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ABSTRACT
D In order to obtain a high electrical efficiency for photovoltaic (PV) system, it is necessary to cooling
# .(285 9) it; a Photovoltaic Thermal (PV/T) solar system is one of the most important methods for cooling
Received: 08/01/2017 photovoltaic modules.
In-revised: 15/02/2017
Correspondent Author: In this study, a thermal model of a PV/T air solar system was developed, validated from experimental
Ammar Mahjoubi data and then used to study the effects of various parameters on the performance of the system. The

thermal model is based on the energy balance of the PV/T air module in which all essential heat
transfer mechanisms between the module to the environment and related electrical output are modeled
to observe the net change in PV/T air module temperature. The thermal model of PV/T module,
developed for the present study, has been numerically solved using finite element method (FEM) with
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PV/T air system, Modeling, The main objective of the thermal model is to investigate the dependence of PV/T air module
Thermal model, Simulation, temperature on the global solar irradiation and on air flow velocity. The results obtained from the
Comsol. proposed thermal model are validated experimentally. The results indicate that increasing the air mass

flow rate when the design parameters are optimum will result into a significant increase in the overall
performance of the system.
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Introduction

In Saudi Arabia, renewable energies are going
to be a main substitute for fossil fuels in the coming
years for their clean and renewable nature. Solar
energy is one of the most significant renewable
energy sources that world needs particularly in
Saudi Arabia.

The major applications of solar energy can be
classified into two categories: solar thermal system,
which converts solar energy to thermal energy, and
photovoltaic (PV) system, which converts solar
energy to electrical energy. Usually, these systems
are used separately. In the solar thermal system,
external electrical energy is required to circulate
the working fluid through the system.

One of the main problems connected with
the operation of photovoltaic panel (PV) is the
decrease of electric conversion efficiency at
the increase of temperature. This effect is well
known and a correlation to determine the panel
efficiency as a function of temperature, underlines
the linear correlation between these two variables.
According to the above mentioned observations, it
is of paramount importance to find a way to cool
the PV panels, in order to improve their efficiency,
especially in the months when more solar radiation
is available.

In order to overcome this problem, it is
necessary to reduce the operating temperature of
the module. Many researches and studies have
been carried out on increasing the PV efficiency
by different cooling techniques. Generally, some
techniques, like air cooling and water cooling, are
utilized to cool the PV module to maintain lower
operating temperature.

A Photovoltaic/Thermal solar system (PV/T)
is one of the most important methods for cooling
photovoltaic modules, as it is more coolant that
is efficient. Besides the higher overall energy
performance, the advantage of the PV/T system
lies in the reduction of the demands on physical
space and the equipment cost through the use of
common frames and brackets as compared to the
separated PV and solar thermal systems placed
side-by-side.

Many experimental and numerical studies
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have been conducted to find out the most efficient
and low cost hybrid PV/T system. In a number of
other studies, attention is focused on modifying
the configuration of PV panel. The changes in the
PV/T configurations have influences on electrical
and thermal performances of the PV/T system. In
the last years several of works have been carried
out in order to analyze the thermal performance
of different PV/T configurations and to develop
numerical model for simulating purposes. (Tiwari,
et al., 2006) have validated the theoretical and
experimental results for PV module integrated
with air duct for composite climate of India. They
concluded that an overall thermal efficiency of the
PV/T system has significantly increased (18%) due
to utilization of thermal energy from PV module.
(Tiwari, et al., 2006) have proposed parametric
study of various configurations of hybrid PV/T
air collector. These systems are differentiated by
the presence or absence of glazing and tedlar. The
results showed that glazed PV/T without tedlar
gives the best performance (Joshi, et al., 2006) have
evaluated the energy and exergy analysis of a hybrid
PV/T air collector. The results experimentally
validated indicate that energy and exergy
efficiency of PV/T air heater varies between 55- 65
and 12-15%, respectively. (Othman, et al., 2007)
have carried out the theoretical and experimental
study of thermal and electrical productivity of a
finned double-pass PV/T solar air collector. The
results show that the use of fins increases both the
thermal efficiency and electrical performance of
the collector. (Tripanagnostopoulos, et al., 2007)
has presented a new type of PV/T collector with
dual heat extraction operation with aspects and
improvements of PV/T solar energy systems.

(Zondag, et al., 2008) has performed a rigorous
review on research work of a PV/T collector and
system, carried out by various scientists till 2006.
His review includes history and importance of
photovoltaic hybrid system and its application in
various sectors. It also includes characteristics
equations, study of design parameters and
marketing, etc.

(Joshi, et al., 2009) have developed a thermal
model for the PV module integrated with solar air
collector and validated it experimentally. They
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have indicated that PV module temperature can be
controlled and reduced in consequence of changing
the mass flow rate of air in solar collector and the
efficiency of PV module can be increased.

(Chow, et al., 2010) has done a review on
PV/T hybrid solar technology especially PV/T
air collector systems. His article gives a review
of the trend of development of the technology, in
particular the advancements in recent years and the
future work required. Energy and exergy analysis
of hybrid microchannel photovoltaic thermal
module has been carried by (Agrawal, et al., 2011)
and they concluded that microchannel photovoltaic
thermal module gives better results.

(Kumar, et al., 2011) have critically reviewed
PV/T air collectors for air heating providing
useful results relating to the practicability of these
collectors for preheating air to suit a large variety of
applications. (Rajoria, et al., 2012) have performed
overall thermal energy and exergy analysis ofhybrid
PV/T array considering four array configuration
and concluded that the performance of case III is
better than rest of the cases.

(Agrawal, et al., 2012) have given the design
and indoor experiment analysis of glazed hybrid
photovoltaic thermal tiles air collector connected
in series and concluded that if the numbers of
glazed PV/T tile are connected in series then it will
be more beneficial from overall energy and overall
exergy point of view. (Singh, et al., 2012) have
performed comparative study of different types
of hybrid photovoltaic thermal air collectors and
reported that overall annual thermal energy, exergy
gain and exergy efficiency of unglazed hybrid
PV/T tiles air collector was improved by 32%,
55.9% and 53% respectively, over the conventional
PV/T air collectors. (Yang, et al., 2014) presented
a prototype open loop air-based building integrated
photovoltaic thermal system with a single inlet
is studied through a comprehensive series of
experiments in a full scale solar simulator
recently built at Concordia University. (Singh,
et al., 2015) have developed a model for single
channel unglazed PV/T module and optimized
design parameter using Genetic Algorithms and
concluded that the maximum overall exergy
efficiency is 16.88% at optimized parameters.
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Recently the development of cooling techniques
continues (Makki, et al., 2015). (Mahjoubi, et
al., 2012) presented an energy-balance model to
estimate the real-time performances from a PV/T
water pumping systems in Medenine, Tunisia.
Theoretical results from this model were validated
by experimental measurements and compared
with those results in previous literatures. In order
to estimate the thermal and electric performances
of a PV/T solar hybrid system, (Robles-Ocampo,
et al., 2007) constructed an experimental model
of an original PV/T water-heating collector with
a bifacial PV module to enhance electric energy
production of hybrid PV/T systems. Via finite
difference control volume approach, (Chow, et al.,
2015) introduced a numerical simulation model
of a building-integrated photovoltaic and water
heating system to evaluate the system dynamic
behavior under external excitations. The theoretical
predictions were compliance with the measured
values acquired from experimental facilities in
Hong Kong. (Ji, et al., 2009) presented a dynamic
model of a novel PV/T solar-assisted heat pump
system with a specially designed PV evaporator to
simultaneously produce heat and electricity. The
spatial distributions of refrigerant conditions and
the temperature distribution of the evaporator were
derived under given solar irradiance and ambient
temperature through the numerical model. The
simulation results were in good agreement with the
experimental measurements.

Both water and air have been utilized as heat
removal medium for different applications. It is
generally accepted that water-based PV/T systems
are theoretically more desirable and effective than
air-based systems due to the less temperature
fluctuation caused by variation in solar radiation.
However, air-based PV/T systems are practically
preferred for minimal use of materials and lower
operating cost despite of poor thermo physical
properties of air.

By changing the structure of the PV/T systems,
the variation of performance of the system can
be observed, such as (Sopian, et al., 1996) and
(Charalambousa, et al., 2007). (Dubey, et al., 2009)
reported the efficiency of different configurations
of PV/T air collector. It was shown that the case of
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glass to glass PV with a cooling duct can give the
highest efficiency among the four cases considered
by the author. The annual average efficiency
varied between 10.41% and 9.75% for the cases
considered.

This paper aims to develop a thermal model
which are capable of estimating the two dimensional
temperature at any time and at any point of the
surface of a PV/T air module. This model uses the
hourly global solar irradiation, the hourly Wind
speed and the hourly ambient temperature as the
input, moreover, the characteristics of PV/T system
(inclination, material compositionetc.).

The thermal model of PV/T module, developed
for the present study, has been numerically
solved using finite element method with Comsol
Multiphysics.

The main objective of the thermal model is to
investigate the dependence of PV/T air module
temperature on the global solar irradiation
and on air flow velocity. The results obtained
from the proposed thermal model are validated
experimentally.

PVTY/ air collector system composition

The PVT/ air system studied in this work is
consists of a PV laminate, a rectangular air duct, a
back absorber plate and back insulation as shown
in Fig. 1.

Fig. 1. The cross-sectional view of a PV/T air
module.
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Mathematical formulations for the

simulation work
1. Theoretical Model

The thermal model required for the estimation
of the PV/T module’s working temperature is quite
intricate. The PV/T system converts incident solar
energy into both electrical and thermal energy;
besides interior procedures occurring in the
semiconductor material during its bombardment
by photons, which promote the production of
electricity, the module also releases the non-
converted incident sunlight in the form of thermal
energy through different heat transfers modes such
as conduction, convection and radiation. Hence,
overall energy balance on the module must be taken
into account to estimate the module temperature.

The practical energy transfer processes inside
a PV/T solar air collector are complicated. To
simplify the mathematical calculations, several
simplifying assumptions are made to perform
this study regarding the conceptual PV/T module
construction, atmospheric conditions, air flow
characteristics, and other factors, which impact
this thermal analysis:

- The materials properties of each layer of PV panel
are homogeneous and isotropic.

- The solar irradiance imparted on the entire surface
of the PV/T module equally.

- All solar irradiance that is not used to produce
electricity in the PV panel will be developed into
heat.

- No dust or any other agent is deposited on the
PV/T module surface affecting the absorptivity of
the PV/T module.

- The flow through the top surface of the module is
considered to be fully laminar and incompressible
at uniform temperature.

- The air temperature at inlet is equal to the ambient
temperature surrounding the PV/T module (298
K).
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Fig. 2. Main heat transfer path to and from the
PV/T module.

The module temperature is calculated by
considering the heat transfer through the module
to the environment. For the simulation work,
the PV/T module materials are assumed to be
homogenous and isotropic. Fig. 2 shows the
main heat transfer paths to and from the module.
In non-steady state conditions, the PV/T module
temperature operating is derived assuming that is
equal to the incident energy on solar cell (gs) minus
the electrical energy output of the module (Ee) plus
the sum of the energy losses due to conduction,
convection and radiation. The resulting energy
balance equation is given as (Jones, et al., 2001):

oTr
CmﬂdulePVT . 5 = qx (t) - qconv(t) - qcond (t) - qmd ([) - Ee (t)

where: Cmodule PVT is the module heat
capacity (J/K).The different terms such as energy
loss due to conduction, convection and radiation,
are discussed in the following section.

The heat transfer inside the PV/T system may
be evaluated following Eq. (2):

oT
pC, — +V(AVT) =0

where Q is heat source and Cp is specific heat
capacity of each layer.

In Eq. (1) Cmodule PVT represents the heat
capacity of PV/T module materials which depends
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on itsmass. Since the PV/T module is constructed
by composition of different layers, the lumped heat
capacity can be given by adding heat capacity of
each component together which can be written as:

CmodulePVT = zAdmmem

where m denotes each layer of materials in the
PV/T module.

2. Numerical Modeling

The Finite Element Method is the numerical
technique applied by COMSOL for finding
approximate solutions to boundary value problems.

This section proposes the simulation steps for
the thermal analysis of the proposed model. For
each analysis, a brief summarization of the specific
parameters and boundary settings is presented.

All three modes of heat transfer are involved
when considering the heat flow through the PV/T
module. Heat is transferred within the PV module
and its structure by conduction. Heat is transferred
to the PV module surroundings by both free and
forced convection. Heat is also removed from the
module by radiation (in the form of long-wave
radiation) (Jones, et al., 2001).

The thermal analysis has been developed using
the Comsol’s Conjugate heat transfer module.

In the Conjugate Heat Transfer Module, the
following conditions were manually added to the
model:

* Heat Transfer in Solid

The PV/T air system studied in this work
consists of an assembly of elements which are a
rectangular air duct, the transparent cover, a mono-
crystalline photovoltaic module, the insulation
ensured by glass wool.

* Heat Transfer in Fluid

COMSOL numerically solves the continuity
and momentum equations, which are the governing
equations for the fluid flow, and are shown below in
equation (4) and equation (5), respectively (Byron,
et al., 2007).
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V(pu)=0 @)
ouNu=-Vp+V.(u(Vu+Vu)")) (5)

Where: p , u, p, and p are density, velocity,
pressure, and dynamic viscosity of air on the front
face of the module, respectively.

* Conduction heat transfer

Heat transfer by conduction to the panel
structural framework is often ignored due to the
small area of contact points; however, it will be
considered throughout the COMSOL simulations
from the PV/T module surface and through the duct
casing. Steady-state heat conduction through the
PV/T module surface to the duct enclosure casing is
given byEq. (6) :
V.(kVT)=0 (6)
* Convection heat transfer

The forced convection on the top and bottom of

PV/T module is solved by the convection equation
(Jones, et al., 2001):

qcon = _hc,_fbrced'A'(TPV - Ta) (7)
The forced convection through the duct is solved
by the conduction convection equation:

IOCPL{.VT = V(kVT) (8)

T (K) is air temperature, Cp (J/kg-K) is the
specific heat at constant pressure, p (kg/m3) is
the fluid density, u is the air flow velocity (m/s), k
(W/m-K) is the thermal conductivity.

* Radiation heat transfer
The long wave radiation heat loss can be
calculated from Eq. (9) (Jones, et al., 2001):

4, =€0.(T -T}) )

Where: ¢ ,0, TPV, and T are surface emissivity
of PV module of value 0.91 on its front surface
(Notton, et al., 2005), and 0.85 on its rear surface
(Bazilian, et al., 2002), Stefan Boltzmann Constant
(5.67 10-* W/m?.K*), module surface temperature,
and ambient temperature, respectively.

* Electrical energy output

The electrical energy output of PV/T module can
be expressed by the following relation (Dubey, et
al., 2013):

E, =1V =FFxI,V,. =nAH, (10)

Where Im is current and Vm is Voltage output at
maximum power, FF is fill factor, and Isc and Voc
are open circuit current and voltage respectively.
Both the open-circuit voltage and the fill factor
decrease substantially with temperature (as the
thermally excited electrons begin to dominate the
electrical properties of the semiconductor), while
short-circuiting current increases, but only slightly
(Zondag, et al., 2008). Thus, the net effect leads to a
linear relation in the form of

E, :77ref[1_ﬂref(TPV _Tref] (11)
Where: Pref is mainly material property, having
a value of about 0.004 K-1 for crystalline silicon
modules [28]. The above equation represents the
traditional linear expression for the PV electrical
efficiency [29]. The quantities nref and Pref are
given by the PV manufacturer. Therefore, the total
electrical energy output of the panel is given by

B, =1,y [1 =By Ty =Ty ]AH, (12)
Mesh Dependency And Computational
Procedure

The partial differential equations are subject to
the boundary and initial conditions may be solved
numerically by using heat transfer module of the
commercial software COMSOL 5.0 which is based
on the (FEM) . Geometry, functions, and properties
of the PV/T panels were defined in COMSOL Multi-
Physics. Simple linear free triangular elements are
used to create the overall mesh (Fig. 3). The mesh
dependence study is performed in order to determine
the appropriate size of elements for further study and
to provide an accurate mesh independent solution
and limiting the overall calculation time. Three
meshes were initially studied using 99,784, 101,136
and 152,884 elements. The average temperature was
used for dependency test and the difference between
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the 101,136 and 152,884 elements was only

0.251%. So for time saving, a mesh size based on

152,884 elements (as shown in Fig. 3) was selected

for all simulations with automatic time stepping.
Fig. 3. Geometry Meshing

Experimental set-up

The experimental setup consists of one
polycrystalline silicon PV module (30 W) with
a dimension of 600 mm wide x 350 mm high x
180 mm depth and 11 kg integrated with an air
duct. The experiments have been carried out in the
Department of Mechanical Engineering, College
of Engineering, University of Hail (Saudi Arabia),
which is located at (27°38°17.5°N, 41°44°37.6”E).
The Photograph of the experimental setup is shown
in Fig. 4.

Fig. 4. Photograph of PV/T module

The PV/T module is mounted on a supporting
structure so that the surface azimuth angle and the
inclination angle of the modules are zero and 27°,
respectively.

Generally, the panel slope of PV is fixed, it
is necessary thus to know the annual average
optimum value of the angle of inclination. For that
and by simple calculation an average angle of 27°
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was obtained for Hail city.

The data acquisition system used is TecQuipment’s
Versatile Data Acquisition System. The proposed
system consists of a set of sensors for measuring
both meteorological (e.g. solar irradiance,
temperature etc.) and photovoltaic parameters
(photovoltaic voltage and current etc.).

The experimental data is registered in a data
logger. The information from the data logger will
be transmitted to the PC at any time via RS 232
or USB cable, where they are processed using the
data acquisition software.

TecQuipment’s  Versatile Data  Acquisition
System allows accurate real-time data capture,
monitoring, display, calculation and charting of all
the important readings on a computer (computer
not supplied). Fig. 5 shows the interface of data
acquisition software.

Ei

%h

=t

[ass— Wl

= -

3 TR Vrrlimgpe sl Ciiteems

My Haip

Fig. 5. Interface of data acquisition software.

The global irradiation on an inclined and
horizontal surface (Ht, H) are the principal
measuring parameter, the ambient temperature
(Ta), temperature of PV/T module (Tpv) in different
points, voltage and current of photovoltaic field
(V, ) and battery are also measured in order to
construct a complete data base of the site and the
system. The following transducers have been used
for the various measurements. Pyranometers type
Kipp & Zonen have been used to measure the solar
radiation in the horizontal plane and in the plane of
the PV arrays. The accuracy of the pyranometers
is 10 W/m2 or +5%. Ambient temperature and the
temperature of PV/T module in different points
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have been measured using a series of Thermocouples
type K. The uncertainty in the measurement of
temperature is +0.5°C. The wind velocity was
measured through a sensitive anemometer with an
accuracy of + 5%.

The experimental data registered in a data logger
during one complete year at a time interval of one
hour and transmitted to the PC are analyzed.

Results and discussion
Experimental results

Using the experimental-setup, an experimental
study have performed, which consists of measurement
of hybrid PV/T air module temperature, ambient
temperature, wind velocity and solar radiation of
Hail city at each hours of the day.

The hourly variation of solar irradiation and
ambient temperature of Hail city for four typical
days during the month of January, March, July and
October are shown in Fig. 6 and Fig. 7 respectively.
During these four days, the solar radiation intensity
rises to a peak value at 12:00 and then decreases,
while the ambient temperature rises to a peak value
at 14:00 and then decreases.

Fig. 8 represents the ambient temperature (Ta),
the temperature of studied PV/T module in the
front (Tpvfront) and in the back (Tpvback) during
typical day July, 15th. From this figure, it is clearly
shown that the module temperature in the front and
in the back rises to a peak value at 12:00 and then
decreases, with small variation between front and
back surfaces.

1800

1000 —=1-150

i

o

o0

SO0

Hiiwfm?)
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%132 3456789 W0

17 13 14 15 16

1708 49 30 M 3 13 4

Fig. 6. The hourly variation of solar irradiation for
typical days for Hail city
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T("C)
]

0133 45678 %$WHIZIBBISIEITENRNINNAN

time [h)

Fig. 8. The hourly variation of the ambient
temperature (Ta), the temperature in the front and
in the back surfaces of studied PV/T module during
typical day July, 15th.

Fig. 9 shows the variation of wind velocity during
four typical days during the month of January, March,
July and October for Hail city, which affects the
module temperature substantially. From this Fig, it is
clearly shown that higher wind velocity (in the month
of April) reduces ambient temperature and PV/T
module temperature due to forced convection effects.
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Fig. 9. The hourly variation of wind velocity for
Hail city

Numerical simulation

Using the meteorological data of Hail city and
boundaries conditions as the input, the data
extracted from COMSOL Multiphysics following
each simulation include the hourly variation of the
temperature at any point of the surface of studied
PV/T air module and the hourly variation of the
Velocity field for different four typical days during
the month of January, March, July and October.
By comparing the PV/T air module temperatures
on the different standard days, at a well-defined
time (12:00 h), it is clear from the Fig. 10, that the
maximum temperatures are reached in the month of
July when the ambient temperatures are maximum.
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Fig. 10. Simulated temperature field of PV/T
module (at 12:00 h) for different typical days.

The temperature thus measured has been compared
with the simulated temperature of PV/T module in
different hours, 6:00, 8:00, 10:00, 12:00, 14:00,
16:00, 18:00, respectively, during typical day July,
15th. Fig. 11 shows the validation of the simulated
results of the thermal model with experimental
results. The simulated results are in good agreement
with the variation of 5-8% approximately with
experimental data, it is found that the conventional
model consistently over-predicts the measurements
at all times. This is expected since the model does
not account for local weather conditions such as the
presence of cloud and dust.
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Fig. 11. Simulated temperature field of PV/T
module for different time at the day of July, 15th.

Figure 12, presents the velocity profile inside the
PV/T module. As shown from this figure, an inten-
sification of the velocity occurs for higher solar
irradiance. This intensification is due to the
augmentation of the temperature which causes
huge variation of density and thus an enhancement
of the floatability forces.
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Fig. 12. Simulated Velocity field for different time
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AGJSR 33 (4) Dec 2015: 174-187 Ammar Mahjoubi et al

Conclusion

In this work, thermal model based on the energy
balance of the PV/T air module was developed
and analyzed using a commercial finite element
software package, COMSOL Multiphysics: Version
5.0. The PV/T air module evaluated consisted of
monocrystalline PV cells that were bound with a
back rectangular air duct; which air flowed, a back
absorber plate and back insulation. The energy
balance model considers convection and radiative
exchange with the ambient environment as well
as conduction through the cover, PV cell, and the
back absorber plate and back insulation.

The main objective of the thermal model is to
investigate the dependence of PV/T air module
temperature on the global solar irradiation and on air
flow velocity. The results of the proposed thermal
model obtained from COMSOL Multiphysics are
compared with experimental measurements of
temperature of PV/T air module in the climate of
Hail city in the north of Saudi Arabia; the simulated
thermal model shows good agreement with the
measured data with approximately variation of
5-8%. The experimental results showed that the
continuous convection of air on the back surface of
PV module has important effects on the operation
of the system. It reduces the module temperature
by absorbing the heat generated by the PV module.
The results indicate that increasing the air mass
flow rate when the design parameters are optimum
will result into a significant increase in the overall
performance of the PV/T module.

Acknowledgment

The present work was undertaken within the
research project (No: 0150394), funded by the
Deanship of Scientific Research, at the University
of Hail. This is gratefully acknowledged.

References

Tiwari, A., Sodha, M. S., Chandra, A., Joshi J.
C., Performance evaluation of photovoltaic
thermal solar air collector for composite climate
of India. Solar Energy material and solar cells,

vol. 90, n°2, pp. 175-189, 2006. (article)

185

Tiwari, A., Sodha, M. S., Parametric study of
various configurations of hybrid PV/thermal air
collector: Experimental validation of theoretical

model. Solar Energy material and solar cells,
vol. 91, n°1, pp. 17-28, 2006. (article)

Josi, A. S., Tiwari, A., Energy and exergy
efficiencies of a hybrid photovoltaic-thermal
(PV/T) air collector. Renewable energy, vol. 32,
n°13, pp. 2223-2241, 2007. (article)

Othman, M. Y., Yatim, B., Sopian K., Performance
study on a finned double pass photovoltaic-
thermal (PV-T) solar collector. Desalination,
vol. 209, n°1-3, pp. 43-49, 2007. (article)

Tripanagnostopoulos, Y., Aspects and
improvements of hybrid photovoltaic/ thermal
solar energy systems. Solar energy, vol. 81, pp.
1117-1131, 2007. (article)

Zondag, H. A., Flat-plate PV—-thermal collectors
and systems: a review. Renewable Sustainable
Energy Review, vol. 12, n°4, pp. 891-959,
2008. (article)

Joshi, A.S., Tiwari, A., Tiwari, G.N., Dincer,
I., Reddy, B.V., Performance evaluation of a
hybrid photovoltaic thermal (PV/T) (glass-to-
glass) system. International Journal Thermal
Science, vol. 48, pp. 154-164, 20009. (article)

Chow, T.T. , A review on photovoltaic/thermal
hybrid solar technology. Applied Energy, vol.
87, pp. 365-379, 2010. (article)

Agrawal, S., Tiwari, G. N., Energy and exergy
analysis of hybrid micro-channel photovoltaic
thermal module, Solar Energy, vol. 85, pp. 365-
370, 2011. (article)

Kumar, R., Rosen, M. A., A critical review of
photovoltaic—thermal solar collectors for air
heating. Applied Energy, vol. 88, pp. 3603-
3614, 2011. (article)



AGJSR 33 (4) Dec 2015: 174-187 Ammar Mahjoubi et al

Rajoria, C.S., Agrawal, S., Tiwari, G.N, Overall
thermal energy and exergy analysis of hybrid
photovoltaic thermal array. Solar Energy, vol.
86, pp. 15311538, 2012. (article)

Agrawal, S., Tiwari, G.N., Pandey, H.D., Indoor
experimental analysis of glazed hybrid
photovoltaic thermal tiles air collector connected
in series. Energy Building, vol. 53, pp. 145-151,
2012. (article)

Singh, G.K., Agrawal, S., Tiwari, G.N., Analysis
of different types of hybrid photovoltaic thermal
air collectors: a comparative study. Journal
of Fundamentals of Renewable Energy and
Applications, vol. 2, 2012. (article)

Yang, T., Athienitis, A.K., A study of design options
for a building integrated photovoltaic/thermal
(BIPV/T) system with glazed and air collector
multiple inlets. Solar Energy, vol. 104, pp. 82-
92, 2014. (article)

Singh, S., Agrwal, S., Tiwari, Arvind, Al-Helal,
L.M., Avasthi, D.V., Modeling and parameter
optimization of hybrid single channel
photovoltaic thermal module using genetic
algorithms. Solar Energy, vol. 113, pp. 78-87,
2015. (article)

Makki, A., Omer, S., Sabir, H., Advancements in
hybrid photovoltaic systems for enhanced solar
cells performance. Renewable and Sustainable
Energy Reviews, vol. 41, pp. 658-684, 2015.
(article)

Mahjoubi A., Mechlouch R.F., Mahdhaoui B.,
Brahim A.B., Real-time analytical model
for predicting the cell temperature modules
of photovoltaic water pumping systems.

Sustainable Energy Technologies Assessments,
vol. 6, pp. 93-104, 2014. (article)

Robles-Ocampo, B., Ruiz-Vasquez, E., Canseco-
Sanchez, H., Cornejo-Meza, R. C., Trapaga-
Martinez, G., Garcia-Rodriguez, F.J.,
Photovoltaic/thermal solar hybrid system with
bifacial PV module and transparent plane
collector. Solar Energy material and solar cells,
vol. 91, n°1, pp. 1966-1971, 2007. (article)

Chow, T.T., He, W., Chan, A. L. S., Fong. K.
F., Lin, Z., Ji, J., Computer modeling and
experimental validation of a building-integrated
photovoltaic and water heating system. Applied
Thermal Engineering, vol. 28, pp. 1356-1364,
2008. (article)

Ji, J., He, H.F., Chow, T. T., Pei, G., He, W.,
Liu, K. L., Distributed dynamic modeling and
experimental study of PV evaporator in a PV/T
solar-assisted heat pump. International Journal
of Heat and Mass Transfer, vol. 52, pp. 1365-
1373, 2009. (article)

Sopian, K., Yigit, K. S., Liu, H. T., Kakac, S.,
Veziroglu, T. N., Performance analysis of
photovoltaic thermal air heaters. Energy

Conversion and Management, vol. 37, pp.
1657-1670, 1996. (article)

Charalambousa, P.G., Maidmenta, G.G.,
Kalogiroub, S.A., Yiakoumettia, K.,
Photovoltaic thermal (PV/T) collectors: a
review. Applied Thermal Engineering, vol. 27,
pp. 275-286, 2007. (article)

Dubey, S., Sandhu, G.S., Tiwari, G.N., Analytical
expression for electrical efficiency of PV/T
hybrid air collector. Applied Energy, vol. 86,
pp. 697-75, 2009. (article)

Jones, A.D., Underwood, C.P., A Thermal Model
For Photovoltaic Systems, Solar Energy, vol.
70, pp. 349-359, 2001. (article)

Byron, R. B., Warren, E. S., Edwin, N. L. ,
Transport Phenomena: Second Edition, New
York: John Wiley and Sons, Inc., 2007. (Book)

186



AGJSR 33 (4) Dec 2015: 174-187 Ammar Mahjoubi et al

Notton, G., Cristofari, C., Mattei, M., Poggi,
P., Modelling of a double-glass photovoltaic
module using finite differences. Applied
Thermal Engineering, vol. 25, pp. 2854-2877,
2005. (article)

Bazilian, M.D., Kamalanathan, H., Prasad,
D.K., Thermographic analysis of a building
integrated photovoltaic system. Renewable
Energy, vol. 26, pp. 449-461, 2002. (article)

Evans, D.L., Florschuetz, L.W., Cost studies on
terrestrial photovoltaic power systems with

sunlight concentration. Solar Energy, vol. 19,
pp. 255-262, 1977. (article)

Dubey, S., Sarvaiya, J.N., Seshadri, B.,
Temperature dependent Photovoltaic (PV)
efficiency and its effect on PV production in

the world — a review. Energy Procedia, vol. 33,
pp. 311-321, 2013. (article)

Zondag, H., Flat-plate PV—-thermal collectors and
systems: a review. Renewable Sustainable
Energy Review, vol. 12, pp. 891-959, 2008.
(article)

Nomenclature

A: Area of surface (m2)

FF: Fil factor model constant (1.22 K m2)

Cm: Specific heat capacity of material (J/kg K)

Cmodule: Module heat capacity (J/K)

dm: Depth of material in module (m)

E: Incident irradiance (W/m2)

Ee: Energy delivered by the PV array (Wh)

Fxy: View factor, fraction of energy leaving
surface x that reaches surface y

g: Acceleration of gravity (m/s2)

H: Hourly global solar irradiation on a horizontal
surface (Wh/m?)

H:t Hourly irradiance in the plane of the PV array
(Wh/m?)

k1: Constant = K/I0 (= 106 m2/W)

Lx: Long wave irradiance emitted per unit area of
surface x (W/m2)

Ee: DC electrical power generated by module (W)

PV: Photovoltaic

187

PV/T: Photovoltaic/Thermal

gconv: Rate of net energy exchange at module by
convection (W)

qlw: Net rate of long wave energy exchange at
module surface (W)

T: Temperature (K)

Tambient: Ambient temperature (K)

Tground: Ground temperature (K)

Tmodule: Module temperature (K)

Ta: Hourly ambient temperature (°C)

Tc: Average module temperature (°C)

Tr: Reference temperature (= 25°C)

VW: Hourly wind speed (m/s)

Greek symbols

a: Absorptivity

T: Transmisivity

¢: Emissivity

eground: Emissivity of surface of ground
emodule: Emissivity of the PV module

esky: Emissivity of the sky

p: Density of water (kg/m3)

pm: Density of material (kg/m3)

nf: Factor accounting for friction losses in the
piping (m)

np: Array average efficiency (%)

nr: PV module efficiency (%)

o: Stefan-Boltzmann constant (5.669 x 108 W/m2
K4)





