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ABSTRACT

The electrical efficiency of solar photovoltaic (PV) panel decreases with increase in its tem-
perature, and therefore transfer of heat from the panel is very important. The capitalization
of the transferred heat for useful purpose is of prime importance since the conventional
solar PV panel has the conversion efficiency of only 5–17%, and therefore the larger part of
incident solar radiation remain unutilized. The present paper addresses the temperature
control of solar PV panel by direct contact heat exchange with flowing feed water to reverse
osmosis (RO) from top of the panel, thus recovering energy together with improving the
performance of PV panel. The RO at higher temperature resulted in the improvement in the
flow performance of the membrane. Further, the modification in membrane morphology by
controlled sodium hypochlorite treatment improved the flow performance by increasing
hydrophilicity of the membrane as evident by decline in contact angle from 48.05˚ to 26.22˚.
Thus, a two-pronged technique of controlling the PV panel temperature by heat transfer
and tuning the membrane morphology toward more hydrophilicity helped in significant
improvement in RO permeate flow and better electrical performance of PV panel. As a
result, the overall energy consumption of RO has been reduced by about 40%. This novel
approach opens up the avenues for significantly reducing the overall energy consumption
for brackish water RO systems.
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1. Introduction

The devices used in photovoltaic (PV) conversion
are called solar cells, when solar radiation falls on these
devices; it is converted directly into direct current (DC)
electricity. The advantages of PV conversion are: no

moving parts, little maintenance, work quite satisfacto-
rily with beam or diffuse radiation and modular.

The mechanism of electricity generation by solar
PV includes the following steps:

(1) Photons in sunlight hit the solar panel and are
absorbed by semiconducting material i.e.
silicon.*Corresponding author.
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(2) Electrons (negatively charged) are knocked
loose from their atoms, allowing them to flow
through the material to produce electricity.

(3) An array of solar cells converts solar energy
into a usable amount of DC electricity.

If the temperature of solar PV panel increases, the
efficiency of solar PV panel decreases because of
negative temperature coefficient (−0.5% per ˚C rise in
temperature) of solar PV panel with temperature.
Only 5–17% of incident radiation gets converted to
electricity and the rest heat up the solar PV panel rais-
ing its temperature in case of crystalline technology.
Thus, it can be argued that the panel generates more
of thermal energy rather than electrical energy.

Solar-powered reverse osmosis (RO) has been stud-
ied by the researchers world over. For example, opti-
mization of solar-powered RO plant has been done by
response surface methodology [1]. Desalination by
solar-powered RO has been attempted at Sultanate of
Oman, where the average cost of desalinating water
has been reported $6.52 per cubic meter [2]. Labora-
tory demonstration of PV powered RO system without
batteries has been studied [3,4].

Modeling of a standalone solar-powered RO with/
without battery has been done. Also, time resolved
power characteristic of system component has been
examined [5]. It has been reported that the perfor-
mance of RO changes with local climatic conditions
[6]. Thermoeconomic analysis of combined solar
organic Rankine cycle desalination with different
energy recovery configuration has been reported,
where pressure exchanger configuration has been
found more economical than Pelton wheel turbine [7].
The need for making solar-powered RO has been
acknowledged. To address this, the indirect methodol-
ogies like clubbing the solar-powered RO with solar
water heating system to get the higher temperature
feed water, increasing the membrane permeability to
decrease the energy consumption for given output can
make the significant cost-cutting to make it more
attractive.

On the other hand, the cooling of solar PV panel
has been attempted by various researchers world over.
Solar PV panel has been cooled by air by Tonui and
Tripanagnostopoulos for performance improvement of
solar PV/T collector with natural flow operation and
it has been demonstrated that fins improve efficiency
of heat transfer by air cooling [8]. Desiccant cooling
system equipped for application in hot and humid
climate has been studied [9]. A liquid connected to a
heat exchanger placed in the housing of the PV
module and unwanted wavelengths of solar radiation
were filtered out to minimize overheating of the cells

[10]. A cooling method for the solar cells under con-
centrated solar flux is proposed where the surplus
heat is removed from both front and back surfaces of
the module by directly immersing the cells in a dielec-
tric liquid [11]. A profile for the reflecting surfaces has
been developed such that the solar cells are evenly
illuminated under any degree of concentration to con-
trol its temperature [12].

To eliminate the contact thermal resistance, liquid
immersion cooling has been attempted to improve cell
performance [13]. Tanaka suggested using a liquid
layer or a gel layer surrounding solar cells for light
trapping and also cell surface wetting [14–16]. Carcan-
giu and co-workers patented a liquid immersion PV
panel. The liquid-tight chamber to house solar cells
immersed in a poly-dimethylsilicone liquid, which cir-
culates through inlet and outlet passages has been
reported [17].

Water has been used as an immersion liquid on
the panels with liquid super-concentrators having out-
wardly disposed liquid imaging lenses. Ignacio and
co-workers used curved and optically transparent cov-
ers to enhance the concentrating effect of the immer-
sion dielectric liquid [18]. Falbel patented a
surrounding reflective surface for a solar cell, which
reflects back the light rays, not absorbed by the solar
cell [19]. Besides the liquid and gel, Cherney et al.
even extended the refractive medium to a solid [20].

Apart from the optical and surface wetting advan-
tages of liquid immersion, the direct contact between
cells and their surrounding liquid make the solar
panel operate at high concentrations [21]. Eliminating
the thermal resistance of the contact wall between
solar cell and fluid of conventional active cooling
approaches, control the rate of heat dissipation, the
cells could be effectively cooled down for a desirable
sunlight to electricity conversion efficiency [22].

The attempt has been made to mimic plant leaves as
they control temperature when exposed to sun [23]. An
active cooling of PV module by blowing air above the
module with CFD analysis has been attempted [24].

It has been attempted to improve the PV panel
performance by covering the array surface with a thin
film of water. However, the comparison with the mod-
eled data has not been done and overall energy effi-
ciency derived out of the system has not been worked
out. Improvement in PV panel efficiency by direct
water cooling has been reported; however, the appli-
cation of recovered energy is missing [25,26].

On the other hand, there are many reports on
improvement of membrane morphology to make it
more hydrophilic. It has been demonstrated that
sodium hypochlorite exposure in controlled environ-
ment i.e. controlled chlorine concentration in alkaline
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pH for controlled time at normal temperature can
improve membrane performance by enhancing its flux
with some penalty in terms of decrease in solute
rejection [27].

It has been worked out from the first principle that
the specific energy consumption for RO can be
reduced by the following methods from the first
principle [28].

(1) Increasing.

c ¼ AtotalLPDp0=Qf (1)

(2) Increasing number of stages.
(3) Using energy recovery device.

Hydraulic permeability (LP) can be found by the
equation below [29].

LP ¼ CLP � expð�EaLP=RTÞ (2)

where CLP= Constant, EaLP= Activation energy repre-
sents the per mole difference in enthalpy of a mole-
cule which is necessary to overcome the transport
barriers during its passage across the membrane,
T = Temperature.

Substituting Eq. (2) in Eq. (1)

c ¼ AtotalCLP � expð�EaLP=RTÞDp0=Qf (3)

Therefore, T has to be maximized for maximizing γ.
Hydraulic permeability increases at higher tempera-
ture which in turn results in improved γ. Increasing
number of stages and/or using energy recovery
devices will also reduce the specific energy consump-
tion for RO. The rise in feed water temperature and
consequent rise in hydraulic permeability of mem-
brane can be achieved by low-grade heat such as ther-
mal energy available from feed water heating when it
passes over the solar PV panel. Also, the dynamic vis-
cosity of water decreases from 0.7194 to 0.5960 mPa-s
when its temperature increases from 35 to 45˚C [30].
The decline in viscosity indicates that the resistance to
flow decreases; which in turn, results in increased
flow performance of the membrane.

There is also another dimension to increase in feed
water temperature viz. increase in osmotic pressure of
feed water. Osmotic pressure can be found by
P ¼ C� R� T.

where P = osmotic pressure in atm, C = Concentra-
tion in mol/l, R = Constant in lt×atm/mol×K, T = Tem-
perature in ˚K.

Thus, with 10˚K rise in temperature, there will be
an increase in feed water osmotic pressure by
0.01052 atm for 750 mg/l feed water concentration.
This counters the above effect. However, the increase
in osmotic pressure is not significant as compared
with the benefit achieved by increase in flow perfor-
mance owing to decline in viscosity of feed water.

Solar panel heat transfer with water cooling from
top surface and the application of heated water for
RO to reduce the energy consumption of RO opens
the possibility of indirect capture of solar thermal
energy. Further, the modification in membrane mor-
phology to increase its permeability reduces the
energy consumption of the RO process. Thus, the
present paper demonstrates for the first time that
the seemingly different parts i.e. thermal energy
recovery from solar PV panel and improvement in
membrane morphology for higher permeability can be
combined together to achieve synergy in brackish
water RO performance.

2. Experimental

2.1. Materials

Solar PV panel—70W peak output, calcium silicate
for insulation, frame structure, domestic RO pump, 5 μ
cartridge filter, water tanks, Rheostat, Thermometer,
temperature sensor, pyranometer, and Testo 876
thermal imager.

2.2. Method

The experimental procedure is described below:

(A) PV panel has been kept horizontal with water
chamber on top to retain water on the panel
surface continuously as shown in Fig. 1A. The
water used in the experiment is feed water to
RO with total dissolved solids concentration of
750 mg/l. The experiments were done at
Bhavnagar, India 21.7600˚N and 72.1500˚E.
Photographs of the setup have been shown in
Figs. 1A and 1B. The concentrating mirrors
(reflectors) have been provided at top and bot-
tom of the panel as shown in the photograph
in all the experiments. The angle of top and
bottom reflector with reference to panel is 95˚
and 135˚, respectively, to concentrate the radia-
tion on PV panel. The water exiting from the
panel goes directly to micron cartridge filter
by gravity and the outlet of micron cartridge
filter (5 μm) goes to the suction of booster
pump that pumps water in RO membrane at
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1.8 l/min flow rate as shown in Fig. 1B. The
domestic RO membrane element was Dow
make. The performance output of domestic
RO in terms of flow and solute rejection has
been monitored during the experiment. One
PV panel was kept without cooling to compare

the V–I performance of PV panel with and
without cooling at the same time. The variable
resistance system (Rheostat) has been used to
measure the V–I (Voltage–Ampere) perfor-
mance of PV panel. Thermal images of the PV
panel with and without cooling were taken by
the instrument.

(B) Membrane permeability improvement: The
domestic RO membrane element (Dow make)
was subjected to controlled oxidation where
325 mg/l of sodium hypochlorite solution of
pH 11.5 was circulated in membrane element
for 30 min at 25˚C temperature to improve the
flow performance of the membrane element.
And then, the experiment was carried out as
explained in point (A) above using the modi-
fied membrane.

The schematic of experiment is shown in Fig. 2.

2.3. Membrane characterization

Flat-sheet thin-film composite (TFC) RO membrane
is prepared by interfacial polymerization between
m-phenylenediamine and tri-mesoylchloride on
polysulfone support membrane at CSIR-CSMCRI
Bhavnagar. It was subjected to sodium hypochlorite
exposure with concentration 325 mg/l at pH 11.5 for
30 min to identify the effect of sodium hypochlorite on
hydrophilicity of the TFC membrane. The concentra-
tion of sodium hypochlorite was determined by
standard iodometric titration. The contact angle of TFC
RO membrane and hypochlorite-treated TFC RO mem-
brane was analyzed by the instrument—Drop shape
analyzer KRUSS/DSA-100—at different locations, and
the average contact angle has been reported.

Atomic force microscope images of flat sheet TFC
RO membrane and sodium hypochlorite-treated
membrane (325 mg/l NaOCl for 30 min) to under-
stand the surface morphological changes as a result of
membrane modification.

3. Results and discussion

Heat transfer from solar PV panel should be facili-
tated in such a manner that the panel efficiency
should improve and the maximum possible thermal
energy is recovered. To address this, the direct contact
heat exchanger system has been designed with water
as a coolant. Since radiations are falling from top, the
heat exchange from panel top surface can effectively
control the temperature of PV panel. The sides and
back of the panel have been insulated with calcium
silicate insulation to abate heat losses. Rationale is to

Fig. 1A. Horizontal PV Panel with cooling from top.

Fig. 1B. Domestic RO plant associated with solar PV panel.
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utilize the maximum thermal energy and control the
rise in temperature of the PV panel.

The temperature of PV panel with and without
cooling was monitored by thermal imager. The ther-
mal images on one typical day 11 November 2013 at
1,100 h are shown below.

It is evident from the Figs. 3A and 3B that the tem-
perature of PV panel is well under control by cooling
from top. Fig. 3A indicates that the average tempera-
ture of PV panel is close to 30˚C with cooling, whereas
Fig. 3B indicates that the temperature of PV panel is
more than 45˚C at many places and it is close to 55˚C
at some places without cooling.

The performance of PV panel is assessed by V–I
Performance. In Figures below, the performance of PV
panel has been demonstrated.

It is explicit from Figs. 4A–4D that the panel
performance has been improved because of cooling.
The increment in the peak power at 1,100 h is from 26
to 32W, 1,200 h is from 30 to 46W, 1,300 h is from 42
to 67W, and at 1,500 h is from 29 to 46W. It is under-
standable from the data that the rise is particularly
significant when the difference between the panel
temperatures is high.

Fig. 2. Schematic of the experiment.

Fig. 3A. Thermal image of PV panel with cooling.
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Table 1 indicates that the difference in panel tem-
perature (with and without cooling) increases as the
day progresses. The difference in panel temperature is

highest at 1,300 h i.e. 22˚C. The electrical efficiency of
PV panel is better at lower temperature. Therefore, the
% rise in peak power is highest at 1,300 h i.e. 59.8%.

The tap water of about 500 mg/l total dissolved
solids concentration is passed over the panel. Since
the panel is horizontal and outlet is 9 mm above the
panel top surface, there is liquid hold up. As soon as,
the water reaches the height of opening the water
starts flowing out from the exit point. The water from
exit passes through micron cartridge filter by of 5 μ
size by gravity, and thereafter, it is pumped to domes-
tic RO membrane element. The RO permeate is col-
lected in the separate vessel and RO concentrate is
recycled back to the panel to increase the recovery.

Table 2 indicates that the flow performance
improves with temperature whereas the effect on solute
rejection is minimal. There is 41.67% increase in flow
when the temperature rises from 31 to 43˚C during the
day, whereas the solute rejection declines from 95.23 to
94.75% when the temperature rises from 31 to 43˚C.

The controlled hypochlorite treatment for improv-
ing TFC RO membrane permeability has been
reported earlier by author [27]. The TFC RO mem-
brane has been subjected to 325 mg/l sodium hypo-
chlorite solution for 30 min at pH 11.5. The flow
performance of the membrane has been improved as
shown in Table 4.

Fig. 3B. Thermal image of PV panel without cooling.

Fig. 4C. Power produced by PV panel at 1,300 h—
11.11.2013.

Fig. 4A. Power produced by PV panel at 1,100 h—
11.11.2013.

Fig. 4B. Power produced by PV panel at 1,200 h—
11.11.2013.

Fig. 4D. Power produced by PV panel at 1,500 h—
11.11.2013.
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Table 3 indicates the performance of modified
membrane where the flow performance improves
with temperature, whereas the effect on solute rejec-
tion is minimal. There is 34.28% increase in flow
when the temperature rises from 31 to 41˚C during
the day, whereas the solute rejection declines from
94.15 to 94.25% when the temperature rises from 31
to 43˚C.

In totality, the flow performance of the membrane
has improved from 84 ml/min at 31˚C to 141 ml/min
at 43˚C i.e. 67.86% rise in flow performance, whereas

the solute rejection has minimally affected (decreased
from 95.23 to 94.25%) by the synergistic combination
of modification in membrane morphology and higher
temperature of feed water.

The above results indicate that the pump has to be
operated for 198.41 h for generating 1 cubic meter of
water, whereas the pump has to be operated for
118.20 h for generating the same amount of water. The
pump rating is 12W. Thus, the power requirement for
producing a cubic meter of water is 2.381 kWh,
whereas the same diminishes to 1.418 kWh for the

Table 1
Average temperature with and without cooling and its effect on peak power

Time (h)

Average panel temperature

Temperature difference (˚C) % rise in peak powerWithout cooling (˚C) With cooling (˚C)

1,000 31 26 5 14.5
1,100 35 27 8 23.6
1,200 48 27 21 56.3
1,300 51 29 22 59.8
1,400 49 30 19 49.9
1,500 46 29 17 44.2
1,600 36 28 8 23.8
1,700 31 26 5 14.7

Table 2
Domestic RO membrane performance with horizontal panel

Sr. No. Time (h) Water temperature (˚C) Solute rejection (%) Flow (ml/min)

1. 1,000 31 95.23 84
2. 1,100 34 95.21 92
3. 1,200 38 95.01 101
4. 1,300 43 94.75 119
5. 1,400 41 95.03 113
6. 1,500 39 95.20 104
7. 1,600 33 95.15 89

Table 3
Domestic RO membrane performance of modified mem-
brane with horizontal panel

Sr.
No.

Time
(h)

Water
temperature
(˚C)

Solute
rejection (%)

Flow
(ml/min)

1. 1,000 31 94.15 105
2. 1,100 34 94.20 114
3. 1,200 38 94.17 126
4. 1,300 43 94.25 141
5. 1,400 41 94.18 134
6. 1,500 39 94.28 127
7. 1,600 33 94.30 111

Table 4
Assessment of contact angle of TFC RO membrane before
and after treatment

Membrane

Average
contact angle
(Left)

Average
contact angle
(Right)

TFC RO membrane 48.05˚ 49.50˚
Sodium hypochlorite-

treated TFC RO
membrane (325 mg/l,
30 min at pH 11.5)

26.22˚ 28.60˚

H.D. Raval and S. Maiti / Desalination and Water Treatment 57 (2016) 4303–4312 4309



improved synergistic combination of highly hydro-
philic membrane and higher temperature feed water.
In this way, the power requirement decreases ca. 40%
by following this novel methodology.

3.1. Hydrophilicity of membrane

The hydrophilicity of TFC RO membrane can be
determined by contact angle analysis. The contact angle
of TFC RO membrane and sodium hypochlorite-treated
TFC RO membrane has been reported in Table 4.

Table 4 clearly demonstrates that the contact angle
has reduced substantially by the treatment i.e. from
48.05˚ to 26.22˚. It shows the membrane becomes very
hydrophilic by sodium hypochlorite treatment and
thus the water flux increases.

3.2. Atomic force microscope images

Figs. 5(A, B) and 6(A, B) show the atomic force
microscope images of sodium hypochlorite-treated
membrane and TFC RO membrane.

Fig. 5. (A, B) Atomic force microscope images of sodium hypochlorite-treated TFC RO membrane.

Fig. 6. (A, B) Atomic force microscope images of TFC RO membrane.
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The author’s previous work reported that the
chemical structure of TFC RO membrane changes with
sodium hypochlorite treatment as the CO–NH bond in
polyamide structure is vulnerable to oxidative attack.
[27] We tried to investigate whether the morphology
of such membrane changes as compared with virgin
TFC RO membrane by atomic force microscope
images as shownin Figs. 5(A, B) and 6(A, B). It is clear
from the images that the surface features also trans-
form as the chemical structure changes. The surface
skewness decreases from 0.423 to 0.205 as height dis-
tribution asymmetry decreases. Mean summit curva-
ture increases from 2.5301 to 4.3751. Surface area ratio
increases from 1.328 to 5.505. This shows that the lar-
ger membrane area is available for water molecules to
pass through resulting in improved flux. This explains
why the permeability increases substantially with
modification in membrane morphology.

4. Conclusion

The following conclusions can be derived from the
results:

(1) PV panel temperature can be effectively
controlled by transferring heat from top and
insulation at the back surface and sides of the
panel. The insulation makes sure that the heat
is not lost from bottom and the direction of
heat transfer is bottom-up. The electrical
efficiency of PV panel improves at the lower
temperature and minimum 20% improvement
in power output was observed.

(2) The rise in water temperature reported
indicates that there is a potential to tap the
thermal energy. The higher temperature water
can be used for RO where higher feed water
temperature offers the advantage of higher
product water flow.

(3) Controlled oxidation of polyamide layer at
high pH results in improved flow perfor-
mance of the membrane. The TFC RO mem-
brane becomes more hydrophilic by this
treatment. This can synergistically increase the
flow of domestic RO membrane module along
with higher temperature feed water.

(4) Overall, 67.86% rise in flow with ca. 1%
decline in solute rejection has been observed
by increasing the feed water temperature by
12˚C and treating the membrane with sodium
hypochlorite solution at exposure level of
162.5 ppm-h at pH 11.5. The novel combina-
tion of altering the membrane morphology
and using high-temperature feed water

improves the overall energy efficiency and the
power requirement is decreased by ca. 40%.
Also, the overall recovery of domestic RO sys-
tem increases as the concentrate is recirculated
back to the panel.

(5) The present work opens the possibility of fur-
ther work for larger scale brackish water RO
systems.
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