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ABSTRACT. Several strategies have been developed to enhance the performance of a solar photovoltaic-
thermal (PV/T) system in buildings. However, these systems are limited by the cost, complex structure
and power consumed by the pump. This paper proposes an optimisation method conversion strategy that
modulates the ratio of thermal to electrical energy from the photovoltaic (PV) cell, to increase the PV /T
system’s performance. The design and modelling of a PV cell was developed in MATLAB/Simulink to
validate the heat transfer occurring in the PV cell model, which converts the radiation (solar) into heat
and electricity. A linear regression equation curve was used to define the ratio of thermal to electrical
energy technique, and the behavioural patterns of various types of power (thermal and electrical) as
a function of extrinsic cell resistance (Rge). The simulation results show an effective balance of the
thermal and electrical power when adjusting the Rg.. The strategy to modulate the ratio of thermal to
electrical energy from the PV cell may optimise the PV /T system’s performance. A change of Ry,
might be an effective method of controlling the amount of thermal and electrical energy from the PV
cell to support the PV/T system temporally, based on the energy need. The optimisation technique of
the PV/T system using the PV cell is particularly useful for households since they require electricity,
heating, and cooling. Applying this technique demonstrates the ability of the PV/T system to balance
the energy ( thermal and electrical) produced based on the weather conditions and the user’s energy
demands.
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and simulation, power production.

1. INTRODUCTION

Renewable energy (RE) originates from the natural
processes, which are constantly replenished [I]. RE
has been widely promoted in many countries to mit-
igate the use of electricity from the main grid [2} 3].
RE prevails over fossil fuels because of the high price
of oil. Furthermore, it is less harmful to the environ-
ment as compared to the traditional power plant [4] [5].
From all the different forms of renewable energy, solar
radiation can be used to generate electricity and heat.
It offers a sustainable energy supply to domestic and
industrial sectors and has demonstrated a promising
energy economic development [6] [7]. The combination
of photovoltaic and thermal (PV/T) systems is used
to generate electricity and thermal energy. The in-
clusion of the PV/T system in buildings can achieve
substantial energy-savings.

Studies on the efficiency of domestic hot wa-
ter (DHW) distribution systems in buildings have
shown that the innovative circulation pipes improve
the DHW by reducing the losses by 40 % [8]. However,
it has been acknowledged that the action of cooling
and reheating water in pipes may lead to a thermal
fatigue of fixtures and reduce their life cycle [9] [10].

An improvement of the PV/T system composed of
PV laminate and absorber with two water channels
in which water flows through the upper channel and

returns through the lower channel was reported [11]
12]. This system presents a high thermal efficiency;
however, the geometric complexity makes it difficult
to manufacture. A conceptual nanofluid-based PV /T
system was developed to improve the thermal and
electrical efficiency of the system. It was noted that at
a temperature of about 62 °C, the controlled flow rate
of the nanofluid yielded a total efficiency of 70 %, while
the electrical and the thermal efficiency were 11 %
and 59 %, respectively [I3]. However, this method
is costly, suffers from the high-pressure drop and is
difficult to hold nanoparticles suspended in the base
liquid [14} [15)].

An environmentally friendly PV/T system was pro-
posed using a glazed solar collector composed of a
PV panel bonded to a metal absorber [16]. The ex-
perimental results obtained from the proposed PV/T
system show that the PV panel temperature was 45 °C,
even in summer, the water temperature circulating
within the PV/T was 60°C based on the flow rate
control [I6]. A feasibility study of using the PV /T
optimisation as a heat source and sink for a reversible
heat pump to cool and heat the standard building
in three distinct climate zones was evaluated. This
PV/T system proved to be technically feasible, and
its yearly costs are relatively similar to the traditional
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solar cooling systems that use a reversible air-to-water
heat pump as the heat and cold source [I7].

In view of these findings, it is obvious that an
improvement of the PV /T system’s performance is
needed. This paper proposes an optimisation tech-
nique of the PV/T system’s performance using the
heat flow from the PV cell. Therefore, a controllable
self-heating (useful heat) PV cell model using an ex-
ternal parameter is developed to support the PV/T
system. The PV cell is partially turned into a useful
heat source. Modelling and analysing the PV cell as
well as thermal power, electrical power and energy
efficiency, were evaluated.

2. THEORETICAL ANALYSIS OF
PHOTOVOLTAIC MODULES

Solar photovoltaic technology is highly appreciated
due to its abundance and environmental friendliness
as compared to other sources. The PV module perfor-
mance characteristics mainly depend on the ambient
temperature and solar radiation. Also, it depends
on parameters such as local wind speed, the material
and structure of the photovoltaic module, such as
glazing-cover transmittance and absorbance [I8, [19].
These parameters have an impact on the low energy
efficiency conversion.

2.1. INFLUENCE OF SOLAR RADIATION

The overall photovoltaic module performances are typ-
ically defined by the standard test conditions (STC),
such as radiation, which is 1000 W/m?, ambient tem-
perature, 25 °C, air mass is 1.5. There is no air velocity
near the PV module. However, these performances are
completely different once operating in real-world con-
ditions; this difference is due to the perpetual change
of the conditions. The PV module performance is as-
sociated with the absorption of the solar radiation, the
position of the sun through each day and the apparent
sun movement during the year [20]. Solar radiation
does not reach the Earth’s surface intact, because it
passes through the Earth’s atmosphere. The luminous
intensity and its spectrum depend not only on the
composition of the atmospheric particles and gases
but also on clouds [2IH23]. The impact of irradiance
on the PV module is given in Equation [f}

G

Isc(T) = Lse,ref [1 + a(T o 25)] W

(1)
Where I ref, G, o and T represent the reference
short-circuit current at 25°C, global solar radiation
on the photovoltaic module surface (W/m?), a con-
stant temperature coefficient of the module, and the
temperature of the photovoltaic module Kelvin (K),
respectively.

Photovoltaic modules are made to convert solar
radiation into electrical energy. Figure [1] illustrates
the influence of the irradiation intensity variation on
the PV modules. Figure [I] shows that when the solar
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FIGURE 1. The PV cell’s characteristics under various
solar radiation [24].
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FIGURE 2. The PV module characteristics under

various temperatures and an irradiation intensity of
1000 W/m2 [25].

radiation increases from 233 to 1000 W/m?, the maxi-
mum power increases from 30 to 120 mW, respectively.
The open-circuit voltage of the PV module increases
by 0.05V, while the current stays constant [2T], [24].

2.2. INFLUENCE OF THE OPERATING
TEMPERATURE OF THE PV MODULE

The temperature rise of the photovoltaic (PV) module
reduces its open-circuit voltage (V,.) and decreases
the maximum power (P,,,). At high temperatures,
the formation of electron-holes and the bandgap of
the photovoltaic module decreases, while the dark cur-
rent saturation increases [27H29]. Figure [2]illustrates
the I — V characteristics curve of the Photovoltaic
performance. The V,. dependence on T is given by
the equation below.

Voc(T) = Voc,ref []- + E(Tc - Tref)] (2)

Where Voe rer, 8, Trey and T, represent the reference
of the open-circuit voltage, temperature coefficient,
the operating temperature of the module and the ref-
erence temperature at 25 °C, respectively. The deriva-
tive of V. with respect to the temperature and energy
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gap of the semiconductor is expressed in Equation

V(T>dVOC_VOC_Lk_@_
elar T g qT

Where v, k, Fy and g represent the specifics of the
temperature coefficient, Boltzmann constant, band
gap of the material and electron charge (C), respec-
tively.

The photovoltaic module defined parameters are
maximum voltage, open-circuit voltage, maximum
current, short-circuit current, maximum power, fill
factor and efficiency. In Figure[2] it is denoted that
when the temperature increases from 0 to 75°C, as
an immediate consequence, the open-circuit voltage
of the photovoltaic module decreases from 40 to 31V,
the maximum power point declines by 55 W and the
short-circuit current increases slightly by 0.3 A [30H32].
It is also observed that temperature variations have a
marginal effect on the I,., while having a substantial
impact on V,. [28, [33]. The characteristics curve
is influenced to different values when photovoltaic
modules are exposed to cell damage, radiation change,
temperature inequality, local shading and dust, which
considerably decreases the output power [30H32].

2.3. LOSSES DUE TO EXTRINSIC AND INTRINSIC
IN A SOLAR CELL

Different power losses occur in the PV cell and can be
categorised as extrinsic and intrinsic losses, and optical
and electrical losses [26], 34] as shown in Figure
Extrinsic loss: This type of losses is caused by reflec-
tion, cell damage, shading, series resistance, radiation

change, incomplete collection of generated photocarri-
ers, absorption in the window layer and non-radiative
recombination. If the PV module operates under par-
tial shading, the shadow cell is reversely polarised and
amplified in the opposite direction; this produces high
temperatures because it is charged [35H37].

Intrinsic losses: This type of losses is caused by two
factors and the lack of ability of the single-junction
solar cell to react adequately to all wavelength spec-
trums. The solar cell becomes translucent to the pho-
ton energy (Eph), and this energy is less than the band
gap energy (Eg) of the semiconductor (Eph < Eg).
However, on condition that the photon energy is
higher than the band gap energy of the semiconductor
(Eph > Eg), the extra energy is dissipated in the
form of heat. The loss is also due to the radiative
recombination in the solar cell. The common semi-
conductor material used for the solar cell is silicon,
monocrystalline, polycrystalline and amorphous with
an efficiency of 20 %, 12% and 7 %, respectively [38].
The solar cell heating is reversely proportional to the
efficiency [29).

3. METHOD AND SIMULATION SET UP

The simulation predicts the thermal behaviour pat-
terns, the total power dissipated (Pd), the power gen-
erated and the effectiveness of the PV cell model. This
PV model comprises a diode (made of the semiconduc-
tor property material of the photovoltaic cell), internal
series and internal parallel resistance. It should be
noted that for a simulation of a physical phenomenon,
like the issue of heat transfer, in Simulink/Simscape,
there is a need to establish the calculations of the heat
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FIGURE 5. Evaluation of PV performance under extrinsic cell resistance.

transfer occurring in this study. Figure [ depicts the
heat transfer characterisation of the PV system.

The following section evaluates the distribution of
power dissipated in the PV cells, triggered by extrin-
sic cell resistance (Rs.). For this, the electro-thermo-
radiative behaviour pattern of the PV cell, for various
values of R ranging from 0 to 1002, were simulated
while maintaining other parameters, such as solar ra-
diation at 1000 W/m?, ambient temperature at 20 °C
and convective heat transfer at 20 W/(m?-K)).

The extrinsic cell resistance (Rs.) is illustrated in
Figure 5] The value of Rs. can be obtained analogi-
cally with a variable resistance. It can also be obtained
electronically by applying a voltage on the FET’s gate
pin resistance. The channel resistance of the FET is
a function of the gate-source voltage. By increasing
the reverse biasing, the resistance increases.

In this study, the PV modules parameters are listed
in Table[TJand Table[2] The entire PV system consists
of two PV arrays assumed to perform identically and
in a parallel configuration; the system has a capacity
of 3.24kW,, at 1000 W/m?.

4. SIMULATION RESULTS AND
DISCUSSION

The PV cell model is analysed and discussed to better
appreciate the optimisation technique of the PV /T
system using the PV cell. The simulation is performed
under stable conditions.

4.1. PV CELL POWER DISSIPATION AS A
FUNCTION OF R,

The parameters representing the PV cell’s internal

properties are comprised of a diode, series resistance

and parallel resistance. The model is assessed based
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on extrinsic cell resistance. Figure [6] shows an incre-
ment in the total Pd curve, from 990 to 3490 W, as
R, increases. Series resistance marginally increases,
while parallel resistance remains virtually the same.
A considerable amount of the total power dissipation
is attributed to the diode (because of the recombina-~
tion current of the semiconductor material property
used to make the PV cell model), ranging from 750 to
3480 W. The series and parallel resistance resistivity
losses decrease as less current flow through them.

A substantial reverse current occurred in the PV
cells in the form of heat. This reverse current leads to
a Pd and then to a local overheating and turns into
heat by conduction. The PV thermal resistance varies
based on the width of the material and its thermal
resistivity. Figure [f]shows an increase in the total Pd
of the PV cell, from 990 to 3490 W, as R, increases.
This increase in R4, will reduce the fill factor and then
decrease the maximum-power point of PV cells. The
graph in Figure [6]is consistent with those obtained
from previous studies [39-41]. However, here, the
R causes the restricted conductivity of the terminal
material used. The following trend can be elucidated:
the Rg. constrains a partial conversion of the PV out-
put into a useful thermal energy. This study focuses
on the internal heat generation and electrical power
generation of the PV cell based on the Rgs.. The tech-
nique relies on the linear regression equation curve to
model the behaviour of different types of power as a
function of R in the PV cell being studied.
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Component  Parameter Value

PV modules Cell type Mono-crystalline
Packing factor 0.91
Conversion efficiency 16 %
Module peak power 3.25 kW
Maximum voltage, V,, 255V
Maximum current, I,, 124 A
Open circuit voltage, V. 310V
Short circuit current, I, 14.64 A
Series resistance Rg;/ cell 0.0042 Q
Parallel resistance Ry;/cell 10.1Q

TABLE 1. PV module parameters.

Power dissipated of solar
3500 T T T T T T T T T

3000

—¥— Resistor series(W)

————— Resistor parallel(W)
2500 —p— Diode(W)
—&A— Total power dissipated per cell
—~ 2000 .
=3
o
& 1500 .
1000, .
500 b
OT“—’\“" e H - | R
0 10 20 30 40 50 60 70 80 90 10(
2
Rse (Q.cm?)
FI1GURE 6. Dissipated power by PV cell versus Rse.
[ Regression fit
[} RSe VS. and Vs va
100 -
<
5
c 50 -
e
0
0 -
2500
2000 -600
1500 1000 -800
1000 -1200
500 1600 -1400
PPV(W) Clcond W)
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PV module type

Absorbance « 0.8
Emissivity € 0.75
Thermal conductivity 840
Thickness & 0.003
Temperature coefficient 0.000905
Energy gap EG 1.11

TABLE 2. Optical parameters of PV cells.

4.2. ESTIMATION OF HEAT TRANSFER BY
CONDUCTION AND GENERATED PV POWER
AS A FUNCTION OF R,

The synthesis of the results, illustrated in Figure [7] in
3D, shows a standardised map of R, as a function of
the heat transfer by conduction, and the generated
PV power. The normalised yields are plotted on this
map, which includes the polynomial surface of the
model. By adjusting R, the equivalent values of
the electrical power generated and electrical power
dissipated by heat conduction is determined. Figure[7]
presents the heat generated by conduction (Qcond)
within the PV cell. Qcong rises from 425 to 1715 W (in
magnitude) as Rg. moves from 0 to 100. This heat
is ascribed to electrical power dissipated in the PV
cell, and part of the dissipated power turns into useful
energy within the PV cell. However, the temperature
difference is the main impetus behind the conductive
heat flow in a material with a given thermal resistance,
and the transfer is governed by the Fourier law.

It can be seen in Figure [7] that the generated PV
power decreases as Ry, increases. The power rapidly
(exponentially) falls from 2800 W to 260 W when R,
increases from 0 to 50§2, and beyond 50 €2, the power
decreases slower from 255 W to 110 W. The power
degradation of a PV cell is due to recombination
according to R, variation, leading to electrical power
dissipation in the form of heat by conduction. These
outcomes are in concurrence with those acquired by
other authors, where the rise of R, is attributed to
dust particles on the PV model [42H44]. Contrary to
other studies, R, is used to proportionally influence
the electrical power and power dissipation of the PV
cell.

A polynomial model appropriately represents the
graphical model of the results. It can be used to pre-
dict and interpret the PV cell’s performance. The
confidence intervals and the means of the linear re-
gression equation for the graphical model result was
derived. The estimation graph is expressed by Equa-
tion [l

Rae(QeonaPryv) = p00 + pl0 - Qeona + pO1 - Ppy +
+p2Oonnd+p11QcondPPV +p02P123V (4)

where p00, p10, p01, p20, p11 and p02 are coefficients,
Qcond is the thermal transfer coefficient by conduc-
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tion (W), Ppy is the generated PV power and Ry, is
the external series resistance (£2).

Table [3| describes the polynomial interpretation of
the surface plot result of the heat conduction and PV
power as a function of R, in Figure[7} The estima-
tion curve is expressed by Equation @] To find the
optimal power (electrical or thermal), computation
of the coefficient of determination (R?) is 0.9998 and
RMSE is 0.4791 for any selected value of Re.

4.3. CONVECTION AND RADIATION HEAT
GENERATED BY THE PV CELL

Figure [§] illustrates a steady increase in convection
(Qconv) from 3100 W to 5300 W when the R, value
increases from 0 to 100£2, as the heat is carried to
the atmosphere. The impact of heat on the PV cell is
caused by the high electrical power dissipation, and
the heat loss by the conduction happening in the PV
cell. The thermal loss by Qcony increases faster when
R, is in the range between 0 and 50 2; nonetheless,
Qconv is slowed down and approaches saturation when
R, is higher than 50 )

Figure [9] presents the incremental change of radia-
tion (Qrqq) from 350 W to 660 W when R, increases
from 0 to 100€2. The PV cell emits radiation based
on its temperature. Also, the losses depend on the
absorptivity of the covering glass.

The outcomes shown in FigurdS|and Figure[J]demon-
strate that the growth of the heat loss by Qcony is
higher than that in @,,4. Both were assessed as pos-
itive values, which shows that they are taken away
into the ambient environment. At the same time, the
Qcond is measured as a negative value in Figure m
This negative value indicates that the Q.ong is di-
rected mostly inside the PV cell. Comparing the heat
transfer happening in the PV cell, Qconv, Qcond and
Qrad, varied by 2200 W, 1290 W and 310 W, respec-
tively, as Ry, differed by 100 2. Some others discussed
the convection, conduction and radiation heat transfer
occurring in the PV module, here, the effect of R, is
included in this paper [45H48].

4.4. THE PV CELL TEMPERATURE UNDER F,,
VARIATION

FigurdI0] illustrates the logarithmic growth of Tc as
a function of R,.. As R,. varies from 0 to 50 (2, the
temperature Tc rises from 45 to 59°C, and as R
value increases from 50 to 100 €2, Tc increases slowly
from 59 to 62 °C. The rise in Tc leads to a build-up
of electrical Pd in the form of heat in Figurd6] Most
of the previous works show that the R, expands by
the rise of the PV cell temperature [41]. Inversely,
here, the PV cell temperature is controlled by Ry, to
improve the PV/T system’s thermal efficiency.

4.5. PV CELL ELECTRICAL EFFICIENCY UNDER
R.. VARIATION

Figure presents the PV cell electrical efficiency
dependence on R,.. The PV cell electrical efficiency
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Description of Equation E| Goodness of fit
Rse(QcondPPV) = pOO +p10 . Qcond —|—p01 . PPV+ SSE: 12.85
+p20 - Q2,4 + P11 Qcona - Ppy + p02- P2, R-square: 0.9998

where z is normalised by mean -1385 and std 328.5 and where y is  Adjusted R-square: 0.9997
normalised by mean 561.3 and std 662.5.

Coefficients (with 95 % confidence bounds): RMSE: 0.4791

p00 = —829(—982.3, —675.8)

pl0 = 3100(2542, 3658)

p0l = —4467(—5261, —3673)

p20 = 965.3(808.8,1122)

pll = —223.2(—242.9, —203.5)

p02 = 145.4(127.7,163.1)

TABLE 3. Linear model Poly22 of Figure
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FIGURE 9. Radiation heat transfer versus Rge.
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quickly (exponentially) falls from 14.2 % to 2.5 % when
Rs increases from 0 to 502, and above 502, the
efficiency slowly decreases from 2.5 % to 1.5 %. This
was observed to be in agreement with the results
reported by similar studies [41l [49]. The degradation
of the PV cell power was due to the power dissipation
in the form of heat shown in Figure [f]

4.6. GENERATED POWER THROUGH TIME

Here, the heat by conduction corresponds to the useful
thermal energy. In the electrical power and the heat
by conduction in the PV module vary based on R,
mainly due to the power dissipation.

Here, the heat by conduction corresponds to the
useful thermal energy. As shown in Figure [7] the
electrical power and the heat by conduction in the PV
module vary, based on R,., mainly due to the power
dissipation.

This indicates that, if the R, is selected, PV will
only deliver electrical power and thermal power under
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a given condition. For example, it is observed in Fig-
ure@ that when R, is 0 €2, the electrical and thermal
power at the steady-state is 2835 W and 450 W, re-
spectively. The electrical power is prioritised. While
in Figure when Ry, is to set 202, the electrical
and thermal power at the steady-state is 831 W and
1150 W, respectively. The electrical power is degraded
to prioritise the useful thermal energy. However, the
R, is used to control the energy of the PV module.
These findings are consistent with similar previous

studies [42] [43].

5. CONCLUSION

The design and modelling of a PV cell system were
carried out in MATLAB/Simulink to validate the
heat transfer occurring in the PV cell model. The PV
cell’s output is partially converted into useful thermal
energy (the internal heat generation) for domestic
hot water supply and space heating. A change of R,
might be an effective method of controlling the amount
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of thermal and electrical energy from the PV cell. The
technique is determined by a linear regression equation
curve to model the behavioural patterns of various
types of power (thermal and electrical) as a function
of Rge.

These findings are particularly useful for household
water-heating systems. R, may be adjusted to pro-
duce supplementary heat while the fluid carries the
produced heat to the load.

A further research will develop a model that incor-
porates the absorber pipe affixed at the rear of the PV
cell model, all together linked to a hydraulic pump
and storage device. The optimisation technique that
modulates the ratio of thermal to the electrical energy
generated from the PV cell may be used to optimise
the combined PV /T system’s performance.
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