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Abstract — Hybrid photovoltaic and thermal (PV/T) systems have been widely used for the
combination of PV modules and solar thermal collectors to generate both electrical energy and
heat at the same time. In the present work, a numerical model has been developed to simulate the
performances of a hybrid photovoltaic/thermal (PV/T) solar collector. Furthermore, a
comparative study has been performed between the hybrid PV/T working with three conventional
working fluids; air, water, and specified nanofluid (AL203+ water). The obtained results show
that the use of the Alumina nanofluid is the best choice to increase the heat removal, and to
improve the performances of the collector with the values of 73.28%, 10.37% and 99.21% for the
thermal, electrical and global efficiency respectively. On the other hand, the PVT collector
working with air as the primary fluid is the worst in terms of electrical, thermal, and global

performances with the lowest values of 9.506 %, 41.55%, and 65.315% respectively.
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I. Introduction

Many academics from all over the world are
attempting to meet the rising need for energy, by
developing different types of solar collectors to provide a
clean energy in sufficient quantities and at low costs. For
many decades, the hybrid photovoltaic and thermal
(PV/T) have been widely used for the
combination of PV and solar thermal effects to generate
both electrical and thermal energies, as it is well-known
that the cell efficiency is decreasing with high
temperatures. Theoretical and also experimental research
on hybrid PV/T systems using air and/or water as
working fluids were documented. For example, Previous
research [1-2] found that the flat plate photovoltaic
thermal (PV/T) solar collector is a good option for low-
energy applications in homes, commercial buildings, and
industrial. Prakash [3] has presented a dynamic model of
a hybrid PV/T solar system using two fluids; air and

systems

water as working fluids. It was reported that the thermal
efficiency varies from 50% to 67% for water heating, and
from 17% to 51% for air heating. In the case of air
heating, the lower thermal efficiency is attributable to the
poor conductivity and specific heat of air compared to
water. A study has developed an analytical mode to
compare and contrast the performance of a PV/T
collector with two layouts; single and double pass. They
concluded that the double pass PV/T collector
outperformed the single pass PV/T collector [4].
However, another study has showed a PV/T air heater
with four designs for single and double pass. He
developed the thermal model of every system, then
examined the effect of air specific flow rate on the
performance of each one [5]. Nine distinct designs of a
combination PV/T water/air solar collector were
evaluated by a research group, they revealed that the best
design is the sheet-and-tube collector with single cover
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[6]. An explicit dynamic model has been performed a
PV/T collector with a single glazed flat plate for water
heating. The model captured the instantaneous energy
outputs and allowed for a detailed investigation of
transient behavior across multiple collector components
[7]. A theoretical model was developed to study the
effect of the channel dimension, as well as the mass flow
rate on the performance of such system. The results were
validated with those issued by their experience [8]. The
paper looked at hybrid PV/T systems that extract heat
from PV modules using air or water. He also
experimented with three different ways to place the water
heat exchanger inside the air channel; the modified twin
PV/T collectors were combined with booster diffuse
reflectors to improve the PV/T systems' electrical and
thermal output. By integrating low-cost extra system
elements, the recommended combination of diffuse
reflectors improved the effective operation on horizontal
building roof installation [9].  Scientific work has
focused on an experimental study by adding the
propylene glycol (PG) in water as a working fluid in a
PV/T solar collector. Their obtained results indicated that
the using of PG-water at 25% PG concentration, reduced
the efficiency of the flat plate solar collector by 15.68%,
compared with pure water [10]. A hybrid PV/T collector
with water as working fluid produced in a copolymer
material was also described and simulated in another
study. They pointed out that using the copolymer reduces
the weight and cost of such systems, as well as making
them easier to manufacture [11]. Investigation has
studied the performances of a PV/T air heater with a
double pass layout, and vertical fins in the bottoming
channel of the absorber surface. Such enhancement
improves the heat transfer area to air, and increases the
efficiencies of this form of collector, according to the
researchers [12].

The literature showed the enormous efforts which
have been made to enhance the heat extraction from the
cells in a solar PV/T collector, in order to improve the
electrical conversion efficiency by using cooling fluids
which have higher thermo-physical proprieties. This
condition can be realized by adding ultra-fine solid
particles of millimeter or micrometer size to the working
fluid. On this direction, most of research works were
mainly based on nanofluids, which are composed of
particles dispersed in water with various concentrations
ranging. Based on previous research’s review papers [13-
15], In solar thermal systems, nanofluids can be used to
improve the thermal efficiency and performance of the
solar collector. They found that producing a nanofluid-
based solar collector emits roughly 170 kg/year less CO,
on average than a traditional solar collector, implying

that nanofluid causes less environmental damage.
However, the reviews [16-18] summarized the recent
correlations developed to analyze the free and forced heat
transfer convection phenomena in flow with nanofluids.
A group of scientists has proposed a new correlation for
the convective heat transfer of a Cu-water nanofluid for
both laminar and turbulent flow conditions. They
determined that this correlation takes into consideration
the major elements impacting nanofluid heat transfer and
that the presence of nanoparticles improves heat transfer
performance [19]. On the other hand, another group has
performed a comprehensive analysis in order to evaluate
the effects of wvariations in volume fraction and
temperature of nanofluid on its density, specific heat,
thermal conductivity and viscosity [20]. The effect of
cooper nanoparticles in the presence of a magnetic field
on unsteady non-Darcy flow and heat transfer over a
porous wedge due to solar radiation has been studied
theoretically [21]. Another research has studied
numerically the heat transfer and pressure drop of three
different nanofluids which were: copper oxide (CuO),
alumina (AI203), oxide titanium (TiO2), and water as
based fluid. The results illustrated that by increasing the
volume of concentration of nanoparticles, the heat
transfer coefficient increased. Furthermore, for a constant
volume of concentration, the effect of CuO nanoparticles
to enhance the Nusselt number was better than the two
other nanoparticles; AI203 and TiO2 [22]. Study have
reported the results of an experiment analysis, and have
studied the effect of Al203-H20 nanofluid as an
absorbing medium on the efficiency of flat plate solar
collector. The results of the experiment showed that the
use of a concentration of 0.2 % AI203 nanofluid
increased the efficiency of the solar collector in
comparison with water as working fluid by 28.3%, and
by using surfactant the maximum enhanced efficiency is
about 15.63% [23]. Scientific analysis has analyzed the
effect of nanofluid on the performances of an absorber of
a direct solar collector. They showed that the particle size
has minimal influence on the optical proprieties of
nanofluid, and the extinction coefficient is linearly
proportionate to volume fraction [24]. Another scientific
analysis has studied experimentally the forced convection
flow of aluminum oxide nanoparticles dispersed in water
through a circular pipe. The results showed that the
presence of nanoparticles in the working fluid caused a
remarkable increase in the heat transfer comparing to the
working fluid itself [25]. Furthermore, scientific team
have investigated experimentally the effect of density,
thermal conductivity and viscosity of water and Ethylene
glycol water mixture (60:40 by mass) based alumina
nanofluids, on the pressure drop and pumping power for
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a flat plate solar collector. It was observed that the
viscosity of the Al203-water nanofluids exponentially
decreased with increasing in working temperature, and
they have indicated the non-linear relation between
viscosity and concentration. They showed that the
pressure drops and consumed power for fluid pumping of
nanofluid flows are almost similar to that of the base
liquid with low concentration [26]. Another team have
performed a numerical simulation of the heat transfer
enhancement and behaviors of water-y AI203, and
Ethylene Glycol- v AI203 nanofluids in two different
confined flow situations. Their findings revealed that the
use of nanoparticles resulted in a significant increase in
heat transmission. However, and according to our
knowledge concluded from literature, no comparative
study has been presented to compare the performances of
these systems using different working fluids, thus, the
objective of the present study is to use nanoparticles
within the working fluid for a hybrid PV/T solar
collector, and to make a comparison in terms of
efficiencies between this solar collector with three
different fluids (air, water, and Alumina nanofluid
(A1203+water)) [27].

This study takes Constantine (North-east of Algeria)
as a case study, and a numerical model is developed by
presenting energy balances for different nodes: glazing,
PV cell, absorber, fluid and back plate, and considering
the transient effects.

Il.  Description of the studied PV/T
collector

Figure 1 shows a cross-sectional view of the proposed
photovoltaic/thermal (PV/T) collector. The investigated
system is made up of transparent glazing located at the
top of the collector, which transmitted the incident solar
radiation to the solar cell, and the absorber at the bottom
of PV/T collector. The stagnant air in the air gap is
assumed circulate under free convection. A fraction of
the incident radiation is converted into electricity by the
solar cell, and into heat by the absorber, which transfer
the heat to the fluid flowing into a rectangular duct
formed by the top absorber, and the back metallic plate
supposed painted black. The cooling fluid is flowing
under forced circulation mode. The conduct bottom is
insulated in order to minimize heat losses with the
ambient. The inclination angle of the studied hybrid V/T
solar collector is taken equal to the latitude of
Constantine east town in Algeria.

Solar radiation

SRR

: Glazi

Air gap e 3 . azing

hrc i C ) L
PV cell i bsorbing plate

h h
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Insulation —;g\ :_h“\
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Figure 1. A cross sectional view of the studied hybrid PV/T solar
collector

I11. Mathematical modelling

To examine the PV/T performances, a transient
mathematical model under forced convection was
constructed. In order to write the energy balance between
the components, it would be convenient to use the
analogy between electricity and heat transfer. Fig.1
shows the different heat transfer coefficients along
various elements of the collector. It is necessary to make
some assumptions to model the system considered, as:

v" The sky can be compared to a black body with
equivalent calculated temperature.

v The temperature of the soil is taken equal to the
ambient temperature.

v" The physical
assumed to be constant.

v" The wind is supposed blowing parallel to the
faces of the system.

v" The fluid entering the duct is at room
temperature, and the ducts fluid temperature is a
combination of the input and exit temperatures.

proprieties of materials are

The following are the energy balance equations for
different surfaces of the PV/T collector:

e Glazing:
dT,
myc, ( /dt> = PAg + hyy(Ty — Ty)Ag +
hyg(Ts -Ty)Ag + (hye + Ry o) (To-Ty) Ay (1)

Where mg, ¢q and A, denote the mass, specific heat
and area of glass respectively, while F, represents the
rate of the energy absorbed by the glass, h,gand h,., are
the heat transfer coefficients based on convection and
radiation between the glazing and ambiance/sky
respectively. On the other hand, h,.is the convection
heat transfer coefficient for air cavity between the solar
cell and glazing, h,.. is the heat transfer coefficient based
on radiation between solar cell and glazing. T,,T, T
and T, represent respectively temperatures of: glass,
ambient, sky and PV cell and t represents the time. The
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quantity of the energy absorbed by the glass is
calculated by the following expression [28]:

Fy = Pair- g—qir + Pair- 0g—aif (2)

Such as Pg, and Pg represents respectively the
intensity of the direct and diffuse incident radiation. The
absorption coefficients of glazing ay;_q; €t ay;_q;r are
calculated from [28].

The coefficient of radiation heat transfer from the
glazing to the sky is given by [29]:

_ogy(T}H-T8)
hyg =947 /(Tg -T,) )

Where o is the stephan-Boltzmann constant, ¢, is the
emissivity of thermal radiation of the glass cover, T,
characterize the sky temperature which is evaluated by
Swinbank (1963) as follows [29]:

T, = 0.0552(T,)'*° 4)

The coefficient of convective heat transfer between
the glazing and ambiance is formulated by Mc Adams
(1954) [29]:

h,y =57 +38.v (5

Where v represents the wind velocity.

The coefficient of radiation heat transfer between
solar cell and glazing can be calculated from the
following equation:

2 2
h,. = G(TC * Tg)(TC e )/(1/6 + 1/8 1) (6)
c 9

Note that the symbol ¢, represents the emissivity of
the solar cell.

The coefficient of convection heat transfer for air
cavity between the solar cell and glazing, is given by :

Nu.kg;
hye = e/ Q)

Where Nu represents the Nusselt number, Ky is the
air conductivity and Dy, represents the hydraulic diameter
of the air flowing in the channel. The Nusselt number
can be calculated by the convection between inclined
parallel flat plates [29]:
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Where R represents the Rayleigh number and 8 is the
collector inclination angle, which can be calculated by
the following expression:

2 3
_P Cpr(Tc - Tg)bc
Ra = kairp &

Where p, ¢, f and u are respectively the density,
specific heat, thermal expansion coefficient and the
dynamic viscosity of air, and g is the gravitational
constant.

e Solar cell:

mqC. (dTC/dt) = Pc-Ac + (hvc+hrc)(Tg - Tc)Ag
+ heo (T, — T.) A,
- Qele -Ac (10)

Where m,, c. and A, represents respectively the
mass, specific heat and area of the solar cell, P,
represents the rate of the energy absorbed by the PV
cell, h.. is the heat transfer coefficient conduction
between the PV cell and the absorber plate and Q,.is
the electrical power produced by the PV module. T,
Represents the PV cell temperature and T,, represents the
absorbing plate temperature. The rate of solar energy
received by solar cell after transmission is calculated by
the following expression [30]:

P=tgXacXf.XF a1y

Where a, is the absorption coefficient of the cell
and B, is the Packing factor which represent the ratio of
cell area to aperture area. While the rate of electrical
energy generated by the PV cell can be calculated by
[30]:

Qete = Mete X By X Be % Tg (12)

Where 1., design the electrical efficiency
generated by the cell, which is estimated by the relation
(38) and 7, is the transmission coefficient of the glass.
The heat transfer coefficient conduction between the PV
cell and the absorber is calculated by:
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k k
he = C/ec + p/ep (13)

ke, kpand e; e, are respectively the thermal
conductivity and the thickness of PV cell and absorbing
plate.

e Absorbing plate:
ar,
m, c, ( r/ dt) = hee(Te = Tp)Ae + hop(T; — T,) 4,

+ hrp (pr - Tp)Ap
+ ApPp (14)

Where m,, ¢, and A, represents respectively the
mass, specific heat and area of the absorber plate, B,
represents the rate of the energy absorbed by the
absorbing plate, h,, is the heat transfer coefficient
convection between the absorber plate and the fluid,
h,pis the heat transfer coefficient by radiation between
the absorber and back plate. T, and T, represent the
temperatures of fluid and back plate respectively. P, is
the rate of solar energy  absorbed by the absorbing
plate, which is calculated by:

PBo=ta X (1=f)Xa.xF (15)

The heat transfer coefficient by radiation between the
absorber and back plate can be given as [29]:
h,, =

G(Tp + pr)(sz + szp)/(l/ (16)
pr

+ e, — 1)

Where &5, And ¢, are respectively the back plate
and the absorber coefficients of emissivity.

¢  Fluid flowing in the duct:
arT,
My Cf ( f/dt> = hyp (Tp - Tf)Af
+ Rypp (Top = Tr) Ay

-m Cf(Tout
= Tin)As 17)

Where my, ¢; and Ay represents the mass, specific heat
and area of the fluid respectively, h,,, is the heat
transfer coefficient convection between the fluid and the
back plate, T;, and T,,. represent respectively the inlet
and the outlet temperatures of the fluid in the duct, m is
the mass flow rate of the primary cooling fluid.

e Back plate:

dT,
MppCop < "/ dt)

= hypyp (Tf - pr)Abp

+ (he + hva)(Ta - pr)Abp

+ hrp (Tp - pr)Abp

+ Apphra(Tson

= Tpp) (18)

Where my,, Cyp and Ay, represents respectively the
mass, specific heat and area of the back plate, h; is the
heat transfer conduction coefficient in the insulation, h,,
is the radiation heat transfer coefficient from the back
plate and soil, h,, is the convective heat transfer
coefficient for air cavity between the back plate and soil.
Tsoi Tepresents the temperature of the soil. The heat
transfer coefficient by conduction in the insulation can
be obtained by:

k., k
hy = l/el-‘l‘ bp/ebp (19)

With k;, ky, and e;, ey, are respectively the insulating
and back plate thermal conductivity and thickness.

The radiation heat coefficient between back plate and
soil is calculated by:

hyq = gepp(Tsoir + Top) (Toou + Tip) (20)

The convective heat coefficient between back plate
and soil H,,, can be taken the same as H,,.

I11.1. Expression of convective heat transfer coefficients

For convective exchange between two metallic plates
and the fluid inside the duct, the heat transfer coefficient
can be calculated by:

k
hy, = hy =Nu 7 /Dh 21

Where k; is the fluid thermal conductivity, Nu is the
Nusselt number for forced convection in the duct formed
by the absorbed plate and the back plate. According to
the literature analysis, this number can be expressed for
different fluid examined in this work as:

e Forair:

According to [29] and [31], the correlation of Tan
and Charters (1970) is recommended for parallel flat
plate and Nusselt number can be expressed by:
Nug, = 0.018 ReJ% pProt (22)
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Where Pr;, is the Prandtl number of air, Re,;, is the
Reynolds number of air defined as:

v.D
Reair =p h/ﬂ (23)

In which p and u represent the density and the
dynamic viscosity of air, v is the mean velocity of air in
the duct.

o For water:

Referring to [32], the Nusselt number of pure water
for turbulent flow in two parallel plates, can be
calculated by the following correlation over the well-
known equation of Dittus-Boelter:

Nu yaper = 0.023 Re\%gter Prv(t)/gtger (24)

Where Praer 1S the Prandtl number of water, Reyager
is the Reynolds number of water.

e For nanofluid:

According to [27, 33], the following correlation has
been created to determine the Nusselt number in terms
of Reynolds and Prandtl numbers [16], of turbulent flow
in tube using Al,O3; — water mixture under a uniform
heat flux boundary condition on its wall.

Nu,; = 0.085 Rep/' Pro® (25)

FOr 6.6 < Pry <13.9, 10* <Rey <5.10° and 0< ¢ <10 %

Where Pry , Rey represent the Prandtl and the
Reynolds number of the nanofluid and ¢ represents
the volume fraction of Al, O3 nanoparticles.

I11.2. Expression of thermo-physical properties

e Forair:
According to [29], the physical properties of air are
assumed varying with temperature, as follows:

v' Viscosity

Hair = [1.983 + 0.00184(T; — 27)]107° (26)
v Density

Pair = 1.1774 — 0.00359(T; — 27) 27)
v" Thermal conductivity

kqir = 0.02624 + 0.0000758(T; — 27) (28)
v Specific heat

Cpair = 1.0057 + 0.000066(T; — 27) (29)

e  For water:
The equations of the physical proprieties of water are
obtained from the equations provided in the study by
Jayakumar et al [34], as:

v' Viscosity
Hwater = 2.1897 exp(—11) T;* — 3.055 exp(—8) T;> +
1.6028 exp(—5) T;*) — 0.0037524 T + 0.33158 (30)
v Density
Pwater = —1.5629 exp(—5) T¢> + 0.011778 T;*
—3.0726 Ty
+1227.8 (31)
v Thermal conductivity
Kwater = 1.5362 exp(—8) T;* — 2.261 exp(—5) T,
+0.010879 T;
—1.0294 (32)
v Specific heat
Cpwater = 1.1105 exp(—5) T;* — 0.00310 T,
—1.478 T;
+4631.9 (33)

e For nanofluid:

From literature, the physical proprieties of nanofluids
depend on parameters including the thermal proprieties
of the water as base fluid and the volume fraction of
aluminum oxides (Al, O3) nanoparticles dispersed in
water. Based on the report [27], the Eqgs (34) and (35)
are general relationships used to compute specific heat
and the density for a classical two-phase mixture. The
specific heat of the Al,Oz-water nanofluid can be
calculated by [27]:

Cp,nf = (1 - (p)cp,water + (pcp,np (34)

Where Cyni, Cpwaer and Cppnp represent respectively
the specific heat of nanofluid, base fluid and
nanoparticle. The nanofluid density is calculated by the
following relation [27]:

Pnf = a- (p)pwater + PPnp (35)

Where pui, puaer @nd pp, represent respectively the
density of nanofluid, base fluid and nanoparticle.

They exist several semi-empirical correlations for
calculating thermal conductivity and the dynamic
viscosity. Recent models have shown that numerical
simulations for viscosity and thermal conductivity
require more robust models that account for temperature
dependency and nanoparticle size. These correlations
include temperature and volume fraction [26, 35] in the
eq (36) which represents the modified statement of
Nguen:

Hnp

= exp(3.003 — 0.04203T; — 0.5445¢
+0.0002553T¢ — 0.0534¢?

—1.622¢71 (36)
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Regarding the nanofluid thermal conductivity, and
according to Maiga[27], this parameter can be calculated
using the eq (37), this model has been used in this study
because of his simplicity:

k
"f/k =4.97¢% 4 2072¢ (37)
water

Knt, Kuwaer represents respectively the thermal

conductivity of nanofluid, base fluid.

I11.3. Expression of efficiencies

The expression of the electrical efficiency generated
by the cell is:
Nele = nref[l = B (T, — T)] (38)

Where n,., is the reference cell efficiency at
operating temperature T, of 25 °C, and B, is the
coefficient of temperature and these parameters are
given by manufacturer [30].

The instantaneous PV/T collector thermal efficiency
of can be expressed by the heat ratio quantity extracted
by the fluid used to the amount of solar radiation
incident on the glazing [28]:

By = S cp(Toue — Tin)dt o iha 39

And the overall efficiency of the PV/T solar collector
is computed by adding the thermal efficiency equivalent
of electrical efficiency and the thermal efficiency [30]:

Noveraul = (nele/cf) /7 (40)

Where ¢, is the conversion factor of the thermal
power plant, its value can be taken as 0.4 [30].

IVV. Method of resolution

Based on the finite difference formulation, the
temperature distribution can be determined by a system
of linear algebraic equations, these systems can be
written as a matrix equation as follows [31]:

A(5,5) xT(5) = B(5) (41

Where A (dimension: 5) represents a square matrix,
such its elements join the known thermal capacities of
materials with the different heat exchange coefficients
between PV/T collector elements, T (5) is a vector
containing system of the unknown’s temperatures at the
nodes and the vector B (5) which join the constants,
thermal capacities of materials with the heat exchange

coefficients which related with the input physical
parameters. This equation system is solved by the
iterative Guass-Siedel method, which allowed evaluating
the unknowns for each time and for each component. For
numerical calculation, a computer program was prepared
in Matlab language. First, initial guessed temperatures
are used equal to ambient temperature in order to
calculate the heat transfer coefficient, which can be used
to estimate (Tg, T;, T, T and Tyy), then the values
obtained are reinserted to calculate new temperatures of
various elements. If all new values are larger than 0.01%
from their guessed temperature, the process is repeated
until the solution converges.

V. Results and discussion

V.1. Validation results

e  Airas working fluid

The values of the thermo-physical parameters for
various surfaces of the system which have been used to
validate the model are found from literature [5], [11], and
[36]. The relevant parameters used for numerical
calculations are listed in Table 1. The electrical
efficiency is calculated by eq. (38), and the following
values were experimentally validated according to [5]:
Br=0.004 K™, n=12.5%. Both the absorber plate and
the back plate are in cooper and the values of emissivity
and thickness of the back plate are taken as: &,,=0.9 and
€pp= 3mm [5].

Table 1. Main parameters used in simulation [5, 11 and 36].

Absorbing

Parameters Glazing PV cells Insulation
plate
Absorption _ _ _
coefficient (-) 04=0.04 a:=0.9 0,=0.94
Transmission _
coefficient (-) =09 i )
Emissivity (-) £,=0.86 e=0.7 £,=0.95
Thickness
= =0.22 = =
(mm) e=3 e=0 €=3 €=50
Thermal
conductivity ke=1.8 ke= 130 ko= 386 ki= 0.045
(w.mtK?
Density(kg.m®) | p,=2700 | p=2330 pp= 8954
Specific heat
capacity (J.kg cg=750 c.=836 c,=0.383
1.K-1)

First, the program was operated on a panel with area
of 9 m? the input data collected of the PV/T air collector
Model Il from the comparative study [5], in his study this
model represented the highest thermal efficiency values.
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Figure 2 illustrates the comparison of the thermal
efficiency of the present numerical code with the thermal
efficiency available in the study [5], the figure represents
the variation of performances as a function of the air
mass flow rate which spanning the range of 0.005-0.04
kg/s.m?. The results obtained are in good agreement with
those reported by [5]. The results of the present study
predict the thermal efficiency within a relative error
of £2% which may come from making hypotheses and
uncertainties in the correlations used in the mathematical
analysis.

65 T T T

60+

o
L3,
1

o
o
i 1 i

Daily thermal efficiency (%)
&
1

40
35 1 —{—Hegazy et al.data(2000)
Present Work
30
T T T T
0,00 0,01 0,02 0,03 0,04

Mass flow rate (kg/s)

Figure 2. Comparison between the present work and those of Hegazy

V.2. Evolution of solar radiation intensity and ambient

temperature

The following performance evaluation have been
carried out for meteorological data which concern
Constantine town in east Algeria (36°70°, 6°37°), for the
typical summer day 30 July 2015, and during which the
prevailing maximal and minimal temperatures are
respectively equal to 43°C and 22°C, according to [37].
The calculation of the different parameters is during the
sunshine and the collector represents an area of 1m long
by 1 m wide and the wind speed was taken equal to
0.5m/s.  Figure 3 represents the variation of solar
radiation and ambient temperature of the typical day on
hourly basis. It can be seen that the radiation varies from
a minimum value of 290.206 W/m? at 8:00h and 17:00h
to a maximum value of 920.88 W/m? at 13:00h.

1000 . . . . — 220
900 - 0=0,
~ 7 __0-0-p I
"z 800 97\ \D\D 3,
£ 700 :/D 2! g :
= - \ 1310 3
| a o
z 600 ] / Y g
g s O \ -3053
£ 400 z
g Q 300 3
£ 300 o)
g == Intensity 3
E 200 / ~{~Temperature | _235'%
2 00 ) =
W
0 - T T T T T T ZBD
6 8 0 12 14 16 18

Local Time of the day (hr)

Figure 3. Hourly variation of solar intensity and ambient temperature of
the typical day

V.3. Comparative results

The proprieties of the conventional working fluid, are
evaluated as a function of temperature by using
equations: Eqs (26)-(29) for air and Eqgs (30)-(33) for
water. However, the proprieties of the Alumina nanofluid
are simulated by using Eqs (34)-(37) at different
temperatures using 2% as a volume fraction of Al,O;
nanoparticles in the base fluid that is water.

Figure 4 shows the effect of mass flow rate on the
thermal efficiency of the PV/T system. It is observed that
the thermal efficiency increases with the increase of the
mass flow rate and the results illustrates that the thermal
efficiency of nanofluid is the highest comparing with
those of water and air, since the increase in the mass flow
rate, enhance the convection heat transfer from the
absorbing plate to the flowing fluid and leads to reduce
the thermal losses from the absorbing plate to ambiance.
These results are agrees well with [5], [15] and [23].
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Figure 4. Variation of thermal efficiency with mass flow rate for: air,
water and Alumina nanofluid
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Figure 5 shows the hourly variation of the outlet
temperature of three different working fluids, which
were: air, water and Alumina nanofluid. The outlet
temperature of different fluids increases with local time
as radiation increases and present their maximum at
13:00h, because the solar radiation is collected on the
absorbing plate then transferred to the working fluid and
it can be seen that the outlet temperature of the Alumina
nanofluid presents the highest temperature with a
significant difference compared with those of water and
air. Whereas, the maximum outlet temperature of
nanofluid is 3.72°C higher than water and 11.77°C more
than air.
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Figure 5. Comparison between the simulated outlet temperatures of
different working fluids: air, water and Alumina nanofluid

Figure 6 represents the variation with time of the rate
of heat extracted by the fluid when the mass flow rate is
taken equal to 0.04kg/s. The results of this figure indicate
that the quantity of heat extracted by the nanofluid is
higher than the other two fluids, because the presence of
Al, O; nanoparticles in the nanofluid enhances its
thermal conductivity and density than water and air,
which improves the heat transfer coefficient from the
absorber plate to the flowing fluid. These results are in
good agreement with that reported in literature. Values
of the heat extracted by working fluid is substituted in Eq
(39) to calculate the thermal efficiency which is function
of the specific heat and mass flow rates of the three
working fluids, because of the highest values of the
outlet temperature of nanofluid, it’s remarkable in Figure
7 that the thermal efficiency of the nanofluid becomes
higher compared to other two fluids. The maximum
values of thermal efficiency are found to be: 73.28%,
67.67% and 41.55%, of nanofluid, water and air,
respectively.  It’s remarkable in Figure 8 that the
temperature of the cell when the nanofluid is flowing is

relatively lower than those of other fluids, this has a
direct impact on the electrical efficiency, so it is clear in
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Figure 6. Hourly variation of heat gain of three fluids: air, water and
Alumina nanofluid
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Figure 9 that this fluid represents the best electrical
efficiency comparing to those of water and air because
the increase in temperature of the cell causes the decrease
in electrical efficiency. It is noted from results of Figure
7 and Figure 9 that the thermal efficiency rises when
operating temperature increases but in the same time the
electrical efficiency decreases, this conflict impose to
calculate the overall efficiency using Eq (40) in order to
determine which fluids represents the best performances
of the PV/T system, the same comment was established
by [5], [8] and [30], so the Figure 10 exhibits the
evolution of the overall efficiency of the panel for the
three fluids and it can be seen from results that the
overall efficiency of Alumina nanofluids is higher by
about 6.15 % and 33.9 % than water and air, respectively,
because nanoparticles give the nanofluids the highest
density and lower specific heat and according to [15] less
heat is required to raise the temperature of the nanofluid
and thus making the output temperature and efficiency
becomes higher.

T T T T
13 4
—— Air
- —{— Water -
® [~ i
o 124 A1203 Nanofluid
©
= _
=
o~
=
211
=
.E -
=
=
‘= 10 4
‘; =
=
=3)
g T T T T T T
6 8 10 12 14 16 18

Local time of the day (hr)
Figure 9. Electrical efficiency variation with the three studied fluids
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Figure 10. Hourly variation the overall efficiency of the three working
fluids

V1. Conclusion

According to the theoretical results obtained from the
numerical calculation of the performances of a hybrid
photovoltaic/thermal (PV/T) solar collector, using three
different cooling fluids: Alumina nanofluid, water and
air, the following conclusions have been drawn:

v The model was validated and the results
obtained are in good agreement with those reported by
literature.

v/ The increase in mass flow rate extending over
the range: 0.005-0.04 kg/s, leads to raise the efficiencies
by decreasing the heat losses from absorbing plates to the
ambiance.

v' The outlet temperature of the system using
nanofluid is higher than the two other systems using
water and air.

v" The results show that using nanofluid as cooling
fluid, the electrical efficiency increases due to the
decrease of the temperature of the PV cell.

v The hybrid (PVIT) system using Alumina
nanofluid presents the highest thermal efficiency,
compared to the system using water and air as working
fluids, respectively (73.28%, 67.67% and 41.55%).

v' The overall efficiency of the system using
nanofluid (99.21%) is higher than water (93.06%) and air
(65.31%), because the presence of nanoparticles in water
increases the thermal proprieties of this fluid.

NOMENCLATURE

A: the area of the component of the system, m?

Cp : the specific heat of the component of the system, J/kg .K

Dn : hydraulic diameter, m

e: The thickness of the component , m

h,4 is the convective heat transfer coefficient between the glazing and
ambiance, W/m2K

h,4 is the radiation heat transfer coefficient from the glazing to the
sky, W/mK

h,. isthe convection heat transfer coefficient for air cavity between
the solar cell and glazing, W/m?.K

h,. is the radiation heat transfer coefficient between solar cell and
glazing, W/m2.K

h. is the heat transfer coefficient conduction between the PV cell and
the absorber plate, W/m?.K

hyp is the heat transfer coefficient convection between the absorber
plate and the fluid, W/m2.K

h,pis the heat transfer coefficient by radiation between the absorber
and back plate, W/m2.K

hybp is the heat transfer coefficient convection between the fluid and
the back plate, W/m2.K

h; is the heat transfer conduction coefficient in the insulation, W/m2K
h,, is the radiation heat transfer coefficient from the back plate and
soil, W/m*.K

h,q is the convective heat transfer coefficient for air cavity between
the back plate and soil, W/m2.K
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Q.1.1s the electrical power produced by the PV module, W/m?
g:the gravitational constant, m?/s.

k: thermal conductivity W/m.K

m: the mass of the component of the system, kg

m is the mass flow rate of the fluid, kg/s

Nu represents the Nusselt number

P: the energy absorbed by the component of the system, W/m?
Pgir and Pgir represents respectively the intensity of the direct and
diffuse incident radiation, W/m?

R, represents the Rayleigh number

T: temperature, K, °C

t: time, hr

v the wind velocity, m/s

INDEX

a: ambient
air: air

bp: back plate
c: PV cell

f : fluid

g: Glass

i: insolating
in: inlet

nf: nanofluid
out: outlet

p: absorbing plate.
s: sky

soil: soil
water: water

GREC SYMBOLS
ay1_qir €t ayq_g;f : the absorption coefficients of glazing
o is the stephan-Boltzmann constant, o = 5.67x10 W-m2.K™
¢ is the emissivity of thermal radiation of the component.
6 : the collector inclination angle, °
p - the density, kg/ m*
f : thermal expansion coefficient, 1/K
B, is the Packing factor
B, is the temperature coefficient
u : the dynamic viscosity
¢ : volume fraction of Al, Osnanoparticules
Nee design the electrical efficiency generated by the cell, %
Nrer IS the reference cell efficiency, %
N, The instantaneous thermal efficiency of the PV/T collector, %
Noverau the overall efficiency of the PV/T solar collector, %
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