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Different techniques have been proposed so far to improve the performance of thermal-driven membrane
modules applied in solar desalination systems. These techniques have increased the freshwater productivity of
the system but at the cost of its increased overall specific energy requirement. Due to this major drawback, the
main objective of this study is to implement nanofluid in the feed stream of a heat pipe solar membrane-based
desalination system, which not only aims to improve the freshwater productivity of the system, but also has the
capability of decreasing its specific energy requirement. Synthetic seawater (with the salinity of 3.5%) was
generated by dissolving appropriate amount of Sodium Chloride (NaCl) salt in normal tap water and used as the
base fluid. Then, Aluminium oxide (Al,O3) nanoparticles were applied to fabricate the nanofluid. The perfor-
mance of the system in terms of freshwater productivity, quality of treated water, specific thermal and electrical
energy consumptions, gained output ratio, and overall efficiency was experimentally studied and compared
under hot and cold climatic conditions of Perth in Australia. The results indicated that the application of na-
nofluid increased the freshwater productivity in hot and cold seasons by 18% and 22%, respectively. It also
decreased the specific thermal energy consumption as this parameter was 17.5% and 14% lower in hot and cold
seasons compared to the system without nanofluid. Moreover, using nanofluid improved the gained output ratio
of the system by 9% and 18% under hot and cold climatic conditions, respectively. The overall efficiency of the
system was also proved to be enhanced upon the application of nanofluid where the results showed 17.4% and
18% increase in hot and cold seasons, respectively.

Introduction total energy requirement of MD separation technique can be sourced

from solar energy itself [9].

Lack of freshwater has turned into one of the major challenges of the
world in the present century [1]. Desalination of brackish or seawater
has been proven to be one of the solutions to cope with this global
challenge [2,3]. Among all the desalination methods, Membrane Dis-
tillation (MD) is well known as a cost effective and profitable tech-
nology for treating saline water [4]. The main advantages of MD over
conventional desalination processes include high purity distillate water
[5], low sensitivity of the performance to salinity [6,7], low operation
pressure, smaller required area and compactness [1], ability to operate
in low temperatures [2], and less environmental impacts [5]. However,
higher energy consumption compared to other separation techniques
has been reported as MD’s main drawback [2,8]. That is why the ap-
plication of solar energy to provide the thermal energy requirement of
MD modules has been the focal point of research in this field in recent
years. Based on the data presented in the literature, around 90% of the

* Corresponding author.

A combined solar desalination and power generation system
equipped with membrane modules was proposed by Li et al. [10] to
provide both heat and water for residential buildings. The results re-
vealed that the freshwater production of the system with a 2 m?
membrane was 3.2-4.8 L in a day. Investigating the influences of in-
termittent operation and transient temperature gradients on the per-
formative characteristics of the system was recommended as a future
research direction. This recommendation was followed by Hejazi et al.
[11] who studied the performance of a solar membrane-based distilla-
tion system under intermittent operational conditions. They concluded
that the effect of the intermittent operation depends greatly on the
operation protocol of the system.

Li et al. [12] investigated the effects of membrane characteristics on
the freshwater production rate of a solar membrane-based desalination
system. A dynamic mathematical model was developed and verified
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using a set of experiments. Among all the membrane characteristics,
moisture diffusivity was introduced to have the most noticeable effect
on the performance of the system. Huang et al. [13] proposed and
fabricated a new immobilized PTFE membrane made of Graphene-
based materials and used it to improve the freshwater productivity of a
solar membrane-based water desalination system. The proposed mate-
rial showed acceptable stability when it was tested under high salt
concentrations and had the capability of eliminating the effects of
concentration polarization. Permeate flux improvement of 78.6% could
be observed from the experimental results using the proposed mem-
brane module.

The effects of operational conditions and geometric parameters on
the performance of a solar driven direct contact membrane water dis-
tillation system was the focal point of a study by Elzahaby et al. [14].
The membrane inner diameter was recommended to be 2.5 mm and
higher for decreasing the pressure loss in the membrane. Chafidz et al.
[15] proposed a portable solar desalination system using PV/thermal
collectors and membrane distillation modules. The system was con-
cluded to be able to serve as a model of sustainable desalination which
can operate independently from fossil fuels.

Li et al. [16] proposed a novel membrane module made of Fe304/
PVDF-HFP nanofibers and tested it experimentally in a solar membrane-
based distillation system. The experimental results of the manufactured
pilot indicated 11% improvement in the permeate flux compared to the
conventional solar systems. Li and Lu [17] applied solar thermal col-
lectors and PV panels to propose a new configuration of solar mem-
brane-based desalination systems. The main aim of the proposed design
was to provide potable water for residential buildings in remote islands
where water and power infrastructures are limited. The daily fresh-
water production of the proposed system was reported to fluctuate
between 9.98 kg and 23.26 kg. Zhang and Li [18] focused on energy
and economic aspects of a solar membrane-based desalination system.
Based on the theoretical and experimental results, 12 L/m? was re-
commended as the optimum ratio of the storage tank volume to the
solar collector area. In addition, the economic analysis showed that the
water production cost of the system was about 16.97 $/m>.

Qtaishat and Banat [19] reviewed the recent proposed methods to
integrate solar thermal energy with the direct contact membrane dis-
tillation systems. Heat and mass transfer processes occurring inside the
desalination unit as well as various solar systems such as solar ponds,
PVs, and different types of solar thermal collectors were discussed in
details in this paper. Sharon and Reddy [20] focused on the membrane
types which had the potential of being combined with solar systems.
Their review paper covered the performance, problems and restrictions,
and economic considerations of various solar membrane-based systems.

Among all types of solar collectors, heat pipe solar collectors are
recognized as the novel one with significant advantages over conven-
tional solar collectors [21,22]. The unique features of heat pipe solar
collectors have attracted researchers to implement them in many ap-
plications [23] including water heating [24], space heating [25],
cooking [26], and cooling [27]. However, their application in mem-
brane-based desalination systems is quite novel. Implementing a
cooling unit in the cold cycle of a heat pipe solar membrane-based
distillation system for enhancing freshwater production rate was pro-
posed and investigated theoretically and experimentally by Shafieian
et al. [28]. Although the results showed the improvement of 46% in the
maximum freshwater production, the increase in energy requirement of
the system was mentioned as its main drawback. In a similar study,
Kabeel et al. [29] proposed adding an evaporative cooling unit to a
solar membrane-based desalination system. The freshwater pro-
ductivity of the system with the cooling unit was 1.25 times higher than
the one without the cooling unit.

Kim et al. [30] tried to increase the operation time of a solar
membrane-based desalination system by adding a temperature reg-
ulating scheme and a heat recovery unit to it. The results showed that
although the proposed system improved the freshwater production rate,
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it is still energy intensive having expensive processes. Nakoa et al. [31]
investigated the integration of solar pond with membrane-based desa-
lination systems theoretically and experimentally. The results pointed
out the high potential of the proposed configuration, however, further
economic studies were suggested to justify the economic and energy
requirement feasibility of the system.

Nanofluids are made by dispersions of solid or liquid nanoparticles
(1-100 nm) in a base liquid and have shown a great potential to be used
in thermal management applications because of their improved thermo-
physical properties. The majority of the studies in the field of nanofluids
have approved their enhanced thermal conductivity and convective
heat transfer coefficient [32]. The enhancement of thermos-physical
properties might be attributed to the Brownian motion of particles, high
surface area of the nanoparticles, high thermal conductivity of the na-
noparticles, the interfacial resistance at the fluid-particle interface, and
the ordering of base liquid molecules adjacent to the surface of the
charged nanoparticles [33]. Therefore, the application of nanofluids in
solar membrane-based desalination systems, where thermal processes
play a crucial role in efficiency of the system, looks promising with high
research potentials.

Despite all the valuable efforts, the access of solar membrane-based
desalination systems to the industrial stage is hampered because their
specific energy requirement is still high. The specific energy require-
ment of these systems can be reduced by two methods: either supplying
energy from other resources than fossil fuels or enhancing their fresh-
water productivity. A significant number of studies have been con-
ducted to implement solar energy in membrane-based desalination
systems and promising results have been obtained. However, the
second method has not been as successful as the first one. Although
most of the proposed techniques, such as adding cooling units, were
successful to improve the freshwater productivity of the solar mem-
brane-based systems, they would require energy input themselves,
which would consequently increase the overall specific energy re-
quirement of the system. Therefore, if a technique aims to improve the
freshwater productivity of solar membrane-based desalination systems,
and at the same time decrease their overall specific energy requirement,
it should be independent of any energy input.

Due to the mentioned drawbacks, the main objective of this study is
to implement nanofluid in the feed stream of a heat pipe solar mem-
brane-based desalination system, which not only aims to improve the
freshwater productivity of the system, but also has the capability of
decreasing its specific energy requirement. This resolves the main
drawback of the previously proposed techniques, such as using cooling
units in the permeate stream, which would improve the freshwater
productivity, but at the same time would increase the overall specific
energy requirement of the system. Al,Osz/saline water nanofluids were
generated and their thermo-physical properties were studied. Then, an
experimental rig was manufactured and the performance of the solar
desalination system was evaluated under different climatic conditions
in different seasons, when the feed stream consisted of synthetic sea-
water (Cases I and III in cold and hot season, respectively) and the
combination of synthetic seawater and nanofluid (Cases II and IV in
cold and hot season, respectively). The investigated parameters in this
study included specific thermal and electrical energy consumption,
freshwater productivity, gained output ratio, and overall efficiency.

Experiments and procedures
Solar membrane-based desalination system

Figs. 1 and 2 respectively depict the image and a schematic of the
solar membrane-based system designed and manufactured for this
study. The main three loops of the system are the solar heating,
membrane permeate (cold), and membrane feed (hot) loops. Solar
heating loop is responsible for absorbing solar energy, converting it into
thermal energy, and transferring it to the synthetic seawater inside the
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Fig. 1. The experimental rig of the solar desalination system.

storage tank. The hot synthetic seawater is then pumped into the feed
channels of the Direct Contact Membrane Distillation (DCMD) module,
while simultaneously, the cold water in the permeate tank is pumped to
the permeate channels.

The heat pipe solar collector is the main component of the solar
system which includes heat pipes and vacuum-sealed glass tubes. The
optimum characteristics of the solar system were studied and the results
were presented in the authors’ previous publication [34]. The absorbed
portion of the stroked solar radiation is transferred to the working fluid
inside heat pipes, turning it into vapour. The generated vapour then
moves towards the heat pipes condenser section where its latent heat is
transferred to the solar working fluid which flows inside the manifold
(point 1) and over the heat pipe condensers. The solar working fluid
then comes out of the HPSC (point 2) and exchanges heat with the
saline water inside the storage tank via a copper coil located inside the
tank. The external heat transfer area of the copper coil is 1.45 m?. The
solar working fluid coming out of the copper coil (point 3) is then
pumped back into the manifold section of the HPSC (point 1) using a
pump made by Davey company. A valve is installed after the pump and
used to regulate the mass flow rate of the solar working fluid, while its
value is monitored using a flowmeter made by Omega company.
Table 1 provides information about the specifications of the HPSC used
in this study including absorber, evacuated glass and heat pipe. More
information regarding the components of the solar loop, their dimen-
sions, and measurement instruments can be found in [34].

The main component of the desalination unit is the DCMD module

which consists of two channels which are separated by a porous
medium. The hot saline water inside the storage tank (point 4) is
pumped to the feed channel of the DCMD (point 5) using a pump made
by Davey company. A valve is installed after the pump and used to
regulate the mass flow rate of the solar working fluid while the flow-
meter after the valve (Omega company) is used to monitor the flow
rate. At the same time, cold water is extracted from the permeate tank
(point 7) and pumps to the cold channel of the DCMD module (point 8).

The temperature difference between two channels create a vapour
pressure gradient across the membrane porous medium. The water
molecules near the surface of the porous media on the feed side eva-
porate, pass the porous media, and condense on the permeate side. The
feed stream supplies the required energy for evaporation, while the
released energy due to the condensation process is transferred to the
permeate stream. The outlet streams from hot and cold channels return
to the feed (point 6) and permeate (point 9) tanks, respectively. Table 2
provides information regarding the technical features of the DCMD
module used in this study. More information regarding the membrane
module used in this study along with the optimisation of its char-
acteristics and measurement instruments can be found in authors’
previous study [35].

It is worth noting that for data collection, system operation control,
and monitoring the experimental results, a central control unit in-
cluding a National Instrument Data Acquisition (NIDAQ) system, a
computer, and a power unit was applied. The T type Classl thermo-
couples made by TC Ltd. are used to measure the temperature at
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Fig. 2. Schematic of the solar desalination system.
Table 1
The specifications of the HPSC including absorber, evacuated glass and heat pipe.
HPSC Evacuated Glass Heat pipe
Number of tubes 25 Transmittance 0.88 Material Red copper
Manifold material/diameter (m) red copper/0.038 Outer diameter (m) 0.058 Outer diameter (m) 0.008
Absorptivity 0.94 Thickness (mm) 1.60 Condenser Length (m) 0.10
Gross area (m?) 3.93 Emissivity 0.07
Tube length (m) 1.80
Insulation Compressed Rockwool
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Table 3
Zeta potential and thermal conductivity of the fabricated nanofluids.

Table 2
The technical features of the DCMD module.
Characteristic Value Characteristic Value
Model type MD 090 TP Outer diameter of 8.5 mm
2N ANSI membrane module
Membrane area 0.2 m? Membrane thickness 1.5 mm
Membrane module 75 cm Potting material Polypropylene
length
Average pore size 0.2 pm Membrane material Polypropylene
Inner diameter of 5.5 mm Membrane porosity 75%
membrane module
Nominal module 9 cm Outer shell material Polypropylene

diameter

different points in the system as shown in Fig. 2.

Nanofluid preparation

Aluminium oxide (Al,O3) nanoparticles, which were provided by
Sigma-Aldrich Pty, were applied to synthesize the nanofluid. The den-
sity of the used Al,O3; nanoparticles was 4.9 g/cm® and their surface
areas were 85-115 m?/g. Synthetic seawater (with the salinity of 3.5%)
was produced in situ by dissolving Sodium Chloride (NaCl) (purchased
from Chem-supply Company) in normal tap water and used as the base
fluid. The two-step method, described in [36], was applied for Al,03/
Saline water nanofluid synthesis. The solid concentration of the nano-
fluid of 0.05 wt% was prepared at the ambient temperature of
23 = 2°C.First, a weighed mass of nanoparticles was added to 100 ml
of synthetic saline water in a Pyrex glass beaker. Then, the nano-
particles were dispersed employing various techniques such as over-
head stirrer, sonication bath, magnetic stirrer, ultrasonic processor, and
a combination of sonication bath and overhead stirrer.

By analysing the thermo-physical characteristics of the synthesized
nanofluids, sonication/ultrasonication was determined as the best fab-
rication technique among all other methods. The samples were allowed
to equilibrate for 5 min before data acquisition and analysis. Fig. 3
shows a sample of optimised nanofluid produced for this study.

Fig. 3. A sample of fabricated optimised nanofluid.

Properties Alumina particle size (nm)

13 50 300
Zeta potential (mV) 17.6 9.5 —5.06
Thermal conductivity (W/m.K) 0.4 0.37 0.33

Different nanofluids having Alumina particle sizes of 13, 50, and
300 nm were synthesized to be added to the feed stream of the mem-
brane-based desalination system. Their characteristics in terms of sta-
bility and thermal conductivity were studied and their effect on fresh-
water productivity of the system was investigated. Table 3 provides
information about the zeta potential and thermal conductivity of the
fabricated nanofluids. From the data, one can conclude that increasing
the nanoparticle size increases the stability of the nanofluid as the zeta
potential decreased from 17.6 to —5.06 when the nanoparticle size
increased from 13 to 300 nm. The changes in thermal conductivity
followed the same trend by having the highest value of 0.4 W/m.K at
nanoparticle size of 13 nm and decreasing to 0.33 W/m.K at nano-
particle size of 300 nm. It is worth noting that all three fabricated na-
nofluids were tested in the solar membrane-based desalination system
in different days with similar conditions, and no significant effect on
water productivity of the system was observed. Further information
regarding the fabricated nanofluid can be found in authors’ previous
publication [37].

It is worth noting that Aluminium oxide (Al,O3) nanoparticles are
cost-effective materials and the synthesis process of nanofluid is quite
simple and inexpensive. In addition, these nanoparticles are not clas-
sified as toxic materials. Regarding the disposal of the brine seawater
after the separation process, it should be noted that according to the
standards presented by Water Corporation of Australia, the concentra-
tion of nanoparticles is far below the threshold limits of AI** discharge
into wastewater (i.e. 100 mg/L) [38].

Experimental procedures

For evaluating the effectiveness of adding the fabricated nanofluid
to the feed stream of the system, four different cases having different
feed stream compositions were considered and the experiments were
conducted under different climatic conditions. More information re-
garding these four cases are presented in Table 4. In Cases I and III, the
feed stream of the solar membrane-based desalination system included
just synthetic seawater, while the fabricated nanofluid was added to the
feed stream in Cases II and IV.

Climatic conditions

The experiments of all cases were conducted in different days and
the results of four days (i.e. two in hot season and two in cold season)
were chosen to be presented (Table 3). The climatic conditions (i.e.
solar radiation and ambient temperature) during these four days are
depicted in Fig. 4. To provide a bedrock for performance comparison,
the climatic conditions of the days in which the experiments of Cases I
and II as well as Cases III and IV were conducted should have been
similar or close. As is evident in the figure, except few short periods in
the morning in hot season and in the afternoon in cold season in which
small divergences occurred, the solar radiation in Cases I and III were
almost similar to that in Cases II and IV, respectively. Moreover, the
ambient temperature difference between Cases I and II as well as Cases
III and IV is not significant. Hence, it can be claimed that the experi-
ments in Cases I and II as well as in Cases III and IV have been con-
ducted under almost similar climatic conditions.
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Table 4
Cases considered for the experimental study.
Case Feed Stream Feed flow rate (L/min) Permeate flow rate (L/min) Date Season Average ambient temperature* (°C)
Case I Synthetic seawater 10 10 31 July 2019 Cold 17.1
Case II Synthetic seawater and Nanofluid 10 10 1 August 2019 Cold 16.2
Case III Synthetic seawater 10 10 4 December 2019 Hot 29.8
Case IV Synthetic seawater and Nanofluid 10 10 5 December 2019 Hot 27.45

* Calculated for the operation time.
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Table 5
Uncertainty analysis of measured and calculated parameters.

Sustainable Energy Technologies and Assessments 39 (2020) 100715

Parameter Instrument Operation range Systematic error ( + %) Random error ( = %) Total Uncertainty ( + %)
Temperature Thermocouple —185-300 °C 1.42 0.32 *1.7

Solar radiation Pyranometer 0-2000 W/m? 3 0 +3

Flow rate Flow meter 0-0.068 kg/s 1.34 0.45 +2

Wind velocity Wind speed sensor 0-75m/s 2.6 0 *2.6

Ambient temperature Air temperature sensor —20-60 °C 0 *1

STEC - - - 2.9

SEEC - - - 3.8

GOR - - - +4.7

Overall efficiency - - - +53

Governing equations
Specific energy consumption

One of the most important performance criterion of such systems is
the Specific Energy Consumption (SEC) which consists of two major
parts called Specific Thermal Energy Consumption (STEC) and Specific
Electrical Energy Consumption (SEEC) [39]:

SEC = STEC + SEEC (@)

The amount of thermal energy (i.e. heat) required to produce a unit
of freshwater is called the specific thermal energy consumption
[40,41]. This parameter can be calculated by [5]:

Qhea[
Mgist (3]

STEC =

where mg;, (kg/s) is the freshwater productivity rate and Qpeqr (KW)
represents the heat input rate which can be obtained from [40]:

Qnear = MpCpp (Ty; — Tj ) 3)

where my (kg/s), Cpr (kJ/kg°C), Tz; (°C), and T, (°C) represent feed
stream mass flow rate, specific heat capacity, feed inlet temperature,
and feed outlet temperature, respectively.

Similarly, the amount of electrical energy which is required to
produce a unit of freshwater is called the specific electrical energy
consumption [5]:

SEEC =

Mgt ()]

where W, (kW) represents the overall electrical energy consumption of
the pumps used in the system.

Water productivity

The effectiveness of water production treatment systems can be
evaluated by Gained Output Ratio (GOR) which is calculated by [31]:

rpemp hyg

GOR = — —DMDTR
1t Cr (Ty,o — Ti.i) 5)

where hg, (kJ/kg.K), Cr (kJ/kgK), Tz; (°C), and Ty, (°C) respectively
represent the latent heat of evaporation, specific heat capacity, feed
inlet temperature, and feed outlet temperature.ny; (kg/s) and ripcvp
(kg/s) are mass flow rates of the feed stream and produced water.

The permeate water latent heat of vaporization divided by the
system’s total input energy rate is defined as the overall efficiency of the
system and can be obtained from [14]:

mDCMthg
GA + Wy + Wy + W3 6)

77:

where W (KW) is the energy rate while p stands for pump.

Uncertainty analysis

To evaluate the uncertainties (i.e. measured and calculated un-
certainties), an uncertainty analysis was conducted. Random errors
along with systematic errors (e.g., calibration, data acquisition, and
equipment accuracy) formed the measured uncertainty. To quantitate
the total uncertainty, the standard deviation technique was used [42].

U = Esz + Sr2 (@]

where U,, represents the total uncertainty while & and ¢, are respec-
tively systematic and random errors. the systematic and random errors
in abovementioned equation can be calculated by [43]:

St

)

) \/Z; = )

where, error sources number is shown by m and ¢, ; is calculated by:

(- )?

TN T MM - 1) (10)

parameters M and ¢ stand for the measurement number and mea-
surements average value, respectively.

To determine the uncertainty of the calculated parameters (Uy), the
propagation of errors technique was applied [44]:

b= \/z (6X ) an

In this equation, X is a function of aj, a,,..., a,), and a; and U re-
spectively represent an independent variable and its uncertainty. The
results of the uncertainty study are presented in Table 5. It is worth
noting that the electrical energy consumption was not directly mea-
sured in this study. To determine the electrical energy consumption and
its uncertainties, the datasheets provided by the manufacturing com-
pany, in which these parameters are given in terms of mass flow rate
and head loss, were used.

Results and discussions
Fresh water productivity

Fig. 5 shows the hourly averaged freshwater productivity of the
solar membrane-based desalination system under climatic and opera-
tional conditions of Cases I to IV. The overall trend of freshwater pro-
ductivity is relatively ascending in hot season as can been seen in Cases
III and IV. The reason for having such an ascending trend is that as the
solar radiation increased, the temperature of the solar working fluid
coming out of the collector and consequently the temperature of the
synthetic seawater inside the storage tank increased. Hence, the feed
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Fig. 5. Freshwater productivity of the solar desalination system in different cases.

water entered the membrane module at higher temperature. This in-
creased the temperature and vapour pressure difference across the
membrane which are the main driving forces for mass flux through the
membrane. Although the solar radiation started to decrease after its
peak period (11:30 AM to 13:30 PM), the temperature of the seawater
inside the storage tank was relatively high, resulted in almost constant
permeate flux through the membrane until 4:30 PM.

The overall trend of the freshwater productivity in cold season, as
showcased in Cases I and II, was different from hot season by having an
increasing trend until 2 PM and a decreasing trend afterwards. This is
mainly because the days were shorter in cold season and solar radiation
dropped dramatically in the afternoon. In spite of the reduction in solar
radiation, especially after 1 PM, the thermal energy stored in the feed
tank supported the system and kept the permeate flux almost constant
until 2:30 PM. However, the temperature of the synthetic seawater
inside the storage tank (i.e. inlet feed temperature of the membrane
module) decreased afterwards and consequently the freshwater pro-
ductivity started to have descending trend.

Another major conclusion which can be made from this figure is the
effectiveness of using nanofluid in the feed stream of the system.
Combination of nanofluid with synthetic seawater improved the
freshwater productivity in both hot and cold seasons. The application of
nanofluid in the feed stream increased the freshwater productivity in
hot and cold seasons by 18% and 22%, respectively. Percentagewise,
the positive effect of using nanofluid on freshwater productivity was
more significant in cold season.

The main reason for this behaviour is that addition of nanofluid to
the synthetic wastewater improved its physiochemical and thermal
characteristics. In other words, having the same energy input, the
temperature of the feed stream reached a higher value in Cases I and IV
compared to Cases I and III, respectively. The presence of nanoparticles
in the synthetic seawater inside the storage tank increased the effective
thermal conductivity, and consequently, the overall heat transfer
coefficient between the solar working fluid inside the copper coil and
synthetic seawater enhances. The improvement in freshwater produc-
tion might also be attributed to the increase in heat transfer rate in the
feed channel of the membrane module. Presence of nanofluid inside the

synthetic seawater decreases the thermal boundary layer thickness,
resulting in lower temperature polarization in the feed channel. In
addition, Brownian motion of nanoparticles enhances the heat transfer
rate between the bulk feed stream and the boundary layer, reducing the
effects of temperature polarization.

Another visible feature is that using nanofluid in cold season en-
hanced the freshwater productivity of the system more significantly in
the afternoon than in the morning. The freshwater productivity im-
provement was 19% in the morning while 26.5% increase was observed
in the afternoon. This especially emphasises the importance of using
nanofluid when the solar input pf the system is low. At these times, the
role of heat transfer efficiency becomes more important. That is why in
the afternoon with low solar radiation, the temperature of the synthetic
seawater in the storage tank and consequently the freshwater pro-
ductivity of the system having nanofluid was higher as in comparison
with the system without nanofluid.

It is worth noting that the quality of the treated water in terms of
NaCl removal and presence of nanoparticles was tested and confirmed.
Magnetic plasma atomic emission spectrometer (MP-AES 4210) from
Agilent technology was used to analyse the concentrations before and
after the separation tests. Calibration of the instrument was carried out
using standard solutions procured from Aligent solution with high
purity. According to the results, the system was successful to remove
more than 99% of the NaCl existed in the synthetic seawater. In addi-
tion, there was almost no leaching of aluminium nanoparticles in the
treated water as zero and 0.01 mg/L of aluminium was detected in the
water which was treated in Cases II and IV, respectively.

Specific thermal energy consumption

The solar membrane-based desalination system was studied based
on the specific thermal energy consumption under climatic and op-
erational conditions of Cases I to IV as shown in Fig. 6. The specific
thermal energy consumption in hot season is lower than that in cold
season throughout the day. This is mainly attributed to the higher solar
radiation and consequently higher temperature of synthetic seawater
and higher freshwater productivity of the system in hot season
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Fig. 6. Specific thermal energy consumption of the solar desalination system in different cases.

compared to that in cold season. The minimum specific thermal energy
consumptions of the conventional system in hot and cold seasons (i.e.
Cases III and I) were in the range of 614-832.5 kWh/m® and
785-1129 kWh/m?, respectively.

The specific thermal energy consumption of the conventional
system in cold season (i.e. Case I) had a descending trend in the
morning, starting from 994 kWh/m® at 9:30 AM and reaching its
minimum at 2:30 PM (i.e. 785 kWh/m®). This can be attributed to the
gradual increase in solar radiation by the passage of time and con-
sequent increase in freshwater production rate. The significant drop in
solar radiation in the afternoon, which reduced the temperature of the
synthetic seawater and also temperature difference across the mem-
brane, was the main reason for the sudden increase of the specific
thermal energy consumption which reached around 1120 kWh/m? at
4:30 PM. The specific thermal energy consumption of the conventional
system in hot season (i.e. Case III) followed the same pattern in the
morning by being 832 kWh/m? at 8:30 AM and reaching its minimum
at 2:30 PM (i.e. 614 kWh/m®). However, this parameter remained al-
most constant in the afternoon because of the relatively high solar ra-
diation in this season even in the afternoon.

The results presented in this figure also proved the effectiveness of
using nanofluid in the feed stream of the system as the specific thermal
energy consumptions in Cases II and IV were lower at all times com-
pared to those in Cases I and III, respectively. The highest specific
thermal energy consumption reductions were 30% and 21% which
occurred respectively at 2:30 PM in cold season and at 12:30 PM in hot
season. In cases with nanofluid (i.e. Cases II and IV), the minimum
specific thermal energy consumptions in hot and cold seasons were
observed to be 510 and 541 kWh/m?, respectively. Overall, the appli-
cation of nanofluid in the feed stream decreased the specific thermal
energy consumption in hot and cold seasons by 14% and 17.5%, re-
spectively.

Specific electrical energy consumption

The performance of the solar membrane-based desalination system
was also investigated based on the specific electrical energy consump-
tion of under climatic and operational conditions of Cases I to IV as
shown in Fig. 7. The specific electrical energy consumption in all cases

almost followed the same pattern as the specific thermal energy con-
sumption. The specific electrical energy consumption of the system had
a descending trend in hot season, which was mainly attributed to the
increase in freshwater productivity of the system by passage of time.
The trend of changes in the specific electrical energy consumption in
cold season was descending in the morning and ascending in the late
afternoon. This behaviour is again due to the ascending trend of
freshwater production rate in the morning and the descending trend in
the afternoon.

The highest and the lowest specific electrical energy consumption of
the system were respectively 264 and 183 kWh/m® in cold season,
while these values were respectively 154 and 118 kWh/m® in hot
season. The specific electrical energy consumption decreased upon
application of nanofluid in the feed stream of the system. The averaged
values of this reduction were 18.4% and 16.2% in cold and hot seasons,
respectively.

Gained output ratio

The hourly averaged values of gained output ratio (GOR) of the
solar membrane-based desalination system in different cases are shown
in Fig. 8. The hourly average GOR in all cases had an increasing trend in
the morning and reached the maximum values at noon. This parameter
started to decrease in the afternoon which was mainly attributed to the
solar radiation reduction and its consequent effect on the temperature
of the synthetic seawater inside the storage tank. Consequently, the
synthetic seawater entered the membrane module at lower tempera-
tures resulting in a decrease in mass flux through the membrane. The
GOR in Case I was in the range of 0.4-0.66 while this parameter fluc-
tuated between 0.55 and 0.85 in Case II. The solar radiation as the main
driving force of the system and its consequent effect on permeate flux
through the membrane can be considered the major contributing factor
in determining the value of GOR in the system. The drop in GOR starts
earlier in cold season than hot season because the days are shorter in
clod season and the solar radiation drops earlier. The GOR in Case III
was in the range of 0.55-0.85, while it changed in the range of 0.59-0.9
in case IV. The improvement in GOR values upon application of na-
nofluid in the feed stream of the system is another visible feature of the
results, which mainly attributed to the increase in freshwater
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Fig. 7. Specific electrical energy consumption of the system in different cases.

productivity. Overall, the GOR improved by 18% and 9% in Cases II and
IV compared to Cases I and III, respectively.

Overall efficiency

The hourly averaged overall efficiency of the system in different
cases was calculated using Eq. (6) and the results are presented in
Fig. 9. Almost similar trends of overall efficiency were observed when
the system was operated under operational conditions of Cases I to IV.
Low values of overall efficiency were observed at the beginning of the
operation which was mainly because of the low freshwater productivity
of the system at that time. The solar radiation increased as time passed
which resulted in more permeate flux through the membrane. Conse-
quently, both the nominator and denominator values in Eq. (6)

increased simultaneously, and that is why the hourly average effi-
ciencies did not change much in the morning. The hourly averaged
efficiencies in the morning for Cases I to IV fluctuated around 26%,
30%, 31%, and 34%, respectively.

The trends in all cases were different in the afternoon as the solar
radiation slightly started to decrease which reduced the value of the
denominator in Eq. (6). However, the temperature of the feed stream
entering the membrane was not affected due to the stored energy inside
the feed tank. This leaded to relatively high mass flux through the
membrane and consequent increase in the overall efficiency of the
system. The overall efficiency at 4:30 PM for Cases I to IV were cal-
culated to be 62%, 69.2%, 71.8%, and 77.5%, respectively. In addition,
the advantage of using nanofluid in the feed stream of the system can
also be concluded from the results. The average overall efficiency in
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Fig. 9. Overall efficiency of the system in different cases.

Cases I and III were 36% and 44.8%, respectively, which increased to
higher values of 44.1% and 52.2% in cases II and IV, respectively.

Conclusions

This study experimentally investigated the effects of using nanofluid
in the feed stream of solar membrane-based desalination systems. The
experiments were conducted under cold and hot climatic conditions of
Perth, Western Australia by considering four different cases (two cases
with nanofluid and two cases without it). The findings of the study can
be summarised as follows:

e The application of nanofluid in the feed stream increased the
freshwater productivity in hot and cold seasons by 18% and 22%,
respectively, which was mainly because adding nanofluid to the
synthetic wastewater improved its thermal characteristics, reduced
the temperature polarisation inside the membrane module, and
enhanced the heat transfer rate between the bulk feed stream and
the boundary layer forms inside the membrane module.

o The effects of using nanofluid was more significant when the solar
radiation was low. At these times, the role of nanofluid to enhance
the heat transfer efficiency became more important.

e The application of nanofluid in the feed stream decreased the spe-

cific thermal energy consumption in hot and cold seasons by 14%

and 17.5%, respectively. It also improved the gained output ratios in

hot and cold seasons by 18% and 9%, respectively.

The overall efficiency of the system in hot and cold seasons en-

hanced respectively by 8.1% and 7.4%, when Al,O3/synthetic sea-

water was implemented as the feed stream.

e The payback periods of the solar membrane-based desalination

system were obtained to be 11.6 years, which reduced to 9.7 years

when Al,Osz/synthetic seawater was implemented as the feed
stream.

All the comparative parameters including freshwater productivity,

specific thermal and electrical energy consumptions, gained output

ratio, and overall efficiency indicated the effectiveness of im-

plementing Al,O3/synthetic seawater as the feed stream of the solar

membrane-based desalination systems.
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e Further studies regarding the composition of nanofluid including
nanoparticle material and size and also thermal characteristics are
recommended as future research directions.
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