of total 4 beds) are
initialized, the second pair can start after a certain time after the ﬁrst
bed-pair started pre-processing. This is because operation of each
pair is not directly inﬂuenced through the common evaporator and
condenser. Although scales of reaction and switching times signiﬁcantly alter the overall performance of various AD systems,in most
cases these time scales are empirically determined by trial and
error. To the best of our knowledge, no theoretical framework was
fully established for determining the switching interval and reaction
times. One of the noticeable advantages of an AD system is the simultaneous production of cooling capacity and fresh (distilled) water. As
demand for water and cooling can temporarily vary, it is desirable to
control the relative production of cooling capacity and fresh water by
adjusting the feed temperature of the evaporator and condenser. In
this work, we investigate the effects of the number of beds, initial
time lag, and input-stream temperatures on the AD performance
for optimized simultaneous cooling and desalination.
2. Theory
2.1. Isotherm and bed pressure
2.1.1. Toth isotherm
Toth developed an isosteric isotherm between water as the adsorbate and silica gel as the adsorbent [26]:
 
H st
P
K 0 exp
RT

ϕ ¼n

 
τ1 o1=τ1
1 þ K 0 exp HRTst P=ϕm

ð1Þ

where ϕ⁎ is the adsorbed quantity of adsorbate, i.e., mass-adsorbate per
mass-adsorbent, by the adsorbent under isothermal equilibrium conditions, ϕm denotes the monolayer capacity, P is the partial pressure of the
adsorbate in gaseous phase, T is the absolute temperature, Hst is the
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isosteric enthalpy of adsorption, K0 is the pre-exponential constant, τ1 is
the dimensionless Toth constant, and R (= 8.314 kJ/K mol) is the
universal gas constant. Because Hst has units of kJ/kg, we used R =
0.4606350 kJ/kg ⋅ K speciﬁcally for water with a molecular weight of
18.05 g/mol. For RD silica gel, the parameter values are reported as
ϕm = 0.45 kg/kg, Hst = 2.693 × 103 kJ/kg, K0 =
7.30 × 10−10 kg ⋅ kg−1 ⋅ kPa−1, and τ1 = 12 [27]. Fig. 1 shows good agreements between theoretical prediction of Eq. (1) and some experimental
data reviewed by Ref. [27].

Table 1
Variation of the critical pressure Pcrit with respect to temperature.

2.1.2. Critical pressure
In Toth's isotherm adsorption uptake, ϕ⁎ linearly increases for low P
and converges to a plateau for high P (see Fig. 1). A transition point between these two regions indicates a speciﬁc pressure above which ϕ⁎

2.1.3. Isosteric pressure
The bed is thermally isolated during the isosteric pre-processing period. The bed pressure is determined by the previous uptake rate ϕ and
the current bed temperature T. Therefore, the isosteric bed pressure is
represented as an inverse Toth isotherm of Eq. (1):

hardly increases. In this work, we named it the critical pressure and calculated it as follows. First, Eq. (1) is re-written as.
ϕ ¼ 

ϕm
1 þ ½P=P 0 −τ1

1=τ1

T[K]

T[°C]

P0[kPa]

Pcrit[kPa]

304.15
310.15
316.15
323.15
338.15

31.00
37.00
43.00
50.00
65.00

2.7670
4.0134
5.7395
8.5672
19.1148

2.7117
3.9331
5.6247
8.3958
18.7325

ð2Þ



Hst
ϕ exp −
RT
P ¼ 
1=τ1
K 0 1−½ϕ=ϕm τ1

ð3Þ

2.1.4. Adsorption dynamics
The uptake rate of water by the silica gel is obtained using a driving
force equation as.

ð6Þ

where
P0 ¼



ϕm
H st
exp −
K0
RT

which is a sole function of temperature. The critical pressure Pcrit is
obtained by calculating
d ϕ
3

dP 3

¼0

ð4Þ

because −d ϕ⁎/dP2 must have the shape of a narrow normal distribution. Eq. (4) results in.
2

P crit ¼ 0:980 P 0 ≃P 0

ð5Þ

where speciﬁc values of P0 and Pcrit are in Table 1. In a practical sense,
one can use the critical pressure as the upper-limit of bed pressure during the cyclic operation. In this respect, an advanced AD scheduling can
use Pcrit(T) to dynamically optimize AD performance. This is often practically optimized using proper switching intervals and reaction times.

dϕ
¼ ks av ðϕ −ϕÞ
dt
ks av ¼

15Ds
R2p


Ea
Ds ¼ Ds0 exp −
RT

ð7Þ

ð8Þ

ð9Þ

where ksav is the effective mass transfer coefﬁcient, Rp is the silica gel radius, Ds is the surface diffusion coefﬁcient, Ds0 is the kinetic constant
having the diffusivity unit, and Ea is the activation energy. Speciﬁc parameter values for the uptake rate are taken from Ref. [28] and listed
in Table 2.

Fig. 1. The equilibrium adsorption uptake, ϕ⁎, as a function of refrigerant temperature and pressure at gaseous equilibrium. Lines and symbols indicate theoretical and experimental results,
respectively.
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Table 2
Parameter values used for adsorption desalination simulations [28]. For dual-use and desalination modes, Tch,in = 15 °C and 30 °C are employed, respectively.
Evaporator
Mff,evap
Mhx,evap
cp,hx,evap
Uevap
Aevap
_ ch
m
Tch,in

Condenser
12.00
6.00
0.48
2.00
0.08
0.21
15.00

kg
kg
kJ/kg K
kW/m2K
m2
kg/s
°C

Mff,cond
Mhx,cond
cp,hx,cond
Ucond
Acond
_ cf
m
Tcf,in

5.60
11.00
0.48
0.25
0.54
0.21
0.21
85.0
30.0

kg
kg
kJ/kg K
kW/m2K
m2
kg/s
kg/s
°C
°C

Ds0
Ea
cp,sg
Rp
Hst
ϕm
τ
K0

Beds
Msg
Mhx,bed
cp,hx,bed
Ubed
Abed
_ cw
m
_ hw
m
Thw,in
Tcw,in

24.00
4.00
0.48
0.08
0.60
0.60
30.00

kg
kg
kJ/kg K
kW/m2K
m2
kg/s
°C

2.54 × 10−4
42.00
0.921
80.0
2693.00
0.45
12
7.30 × 10−10

m2/s
kJ/mol
kJ/kg K
μm
kJ/kg
kg/kg
[−]
kg/kg kPa

Silica gel

2.2. Timing schedule
Fig. 2 shows the timing schedule for a pair of beds in opposite
phases. The switching interval for precooling and preheating is assumed
to be equal, while the duration for adsorption and desorption is given by
the pre-set reaction time. Initially, beds 1 and 2 are in the ﬁrst switching
period for the precooling and preheating phases, respectively, and connected to neither the evaporator nor the condenser. In the ﬁrst reaction
period, bed 1 adsorbs the vapor ﬂow from the evaporator, and bed 2 desorbs the pre-adsorbed water to the condenser. The ﬁrst half cycle consists of the switching interval plus the reaction time of Fig. 2(a) and (b),
respectively. In the second half cycle, roles of beds 1 and 2 are exchanged as shown in Fig. 2c and (d), respectively. During the full
cycle, a bed exchanges heat from the cold input stream for precooling
and adsorption, and utilizes heat from the hot input stream for
preheating and desorption. This connection/isolation scheme is symmetric on the bed index. In other words, exchanging the bed index
(1 ↔ 2) does not affect the thermal loads of the evaporator and condenser. When more than two paris of beds are used for AD, at most a
half of the total beds are simultaneously connected to the evaporator
(or the condenser).

2.3. Thermodynamic mechanism
The relationship between pressure and temperature is described by
the Clausius-Clapeyron equation for equilibrium of two thermodynamic
states of different phases:
ln P ¼ −

Δh 1
þ constant
Rg T

ð10Þ

where Δh is the enthalpy for the phase change. In Eq. (10), ln P can be
plotted with respect to − T− 1, as shown in Fig. 3. The full cycle of
adsorption desalination consists of two isosteres and two isobars that
intersect at points determined by temperatures of TA to TF. The
Clausius-Clapeyron equation above may be represented for water as
ln

P
LðT Þ
¼−
P0
Rg T

where P0 = 3.622236 × 1023 kPa and L(T) = l0 − l1T is the latent heat of
water where l0 = 3168.14 kJ/kg and l1 = 2.43448 kJ/kg ⋅ K [29].
Bed 1 of Fig. 2 undergoes the following cycle in sequence as its thermodynamic state is shown in Fig. 3:
1. After the bed ﬁnishes the desorption process, it is isolated from
both the evaporator and the condenser. Precooling follows to decrease the bed temperature for adsorption. In this isosteric
precooling process [D → F], the bed temperature decreases from
T D to T F while the uptake ratio in the bed is kept constant as ϕD
(see the state of bed 1 in Fig. 2(a)). As the bed temperature decreases, entropy decreases:
dSpcl ðb 0Þ ¼



cp;s þ cp;a
∂va
dT−
T
∂T

dP

ð11Þ

P;ϕ

where pressure decreases from Pcond to Pevap. See Appendix A for
details.
2. During the adsorption process [F → A], the adsorbate (water) is evaporated at (often low) pressure Pevap and temperature Tevap in the
evaporator and transported to the adsorption bed due to the enthalpy gradient. The adsorbate is then adsorbed into the pores of the adsorbent (silica gel) under the isobaric conditions at Pbed = Pevap. The
adsorption heat is released during phase change and removed by a
heat exchanger (installed inside the bed) having the cooling water
stream of temperature Tcw. The bed temperature gradually decreases
from TF to TA and the uptake increases from ϕF ≈ ϕ⁎(Pevap,TF) to

Fig. 2. Timing of four subprocesses of two-bed adsorption desalination.
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Fig. 3. P–T–ϕ diagram.

ϕA ≈ ϕ⁎(Pevap,TA). The adsorption uptake rate can be represented in
differential form as


dϕads ðt Þ
¼ ks av ðT bed Þ ϕ P evap ; T bed −ϕads ðt Þ
dt

ð12Þ

As the bed temperature decreases, the maximum uptake ϕ⁎(Pevap,Tbed)
increases, maintaining a positive uptake rate, ϕ_ ads. (See the state of bed
1 in Fig. 2(b).) During adsorption, the bed temperature gradually decreases because of the phase change of the adsorbate from a gas to
adsorbed phases. Therefore, adsorption entropy decreases with temperature while ϕ increases:
dSads ðb0Þ ¼




cp;s þ cp;a
Hst
dT þ Sg −
dϕ
T
T

ð13Þ

During precooling and adsorption periods, entropy decreases since the
cooling stream decreases the bed temperature.
3. After the silica gel is saturated at point A, the chamber is convectively
isolated and becomes subject to isosteric heating for desorption. During this preheating process [A → B] (see the state of bed 1 in Fig. 2(c)),
the bed pressure increases from Pevap to Pcond, and ϕ is maintained at
its isosteric value at the end of the adsorption, ϕA = ϕ⁎(Pevap,TA). As
the uptake isotherm depends on the equilibrium temperature and
pressure in the bed, the pressure can be inversely calculated as a
function of temperature using the isotherm in this isosteric phase,
making the path line from A to B. Entropy increases in this preheating
phase as much as it decreases in the precooling phase
dSpht ¼ −dSpcl N0

dSdes ¼ −dSads N0

ð16Þ

as explained in Eq. (13).
5. Before the next adsorption, the silica gel is cooled down isosterically
at ϕ⁎(Pcond,TD) until the bed pressure decreases from Pcond to Pevap.
The adsorbate is re-fed from the evaporator. This is identical to step
1 described above. In the full AD cycle describe above, the net entropy change is derived as zero
dStot ¼ 0

ð17Þ

ð14Þ

as explained in Eq. (11).
4. When the bed pressure reaches the condenser pressure, the bed
opens to the condenser to start the isobaric desorption process. During this process [B → D], the bed pressure is maintained equal to the
condenser pressure Pcond, and the bed temperature increases from
TB to TD by utilizing the heat of hot water of temperature Thw, from
the heat exchanger. The pre-adsorbed adsorbate is expelled
endothermally from the pore surfaces of the silica gel and transferred
to the condenser for saturation. The uptake ratio decreases from
ϕB ≈ ϕ⁎(Pcond,TB) to ϕD ≈ ϕ⁎(Pcond,TD), and the desorption uptake
rate may be represented as
dϕdes ðt Þ
¼ ks av ðT bed Þ ½ϕ ðP cond ; T bed Þ−ϕdes ðt Þ
dt

As the bed temperature increases, the maximum uptake ratio
·
ϕ⁎(Pcond,Tbed) decreases, giving the negative uptake rate, ϕdes b 0.
The remaining amount of adsorbate in the silica gel continuously decreases until the end of this desorption process. In the condenser, the
adsorbate in the gas phase is being saturated (condensed) at Pcond,
which is the vapor pressure of water at the condenser temperature
Tcond. Lowering condenser temperature will enhance the saturation
rate and therefore increase the desalination capability, but would require extra energy consumption for cooling. Consequently, use of
water or air at the ambient temperature must be a good option to
make AD more cost-effective, depending on the relative importance
of desalination to cooling (see the state of bed 1 in Fig. 2(d)). Entropy
gradually increases in this desorption phase as much as it decreases in
the adsorption phase:

ð15Þ

as described in detail in Eq. (76). However, this isentropic approximation is based on the assumption that the intrinsically transient
AD subprocesses promptly reach local equilibrium states within a
time duration much shorter than the half cycle period. In actual AD
applicaitons, overall entropy increases in each full cycle, i.e., dS N 0.
See Appendix A for details.

2.4. Energy balance
In this section, we represent energy balance equations for an
arbitrary number of bed pairs, having an even number of total
beds. At any time, a bed is assumed to be in local thermodynamic
equilibrium.
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2.4.1. Evaporator
The energy balance of the evaporator in communication with adsorber beds is
Nbed
X

dT evap
dϕi
_ ch cp;w T ch;out −T ch;in
¼−
δ
Mcp evap
M sg hfg T evap
−m
dt
dt sðiÞ;ads
i¼1

ð18Þ
where (Mcp)evap is the effective thermal mass of the evaporator, calculated as a sum of those of feed ﬂuid and heat exchanging substance of
the evaporator
Mcp

evap

¼ M ff;evap cp;w þ Mhx;evap cp;hx;evap

ð19Þ

and hfg(Tevap) is the evaporation enthalpy of water at Tevap. In Eq. (18),
the Dirac delta function is speciﬁcally deﬁned as
δSðiÞ;ads ¼

1
0

if SðiÞ ¼ ads
otherwise

ð21Þ

Z

t
0

T_ evap ðt 0 Þ dt 0

ð22Þ

where Tevap (0) is the initial evaporator temperature. The evaporator capacity is often presumed to be large enough to have the pressure of an
adsorber bed equal to the saturation pressure at Tevap:
P bed;ads ¼ P evap ¼ psat T evap

ð23Þ

2.4.2. Condenser
The energy balance of the condenser in communication with
desorber beds is
Mcp

cond

Nbed
X
dT cond
dϕ
¼−
Msg hfg ðT cond Þ i δSðiÞ;des
dt
dt
i¼1

ð24Þ

_ ff;cond cpa T air;out −T air;in
−m
where hfg(Tcond) is the evaporation enthalpy of water at Tcond, and
(Mcp)cond, similar to Eq. (19), is the effective thermal mass of the condenser, calculated as
Mcp

cond

¼ M ff;cond cp;w þ M hx;cond cp;hx;cond

0

t

T_ cond ðt 0 Þ dt 0

ð25Þ

ð27Þ

where Tcond (0) is the initial condenser pressure. The pressure of the
desorber beds is equal to that of the condenser, which is the saturation
pressure at Tcond, i.e.,
P bed;des ¼ P cond ¼ psat ðT cond Þ

ð28Þ

2.4.3. Reaction bed
2.4.3.1. Precooling and adsorption. The energy balance of a bed under the
_
precooling (ϕ_ ¼ 0) and adsorption (ϕN0)
phases may be represented as:
Mbed cp;bed þ Msg ϕcp;w

 dT bed
_ g P evap ; T bed −hfg T evap þ Hst 
¼ þθads Msg ϕ½h
dt
_
−mcw cp;w T cw;out −T cw;in

ð29Þ
where the effective thermal mass of the bed is
Mcp

¼ Msg cp;sg þ Mhx;bed cp;hx;bed

bed

ð30Þ

and the output temperature of the cold water for heat exchanging is
similar to those of the evaporator and the condenser,
"

The evaporator is assumed to be at any time in equilibrium with the
adsorber beds. Identities (indexes) of these beds connected to the evaporator change periodically with respect to the switching interval and reaction time. During reaction periods, the number of adsorber and
desorber beds are (usually) equal to the half of the total bed number:
Nbed;ads ¼ Nbed;des ¼ 12 Nbed . The evaporator temperature at time t can
be calculated by integrating Eq. (18):
T evap ðt Þ ¼ T evap ð0Þ þ

Z
T cond ðt Þ ¼ T cond ð0Þ þ



ð20Þ

where S (i) indicates the thermodynamic status of bed i, which can be
one of ‘ads’, ‘des’, ‘pcl’, and ‘pht’. The summation on the right side of
Eq. (18) runs over adsorber beds only. The output temperature of the
chilled water is represented using the log-mean temperature difference
(LMTD) approach, which is


U evap Aevap
T ch;out ¼ T evap þ T ch;in −T evap exp −
_ ch cp;w
m

and the condenser temperature at time t is calculated by integrating
Eq. (24):

T cw;out ¼ T bed þ T cw;in −T bed

ðUAÞbed
exp −
_ pw cw
mc

#
ð31Þ

In the precooling phase, the bed is thermally isolated and the cold
stream of the heat exchanger continuously takes heat stored during the
previous desorption step. The temperature rapidly decreases in this
isosteric process and so does the bed pressure,which follows the inverse
isotherm relationship. In the adsorption phase, the heat is released for
phase change of the adsorbate so that the bed temperature decreases
slowly in comparison to that in the pre-cooling state. The bed pressure remains equal to the evaporator pressure, and the uptake ratio ϕ_ increases
as ϕ⁎ increases with the decreasing bed temperature. These two phases
can be mathematically represented by Eq. (29) using an on-off function:
0
1

θads ¼

for precooling
for adsorption

ð32Þ

and the speciﬁc bed pressure
(
P bed ¼

P  ϕpcl ; T bed
P evap



for pre‐cooling
for adsorption

ð33Þ

where P⁎ is calculated using Eq. (6).
2.4.3.2. Preheating and desorption. The energy balance of the bed under
·
the preheating (ϕ_ ¼ 0) and desorption (ϕb0) states is represented similarly as


Mcp

bed

 dT bed


¼ þθdes Msg ϕ_ hg ðP cond ; T bed Þ−hfg ðT cond Þ þ H st
þ Msg cpw ϕ
dt
_ hw cpw T hw;out −T hw;in
−m

ð34Þ
In this work, air is selected as a cooling ﬂuid for the condenser, having the speciﬁc heat capacity, cp,a. The output temperature of the condenser is similar to Eq. (21),


U
A
T air;out ¼ T cond þ T air;in −T cond exp − cond cond
_ air cpa
m

ð26Þ

where the output temperature of the hot water from the heat-exchanging
is
"
#
ðUAÞbed
ð35Þ
T hw;out ¼ T bed þ T hw;in −T bed exp −
_ pw hw
mc
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In the preheating phase, the bed is thermally isolated (similar to the
precooling phase) and maintained at an isosteric pressure of P⁎(ϕpht,Tbed). The uptake ratio, ϕpht, remains constant after the previous
adsorption state. In this desorption state, the latent heat for the phase
change is supplied by the incoming hot water from the heat exchanger
and the bed is in equilibrium with the condenser of pressure Pcond. Similar to Eqs. (32) and (33), we write
0
1

θdes ¼

for preheating
for desorption

ð36Þ

(

P  ϕpht ; T bed



P cond

for preheating

ð37Þ

for desorption

2.4.3.3. General representation of bed energy balance. The ith bed is at any
time in one of the four phases, i.e., pcl, ads, pht, and des, described
above. A generalized energy balance equation for Eqs. (29) and (34) is
h

Mcp

bed

þ Msg ϕðiÞ cp;w

and
_ hw cp;w T hw;in −T hw;out
Q in ¼ m

ð41Þ

In Eq. (39), the bracket indicates the time average over the full cycle,
i.e.,
Z

1

h⋯i ¼

T cyc

T cyc

0

ð⋯Þ dt

The speciﬁc cooling capacity (SCC) is deﬁned as the cooling capacity
〈Qevap〉 divided by total mass of silica gel in the beds:

and
P bed ¼

7

i dT ðiÞ

bed

dt

h

i
ði Þ
ðiÞ
¼ þθsrp M sg ϕ_ hg P ref ; T bed −hfg ðT ref Þ þ Hst

iÞ
ð38Þ
_ cw cp;w T ðcw;out
−T cw;in
−θcw m

iÞ
_ hw cp;w T ðhw;out
−T hw;in
−θhw m



Q evap
Msg Nbed

SCC ¼

ð42Þ

In AD, the amount of water produced per day per unit adsorbent
mass is a practically important value, and estimated using the speciﬁc
daily water production (SDWP) deﬁned as
SDWP ¼

τday
Nbed

*
X

+
ðiÞ
ϕ_ des

ð43Þ

i

where τday is a day in seconds.
2.6. Speciﬁc time scales

where subscript ‘ref’ will be replaced by ‘evap’ and ‘cond’ for adsorption
and desorption states, respectively, and speciﬁc on/off θ-functions are
deﬁned in Table 3.
2.4.4. Output water
At any time, the cold (and hot water) stream goes to 12 N bed beds of
precooling/adsorption (and preheating/desorption). The average output temperatures of the cold and hot water from 12 Nbed beds are


X

2
ðiÞ
T
T cw;out ¼
Nbed i¼pcl;ads cw;out


2
ðiÞ
T
T hw;out ¼
Nbed i¼pht;des hw;out

where τpht is interpreted as the characteristic time-scale for preheating,
deﬁned as
Mcp bed þ M sg cpw ϕpht
_ hw cpw ð1−e−uhw Þ
m

uhw ¼ −

respectively. Thermal blending of hot (and cold) output streams from
reaction beds is assumed to be instantaneous in our theory.
2.5. Performance evaluations
The coefﬁcient of performance (COP) is deﬁned as a ratio of the heat
input rate to the evaporator and that to desorption beds:


Q evap
hQ in i


ð39Þ

where
_ ch cp;w T ch;in −T ch;out
Q evap ¼ m

ð40Þ

Table 3
Values of on-off functions at the four phases of precooling, adsorption, preheating, and
desorption.

θsrp
θcw
θhw

ð44Þ

ð45Þ

where
X

COP ¼

dT bed
dt
¼−
T bed −T hw;in
τ pht

τpht ¼

and


2.6.1. Preprocessing time interval
The energy balance Eq. (34) for preheating can be written as

pcl

ads

pht

des

0
1
0

1
1
0

0
0
1

1
0
1

ðUAÞbed
_ hw ccp;hw
m

ð46Þ

Because the preheating is an isosteric process, ϕpht in Eq. (45) is
equal to that at the end of adsorption state, which is the maximum uptake ratio during all of the steady cycles. Similar to Eq. (45), the characteristic time scale for precooling can be written by simply replacing
subscripts ‘pht’ and ‘hw’ of Eqs. (45) and (46) with ‘pcl’ and ‘cw’, respectively. During the desorption period, ϕ decreases to its minimum, denoted as ϕpcl, and stays constant during the precooling phase.
If the hot and cold water streams have the same mass ﬂow rate, i.e.,
_ hw or equivalently the same thermal mass, i.e., m
_ cw cpw ¼ m
_ hw
_ cw ¼ m
m
cpw , then the switching time τsw can be determined as an average of
τpht and τpcl, i.e.,
τsw ¼

1
τ þ τpcl ¼ τsw;bed þ τsw;water
2 pht

τsw;bed ¼

Mcp bed
_ pw ð1−e−u Þ
mc

τsw;water ¼

M sg cpw ϕsw
_ pw ð1−e−u Þ
mc

ð47Þ
ð48Þ

ð49Þ

where u = uhw = ucw. In above equations, τsw,bed is the characteristic time
required to change the temperature of the bed consisting of silica gel and
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heat-exchanging substance, and τsw,water is the characteristic mean time
to change the temperature of adsorbed water of average mass Msg ϕsw ,
where ϕsw ¼ 12 ðϕpht þ ϕpcl Þ is the average uptake ratio of preheating
and precooling periods. Because silica gel (heat-exchanging substance)
and adsorbed water are simultaneously heated up or cooled down, separation of the switching time τsw into the two components does not give
extra meaning. Eqs. (47) and (48) imply, however, that τsw,bed is conceptually the theoretical minimum of the switching interval. If a switching
time is arbitrarily set less than τsw,bed, then the heat applied is not enough
to change the temperature of the (dry) bed only (excluding adsorbed
water in the silica gel). If the half cycle is set to be long enough, then
ϕpht and ϕpcl will approach to ϕmax⁎ and zero, respectively, giving ϕsw ¼ 12
ϕmax . However, this approximation takes extreme values of ϕpht and ϕpcl
regardless of speciﬁc operation conditions and provides only the theoretical maximum of τsw,water. To reasonably estimate τsw,water, one should use
optimal values of ϕpht and ϕpcl by trial and error.
2.6.2. Time phase shift
Fig. 4 shows the three full cycles of a four-bed AD process. The vertical dotted-lines indicate half-cycle times of the full cycles. Initial states
of beds 1 to 4, as shown, are precooling, preheating, adsorption, and desorption, respectively. The phase sequences of beds 1 and 2 during the
ﬁrst full cycle are equal to those of two beds shown in Fig. 2. One can notice that the phase of bed 3 (and 4) at tme t matches exactly to that of
bed 1 (and 2) at time t + τsw, which is mathematically described as
Siþ2 ðt Þ ¼ Si ðt þ τsw Þ

ð50Þ

for i = 1,2. In other words, if time t of beds 1 and 2 are shifted by −τsw
(by replacing t by t − τsw), then the ﬁrst group (of beds 1 and 2) and the
second group (of beds 3 and 4) will be in the exactly the same thermal
phases. It would be interesting to see how the AD performances vary if
we set Si + 2(t) = Si(t + kswτsw) for an arbitrary positive integer
ksw ≤ τhc/τsw − 1.
We investigate speciﬁc cases that the half cycle τsw is a multiple of
switching time τsw:
τhc ¼ nsw τsw

ð51Þ

equivalently
τsrp ¼ ðnsw −1Þτsw

ð52Þ

where nsw is an integer value. For example, Fig. 5 shows phase sequences of 8 sorption beds with nsw = 4, and therefore sorption time
and the half cycle are τsrp = 3τsw and τhalf − cyc = 4τsw respectively. Potential advantages of using the time interval condition of Eq. (51) are as
follows. At any time t, hot water streams are supplied to nsw beds, one
for preheating and nsw − 1 for desorption, shown in yellow and red
bars, respectively, in Fig. 5(a) and (b). Each of the nsw − 1 desorption
beds supplies hot vapor ﬂow to the condenser, and the condenser at
any time receives nsw − 1 vapor streams. On the other hand, cooling
water streams go to another set of nsw beds, one for precooling and
nsw − 1 for adsorption. The evaporator provides vapor streams to
nsw − 1 beds at any time. During the full cycle operation, one set of
nsw − 1 beds is connected to the evaporator and another set to the

condenser. In our opinion, Eq. (51) can be a proper condition to stabilize
the thermal loads and performance of the evaporator and condenser.
In Fig. 5(a), there are four bed groups (Ng = 4), each consisting of
two beds. For example, the ﬁrst group has beds 1 and 2, the second
group has beds 3 and 4, and so forth. Generally speaking, group
ig(= 1 − 4) contains bed 2ig − 1 and 2ig, of which phases paired are
thermally opposite, i.e., precooling and preheating or adsorption and
desorption, respectively. In this work, a bed pair consists of two beds
of typically consecutive indexes and a bed group can be composed of
any even number of beds. Here, we deﬁned the physical pair index of
bed i, which is always in an opposite thermal phase to that of bed i.
For example, beds 1 & 2, 3 & 4, and so forth are physical pairs of each
other, respectively. Therefore, if the bed index i is odd, then its physical
pair has an index of i + 1; and if i is even, its physical pair has an index of
i − 1. Therefore, one can deﬁne the index of a physical pair of bed i as
ℙðiÞ ¼ 2 modði; 2Þ−1 ¼

iþ1
i−1

if i ¼ odd
if i ¼ even

ð53Þ

where mod(i,2)indicates a remainder of i divided by 2, which gives 0
and 1 if i is even and odd, respectively. In addition, we supplementarily
deﬁne the identity operator as
IðiÞ ¼ i

ð54Þ

for an arbitrary bed number i. The temporal phase difference between
bed groups 1 and 2 is τsw, and that between bed groups 1 and 3 is
2τsw. One can generalize this relationship between beds i and i′as
Δτ sw i; i0 ¼ τsw  i0 −i

ð55Þ

for |i − i′| ≤ nswwhere i,i′ = 1 − 8. This indicates that the thermal phase
of bed i after τsw ⋅ (i′ − i) is equal to the current thermal phase of bed i.
Fig. 5(b) shows the same temporal sequences of the 8 beds in Fig. 5(a),
reorganized by the thermal phase. Bed 1 is found on the top in both
Fig. 5(a) and (b), but beds 2 and 7 in Fig. 5(a) are found in the ﬁfth
and fourth ranks in Fig. 5(b), respectively. The ith bed in Fig. 5(a) is
ranked jth in Fig. 5(b), where the rank j is calculated as

 


i
i−1
−1 þ
j ¼ 2 i−4
4
4

ð56Þ

using a ﬂoor operator of x, denoted ⌊x⌋, which gives the greatest integer
less than x. It would be useful to identify bed k, which is a temporal
phase of bed i after bed i advances jτsw in time. This speciﬁc bed index
is deﬁned as
kij ¼

IðkÞ
ℙðkÞ

if κ ≤8
if κN8

ð57Þ

where most importantly κ is found as
κ ¼ modði þ 2 j−1; 8Þ þ 1

ð58Þ

Table 4 shows values of kij for i,j = 1 − 8. By deﬁnition, kij has the following special characteristic:
ki0 ¼ ki8 ¼ i

Fig. 4. Phase sequence of four sorption beds in three full cycles.

ð59Þ
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Fig. 5. Phase sequence of sorption for 8 beds in adsorption desalination organized by (a) the intrinsic bed index (i = 1 − 8), and (b) temporal sequences of index 1 ≤ j ≤ 8.

because the thermal phase of bed i of no temporal switch should be
equal to that of bed i itself after a full cycle. For an arbitrary nsw,
Eqs. (56)–(58) can be generalized as

elapsed time for each bed, we used the bed index (i = 1 − 4) as the
subscript of physical variables.






i
i−1
−1 þ
j ¼ 2 i−nsw
nsw
nsw

3.1.2. Initial and periodic variation of temperature proﬁles
Periodic variation of pressure and temperature proﬁles of the fourbed operation is shown in Fig. 6(a). Initially, beds 1 and 2 are in the
precooling and preheating states, respectively. These beds have the
ﬁrst switching duration of 0 b t1 & t2 b τsw, being disconnected from
the evaporator and the condenser. In this duration, the internal heat of
bed 1 is exchanged with that of the cooling stream from the heat exchanger. This results in the rapid decrease in T1, and similarly, T2
promptly increases. Precooling of bed 1 and preheating of bed 2 occur
in the nth
c full cycle, i.e., (n − 1)τfc b t1&t2 b (n − 1)τfc + τsw, where τfc
is the full cycle (the duration of the opposite thermal states can be
found by replacing t1 and t2 by t1 − τhc and t1 − τhc, respectively). In
the rest of the ﬁrst half cycle after the switching duration,
i.e., τsw b t1 b τhc, beds 1 and 2 undergo adsorption and desorption, respectively, and will repeat the reactions in the nth
c cycle duringðn−1Þτ fc þ

ð60Þ

IðkÞ if κ ≤Nbed
ℙðkÞ if κNN bed

ð61Þ

κ ¼ modði þ 2 j−1; N bed Þ þ 1

ð62Þ

kij ¼

where Nbed = 2nsw in general.
3. Results and discussions
3.1. Standard four-bed simulation
3.1.1. Operation time scales
In this section, we investigate the performance of an AD system
consisting of four beds. Using Eq. (47) and speciﬁc parameters in
Table 2, we obtain τ sw ¼ 83:41 þ 187:23 ϕsw ½s, which indicates that
the switching interval should be longer than (at least) 83.41 s. By experience we, learned that ϕsw ¼ 0:15−0:20 is a reasonable approximation
and set τsw = 120 s (ϕsw ¼ 0:1976) as an integer value for simplicity.
The reaction time is set to be 1080 s to have the half cycle τhc =
1200 s, which is 10 times the switching interval. To distinguish the
Table 4
The index of bed k, denoted kij, if bed i advances jτsw in time. Bold numbers indicate physical pairs.
i(=ki0)

ki1

ki2

ki3

ki4

ki5

ki6

ki7

ki8

1
2
3
4
5
6
7
8

3
4
5
6
7
8
2
1

5
6
7
8
2
1
4
3

7
8
2
1
4
3
6
5

2
1
4
3
6
5
8
7

4
3
6
5
8
7
1
2

6
5
8
7
1
2
3
4

8
7
1
2
3
4
5
6

1
2
3
4
5
2
7
8

τsw bt 1 and t 2 bðn− 12Þ: Subtraction of τhc by t1 and t2 in the above equation provides periodic durations for desorption of bed 1 and adsorption
of bed 2. Having the precooling phase as an initial thermal state, bed 1
repeats the four sub-processes in a speciﬁc sequential order, of which
durations are summarized in Table 5. During every half cycle, beds 1
and 2 swap their thermodynamic states. Similar analysis can be made
for beds 3 and 4. In the ﬁrst half cycle, bed 3 (and 4) is in the adsorption
(and desorption) state during 0 b t3(and t4) b τhc − τsw and preheating
(and precooling) during τhc − τsw b t3(and t4) b τhc. Afterward, beds 3
and 4 exchange their roles by toggling the heating and cooling streams.
During the ﬁrst full cycle (0 b t b τfc), the four beds undergo all the subprocesses of precooling, adsorption, preheating, and desorption with
speciﬁcally preset initial states of duration τsw or τsrp. To identify specific sub-process durations of all four beds, one can replace t1 in Table 5 by
t2 − τhc, t3 − (τhc + τsw), and t4 − (τhc − τsw) for beds 2, 3, and 4, respectively. This is because the current thermal state of bed 1 is equal to
those of beds 2, 3, and 4 after time has passed by τhc, τhc + τsw, and
τhc − τsw, respectively.
It is worth noting that temperature proﬁles of the evaporator and the
condenser have a (temporal) periodicity of τhc, which is a half of the periodicity of the beds. This is because all the beds switch their current
thermal state to their anti-thermal state every τhc. This can be visually
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Fig. 6. (a) Temperature and (b) pressure proﬁles of the 4-bed operation. Parameters in Table 2 are used. The preprocessing and half-cycle times are set at 120 and 1200 s, respectively. The
following initial conditions are used: Pbed,i = 1.0 kPa and Tbed,i = 55 °C for i = 1 − 4, Tevap = 5 °C, and Tcond = 45 °C. The temperature and pressure proﬁles become indifferent to the initial
conditions after a few full cycles.

understood in Fig. 4. The evaporator and the condenser are connected to
any two beds during max((n − 1)τhc − τsw,0) b t b (n − 1)τhc + τsw and
to four beds at other times, where n is an arbitrary positive integer. The
number of beds connected to the evaporator and condenser changes
from 4 to 2 at t = max((n − 1)τhc − τsw,0) and returns to 4 at t =
(n − 1)τhc + τsw. The condenser/evaporator temperatures in
Table 5
Sub-process durations of bed 1 with respect to time.

Fig. 6(a) show rapid variation near the above-mentioned speciﬁc instances. Table 6 lists durations and thermal states of the four beds in
the ﬁrst half cycle (0 ≤ t ≤ τhc), which also gives the number of beds connected to the evaporator and the condenser. During Δt1, only bed 3 is
connected to the evaporator and only bed 4 to the condenser. Similarly,
during Δt3, only bed 1 (and 2) is connected to the evaporator (and the

Table 6
Sub-process of the four bed during the ﬁst half-cycle.

Bed no.

1

Precooling
Adsorption

(n − 1)τfc b t1 b (n − 1)τfc + τsw
ðn−1Þτ fc þ τ sw bt 1 bðn− 12Þτ fc

Preheating

ðn− 12Þτ fc bt 1 bðn þ 12Þτ fc þ τ sw

Desoprtion

ðn þ 12Þτ fc þ τ sw bt 1 bðn þ 1Þτ fc

Bed

Δt1 = τsw

Δt2 = τhc − 2τsw

Δt3 = τsw

1
2
3
4

pcl
pht
ads
des

ads
des
ads
des

ads
des
pht
pcl
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condenser), respectively. During Δt1 and Δt3, a quarter of the beds are
connected to the evaporator, another quarter to the condenser, and
the rest are isolated. During Δt2, any bed is connected to either the evaporator or the condenser. In general, the quarter connection occurs at
max((n − 1)τhc − τsw) b t b (n − 1)τhc + τsw.
Immediately after (n − 1) τhc + τsw, the condenser starts receiving
hot vapor from half of the beds. The heat released inside the condenser
suddenly increases the condenser temperature, reaching a maximum.
Afterward, temperatures of desorption beds vary slowly and the vapor
migration rate to the condenser gradually decreases as pre-adsorbed
water in the desorption beds is continuously depleted. The condenser
temperature Tcond rapidly reaches its maximum and then gradually decreases until time reaches nτhc − τsw. Temporal variation of the evaporator shows the opposite trend to that of the condenser in Fig. 6. The
evaporator temperature rapidly decreases, reaches a minimum, and
gradually increases while the condenser temperature promptly increases, reaches a maximum, and slowly decreases.
3.1.3. Initial and periodic variation of pressure proﬁles
Fig. 6(b) shows pressure proﬁles of the four beds, evaporator, and
condenser. When the time is around a multiple of the half cycle (τhc =
1,200 s), all four beds show rapid variations in their pressure proﬁles.
This is because the beds either enter or leave switching states before or
after every half cycle. (Similar trends are found in the bed temperature
proﬁles shown in Fig. 6(a).) In adsorption and desorption states, the
bed pressure is set equal to those of the evaporator and condenser, respectively. These are shown as the lower and upper bounds of Fig. 6(b),
respectively. This pressure-bounding is already explained in the P −
T − ϕ diagram of Fig. 3. The bed temperature is inﬂuenced primarily by
the heat transfer rates of heat-exchanging water streams and secondarily
by the heat consumption rates for adsorption or desorption of water (adsorbate). In other words, the bed pressure is mainly controlled by the gaseous vapor concentration and secondarily by the bed temperature, which
changes the kinetic energy of gas molecules in the beds. The response of
the bed pressure to the incoming heat-exchanging streams is via that of
the bed temperature. This results in slower periodic convergence of the
bed pressure proﬁles shown in Fig. 6(b), compared to those of bed temperatures, shown in Fig. 6(a), promptly reaching a stable periodic state
after one or two full cycles. Due to the indirect inﬂuence of the heatexchanging ﬂuid temperatures, it takes a (little) longer time for the bed
pressure to be periodically stabilized.
3.2. Initial time lag
3.2.1. Four-bed case
In every max((n − 1)τhc − τsw) b t b (n − 1)τhc + τsw for a positive
integer n, each bed undergoes either precooling or preheating. Therefore, one can set the half cycle as an integer of 2τsw, i.e.,
τhc ¼ mð2τsw Þ

ð63Þ

and equivalently nsw = 2m in Eq. (51), where m is a positive integer. For
the case studied in Fig. 6, we already used m = 5. Then, the duration in
which all the four beds are in reaction states is (m − 1)(2τsw) within a
half cycle. Fig. 4 indicates that the states of beds 3 and 4 are τhc faster
than those of beds 1 and 2, respectively. For example, if bed 3 currently
starts preheating now, bed 1 will be in preheating in τsw later. Here, one
can write
t iþ2 ¼ t i þ τ sw

ð64Þ

indicating that bed i(=1,2) will be in the same state of bed i + 2 after
τsw. Eq. (64) is an equivalent representation of Eq. (50). Here, we deﬁne
the initial time lag (ITL) of beds 3 and 4 as
ITL ¼ t iþ2 −ðt i −τ sw Þ ¼ lτsw

ð65Þ
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where l, deﬁned as dimensionless ITL, is from 0 to 2m − 1. If l = 0, the
time sequences of the four beds is found in Fig. 4. If l = 1, then the time
sequences of beds 3 and 4 move to the right as much as τsw and therefore beds 1 and 3 will have exactly the same thermal state at any time t,
similarly for beds 2 and 4. The maximum meaningful value of l is 2m −
1, because l = 2m is equivalent to k = 0 due to the periodic characteristic of the AD process. Fig. 7(a) shows the performance of the 4-bed
AD system in terms of COP, SCC, and SDWP with respect to the dimensionless ITL, l, from 0 to 4m while m = 5. A full cycle is for l from 0 to
4m − 1 and therefore the ﬁrst half cycle from k = 0 to 9 and the second
from l = 10 to 19. To clarify the boundary between two half cycles, data
points are disconnected in Fig. 7 between l = 9 and 10. In Fig. 7(a),
values at l = 0, 10, and 20 are identical, which indicates intrinsic periodicity of the AD process. Interestingly, we observed that COP and SCC are
symmetric about l = 9 over the full cycle. In other words, values of COP
and SCC at l and l'(=18 − l) are equal to each other: for example, those
of(l,l') = (8,10),(4,14), and (1,17) are all equal. Over half cycles, COP and
SCC are symmetric about l = 4 and 14, whose sum is also 18. Unlike COP
and SCC, SDWP does not show any symmetric behavior, but translational invariance. Two SDWP values at l and l'(= l + 2m) are identical to
each other for l from 0 to 10. Interestingly, the peak values of SDWP
are found at l = 7 and l'(=l + 2m) = 17 after monotonous increases
for 1 b l b 7 and 11 b l b 17. Within a half cycle, the peak position of
SDWP is off-set by 1 with that of COP and matched to the second peak
positions of SCC. The SWDP value increases 11% from l = 0 to l = 7
where both COP and SCC recover to their values of l = 0.
Fig. 7(a) gives a promising potential of using ITL of the second bedpair in the four-bed AD system to control the relative performance of
SWDP over COP and SCC.
3.2.2. Six-bed case
Fig. 7(b) shows the performance of 6-bed AD operations. All basic
parameters used are same as those used for 4-bed operation, listed in
Table 2. Two more beds are added as beds 5 and 6 to the previous 4bed conﬁguration. In this case, the AD system consists of three independent bed-pairs. At any time, bed i and i + 1 for i = 1,3,5 form a pair of
thermally opposite states. Without ITL, beds 1 and 2 are in precooling
and preheating states, respectively; beds 3 and 4 are in adsorption and
desorption states, respectively; and importantly, beds 5 and 6 are in
the same states of beds 1 and 2, respectively. The ITL of the third pair
(beds 5 and 6) is twice the ITL of the second pair (beds 3 and 4). For example, if beds 3 and 4 have ITL of 2τsw (=240 s), then beds 5 and 6 have
ITL of 4τsw (=480 s). Fig. 7(b) shows performances of a 6-bed AD system with respect to the dimensionless ITL, l, running from 0 to 9. Similar
to the 4-bed case, COP and SCC of the 8-bed system show symmetric
trends about l = 5. SDWP monotonously increases from l = 0 to 9
with locally ﬂuctuating behavior. Increases in SDWP over this range is
N20%. Interestingly, all of the three performance coefﬁcients have maximum values at l = 9. Having the third pair (of beds 5 and 6), whose initial thermal states are identical to those of beds 1 and 2, respectively, the
6-bed AD system shows a higher COP at l = 1 than that at l = 0. In both
cases, any two beds are in a same thermal state, i.e., beds 1 and 5 at l = 0
and beds 1 and 3 at k = 1. The thermal sequence of bed 5 of l = 1 is offset by 2τsw, but that of bed 3 at l = 0 is offset by τsw. In the time sequence span, the switching intervals are less localized in l = 1 case
than l = 0 case, giving a higher COP value as shown in Fig. 7(a).
3.2.3. Eight-bed cases with two different bed groups
Although Fig. 7(b) shows interesting results using 6 beds, thermal
phases of 8 beds can have better periodic and symmetric characteristics
in the performance evaluation. Results are shown in Fig. 8(a) and (b) for
Ngroup = 2 and 4, respectively. Here, Ngroup indicates the number of beds
in a group having the same ITL. The standard conﬁguration of eight beds
consists of the four beds shown in Fig. 4 (l = 0) plus a cloned set of the
four beds. The second set of beds will be 5 to 8.
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Fig. 7. Effects of the dimensionless ITL (l) on COP, SCC and SDWP of (a) 4-bed and (b) 6-bed AD operations with Ngroup = 2. A unit l indicates the switching interval τsw(=120 s).

If l = 1 for Ngroup = 2, then the thermal states of beds 3 and 4 move
τswto the right, those of beds 5 and 6 move 2τswto the right, and ﬁnally
those of beds 7 and 8 are 3τswto the right. In this very special case, all
eight beds will be simultaneously in switching or sorption phases.
COP, SCC, and SDWP trends of the eight beds with respect to the dimensionless ITL l are similar to those of six beds. The inefﬁcient timing of l =
1 of Ngroup = 2 gives a drastic decrease in SDWP, but COP and SCC vary
smoothly. In this Ngroup = 2 case, i.e., where two beds form a group, this

8-bed AD system often provides physically meaningless numerical results if l N 6. Fig. 8(b) shows the performance of 8 beds with Ngroup =
4, indicating each of 4 beds forms a group of a same ITL. For l = 0, two
cases of Ngroup = 2 and 4 give identical results in Fig. 8(a) and (b). If
l = 2, thermal states of the second bed group (beds 5–8) move 2τsw
to the right in the time sequence diagram. Unlike Ngroup = 2 case,
smoothly varying COP, SCC, and SDWP are observed with respect to l.
Interestingly, COP and SCC show symmetric behavior about l = 10 for

Fig. 8. Effects of the dimensionless ITL (l) on COP, SCC and SDWP of 8-bed AD operations with (a) Ngroup = 2, and (b) Ngroup = 4. A unit l indicates the switching interval τsw(=120 s).
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Fig. 9. (a) coefﬁcient of performances, (b) speciﬁc cooling capacity, and (c) speciﬁc daily water production rate in the dual mode; and (d) coefﬁcient of performances, (e) speciﬁc cooling
capacity, and (f) speciﬁc daily water production rate in the desalination mode, with respect to the dimensionless ITL (l).

full cycles and k = 5 and 15 for half cycles. Only SDWP shows translational invariance in time with periodicity of l = 10. Figs. 7(a) and
8(b) have two bed groups with Ngroup = 4, and Figs. 7(b) and
8(a) have four bed groups with Ngroup = 2. Comparing Figs. 7 and 8,
we observe that two bed groups provide more stable and controllable
performance by changing the dimensionless ITL, l.
3.3. Dual and desalination modes of 8-bed AD system
Fig. 9 shows performance of systems consisting of 4, 6, and 8
soprtion beds in terms of COP, SDWP, and SCC. Two modes are studied
in this case: dual and desalination modes. The former uses the same
chiller temperature of Tch,in = 15 °C and the latter uses Tch,in = 30 °C.
Fig. 9(a) shows variations of COP of multiple beds in the dual mode
with respect to the dimensionless ITL. Overall, COP decreases with respect to the number of beds, Nbed. This is because the common heat

resources of the evaporator and the condenser (inputs and outputs)
are evenly shared by all the beds. COP curves of three cases of
Nbed(= 4,6, and 8) show almost plateau trends. Interestingly, 8-bed
COP suddenly jumps at l around 6.5 and afterward becomes very close
to that of the 6-bed. This indicates that if the ITL is properly selected,
then the performance of a multi-bed AD system can be noticeably enhanced without using additional energy. Fig. 9(b) shows ﬂat proﬁles
of SCCs, which do not show any noticeable changes near the special
l ≃ 6.5 and 8. The COP jump of the 8-bed AD system is accompanied by
a slight decrease in its SDWP as shown in Fig. 9(c). Unlike COP and
SCC, SDWP of the 4-bed AD system gradually reaches a peak at l = 8
and decreases to its value of l = 0. The same quick decreases are
found for Nbed = 6 and 8 cases as well at l = 8. Interestingly, after
l = 8, SDWPs of 6- and 8-bed AD systems continuously increase. In
this dual mode described above, Tch,in = 15 °C is used to have Tch,out
low enough for extra cooling. As the evaporation rate is proportional
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to Tch,in, a higher Tch,in will signiﬁcantly enhance SDWP if water production is of more importance. In this case, one can have Tch,in = 30 °C,
which is called the desalination mode in this study, keeping all other parameters identical to those of the dual mode. COP, SCC, and SDWP of the
desalination mode are shown in Fig. 9(d)–(f), respectively.
In comparison to COP of the dual mode, Fig. 9(d) shows higher COP
in the desalination mode. The COP jump of 8-bed AD system is also
shown in this desalination mode, which is proven to be independent
of Tch,in. In general, variations of COP with respect to l in the desalination
mode are slightly more noticeable than in the dual mode. Similar to
SCCs of the dual mode shown in Fig. 9(b), those of the desalination
mode show plateau trends in Fig. 9(e). One small exception is the
SDWP of 8-bed case near l ≃ 6.5 where a small change is presented. In
each case of Nbed, the desalination mode shows higher SCC than that
of the dual mode. In Fig. 9(f), SDWP of 4-bed case in the desalination
mode shows higher magnitude than that in the dual mode, and the
same trend is found where it gradually increases, reaches a peak
value, and then decreases to its value of no ITL. SDWPs of 6- and 8bed case in the desalination mode show very similar trends to those in
the dual mode, having higher magnitudes. Speciﬁcally at l = 8, SDWP
of 6- and 8-bed cases shortly increase in the desalination mode, but in
general decrease in the dual mode. Although the magnitudes of these
SDWP changes are small in the two modes, the trends are opposite.

using ITL is very promising in practical operations, because changing
ITL can give us great ﬂexibility in controlling relative performance of
heat and mass transfer rates.
Nomenclature
Roman symbols
_
m
mass ﬂow rate [kg/s]
R
univeral gas constant of water [kJ/kg]
A
area [m 2]
speciﬁc heat capacity of air, 1.005 [kJ/kg⋅K]
cp,a
speciﬁc heat capacity of solid [kJ/kg⋅K]
cp,s
speciﬁc heat capacity of water, 4.184 [kJ/kg⋅K]
cp,w
speciﬁc heat capacity [kJ/kg⋅K]
cp
H
heat rate [kJ/s]
h
enthalpy [kJ/kg]
M
mass [kg]
P
pressure [kPa]
saturation pressure of water [kPa]
psat
speciﬁc heat of adsorption [kJ/kg]
Qst
S
entropy [kJ/kg K]
T
temperature [K]
t
time [sec]
U
overall heat transfer coefﬁcient [kW/m 2 ⋅K]

4. Conclusion
In this work, we re-investigated the standard adsorption desalination (AD) process and developed a formalism of thermal energy transfer
between individual units. We generalized heat transfer rate expressions
of the evaporator, the condenser, and the sorption beds at an arbitrary
thermal state using mathematical on/off functions. The critical pressure
is mathematically deﬁned as Eq. (5). Conventionally, the optimal intervals of switching and reactions are determined by experimental trial
and error or educated guess by researchers' experiences. We developed
an analytic equation (Eq. (47)) to estimate the minimum time-interval
for the periodic switching process. Our estimation of the switching interval is in reasonably good agreement with values reported in literature. To the best of our knowledge, we are the ﬁrst to introduce the
concept of the initial time lag of the thermodynamic phases of paired
beds and show its practical potential to control the relative performance
of cooling and desalination.
Performance of a 4-bed operation was investigated in terms of COP,
SCC, and SDWP with respect to the dimensionless ITL (kITL), making a
group with 2 beds. This simplest ITL scheme shows quasi-symmetric behaviors in COP and SCC and a left-skewed trend in SDWP. The 6-bed ITL
of the same setup shows almost identical trends to those of 4-bed ITL
operations. These results clearly show the practical potential of ITL to increase SDWP or speciﬁcally control relative magnitudes of COP, SCC and
SDWP. The ITL application to 8-bed shows that grouping 4 beds (instead
of 2 beds) provides more stable and predictable variations of the performance coefﬁcients with respect to the dimensionless ITL as compared to
those of grouping 2 beds.
Based on the standard 4-bed operation analysis, we investigated effects of the initial time lags on 4,- 6-, and 8-bed performance in terms of
COP, SCC and SDWP with Ngroup = 2. Interestingly, the COP jump is observed at a speciﬁc value of kITL, where SDWP quickly decreases with a
small magnitude. This signiﬁes that the optimal value of kITL gives higher
COP than expected with no ITL. Although SDWP decreases with respect
to the number of beds, Nbed, the total amount of water produced per
day, as a multiplication of SDWP and Nbed, noticeably increases. The desalination mode of high Tch,in shows a special application of AD only for
clean water production without any cooling capability. Increasing Tch,in
from 15 °C to 30 °C increases all the performance coefﬁcients by approximately 50%. This speciﬁcally indicates that the desalination mode can
produce water N1.5 times in a given duration than the dual mode. The
trade-off is zero cooling capacity. As discussed above, the potential of

Greek symbols
ϕ
uptake ratio [kg/kg]
Subscripts/superscripts
adsorption
ads
approximation
approx
air
a
reaction bed
bed
chilled water
ch
condenser
cond
critical
crit
cold water
cw
cycle
cyc
desorption
des
effective
eff
evaporator
evap
feed ﬂow
ff
ﬂuid to gas
fg
feed
f
gas
g
hot water
hw
heat exchanger
hx
input
in
output
out
precooling
pcl
preheating
pht
reaction, i.e., adsorption and/or desorption
rxn
silica gel
sg
adsorption or desorption
srp
switching
sw
water
w
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Similar to the preprocessing states, Sads/des is assumed as pathindependent so that

A.1. Entropy change
dSads
dS
¼ − des b 0
dT
dT

ð74Þ

Fig. 3 shows phase paths of the four AD subprocesses, each of which
is assumed to be in a quasi-equilibrium state. Since entropy is a thermodynamically additive quantity, total entropy of AD process (S) can be
written as a superposition of entropies of adsorbed (Sa) and solid (Ss)
phases:

or

S ¼ Sa þ Ss

Finally, Eqs. (72) and (75) indicate that the total entropy is
conserved:

ð66Þ

In each subprocess, S must change with respect to P, T, and ϕ:

∂Sa ∂Ss
∂Sa
∂Sa
dT þ
þ
dP þ
dϕ
dS ¼
∂T
∂T
∂P
∂ϕ

dðSads þ Sdes Þ ¼ 0

dS ¼ d Spcl þ Spht þ Sads þ Sdes ¼ 0
ð67Þ

where Ss is assumed to be indifferent to P and ϕ. Chakraborty et al. [30]
derived the entropy change as




cp;s þ cp;a
∂va
Q
dT−
ð68Þ
dP þ Sg − st dϕ
dS ¼
T
T
∂T P;ϕ

ð75Þ

ð76Þ

Again, this is because in our theoretical development each subprocess is assumed to be in a thermodynamically quasi-static equilibrium. In actual AD operations, the total entropy change should be positively ﬁnite
dS ≥0

ð77Þ

and will eventually increase because
where cp,s and cp,a are speciﬁc heat capacities of the solid and adsorbed
phases, respectively, Sg is entropy of the gas phase, Qst is expressed in
Refs. [31] and [32] as
Q st ¼ T vg −va

dP
dT

ð69Þ

and vg and va are the speciﬁc volume of gas and adsorbed phases,
respectively.
Precooling and preheating states are isosteric (dϕ = 0) in a quasiequilibrium state so that Eq. (68) can be rewritten as


dSpcl=pht
cp;s þ cp;a
∂va
dP
¼
−
ð70Þ
dT
T
∂T P;ϕ dT
where dP/dT indicates a gas-phase pressure change with respect to bed
temperature, following the Clausius-Clapeyron equation. The ﬁrst term
on the right side of Eq. (70) is dominant because a (hot or cold) heatexchanging stream is the sole major heat source or sink for the bed.
The second term is simply feedback due to subsequent pressure change.
As the temperature continuously decreases/increases in the precooling/
preheating state, entropy decreases/increases accordingly. Then, one
can write
dSpcl
dSpht
¼−
b0
dT
dT

ð71Þ

or
d Spcl þ Spht ¼ 0

ð72Þ

indicating that the quasi-equilibrium assumption makes the precooling/
preheating states thermodynamic path-independent.
Adsorption and desorption processes are isobaric (dP = 0) in a
quasi-equilibrium state. Therefore, similar to the entropy changes
of Eq. (70) in the preprocessing states, one can write, for reaction
states
dSads=des
¼
dT


cp;s þ cp;a
T



Q dϕ
þ Sg − st
T dT

ð73Þ

Because dϕ/dT b 0, entropy reaches its minima and maxima at the
end of adsorption and desorption periods, respectively. The second
term on the right side of Eq. (73) indicates a subsequent change in the
amount of adsorbed adsorbate due to the bed temperature change.

1. the AD system is intrinsically transient without reaching any steady
state,
2. the bed temperature rapidly changes especially at the beginning of
preprocessing periods, and
3. the bed wall is, generally speaking, not a perfect thermal insulator,
dissipating thermal energies.
See Section 2.3 for detailed entropy analysis for each subprocess.
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