bradscholars

Development of an efficient nano-fluid cooling/
preheating system for PV-R0O water desalination pilot plant

ltem Type Article

Authors Shalaby, S.M.;Elfakharany, M.K.;Mujtaba, Igbal;Moharram,
B.M.:Abosheiasha, H.F.

Citation Shalaby SM, Elfakharany MK, Mujtaba IM, et al (2022)
Development of an efficient nano-fluid cooling/preheating system
for PV-RO water desalination pilot plant. Energy Conversion and
Management. Accepted for publication

DOI https://doi.org/10.1007/s11009-013-9385-0

Rights © 2022 Elsevier. Reproduced in accordance with the publisher’s

self-archiving policy. This manuscript version is made available
under the CC-BY-NC-ND 4.0 license.

Download date

2026-02-16 13:40:35

Link to Item

http://hdl.handle.net/10454/19047



http://dx.doi.org/https://doi.org/10.1007/s11009-013-9385-0
http://hdl.handle.net/10454/19047

Development of an efficient nano-fluid cooling/preheating system for PV-RO water

desalination pilot plant

S. M. Shalaby®*, M. K. Elfakharany®®, .M. Mujtaba®, B. M. Moharram?, H. F. Abosheiasha?

@Engineering Physics and Mathematics Department, Faculty of Engineering, Tanta University, Tanta 31733, Egypt

b Chemical Engineering Department, Faculty of Engineering & Informatics, University of Bradford, West Yorkshire
BD7 1DP, UK

Abstract:

In order to improve the performance of the reverse osmosis (RO) desalination plant powered by
photovoltaic (PV), two cooling systems were proposed in this study to cool the PV and preheating
the RO feed water as well. In the cooling design (1), the cooling fluid flows in direct contact with
the back surface of the PV through channels of half circular cross-sections. While in the design
(2), it flows through channels of squar cross-sections fixed on the PV back surface. Two nano-
fluids were also tested as cooling fluid: H.O/CuO and H20O/Al203, in addition to distilled water for
the purpose of comparison. The effect of changing the weight concentration of the nano-fluid
(0.05, 0.1, and 0.15%) on the PV performance was also investigated. The results showed that the
PV integrated with the cooling design (1) achieves better performance compared to design (2) at
all studied cooling fluids. The improvements in the electric efficiency of the PV integrated with
design (1) reached 39.5, 34.8 and 27.3 % when CuO and Al>O3 nano-fluids and distilled water
were used as cooling fluid, respectively, compared to the uncooled PV. Based on the obtained
experimental results, the PV integrated with design (1) was selected to power the RO with
H>0/CuO nano-fluid of weight concentration 0.15% and flow rate 0.15 kg/s being used as the
coolant. The RO powered by the improved PV was tested at different salinities of brackish water
when the preheating technique was implemented. The results showed that the proposed PV-RO

desalination system produces 366 |/day when brackish water of salinity 3000 ppm was used.
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1. Introduction
One of the most difficulties confronting governments is the lack of drinkable water, particularly in
distant and desert places where the power infrastructure is often unavailable. It is well understood
that the desalination process needs a significant quantity of energy which is reflected in the high
cost per cubic meter of desalinated water. This high cost is exacerbated in remote places where
power grid connections are prohibitively expensive, and fossil fuel transportation costs are
likewise prohibitively expensive. As a result, alternate energy sources suited for water desalination
technologies must be sought in these places.

Many solar water desalination technologies were intensively investigated in Egypt, such as
solar still [1], solar-powered humidification-dehumidification (HDH) [2], and reverse osmosis
(RO) [3]. Among these technologies, RO powered by photovoltaic (PV) is widely used worldwide
[4, 5]. A detailed review on PV-powered RO was introduced by Shalaby [5]. The review focuses
on the innovative designs that led to enhance the productivity of the desalination plant. The results
reveal that it is not economical to use PV with batteries to power RO plants due to its high capital
and operating costs. Where the cost of fresh water production was found 7.8 €/m?® [6] when
batteryless-PV-RO was used compared to 8.3 €/m® [7] for a similar system was integrated with

batteries.
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The PV system is adapted to work without batteries to drive the RO by directly connecting the
PV to the DC motor-driven pump [8] or via a supercapacitor as an electrical regulator [9]. The PV
can be integrated with the displacement pump via a computerized variable DC/DC converter as
introduced by Kelley and Dubowsky [10]. These several connections configurations succeed to
provide the electrical power required to drive the RO for up to 6 hrs per day and achieve a low

cost per cubic meter of freshwater compared with the system integrated with batteries [6, 7, 11].

Cooling the PV and preheating the RO feed water are considered the most techniques used for
improving the PV-RO performance. Tonui and Tripanagnostopoulos [12] studied the PV when a
conventional air channel was used for cooling. They presented also two designs of air channels:
one with thin metal sheet and the other with fins. Their results showed an improvement in the
electrical efficiency of the PV reaches 30% and 28% when fins and thin metal sheet were used,
respectively, compared to the conventional air channel. Since the specific heat of liquids is higher
than gases, it is preferable to use them as cooling fluid in the various cooling systems of
photovoltaic cells. Gomaa et al. [13] found that the energy recovery per day for the water-based
cooling system could reach 10.2 % compared to 7 % for the air-based cooling systems. Water-
based cooling systems were studied by many researchers where different techniques were used to
improve the PV electrical efficiency. For example, water sprinklers were used by Krauter [14] to
cool the PV by providing a thin layer of water over the cell. The technique was successful in
reducing the PV surface temperature to 22 °C and improving its efficiency by 10.3%. Odeh and
Bahnih's [15] study also showed an improvement in the PV efficiency, reaching about 15% when

the top surface of the PV was cooled by water trickling.



Similar results were obtained when impingement jet cooling device was used to cool the PV
[16]. Significant improvements in the PV performance were also obtained by spraying water on
its front [17] and both front and back [18] surfaces with superiority to the later technique.

The PV integrated with a solar reflector was tested by Mohsenzadeh and Hosseini [19] when
water was used in a closed-loop, including a heat exchanger, to cool the back surface of the module.
Their results showed that the temperature of the PV integrated with a reflector was decreased from
95 °C to 50 °C when the proposed cooling technique was implemented. Another active cooling
system was developed by Prudhvi and Sai [20], where water was injected on a panel fixed on the
PV back surface to transfer the heat to a buried underground heat exchanger. The efficiency of the
PV is improved by 7.75 % when their cooling technigue is implemented.

In addition to the use of purified water as a cooling fluid, water-based nano-fluid has been
shown more effective in reducing the PV temperature. Water-based aluminum oxide and copper
oxide nano-fluids were tested by Chandrasekar et al. [21] for cooling the PV. They tested those
fluids with cotton wick in cooling the PV. Their system was dependent on using a cotton wick in
a circular ring shape with 7 mm diameter and mounted to the PV backside. The cotton wick had
free ends dipped in various fluids such as water, CuO/water nano-fluids, and Al.Os/water nano-
fluids. Their results showed that the maximum powers of the cooled PV were 44.6 and 47.5 W
when using a wick with nano-fluids and water, respectively, compared to 41 W for without cooling
PV. The maximum PV efficiency was found to be 10.4 % when using a wick with water compared
to 9 % without cooling PV. An empirical study was presented by Ghadiri et al. [22], where Fez04
water-based nano-fluid at two weight concentrations, 1 and 3%, were used for PV cooling. They
studied the cooling effect on the thermal and electrical efficiency of the cell. Their results revealed

that the system's overall efficiency was enhanced by 45 % when the nano-fluid of 3% weight



concentration was used. Ebaid et al. [23] presented a study about the effect of using nano-fluids
aluminum oxide (Al203) and titanium oxide (TiO2) with water-based nano-fluid at different
concentrations. Their results showed that utilizing Al.O3 nano-fluid gave a higher enhancement in
the efficiency of PV cells than TiO2 nano-fluid.

Recently, with the increase in installing the PV-powered RO, many researches were done for
preheating the RO feed water by using it as the cooling medium [10, 24]. Gorjian et al. [25]
experimentally studied the PV-RO when the feed saline water was used as cooling medium. In this
technique, the saline water is preheated by flowing through copper tubes fixed on the back surface
of the PV before entering the RO. They concluded that the maximum productivity was obtained at
circulating water temperature and salinity were 40 °C and 10000 ppm, respectively; while, less
significant effect of feed water preheating on the RO productively was recorded at salinity 15000
ppm.

In another technique, Rezvan Talebnejad et al. [26] presented a study on improving the
efficiency of the PV-RO system. To improve the efficiency of PV, increase RO productivity, and
reduce the operating cost, they used the RO brine to cool the PV module. They also studied the
effect of feed water preheating and salinity on the system productivity. The tests were carried out
at different feed water temperatures (20, 25, 30, 35, and 40 °C) when water of total dissolved solids
(TDS) of 1500, 3000, and 4500 mg L were used. Their results showed that increasing the feed
water temperature reduces the reject brine and increases the recovery factor. They also found that
the maximum improvement in the electrical efficiency of the PV with cooling is 20 % compared
to uncooled system.

The previous studies focused on studying the effect of changing the types, concentration, and

flow rate of the nano-fluid used as cooling fluid on the performance of the PV. While the cooling



design system parameters such as heat transfer area, the shape of nano-fluid carrying channel, the
thermal properties of the used material and its cost are out of scope in most of these studies. In
addition, devolpement of PV integrated with a tight nano-fluid cooling system not only to drive
the RO but also to preheat its feed water has not yet been implemented.

In this work, two advanced designs were tested for cooling the PV: in the first design, the
cooling fluid flows in direct contact with the back surface of the PV through PVC channels of half
circular cross-sections. While copper square channels fixed on the PV back surface were used for
carrying the cooling fluid in the second design. The two cooling designs were tested when CuO
and Al>O3 nano-fluids were used as heat transfer fluid (HTF). The HTF not only used as cooling
medium but also for transferring the removed heat from the PV to RO feed water for preheating
purpose. In the two cooling designs, the nano-fluid was circulated in a closed-loop through a nano-
fluid tank, the cooling system, and a heat exchanger. So, very small amount of nanomaterial was
used to prepare the nano-fluid. The cooling systems were also tested at different weight
concentration of the nano-fluid. The PV integrated with the best cooling system, operated at the
optimal operating conditions, was connected to DC motor-powered pump to drive the RO
desalination plant. The effect of preheating the feed water and changing its salinity on the RO
productivity was also studied.

2. Experimental work
The PV-RO experimental test rig was installed at the Faculty of Engineering roof, Tanta
University, as shown in Fig. 1. All experiments were conducted during the summer of 2021. The
conducted experiments aimed to improve the efficiency of the photovoltaic in order to efficiently
operate the RO unit. Two cooling designs were installed and fixed on the back surfaces of two PV

cells of 0.25 kW and simultaneously tested. In this section, the PV cooling systems design,



construction, material, operating parameters, and testing procedure are presented in detail. The
proposed PV-RO configuration testing procedure is also introduced in this section.

2.1 PV Cooling system
The PV-RO system mainly consists of two components: the first is PV and the second is RO unit.
Firstly, the cooling technique was used to improve the electric efficiency of the PV. The

experimental test rig proposed for cooling the PV was included in the photograph shown in Fig. 1.

| 1- PV without cooling
2- PV with cooling design (1)
3- PV with cooling design (2)
4- Temperature sensors
5- Heat exchanger
6- RO unit
7- Nano-fluid tank

q 8- Mechanical stirrer
K 9- Permeate tank
10- Brine tank

i l‘ }/&7 /”1 4

-

Fig. 1. Experimental test rig of the PV-RO integrated with two cooling/preheating design

systems.

The system consists of three identical PV modules of rated power 0.25 kW, 37 V, 9 A, length and
width 1.6, and 1.00 m, respectively. Each module was surrounded by an aluminum frame of a

thickness of 3 cm.



In design (1), fifteen PVC tubes, of half-circular cross-sectional area, of 0.8 m length and
0.038 m diameter (1.5 inches) were directly fixed on the back surface of the PV module. The
distance between each adjacent two tubes is 0.06 m. The header shown at the bottom was used to
distribute the cooling fluid through the PVC tubes while the upper one was used to collect it as
displayed in Fig. 2. This cooling system is very cheap and provides a direct contact between the

cooling fluid and the PV surface.
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Fig. 2. Design (1) of the cooling system installed on the back surface of the PV module.

While in cooling design (2), eleven copper channels of square cross-sectional area, 2 cm x 2 cm,
were connected in zigzag shape were used for carrying the cooling fluid as seen Fig. 3. The channel
length is 1.30 m, and the space between each two adjacent channels is 0.06 m, as shown in Fig. 3.
These channels were connected to a 1 mm copper plate using clamps and rivets. This plate was
fixed at the back surface of the cell. In this design, channels of square cross sectional area were

selected to increase the contacting area with the flat plate. The flat plate was also used to increase



the heat transfer between the PV back surface and the coolant. Channels made of copper were
selected for carrying the cooling fluid due to the high thermal conductivity of copper despite of its

high cost. For comparison, the reference PV module is tested free of cooling.

1- Cupper plate

2- Cupper tubes
- 3-Inlet

4- Qutlet

Fig. 3. Design (2) of the cooling system installed on the back surface of PV module.

In the case of nano-fluid was used for cooling, an electrical pump was used to circulate the nano-
fluid through the cooling system and the nano-fluid tank of capacity 35 liters. A heat exchanger
filled with water was also used to cool down the working fluid. The shell and finned tube heat
exchanger was made of galvanized iron of internal length x width x height of 0.65x0.4x0.7 m. It
was insulated with 5 cm thermal insulation, more detail about the shell and tubes heat exchanger

can be found elsewhere [27].

2.2 PV-RO desalination plant
The PV integrated with the proposed cooling system is directly connected to DC motor-powered

pump to drive the RO desalination system, as seen in Fig. 4. The RO unit with a capacity of 600



gallons of fresh water per day was used. The unit consists of four stages: the first stage is a
polypropylene filter cartridge (PP cartridge filter) with a porosity of 5 microns. The second and
the third stages are a carbon block pre-filter called "Chlorine, taste, and odor" (CTO) cartridge
filter with a porosity of 10 microns. While the fourth stage is the RO stage which consists of two
identical membranes with the technical characteristics shown in Table 1. The high-pressure pump
used to drive the RO unit is a diaphragm booster pump with technical specifications summarized
in Table 2.

Table 1. Technical characteristics of the membrane in RO unit

Model name RE2812-300

Permeate flow rate GPD (L/day) 300 (1136)

Salt rejection % 97 %

Membrane type Thin film composite
Membrane material Polyamide (PA)

Element configuration Spiral wound, tape wrapping
Membrane area 1.3 m?

Membrane pore size 0.0001 pm

Table 2. Technical specification of the pump used in RO unit

Parameter PUR-300G
Max. current < 2.6 AMP
Max. pressure 140 PSI

Max. flow rate >35LPM
Input voltage 24 VDC

Rated flow rate at 70 PSI >2.2LPM
Rated current at 70 PSI < 1.5 AMP

2.3 Experimental procedure
The PV integrated with the proposed cooling system was mainly studied to power the RO and
preheat its feed water. The two designs were compared in terms of cooling efficiency when water

and two types of nano-fluid were used as a cooling fluid. Two nanomaterials were used, namely
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CuO and Al>QOg, to form the nano-fluid using water as a base liquid. Three nano-fluids weight
concentrations were prepared: 0.05 %, 0.10 %, and 0.15 %. A surfactant was also added for
stabilizing the nanomaterials in water. Surfactants are chemical substances added to nanoparticles
to reduce the surface tension of liquids and promote particle immersion. Large molecules, such as
polymers and surfactants, adsorbed on the surface of particles in a stabilized dispersion inhibit re-
agglomeration over time Nia et al. [28]. The Surfactant and nanomaterials were mixed with water
by a mechanical stirrer.
An electrical pump was used to circulate the cooling fluid in a closed-loop, including a

tank filled with 30 liters of nano-fluid, the cooling system, and a heat exchanger that was used to

cool down the nano-fluid, as seen in Fig. 4.

1- PV module
2- Nano-fluid tank

3- Circulating Pump
4- Heat exchanger

3- Cooling water inlet
6- RO feed water outlet

7- High pressure pump 7
8- RO membrane \ﬂ iy — Permeate
@ Temperature sensors N—— -

Fig. 4. Schematic diagram of the PV integrated with the cooling system and RO unit.

In order to optimize the flow rate of cooling fluid, the two cooling designs were firstly studied
using distilled water as heat transfer fluid (HTF) at different mass flow rates (myrr ) (0.10, 0.15,

and 0.21 kg/s. The discharging rate was controlled and measured by a ball valve and flow meter,
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respectively. After that, the two designs were tested at the optimal flow rate of 1, when nano-
fluids with several weight concentrations (0.05, 0.10, and 0.15 % (wt.)) were used as a cooling
fluid. During testing the PV with all proposed cooling techniques, the PV free of cooling was also
simultaneously tested. The current and the PV voltage were measured every hour at 14 different
loads to estimate the PV generated power. Where maximum generated power B, ., (W) was
obtained as follows:

Pax = Vope X Lopt @)

Where Vp, (V) is optimum voltage, and 1, (A) is the current at maximum power point.

The electrical efficiency of the PV (1) Was also calculated:

Pmax
Netec = ‘ (2)

Pin

Where P;, is the incident power on the PV module which is calculated from the solar intensity as
follows:
Pn,=IxA. (3)
Where | is the solar intensity W/m?, and A is the PV module area (m?).
Finally, the PV with the selected cooling design was connected to DC motor-powered pump to
drive the RO. The proposed PV-RO plant was also tested at different feed water salinity and two
different temperatures. The RO permeate, and the percentage of its salts were also measured.

DS18B20-digital temperature sensors were used to measure the temperatures at different
locations of the system. The used temperature sensor has accuracy of + 0.5 °C and range -55 — 125
°C. The measured temperatures were recorded every 5 minutes using an Adriano microcontroller
connected to a laptop. For example, for measuring the temperature of the PV front surface (T,), 3
temperature sensors were fixed at the top surface of the module then the average value was

calculated. Similar technique were used to measure the back surface temperature (T}). The solar
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radiation was measured from 9:00 am to 5:30 pm during all experiments using a High Precision
Pyranometer (HPP) model MS-802. The HPP measures the global solar radiation with a sensitivity
of 7.03 pv/W.m?2.

The permeate and the brine flow rate were also measured using an electronic flow meter (FS200A

G2).

NP

3. Results and discussion
This study proposed two PV cooling designs: the first, using PVC tubes, has a half-circular cross-
section that provides a direct water contact with the PV back surface. The second uses copper tubes
that have rectangular cross-section area.

For each studied case, the lopt and Vopt were measured to determine the electric power and
electrical efficiency for the PV module. The temperatures of front and back PV surfaces, cooling
fluid inlet, outlet, and ambient were also measured. All measurements were conducted during the
summer of 2021 at the Faculty of Engineering, Tanta University, Egypt.

3.1 Development of the PV cooling system
In this section, the results of optimizing the operating and design parameters that aim to improve
the performance of PV cooling systems are presented. This includes optimizing the mass flow of
the coolant fluid using distilled water as HTF. The two cooling configurations were also tested
using distilled water/CuO nano-fluid and distilled water/Al.Oz nano-fluid. The effect of nano-fluid
weight concentration is also presented in this section. Finally, the best configuration with optimal
operating parameters is recommended to power the RO desalination plant.

3.1.1 Optimizing the mass flow rate of coolant fluid.

13



In the beginning, the experiments of cooling the PV using distilled water were conducted to
determine the optimum my;r among the three proposed values. Over six days at approximately
similar weather conditions, the experiments were conducted, the operating and weather parameters
were measured, and the cell performance was estimated. During these experiments, the maximum
measured values of solar radiation were found in the range between 959 and 980 W/m?, while the
daily average values of ambient temperature were found in the range 40.5-41.5 °C.

The effect of varying myrr on Ty and T, When the PV was tested using cooling design
(1), are displayed in Fig. 5 and Fig. 6, respectively. It is clearly seen in these figures that a
considerable drop in the PV surfaces temperatures was found when the cooling technique was
implemented. This drop in the PV surfaces temperatures significantly increases with increasing
the coolant flow rate from 0.1 to 0.15 Kkg/s, as plainly seen in Figs. 5 and 6. While the reduction in

the PV surfaces temperatures is insignificant when the flow rate is increased from 0.15 to 0.21
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kg/s. This is consistent with the results of Pang et al. [29] and Hossain et al.
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Front surface temperature " Tg" ( °C)
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—@— with cooling [distilled water - 0.21 kg/s]
—O—with cooling [distilled water - 0.15 kg/s]

Design (1)
[15,16,18/7/2021]

—w— with cooling [distilled water - 0.10 kg/s]

—4A— without cooling

2
|, = [959 - 975] W/m
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Time of the day
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[30].

Fig. 5. The effect of mass flow rate on the front surface temperature when distilled water was

used as cooling fluid.
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Fig. 6. The effect of mass flow rate on the back surface temperature when distilled water was

used as cooling fluid.

The maximum measured values of Tt and Tps for the uncooled PV were 63.74 and 61.25 °C,
respectively, compared to 49.5 and 43.1 °C for the cooled PV when myr= 0.15 kg/s was used.
This means that the drop in Tt and Tps was found in the range 5 -14 °C and 7-17.8 °C, respectively,
compared to the system free of cooling. Approximately similar decrements in Tt and Tps reach 4
-14.1 °C and 6-18 °C, respectively, were found when myrr=0.21 kg/s was used.

It is also noticed that when the sun begins to fade, there is no need to cool the PV as the
temperatures of the uncooled PV surfaces drop to lower values and become similar to that

measured for the cooled system at sunset.
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Similar results were found when design (2) were tested, where 1= 0.15 kg/s was found
the optimal flow rate as it achieves a significant drop in Ts and Tps reach 8.2 °C and 11.5 °C,

respectively, as seen in Fig. 7.

60
Design (2)
[distilled water - 0.15 kg/s]
55 4
~ 50 ~
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©
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—e— With cooling (Ty,)
. —O— Without cooling (T )
—w— With cooling (T,)
—— Without cooling (T, )
30 ' ' ' |
8 10 12 14 10 .
Time of the day

Fig. 7. The variation of T and Ths when distilled water was used as cooling fluid in design (2) at

myrr= 0.15 kg/s.

Cooling the PV has a positive effect on the PV surfaces temperature, as previously discussed. This
positive effect was reflected in a significant enhancement on the electrical power and efficiencies
for the both designs, as shown in Figs. 8-11. As can be clearly seen in Fig. Figs. 8 and 9, the PV
optimal daily performance was achieved when the flow rate of 0.15 kg/s was used. A maximum

power of 162.4 W is achieved, at this flow rate, compared to 126.4 W for the uncooled PV as
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obtained from Fig. 8. So, the power generation of the PV integrated with cooling design (1) is
improved by 28.5 % when myrr= 0.15 kg/s was used. The displayed results in Fig. 8 also showed
that a considerable power, more than 125 W, was generated during the period 9:00 am- 3:00 pm
when myrr= 0.15 kg/s was used. So, the PV integrated with design (1) can be operated for 6
hrs/day to drive a DC load of 125 W.

Figure 9 represents the variation of electric efficiency of the cooled PV over the day at the
different used flow rate. The electrical efficiency of the water-cooled PV module was improved
and achieved the best of performance at a flow rate of 0.15 kg/s, as plainly shown in Fig. 9.

Considering the period from 10:00 am to 5:00 pm, the maximum electric efficiency,
maximum increment in electric efficiency, and the daily average increment in electric efficiency
were found at 11.46 %, 29.29 %, and 26.97 %, respectively. High values of electrical efficiencies
were recorded in the early morning (9:00 am) reaching 18.55, 18.44, and 17.06% when the coolant
flow rate were 0.21, 0.15, 0.10 kg/s, respectively, compared to 13.86 % for the uncooled PV. The
corresponding values recorded at noon were found to be 11.3, 11.46, and 10.93 %, respectively,
compared to 8.86 % for the system without cooling. The low ambient temperature recoded at 9:00
am (32°C) helped the cooling system, operated at the optimal conditions, to maintain Ty and T,
lower than 38.3 and 34.4 °C, respectively, as can be seen in Fig. 6. Therefore, high efficiencies
were obtained in the early morning. The maximum drop in T, and T4 recorded at noon that
reaches14 and 18 °C respectively, is still insufficient to achieve high efficiency compared to that
recorded at 9:00 am. So, the cooling system still needs more improvement. Based on the previous
results, another design was proposed, and the two types of nano-fluid were also used as a coolant

fluid.
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Fig. 8. The effect of changing the flow rate on the PV generated power when design (1) was

used.
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Fig. 9. The effect of changing the flow rate on the PV electrical efficiency when design (1) was

used.

Figure 10 displays the PV power generation when cooling design (2) was used. It is
observed that at a flow rate of 0.15 kg/s, the optimum value of the generated power of 159.976 W
is obtained compared to 132.67 W for the uncooled PV. So, at this flow rate, the power generation
of the cooled PV was improved by about 21 % when the proposed cooling design (2) was
implemented.

The PV electrical efficiency is significantly improved when the cooling technique is
implemented at all flow rates of HTF with little bet superiority at 0.15 kg/s as clearly seen in Figure

11.

20



In comparison to design (1), similar results were also obtained regarding the electrical efficiency
improvement in the morning and at noon. Where maximum electrical efficiency recorded at noon
were found 11.2 %, respectively, compared to 17.6% recorded at 9:00.am. So, the two cooling
designs are still need more improvements. Based on the previous results, two types of nano-fluids
were tested as coolant fluid within the two designs. These results are also convenient with [31] and
better than the results obtained by [29, 30], whose electrical efficiencies recorded at noon are 10.5
and 10.4 %, respectively. The values of electrical efficiencies recorded at noon are considered

much higher than the results reported by [32, 33] which are 6.9 and 9.9%, respectively.
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Fig. 10. The effect of changing the flow rate on the PV generated power when design (2) is used.
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Fig. 11. The effect of changing the flow rate on the PV electrical efficiency when design (2) was

used.

For both cooling designs, the previous results showed that the optimal performance of the PV was
achieved when myr=0.15 kg/s was used and where the best electrical power and efficiency were
obtained. So, myrr= 0.15 Kkg/s is the optimal flow rate; therefore, it will be considered while

studying the effect of using nano-fluid with different concentrations as a coolant fluid.
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3.1.2 The effect of using nano-fluid with different concentrations as a heat transfer fluid
In this study, two nano-fluids were tested as HTF: CuO and Al,O3 with distilled water as a base

fluid.

3.1.2.1 Using H20/ CuO nano-fluid
The PV integrated with cooling design (1) was tested when H>O/CuO nano-fluid was used as
cooling fluid at the optimal HTF flow rate (myrr= 0.15kg/s). The effect of cooling the PV on T
and Tps are illustrated in Fig. 12 and Fig. 13 at three nano-fluid weight concentrations (0.05, 0.10,
and 0.15 %). It is clearly seen in Figs. 12 and 13 that the best cooling performance was achieved
when the highest weight concentration was used (0.15%). Reductions in Tt and T}, of 16.26 and

21 °C respectively were achieved compared to the system without cooling.
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Fig. 12. The effect of changing the concentration of H.O/CuO nano-fluid on the front surface
temperature when design (1) was used.
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Fig. 13. The effect of changing the concentration of H2O/CuO nano-fluid on the back surface

temperature when design (1) was used.

Figure 14 displays the power generated from the PV integrated with design (1) at different
values of CuO nano-fluid concentrations. Figure 14 shows that the best weight concentration of
H20/CuO nano-fluid is 15 %, as it achieves the maximum power of 178.1W compared to 127.6 W
obtained using the uncooled PV. This means that the PV generated power is improved by 39.58 %
when the proposed cooling system was implemented. Accordingly, the best electrical efficiencies
of H20/CuO nano-fluid-cooled PV at the highest nano-fluid concentration as visibly seen in Fig.

15, where the variations of electrical efficiencies of the cooled PV over the day are presented.
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Fig. 14. The effect of changing the weight concentration of H,O/CuO nano-fluid on the PV

generated power when design (1) was used.
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Fig. 15. The electrical efficiency of the PV at the different studied concentrations of H.O/CuO

nano-fluid when design (1) was used.

In the cooling design (2), the best cooling performance was also achieved at the highest nano-fluid
concentration (15%), as displayed in Fig. 16 and Fig. 17. The maximum measured values of Ts
and Tys are decreased from 59 and 55.7 °C to 48.96 and 40.48 °C when nano-fluid of weight
concentration 15% is used. It also achieved drop-in Tss and Tps of 10 °C and 14.87 °C compared to

the system without cooling.
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Fig. 16. The effect of changing the concentration of H.O/CuO nano-fluid on the PV front surface

temperature when design (2) was used.
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Fig. 17. The effect of changing the concentration of H.O/CuO nano-fluid on the PV back surface

temperature when design (2) was used.

3.1.2.2 Using Aluminum oxide (H20/Al203)

In the cooling design (1), the effect of cooling the PV was also studied when H.O/Al>Os was used

as a cooling fluid. The effect of cooling the PV back surface on Tt , Tns are displayed in Fig. 18

and 19 at the different weight concentrations (0.05, 0.10, and 0.15 %).
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Fig. 18. The effect of changing the concentration of H20 /Al>O3 nano-fluid on the front surface

temperature when design (1) was used.
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Fig. 19. The effect of changing the concentration of H>O /Al>O3 nano-fluid on the back surface

temperature when design (1) was used.

From the results illustrated in Figs. 18 and 19, the maximum drop-in Tt and Tws Were achieved
when the concentration of H>O/AL203 nano-fluid was 15%. The drop-in Tt was found to be 15.5
°C compared to 20.2 °C for Tps. The peak values of Tt and Tws were also decreased from 64.1 and
61 °C to 48.48 and 40.82 °C, respectively, when H2O/AL203 nano-fluid of 15% weight
concentration was used. Similar results were also found for design (2) when H>O/AL20O3 nano-
fluid was used as a coolant fluid. The best cooling performance was also obtained at concentration
15%, as can be seen in Fig. 20 and 21. In the following sections, a comparison between the two

nano-fluids is conducted at optimal flow rate and weight concentration for each design. This is
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followed by comparing the two designs at the optimal operating conditions: best nano-fluid, HTF

flow rate, and nano-fluid concentration.
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Fig. 20. The effect of changing the concentration of H2O /Al,O3 nano-fluid on the front surface

temperature when design (2) was used.
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Fig. 21. The effect of changing the concentration of H20O /Al,O3 nano-fluid on the back surface

temperature when design (2) was used.
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3.1.2.3 Comparison between H20/CuO and H20/Al20z3 as cooling nano-fluids.

Comparison between the power generated from the PV for different coolant fluids is displayed in
Figs. 22 and 23 when the cooling design (1) and (2) were tested at the optimal flow rate and weight
concentration of nano-fluid. In the two cooling designs, whatever the cooling fluid was, more
generated power was obtained compared to uncooled PV, as can be seen in Figs. 21 and 22. The
best performance of the PV was obtained when H>O/CuO nano-fluid was used as coolant fluid,
followed by Al>O3 nano-fluid then distilled water. From the results of cooling design (1) displayed
in Fig. 22, the maximum generated power was 178.1 W when CuQO nano-fluid was used compared
to 172.04 W and 162.445 W for Al>Os nano-fluid and distilled water, respectively. The maximum
powers generation in design (2) were 162.871, 159.4, and 155.176 W when CuO, Al>0z nano-

fluids, and distilled water were used, respectively, as obtained from Fig. 23.

33



200

180 A

160 A

140 A

120 A

100 A

Power (W)

80

60 { ——@—— with cooling [distilled water - 0.15 kg/s]
——O0—— with cooling [H,0/Cu0 - 0.15 %]

40 1 ——w—— with cooling [H,0/Al, O, - 0.15 %)]

—7/_A——  without cooling

20 . . . T
8 10 12 14 16 18

Time of the day

Fig. 22. Comparison between the power generated from the PV for different cooling fluids when

design (1) was tested at optimal operating conditions.
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Fig. 23. Comparison between the power generated from the PV for different cooling fluids when

design (2) was tested at optimal operating conditions.

3.1.3 Comparisons between Design (1) and Design (2)

Comparison between design (1) and (2) based on the PV-generated power is illustrated in Fig. 24
when distilled water was used as a coolant fluid. The superiority of design (1) can be seen in Fig
24 as the improvement in generated power reached to 5.77% compared to design 2 when distilled
water was used for cooling. The improvement in generated power is also 28.5 % compared to that
obtained by uncooled PV. Figure 24 shows that the maximum generated power was 162.445 W

recorded at 12:00 pm when the PV was integrated with design (1) compared to 155.17 W for design
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(2) when myrr= 0.15 kg/s was used. The maximum generated power significantly improved to
reach 178.1 W when design (1) was tested with CuO nano-fluid compared to 162.89 W for design
(2) as shown in Fig. 25. Design (1) shows also better performance compared to design (2) when
Al>O3 nano-fluid was used, as shown in Fig. 26. Up to 10 % and 37.49% more generated power
was achieved when this design was used compared to design (2) and uncooled PV, respectively.
The improvements in generated power achieved by design (1) can be seen in Figs. 24, 25, and 26,
especially during the period from 9:00 am to 3:00 pm. During this period, high solar radiation was
measured (960-1000 W/m?) that causes a significant rise in PV surface temperature; therefore, the
effect of the cooling was considerable and meaningful. After 3:00 no differences between the
cooling designs from one side and the uncooled system from the other side due to the low recorded
values of solar radiation and PV surface temperature. So, the effect of cooling is not noticeable
after 3:00 pm.

Based on the above results, the PV with cooling design (1) achieves the better performance

compared to design (2) at all studied cooling fluids.
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Fig. 24. Comparison between design (1) and (2) when distilled water was used as cooling fluid at

myrr= 0.15 kg/s.
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Fig. 25. Comparison between designs (1) and (2) when H>O/CuO nano-fluid at concentration

0.15% was used as cooling fluid.
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Fig. 26. Comparison between designs (1) and (2) when H>O/Al>,O3 nano-fluid at concentration

0.15% was used as cooling fluid.
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Fig. 27. Comparison between the efficiencies of design (1) only at different cooling fluids (CuO,

Al>Os3, distilled water) at optimal operating conditions.

For only design (1) cooling system, Fig. 27 compares the electrical efficiencies of the PV using
different cooling fluids at optimal conditions. It can be clearly seen that using CuO nano-fluids at
0.15 % concentration gives the best PV electrical efficiency among the tested cooling fluids
(distilled water and Al,O3 nano-fluid). The improvements in the PV electric efficiency reached
39.5, 34.8, and 27.3 % when CuO and Al>Oz nano-fluids and distilled water were used as cooling
fluid, respectively, compared to the uncooled PV. The previously obtained results are close to that

reported in the literature when nano-fluids were used for cooling the PV [23, 34, 35].
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3.2 PV- RO desalination system
Based on the results displayed in section 3. 1, the cooling design (1) achieves the best performance
of the PV when CuO nano-fluid of weight concentration of 0.15% was used at flow rate of 0.15
kg/s. So, the RO desalination plant was tested during the daylong when it was powered by the PV
integrated with design (1). The experimental results showed that The PV integrated with the
cooling design (1) is capable of providing the required power of the proposed RO system for 6
hrs/day. The effect of preheating the feed water of different salinities (1000, 2000, and 3000 mg
L) on the productivity of the desalination system was also studied. Indeed, the temperature
control is very complicated in this case due to the feed water preheating based only on the heat
recovery from the PV cooling system. This recovered heat is capable of increasing the feed water
temperature from 30 to 36 "C during the working period from 9:00 am to 11:00 am. Then the
temperature of feed water maintains approximately constant (36+0.5 °C) during the period from
11:00 to 2:00 pm. After that it gradually decreases to reach 34 °C at the end of working time (3:00
pm). So, the system was tested on successive days of September (14-19/09/2021) at different water
salinities during the period from 12:00 pm to 1:00 pm to ensure that the feed water temperature is
maintained constant at 36+0.5 “C. While the other temperature value (30 °C) is obtained when the
feed water was used without preheating. So, two feed water temperatures are only considered: 30
°C (without preheating) and 36+0.5 °C (with preheating). During these experiments, the recorded
solar radiation was found in the range from 960 to 986 W/m?, the RO operating pressure was 8
bar, and the inlet pressure was 1.5 bar. As it is expected, the permeate flow decreases when the
feed water salinity increases as can be seen in Table 3. Where the RO productivity was found 88.5,
68.5, and 54.8 L/h corresponding to 1000, 2000, and 3000 mg L™ of the feed water salinity,

respectively, when the system was tested without preheating. These productivities increased to 92,
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72.9, 61 L/h, respectively, when the feed water was preheated to 36 “C. The previous result was
expected because of the decreasing feed water viscosity and increasing permeation rate with the
increase in feed water temperature. However, every membrane has an optimum temperature for
best performance. This is due to the fact that separation efficiency decreases at temperatures above
35 °C because of increase in the diffusion coefficient and solute solubility. The results of Table 3
also shows that the highest increment in productivity due to the feed water preheating was achieved
at salinity (3000 mg L™). This explains the importance of feed water preheating when high
salinities are considered. The tests also showed that as the temperature of the feed water increase,
the salinity of the productivity also increases. Therefore, it gives a negative effect on the product.
This may be because increasing the feed water temperature decreases the water viscosity, and the
membrane structure permits to water and salts as to pass through membranes easily [36]. The
recovery factor is defined as the ratio of permeate flow rate to the feed water flow rate [26]. In all
cases of feed water temperatures and salinities, the recovery factor of the RO system was
calculated. It is found that when the feed water temperature increases, the recovery factor also
increases. This is because higher diffusivity of the water leads to an increase in the water influx
through the membrane, so a decrease in salt rejection was achieved. It was noticed that at 3000 mg
L1, there is a higher recovery factor when the feed water temperature increased compared to other
concentrations. This may be due to the amount of salt that transmitted through the membrane at
this concentration, and this explanation is consistent with other studies [37-39]. For the purpose of
comparison, the RO powered by PV with cooling design (2) and free of cooling were also tested.
Science the same RO pilot plant is used in all tests, the plant gives the same productivity when the
PV generated power is enough to power the proposed desalination system. The results showed that

the PV is capable of driving the RO desalination system for 6 hrs/day (9:00 am- 3:00 pm) when
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the cooling is implemented whatever the cooling design is. While, it drives the RO plant for only

4 hrs/day (10:00 am- 2:00 pm) when the uncooled PV was used.

Table 3. The results of the RO unit tests at different salt concentrations and two temperatures

Feed water Permeate Brine
Flow rate TDS Flow rate TDS FrLc;\eN TDS R?ggx) erry

(L/h) (mg L) (L/h) (mg L) (L/h) (mg L™
151.5 1000 88.5 45 63 2341.53 0.58
30 °C 151.5 2000 68.5 97 83 3570.53 0.45
151.5 3000 54.8 250 96.7 4558.41 0.36
36205 151.5 1000 92 55 59.5 2461.15 0.61
"_C ‘ 151.5 2000 72.9 130 78.6 3734.37 0.48
151.5 3000 61 300 90.5 4819.87 0.40

3.2.1 Economic analysis

Economic analysis for the proposed PV-RO desalination plant was conducted based on the
methodology introduced by Papapetrou et al. [40]. The total capital cost of a battery-less PV-RO
system was calculated from the summation of capital cost for each component: PV module, cooling
system, RO unit, and pump. It is assumed that 15% of the components cost is considered the
installation cost of these components [41]. The lifetime of the PV module is considered 20 years,
and RO was about 5 years. Since the lifetime of RO is only a quarter of the PV, four RO units are
considered to be used during the lifetime of the system. Therefore, the capital cost of the PV (CCpv)
, RO (CCro), Pumps (CCp), storage tank (CCst) and cooling design (CCcq) are calculated by the
following Equations [41]:

CCpy=1.15%TPpy, (1)

CCro=1.15%TPro, (2)
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CCp=1.15xTPp, (3)

CCs=1.15%TPy, 4)

CCci=1.15%TPgq. (5)

Where TPpy, TPro, TPp, TPst, and TPcq.are the total price of the PV module, RO unit, the used
Pumps, storage tank and the cooling design, respectively. The prices of the different components
are given in Table 4. The total capital cost (CCrotal) Was calculated by Eq. (6).

CCrotal = CCro + CCpv + CCp + CCst+ CCoq. (6)

A simplified cost of water (SCOW) method was adopted [40] to estimate the water cost. This
method uses the amortization factor because the bank or investor assumed the capital cost. The
amortization factor was needed to annualize the total capital cost considering the interest rate and
plant lifetime assumed to be 10% and 20 years, respectively. The annual operation and
maintenance costs are also considered in this method, which was assumed 4% of the total capital

cost [40]. The cost per meter square of fresh (Cw) is calculated by using Egs. (7) and (8) [40]:

(4™
T (+)n-1 (7)
_ (CCtotar*a)+Cann

Where a is the amortization factor, Cann is the annual operation and maintenance cost, XWp
is the annual water production, i is the interest rate, and n is the plant lifetime. As expected the Cy
increases when the salinity of water increases in all studied cases as seen in Table 5. The feed
water preheating has a significant positive effects on the Cw especially when cooling design (2)

was used. The calculated results also showed that the PV integrated with cooling design (1)
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operated at the optimal condition achieves the lowest Cy (0.74-1.12 $/m3) when the preheating
technique was implemented. It also achieves lower cost even the preheating was not applied
compared to design (2) and the PV without cooling as clearly seen in Table 5. It is also noticed
that lower values of Cy of 0.97-1.58 $/m? were obtained when the PV without cooling was used
compared to 1.02-1.65 $/m?3 for design (2) without preheating the feed water. While, the PV
integrated with design (2) achieves lower values of Cw when the preheating is implemented at
water salinities higher than or equal 2000 ppm compared to the uncooled system as shown in Table
5. The high values of Cy associated with design (2) explain the importance of selecting the cooling
system material and the compromisation between its thermal properties and cost. Where, the
channels and the flat plate used in this design is made of copper that has high thermal conductivity
and relatively high cost. Based on the previous results, it is recommended to use the PV integrated
with design (1) to power the RO when the feed water preheating is implemented. In this case, the
Cw was found in the range 0.74-1.12 $/m?3. This cost is considered very low compared to 3.1 $/m3
[42] when uncooled PV integrated with batteries was used to drive the RO at water salinity
2000 ppm. it is also low compared to 1.41 $/m?® [43] when a battery-less PV without cooling
was used to drive the RO at water salinity 3500 ppm. The proposed PV-RO without cooling
has also competitive costs of 1.26 and 1.58 $/m* at water salinities 2000 and 3000,

respectively, compared to the uncooled PV-RO [42, 43].

Table 4. The total price of the different components of the proposed system.

The component The total price ($)
RO unit 321

PV module 225

High pressure Pump 32
Circulating pump 22.5
Cooling design 1 65
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Cooling design 2 310
Saline water storage tank 92.5

46



Table 5. The cost per meter square of fresh water produced from PV-RO for the two cooling designs when CuO nano-fluid was used

as cooling fluid.

Design (1) Design (2) Without cooling
DS Permeate Daily _ Permeate Daily _ Daily _ Cost
(ppm) flow rate productivity | Cost ($/m°) | flow rate productivity | Cost ($/m®) | productivity ($/m?)
(L/h) (L) (L/h) (L) (L)
1000 88.5 531 0.77 88.5 531 1.02 354 0.97
30°C 2000 68.5 411 0.99 68.5 411 1.32 274 1.26
3000 54.8 328.8 1.24 54.8 328.8 1.65 219.2 1.58
1000 92 552 0.74 92 552 0.98
0% | 2000 | 729 437.4 0.93 72.9 437.4 1.24
3000 61 366 1.12 61 366 1.49
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4. Conclusions

In this work, two PV cooling designs was tested at different flow rate of HTF. Two types of nano-

fluid, namely CuO and Al,O3 with distilled water as base fluid, were also tested as cooling fluid.

Based on the obtained experimental results, the following conclusions were extracted:

The PV performance was significantly improved when the cooling technique was
implemented, whatever the proposed cooling design, and cooling fluid were.

The optimal cooling flow rate in the two designs was found 0.15 kg/s.

Better performance was achieved when design (1) was used to cool the PV compared to
design (2) at all tested cooling fluids.

When the weight concentration of nano-fluid increases, the PV surface temperature
decreases, and the efficiency and generated power increases for the two studied nano-
fluids.

The results also showed a superiority of copper oxide nano-fluid compared to aluminum
oxide nano-fluid in the two cooling designs.

The improvements in the electric efficiency of the PV integrated with design (1) reached
39.5, 34.8 and 27.3 % when CuO and Al20s nano-fluids and distilled water were used as
cooling fluid, respectively, compared to the uncooled PV.

The PV integrated with cooling design (1) can be operated for 6 hrs/day with sufficient
power to drive the RO plant when the CuO nano-fluid was used as cooling fluid at the
optimal operation parameter.

The necessary of preheating the feed water was plainly observed especially at high water

salinities.
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e The proposed PV-RO desalination system showed high commercialization potential as it
achieves very low cost of fresh water production.
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