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Abstract

Adsorption heat transformers use low-grade heat to produce potable water and provide cooling
at the same time. In this study, we present a comprehensive performance analysis for an exper-
imental system featuring the world’s smallest design using silica gel, which is commonly used
as benchmarking material. We analyse the system performance in a thorough cycle analysis
that quantifies the influence of isosteric heating times and cycle times onto the adsorption work-
ing capacity. In addition, the performance is assessed through common performance indicators
for desalination as well as cooling. We found that the system achieved a Specific Daily Water
Production of up to 10.9 kgy/(kgssd) at 80 °C. The combination of cooling and desalination
is discussed highlighting advantages as well as disadvantages, which are often neglected. The
results show that silica gel has a high performance in desalination, which decreases by more
than 60 % if cooling is desired as well.
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1. Introduction

Two billion people will be affected by water scarcity by 2025 and the demand for water is esti-
mated to rise by 40 % until 2050 [I}, 2]. Desalination offers a solution to face this challenge and
to supplement the natural freshwater resources. Most-commonly, seawater is desalinated using
reverse osmosis membranes, which consume large quantities of electricity and are troubled by
membrane fouling [3]. By contrast, thermal desalination techniques need less electric energy,
because they are essentially driven by low-grade heat sources. Moreover, thermal desalination
[4, B] can be linked up with Reverse Electrodialysis membranes to generate electricity from
low-grade heat [0l [7]. The two most common commercial thermal desalination systems [§] are
multi-stage flash [9] and multi-effect distillation [10] operating at top brine temperatures of 90 °C
and 70 °C respectively [I1I]. Membrane distillation is another commercial technology suitable
for smaller applications, which is usually driven by low-grade heat 60-90 °C [12], 13]. However,
no technologies can efficiently utilise low-grade heat below 50 °C despite the vast availability of
heat at very low temperatures [14]. Adsorption desalination is a novel thermally driven method
that can utilise heat as low as 50 °C [I5] with the potential to fill the ultra-low temperature
niche. Most systems apply silica gel-water as working pair in desalination [I5HI7] as well as
refrigeration [I8-20].

A key aspect of research carried out on adsorption desalination and refrigeration is the perfor-
mance assessment [21), 22], which is usually focused on the performance indicators examining
the energy efficiency and the daily water production [I5]. Several adsorption desalinators com-
bined with cooling have been built achieving a maximum specific daily water production of
1.8 kgw/(kgsegd) [16], 4.0 kgyw/(kgsed) [17] and 14.2 kgy, /(kgsed) [15] all at 85 °C. However, the
study of Ng et al. showed that the specific daily water production is strongly temperature de-
pendent and is reduced from 14.2 to 4.2 kgy/(kgsed) for a heat source temperature of 60 °C,
but experiments have shown the feasibility of the process at 50 °C [I5]. Pan et al. presented a
high performing experimental adsorption chiller using silica gel-water [23]. They reported a Co-
efficient of Performance of 0.51 and Specific Cooling Capacity of 125 W /kgs, providing cooling
at 11 °C at a heat source of 86 °C [23].

The system analysis through performance indicators alone does not give an indication of the
factors leading to an improvement of the process. Conversely, the analysis of the adsorption
cycle enables the experimental evaluation of the actual working capacity or cycle time. Previ-

ous investigations have studied the influence of the overall heat transfer coefficient of the heat



exchangers on the adsorption cycle [24]. Douss et al. demonstrated that an undersized evapo-
rator or condenser heat exchanger changes the shape of the adsorption cycle significantly [24].
Chua et al. presented the adsorption cycle for insufficient isosteric heating times in a dynamic,
lumped-parameter simulation [25]. In a theoretical study, Wu et al. assessed the performance
of adsorption desalinators through an analysis of the thermodynamic adsorption cycle focusing
on different temperature levels [26].

A detailed experimental study of the adsorption cycle to present a novel system design has not
been performed yet. In addition, there remains a need for critical performance analysis for silica
gel on desalination combined with cooling as publications usually do not highlight the disadvan-
tages.

This work presents results obtained for silica gel using a novel, small-scale adsorption desalinator,
where the size of the adsorption beds is reduced by more than two orders of magnitude compared
to other systems [27]. The experimental adsorption cycle was assessed for different cycle times
along with a comparison to the thermodynamic adsorption cycle. The analysis quantifies how
the change of process parameters alters the deviation of the experimental adsorption cycle from
the ideal case. Furthermore, the system’s performance is studied in terms of the Specific Daily
Water Production and specific cooling capacity in comparison to the best performing adsorption
desalinator in the literature. The performance indicators are analysed for different temperature
combinations and cycle times. The system is also critically analysed for the combined output of
potable water and cooling. The results of the combined process using silica gel are compared to

other adsorption materials presented in the literature.

2. The adsorption process and cycle

In the basic set-up a temperature swing adsorption desalination systems consists of an evapora-
tor, two adsorber vessels and a condenser [28] as given in the process flow diagram (Fig. and
in the photograph of the experimental set-up (Fig. , which is described in detail elsewhere
[29]. Each one of the vessels features a heat exchanger and each heat exchanger is connected
to one of three thermostatic baths supplying cooling or heating water to power the process and

maintain temperatures inside the vessels (Fig. [Lal).
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Figure 1: (a) Process flow diagram of the adsorption test rig with the four vessels as main components and the
heating/cooling water supply loops connected to three thermostatic baths. The inner heating/cooling water loop
represents the heat recovery between the two adsorber beds.

(b) Photgraph of the small-scale test rig with its four vacuum vessels, four vacuum valves and the recirculation
line.

Each adsorber bed undergoes a cycle of pressure and temperature changes as displayed by the
temperature curves in Fig. [2a] and the corresponding thermodynamic cycle of Fig. 2b] The
thermodynamic cycle represents the equilibrium states and is time independent, whereas the
experimental cycle is determined by the cycle times and heat/mass transfer limitations.

At point 1 (Fig. and , the adsorption material is in equilibrium with water vapour, both
valves V1 and V3 are closed, and the pressures of the evaporator and adsorber are equal. In this
step the bed is heated to increase the bed pressure to the condenser pressure (isosteric heating).
The bed moves from point 1 to point 2 with negligible desorption occurring. The material can
be assumed to remain on the same isostere quigh. Once the adsorber is at the same pressure as
the condenser, valve V3 is opened and water starts to desorb, while the bed is heated.

The total heat energy input into the system includes the heat required to bring the heat ex-
changers and adsorption material from ambient to regeneration temperature and the heat of
desorption. When the bed has reached point 3, where the bed temperature equals the heat
source temperature, valve V3 is closed again. The bed is then cooled to decrease the pressure
back to the evaporator pressure. The isosteric cooling happens along the lean isostere of the

material qiow. As soon as the bed and the evaporator pressures are equal, valve V1 is opened to



connect the bed to the evaporator to start water vapour adsorption. The bed is cooled until it

reaches ambient temperature.

The working capacity Aq [kgw/kgs] of the cycle is determined by the distance between the
two isosteres qnigh and qiow. It is an important property in adsorption desalination, because it
determines the amount of water produced per cycle. The working capacity can be maximised by
operating the condenser and evaporator at equal pressures Peong = Pevap. In this case point 1
moves up to point 5 in Fig. altering the cycle to only one straight line 5—3 for desorption
and 5«3 for adsorption. In theory, this case does not require isosteric heating as the entire
system operates at only one pressure level. However, maintaining the system at one pressure
level is challenging, because the cooling effect of the evaporating water decreases the evaporator

pressure.
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Figure 2: (a) Experimental temperature curves corresponding to the heating and cooling phases of the adsorption
material in (b).
(b) An exemplary thermodynamic adsorption cycle including the working capacity qnigh-Qlow=2Aq

3. Performance indicators

The main performance indicators for adsorption desalination are the Performance Ratio PR [-]

and Specific Daily Water Production SDWP [kgy/(kgwd)]:

cycle water Lw
PR = f vele Muater Ly g, (1)
Qdes
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Adsorption chilling is characterised by the Coefficient of Performance COP [-] and the specific
cooling capacity SCC [W/kgsg]:

tC cLe )
COP = f vete Qevap o, (3)
0 Qdes
tC cLe )
SCCz/ vete Qevap g, (4)
0 Mg,

where N [-] is the number of cycles per day, which is defined by N = 864005 / tcycle: Teyle 18
the cycle time [s], Mgz = 0.4 kg is the total mass of silica gel and Ly, is the latent heat of water.
A standardised latent heat of water Ly, = 2326 kJ/kg,, was used to make the results more
comparable as introduced in different other publications The water uptake per cycle increases
with the cycle time, but longer cycle times reduce the number of cycles per day N

The energy balances to determine the heat input to each vessel [kJ/s| are:

Qdes = mhot Cpw (Tdes,in - Tdes,out) (5)
Qevap = mevap Cp,w (Tevap,in - Tevap,out) (6)
Qcond = mcond Cp,w (Tcond,in - Tcond,out) (7)

Where 1 is the mass flow rate of water from the thermostatic bath [kg/s], cpw is the specific
heat of water [kJ/(kgK)] and the temperature difference between the inlet Tj, and outlet Tyt

to the heat exchanger [K].

The SDWP can also be estimated theoretically by assessing the working capacity of the ad-
sorption material Aq through its isotherm. The Dubinin Astakhov (DA) isotherm depicts the
water silica gel system well [30]. DA determines the equilibrium uptake q [kgy /kgs,] of the mate-
rial at points 1 and 3 of the thermodynamic cycle in Fig. 2b|by Aq = q1 — q3. The DA-isotherm

is defined as [31, 32]:

¢i = qo €xp [— (%)”] (8)
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Where qq [kg/kg], E [kJ/kg] and n [-] are the Dubinin Astakhov parameters given among other
experimental parameters in table [T}

Table 1: Parameter table for Siogel silica gel experiments.

Parameter Unit Value Ref.
do (kgw/kgsg) 0.38 130]
E (kJ /kg) 220 [30]
n ) 1.1 [30]
Mg (kg) ea. 0.2
Tevap (°C) 10-35
Teond (°C) 20-30
Thot (°C) 60-85
Half cycle (s) 600-1200
Heat recovery (s) 90

The SDWP for a given cycle time can be estimated by SDWPpa = N - (q1 — q3). SDWPpy is
based on the DA isotherm and describes the maximum SDWP achievable for a system for a given
cycle time. However, the analysis is only applicable to long cycle times > 1000 s, where a real
system achieves near equilibrium conditions. Here, SDWPpa approximates the experimental

SDWP, while at short and medium cycle times SDWPpa > SDWP.

The performance indicators depend on the three inlet temperatures to evaporator, condenser
and adsorber/desorber. Experimental analyses usually keep two inlet temperatures constant
and change the third. However, this complicates the analysis as different results cannot easily
be compared. Nufiez et al. addressed this issue by introducing the reduced temperature T,oq

[-], which takes the different temperatures into account in a single parameter [33]:

T -T
Tred _ cond evap (10)

Thot - Tcond

Tevap, Teond and Thet are the inlet temperatures [K] to the heat exchangers of the vessels from
the cold, ambient and hot thermostatic baths.

The inlet temperatures from the three thermostatic baths have a significant impact on the sys-
tem performance and there are hundreds of possible combinations. T;eq is a function of all three

inlet temperatures and represents the ratio of the temperature lift to the driving force [33].



Tyeq simplifies the comparison of different inlet temperature since many performance indicators
collapse on one single curve if plotted against Tyeq. This occurrence makes T,.q a useful tool in
the prediction of results and the system characterisation.

A single-purpose desalinator is operated at Ty,oq = 0, where no temperature lift for cooling is de-
sired. Whereas, T4 increases depending on the cooling application [34], i.e. in air-conditioning

Trea < 0.3 or in refrigeration Treq > 0.3.

4. Adsorption cycle analysis

Theoretical analyses of adsorption desalination often focus on the theoretical performance by
studying the thermodynamic cycle [26]. This approach neglects the heat and mass transfer
limitations of real systems. Fig. complements the theoretical analysis by showing the exper-
imental adsorption cycle at two different cycle times against the thermodynamic cycle, which is
assessed through the experimental, average vapour temperatures. The system follows the cycle
in a clockwise direction 1-2—-3—-4—1 in Fig. The plot can be used to compare the deviation
from ideal behaviour and reveals performance limitations at the same time.

In Fig. from 2—3, the pressure inside the condenser is higher than the ideal condensing
pressure. This lowers the system performance as the condenser does not operate at ideal condi-
tions. The pressure build-up can be reduced by increasing the condenser surface area [24]. At
insufficient condenser area, water vapour desorbs from the material, but cannot condense at the
same rate. The limited surface area is not an issue to reach equilibrium, but it increases the
cycle time.

The ideal working capacity assessed through the thermodynamic cycle in Fig. [3alis 0.2 kgy /kgs,-
The uptake is reduced to 0.13 kg /kgss at the long half cycle time (1200 s) and at the shorter
half cycle time (600 s) to 0.08 kgy /kgsg.

The shorter cycle time impacts both isosteres and shifts them closer together on both sides in
Fig Thus, at the shorter cycle time neither the adsorption nor desorption capacity of the
material are sufficiently used. By contrast, a longer cycle time allows the material to adsorb
water sufficiently as the experimental isostere and the thermodynamic isostere 1-2 in Fig.
are almost overlapping. The isosteric heating and cooling time was selected based on the time
required to increase the pressure to the condenser pressure. The two times of the system are
equal to simplify the control sequence.

As a result, the cooling time is slightly longer than necessary, which can be seen from the curve



of the longer cycle time. The pressure inside the adsorber bed goes below the pressure in the
evaporator. Once the isosteric cooling time is elapsed, the valve between evaporator and con-
denser is opened and the pressure inside the adsorber vessel rises to the evaporator pressure.
Flash evaporation takes place in the evaporator and the pressure immediately increases (Fig.
The slightly increased isosteric cooling time does not have a negative impact on the performance
since the isosteric cooling time is only a fraction of the total cycle time. In addition, the flash

evaporation compensates for it.
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Figure 3: (a) The influence of the cycle time on the adsorption cycle in comparison to the thermodynamic adsorp-
tion cycle in a cooling application. Thotin = 85 °C, Tcond,in = 20 °C and Tevap,in = 10 °C. The thermodynamic
cycle is based on the average, experimental evaporator and condenser vapour temperatures Tevap,vap,av = 7.5 °C
and Teond,vap,av = 20.8 °C.

(b) Pressure and temperature changes of the adsorber vessel during one adsorption cycle showing the effect of an
insufficient cooling time on the adsorption cycle, which lowers the performance of the system. Thot,in = 60 °C,
Teond,in = 20 °C and Tevap,in = 10 °C with tads/des=1200 s and tisos = 60 s.

Fig. [3b] illustrates how insufficient isosteric heating and cooling times affect the adsorption cy-
cle. During isosteric heating the pressure of the adsorber vessels is still below the condenser
pressure. When the valve between the two is opened, a flash evaporation occurs again with
water evaporating from the condenser and adsorbing onto the adsorption material. This can be
seen in Fig. [3b|as the material shifts to a more saturated isostere.

The same effect occurs during isosteric cooling. The valve is opened before the adsorber vessel
reaches the lower evaporator pressure and water desorbs from the material into the evaporator,
while the material shifts to a drier isostere on the right. Therefore, the material desorbs while
it should adsorb. The isosteres in Fig. [3b] move further apart from one another, but the useful

working capacity Aq remains the same. Thus, more energy is needed to reverse the additional



and adversely occurring adsorption/desorption, which reduces the performance of the system.
Therefore, it is imperative to operate at optimal isosteric heating and cooling time to reach P44

> Pcona before connecting adsorber to condenser during desorption.

Fig. [4 shows the experimental adsorption cycles for five different half cycle times and compares
them to the thermodynamic cycle in a desalination application as Tcond,in = Tevap,in = 30 °C.
Again, the thermodynamic cycle is assessed through the experimental, average vapour temper-
atures Tevapvap,av = 23.5 °C and Teond,vap,av = 31.9 °C of all experiments in Fig. Improved
heat transfer of the evaporator heat exchanger would raise Peyap(Tevap,vap) closer towards Peond
increasing the working capacity of the material.

The slopes of the experimental isosteres are flatter than the thermodynamic slopes from 1-2
and 3—4 indicating that desorption occurred during these experiments. The adsorber beds are
disconnected from evaporator and condenser during the heating and cooling periods. Hence,
the flat slopes advert to possible condensation on the adsorber vessel walls during heating 1-2.

The condensed water from the vessel walls is adsorbed again during the cooling phase 3—4.
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Figure 4: The influence of the cycle time on the adsorption cycle in comparison to the thermodynamic adsorption
cycle in a desalination application. Thot,in = 80 °C, Tcond,in = Tevap,in = 30 °C and 90 s isosteric heating time.
The thermodynamic cycle is based on the average, experimental evaporator and condenser vapour temperatures
Tevap,vap,av = 23.5 °C and Tcond,vap,av = 31.9 °C.

The cycles in Fig. show that the system reached almost equilibrium at 1200 s half cycle
time, because points 1 and 3 are reached at the end of the adsorption and desorption phase.
The experimental working capacity at 1200 s is Aqexp = 0.21 gy /gsg, Which is 0.02 gy /gss lower
than Aq = 0.23 gy /g from the thermodynamic analysis. Moreover, cycle times longer than

1200 s would be detrimental to the performance as the system is already close to equilibrium.
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At 400 s half cycle time, the working capacity is reduced to 0.06 gy /gsg (narrow cycle in Fig. [)).
Based on the considerations of Fig. it can be seen that the cooling/heating time of 90 s
was sufficient in all experiments of Fig. [d because the adsorber pressure is above the condenser
pressure before the two vessels are connected. The same applies to the desorption phase were
the adsorber pressure is below the evaporator pressure causing flash evaporation once the two

vessels are connected to each other in point 4.

5. Performance analysis desalination and cooling

The performance of the system varies depending on the cycle time and the temperature of the
heating and cooling water supplied to the vessels. Both, the SDWP and SCC collapse on a single
curve respectively when plotted over T,oq. The reduced temperature is a dimensionless quantity,
which takes the three system temperatures into account in Eq. allowing the comparison of
different temperature lifts and heat source temperatures in a single graph.

In Fig. pl Tieq is based on the inlet temperatures to the heat exchangers of the vessels. This
allows the comparison of this study to the best performing reference system in the literature
presented by Ng et al., because their results are based on the inlet temperatures as well [35] 36].
Desalination applications require Ty eq < 0.2, where the two systems show an almost identical
performance in Fig. f] The SDWP is highest at Tyeq < 0.2 in Fig [5a] as the working capacity
increases the closer the pressures in evaporator and condenser are to each other (for low T,eq in
Fig. 2b).

The SCC of the reference system is even exceeded at T,.q = 0. For cooling applications
Treq < 0.2, the performance achieved in this study is below the reference system, which is due
to limitations of the evaporator. The performance can be improved by a larger evaporator heat
exchanger surface area and spray nozzles, which increase the water surface area and the evapo-
ration rate as in the reference system [36]. Both measures improve the relative humidity (RH)
in the evaporator during adsorption, which is the ratio of the vapour pressure in the evaporator
and the saturation pressure at the adsorption bed temperature: RHaqs = Pevap/Psat(Tsg). The
relative humidity for cooling applications is RH,qs < 50 %, while in desalination it is up to 99
%. The evaporator vapour temperature Tevap,vap is as much as 10 °C below Teyap,in, because of
the cooling effect of the evaporating water, which reduces the relative humidity, the evaporation

rate and the adsorption uptake.
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Figure 5: (a) The SDWP plotted over Tyea based on inlet temperatures in comparison to the literature [35] [36].

The half cycle times are 600 and 1200 s, while Thot,in = 60-85 °C.
(b) The specific cooling capacity plotted over Tyeq in relation to the literature [36]. The half cycle times are 600

and 1200 s while Thot,in = 60-85 °C.

The experiments in Fig. |5 show that at Tevap,in # Tcond,in the vapour temperature in the evap-
orator is below the condenser vapour temperature Tevapvap < Tcond,vap, Which reduces the rel-
ative humidity, working capacity, and performance. For a maximum working capacity and
performance, the vapour temperatures need to be equal Tevap vap ® Teond,vap T Pevap ® Peond
as shown in Fig. 2Bl Therefore, in Fig. [6a] the inlet temperature supplied to the evapora-
tor Tevap,in Was slightly increased over ambient temperature to improve the system perfor-
mance. This measure compensates for the cooling effect caused by the evaporating water
vapour and leads to Tevapvap ® Tevapvap for a maximum performance. In Fig. @ the re-
duced temperature is based on the vapour temperatures Tyed,vap to account for this. The results
show that the SDWP increases by 41 % from 7.7 to 10.9 kg /(kgszd) when the system is op-
erated at Tevapvap ® Tcondvap (Fig. [al). The result was achieved with the inlet temperatures
Thot,in = 80 °C, Teond,in = 25 °C, Tevap,in = 35 °C and a half cycle time of 1200 s.

The optimised operational strategy found in this study increases the performance of the adsorp-
tion material by maximising the working capacity. Thu et al. used a similar strategy to achieve
an SDWP of 9.96 kg /(kgsed) at Thot = 70 °C by implementing an internal heat recovery be-
tween evaporator and condenser to their 4-bed adsorption desalinator [27]. The latent heat of
the condensing water increases the cooling water outlet temperature, which is then sent to the
evaporator to achieve Tevapin > Teond,in leading towards Peyap & Peond.

The system presented in this study is a heat transformer for combined desalination and cool-

12



ing, whereas Thu et al. presented a system with desalination as single-purpose [27]. In a
multi-purpose system, evaporator and condenser cannot be thermally integrated, because the
evaporator needs to operate at much lower temperatures than the condenser. In addition, cool-
ing power needs to be extracted from the system, which is not possible with heat integration
between the two vessels. Condenser and silica gel release heat during adsorption and this heat

is at temperature levels that can hardly power other processes.
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Figure 6: (a) The SDWP investigation extended to cases where Tevap,vap ® Tecond,vap. Thus, Tred vap is based on
the vapour temperatures here. The half cycle times are 600 and 1200 s. 85 °C > Thot,in = 60 °C.

(b) The COP for different Tieq,vap- The half cycle times are 600 - 1200 s including 90 s heat recovery time,
ambient temperature 25-30 °C, and Thot < 85 °C.

The combination of chilling and desalination has recently gained a lot of attention [35-40]. Most
studies employ silica gel-water as working pair, which is has a good performance for desalination
as shown in Fig. [6a]at Tyeq < 0.1. A change of Tyeq > 0.1 in Fig. [6] provides cooling in addition
to potable water. However, cooling as well as the water production decrease at higher T,.q. The
system performance is reduced by more than 60 %, when the evaporator is operated below 10 °C,
where the COP is reduced from 0.9 to less than 0.3 (Fig. and SDWP from 10.9 kg, /(kgsgd)
to less than 4.5 kgy /(kgsed) (Fig. . Fig. [7| shows that the reduction of the cooling power
of the evaporator from 20-80 W at 15 °C to 20-40 W at 10 °C cooling temperature. The re-
sults highlight the reduced performance of the silica gel at low evaporator temperatures. Some

recent studies proposed different materials for the combined desalination and cooling application.
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Figure 7: The cooling power decreases significantly with the cooling temperature. Thot = 80 °C, Tecona = 20 °C,
1200 s half cycle time and no heat recovery.

Ali et al. proposed the use of copper sulphate as adsorption material for improved cooling and
desalination performances. They reported SDWP = 8 kg /(kgsed) and COP ~ 0.55 for 12 °C at
Thot,in = 80 °C, Teond,in = 25 °C and Tevap,out = 12 °C [4I]. The silica gel system of this study
reached SDWP = 6.0 and COP = 0.39 for the same temperatures, which is only 25-30 % below
the novel copper sulfate material [41].

Youssef et al. simulated the performance of zeolite AQSOA FAM Z02 with water showing
that the material has no performance decrease at low evaporator temperatures, which is an
advantage over silica gel, but the performance remains relatively low SDWP ~ 6-7 kgy, /(kgaqd)
[42]. AQSOA FAM Z02 is based on the SAPO-34 zeotype with a chabazite structure [43].
S-shape isotherms as shown by AQSOA FAM Z02 [44] enable constant working capacities over
a wide range of evaporator temperatures providing a high cooling power and distillate output at
low temperatures [42]. By contrast, silica gel features isotherms that increases asymptotically
towards the maximum uptake capacity between 0.3 - 0.4 g /gss. Thus, silica gel adsorbs most
water at high evaporator temperatures and high relative humidity limiting the performance
in cooling applications [45]. The maximum water uptake of AQSOA FAM Z02 is 0.33 gw/gad
[46], which is similar to silica gel. Hence, AQSOA FAM Z02 cannot exceed the performance of
silica gel in most cases and requires regeneration temperature of at least 80 °C [42]. Elsayed
et al’s work on Metal Organic Frameworks indicated that regeneration temperatures 90-150 °C
are necessary to regenerate their material [47]. In addition, the MOF materials show similar
behaviour as silica gel with SDWP < 2 kg /(kgaqad) at Tevapout = 5 °C and Thetin < 100 °C.

Therefore, the novel materials provide only a marginal improvement compared to silica gel.
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A different approach was adapted by Thu et al, who presented a theoretical analysis for a silica
gel system featuring two evaporators: one at low temperatures (7-9 °C) and a second evaporator
at ambient temperature [48]. During the first part of the half cycel, the silica gel adsorbs water
from the low temperature evaporator providing cooling. Adsorption continues from the ambient
temperature evaporator until the silica gel is saturated with water. The model predicts a COP
below 0.2 for the low temperature evaporator and SDWP » 6 kg, /(kgsed) for the overall system
[48]. Thus, the SDWP and COP of this system configuration are more than twice as high as the
results achieved in this study for the same temperatures, but they remain low compared to the
performance achieved at high evaporator temperatures Tyeq > 0.1. The two evaporator system
leads to a performance improvement, but also to a more complex process, which is why more
work needs to be done to improve the adsorption material as well as the process, i.e. heat and
mass transfer [49] 50].

Novel adsorption materials should feature a high working capacity described by the adsorption
isotherms, where S-shaped isotherms are favourable for desalination and cooling applications.
Type III isotherms can be beneficial for desalination without cooling, because their uptake
exponentially increases at high relative humidity [49]. Heat and mass transfer can either be

increased by advanced system design and components [51), 52].

6. Conclusion

In this work, a small-scale adsorption desalinator is used in a comprehensive, experimental ad-
sorption cycle analysis to provide insight into the process beyond the common performance
analysis. The adsorption cycle analysis assessed the impact of the system parameters on the
adsorption bed and compared the experimental results to the ideal adsorption cycle derived from
the Dubinin Astakhov isotherms. The analysis visualised how insufficient heating times reduce
the working capacity along with the performance of the system.

The performance of the system was assessed for different inlet temperature combinations, where
the inlet temperature to the evaporator was equal or lower than the condenser inlet tempera-
ture. The highest Specific Daily Water Production achieved in this series of experiments was
7.7 kgw/(kgsed) at Thotin = 80 °C with a performance ratio of 0.60. However, the results showed
that the relative humidity did not exceed 50-60 % during adsorption for these experiments.
Hence, slight heating of the evaporator was applied to increase the relative humidity towards

90 %. This measure increased the performance by 41 % to 10.9 kg /(kgsed) at Thet,in = 80 °C,
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while it reduced the performance ratio to 0.35 due to the evaporator heating. The results show
that the combination of desalination and chilling leads to a performance decrease of 60 %. There-
fore, silica gel is not the ideal material for the combined process, but it is a well performing,

low-cost material for desalination applications.
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Nomenclature

General Subscripts
a Thermal expansion coefficient (1/K)  ad Adsorption material
Ah  Heat of desorption (kJ/kgy) ads  Adsorber
) Modelling parameter (-) av Average
Yi Modelling parameter (-) cond Condenser
cp Specific heat (kJ/(kg K)) des  Desorption
d Day (d) evap Evaporator
Dubinin-Astakhov parameter (kJ/kg) hot  Hot water from heat source
L Latent heat (kJ/kg) hr  heat recovery
Mgse Mass of silica gel (kg) m Inlet
my  Mass of water produced (kg) 1sos  Isosteric
n Dubinin-Astakhov parameter (-) out  Outlet
P pressure (kPa) SAT Saturation conditions
Q Energy (kJ) sg Silica gel
q Water vapour uptake on the silica gel vapP Vapour
(kg/kg) Acronyms
90 Saturation uptake (kg/kg) COP Coefficient of performance (-)
R Real gas constant (J/(mol K)) DA Dubinin Astakhov
T Temperature (K) MOF Metal organic framework
t Time (s) PR  Performance ratio (-)
teyee  Cycle time (s) SCC  Specific cooling capacity (W /kgaq)
Trea Reduced temperature (-) SDW P Specific Daily Water Production
V. Valve (kgw/(kgsg d))
m Water flow rate supplied to heat ex- Vi Valve 1
changer (kg/s) V3  Valve 3
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