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Abstract

Photovoltaic systems have undergone many recent devel-opments in terms of improving their energy efficiency. One of these
performance improvement innovations is: the com-bination of thermal exploitation of solar energy with photo-voltaic
exploitation on the same sensor for the simultaneous production of heat and electricity. This study aims to study the electrical and
thermal perfor-mances of the system by evaluating the electrical and ther-mal efficiency as well as the electrical power for a
hybrid photovoltaic/thermal sensor. In this work, the results of an experimental and numerical study on the thermal behavior of
the hybrid sensor are presented and discussed. The experimental study made it possible to determine the electrical characteristics
of the PV/T, the sunshine and the ambient temperature for a typical day. The mathematical equations which govern the operating
principle of our PV/T are described and solved using the RANGE KUNTA method of order 4 for a numerical study of the
efficiency of our PV/T. The numerical results obtained indicate a thermal efficiency of our PVT of 10.5% for a speed of 5 m/s and
7.8% for a speed of 1m/s. Increasing the number of exchange tubes to cover the entire surface of the sensor makes it possible to
improve the minimum efficiency from 7.8% to 11.68% for a wind speed of 1m/s. The results obtained suggest that this type of
sensor constitutes a good alternative to photovoltaic modules and conventional thermal sensors installed separately.
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1. Introduction

With the industrialization of the world, energy consumption
has reached disproportionate proportions. This increase in
consumption is also amplified by the demand for energy to
satisfy comfort needs. Given the exhaustible nature of fossil

essential alternatives for sustainable development [1].

Indeed, literature data indicate that the periods of abun-
dance of fossil fuels are respectively 50 years for oil, 53 years
for natural gas and 114 years for mineral coal [2].

energy sources and environmental and climatic constraints,
the situation has become so critical that the exploitation of
renewable energies and the promotion of energy efficiency are

Furthermore, global warming is a consequence of the mas-
sive use of hydrocarbons which produce high quantities of
greenhouse gases. [3]
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To sustainably meet humanity's energy needs and preserve
the environment, it is more than necessary to develop re-
newable energies which are clean and inexhaustible. Among
these energies, the solar resource is very abundant. Due to the
diversity of its use and the gradual decline in its implementa-
tion costs, this form of energy has experienced great growth in
recent years. [4]

Photovoltaic systems have undergone many recent devel-
opments in terms of improving their energy efficiency. One of
these performance improvement innovations is: the combina-
tion of thermal exploitation of solar energy with photovoltaic
exploitation on the same sensor for the simultaneous produc-
tion of heat and electricity. Removing heat from the sensor
through thermal operation helps reduce cell temperature. An-
ything that improves electrical efficiency because the electri-
cal efficiency of the solar cell depends directly on the tem-
perature [5].

Temperature is a very important parameter in the behavior
of the solar cell. As a result, several studies have been carried
out to see the influence of the latter on the performance of the
solar module.

In 2016, Salaheddine Bensalen conducted a study on the
influence of temperature on the characteristic parameters of
solar cells. It represented the thermal behavior of the
open-circuit voltage under a constant illumination of 1000
W/m=0n the curve we see that an increase in temperature
leads to a reduction in Vco by the order of magnitude of 2.1
mV/K for a silicon cell of (12.5*12.5) cm=2Thus, the conver-
sion efficiency of the PV cell drops linearly with temperature
by a corresponding slope of 0.063% /K. [6]

In 2016, LAHOUEL Asma studied the influence of tem-
perature on the characteristics of an InGaN-based cell. It
represented the curves of the parameters of the photovoltaic
cell such as the short-circuit current, the open-circuit voltage,
the form factor and the conversion efficiency under a constant
illumination of 1000W/m= The obtained simulation results
show a linear increase in short-circuit current and form factor
with temperature. However, the open-circuit voltage as well as
the efficiency decrease with an increase in temperature. [5]

Other studies have been carried out with a view to im-
proving these different characteristics.

In 2005, Arvind Tiwari and Sodh presented a study on solar
performance evaluations of a PV/T system which was vali-
dated in 2006. In their study, they varied the wind speed in
order to see its effect on the cell. The results obtained allow us
to say that as the air speed on the module increases, the water

temperature decreases due to heat loss from the PV module
through the glass [7].

Touafek et al presented in 2017 a study by numerical sim-
ulation on the thermal behavior of hybrid sensors through the
development of the thermal mapping of a thermal photovoltaic
hybrid sensor. The results obtained allow us to say that the
photovoltaic module is a generator of heat energy which can
be used to heat water or air, or even be associated with a heat
pump for air conditioning [8].

Khelifa and Touafek studied the influence of internal and
external parameters on the electrical and thermal performance
of PV/T sensors. It appears from their study that wind speed
favors the evacuation of heat from the photovoltaic module.
This makes it possible to improve the electrical and thermal
performance of these sensors [9].

In 2017, BEN EI Hocine validated an empirical model of a
water and air PV/T sensor. He thus developed a thermal model
in order to evaluate the thermal parameters of a PV/T sensor.
He also proposed an improvement of the sensor by making a
correction on the overall exchange coefficient. In his work he
showed that the use of galvanic steel as an absorber material is
more economically profitable than copper. A thermal effi-
ciency of 54.51% was achieved for the water PV/T sensor with
an electrical efficiency of 11.13% and a thermal efficiency of
16.24% for the air PV/T sensor with an electrical efficiency of
11.12%. [10]

Our study aims to study the electrical and thermal perfor-
mances of the system by evaluating the electrical and thermal
efficiency as well as the electrical power for a hybrid photo-
voltaic/thermal sensor.

2. Materials and Methods

2.1. Solar Module

The photovoltaic module is generally composed of a glass
which has the role of trapping the radiation, a sheet of EVA
(Ethylene Vinyl Acetate) which protects the solar cell against
UV radiation and corrosion, solar cells which transform solar
radiation into electricity, a layer of Tedlar which protects the
photovoltaic cells from bad weather, a junction box and an
aluminum frame.

Figure 1 shows the type of PV/T used for the experiment.
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a: rear face of the module

b: upper face of the module

Figure 1. Photovoltaic/thermal sensor.

2.2. Materials

Our study will focus on a PV/T sensor. This involves
evaluating its performance through the evolution of the tem-
peratures of the different layers of the solar module.

To carry out this study we used:

Thermocouples to monitor the evolution of the tempera-
tures of the different elements of the sensor; a GL 800 type
midi logger brand digital recorder.

2.3. Measurement Protocol

The experiments were carried out at the National Center for
Scientific and Technological Research (CNRST).

The frequency of the measurement was established at time
steps of 10 minutes.

The temperature measurement was carried out with type K
thermocouples placed in such a way as to be able to follow the
evolution of the following temperatures: The ambient tem-
perature T, the temperature of the window T, a temperature of
the absorber T, the temperature of the rear face T

The evolution of solar irradiation Gi was made on the sen-
sor plane with the solarimeter.

3. Modeling of the Photovoltaic/Thermal
Sensor

3.1. Thermal Balance of the Thermal
Photovoltaic Solar Module

Figure 2 shows the different exchange layers at the level of

the sensor studied.

Sky =~ mmmmemmssmsemseeseeeeee--e-oooo-o- Tea
Ambient Ta

TV=EK
glass v [I

Tv;in
PV Cﬁll = ‘ [ Tc
Tedlar Cted [I Tiea
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Tube+fluide Tiube. Tt
Ambient T.

Figure 2. Temperature of the different sensor elements.

The production of electrical and thermal energy by the
module depends on several input and output parameters: solar
radiation, wind speed, ambient temperature.

The aim of the study is to predict the temperatures in each
layer of the module. For this we use the principle of heat
conservation for each element of the system which can
therefore be presented by the following equation balance:

Storage=input-output
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For each element of the sensor we will have:

daT;
m;Cp; at Qre(;u - Qperdu

1)

3.2. The Exterior Face of the Glass

The exterior face of the glass receives solar energy, it loses
part of it by convection with the environment, another by
radiation with the sky and transmits part of it by conduction to
its interior face. We thus have:

ATyex
My;ex Cpu,ex dt

cond
- Tciel) - hv,ex—u,inAv (Tv,ex

= Av,exGi - hg?er)lczaAv,(Tv,ex - Ta) -

hray - Tv,in) (2)

v,ex—cielAU (TV,ex

3.3. Interior Side of the Glass

The exchanges on the interior face of the glass result in:

— cond

- AvGiTv + hv,in—vexAv(Tv,ex
cond

hv,in—celAcel(Tv,in - Tcel)

- Tv,in) -
@)
3.4. The Solar Cell
The energy balance of the cell becomes:

AT cel
dt

— cond
- AcelGiTvacel + hcel—v,inAcel (Tw’n -

Tcel) _hgg?—dtedAted (Tcel - Tted) -

MeerCpee

AcelGinref[l - Bref (Tcel - Tref)] (4)
3.5. Tedlar Layer
The thermal balance of the Tedlar layer becomes:
dTte
MtedCpieq dttd =
hggln—dtedAted (Tcel - Tted) - hggggabAab (Tted - Tab) (5)
3.6. The Absorbent Plate
The heat balance of the absorbing plate becomes:
dTab
MapCpqap dt =
hggggabAab (Tted - Tab) - hccl%ri%olAcol(Tab - Tcol) (6)
3.7. At the Collector Level
The heat balance of the collectors becomes:
dT ol _

Meoy Cpcol dt

hgll))ri%olAcol(Tab - Tcol) - ggln—dtubeAtube(Tcol - Ttube) -
hgg?fa col(Tcol - Ta) (7)

3.8. At the Tube Level

The heat balance of the tube becomes:

dTtype _
MtubeCpiype dt

hgg?z—fAf (Ttube - Tf) -

cond
col—tubeAtube(Tcol - Ttube) -

conv

tube—aAtube(Ttube - Ta) (8)

3.9. The Heat Transfer Fluid

The transfers are then represented by:

de
mycy, — L = hiine pAr(Teuve — Tp) + N * Af

dt
F'[E; = UL(T; — T,)] 9)

4. Evaluation of Heat Losses from the
Sensor

Thermal losses are due to the temperature difference be-
tween the different components of the solar collector with the
ambient environment. They manifest themselves according to
the three modes of heat transfer described previously.

From the equivalent electrical diagram we define:

R1. the thermal resistance between the external environment
and the glass,

R,. the thermal resistance between the glass and the cell,

Ra. the thermal resistance between the cell and the tedlar,

R the thermal resistance between the tedlar and the ab-
sorber,

R',. the thermal resistance between the absorber and the
collectors,

R the thermal resistance between the collectors and the
ambient environment.

R'4: Thermal resistance between the tube and the ambient
environment.

The overall loss coefficient beforeU,,

1

R, = 1 T 10
(m+%) ( )
1
Ry = seoma— 11)
vex—vin
1
Rs = eona— (12)
vin—ce
1
M a3

-1
1 1 1 1
Uav = 1 1 + pecond + pcond + pcond (14)
( conv T Tay ) cel-ted
hvex=a h

vex—vin vin—cel
vex—ciel

1

= Tcond
hted—ab

R’y (15)
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1

Ry = —a 16
2 cond
hab—col ( )
1
Ry=—7—1—
3 1 T
neond T peonv- 1n
col-tube 'col-a
1
R’ [
4 1 1
peonv +—hconv (18)
tube—f "“tube—a

-1
1 1 1 1
Uar = <hcond + pcond + 1 R 1 + 1 | 1 ) (19)
heconv
tube-a

ted—ab ab-col T conv conv
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The overall exchange coefficient UL is then given by:

UL = Ugy + Uy, (20)

5. Sensor Performance

It is given by the following formula:
Qu = AtubeFR[(Ei - UL(Tf - a] (21)

Q , is the useful heat coming from the sensor

The solar radiation usable for the thermal system is reduced
compared to the case of a thermal sensor alone since a part is
converted into electricity by the cells PV.

Ei = (Tvacel - (M)) Gi (22)

Acap

FR is the heat dissipation factor defined as the ratio of the
actual heat flux received by the fluid to that which would be
recovered (15):

Fr = ALs [1 —exp <_F'UL>] (23)

UL mfcpf

F ' Sensor efficiency factor given by this formula (15):

1

F'=—"%— (24)
heupe—f UL

Electricity production is calculated by:
Eop = Acer * Gy * Ty * Qer * Tpy (25)
PV yield
Npy = Tlref(l - ﬂref (Tcel - Tref) ) (26)

Thermal efficiency (19)

. Qu _AtubeFR[Ei_UL(Tfm_Ta] (27)
Ac*Gy Ac*G

Ntn

Overall performance

Ng = Npy + Nen (28)

6. Digital Resolution of the System

The equations are solved by the RANGE KUNTA method
of order 4.5 using MATLAB software.

The main values used in the simulation are in the following
table:

Table 1. Data used for simulation.

Settings Values

PV module brand YADOO SOLAR
Maximum module power 250W
Sensor length 1,638m
Sensor width 0.982m
Glass transmission coefficient 0.95

glass emissivity 0.88

Glass thickness 0.0032m
Baseline Cell Efficiency 0.15
Conductivity thermal glass 0.93W/Km
Length of collectors 0.95
Collector width 0.059
Conductivity thermal aluminum 210W/Km
Collector thickness 0.003m
Conductivity thermal absorber 0.23
Absorber thickness 0.003

PV cell thickness 0.0003m
Thermal conductivity of the PV cell 0.036W/Km
Cell absorption coefficient 0.85
Thermal conductivity of the tedlar layer ~ 0.0333W/Km
Tedlar layer thickness 0.0005m
heat mass of glass 836 J/kg/k
cell mass specific heat 836 J/kg/k
mass specific heat of tedlar 1400 J/kg/k
heat mass of the absorber 1046 J/kg/k
heat mass of aluminum 900J/kg/k

7. Simulation Procedure

The procedure used in the simulation is as follows:
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The first step: data introduction:

1) -The different characteristics of the sensor.

2) The second step: calculation of parameters independent
of temperature: exchange coefficients by conduction
and convection thermal resistance independent of tem-
perature.

3) The third step: we assume that the initial temperatures of

the different elements of the sensor are equal to the
ambient temperature.

4) The fourth step: calculations of yields and electrical
power.

5) The fifth step: displaying the results in the form of a
curve.

The steps are summarized in the following algorithm:

]

Sensor Settings ( A;, & o Tys €1, 4;)

|

Entering variable parameters (wind speed and water flow)

1

Calculation of heat exchange coefficients independent of temperature
(conduction and convection with the ambient environment)

|

Initializing temperatures T}

Start of calculations

t=1 : tmax

|

the tubeand the fluid

and the sky

e Drawing curves

Subprogram ODE 45

e Calculation of the heat exchange coefficient by convection between
o (Calculation of the exchange coefficient by radiation between the glaps

e Calculation of overall UL losses
s Calculation of the efficiency factor F’ and the dissipation factorF R
* Solving the equation and checking the temperatures
¢ (Calculating sensor performance

End

Figure 3. Calculation algorithm.

8. Results and Discussion

The study allowed us to develop a mathematical model
describing the behavior of the module. Solving the equation
system governing heat transfers within the module developed
in MATLAB allowed us to calculate the temperature variation
for each component. This resolution allows us to estimate the

electrical performance of the chosen model.

The results were obtained during the day of September 19,

2023 (cloudy sky).

8.1. The Evolution of Solar Radiation

Radiation, being the most important parameter for the op-

eration of the system, its interpolated and experimental evo-
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lution is given by the following figure.
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Figure 4. Evolution of sunshine as a function of time.

The experimental curve in Figure 4 for sunshine was in-
terpolated from the experimental value for sunshine with the
spline function so as to have the same peaks. Thus, we notice a
fluctuation and a decrease in the radiation values which can be
explained by cloudy periods and an evolution of the radiation
during the day. The maximum value which is 977 W/m=is
observed between 11:30 a.m. and 12:30 p.m. while the min-
imum value 275W/m3s observed at 3:55 p.m.

8.2. Variation of Ambient Temperature

Figure 5 represents the evolution of the interpolated and
experimental temperature.

44 T T
—#— Ta-obs
42 F|— — —Ta-interp

401

a8y

Temperature (°C)

32y

301

28

9 10 1 12 13 14 15 16
Times (hour)

Figure 5. Evolution of temperature as a function of time.

Figure 5 presents the evolution of the experimental and in-

terpolated ambient temperature. The maximum value is
42.7<C at 2:33 p.m. and the minimum value is 29.6<C at 9:13
a.m.

8.3. Distribution of Experimental Temperatures
of Glass, Ambient Temperature, Absorber
and Back Surface

The curves in Figure 6 show the evolution of the experi-
mental glass temperature, the ambient temperature, the ab-
sorber temperature and the rear and sensor temperature over
time.

75

70t

65

60

55

Temperature (°C)

25

9 10 1" 12 13 14 15 16
Times (hour)

Figure 6. Experimental evolution of the ambient temperature, the
window, the rear face and the absorber as a function of time.

In Figure 6 we notice that the temperatures of the different
elements of the sensor and the ambient temperature have
practically the same appearance. This is explained by the fact
that the temperature of the different layers of the sensor is
linked to the ambient temperature. We then notice a small
variation in temperature of the different layers of the module
due essentially to the small thickness of each layer.

8.4. Influence of the Flow Rate on the
Temperature of the Different Layers of the
Sensor

Figures 7 and 8 respectively represent the evolution of the
theoretical temperature of the sensor elements at a water
volume flow rate of 5 liters/minute and 30 liters/minute for a
wind speed of 1m/s.

49


http://www.sciencepg.com/journal/ajee

American Journal of Energy Engineering

http://www.sciencepg.com/journal/ajee

140

— — —Ta-interp
— — —Tcel-the
120 b [t Teol-the
— — — Ttube-the
—+— Tf-the

-
=]
(=]

80

60

Temperature (°C)

40T

20

9 10 1 12 13 14 15 16
Times {hour)

Figure 7. Temperature profile for a flow rate of 5L/ min versus time.
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Figure 8. Temperature profile for a flow rate of 30L/min as a function
of time.

Figures 7 and 8 show that a decrease in flow leads to an
increase in water temperature. But this does not lead to a drop
in temperature of the different layers of the sensor. When the
residence time of the water in the sensor is low (high flow rate),
its temperature does not vary between the inlet and outlet.
However, when the residence time is long (low flow), the fluid
recovers maximum heat from the sensor. The sensor studied
having only one tube, the heat transfer fluid has a small con-
tact surface with the sensor favoring weak exchange by con-
vection thus the temperature of the fluid is slightly influenced.

8.5. Influence of Wind Speed on the

Temperature of the Different Layers of the
Sensor

Wind speed and flow being important parameters of heat
exchange, we studied the influence of the variation in wind
speed at a constant flow rate of 30 liters/minute of water.

Figures 9 and 10 respectively represent the evolution at a
water flow of 30 I/min of the theoretical temperature of the
sensor elements for wind speeds of 1m/s and 5m/s.
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Figure 9. Variation of the temperature of the different elements of the
sensor as a function of time for a wind speed of 1m/s.
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Figure 10. Variation of the temperature of the different elements of

the sensor as a function of time for a wind speed of 5m/s.

In Figures 9 and 10, we notice that the sensor elements are
influenced by the external environment. Also, we note that the
temperatures of the different layers undergo a significant drop
of more than 30<=C at a wind speed of 5m/s compared to the
speed of 1m/s. This is due to the increase in the exchange
coefficient by convection of the exterior glass and the rear of
the module with the air. This increase in wind speed therefore
causes the sensor to cool.
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8.6. The Variation of Thermal Efficiency as a
Function of Reduced Temperature

Figure 11 shows the linear evolution of thermal efficiency
as a function of temperature at a wind speed of 1 m/s and a
water flow rate of 5 liters/min.

It is observed that the thermal efficiency decreases with
increasing reduced temperature.

thermal efficiency (%)

-2 ] 2 4 5] 8 10 12 14 16
(TE-Ta)/Gi %103
Figure 11. Variation of thermal efficiency as a function of reduced
temperature.

9. Conclusion

The work carried out within the framework of this article
aimed to study, theoretically and numerically, a prototype of a
thermal photovoltaic module. The study of the temperature
distribution in the different layers of the hybrid sensor made it
possible to establish the thermal behavior of the module by
numerical simulation.

In summary with this model and from the values of solar ir-
radiation, ambient temperature, wind speed and module pa-
rameters, we estimated the performance of the sensor. This
work allowed us to know that the surface occupied by the fluid
as well as its volume have an effect on thermal efficiency.

Abbreviations
h Exchange Coefficient Thermal (W/K.m=
Vco Open Circuit Voltage (V)

Icc Short Circuit Current (HAS)

FF Form Factor

HAS  Surface (m=f

T Temperature * K)

E Thickness (M)

A Conductivity Thermal (W/ mK)

Brer  Module Temperature Coefficient (K ™
Cp Ability Thermal Mass (J/ kg.K)

T Transmission Coefficient
A Absorption Coefficient

Author Contributions

Abdoul Aziz Ouiminga: Conceptualization, Data curation,
Formal Analysis, Investigation, Methodology, Project admin-
istration, Resources, Software, Supervision, Validation, Visu-
alization, Writing — original draft, Writing — review & editing

Bouwéreou Bignan-Kagomna, Funding acquisition,
Methodology, Supervision, Validation, Visualization,

Mariatou Zon:, Data curation, Formal Analysis, Funding
acquisition, Methodology,

SiéKam:, Supervision, Validation, Writing — review &
editing

Conflicts of Interest

The authors declare no conflicts of interests.

References

[1] McGee, J. A., & Greiner, P. T. (2019). Renewable energy in-
justice: The socio-environmental implications of renewable
energy consumption. Energy Research & Social Science, 56,
101214. https://doi.org/10.1016/j.erss.2019.05.024

[2] Afonja, A. A. (2020). Fossil Fuels and the Environment.
ChudacePublishing.

[3] Bessou, C., Ferchaud, F., Gabrielle, B., & Mary, B. (2011).
Biofuels, greenhouse gases and climate change. Sustainable
Agriculture Volume 2, 365-468.
https://hal.science/cirad-00749753

[4] Zou, C., Zhao, Q., Zhang, G., & Xiong, B. (2016). Energy
revolution: From a fossil energy era to a new energy era. Nat-
ural Gas Industry B, 3(1), 1-11.
https://doi.org/10.1016/j.ngib.2016.02.001

[5] Han, G., Zhang, S., Boix, P. P., Wong, L. H., Sun, L., & Lien, S.
Y. (2017). Towards high efficiency thin film solar cells. Pro-
gress in Materials Science, 87, 246-291.
https://doi.org/10.1016/j.pmatsci.2017.02.003

[6] Bensalem, S., Imessad, K., Hamidat, A., & Missoum, M.
(2016). Active solar heating system for residential building in
Algeria An energetic economic and environmental investiga-
tion. Journal of Renewable Energies, 19(4), 533-541.

[7] Tiwari, A., & Sodha, M. S. (2006). Performance evaluation of
hybrid PV/thermal water/air heating system: a parametric study.
Renewable energy, 31(15), 2460-2474.

[8] Bechouat, M., Younsi, A., Sedraoui, M., Soufi, Y., Yousfi, L.,
Tabet, I., & Touafek, K. (2017). Parameters identification of a
photovoltaic module in a thermal system using meta-heuristic
optimization methods. International Journal of Energy and
Environmental Engineering, 8, 331-341.
https://doi.org/10.1007/s40095-017-0252-6

51


http://www.sciencepg.com/journal/ajee

American Journal of Energy Engineering http://www.sciencepg.com/journal/ajee

[9] Khelifa, A., Touafek, K., Kerrour, F., & Haloui, H. (2015). Theoretical and experimental studies of a new configuration of
Thermal performance of a photovoltaic thermal collector. photovoltaic-thermal collector. Journal of Solar Energy En-

) . gineering, 139(2), 021012.
[10] Ben Cheikh El Hocine, H., Touafek, K., & Kerrour, F. (2017).

52


http://www.sciencepg.com/journal/ajee

