
Contents lists available at ScienceDirect

Applied Thermal Engineering

journal homepage: www.elsevier.com/locate/apthermeng

Research Paper

Adsorption desalination-cooling system employing copper sulfate driven by
low grade heat sources

Ehab S. Alia,d, Ahmed A. Askalanyb,c,⁎, K. Harbyd, Mohamed Refaat Diabd, Ahmed S. Alsamanc

aHolding Company for Water and Waste Water in Sohag, 82524, Egypt
b The University of Edinburgh, School of Engineering, Institute for Materials and Processes, Mayfield Road, The King’s Buildings, EH9 3JL Edinburgh, UK
cMechanical Engineering Department, Faculty of Industrial Education, Sohag University, Sohag 82524, Egypt
dMechanical Power Engineering and Energy Department, Faculty of Engineering, Minia University, Minia 61517, Egypt

H I G H L I G H T S

• Experimental Adsorption isotherms and kinetics of CuSO4 have been studied.

• Fitting the experimental results with famous equations has been presented.

• Theoretical model employing CuSO4 in adsorption desalination cooling has been conducted.

• Optimizing the performance of the adsorption desalination with different operating conditions has been studied.
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A B S T R A C T

In this study benefits of employing copper sulfate salt hydrate with water vapor as a new adsorption pair in
thermally driven adsorption desalination-cooling systems (ADCSs) have been investigated. Adsorption char-
acteristics (isotherm and kinetic) of copper sulfate/water vapor pair have been presented in this study within
temperature range of 25–55 °C. Sun-Chakraborty (S-C) and Dubinin-Astakhov (D-A) models have been used for
fitting isotherms results, while linear driving force (LDF) model has been used for the kinetics results.
Experimental adsorption capacity of water vapor onto copper sulfate is found to be around 0.51 kg/kg at 25 °C.
Activation energy (Ea) and the pre-exponential coefficient (Dso) are estimated to be 25.053 kJ/mol and
1.89×10−7 m2/s respectively. A theoretical model for an ADCS has been investigated employing copper sulfate
as adsorbent material. The proposed system can produce specific daily water production about 8.2 m3 per ton of
copper sulfate, 227W/kg of copper sulfate specific cooling power and 0.57 coefficient of performance. The
performance of the modeled system indicates that the proposed system can be driven efficiently by renewable
energy such as solar energy.

1. Introduction

Water and energy crises have obliged scientists to research alter-
native water and energy sources. Fresh water is an essential resource
which is vital for human consumption as well as economic growth of
any country. Seawater desalination can participate towards meeting the
growing demand for fresh water using low grade heat sources.
However, there are different ways in which desalinating sea or brackish
water can be executed such as reverse osmosis, multi-stage flash, and
multi-effects distillation technology which are classified as conven-
tional systems.

The high-energy consumption, difficulty of maintenance, and large
carbon footprints of this conventional desalination technologies have

driven out attention in several potential alternative technologies.
Utilizing the low grade heat sources and improving the utilization ratio
of the primary energy is an urgent task for the scientists in the world
nowadays [1].

Adsorption desalination-cooling (ADC) technology have received
considerable attention recently as a possible alternatives to the tradi-
tional desalination systems to overcome the obstacle problems. ADCS
can be driven by low-grade heat source temperature such as solar and/
or waste energy with less mechanical moving parts. Adsorption tech-
nologies have the ability of desalinating seawater and brackish water
which contain organic compounds producing a cooling effect as a sec-
ondary effect [2]. By using these systems, the dependency on the con-
ventional electric driven cooling systems contributing to global

https://doi.org/10.1016/j.applthermaleng.2018.03.014
Received 19 September 2017; Received in revised form 28 February 2018; Accepted 5 March 2018

⁎ Corresponding author at: The University of Edinburgh, School of Engineering, Institute for Materials and Processes, Mayfield Road, The King’s Buildings, EH9 3JL Edinburgh, UK.
E-mail address: ahmed_askalany3@yahoo.com (A.A. Askalany).

Applied Thermal Engineering 136 (2018) 169–176

Available online 07 March 2018
1359-4311/ © 2018 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/13594311
https://www.elsevier.com/locate/apthermeng
https://doi.org/10.1016/j.applthermaleng.2018.03.014
https://doi.org/10.1016/j.applthermaleng.2018.03.014
mailto:ahmed_askalany3@yahoo.com
https://doi.org/10.1016/j.applthermaleng.2018.03.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2018.03.014&domain=pdf


warming with high-energy consumption will be reduced. Therefore, it is
very important to develop and expand such a technology that is not
only environmentally friendly but also uses renewable energy source in
order to save the environment and preserve energy sources.

Many researchers are interested in improving the performance of
the ADCS in different ways as increasing heat transfer coefficients of
adsorption beds or even employing new adsorbent materials.
Adsorption characteristics of adsorbent/adsorbate pair are the basic
data for designing adsorption desalination/cooling systems. Adsorption
characteristics include adsorption isotherms, adsorption kinetics, and
isosteric heat of adsorption at different adsorption temperatures and
pressures. The use of an appropriate adsorbent pair leads to design a
compact sorption heat exchanger (adsorbent bed) and enhance the
overall system performance [3]. Thermo-physical properties, surface
area and water vapor capacity are very important parameters in
choosing an adsorbent material for an AD applications.

Different studies illustrated the adsorption characteristics includes
isotherms and kinetics for different adsorbent materials with water
vapor that can be used in AD applications. For example, Kim et al. [4]
presented ferroaluminophosphate for adsorption desalination (AD)
system as a new adsorbent material. The adsorption characteristics of
ferroaluminophosphate/water vapor pair were experimentally studied.
It had been found that the adsorption capacity ferroaluminophosphate
was about 5 folds more than conventional silica gels. Kusgens et al. [5]
and Youssef et al. [6] studied Metal-organic frameworks (MOF) as new
adsorbent materials for water vapor adsorption. They presented the
adsorption characteristics of MOF/water vapor pair.

Fig. 1 summarizes some of experimental and theoretical studies
(with the related references) that carried out an investigation on the
adsorption characteristics of different adsorbent pairs for AD applica-
tions. It can be noticed that the adsorption uptakes of different working
pairs vary from 0.15 to 1 kg/kg of water vapor.

Nomenclature

A area (m2)
Cp specific heat (kJ/kg⋅k)
C adsorption capacity (kg/kg)
Co maximum adsorption capacity (kg/kg)
Ds coefficient of surface diffusion (m2/s)
Dso pre-exponential coefficient (m2/s)
E characteristic energy (kJ/kg)
Ea activation energy (kJ/mol)
F constant (–)
hfg water latent heat (kJ/kg)
Hst isosteric heat of adsorption (kJ/kg)
M mass (kg)
ṁ mass flow rate (kg/s)
P pressure (kpa)
Q heat energy (W)
R universal gas constant (kJ/kg·k)
Rp average radius of the particle (m)
T temperature (°C)
t time (sec)
Thwi hot water inlet temperature

Tcwi cooling water inlet temperature
U overall heat transfer coefficient (W/m2·k)
τ number of cycle per day (–)

Subscripts

ads adsorption
b brine
ch chilled water
cond condenser
des desorption
evap evaporator
hex heat exchanger
hw heating water
in inlet
out outlet
sat saturation
sur surrounding
sw sea water
v vapor
w water

Fig. 1. Adsorption capacity for different adsorbents materials with water vapor adsorbate. (See above-mentioned references for further information.)
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Different experimental and theoretical studies have been also car-
ried out on the performance investigation of the AD systems. For ex-
ample Youssef et al. [6] presented experimental and theoretical study
for AD system using CPO-27(Ni) MOF material. The results of mathe-
matical model were validated with experimental data. For condenser
temperature range of 5–30 °C and evaporator temperature of 10 °C, the
specific daily water production (SDWP) and specific cooling power
(SCP) were 3.2–7.5m3/ton and 100–200W/kg respectively. Youssef
et al. [13] presented mathematically an investigation for an AD system
using two different adsorbent materials (silica gel and AQSOA-Z02).
Elsayed et al. [14] studied theoretically the performance of AD system
using three MOF adsorbent materials (CPO-27(Ni), aluminium fumarate
and MIL-101(Cr)). The results showed that the SDWP for proposed

adsorbent materials was 4.3 m3 per ton of (CPO-27(Ni), 6 m3 per ton of
aluminium fumarate and 11m3 per ton of MIL-101(Cr). The results
showed that the SDWP and SCP for AQSOA-Z02 were 6.2 m3/ton and
53.7 TR/ton respectively, while the SDWP and SCP for silica gel were
3.5 m3/ton and 15 TR/ton respectively. Kima et al. [17] presented a

Fig. 2. Schematic diagram of experimental test rig.

Fig. 3. The experimental adsorption isotherm data with D-A and S-C models.

Table 1
Measured isotherm data from D-A and S-C model.

Fitted model D-A model S-C model

Co (kg/kg) 0.566 0.547
E (kJ/kg) 2353 –
n 2.11 –
m – 3.92
Hst (kJ/kg) 2630 7965
α – 4.46*10−3

Fig. 4. The P-T-C diagram of copper sulfate/water vapor.

Fig. 5. Fitted result of LDF model with experimental adsorption kinetics.
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novel time-scheduling scheme for an AD system. The adsorption char-
acteristics were also investigated using Toth model. It was found that
the performance of AD system is depending on the initial time lag (ITL)
values.

Youssef et al. [18] investigated theoretically the performance of
ADCS with integrated evaporator/condenser. The results showed that
the SDWP was 6.64 to 15.4 m3 per ton of AQSOA-Z02 and SCP of 46.6
TR per ton of AQSOA-Z02 at evaporator temperature10 °C. Thu et al.
[19] studied an investigation of AD cycle with internal heat recovery
using four bed configurations. The results of theoretical study were
validated with experimental data. The SDWP was 10m3 per ton of silica
gel.

As shown in the literature and the summarized figure, the potential
applications of using copper sulfate as adsorbate material and its ad-
sorption characteristic not found in the open literature. The present
study shows the benefits of employing copper sulfate in AD systems

presenting its adsorption characteristics.

1.1. Copper sulfate as new adsorption material

Copper sulfate (CuSO4) is a salt hydrate material. The dehydration
reaction of CuSO4 5H2O is reported in many studies [20–23] as;

→ +CuSO ·5H O(s) CuSO ·3H O(s) 2H O(g)4 2 4 2 2 (1)

Fig. 6. Arrhenius plot of copper sulfate/water vapor.

Fig. 7. Schematic of two beds ADCS.

Table 2
The used design and operating parameters.

Symbol Description Value Unit

UAbed Overall heat transfer coefficient of bed 814 W/K
UAcond Overall heat transfer coefficient of

condenser
500 W/K

UAevap Overall heat transfer coefficient of
evaporator

350 W/K

Mcu Bed heat exchanger tube weight (Cu) 2.97 kg
Mal Bed heat exchanger fin weight (Al) 0.72 kg
Mbed,iron Bed heat exchanger cover weight (Iron) 15 kg
Mcond,cu Condenser heat exchanger tube weight

(Cu)
1.535 kg

Mevap Evaporator heat exchanger tube weight
(Cu)

1.3 kg

Mw,evap Liquid water in side evaporator initially 3 kg
MCuSO4 Weight of copper sulfate in each bed 6.75 kg
ṁ hw Heating water flow rate to adsorber 0.2 kg/s
ṁ cw Cooling water flow rate to adsorber 0.3 kg/s
ṁ chw Chilled water flow rate 0.055 kg/s
Cpcu Copper specific heat 0.386×103 J/kg·K
Cpal Aluminium specific heat 0.905×103 J/kg·K
Cpw Water specific heat liquid phase 4.18× 103 J/kg·K
Cpch Chilled water specific heat 4.20× 103 J/kg·K
Cpv Water specific heat vapor phase 1.89× 103 J/kg·K
CpCuSO4 Copper sulfate specific heat 0.630×103 [37] J/kg·K

Tch,in Chilled water inlet temperature 25 °C
tcycle Half cycle time 450 s
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→ +CuSO ·3H O(s) CuSO ·H O(s) 2H O(g)4 2 4 2 2 (2)

→ +CuSO ·H O(s) CuSO (s) H O(g)4 2 4 2 (3)

The dehydration temperatures are reported by Sorensen [20] and
Wendlandt [23] as 65 °C for reaction (l); 90 °C for reaction (2); 220 °C
for reaction (3).

El-Houte et al. [24] used an advanced technique of the SIA version.
The study indicated that firstly four water molecule can be dehydrated

into four steps removal of two water molecules at 58 and 65 °C re-
spectively; removal of 1.5 molecules at 75 °C and finally removal of the
last half molecule at 85 °C.

As stated in [25] if the relative humidity (RH) exceeds the deli-
quescence relative humidity (DRH), the salt absorbs water and dis-
solves. While at RH below DRH, the salt picks up water vapor and still
in solid state as illustrated in the two following equations;

+ ↔ < DRHSalt(s) H O(g) hydrated form(s) for RH2 (4)

+ ↔ >Salt(s) H O(g) solution(l) for RH DRH2 (5)

As CuSO4 has high DRA about 97% at 25 °C which makes CuSO4

remain in its solid state if RH less than 97% [26].
According to literature survey, introducing new adsorbent pairs and

investigate their adsorption characteristics are very important for
modelling and improve the performance of adsorption cooling systems.
The dehydration of the CuSO4 for the first four molecules can be driven
by low temperature heat source 60–85 °C. The chemical reaction
(CuSO4 and water vapor) is a reversible process. And as mentioned
before CuSO4 remains in solid stat in hydration process if RH<97%.
For these reasons CuSO4 can be employed in ADCS. For this purpose the
effect of changing relative pressure should be determined. Therefore,
the present study considers copper sulfate/water vapor as adsorbent/
adsorbate for ADCS. The study investigates firstly the characteristics
and effective adsorption parameters of water vapor uptake (isotherms
and kinetics) onto copper sulfate as new adsorption material for ADC
applications. The experimental data of the adsorption characteristics

Fig. 8. Effect of cycle time on SCP and COP.

Fig. 9. Effect of cycle time on SDWP.

Fig. 10. Effect of Thwi on SCP and COP.

Fig. 11. Effect of Thwi on SDWP.

Fig. 12. Temperature profiles of ADC components and heat transfer fluids.
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fits with a theoretical models. Finely, a theoretical model was devel-
oped to present the effect of employing the proposed copper sulfate as
adsorbent material on the performance of a two-bed ADCS.

2. Experimental section

2.1. Material

Copper sulfate (CuSO4) is a salt hydrate material. The chemical
reaction (CuSO4 and water vapor) is a reversible process, which can be
employed in ADCS. For this purpose the effect of changing relative
pressure should be determined. Therefore, the present study considers
copper sulfate/water vapor as adsorbent/adsorbate for ADCS. The iso-
therms and kinetics experiments have been performed to investigate the
performance of study the effect of ADCS.

2.2. Experimental setup and instrumentations

An experimental apparatus has been designed and built as shown in
Fig. 2 for testing the adsorption isotherms and kinetics of the copper
sulfate/water vapor pair. The main system components are three
chambers; adsorbent chamber (adsorber), dosing chamber and eva-
porator. Copper sulfate samples have been contained inside the ad-
sorber. The vapor is supplied from the evaporator, which connected to
the dosing chamber. A vacuum pump has been used for evacuation
purposes. For controlling the temperature of the tubes, a tape heater is
mounted on the connecting tubes. Temperature sensors of type PT100
are attached at different locations in the test rig where the temperature
has to be measured. Temperature sensors and pressure transmitter are
connected to a data logger of type GL820 which records the data every
second. Volumes of (adsorber, dosing chamber and tubes) are de-
termined using the method of filling water.

3. Adsorption isotherms

3.1. Test procedure

The copper sulfate is dehydrated at temperature of 220 °C for ten
hours under vacuum pressure to remove any moisture content. The
adsorbent material (copper sulfate) has been weighted using a balance
with± 0.01 g accuracy then it has been accumulated inside the ad-
sorber.

The system is evacuated to the pressure of 5 Pa and tested for leaks
for ten hours. After system leak testing and evacuation process, the
dosing chamber is loaded by the vapor from the evaporator to a certain
pressure. After obtaining stable conditions for initial pressure and
temperature at dosing chamber, the adsorption process has been started
by opening valve 2 (V2) between the dosing chamber and the adsorber.
The Pressure of dosing chamber decreased gradually to a certain stable
pressure. Adsorber temperature increases at the beginning of adsorp-
tion process and decreased again to its initial value. After stability, V2 is
closed. This process has been repeated many times by increasing dosing
chamber pressure. This procedure is repeated at different adsorption
temperatures from 25 to 55 °C.

= − +M ρ p T ρ p T V VΔ { ( , ) ( , )} ( )dosing n ads i i ads ads f f ads dosing dosing tube, , , (6)

⎜ ⎟= −⎛
⎝

+ ⎞
⎠

V V M
ρ

Vvoid ads
adsorbent

s
pore

(7)

= − −M ρ p T ρ p T VΔ { ( , ) ( , )} ( )void n ads n i ads ads n f ads adschamber void, , , 1 (8)

= + −−M M M MΔ Δn n dosing n void n1 , , (9)

where, M is the mass of the adsorbate and n is the measurement
number.

3.2. Adsorption isotherms equations

Equations of S-C model and D-A model are used to fit the experi-
mentally adsorption equilibrium uptake. The S-C model as given by Sun
and Chakraborty [27] equation is given by;

=
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with,

= −K α exp m H h RT[ ( )/ ]st fg (11)

where, C and Co denote instantaneous adsorbed amount in equilibrium
with pressure P and maximum uptake respectively. Here m and α are
taken as constants. Tw and Ts are the temperatures of water vapor and
adsorbent respectively.

The D-A model is given by Eq. (12) [28].

= ⎧
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Isosteric heat of adsorption (Hst) is a specific combined property of
an adsorbent/adsorbate combination, which can be estimated by Eq.
(13) [29];

= + ⎡

⎣
⎢ ⎛
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4. Adsorption kinetics

4.1. Test procedure

The same operation steps of Section 3.1 are used for estimating the
adsorption kinetics but the valve V2 is closed after every 30 s to in-
vestigate the time effect on the adsorption rates, this procedure is re-
peated at different adsorption temperatures from 25 to 55 °C.

The behavior of uptake for semi-infinite medium can be given as
[30]:

=C
C

A
V

D t
π

2
o

s

(14)

where, A is the area of the copper sulfate particle and V is the particle
volume. The values of DS could be expressed as [31];

= ⎛
⎝

− ⎞
⎠

D D E
RT

expS so
a

(15)

which can be rearranged as;

= −ln D ln D E
RT

( ) ( )S so
a

(16)

The values (E )a and (Dso) can be estimated by Arrhenius plot in
which ln(D )S is plotted with (1/T). The slope yields (E /R)a and the
intercept provides the constant (Dso) [32].

4.2. LDF model

Different theoretical models were used previously to fit the experi-
mental results of adsorption characteristics of the various adsorbent
pairs. The linear driving force (LDF) equation, which is proposed by
Glueckauf, E. (1955) [33] is the most widely and powerful method used
to predict the adsorption/desorption rates which can be expressed by
Eq. (17). The most important parameter in this model is the overall
mass transfer coefficient [34].

∂
∂

= −C
t

FD
R

C C( )s

P
o2 (17)
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5. Results for adsorption chracterstics (isotherms and kientics)

The adsorption isotherms characteristics of copper sulfate/water
vapor have been performed for four different adsorption temperatures
ranging from 25 to 55 °C. Fig. 3 illustrates experimental results of the
adsorption isotherms of copper sulfate/water and fitting results with D-
A model and S-C model. The figure illustrates adsorption uptake in kg/
kg of adsorbent as a function of the adsorption pressure for various
adsorption temperatures. It can be indicated that the adsorption capa-
city increases with decreasing the temperature of adsorption. The figure
also illustrates that the maximum experimental adsorbed water vapor
by copper sulfate is about 0.51 kg/kg. The both different theoretical
models (D-A and S-C) have good fitting agreements with the experi-
mental adsorption isotherms. The difference between calculated and
measured values for both S-C model and D-A is less than±0.09 kg/kg.
Table 1 shows values of fitting parameters of the both different models
for copper sulfate/water adsorption pair based on the present experi-
mental results. Fig. 4 illustrates P-T-C (pressure-temperature-con-
centration) diagram which provides the basic data to predict the per-
formance of the ADCS.

Fig. 5 illustrates the fitted LDF results and experimental adsorption
uptake at different adsorption temperatures. The figure illustrates that
there is an acceptable agreement between the experimental results and
the LDF model. Fig. 6 illustrates Arrhenius plot of copper sulfate/water
vapor adsorption pair which determines the numerical values of Ea and
Dso. Numerical values of Dso and Ea have been determined as
1.89×10−7 m2/s and 25.053 kJ/mol respectively with shape constant
(F) of 34.47.

6. Mathematical model

Two-bed ADCS has been considered in this study as illustrated in
Fig. 7. Copper sulfate has been taken as adsorbent material. ADCS in-
cludes two adsorption units (Bed1 and Bed2), condenser and eva-
porator.

The adsorber/desorber (Bed1/Bed2) are alternatively connected to
hot water storage tank to heat up the bed during isosteric pre-heating
and isobaric desorption-condensation processes and to the cold water to
cool down the bed during isosteric pre-cooling and isobaric adsorption-
evaporation processes [35].

The study aimed to estimate the performance of investigated model
to the following constraints:

(1) The amount of adsorbed vapor, pressure and temperature are uni-
form through adsorption bed.

(2) Heat loss to the environment is neglected as adsorption beds are
considered insulated.

(3) Pipeline water flow resistance is neglected.
(4) Properties of adsorbate vapor, metal tube and fluids are constant.

The mass balance of ADCS is given by;

= − − ⎛
⎝

⎞
⎠

dM
dt

θm γm n dC
dt

Ṁ ̇sw evap
sw in b

ads
CuSO

,
, 4 (18)
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dt
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sw eva
sw in sw in sw in b D
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CuSO,

,
, , , 4 (19)

where, θ, γ and n values are stated in as operation modes coefficients
[36].

The adsorption bed energy balance can be given by;

+ + +
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The condenser energy balance can be given as;

+ + =

+ −

Mc Mc Mc dT
dt

n h T d
dt

M
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̇ ( )( )
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The evaporator energy balance can be given as;

+ = −

+ − −

Mc Mc
dT

dt
θh T X m n h dC

dt
M

m c T T γh T X m
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The water outlet temperatures for each adsorption bed, evaporator
and condenser heat exchangers are estimated using the LMTD method
as;

⎜ ⎟= + − ⎛
⎝

− ⎞
⎠

T T T T UA
m

( )exp
( ̇ )w out hex w in hex

hex

cp w
, ,

(23)

The heat of desorption, evaporation and condensation are given by;

∫= −Q m c T T dṫ ( )des
t

hw p hw in hw out0 , ,
cycle

w (24)

∫= −Q m c T T dṫ ( )eva
t
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ch (25)

∫= −Q m c T T dṫ ( )cond
t
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w (26)

For evaluation the performance of the ADCS, the SDWP, COP and
SCP are estimated by;

∫=
−

SDWP
m c T T τ

h M
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̇ ( )t w p cw out cw in

fg CuSO0

, ,cycle w

4 (27)
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, ,cycle ch

4 (29)

The values of the designing and operating conditions are shown in
Table 2.

7. Results and discussion

This section illustrates the results of the mathematical model ob-
taining effect of employing copper sulfate as adsorbent material on the
performance of ADCS. Fig. 8 indicates effect of cycle time on SCP and
COP. COP increases with increasing cycle time that due to the increase
in desorbed water vapour by raising the cycle time. The SCP shows
maximum value at half cycle time between 350 and 550 s. SCP de-
creases gradually when half cycle time is longer than about 450 s as
shown in Fig. 8. This can be inferred that most amount of adsorbate is
adsorbed/desorbed up to 450 s, subsequently, amount of adsorbed/
desorbed adsorbate decreases gradually.

Fig. 9 illustrates effect of cycle time on SDWP where the SDWP
increases with increasing cycle time, with a peak point between 400
and 500 s. It is noted that the optimum half cycle time is 450 s.

Effect of inlet hot water temperature (Thwi) on SCP and COP is
shown in Fig. 10, which indicates that the SCP increases from 166.7 to
230.2W/kg of copper sulfate with raising the Thwi. Increment of tem-
perature is highly effective on the COP in the range below 70–75 °C.
COP starts to decrease beyond this temperature as shown in Fig. 10.
This can be inferred that most amount of adsorbate is desorbed up to
75 °C, subsequently, amount of desorbed adsorbate decreases gradually.
In other words, this causes increment of heat loss by larger sensible heat
of desorbed adsorbate vapor in the desorption bed. The figure also il-
lustrates that the proposed system can be driven efficiently by low
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temperature renewable energy heat source.
Fig. 11 presents SDWP for regeneration temperatures ranging from

55 to 95 °C. The results show that the water production rate of ADC
cycle increases with increasing hot water inlet temperature. This is due
to the improved of regeneration process for higher hot water tem-
peratures.

Fig. 12 shows the temperature profile for major components of ADC
cycles and the temperature profile for inlet and outlet of ADCS heat
transfer fluids under condition (25 °C chilled and cooling water).
Average delivered chilled water temperature is about 12 °C for rated
operating conditions. As illustrated from result that the system can
work efficiently with low temperature heat source. The proposed
system can be driven by solar energy or other low temperature re-
newable energy heat source (55–85) °C.

8. Conclusion

In the present study, potential employing of copper sulfate for ADCS
as a new adsorbent material is presented. Copper sulfate has been se-
lected as it has high DRH about 97% at 25 °C. A full figure of the ad-
sorption isotherms and kinetics of copper sulfate/water vapor have
been investigated. Experimental results have been fitted with S-C model
and D-A model for the adsorption isotherms and LDF for the adsorption
kinetics. It has been reported that maximum experimental adsorption
capacity is about 0.51 kg/kg. Ea and Dso are estimated to be 25.053 kJ/
mol and 1.89×10−7 m2/s respectively.

A mathematical model has been also presented testing the perfor-
mance an ADCS employing copper sulfate as adsorbent material at
different operating conditions. At driving heat source temperature be-
tween 70 and 75 °C which could be obtained from low grade heat
sources (waste heat or solar energy), the SCP shows maximum value at
half cycle time between 350 and 550 s while the COP shows maximum
value. The average delivered chilled water temperature is 12 °C for the
rated operating conditions, where the SDWP, SCP and COP are about
8.2 m3/ton of copper sulfate, 227W/kg of copper sulfate and 0.57 re-
spectively.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.applthermaleng.2018.
03.014.
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