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Abstract: Solar energy stands as one of the most significant renewable energy sources, with the sun's daily radiation
potentially covering the global energy consumption for years. It offers a clean, pollution-free, inexhaustible, and widely
available source of energy. Solar energy can be directly converted into electricity through photovoltaic cells or into heat
via various solar collectors. Due to the low efficiency of photovoltaic (PV) stations resulting from the high surface
temperature of solar cells, this study embarks on a theoretical exploration of a hybrid photovoltaic-thermal (PVT) system
in the Ouargla region, characterized by its dry and hot summer climate, located at 31.15° longitude and 5.24° latitude.

Electricity is generated through solar cells, while heat is concurrently absorbed by a heat exchanger, enhancing the PV
cells' efficiency by reducing their surface temperature and effectively utilizing the heat through a solar collector. We found
that hybridization reduces the solar panel's temperature by about 30°C and increases the electrical efficiency by

approximately 2.5% on a summer day.

Keywords: PVT system, hybridization, thermal convection, Thermal and electrical efficiency.

Introduction

Solar energy is a resource that is renewable, eco-
friendly, and free to use on Earth, can partially meet
energy requirements and help maintain ecological
balance. Its utilization conserves traditional energy
sources and protects the environment from degradation,
marking it as a promising and sustainable energy
resource. Solar energy is directly converted into
electricity through photovoltaic cells. [ 1] However, most
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solar radiation received by photovoltaic panels is not
converted into electrical energy; only 15-20% is
transformed into electricity, while the remainder causes
an increase in the temperature of the PV cells' surfaces,
negatively impacting their performance. [2], [3]

This temperature rise leads to a decrease in electrical
efficiency and a reduction in their lifespan. [4] The low
efficiency of PV systems at high temperatures remains a
major barrier to adopting sustainable systems. [5]
Maintaining the PV cells' temperature within an optimal
range is crucial for efficient operation. Cooling
techniques for PV panels have proven to be an effective
method to reduce the high temperatures of PV cells and
enhance their electrical efficiency. [6] The hybrid PVT
system is among the most efficient technologies for
converting sunlight into heat and electricity. [7]

The PVT system, a novel arrangement that combines
photovoltaic panels with a thermal solar collector in a
single system, produces both electrical and thermal
energy simultaneously. [8] The hybrid PV/T system
consists of photovoltaic solar panels for electricity
generation paired with a heat-absorbing panel behind the
PV panels, which extracts heat and transfers it via a fluid
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passing through pipes, thereby reducing the solar panels'
temperature and increasing their efficiency. Researchers
discovered the hybrid PV/T system, with the first
projects related to the PV/T system launched in 1973 ,
Boer and Tamm proposed the first work on air-type
PV/T systems, called Solar One House, which allowed
direct conversion of sunlight into electricity and heat for
domestic use [9]. Subsequently, researchers continued to
explore PV/T systems. Grag and Agarwal created a
simulation model to examine how a hybrid PVT air
heating system works and how it performs based on its
design outcomes. [10], finding that its efficiency greatly
depends on its design temperatures, with a single glass
cover potentially leading to increased heat collection
compared to double glazing under certain critical points.
The panel-and-tube covered system for tap water
heating was found to be promising by De Vries, Zondag,
and others in their testing of a PVT solar boiler with a
water storage tank. [11]-[12]

Calogero studied the monthly performance of an
unglazed hybrid PVT system under forced operation
conditions in South Cyprus, noting an increase in the
system's average annual efficiency from 2.8% to 7.7%
with a efficiency of 31.7% [13]. Tiwari and Sodha
developed a thermal model for an integrated
photovoltaic and thermal solar energy system (IPVTS)
and compared it with the traditional solar water heater
model by Huang and al., with simulation predicting a
daily primary energy saving efficiency of about 58%,
Which is well consistent with the experimental value
61.3% obtained by Huang and al. [14] Trip
Anagnostopoulos improved the current system by
installing an unglazed dual PVT system that has both
water and air cooling modes, and discovered that water
pipes connected to the PV back surface improve thermal
efficiency. [15]

Shahsavar and Ameri developed and evaluated a PVT
air collector that could be directly coupled with or
without glass in Kerman, Iran , [16] . Finalizing that
installing a glass cover on photovoltaic panels enhances
thermal efficiency while diminishing electrical
efficiency. Bakar and others have modified the
photovoltaic thermal solar collector design by adding a
tapered circular copper tube below the photovoltaic
panel, [17] which allows for both hot air and water to be
provided and boosts the electrical output per unit
compared to regular photovoltaic panels. Vats and others
analyzed various photovoltaic materials for a BIPV
system with air ducts and found that a packing factor of
0.62 has better thermal and electrical efficiency than a
packing factor of 0.83. [18]

Tyagi and al. conducted a study on a solar air heater
under three different conditions: without phase change
material (PCM) - paraffin wax, with PCM, and with
hither oil. The study demonstrated that the efficiency
with paraffin wax was the highest compared to the other
two conditions [19]. Tawfik and al, manufactured and
studied a new improved design of a hybrid solar energy
collector for hot air supply, showing superior thermal
and electrical efficiency compared to traditional air
heaters, with a thermal performance of up to 48% [20] .
Amori and al, tested various photovoltaic solar
collectors under different configurations in outdoor
conditions. A mathematical model was developed to
predict the performance of these collectors [21] . In this
study, Al-Alili et al, applied a photovoltaic system for air
conditioning assistance using a hybrid dryer, indicating
improved thermal comfort compared to a vapor
compression system[22]. Li and al, designed and tested
a new integrated stationary CPC-PV/T system. A
mathematical model was developed to predict the
photonic performance under outdoor situation and was
verified using experimental results, showing excellence
agreement. [23]

Gang and al designed and developed a novel thermal
photovoltaic system based on heat pipes, compared to
the existing water system, demonstrating better
performance. [24] Zhang and al. introduced an
innovative concept for integrating heat pipes into a
Hybrid Photovoltaic Thermal system , was evaluated
this system in outside conditions for seven consecutive
days, showing better performance than the existing solar
air system. [25]

Moradgholi and al. presented a new concept for cooling
solar panels using a set of heat pipes, enhancing the
system's electrical efficiency [26]. Ji and al. developed a
new solar heat pump system (PVT-SAHP) combining a
Rankine cooling cycle and a PVT collector, with results
indicating photovoltaic efficiency and thermal
efficiency of the evaporator around 12% and 50%
respectively in China [27]. Nanofluids were used as a
cooling liquid. [28]¢[29]¢ [30]¢[31]¢ [32]¢[33]

Dubey and Tiwari identified and presented a PV/T-based
solar water collector, concluding logical hinges as
climatic conditions and design parameters, based on the
observed absorption area. If the PV coverage area is
reduced to one-third, the instantaneous efficiency
increases from 33% to 64%. [34] Mishra and Tiwari
examined a water-based PV/T system based on a fixed
collector temperature, finding that fully covered
photovoltaics were suitable for electricity generation,
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and partially covered photovoltaics were reasonable for
hot water generation .[35]

V. Tirupati Rao and Y. Raja Sekhar provided a detailed
review of thermal absorption designs contributing to the
cooling of the solar panel for the PV/T system [36].
Singgih Dwi Prasetyo, Aditya Rio Prabowo studied the
thermal load of the photovoltaic cell layer using steady-
state thermal ANSY'S simulation, achieving significant
electrical efficiencies for the photovoltaic cells, with the
highest efficiency reaching 11.98%, and the thermal
efficiency was 82.7%.[37] Chang and al. found that an
increase in temperature causes a significant decrease in
cell efficiency. Thus, the cell's performance is optimized
by heat absorption, which can be used for building
heating and other purposes. [38]

This paper aims to study a hybrid photovoltaic thermal
system in the Ouargla region, located within the solar
belt where the solar radiation flux reaches 2650
Kwh/year/m?, with about 3500 hours of sunshine per
year, making it a hub for solar energy. However, the high
average temperatures during the summer months
negatively affect the efficiency of photovoltaic cells.

Solar radiation

Glass cover

\
\

N

Absorber plate

To provide hot water in an isolated area, this study
proposes a hybrid system consisting of an 8.76 m? solar
panel integrated with a heat exchanger to feed a pump
where electricity is generated, and in parallel, heat is
absorbed by a heat exchanger. This results in an increase
in the efficiency of the photovoltaic cells due to the
reduction in the temperature of their surfaces, and the
utilization of heat by the solar collector in heating water
in a useful manner, all while taking into account the
climatic and weather conditions (air temperature, solar
radiation) of the region.

PVT System Model

Figure 1 illustrates the working principle of the PVT
system, consisting of a photovoltaic panel, JAP6-72-320
/ 4B, with the electrical characteristics of the
photovoltaic panels provided by the manufacturer listed
in Table 1 [39], covered with a glass cover hybridized
with a heat exchanger in the form of a twisted copper
tube containing fluid (water) attached to the
photovoltaic cell and connected to thermal insulation.

Photovoltaic cell

Absorber tube

Insulation

Figure 1: Model of the PVT system working principle.

Table 1: Quantities and characteristics of the solar photovoltaic unit JAP6-72-320 / 4B.

Parameters Variables Values
Maximum power at STC (Pm) Pm 320 W
Maximum power voltage (Vmp) Vin 37.38V
Maximum power current (Imp) I 8.56 A
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Open circuit voltage (\Voc) Voc 46.22'V
Short-circuit current (Isc) | I 9.06 A
Total series cells [\ 72
Total parallel cells N, 1
Ideality factor of diode A 1.3
Cell short circuit current temperature coefficient of K; 0.058%/°C
Isc
Reference temperature Tref 25-C
Solar Irradiance Gref 1000 at STC

PVT System Layout

A typical layout of the PV/T system is given in Figure 2, showing the basic components of the PV/T system.

Panel photovoltaique

Glass

water out

—

Absorber tube

water '
Insulation
Figure 2: Typical layout of the PV/T system
Determining the Dimensions of the Solar Panel PS1800 C-SJ5-12 (Item No. 1163) in an isolated area,
(Sizing) where the pump's power is 1600W and its operating

. . ; voltage is V), = 94v. [40]
To determine the necessary dimensions of the PV panel,

we refer to the panel module model (JAP6-72-320 / From the data in Table 1 and information about the
4BB) intended for operating a submersible pump pump, we find the Quantities in Table 2 :

Table 2 Quantities and characteristics of the solar photovoltaic system.

Parameters Variables Values
Area of a Single Cell S 0.024336 m?
Voltage of a Single Cell Vo 0.52v
Number of Cells in Series Ng 180
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Power of a Single Solar Cell Py 4.44w
Total Number of Cells N 360
Current of a Single Cell I, 0.12A
Number of Cells in Parallel N, 2
Total Area of the Solar Panel Spy 8.76m?
Hence, to operate the pump, 180 cells must be installed The electrical characteristics (V — I) of the PV system
in series and 2 in parallel, with a total of 360 cells. composed of a number of solar cells connected in series

and parallel shown in Figure 3, are determined based on
Mathematical Model for the Photovoltaic (PV)

the following equations:
System:

T Iph l[ul Ip Rs I
v
+ Rp T v

Figure 3: Equivalent circuit for the solar cell PV [41].

The output current of the solar cell is described in Equation (1). [42]

=11y €Y)

The diode current is given in Equation (2).
_ q(V+1Rg)

Iy =1 [exp( N_KAT, 1 2

The reverse saturation current I, and the saturation current I are calculated using Equations (3) and (4), where the diode's
ideal factor A and the energy gap Eg were obtained from the specified model, taken from the manufacturer of the specified
unit.[43]

les = Ise/ | exp (5525-) - 1 3)

=[P ] e [ GE-5)] @

Hence, the output current resulting from the cell is shown in Equation (5) [44]

G
Iph = [Ise + Ki(T, = T)] = a (5

Equation for Electrical Efficiency

The electrical efficiency is calculated according to the following Equation (6): [45]
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VI
GS

Ner = (6)

pv
I is the output current and V is the output voltage of the PV solar cells and S,,, is the PV panel surface area.
Thermal Mathematical Model

The following assumptions are made for writing the energy balance equations for the PV/T collector model .Table 3
presented The parameters values of PV/T system

e Laminar flow

e  Uniform temperatures on the top and back surfaces of the photovoltaic panel
e Neglecting the thickness of the absorbing tube

e Constant water velocity in the collector channel

e  Considering the thermal insulation to be perfect with no heat loss

e  One-dimensional heat transfer

Table 3: The parameters values of the PV/T collector.

Layers Parameters Values
Air
Aair  Thermal conductivity [W/m K] 0.0287
v velocity of air [m/s] 4
P, Density [kg/m® ]

11, Dynamic viscosity [kg m—* s—'] 1127

1.9.107°
PV glass-cover

Ay Thermal conductivity [W/m K] 1.15

ey, Thickness [m] 0.01

¢  emissivity 0.95

Cp,y» Specific heat [J/kg K] 3000

oy, Absorptivity

p,, Density [kg/m?® ] 0.05
L, Lengthof PV [m] 3000
6.24
Absorber Tube
D diameter [m] 0.012
L Length of tube [m] 16
Aapse Thermal conductivity [W/m K]
Popse NSty [kg/im?® ] 54
Cpapse Specific heat [J/kg K] 8020
500
Fluid( water) m, water mass fow rate [kg/s] 0.1
Cpy Specific heat [J/kg K] 4182
A¢  Thermal conductivity [W/m K] 995
A; Thermal conductivity [W/m K] 0.02
Insulation e; Thickness [m] 0.015

p, Density [kg/m®]
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[; Length of Insulation [m] 0.015
Cp; Specific heat [J/kg K] 6.24
15
Thermal balance equation for the solar panel
Tpvt_Tpvt—At
myy, Cppv T :_hconv(pv—ul) Spv (Tpv - Ta) - hrad(pv—>sk) Spv (Tpv - Tsk) - hcond(pv—mbst) Spv (Tpv

GSpu @y (7)

Where m,,, is given by:

My = 2,0 LyuSpo (®)

The heat transfer coefficient by convection between the solar panel and air is given by: [46]

Nu hair
hconv(pv—>a) = % (9)

For laminar airflow R, < 5.10° , 10 > P. > 0.5, the N,, relation is given by:

N, = 0.664 Re,**Pr1/3 (10)
Y Pair lpv
R, = Trp (11)

And the heat transfer coefficient by radiation between the solar panel and the sky is:
hraaqoosio = & 0(Tp” + Toi”) (T + To) - (12)

Sky temperature Ty, is given by [47]:

Ty, = 0.0552( T,)'® (13)

Where:

T, is the ambient air temperature.

The heat transfer coefficient by conduction between the solar panel and the absorbing tube is:
_ v
hcond(pv—»abst) e (14)
14

The Thermal Balance Equation for the Absorbing Tube

Tapstt—abstt=At_

Mgpse Cpabst At __hcond(abst—mv) Sabst (Tabst - Tpv) - hconv(abst—»f) Sabst (Tabst - Tf) -

hcond(abstai)sabst (Tabst - Ti) (15)

The mass of the absorber tube m,;, is given by:

Mobst = Pypst L Sapst (16)

The heat transfer coefficient by conduction between the absorber tube and the solar panel:

x
hcond(abst—»pv) = ::;t (17)

The heat transfer coefficient by convection between the absorber tube and the fluid:

Nu}\f
D

(18)

hconv(abst—»f) =

- Tabst) +
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For laminar flow of water R, < 2300, the following Nusselt number N,, expression is given: [47]

N, = 4.36 (19)

Ai

hcond(abst—>i) = e_i (20)

The Thermal Balance Equation for the Fluid:

rillf Cpf(Tft - Tft_At) :_hconv(faabst)sabst(Tf - Tabst) (21)

Where S, 1s the lateral surface area of the absorber tube:
Sapst = DL (22)
Heat Transfer Coefficient by Convection:
Ny s
hconv(f—>abst) = D (23)
The Thermal Balance Equation for the Insulation:

t t—At
T; —T;

my Cpi At :_hcond(iﬁabst)si(Ti - Tr) - hconv(i—»a)si(Ti - Ta) (24)

The mass of the Insulation m; , is given by:
m; = p, l;S; (25)
The heat transfer coefficient by conduction between Insulation and the absorber tube:

A
hcond(i—»abst) = (26)
€;
The heat transfer coefficient by convection between the Insulation and the ambient:

Ny Agir

hconv(i—»a) = L (27)

For laminar airflow, the Nusselt number is given by:

N, = 0.664Re,*>Pr1/3 (28)

Thermal Efficiency Equation:

to calculate the thermal efficiency we use the results of test data for different parameters according to Equation: [48]

rhf Cpf (Tf out — Tf in)
GS,y

Nen = (29)
T¢in and Ty oy present the temperatures at the inlet and outlet of the Water channel respectively, my and Cpy the mass
flow rate and specifc heat capacity of Water . G is the solar radiation .

Simulation:

Numerical simulation was conducted using MATLAB.
For the electrical part, Simulink was used, while for the
thermal part, the thermal balance equations were solved
in MATLAB using the Gauss-Seidel method. The solar
radiation was calculated every 15 minutes from 7 AM to
7 PM.
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Discussion of Results:

The Effect of Radiation Intensity and Temperature:

—m— Sclar Iradiaton
1100 1 L T T T 1 T T T I—:—Teﬂ';;rralu::or - 45
1 - —
1000 + /' \-\ L 40
E 900 - - \ L 35
2 1 O
] )
= 800 4 s
S | = -30 £
© ©
= 700 / \ o
@ - 25 &
= . E
— - " ﬁ
© 600
1] | — L 20
500 4 [ ]
] \ L 15
400

-t - rTr - r ——r—Tr - r°r- 11"~ 7" 1 "~ 1T
Jun Feb Mar Apr May June July Aug Sep Oct MNov Dec
Months

Figure 4: The changes in solar radiation and the temperature of the solar panel during the year.

Curve (4) represents the changes in solar radiation and radiation and temperature during the summer months,
solar panel temperature by months for the Ouargla significantly reducing the efficiency of the cell, hence
region, where we observe the highest values of solar the need for hybridization.

Power and Current Throughout Each Month:

2000 T T

— ]

1800 |-

1400

1200

Voltage (V)

Figure 5: The changes in power with respect to voltage for a summer day and a winter day.
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Figure 6: The changes in current with respect to voltage for a summer day and a winter day.

Curves (5 and 6) represent the changes in power and on a summer day, while it was 800 watts on a winter day,
current with respect to voltage on July 15th and January indicating that power increases with increased solar
15th, where we notice that the power reached 1700 watts radiation.

Temperature of the Solar Panel:

PV
40 - PVT

35

30 S

25 -

20 <

Temperature(°C)

15 4

7 ’M

T T T

T T T T
6 8 10 12 14 16 18 20
t(h)

Figure 7: The changes in the temperature of the solar panel before and after hybridization on a winter day (January
15th).
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Figure 8: The changes in the temperature of the solar panel before and after hybridization on a summer day (July 15th).

Curves (7 and 8) represent the changes in the solar
panel's temperature before and after hybridization over
time during a winter day (January 15th) and a summer

day (July 15th), where we observe a decrease in
temperature by 20°C on a winter day and 30°C on a
summer day after hybridization.
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Figure 9: The changes in the solar panel's temperature before and after hybridization throughout the year.

Curve (9) represents the changes in the solar panel's
temperature before and after hybridization over time
during the year, where we observe a significant decrease

in temperature, especially during the summer months,
leading to an increase in cell efficiency.
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Electrical Efficiency:

—=—PV
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Figure 10: The changes in the electrical efficiency of the solar panel before and after hybridization during January.

—a— PV
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Electrical efficiency
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0,155 -

6 8 10 12 14 16 18 20
time (h)

Figure 11 : The changes in the electrical efficiency of the solar panel before and after hybridization during July.

Curves (10 and 11) represent the changes in electrical where we notice an increase in efficiency by 1% on a
efficiency over time before and after hybridization on a winter day and 2.5% on a summer day.
summer day (July 15th) and a winter day (January 15th),
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Figure 12 : The changes in the electrical efficiency of the solar panel before and after hybridization throughout the year.

Curve (12) represents the changes in efficiency over where we notice a significant and evident increase in
time before and after hybridization during the year, efficiency, especially during the summer months.

Temperature of the Exiting Water:

—a=— 15 Jul
—ea— 15 Jan

804

70 S

60

50

Tf(°C)

40 -

304

20

B 8 10 12 14 16 18 20
time(h)
Figure 13 : the changes in the temperature of the exiting water on a summer day and a winter day.

Curve (13) represents the changes in the temperature of temperature reached 85°C on a summer day while it was
the exiting water, where we notice that the water 40°C on a winter day.
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Figure 14 : the changes in the temperature of the exiting water as a function of the flow rate on a summer day and a

winter day.
Curve (14) represents the changes in the temperature of the water flow increases, the temperature of the exiting
the exiting water with respect to the flow rate on a water decreases.
summer day and a winter day, where we notice that as
Thermal Efficiency:
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Figure 15 : The changes in thermal efficiency with respect to the temperature difference on a summer day.
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Figure 16 : The changes in thermal efficiency with respect to the temperature difference on a winter day.

Curves (15, 16) represent the changes in thermal
efficiency with respect to the temperature difference for

both a summer day and a winter day, indicating that as
the difference increases, so does the thermal efficiency.
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Figure 17: The changes in thermal efficiency over time on both a summer and a winter day

Curve (17) represents the changes in thermal efficiency
over time on both a summer and a winter day, noting that
the maximum value of thermal efficiency reached 75%
on a summer day while it was 22% on a winter day, and
the thermal efficiency reaches its minimum value
around noon.

Validation :

we compared The numerical simulation results obtained
by the present PV/T model with other numerical
simulation and experimental results. of the Electrical
and thermal efficiency, the temperature of the solar
panel before and after hybridization and the Outlet
water temperature. Table 4 shows comparison , they are
in good concordance with the data given by Billel
Boumaaraf et al. [49]
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Table 4 comparison of our results with previous results

parameter Billel Boumaaraf et al Present work

Electrical efficiency 7% 17%

temperature of the solar panel before 65°C 65°C
hybridization

temperature of the solar panel after 30°C 25

hybridization

thermal efficiency 70% 75%

Outlet water temperature 70°C 80°C

Conclusion:

This study conducted a theoretical analysis using
MATLAB/Simulink on hybrid photovoltaic-thermal
systems, describing an accurate model of the equivalent

circuit for a single diode of the photovoltaic module and
applying the thermal balance equations for generating
both electrical and thermal energy.

For the PV system, the power produced by the solar
panel was 700W with an efficiency of 18% on a
winter day, while on a summer day, the power
reached 1700W with an efficiency of 17%.

For the PVT system, the efficiency was 19% on a
winter day, while on a summer day, it reached
19.5%.

After applying the hybrid system, we found that the
temperature variation of the PV panel before and
after hybridization can reach up to 30°C on a
summer day.

On a winter day, the electrical efficiency was
improved by 1% through the PVT system.

On a summer day, the electrical efficiency was
improved by 2.5% through the PVT system.

The need for the PVT system becomes critical
during the summer due to the region's hot climate.
The thermal efficiency of the PVT system reached
75% on a winter day and 22% on a summer day.
The fluid temperature in the heat exchanger
reaches 85°C in summer and 40°C in winter,
suitable for thermal applications.

Increasing the fluid flow in the heat exchanger
leads to a decrease in fluid temperature.

Higher fluid temperatures can be achieved, making
it suitable for industrial uses in larger PVT
systems.

The greater the temperature difference between the
water temperature and the air temperature divided
by the radiation, the higher the electrical efficiency.

PV/T systems can fully meet the demand for
electricity and heat for buildings, significantly
reducing carbon dioxide emissions.

PV/T systems are reliable and operate in a noise-
free environment. The lifespan of these systems is
about 20-30 years with negligible maintenance
costs.
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Annexes
Nomenclature
PVIT Photovoltaic/thermal
PV Photovoltaic
IPVTS integrated photovoltaic and
thermal solar energy system
BIPVIT Building-integrated
photovoltaic/thermal
PCM phase change material
CPC-PVIT concentrator Photovoltaic/thermal
system
PVT-SAHP Photovoltaic/thermal
solar_assisted heat pump
STC Standard Test Conditions
Symblos
Pm Maximum power [W] Ipn Photocurrent of a solar PV
cell generated due to solar
irradiation [A]
Vi Maximum power voltage P. Prandtl number
V]
I Maximum power current T Temperature [°C]
[A]
Voc Open circuit voltage [V] m mass [kg]
Igc Short-circuit current at I Output current from the
STC[A] PV panel [A]
N, Number of cells connected Pm Maximum power [W]
in parallel
A Ideality factor of the diode R, Reynolds number
I Saturation current [A] N, Nusselt number
[\ Number of cells connected Cp Specific heat [J/kg K]
in series
I G Solar h Heat transfer coefficient

[W/m?2K]
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Eg Forbidden Energy band \Y% Output voltage from the
gap, for silicon = 1.1 eV PV panel [V]
Gref Solar Irradiance at STC t Time [s]
[W/m?]
K; Temperature coefficient of N Total Number of Cells
Isc cell short circuit Iy Current of a Single Cell
current [0.005254 A/ - Spv Total Area of the Solar
C] Panel
Teer Reference temperature [ - m Mass flow rate [kg/s]
C
T, Reference temperature [K] P, Power of a Single Solar
Cell [W]
T, Real-time temperature [K] \'A Voltage of a Single Cell
(V]
K Boltzmann’s constant = S Area of a Single Cell
1.380 x 10 —23]J/K [m?]
Rg Series resistance of the PV Vi Maximum power voltage
module [Q] V]
q Charge of an electron = [V] Vi operating voltage of
1.602 x 10—-19C the pump
Iy Diode current [A]

Greek symbols

Absorption coefficient

o

€ Emissivity

n Efficiency

A Thermal conductivity [ w m™1k™1]

c Stefan—Boltzmann constant=
5.67010~8[W/m? K*]

el Density [kg /m3]

U Dynamic viscosity [kgm™1s71]

Subscripts
el Electrical
pv PV glass-cover
abst Absorber Tube
f Fluid water)(

i

Insulation
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a Ambient
cond Conduction
conv Convection

rad Radiation
th Thermal

out Outlet
in Inlet
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