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Abstract
This work introduces a field study for the performance of a photovoltaic (PV) module under
cooling with pure water or y-Al.Os/water nanofluid with different nanoparticles volume
concentrations (0 < ¢ < 1%) flows in straight or helical aluminium channels beneath the PV
cell. The results showed that employing the helical channels configuration supplies the highest
exergy efficiency along with the uppermost rise in the PV-electrical power. The average
increases in the electrical output power are 21.8% and 27.9% when using the straight and
helical channels, respectively. Additionally, increasing the nanoparticles fraction in the studied
range and the cooling medium flow rate can augment the exergy efficiency. Compared with
the standalone cell, the exergy efficiency increases at flow rate of 1 L/min by 76.4% at ¢ = 1%
with increasing the nanoparticles concentration from 0 to 1% for using the helical channels.

Keywords: Photovoltaic, Nanofluid, Exergy efficiency, Net power.

1. Introduction

The increased usage of fossil fuels in most fields of life have extremely dangerous influences
on the environment. Furthermore, these sources of energy are not sustainable; it is predicted
that the depletion of these sources’ assets in the following 50 years. To overcome these issues,
it was thought in sustainable energy sources, which are considered as new sources of clean
energy. A key of the important sources among the sustainable energies is the solar energy [1].
Fortunately, Egypt is an investor’s vision when it comes to solar energy as a sustainable energy
resource; it owns an abundance of land and sunny weather.

Photovoltaic modules involve the innovation to change over sunlight directly into electrical
energy. Nerveless, the characteristics of the PV module rely on many constraints including the
panel temperature. The fraction of the absorbed solar radiation that is not changed over into
electricity is converted into a thermal energy. Thus, numerous investigators devoted their
considerations in decreasing the cells temperature to boost the electrical benefits [2]. A
photovoltaic/thermal (PVT) hybrid solar system is a grouping of PV cell and solar thermal
mechanism, which yield both electrical and heat energies from one combined module. The
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basis behind the hybrid concept is that a panel converts the solar radiation to electrical energy
with ultimate efficiency in the range of 5-20%, depending on the cell type. Over 80% of the
incident radiation on the panels is not transformed to electricity, however either reflected or
changed over to heat energy [3].

Cooling strategies for heat applications were introduced for PV cells to increase their electrical
output power. In general, the cooling process requires a different system which will dispossess
the thermal energy. The structure and repairs of that system can be costly and there is a potential
that the cost of system repairing could exceed the advantages of the enhanced electrical output.
Akbarzadeh and Wadowski [4] experimentally examined the influence of conducting a heat
pipe to the rear surface of a PV cell. Anderson et al. [5] also reported the cooling of a PV panel
using water heat pipe and aluminium fins. It was demonstrated that this cooling system is able
to passively cool the PV cell. Huang et al. [6-8] experimentally tested the cooling of PV panel
using a paraffin wax as a phase change material (PCM) in a rectangular aluminium basin
attached to the rear surface of the panel. The results reported a reduction in the PV temperature
by more than 3°C. Tonui and Tripanagnostopoulos [9] simulated the cooling attributes of a PV
panel by a natural air flow in addition to attaching fins to the back surface. Jay et al. [10]
investigated the output of PV/PCM system. The results showed an increment of 15-23% in the
electrical efficiency. Cuce et al. [11] experimentally evaluated the effects of using a heat sink
made of aluminium on the attributes of PV cells. The outputs showed an enhancement in the
electrical power by about 20%. Teo et al. [12] inspected the enhancement of a PV output by
passing air in parallel channels on the back surface of the cell. It was shown that the electrical
efficiency was enhanced by 14%. Elmir et al. [13] numerically studied the cooling of a cell by
applying Al.Os/water nanofluid through a cavity behind the cell. The simulations indicated that
using the nanofluids enhanced the rate of cooling with increasing the nanoparticles
concentration. Ozgoren et al. [14] reported an enhancement in the conversion efficiency from
8% to 13.6% by flowing water under the solar panel. Ceylan et al. [15] experimentally assessed
the effect of using a simple copper pipe behind the PV module. It was observed that the module
conversion efficiency was augmented by 30%. Karami and Rahimi [16] experimentally
assessed the heat exchange attributes in a PV module via Boehmite nanofluid as a coolant in
conduits behind the cell. Accordingly, the electrical efficiency was increased by 21% and 38%
for the straight and helical channels, respectively. Aldihani et al. [17] estimated the PV-
electrical efficiency in Kuwait weather. The assessments showed that the dust fell the output
power by 16%. Hasan et al. [18] reported a growth in the conversion efficiency by more than
10% due to applying PCM cooling. Nizetic et al. [19] recorded an enhancement of 16.3% in
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the electrical conversion via employing water spray cooling. Salem et al. [20] tested the
performance of a panel under cooling via pure water through straight or helical channels. It
was reported that a maximum increment in the electrical efficiency by 38.4% was demonstrated
when compared with the standalone panel. Tan et al. [21] assessed the performance of a solar
panel under using PCM-fins cooling, which reduced the panel temperature by 15°C. Hasan et
al. [22] reported the influence of employing a PCM on the module attributes. The authors
indicated a growth of 5.9% in the conversion efficiency. Salem et al. [23] investigated the
attributes of a cell cooling effect by engaging water and/or AlO3/PCM combination in straight
conduits underneath the module. The authors concluded that the PV-cooling using 100% water
supplied the highest electrical output power. The present work considers a hybrid PVT
attributes in Cairo, which is one of the furthermost energy-consuming places where a talented
solar irradiation is available. The experiments aim to assess the helpfulness of the usage of
v—Al20s/water nanofluid in aluminium channels with straight and helical configurations in the

PV cooling and using the thermal energy.

2. Experimental Setup

The experimental apparatus comprises three identical poly-crystalline 50 W PV panels, cooling
facility, adjusted stand, and the gauging tools. The cold pure water or y—Al,O3s/water nanofluid
(directed to the conduits below the PV) loop comprises DC pump, flow meter, cooling unit
with a thermostat, and the connecting pipes. Figure 1 (a and b) introduces a photograph and a

layout for the experimental apparatus.
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Fig. 1: The experimental apparatus; (a) Photograph, (b) Layout.

The modules characteristics are revealed in Table 1. The panels are being south oriented and

fixed at the same tilt angle of 30° with the horizontal surface.

Table 1: Solar panels specifications.

Cell type Poly-crystalline

Peal: power (Qe, mx) 50W

Dimensions BT0*530%35 (11 mm)
Maximum power voltage (V) 18 W

Maximum power currest {Tuy) 278 A

Short circuit current (Ts) 306A

Open circuit voltage (Vo) 21V

Maximum system voltage 1000 WV

Ordinary operating PV temperature  45°C

Two pallets of 640x521x18 mm? are fabricated from aluminium; one of them with helical
channels, while the other is with straight channels (Fig. 2) and used for passing the cooling
nanofluid. The aluminium material is selected because of its reasonable cost compared with its
thermal conductivity (about 205 W/m.°C). The depth and width of channels used in both
configurations are 10 x 10 mm? (aspect ratio of 1), while the spacing between the grooves is

10 mm.



Fig. 2: Helical and straight channels.

Gamma-alumina (y—Al203) nanoparticles of 40 nm average size are used in the experiments.

Their thermophysical properties are revealed in Table 2.

Table 2: Properties of y—Al20O3 nanoparticles.

Thermal conductivity (W,/m . °C) Density Mmaj Specific heat (] /kg.°C)
36 3600 773

The y—Al>Os/water nanofluid is prepared with five different nanoparticles volume loadings
from 0 to 1%. Agitator (3450 rpm) is operated for 12 hours to get the stable and uniform
suspension. The cooling unit is made of 20 litres tank; the cooling process to the desired
temperature was achieved via a cooling unit of 1.5 kW capacity, based on a thermostat. There
are three ports in the cooling tank; one of them is in the top covers of the tank, represents the
inlet port from the channels. The other two ports are in the bottom, which represent the exit
ports to the drain and to the DC-pump. A 4.2 W DC pump is linked to the tank to supply the
conduits with the designed flow rate. Three variable resistances of 30 Q +1% are used to
fluctuate the load in the three panels’ circuits.

A digital solar power meter is utilized to measure the incident solar radiation intensity, and a
digital environmental meter is utilized for measuring the weather condition. Seven multimeters
are employed in the circuit, to measure the current and voltage of the three modules along with
the DC pump. To measure the temperatures in the overall setup, twenty-six K-type
thermocouples are utilized. Twenty-four thermocouples are attached at both sides of the three
cells, while two thermocouples are utilized to assess the inlet/outlet temperatures of the cooling
nanofluid. The thermocouples are connected to a data acquisition system to record the
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temperatures. Two identical flow meters; 0.002—2 L/min range, are incorporated to adjust the
flow rate of the cooling nanofluid through the two channels configurations. According to the
manufacturer’s data sheet, the meters are with accuracy of £2.5% of full scale. Two identical
digital pressure/differential pressure transducers are employed for measuring the pressure
difference across the channels. The transducers are with a pressure drop range of 0-103.4 kPa,

and of accuracy of +1% of full scale.

3. Experimental Procedures and Data Reduction

The first step to record the data from the system is to fill the cooling tank with water from the
domestic supply or with y—Al>Os/water nanofluid, the cooler and the pump are operated. By
the thermostat, the temperature of the water ingoing the conduits (25+0.5°C) is adjusted. In
each run, the cooling fluid from the tank is circulated in the main line to the channels beneath

the module as revealed in Table 3.

Table 3: Range of average operating conditions.

Parameters Range or value
Cooling water/nanofluid flow rate, L'min 0-1
Cooling water/nanofluid inlet temperature, °C 25
Volume concentration of the Al20; nanoparticles in water (), % 0-1

The PV surfaces are cleaned by a dry cloth from any accumulation of dust through the previous
day. The three-electric circuits necessary for gauging the modules attributes, are assembled as
illustrated in Fig. 3.

M — Variable
load

Fig. 3: Measurement circuit for the PV attributes.

After ensuring the entire circuit is running normally, the output wires are disconnected from
the cells and connected each one to the variable load circuit one after one in a period that does

not surpass 2 minutes. Then, the 1-V curve is determined, and the optimum point is found as
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revealed in Fig. 4. These actions are begun daily at 7 AM, before recording the first reading at

8 AM. The measurements are repeated every 30 minutes till sunset.
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Fig. 4: Characteristic curves for the PV cell.

The following relations are utilized to analyse the PV characteristics.

Qin = Gs X Apy (1)
Qpy =V X1 (2)
QPVmaX = Vopt X Iopt (3)
Qpy
e = —o e &
¢ Qin
Q= r.nnfcpnf(Tnf,o - Tnf,i) (5)
Qth
e = 6)
th Qin
ATpy = Tpy,; — Tpv, (7)
Tpy = M (8)
2
Z TPV,Sf
Tpvf = 4 (9)
Z TPV,Sb
Tov, =——F— (10)
— Qrer — W,
AQ. (%) = [QC Quer p] x100 (11)
Qref
W, =V, x 1, (12)
T,
Mexo = Me ¥ Men |1 =5 (13)
nf,o

Equation (13) is used before in [20, 23]. For the properties of y—Al>Os/water nanofluid, the

density is as follows;

Pnt = @P,, + (1= @)pyg (14)



In addition, for the specific heat, the proposed model by Xuan and Roetzel [24], Eq. (15), is
applied,;

1 —
o= ? (PupCPrp) + (1 = @) (P CPOe) (15)

pnf

4. Results and Discussions
to observe their similarity, the three cells conversion efficiencies are compared for non-cooling

case under the same conditions (Fig. 5).
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Fig. 5: Comparison between the three panels under the same conditions.

It is seen that there are tiny deviations between the efficiencies of the three panels, which

confirm that they can be compared at different conditions.

4.1 Effect of The Channels Configuration
Figure 6 presents the recorded PV characteristics at different times of the day for the three
tested panels; standalone panel and two cooled panels using straight and helical channels

beneath the cells.



60 6.5
@ x X Ky (b) 000
55 1 X X 55 4 O O m| O
o X X oo O
%0 X X g X 45 oQd 8
G 45 1 O
e X d S 899 g 343 X 535 8 g
: X 3 B8g " x o3 O
g 407 g x| || Q
R B 8 5 B g 25 Q
8 X Reference 8 OsStraight Channels 9
30 1 8 OStraight Channels 151 9 9 0
OHelical Channels 9 OHelical Channels a
SIS I I IS S S S SHAISISA SIS IS
N Vﬂ?v@v@VQQV@V@V@V@Q A;“Q S ~>°‘z S '\SQ S @Q S @Q S SIS TS ST HSQ S @Q S '*?Q S '*SQ S @Q S
% %‘. q‘. q’. ‘&. ,\Q.' \‘\'. \‘\'. ‘C;- \l"- N‘- \'. q;- »»'- rs- rs. b:. b:. 6. %'. %’. q’. q’. \Q‘ \Q. \\‘ \‘\' ‘(\;. \f\;n 1\'. \'. p\;. p\;. pb'. ﬁb'. b:. u’. 65.
Time of day Time of day
20% 70%
d
18% - ) X Reference OStraight Channels OHelical Channels 65% 1 ) O 0O O o
§0% 1 o 0o o
O O
1606 {8 55% - o _ 0O
’ 8 . o _ 0O oo
14% A 8 08 50% 1 ODD DO
X Po 885 || s 8 0o
£12% 8 9 . 40% 4
X X Q 9 9 35% 9 . 9
10% A X X 0 1
X x % Q QQ Q & x X X 30% - 8 OStraight Channels @]
8% A
? X X x X X X 25% 9 OHelical Channels
6% +——m——mrm——r—vv—T—-T—"T—"7—7—1" 20% +=-t—mrF—-m—-mmr-—m—-—-T/—-m4m—m/—mr——"T"—"T""TT"T"T"T"T"7T
DI PP ISP IIIIIIIII IS S R T T R R I I F U PUUFT PP
N V@V@Y"‘?Y’@VASVQ“?«??@Q A,BQ @Q ,\,BQ @‘Z @Q @Q Agz QQQ 5{1 QQQ ® vvﬂs vaQ ’\va@yv@ V'@ v@ vv@‘l ng @Q 'b“Q QQQ 5{1 @‘Z &}Q‘l @‘1 @‘1 QQQ
LY $'. q‘. q‘. ,\Q.' ,\Q.' \\. \\. \f»‘. \f\;. \'. \'. F\;- r»'. p\>'. ps:'. b:' b;' 6' %'. %. q‘. q‘. ,\Q.' \Q" \\‘. \;\‘. \ﬁ\;. C;. \'. \'- ;\;. p»'. A>'. ﬁ,‘. u‘. b;' 6'
Time of day Time of day
18%
X Reference (e)
16% 9 9 OStraight Channels
0O OHelical Channels o
14% Ol o
x 8o 985
< 12% & 8 o) S
& X 08 8 Qo8 Q 8
10% X 8 o X
X X x|x x X
X
8%
XX g X X X
6% — —rr—TTTTTTTT
PIIIII DI III DI DI DS
LSS AN NN NN NN SN RN N
@“@%%“q-%%%“\@i@%? RERRRO VPO Pt PES
Time of day

Fig. 6: Effect of channels configuration on PV attributes (Vnf = 0.5 L/min, ¢ = 0.5%).

Fig. 6 reveals that the temperature of the panels and the increase in the water or nanofluid

temperatures exhibit a similar tendency of the solar irradiation, which initially grow until

attaining their extreme values (at around 12:30-1:00 PM), and then they diminish until the

sunset. Additionally, applying the cooling whether with straight and helical channels achieves
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a noticeable drop in the cells’ temperatures. In addition, the helical channels provide a lesser
cell temperature and a higher increase in the cooling medium temperature than that of the
straight configuration by 1.5°C and 0.4°C, respectively, in average. It is revealed also that the
conversion efficiency of the cooled modules is more than that of the standalone PV. At 8 AM,
they start high and then a reduction occurs until 1 PM. This is due to the growth in the cell
temperature with growing the solar irradiation. As the radiation intensity is going down later,
this efficiency is going up due to the diminution in temperature of the cells. It can be noticed
also that cooled panel with helical channels has a higher electrical efficiency than that with the
straight channel configuration. Compared with the standalone cell, the percentage growth in
the conversion efficiency is 42.1% and 50.3%, for using the straight and helical conduits,
respectively. Furthermore, it indicated that the thermal efficiency of the system follows the
solar intensity changes. It is noticed also that helical configuration provides a higher thermal
performance. The PV modules with straight and helical channels provide average thermal
efficiencies of 60.6% to 65.7%, respectively. As a result, the exergy efficiency of the cooled
panels is always higher than that of the standalone one. It can be observed also that cooled cells
with helical conduits have a noticeable growth in the exergy efficiency due to the higher
electrical and thermal efficiencies for PVT with this channel configuration. Compared with the
standalone cell, the average overall exergy efficiency increases by 42.1% and 50.3% with
employing straight and helical conduits, respectively. Despite the higher efficiency of the
cooled PV, this needs a pumping power. Therefore, the percentage change in the output power

is assessed and compared with the standalone cell.
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Fig. 7: The average percentage change in the electrical output power at different
channels configurations (¢ = 0.5%).

Figure 7 illustrates that employing the helical channels configuration supplies the highest
percentage increase in the electrical output power at all operating conditions. The average
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increases in the electrical output power are 21.8% and 27.9% when using the straight and
helical channels, respectively. This assures that the helical channels configuration is the best

configuration as a passive cooling tool for the modules.

4.2 Effect of Nanoparticles Concentration
Figure 8 presents the recorded PV characteristics against different times of the day at different

nanoparticles concentrations.
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Fig. 8: Effect of nanoparticles concentration on PV characteristics (Vnf = 1 L/min,

Helical Channels).

It is obvious in Fig. 8 that the PV temperature is reduced with loading the nanoparticles.
Compared with the standalone cell, the average temperature is decreased from 42.9°C to be
33.6°C and 32.3°C at flow rate of 1 L/min and ¢ = 1% for straight and helical channels,
respectively. Furthermore, the PV maximum temperature decreased from 58.3°C for the
reference cell to be 39.1°C and 37.3°C at flow rate of 1 L/min and ¢ = 1% for straight and
helical channels, respectively. Besides, it is also obvious that increasing the nanoparticles
loading augments the increase in the nanofluid temperature. It is observed that at 1 L/min, the
maximum ATys increases from 3.2°C and 3.5°C at ¢ = 0% to 4°C and 4.4°C at ¢ = 1% for
straight and helical channels, respectively. The reduction in the cell temperature and the
increase in the water temperature can be attributed to the augmentation of the rate of heat
exchange between the module and the cooling medium with increasing the nanoparticles
loading. Adding the nanoparticles enhances the cooling medium thermal conductivity in
addition to the nanoparticles Brownian motion. It is revealed also that increasing the
nanoparticles volume fraction from 0 to 1% augments the electrical, thermal, and overall
exergy efficiencies. Compared with the standalone one, the electrical and exergy efficiencies
are increased at flow rate of 1 L/min by 38.2% and 46.1%, respectively, at ¢ = 0%, and by
58.4% and 76.4%, respectively, at @ = 1%, for using the straight and helical channels,
respectively. Furthermore, compared with employing pure water (¢ = 0%), increasing the
nanoparticles volume concentration to 1% enhances the thermal efficiency at flow rate of 1
L/min by 29.5% and 26.5% with using the straight and helical channels, respectively.

It is clearly shown in Fig. 8 that the conversion efficiency of the cooled panels is higher than

that of the uncooled one. Furthermore, increasing the nanoparticles volume fraction enhances
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the electrical efficiency of the PV, while it increases the cooling medium viscosity
simultaneously, which increases the corresponding pumping power. Fig. 9 establishes the
percentage change in the output power of the cooled PVs when compared with that of the
standalone one at different nanoparticles concentrations.
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Fig. 9: The average percentage change in the electrical output power at different
nanoparticles concentrations.

It is reported that employing the Al.O3 nanoparticles enhances the PV electrical power output.
Furthermore, this enhancement is augmented with increasing the nanoparticles loading.
Compared with the reference cell, circulating the cooling medium at flow rate of 1 L/min and
applying the nanofluid of ¢ = 0%, the electrical power increases by 1% and 5.8%, while
applying the nanofluid of ¢ = 1%, the electrical power increases by 47.1% and 55.5% for using
the straight and helical channels, respectively.

4.3 Effect of The Cooling Medium Flow Rate

Fig. 10 presents the recorded PV characteristics at different cooling medium flow rates at

different times of the day.
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Fig. 10: Effect of cooling medium flow rate on PV characteristics (¢ = 1%, Helical
Channels).

It is obvious that increasing the cooling medium from 0.25 to 1 L/min leads to reducing the PV

average temperature from 45.2°C to be 36.4°C for the straight channels and from 44.2°C to be

35.2°C for the helical channels. While these temperature reductions are improved with adding

the Al203 nanoparticles. It is recorded at @ = 1% that increasing the cooling nanofluid flow rate

from 0.25 to 1 L/min leads to reducing the PV average temperature from 41.6°C to be 33.6°C

for the straight channels and from 39.7°C to be 32.3°C for the helical channels. This can be

attributed to enhancing the fluid mixing and breaking the flow boundary layer with increasing

the flow mass flow rate, which enhances the PV cooling. It is revealed also that increasing the

water or nanofluid flow rate, from 0 to 1 L/min, augments the electrical, thermal, and overall

exergy efficiencies. Compared with the standalone PV, the electrical and exergy efficiencies
are increased to 12.3% and 12.7%, respectively, at ¢ = 0%, and to 14.8% and 15.7%,

respectively, at ¢ = 1%, for using the straight channels, while these efficiencies are increased

to 13% and 13.5%, respectively, at ¢ = 0%, and to 15.7% and 16.4%, respectively, at ¢ = 1%,
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for using the helical channels. These values correspond to percentage increases of 46.1% and
51.7%, respectively, at ¢ = 0%, and to 76.4% and 84.3%, respectively, at ¢ = 1%, respectively.
Furthermore, compared with flowing the cooling medium with 0.25 L/min, the thermal
efficiency is augmented at flow rate of 1 L/min from 31.8% and 34.2% to 51.9% and 58.6% at
¢ = 0% with using the straight and helical channels, respectively. Moreover, the thermal
efficiency increases at flow rate of 1 L/min from 42.4% and 46.3% to 67.2% and 74.1% at ¢ =
1% with using the straight and helical channels, respectively. These improvements correspond
percentage increases of 63.2% and 71.3%, at ¢ = 0% and of 58.5% and 60%, at ¢ = 1%.

It is clearly shown in Fig. 10 that the electrical efficiency of the cooled cells is higher than that
of the uncooled one. Furthermore, increasing the cooling medium flow rate enhances the
electrical efficiency of the PV, while it increases the corresponding pumping power
simultaneously. From Figs. 7 & 9, it is reported that increasing the cooling medium flow rate
enhances the PV power output. Compared with the reference cell, increasing the flow rate from
0 to 1 L/min improves the percentage growth in the PV power by 21% and 47.1%, at ¢ = 0%
and ¢ = 1%, respectively. While this improves the percentage increase in the PV electrical
power by 27.8% and 55.5%, at ¢ = 0% and ¢ = 1%, respectively, for using the helical channels.

5. Conclusions

The present work considers a hybrid PVT attributes in Cairo conditions. The experiments aim

to assess the helpfulness of the usage of y—Al.Oz/water nanofluid in aluminium channels with

straight and helical configurations in the PV cooling and usage the thermal energy. The next
conclusions can be stated;

e Employing the helical channels configuration supplies the uppermost exergy efficiency
besides the highest net electrical power. The average increases in the electrical output
power are 21.8% and 27.9% when using the straight and helical channels, respectively.

e The PV temperature is reduced with increasing the nanoparticles loading. The PV
maximum temperature decreased from 58.3°C for the reference cell to be 39.1°C and

37.3°C at flow rate of 1 L/min and ¢ = 1% for straight and helical channels, respectively.

e Increasing the nanoparticles volume fraction from 0 to 1% augments the overall exergy
efficiency. Compared with the standalone PV, the exergy efficiency is increased at flow

rate of 1 L/min by 76.4% at ¢ = 1% for using the helical channels.
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® Increasing the nanofluid (¢ = 1%) flow rate from 0 to 1 L/min improves the percentage

increase in the PV electrical power by 47.1% and 55.5% for using the straight and helical

channels, respectively.
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Nomenclatures

A

Cp

G

I

m

Qe
Qin
Qmax

Qth
-

t
\Y
v

Area, m?

Specific heat, ] /kg.°C

Incident solar intensity (W/m?)

Electrical current, A

Mass flow rate, kg/s

Electric power, W

Incident solar radiation rate, W

Maximum output power of PV-module, W
Thermal heat transfer rate of water or nanofluid, W
Temperature, K

Time, s

Electrical voltage, V

Volume flow rate, kg/s

Greek Letters

A Percentage change

M Efficiency

0] Nanoparticles volume concentration
Subscripts

a Ambient

el Electrical

i Inlet

in Incident

nf Nanofluid

np Nanoparticle
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0
ocC
S

sC
th

w

Outlet

Open circuit
Solar

Short circuit
Thermal
Water

Acronyms and Abbreviations

PCM
PV
PVT

Phase change material
Photovoltaic

Photovoltaic thermal
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