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INTRODUCTION

The production of energy from burning of fossil fuels
leads to the release of a considerable quantity of green-
house gases, which contribute to air pollution and global
warming of the planet. The need for clean and renewable
energy solutions has increased to lessen dependence on
fossil-based energy sources. Solar energy is one of the best
options for renewable sources because of its availability,
cleanliness, and sustainability [1-3]. Firstly, in 1839, the
photovoltaic effect was discovered by Edmond Becquerel
[4]. The effect of light on a silver-coated platinum elec-
trode immersed in an electrolyte was shown to generate an
electric current. A photovoltaic cell converts solar energy
(photons) into electricity through a semiconductor band
gaps. External and internal variables impact solar panels’
performance [5]. Uncontrollable external elements include
wind velocity, incoming solar radiation, ambient tempera-
ture, and dust deposition on the PV. The internal elements
can be regulated, such as the temperature of the PV sur-
face. The decreased output voltage, fill factor, and power
output of PV cells are all influenced by increased opera-
tional temperature. The band gap of the PV reduces as the
temperature of solar cell rises, resulting in an increase in
short-circuit current and a drop in open-circuit voltage [6].
Cooling down the temperature of the photovoltaic cell is
essential to overcome this problem. Different active and
passive cooling techniques are applied to maintain a low
operating temperature. It is necessary to remove the heat
accumulated on the PV module and use it for other appli-
cations to effectively utilize the available solar radiation and
increase the PV module efficiency [7-11]. PV/T system
utilizes the maximum amount of solar radiation to lower
the working temperature and use heat in other applications.
Under normal operating cell temperature, a polycrystalline
PV panels electrical efficiency is 13-17% and rest is con-
verted to heat [12-19].

Due to non-uniform temperature distribution, solar
cell efficiency decreases and thermal fatigue induced [20].
Generally, it is observed that electrical efficiency decreases
by 0.4%- 0.5% for every 1°C increase in solar cell tempera-
ture [21]. Pang et al. [22] conducted experiments with a
high mass flow rate (0.25 kg/s) to evaluate the PV/T sys-
tem’s thermal and electrical performance. The findings
show that the PV/T system’s electrical and thermal effi-
ciency increased by 11% and 57%, respectively. The PV/T
collector with a sheet-tube construction mounted at a 25°
angle showed the best performance at a mass flow rate of
0.15 kg/s. Hachicha et al. [23] performed experimental and
numerical study on PV/T system. And found 15% incre-
ment in power generation and maintain 16°C lower tem-
perature with respect to uncooled solar panel. Electrical
efficiency was increased by 18.3% due to both side cool-
ing.

Vaishak and Bhale [24] investigated the effect of dust
accumulation numerically and experimentally on the

performance of solar-assisted heat pump (SAHP) system.
Around eight-week study in Indian climatic conditions was
performed. It was reported that decrease in spectral trans-
mittance from 91% to 46% in the glass, reduced electrical
efficiency by 44.14% and the COP of the system by 8.53%.
Hachicha et al. [25] based on experimental investigation,
highlighted the impact of dust on the energy output of PV
panels in the Sharjah climate. The authors found that, based
on a 5-month study period when the dust density was 5.44
g/m?, power reduced by 12.7%.

Solanki et al. [26] performed numerical and experimen-
tal study of PV/T solar air heater and observed electrical
efficiency of 8.4% and thermal efficiency of 42%. The lim-
ited heat conductivity of air contributes to the poor electri-
cal efficiency of air-based PV/T. Sheyda et al. [27] designed
and fabricated a laboratory setup to lower PV panel module
temperature and enhance output power in Kermanshah,
Iran. Wind tunnel ventilation system was used for cool-
ing of the solar panel. Teo et al. [28] carried out an experi-
mental study of PV/T with fins using air blower is used to
improve the heat transfer rate. According to the findings, an
uncooled panel’s temperature reached 68°C, while its elec-
trical efficiency had decreased to 8.6%. By taking advan-
tage of the use of a blower, an operating temperature was
obtained around 38°C. Mohammad et al. [29] presented
review article which covered almost all recent advance-
ments in efficiency enhancements of photovoltaic panel
through single cooling fluid, dual fluid and nanofluids.

Bahaidarah et al. [30] reported that by cooling a pho-
tovoltaic panel, temperature of photovoltaic panel dropped
about 20% compared to the temperature of convectional
PV panel and 9% increment in electrical efficiency was
observed. Hussein et al. [31] reported that by active cooling
of PV panel, temperature of PV panel dropped from 78°C
to 70°C with an increase in electrical efficiency of solar
panel to 9.8% at an optimum mass flow rate of 0.2 kg/sec
and thermal efficiency to 12.3%. Deng et al. [32] conducted
an experimental investigation on the electrical and thermal
performance of photovoltaic/thermal system of four differ-
ent seasons and found 13.76%, 11.92%, 13.71% and 14.65%
of electrical efficiency with 31.62%, 33.07%, 24.99% and
17.24% of thermal efficiency. Nizetic et al. [33] conducted
an experimental investigation on photovoltaic panels’ water
spray cooling technique. An increment of 16.3% in the
electrical efficiency of photovoltaic panels was observed
whereas the temperature of the photovoltaic panel dropped
to 24°C compared to 54°C of a similar un-cooled convec-
tional PV panel.

Chow et al. [34] studied water-based PV/T system, and
achieved an electrical efficiency of 10.7% and thermal effi-
ciency of 48%. Liquids are more effective in cooling PV
panels than air because of their superior thermal charac-
teristics. Yazdanifard et al [35] deployed a computational
model of water-based PV/T system to undertake a para-
metric study on a water-based PV/T system in laminar and
turbulent flow conditions. It was observed that the total
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energy and exergy efficiency are higher in turbulent flow
case. Ahmed et al. [36] investigated on PV/T to measure
electrical and thermal output under 500-800 W/m? solar
radiation with a different mass flow rate of water from 0.011
kg/s to 0.041 kg/s. Highest performance was observed at
800 W/m?and 0.041 kg/s mass flow rate. Fakouriyan et al.
[37] developed the experimental setup in Tehran, Iran, to
observe the effect of water cooling on the efficiency of a
PV/T system. According to the findings the water cool-
ing enhanced the system performance resulting improved
electrical, thermal and overall efficiency by 12.3%, 49.4%
and 61.7%, respectively. The payback period of a PV/T
system found 1.7 years and 8.7 years compared to gas and
solar water heater. Smith et al. [38] performed experimen-
tal investigation in low concentrated PV using top surface
cooling to increase the power output. The continuous flow
of water over the top considerably reduced the temperature
of the PV panel and kept it clean. As a result, the PV panel’s
optical efficiency improved.

Vaishak and Bhale [39] conducted experimental
research on a 100 Wp PV/T panel using cooling fluid as
R-134a refrigerant. The electrical efficiency was found as
15.2% and a coefficient of performance (COP) as 2.96.
Comparing the PV/T-SAHP (PV/T solar assisted heat
pump) system with air and the water-based system demon-
strates that the PV/T-SAHP system is a more dependable
supply of hot water than the air and water-based system,
particularly under low irradiance circumstances. Zhou et al.
[40] performed an experimental study on roll bound PVT
heat pump system using R-22 refrigerant. The COP was
obtained around 6.16 and electrical efficiency of module
11.8%. But the refrigerant-based systems also have disad-
vantages such as higher operating cost, refrigerant leakage,
unequal refrigerant distribution in evaporator tubes, evap-
orator coil length, etc.

The literature study reveals several passive and active
cooling approaches to the solar panel. Active cooling
mainly uses air, water and refrigerants and in passive cool-
ing, phase change material and heat pipe. Every cooling
technique has their own advantages and limitations. The
refrigerant based cooling system has certain drawbacks as
cost, complexity and high power consumption in compres-
sor. Water-based cooling technologies are more efficient,
effective, and widely used due to their low cost and easy
water availability. However, it is found that water circulation
over the PV panel is done through small diameter tubes.
The water passing through tubes has several limitations,
such as low heat transfer area due to line contact, a com-
plex structure of tubes and high cost, high-pressure drop
due to bends and requirement of plate to attach the tubes
with panel. The limitations such as clogging of tubes and
uneven temperature of the module, pumping power can be
eliminated using direct contact water jacket heat recovery
unit instead of tubes. Therefore, the present study explores
the PV panel with water jacket and performs a parametric
analysis.

EXPERIMENTAL SETUP

The commercial 100 W, PV panel of 36 polycrystalline
solar cells are used in series. The overall length and width
of the module is 1020 mmx650 mm. The area of solar cell
is approximately 0.65 m? A hybrid collector, brazed with
copper plate and copper tube, and held together with a
thermally conductive glue with a high bonding strength,
comprises the experimental design of a PV/T collector.
The performance of the PV panel is tested under differ-
ent climate conditions towards due south-facing in Surat
(21.1702°N, 72.8311°E), India. The experimental setup for
sheet-tube PV/T collector is shown in Figure 1.

The tubing with a total length of 25 meters and 8 mm
outer diameter was bent in spiral form (shown in Figure
1b) with the adjacent tube. To reduce heat loss to the envi-
ronment, the entire system was covered in an aluminium
casing with a layer of glass wool insulation at the bottom.
Table 1 provides the electrical characteristics of the PV
module.

Procedure of Experiment

The experiment was performed for 3 hours’ time dura-
tion from morning 9 A.M. to 12 PM. and readings were
taken after every 30 minutes. Water was taken from over-
head tank and collected in 250 litre water tank. A submers-
ible pump was kept in the 250 litre water tank. Water was
flowing in the tube through the pump. In these experi-
ments, water was not circulated, it was only once through
pass from the panel. In every 30 minutes, glass temperature
and outer outlet temperature were measured. Glass tem-
perature and water outlet temperature were measured from
thermal imaging camera (Testo 865) and PT-100 thermo-
couple. For validation of numerical model except replica of
setup was modelled. It was observed that Reynolds number
(Re) was less than its critical values (2251< 2300) showing
that flow was laminar. The specific uncertainties associated
with the various instruments used in the experiment is
shown in Table 2.

Methodology

In this section, the 3-D PV and PV/T model are devel-
oped. The model helps understand each layer’s heat dissi-
pation. First, examine the physical model, which includes
each layer’s material properties and thickness. The refer-
ence PV contains five layers: top glass, EVA layer, solar cell,
EVA and bottom glass.

Physical model

The physical model is based on the experimental setup
developed by Vaishak and Bhale [39]; the isometric and
cross-sectional view is shown in Figure 2.

It consists of top and bottom layers made up of glass
with a thickness of 3.2 mm, which provides strength to
the panel and prevents light from being reflected. Solar
cell is covered by an ethylene-vinyl acetate layer having
0.5 mm thickness, which protects the cell from water
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Figure 1. Experimental setup (a) Weather Station (b) Uncooled (refreance) solar panel (c) Water cooled PV with copper

tubing on the back side of the module.

Table 1. Electrical characteristics of PV panel

Maximum power 100 W,
Open circuit voltage 222V
Short circuit current 5.94 A
Current at maximum power 540 A
Voltage at maximum power 18.54V

and from being destroyed. A solar cell has a thickness

of 0.3 mm. To establish the performance of solar PV, a

mathematical model is developed. Similarly, Figure 3
shows the cross-sectional view and water cooled PV hav-
ing 10 mm layer thickness.

To avoid the bulkiness of water jacket and leakage issues
thickness of 10 mm is considered. Top glass surface may
get damaged due to the larger thickness of water jacket. As
the temperature of solar cell increases, module efficiency
decreases. For maintaining low temperature of the mod-
ule, fluid at different flow rates and temperatures are used.
Water-based cooling technologies are more efficient, work
better, and are used more often because of its cost, easy
maintenance. Small tubes circulate water over the PV panel.
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Table 2. Uncertainty of measuring instruments

Sr. Instrument Range Variable measured Uncertainty (%)
1 PT-100 type -200°C to 850°C inlet and outlet flow temperature +0.15°C
thermocouple
2 Thermal imager -20°Cto 280°C solar panel temperature +2°C
3 Weather station Solar irradiance: solar radiation, ambient temperature, + 5% of full
0 to 1800 W/m? and wind velocity spectrum
Ambient Temperature: +0.5C
-45°C to 60°C +1m/s
Wind Speed:
0.5to 89 m/s
7 77 s~ e
/.7 111111
Glass 3.2mm
EVA layer 0.5 mm
0.3 mm
EVA layer 0.5 mm
— Glass 3.2mm
m
(a) (b)
Figure 2. Design of 100 W, uncooled PV panel and cross-sectional view.
- Glass 3.2mm
S mMmm
EVA layer 0.5mm
! 0.3 mm
EVA layer 0.5 mm
Glass 3.2mm

‘m.

(a)

10 mm

Figure 3. Design of 100 W, PV with water jacket and a cross-sectional view.

Water running via tubes has various drawbacks, including
low heat transfer area due to line contact, complex tube
structure, expensive cost, and high-pressure drop due to
bends. Water jackets instead of tubes help mitigate these
issues.

EVA (ethylene-vinyl acetate) layers at the bottom
and top comprise the same material and encapsulate the

photovoltaic cells. The uppermost and lowermost layers
are composed of glass, and their physical characteristics are
identical. Because of this, the model constructed to analyze
the thermal behavior of the PV module includes all layers
to observe actual behavior. The physical and thermal prop-

erties of layers are shown in Table 3.
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Table 3. Thermo-physical properties of layers of water-based PV/T [39]

Layer Thickness (mm) Absorptivity (a) Transmissivity (t) Thermal Specificheat  Density
conductivity k Cp (J/kg-K) (Kg/m?)
(W/m-K)

Top glass 3.2 0.05 0.91 0.7 500 3000

EVA-1 &2 0.5 0.08 0.9 0.35 2090 960

Cell 0.3 0.8 0.09 148 677 2330

Bottom glass 3.2 0.05 0.91 0.7 500 3000

Copper plate 0.64 386 381 8978

Mathematical model d(pv) Ad(puv) d(pvv) d(pwv)

A 3D transient mathematical model is developed based ot ax ' dy M (3b)

on energy balance to analyze the module’s functionality and

thermal management.

The mathematical model is based on following
assumptions,

i)  Contactresistance between layers of PV panel is negligible.

ii) No heat generation in the materials of PV layers.

iii) Clear sky radiation is considered in the analysis.

iv) Material properties of glass, EVA, and solar cell remain
constant, do not change with temperature.

v)  Only top glass surface having heat transfer to the sur-
rounding by convection and radiation. The bottom
side of water jacket assume adiabatically.

vi) Hourly average radiation values, ambient temperature
and wind velocity are considered input conditions.

vii) Fluid flow is considered as laminar and non-viscous.

viii) Fluid flow velocity is considered as constant with time.

Governing equation
From top glass to bottom glass, the physical heat transfer
phenomenon can be described using 3D energy equation [42]

+3ZT§) (1)

Where, T, p, CP, k are temperature, density, specific
heat and thermal conductivity respectively. Subscript i rep-
resents glass, ethylene-vinyl acetate, or solar cell layer.

Three governing equations for the 3D transient prob-
lem, continuity, momentum, and energy, are considered,
which can be described below [42].

a2t

oT (azr
ay?

Pilpi o = ki Gz

Continuity equation:

ou_a(pu)  alpv)  a(pw) _
o ey TTar 0 )

Momentum equation:

5] 5] 0 ad
(pw) N (puw) + (pvu) + (pww)
ot ox dy 0z

_ 6p+6(6u)+6(6u)+6(6u) (3a)
T ox  ox “ax dy Hay 0z “az a

B 6p+0< aU)+a( 8v)+6< av)
T Ty Tax\Hax) Ty \Hay) Tz \Haz

d(pw)  d(puw) +5(pVW) +0(pWW)
at 0x ay 0z

_ 6p+6(HW)+6(GW)+6(HW)
=70z Tax \Foax dy “ay 2z \Haz
Energy equation:

c 6T_ d (k8T>+ d (k8T>+ 0 (kaT)+
Plrae Tax\“ax) Tay\“ay) Taz\"3z) T (@)

Where q is the heat flux coming in the solar cell through
irradiation. It is incorporated from the UDF in boundary
conditions. u, v, and w are velocities in x, y and z direction.
p> Cp, p and u are the materials density, specific heat, pres-
sure and dynamic viscosity.

(30)

Boundary conditions

The following provides an explanation of the bound-
ary conditions used in the computation of the domain:
Boundary conditions for the calculation of the domain are
as follows,

At the exterior surface of solar PV, which is exposed to
convective heat transfer

q = al, + atl,+€ o(Tgy,* = T}) + ho(T., — T,) (5)

aT
—K,

n ho(Ts —To)

hoconvective =28+ SVWind for Vywina< 3 m/s [22] (6)
where V,; = wind velocity in (m/s)

Topy = 0.0552T,* for clear sky [23] (7)

Ty =T, for cloudy sky [23] (8)

Where, T = Temperature of top glass surface at time ¢
Exterior surface jacket exposed to adiabatic condition
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oT _
an 9)

n= Uref[l - ﬁref(Tpv - Tref)]

For reference operating conditions, PV cells use module
electrical efficiency (7, at the standard test condition, for
study taken 13%. The reference temperature condition T,
is 25°C, B¢ reference temperature coefficient and its value
is taken as 0.00392 /K, respectively [22, 23]. Thus, the total
power output is given by:

Pour = nref[l - ﬁref (Tpv

(10)

—Tref)| XAX G (11)

Computational methodology
A commercial computational software ANSYS is used
for the numerical work. The 3-D model is created using a

geometrical model Design modeller and simulated using
Fluent 18.1. To calculate the velocity and pressure field,
Semi-Implicit Pressure-Linked Equation (SIMPLE) algo-
rithm established by Patankar and Spalding [42] is used.
For discretization, second-order upwind scheme is used
for momentum and energy equation. Similarly, PRESTO
(PREssure STaggering Option) scheme is used for pres-
sure discretization. Convergence criteria for continuity,
momentum, and energy equation are set to 10° and 10°%.
Figure 4 shows the geometrical model of direct jacketed
PV cooling system. It also shows the meshed geometry
with hexahedral elements. A User Defined Function (UDF)
developed in C++ is used to incorporate both radiative and
convective solar panel boundaries. UDF is attached to the
solver for adopting combined boundary conditions in the
simulations.

Figure 4. Geometrical model and mesh of direct jacketed PV cooling system.
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Figure 5. Transient solar cell temperature with various (a) grid size & (b) time step size.
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Grid and time step independence study

The grid size and time step independent study is carried
out, so an accurate outcome can be achieved with minimal
computational power. Three different grid size with 1,80,974
cells, 2,34,468 cells and 2,86,542 cells are considered for pres-
ent study. The Figure 5(a) shows the value of transient solar
cell temperature with three different considered grid sizes, and
it is observed that temperatures with 2,34,468 and 2,86,542 are
almost similar. Therefore, a grid size with 2,34,468 number of
cells is selected for the further numerical study.

Three different time step size with 0.5 second, 1 second
and 1.5 second are also considered for the present work. The
figure 5(b) shows the value of transient solar cell tempera-
ture with three different time step size, and it is observed that
temperatures of 1 second and 0.5 second are almost identical.
Therefore, time step 1 second is selected for further numer-
ical work. Overall the combination of 2,34,468 number of
cells with 1 second time step is used for the numerical study.

VALIDATION OF NUMERICAL MODEL WITH EX-
PERIMENTAL STUDY

Experiments were performed at S V National Institute
of Technology Surat, India. PV Panel is mounted on a

45

frame whose tilt angle is 22°. The Figure 1(a) shows a pho-
tograph of the 100 Watt double glass polycrystalline solar
PV panel, which is 0.65 m* The performance of the PV
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Figure 6. Representation of weather data 15" April 2021 for
the city Surat.
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panel was tested on 15" April 2021 under climate condi-
tions due to south-facing in Surat (21.1702°N, 72.8311°E),
India. The weather data was taken from the weather station
(Davis class B) installed on the terrace of Renewable and
Sustainable Energy Lab. The weather data, including inso-
lation, ambient temperature and wind velocity, are repre-
sented in Figure 6.

The radiation intensity varies from 365 W/m2 to 811
W/m2 and the maximum radiation was achieved at 11.51
AM., similarly ambient temperature ranging from 31°C
to 36°C, and maximum temperature was reached at 11.42
AM. The wind velocity varies from 0 to 2 m/s. Maximum
velocity observed at 10.50 A.M. Figure 7 represents the
transient glass temperature variation of experimental and
numerical results. The temperature counters of experimen-
tal and numerical study have shown instant at 11.30 A.M.

Actual glass temperature captured by thermal imaging
camera which is shown in Figure 7(b). The numerical study
counter is shown in Figure 7(c). Experimental reading
shows the average temperature is 38.5°C and a numerical
study predicted 36.1°C average temperature. The approxi-
mate error is 6.22% which represents the simulation results
are consistent with the test result.

Figure 8 represents the transient water outlet tem-
perature with the experimental and numerical study. It is
assumed that water inlet temperature is constant through-
out the study. The maximum water temperature obtained
at the 12 PM. was 40.9°C and the predicted temperature
through model was 38.4°C. Comparison of water outlet
temperature between experimental result and simulated
result to validate the numerical model. The approximate
error is 6.11%. It is observed that both glass temperature

50
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Numerical study

45

>m

'S
(=]

S5}
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Water Inlet Temperature 31°C
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(=]

Water Outlet Temperature (°C)
&
—-—T T T

10I\ T - - I - I TR |
9 9.5 10 10.5 11 11.5 12

Time (hour)

Figure 8. Comparison of water outlet temperature of nu-
merical model with experimental study.

and water outlet temperature relative error are less the 10%.
The analysis reveals that the simulation results are con-
sistent with the test result. Therefore, this model can be
regarded as adequate and precise enough to simulate the
temperature of the PV.

RESULTS AND DISCUSSION

The purpose of the numerical simulation is to investi-
gate the impact of varying the cooling water temperature on
the thermal behavior of the PV/T cooling model.

This complete study is performed based on weather
data of 16" February 2022 of Surat city, shown in Figure
9. It shows the day’s solar radiation, ambient temperature
and wind velocity variation. The weather data was taken
from the weather station (Davis class B) installed at Surat
(21.17°N, 72.83°E). The solar radiation increased from 100
W/m? at 9 hours and reached its peak value of 821 W/m?
around 2 PM. It decreased to 638 W/m? at 4 PM. The wind
velocity was observed up to 0.2 m/s and maximum tem-
perature was observed 28.8°C. Weather data had taken in
clear sky day.

Effect of Still Water Temperature

These studies were performed from morning 9 A.M. to
afternoon 4 PM. The water is filled in an enclosure to the
back side of the module and observed the effect on penal
temperature.

Figure 10 represents the solar cell temperature variation
with different cooling water temperature. In these studies,
water temperature varies from 5°C to 25°C with an interval
of 5°C. The reference PV obtained maximum temperature
48.5°C, at 1 PM. And remaining all case obtained maxi-
mum temperature of approximate 42°C, at 2 PM. Firstly
the temperature goes down up to 10 A.M. in case of 5°C
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Figure 9. Representation of weather data of 16" Feb 2022
for city Surat.
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Figure 10. Transient solar cell temperature with different
temperatures of still water.

to 20°C water temperature because initialization is done at
25°C. So due to cooling fluid temperature solar panel tem-
perature decreases. The maximum deviation observed at
10 A.M. cell temperature was of 20.1°C in case of water at
5°C and 28.8°C in case of water at 25°C. The difference was
observed 28.72% more compared in steady water cases at
10 A.M.,, similarly 5°C of water maintains temperature of
69.15% lower than the reference case. It is observed that dif-
ference continually decreases and at 2 P.M. the maximum
difference is only 1%. It is observed that all cases, includ-
ing reference condition temperature almost same at 4 P.M.
These is happed because, water is started reverse heating
of the module. Because water is reached almost same tem-
perature of the module.

The variation in water temperature with time is illus-
trated in Figure 11. Five different water temperatures from
5°C to 25°C are investigated. The transient water tempera-
ture increases because radiation availability increases. The
difference of water temperature continuously decreases; at
2 PM,, it is approximately 0.95% only. So it is observed that
these cooling techniques are not very effective because after
2-hour temperature of PV modules are almost the same.
Because of these it is not a preferable way of cooling tech-
nique. No need to cool down water up to low temperature.
It is not good from energy and economical point of view
also. According to these study it is observed that 5°C and
25°C stationary water is providing nearly same results.

Effect of Flowing Water on Thermal Performance of PV
In this study, 25°C water temperature is considered and
the flow with different velocities is varying from 1 cm/s to
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Figure 11. Transient water temperature with different tem-
perature of still water.
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Figure 12. Transient temperature of solar cell once through
with different velocity of water in jacket.

0.01 cm/s. These studies observed that as the velocity of
water decreased, solar cell temperature increased.

Due to retention time is increased, so carrying capac-
ity is increased. The observation is based on once trough
passes the water through the cooling jacket. The transient
solar cell temperature with various velocities of flowing



370

J Ther Eng, Vol. 10, No. 2, pp. 360-374, March, 2024

30
——#A—— Velocity of water =1 cm/s
——v—— Velocity of water = 0.1 cm/s
——— Velocity of water = 0.05 cm/s
——&—— Velocity of water = 0.01 cm/s
29

28

27

26

Water Outlet Temperature ('C)

LN [ B N N B B N B

25

Inlet Water Temperature 25°C

ETEIN NUNUTN ENRTRTAVES SPRVEVENI SRVETE EVSTRTATE SR |
10 11 12 13 14 15 16
Time (hour)

OoET T T

24

Figure 13. Transient water outlet temperature once through
with different velocity of water in jacket.

water is shown in Figure 12. It shows water moving with a
velocity 1 cm/s is maintaining almost 25°C throughout the
day. It happens because velocity is very high and duct width
is only 10 mm. So it will not able to capture the heat because
resistance time contact is significantly less. But in the case
of velocity 0.01 cm/s, cell temperature varies from 25°C to
29.1°C. The maximum temperature achieved at 1 PM. It is
to be noted that maximum temperature 48.5°C achieved by
uncooled PV.

Figure 13 shows the transient water outlet temperature
with velocities of water. The complete study is observed
during the once-through passing of fluid. Maximum 29.2°C
water temperature reached at 1 P.M. with a velocity of 0.01
cm/s. It is observed that 16.2% increment in temperature
rise with 0.01 cm/s compare to 1 cm/s at 1 PM. in single
pass. The panel performance is also not affected because the
temperature is nearly (standard test condition) STC condi-
tion. So negligible thermal stresses are generated compared
to an uncooled solar panel.

Figure 14 depicts the counters of average PV cell tem-
perature with time. It represents the temperature of the
module varying between 25°C to 29°C between these
durations when velocity of water changes from 1 cm/s
to 0.01 cm/s. At 9 A.M. all cases at initial temperature is
25°C. It is observed from counter the maximum tempera-
ture obtained at 1 PM. after it is decreases and its maxi-
mum temperature is around 29°C. After 1 PM. radiation
decreases so the module’s temperature starts decreasing.
This study observed that 0.01 cm/s provides the best results
and the lowest pumping power among all cases.

It provides more uniform cooling compared to fluid
flowing through tube. The findings indicate that the circu-
lar pipe’s flow is insufficient to cool the panel uniformly.
The panel’s temperature differential occurs because the
working fluid grows warmer as it travels down the pipe and
cools the panel, which reduces the heat transfer by decreas-
ing the temperature difference between the solar panel and
heated working fluid.

It also depicts that meagre flow resistance is less com-
pared to pipe flow. More heat transfer occurred because
cooling fluid is directly in contact with the PV module.
Because in pipe flow extra resistance increases, such as tube
welded with plate. Because of tube it is line contact with the
panel. So uniform cooling is not provided. If high thermal
conductive material is selected for better heat transfer such
as copper. It is not good from an economical point of view
as well as due to adding resistance, the heat transfer rate
also decreases. This shows cooling water jacket is superior
to the water flow tube condition from a heat transfer point
of view as well as pumping power consumption.

Electrical Conversion Efficiency of PV Cell

The electric conversion efficiency of PV panels mainly
depends on temperature. Open-circuit voltage decreases
and short-circuit current increases but the rate of decre-
ment of open-circuit voltage is very high compared to a
rate of increment in short-circuit current. Hence electric
conversion efficiency increases with a decrease in the tem-
perature of PV cell. Figure 15 depicts the transient electrical
efficiency of all cases.

The study is performed from morning 9 A.M. to after-
noon 4 P.M. with the Indian climate condition in the winter
season. The solar irradiance was observed 202-822 W/m?,
while the ambient temperature varied between 21.5°C and
28.8°C.

The above result shows that the uncooled PV module
has the lowest efficiency because it has the highest tem-
perature in complete duration. And the highest efficiency is
achieved in the case of a flowing velocity of 1 cm/s cooling
fluid because it has high heat carrying capacity. It depicts
the efficiency of solar cells with 1 cm/s velocity at 1 PM
9.6% more efficient compare to uncooled PV.

Electrical Power Output of PV Cell

Figure 16 represents the power output of the solar
PV with the time. It shows that as the radiation intensity
increases, power generation from the cell also increases. But
the solar penal temperature also increases which produce a
negative power coefficient. So power output is decreases for
improving the power of module cooling is required. Water
flowing with 1 cm/s produces maximum power because
it has maximum heat carrying capacity compare to other
case. It is observed that at 1 PM. 9.6% more power genera-
tion in 1 cm/s flowing water condition. This complete study
is under once through the passing of the liquid.
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Figure 15. Transient variation of electrical efficiency with
once through different velocity of water.

CONCLUSION

In this study, a three-dimensional numerical model has
been developed using ANSYS Fluent and evaluate its results
against those obtained from experiment. The performance
of solar panels is evaluated with different flow rates, such
as 0.01, 0.05, 0.1, and 1 cm/s. Direct contact water jacketed
cooling systems are simpler, lighter, and cheaper than indi-
rect systems. The main disadvantages of water-based PV/T
using copper plate and tubing are higher cost, non-uniform
cooling, lower performance, more bulkiness and higher
maintenance. These issues are addressed through a simple,
light weight, direct contact jacket type cooling system with
improved electrical and thermal characteristics. The spe-
cific findings are listed here.

% The cooled PV solar cell maintain 40.2% low tempera-
ture compare to uncooled solar cell temperature.

% Almost 20°C temperature difference are maintaining
water cooled PV with reference Photovoltaic panel
temperature.

+ Flowing water in a jacket shows better results than still
water. But if the speed is higher, the water will not carry
heat as well. Water moving slowly (0.01 cm/s) gives
the best results. And in a single pass, the temperature
increased by about 4°C.

¢ The water flow in the direct contact water jacket provides
the optimal conditions for heat transfer, as well as eco-
nomic and constructional perspectives. The reason for this
is that the fluid used for cooling is in direct touch with the
back sheet of the solar panel, and the amount of electricity
required for pumping is correspondingly quite low.

Highest power production and efficiency of solar cells

are measured in the condition of 1 cm/s flowing water.
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Figure 16. Transient variation of power output with once
through different velocity of water.

The efficiency at 1 p.m. is 9.6% higher than that of
uncooled PV.

NOMENCLATURE

Area of PV module (m?)
Specific heat (J/kg-K)

Tube diameter (mm)
Convective heat transfer coefficient (W/m?-K)
Total solar radiation (W/m?)
Thermal conductivity (W/m-K)
Length of the coil (m)

Mass flow rate of water (kg/s)
Thickness of water jacket (mm)
Temperature (°C)

Ambient temperature (K)

NN T I EESTR O

(S}

Ty Sky temperature

T, Water temperature in (°C)
Greek symbols

n Efficiency

o Absorptivity of the surface
Bref Reference temperature coefficient
€ Emissivity of glass

o Stefan Boltzmann constant
U Viscosity (kg/m-s)

p Density of water (kg/m?)

T Transmissivity

AT Change in temperature (°C)
Abbreviations

COP Coefficient of Performance
EVA Ethyl Vinyl Acetate
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NOCT
PV
PV/T
PCM
STC
UDF

Normal Operating Cell Temperature
Photovoltaic

Photovoltaic Thermal

Phase Change Material

Standard Test Condition

User Defined Function
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