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Abstract - The hybrid photovoltaic/thermal (PVT) solar collector is a cogeneration system that produces electricity and heat
simultaneously. The performance of the hybrid photovoltaic/thermal air solar collector is limited by the low convection heat
transfer coefficient between the absorber plate and the air in circulation. The addition of baffles in the air duct improves the
coefficient and therefore the performance of the hybrid photovoltaic/thermal solar collector. The performance of the hybrid
photovoltaic-thermal air collector is affected by the layout and shape of the baffles. In this study, a two -dimensional dynamic
regime thermal model was developed to evaluate the performance of two distinct photovoltaic solar configurations: an air-cooled
flat-plate hybrid photovoltaic-thermal solar collector and an air-cooled flat-plate hybrid photovoltaic-thermal solar collector
with rectangular baffles, in order to investigate the effect of cooling on the solar photovoltaic module. All the mathematical
equations obtained were discretised using the finite difference method. The implicit alternating directions scheme was used for
the heat transfer equations within the fluid. The resulting system of algebraic equationsis solved using Thomas’ algorithmin the
FORTRAN environment. The model is validated by comparing the numerical and experimental results from the literature. The
results showed that the maximum electrical efficiency of the photovoltaic module increased from 13.04% to 14.39% for the air-
cooled PVT hybrid collector without baffles and from 13.04% to 14.74% for the air-cooled PVT hybrid collector with baffles.
This represents an increase of 1.70% in electrical efficiency, an average gain of 40.18% in thermal efficiency, an overall exergy
0f16.90% and an entropy of 1.60 W/K. The numerical results provide valuable insight into optimizing the design and operating
conditions.

Keywords - Hybrid photovoltaic/thermal solar collector, Modelling, Electrical efficiency, Thermal efficiency, Baffles, Exergy.

1. Introduction a decrease in electrical efficiency [3, 4]. To improve the

Countries around the world depend mainly on fossil fuels
(coal, oil and natural gas) to meet their energy needs.
Available in limited quantities, these fossil fuel sources are
being depleted at an accelerating rate. Their massive use is
contributing to global warming by releasing carbon dioxide
into the atmosphere. To meet energy needs and solve
environmental problems, renewable energies are an
alternative to fossil fuels. Electrical and thermal energy,
produced by photovoltaic (PV) solar modules and thermal
solar collectors, respectively, are the two forms of energy
obtained from solar energy [1]. Made from semiconductor
materials, mainly silicon, PV solar modules convert solar
radiation directly into electricity [2]. When these PV solar
cells absorb solar radiation, unwanted heat is generated,
leading to anincrease in their temperature and, consequently,

electrical efficiency of solar PV modules, it is necessary to
cool them by converting undesirable heat into useful heat for
residential and industrial applications [5, 6].

2. Literature Review

In recent years, research has been carried out into
methodsof cooling solar PV modules. One of the methods of
cooling PV solar modulesis the forced circulation of air at the
back of the PV solar module. This active method highlights
the design of a new solar technology called hybrid
photovoltaic/thermal (PVT) solar collectors, which produce
electricity and heat from solar radiation. It extracts undesired
heat from the PV module and keeps its electrical efficiency
constant by increasing the air mass flow rate. A comparative
study of the performance of four different configurations of
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hybrid air collectors under the same climatic conditions by
Srimanickam et al. [7] showed that the electrical efficiency
increased from 9.8% to 12.9% for an air mass flow rate of
0.00847 kg/s and from 10.3% to 13.9% for an air mass flow
rate of 0.0113 kg/s. The thermal efficiency was respectively
between 4.3% and 12.4% for an air mass flow rate of 0.00847
kg/s and between 6.5% and 15.9% for an airmass flow rate of
0.0113 kg/s. [7] Omer and Zala [8] showed that the electrical
efficiency and thermalefficiency ofthe hybrid PVT collector
increased by 20% and 44%, respectively, when the air flow
rate was increased from 0.024 to 0.057 m3/s. Tripty and Nasrin
[9] developed a three-dimensional (3D) model of a hybrid
PVT air collector and analysed the behaviour of the system
consisting of six aluminium sheets (I mm thick fins) inside the
heatexchanger. The results indicated a thermalenergy output
0f302 W to 514 W fora flow rate of 0.015 to 0.535 kg/s. For
anincrease of 0.097 kg/s, thermalenergy and electrical power
increased by 42.4 W and 1.596 W, respectively, while output
and PV solar cell temperatures decreased by 3.796 °C and 3.8
°C, respectively. Thermal, electrical and overall efficiencies
are improved by 6.994%, 6.738% and 0.256% when the mass
flow rate is increased by 0.097 kg/s. An experimentalstudy by
Ganesan et al. [10] showed that natural convection cooling
methods improved the electrical efficiency of the PV module
by 27.7% when its temperature was reduced by 17.3%. Basem
etal [11]showed thatair cooling in a channel, water cooling
in the tubes and aluminium oxide-water nanofluid cooling in
the tubes behind the PV module improved the electrical
efficiency by 1.1%, 1.9% and 2.7% respectively. This study
showed that air cooling is less efficient than the other two
cooling methods used. This limited cooling method is due to
the low thermal capacity, conductivity and heat transfer
coefficient. To improve these thermophysical properties of the
air, barriers are added to the air duct atthe rear of the solar PV
module.

Optimising the structural configuration of the airflow
channels improves heat transfer and reduces the temperature
ofthe PV modules. Indeed, an experimental study by Alshibil
et al. [12] showed that the thermal efficiency of the hybrid
PVT collector with louvred fins increased by 48% and 54%
compared with the hybrid PVT collector with vertical fins and
the hybrid PVT collector without fins, respectively. Thus,
louvred fins were more efficient for the same surface area than
vertical fins. Zhang et al. [13] designed a hybrid PVT air
collector using fins with double-layer flow channels, with the
upperchannelequipped with transparent corrugated plates and
the lower channelwith offset fins. The results showed that the
maximum overallefficiency was 56.261% when the height of
the upper and lower fins was 23 mm and 105 mm, for an
equivalent diameterof 70 mm and three (03) fins. The average
overall yield increased by 8.21% compared to other collectors
under the same conditions. Different innovative hybrid PVT
collector configurations with convex flow channelwall shapes
such as hemispheres, cylinders, cones and cuboids were
investigated by Wang et al. [14]. Compared with the conical
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shape, the cylindrical shape showed improvements in
electrical and thermal efficiency of 1.73% and 8.29%,
respectively. In addition, the electrical and thermal powers
increased by 2.1675 W and 59.19 W with the cylindrical
configuration. Kim et al. [15] conducted a comparative study
of three hybrid PVT air collector configurations: a hybrid PVT
air collector with longitudinal fins and rectangularturbulators,
a hybrid PVT air collector with a smooth channelanda hybrid
PVT air collector with fins only.

The results showed thatthe hybrid PVT air collector with
longitudinal fins and rectangular turbulators achieved an
electrical efficiency of 17.06%, while the hybrid PVT air
collector with a smooth channel and the hybrid PVT air
collector with fins gave corresponding values of 16.55% and
16.8%, respectively. In addition, the hybrid PVT air collector
with longitudinal fins and turbulators achieved a thermal
efficiency of 38.93%, while the hybrid PVT air collector with
a smooth channel and the hybrid PVT air collector with fins
achieved thermal efficiencies of 22.68% and 33.56%
respectively. Genge et al. [16] investigated the impact of the
number of fins on the PV panelsurface temperature and on the
air flow in the collector-fan cavity. The numerical results
indicated that increasing the number of fins to 34 decreased
the surface temperature of the solar PV panel from 65°C to
50.99°C, a reduction of 14.1°C. Bayrak et al [17]
experimentally investigated the effects of passive cooling on
the temperature, power output and energy-energy efficiencies
of solar PV panels for ten (10) different fin configurations. It
was observed that the temperature was not evenly distributed
over the surface of the PV panel. The highest energy and
exergy efficiency of the PV panels, 11.55% and 10.91%
respectively, were obtained with the finned configuration
(named AS).

Various configurations of obstacles used in airflow
channels for cooling PV modules have been proposed in the
literature. Rectangular, triangular, inclined, perforated, curved
and then V-shaped and T-shaped baffles were used as
obstacles in the air ducts to improve the performance of the
solar PV module. With perforated baffles, the total exergy
efficiency of the hybrid PVT air collector with perforated
baffleswas 24.8% to 30.5% while the total energy efficiency
was 44.1% to 63.3% [18]. When using the curved baffles,
thermal efficiency and electrical efficiency were 37.1% and
6.4%, respectively. In addition, annual thermal energy and
electric energy produced were 644 kWh and 118 kWh,
respectively [19]. When triangular obstacles were used in the
air ductof a hybrid PVT collector, the average daily thermal,
electrical, energy and exergy efficiencies were 24.73%,
15.59%,62.83% and 15.57%, respectively. On the other hand,
for a PVT hybrid air collector without triangular obstacles,
these efficiencies were 17.08%, 15.30%,54.47% and 15.13%,
respectively [20]. According to the same authors, the energy
and exergy of the hybrid PVT collector with triangular
obstacles produced annually were 12.84% and 1.98% greater
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than those of the hybrid PVT collector without obstacles.
Another experimentalstudy by Yu et al. [21] showed that the
use of triangular baffles increased the air outlet temperature
by 3.6 °C to 3.9°C and the useful heat by 1.28 to 1.31 times
compared to the hybrid PVT solar collector without baffles.
As aresult, the PVT airhybrid solar collector with baffles saw
thermalefficiency increased by 31%, maximum output speed
increased by 1.03 times and mean Reynolds number increased
by 1.05 times. Srimanickam and Sarayan [22]showed that the
coupling of fins to V-shaped baffleshad the highest electrical
and thermal performance compared with the other
configurations because of its physical geometry, which is rich
in artificial roughness. Zine et al. [23] experimentally
evaluated and compared the electrical and thermal
performance of a hybrid PVT collector with baffles and a
hybrid PVT collector without baffles. The results showed that
the thermal and electrical efficiencies of the hybrid PVT
collector were on average 86% and 9%, respectively. This
results in a 22% improvement over a hybrid PVT collector
without baffle fixation in the absorber.

The integration and combination of cooling methods for
solar PV modules should be implemented to improve both the
heat transfer surface area and the heat transfer coefficient.
These heat transfer characteristics can be limited by the shape
of the baffles and stagnation zones. To increase heat transfer
and reduce hot air stagnation zones, a simple shape and regular
arrangement of the baffles lengthens the air flow in the duct
and improves the performance of the flat-plate hybrid PVT air
collector. In addition, most studies in the literature have used
steady-state thermal models to numerically determine the
performance of the hybrid flat plate air collector. Such an
operating regime does not take into account fluid flow in all
directions, which may lead to an overestimation or
underestimation of the performance of the flat-plate hybrid
PVT air collector under varying climatic conditions.

Two-dimensional (2D) dynamic thermal models with
laminar airflow in the duct of the flat-plate PVT air hybrid
solar collector are often not taken into account when
determining temperature distribution and performance. In this
study, rectangular-shaped baffles were installed in the airflow
channelofthe hybrid flat-plate PVT solar collector. The main
objective is to investigate the effect of adding baffles in the
airflow channel on the performance of the hybrid flat-plate
PVT solar collector. To this effect, a 2D dynamic thermal
modelhasbeen developed in orderto numerically compare the
electrical and thermal performance of the flat-plate hybrid
PVT solar collector with and without baffles.

3. Materials and Methods
3.1. Physical Model and Assumptions

The physical model of the system studied was a hybrid
PVT flat-plate solar air collector consisting of the PV solar
module and a heat exchanger, shown in Figure 1.1t consists of
three (03) main parts:
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e The partcreatingthe greenhouse effect consists of a layer
of air confined between the glass cover and the upper
protective glass of the PV solar cells.

The PV module part consists of three essential solid
layers:

A layer of top protective glass;

PV solar cells immersed in an Ethylene-vinyl acetate
(EVA) polymer layer;

A lower protective glass layer.

The heat exchanger section consists of three layers:

An absorber plate behind the glass; this is a
corrosion-resistant stainless-steel sheet.

a rectangular air duct or air flow channel to convey
the useful heat;

An insulation to minimise heat loss to the sides and
rear of the hybrid PVT collector’s air duct.

With the reference hybrid PVT collector, single
rectangular baffles were fitted in the air duct to guide the
direction of airflow (see Figure 2). Six (06) simple rectangular
baffles were fixed in the path of the airflow. The laminar flow
is incompressible, two-dimensional and dynamic with no
internal heat generation and negligible viscous dissipation.
The thermophysical properties of air vary according to its
temperature, but those of the solid layers are constant. The air
flow is modelled by the Navier-Stokes equations,and the heat
transfer equations between the solid layers of the collector by
the first law of thermodynamics. The side walls of the hybrid
PVT collector were considered to be adiabatic. The change in
density in the air thatleadsto naturalconvection is considered
only in terms of body forces in the Boussinesq approximation.

Glass cover

-

EVA + PV solar cell + EVA

Confined Top protective
glass

Air

Bottom protective glass

Absorber plate

=

Inflow Outflow

Insulation

Direction of air circulation

Adiabatic wall

B S E— s 3
d L=12m d

Fig. 1 Cross-section of a flat-plate hybrid PVT air collector

Inflow

0.192 m Outflow

Fig. 2 Cross-section of a hybrid PVT air collector with baffles
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Thus, buoyancy forces of equation 1 created by both
temperature and specific vapour density of air gradient are
taken into account in the momentum equation [24].

f = g(siny.T+ cosy. D[Br(T = Too) + fe(c = )]
)
With g, the gravity intensity,Brthe volumetric coefficient
of thermal expansion andf.the coefficient of expansion
specified forair are approximated on the basis of the reference
temperature T,,and the reference concentrationc,,.

The governing equations of the fluid were put into
dimensionless form by introducing the transformations given
by equations 2 and 3.

_fy Y.y =Y oy Wt
X=p¥=riU= s == @)

T =T cf—c wflL P
__f a; _ S a;ﬂsz;f=_f 3)

Tfre—Tq Cfe—Cq o LVy

3.2. Basic Mathematical Equations in the Fluid Zone and
Boundary Conditions

Taking into account the physical model and the
assumptions made with dimensionless variables in equations
2 and 3, we obtained the non-dimensional fluid equations.

(a) Vorticity, current flow and velocity field equations:

2 Ly 2y Y _i<62“f f’znf)
o T fax+Vf ay  Re \axz ' ay2
s iy Gt iy 2
+R;r [cosy o Sty ay] + R, [cosy o Sty —
“)
32'1’/' azq’f)
0y = _(axz t o )
Z 2y, e A A &
ox or ' T ey T T 7 ax ©)
(b) Energy equation in the fluid:
1y, My (2 )
o T s ax T Ve Y  RexPy \ X2 t o @
(¢) Humidity diffusion equation:
8 Ly 2% Ly % l(ﬂq “W>
o T U ax T Vs Y ScxRe \ 0X2 t o ®)
The boundary conditions:
(a) At the initial date: (T = Tg)
U =V,=0 02,=0,%=0,6=0C=0 (9
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(b)

©

(@)

at the airflow channel: (0 < X < %; Y =0)

Uf=0;Vf=1;le=—X;9f=0;Cf=O

azll’f
.Qf =~ %2 X¥=o (10)
. d
at the airflow channel outlet: (1 — o< X<1;Y=0)
o _av o %
Y lxy=o T oy X,Y=0 oy X,Y=0 a
ac aw a0
— =0;-2L =0;,—L =0 1n
Y Ix y=0 oY lx y=0 Y lx y=0
At the inside walls of the air duct:
e Adiabatic wall at the air duct inlet:
X=0,0<Y< %)
a6 ac
U =V, =0; 2 =0; = =0
s s 0X lx—oy X ly—0oy
wo=0;0, = -2 12
r 'f__axzx=o,y (12)
e Insulation wall at the entrance of the duct:
X =%0<Y <
—v.—q. 2% _9. % _
Uf_v}_o’aX|X:2'Y_0'ax Xz%_y_o
v 2.0 s 13
f =T T T ax2 X=%,Y ( )
e Insulation part at the outlet of the conduit:
x=1-%o0<y<%
L L
aef d
Uf—Vf—O, ax le_g‘y—o,lllf—_
3Cf _ _ 32’-I’f
ax ly_q 4y 05 % =-%¢ x=1-%y (14
L L
e Adiabatic wall at the outlet of the duct:
X=10<Y< %)
20 ac
U =V, =0;-2 ;=L 0
X lx=1y 0X lx=1y
azq!f
Y =0; 0 =——3; (15)

X=1Y

e Bottom-air heat exchanger wall interface:

(£<X<1—2;Y=H—1)
L L

L
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_ _ _ oCy _

U =V, =0; ef_ems,ay Y:ﬂ—o
yo=_% g = ZU L 16

f__L' f__aYZ XY:ﬂl ( )

! L
e Upper-air heat exchanger interface wall:
O0<X<1Y= %)
azq’f
U =V=0 =00 =-—2
X,Y=Z
aCf

0 =0 =0 (17)

P oy A
XY="7

With:

x,y: cartesian coordinate axes (m); X,Y: dimensionless
coordinate axes ; uvp: components of the fluid velocity
the x and y directions (m.s™") ;U V;:
dimensionless velocities in the x and y directions
respectively ; ¢y: mass fraction of the airvaporormoisture (kg

vectors in

water/kg dry air); cg: fluid moisture near the plate (kg
water/kg dry air) ; ¢,: concentration in the fluid away from the
plate (kg water/kg dry air); : dimensionless concentration; T :
temperature of the plate (°C) ; T, : temperature of the fluid
near the plate (°C);T,: temperature of the fluid far from the
plate (°C); 6;: temperature of the fluid dimensionless; t:time
(s) ; w:time dimensionless;w,: vorticity function;y,: air
stream lines; .Qf: dimensionless vorticity function; W
dimensionless air stream lines;: angle of inclination of the
hybrid solar collector PVT with respect to horizontal (°C);
R, = pZLfVO: the number of Reynolds;P.

Prandtl ; R;, =

uc
= Tp:the number of

ap TLAT

2
gﬁCLAc

vo?
humidity; Sc = —: the Schmidt number.

: the Richardson number related to

temperature; R; . : the Richardson number related to

3.3. Basic Equations in the Solid Layers
The energy balance in the various solid layers of the PVT

hybrid collector is determined by the following equations:

(a) Energy equation for the glass cover:

aTg
PoegCo7e = g6 — hyZio(Ty — Teier)
_hray (T gl) hconcymb(T amb)
a2Ty 92T,
—hwn;’f(r Tey) + 290y (5504 52) (18)
(b) Energy equation for confined air:
aTCf
pcfecfccf at Zﬁ—g(ch - g)
ZTCf 62ch
—hgy—g, (Tep = Ty,) +’1€feCf( +t5 ) (19)

(c) Upper glass (glass 1) energy equation:

Pgy 91Cg1 at _(XTG h;? V(g1_7.19)
hw cf( - cf) hg1 pv( g1 Tpv)

92 Tg1 a2 T91)
+/191eg1( 9x2 + ay? (20)

(d) PV solar cell energy equation:
Xpy g:BG - hvv 91( )

92T, a2T.

pv pv

) Apv pv( 2 2 )
ax dy

Ppv epvcpv

cd
hPU gz( v

@n

(e) Lower glass (glass 2) energy equation:

—h;‘f, gz( g2 _Tpv)
92Ty,

92T,
~T,) +Ag,e5, (52 +52) (22)

aTg,
Pg2€92%9, at

—hf,;i p(

(f) Energy equation of the absorber plate:

hw f(T ) hf}i p (Tp - ng)
oy 21h)
ay?

Pp €p Cp ot

h;d ins (Tp Lns) + l (

(23)

(g) Energy equation of the insulation layer:

a Tj zZ.ins __
Pins €ins Cl‘l’lS ot

d
_h; Lns(T Lns)
d
hzcr’:s amb (Tms - Tamb) hzrns sol ms - )

a%r; ar;
+/1inseins( axlzns + aylzns) (24)

The heat transfer correlation coefficients used are [25-
27]:

e Coefficient of heat transferby radiation between the glass
cover and the sky.

hg;isky =‘Sg0-(Tg2 + sky)(T + sky) (25)

Whereo = 5.67.1078W /m?% K* the sky temperature was
calculated using Swinbank’s formula.

Tyey = 0.0522 X T (26)

amb

e  Coefficient of radiation heat transfer between insulation

and soil.
(T2, s+T% ) (Tins+Tgr)
hd_,, = Sinstlor R linst Ty @7)

—+—-1

gins Egr

Coefficient of radiation heat transfer between the glass
cover and the top protective glass.
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o(1g+18 )(Tg+Tg,)
=z, T,
€91

hrd

=91 = (28)

&g

Coefficient of heat transfer by radiation between the
absorbing plate and the insolation.

o (T3+T3, ) (Tp+Tins)

1 1
—+—-1
& Eins

hgci ins = (29)

The convection heat transfer coefficient between the glass
cover and the ambient.
hg” amp = 5.7+ 3.8 Vying 30)

Coefficient of heat transfer by convection between the
glass cover and the top protective glass.

hey = Nugirldair (1)
€air
WhereNu ., Agiret €q are the Nusselt number, the

thermal conductivity of the air gap and the distance between
the glass cover and the top protective glass. The Nusselt
number was calculated using the Hollands formula [25].

1 +

Nug, =1+ [(m); - 1]

5830
]+ X [1 -

The Rayleigh number of free convection heat transfer is
given by equation 34.

1708 1708 (sin1.8y) 1'6]

Racosy

+144 (1~ (32)

Racosy

_ g ﬁair(Tg_Tgl)egir

2
HairPr

R, (33)

WhereByir, Uair B €qir  [?] and [?] are the thermal
expansion coefficient, dynamic air viscosity, the number of
Prandtl, the thickness of the confined air layer, and the
temperature difference between the glass cover and the top
protective glass, respectively.

e The heattransfercoefficient of the fluid was defined from

the Nusselt number of the fluid.

Nuglf
Dp

cv —

fns—r = hpl s = (34)

DhIt is the equivalent diameter of the air flow channel.

The hydraulic diameter of the air duct without bafflesis
defined by formula 35 [28].

_ 4lxp)
T 2x(+d)

h 35)
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In the case of an air flow channel with baffles, the
hydraulic diameteris given by relationship 36 and is based on
the methodology adopted by Bahria et al. [28].

_ 4(L><h—hbeb)
Dy = 2(L+h+hp) (36)

Whath, is the height, and e, what is the thickness of the
baffles?

In a laminar air flow, viscous forces are dominant, and,
consequently, Reynolds numbers are low, which ar
calculated using formula 37 [29].

Dp

R =
¢ upAy

G

WhereAy,mandp, represent the air flow cross-section,
the air mass flow rate and the air viscosity, respectively.

The Reynolds number delimits three classical flow
regimes. In the case of laminar flow (R,< 2300), the Nusselt
number of the fluid is given by formula 38 [27].

0.00190 [PTRQQLIJ-]L71

5.4 +

N, = 38
e 1+0.00563[PTR9%’-"-]1'17 (38)

The coefficient of heat exchange by conduction between

a solid layer iand another solid layerjis given by the
following equation 39 [30].

1

%
+t

Bt = hed, = (39)

Lth

3

~
~.

The thermophysical properties of air vary linearly with
temperature according to Ong’s assumptions [31].

Specific air heat:

C; = 1.0057 + 0.000066(T; — 27) (40)
e Air density:

ps = 1.1774 — 0.00359(T; — 27) (41)
e Thermal conductivity of air:

Ay = 0.02624 + 0.0000758 (T, — 27) 42)
e Dynamic air viscosity:

u;=[1.983 +0.00184(T; — 27)] x 107° (43)

3.4. Performance Evaluation of the Hybrid PVT Air Flat-
Plate Solar Collector

The assessment of energy performance is based on the
first law of thermodynamics. Three efficiencies were used to
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analyse the energy performance of the hybrid PVT air-flat
plate collector [32-34].

e The electrical efficiency of PV solar cells is related to

their operating temperature.
ref
-7, )l

The electrical power produced by the collector was
calculated as follows:

Net,pv = n;ifﬂ[l - ﬁpv,‘ref(Tpv (44)

Pel,pv = nel,vapth (45)
The useful thermal power of the hybrid PVT solar
collector was calculated by using the product of mass
flow, specific thermal capacity of air and the difference
between outlet and inlet temperature.
Pep=m X Cp X (Tour — Tin) (46)
The efficiency of the hybrid PVT solar collector is
calculated using equation 47.

_ P
GXApyt

Nth (47)

The total output power of the hybrid PVT solar collector
is calculated using equation 48.

Prot = Py + Py (48)

e The overall efficiency of the hybrid PVT collector is
calculated using equation 49.

Eei +Eth

— = NettNtn
vt

GxAp (49)

Npyvr =

3.5. Exergy Performance Evaluation

The first law of thermodynamics only indicates the
conservation of energy, i.e. the quantity of energy produced,
it does not show whether the energy produced is of good
quality or not. An approach that takes into account the quality
of the energy produced is called exergy. Exergy analysis is
based on the second law of thermodynamics. It represents the
energy production capacity,ie.the maximum amount of work
produced. The exergy balance under dynamic conditions is
expressed by equation 50 [35-37].

Exy, =Exg+ Ex, + EX ot (50)

Where Ex;,,Ex,ExandEx ;s represent input,
thermal, electrical and lost or destruction exergy, respectively.

The electrical and thermal exergy efficiency are defined
by equations 51 and 52, respectively.
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E e

Miet = 5o (51)
Ex,

ey, = 2 (52)

The thermal exergy is calculated using equation 53.

. TP
Exy, = mC; [(Tfouf —T") = Ty In (7)] (53)

The electrical energy available is equal to the electrical
energy produced by a hybrid PVT solar collector, since
electrical energy can be completely transformed into
work in any environment.

Exel = Eel (54)
e The input exergy rate is calculated by equation 55.
_ _ 4T amp 1 (Tamb N
Exg, = (1 ] Gy )Ap,,t(; (55)

Where Ty, [?] represents the temperature at the surface
of the sun, which is considered a black body.

The total exergy efficiency of the hybrid PVT solar
collector is defined by equation 56.

Uvat = nxth + nxel,pv (56)

The destruction exergy of the system and the entropy
production rate are determined by equations 57 and 58.

EXgest = EXin — EXxo— Exgp (57
EXdest

S, =—— 58

g Tamb ( )

4. Results and Discussion

In this section, the modelis validated using experimental
results from the literature and the energy and exergy
performances of the hybrid PVT air collectors without and
with baffles are compared with the numericalresults obtained.

4.1. Numerical Solution Procedure

The resulting differential equations associated with the
boundary conditions were solved numerically using the finite
difference method. The implicit alternating directions scheme
based on an implicit and explicit alternating directions
fractional step scheme was used for the discretisation of the
fluid convection and diffusion terms. On the solid layers of the
hybrid PVT collector, the finite difference method with a
simple implicit scheme was used. The discretised algebraic
equations are written in the form of equation 59.

A DM+ B + €/ = D, (59)
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The discretized algebraic equations obtained were solved
by the direct matrix inversion method of the Thomas
algorithm. For the convergence criterion of the iterative
process, the relative error on the dependent variables @
between two successive iterations was taken to be less than
10", Five different meshes in axial and radial direction,
respectively, 82x73, 93x79, 114x86, 131x92, 139x99 nodes
are chosen for mesh independence test with the air mass flow
rate 0f 0.0096 kg/s, solar radiation intensity of 1000 W/m?2, air
inlet temperature of 27 °C and wind speed of 1 m/s. The
optical properties and thermophysical properties of the system
are listed in Tables 1 and 2. Table 3 shows that the PV solar
cell temperature and the air outlet temperature in the duct of
the hybrid PVT flat-plate air collector were almost the same
forall the nodes considered. Therefore, the node of size 82x73
wasused in the present study in orderto obtain accurate resuls
with minimum computation time.

Table 1. Optical properties of the hybrid PVT solar collector [40, 41
Optical properties Values
Absorptivity of glass (a,) 0.05
Glass emissivity (g,) 0.88
Transmissivity of glass (7,,) 0.90
Absorptivity of PV cells (a,,,) 0.95
Absorptivity of Tedlar (a;,) 0.80
Absorber emissivity (g,) 0.95
Emissivity of insulation (&;,.) 0.90

4.2. Validation

The present mathematical model is validated by
comparing simulated and experimental results with a root
mean square percentage error (RMSE) defined by equation 60.
[38,39]

2
X [100 X (Xsim,i_xexp, /X exp, i]

RMSE = J

- (60)

With the number of experiments performed, the simulated
data and the experimental data are the model was validated
using experimentalresults obtained by Srimanickam etal. [7].
Figures 3 and 4 show good agreement between the
experimental and simulated results.

4.3. Meteorological Data

The climatic conditions used were measured at the Solar
Energy Laboratory on 16 March 2024 in Lomé, Togo,
corresponding to the following geographical coordinates:
latitude 6.13° and longitude 1.23°. The global solar radiation,
the ambient temperature and the wind speed varying between
6:00 and 18:00 are represented in Figure 5 for an angle of
inclination equalto the latitude of the site. In the present work,
certain parameters were kept fixed: these are the inlet air mass
flow rate fixed at 0.0096 kg/s, the inlet air temperature equal
to the average ambient temperature and fixed at 27°C, and the
wind speed at the surface of the PV module, which remains
constantly stable at 1 m/s.
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Table 2. Thermophysical properties of the hybrid PVT solar collector [40, 41]
Layers Dimensions (m) k (W/m. K) p (kg/m?) C (J/kg. K)
Glass 1.2x0.542%0.003 1.1 2700 840
Closed air 1.2x0.542x%0.02 0.026 1.184 1007
PV cells 1.2x0.542%0.0003 0.036 2330 700
Tedlar 1.2x0.542%0.0005 0.2 1200 1250
Air 1.2x0.542x%0.3 0.026 1.184 1007
Absorber 1.2x0.542%0.002 54 7833 465
Insulation 1.2x0.542x0.05 0.041 15 880
Table 3. Results of the mesh independence test for the hybrid PVT solar collector
Dimensions 82x73 93x79 114x86 131x92 139x99
Toue (CCO) 40.70 40.14 40.25 40.30 40.72
T,, (°C) 52.58 52.66 52.72 52.75 52.79
Time (s) 371 430 1184 1249 2322
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Fig. 6 Distribution of air streamlines of the hybrid PVT flat-plate
collector with baffles
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Fig. 7 Distribution of fluid isotherms in the air duct of the hybrid PVT
flat-plate air collector with baffles

4.4. Analysis of Air Streamlines

Figure 6 shows the flow structure where the air is diverted
towards the top and bottom walls with recirculation zones
upstream and downstream ofeachbaffle. One set of open lines
runs in the upper section and another in the lower section of
the air duct. The lines in the lower section bypass the baffles
by wrapping around the microcells located around the ends of
the baffles, thus preventing them from coming into contact
with the baffles. Two forced flows thatencourage convection
at the top and bottom walls envelop these cells. The two sets
of open lines merge in the right-hand bend of the air duct and
flow towards the outlet. The coexistence of open lines and
small cells indicates that the flow is by forced and natural
convection. As the cells are very small, their intensity is very
low and forced convection predominates. This flow structure
will have a considerable influence on the distribution of the
temperature field and will allow better mixing of the fluid,
which will stimulate heat transfer.

4.5. Thermal Analysis of the Flat-Plate Hybrid PVT Air
Collector

The distribution of isotherms is shown in Figure 7. The
upper part of the air duct is occupied by parallel isotherms.
This part of the cavity is the site of thermal stratification, as

262

illustrated by the isothermallines atthis point. The narrowing
of the isothermal lines near the top indicates good heat
exchange due to the passage of fresh air. Exchange near the
adiabaticunderside of the cavity is improved by the presence
of baffles that obstruct the airflow. The presence of the
obstacles encourages air mixing and projects fresh air flow
upwards, thus promoting the removal of heat from the upper
face on which the heat flow is imposed. Distortions in the
isothermal lines near the baffles are due to the injection of
fresh air through these obstacles. The temperature of the fluid
increases with its kinematic evolution in the upper and lower
channels, thanks to its exchanges by convection with the
absorber plate. Figures 8 and 9 show the PV solar cells
temperature and the air outlet temperature for the PV module
and the hybrid PVT flat-plate air collector with and without
baffles, respectively. Under the same weather and operating
conditions, the maximaltemperature of the PV solar cells was
57.67°C for the hybrid PVT flat-plate air collector without
bafflesand 50.22°C forthe hybrid PVT flat-plate air collector
with baffles. The air temperature at the hybrid PVT flat-plate
air collector outlet with baffleswas 47.27°C and 44.45°C for
the hybrid PVT flat-plate air collector without baffles under
the same operating and weather conditions. This cooling
method achieved a 7.45°C reduction in PV moduk
temperature and a 2.82°C increase in duct outlet air
temperature. These results clearly show that the addition of
baffles in the air duct of the hybrid PVT flat-plate collector
significantly reduced the temperature of the solar PV modulk
by removing most of the heat at the back.

4.6. Energy Analysis of the Hybrid PVT air Collector

Figures 10 and 11 show the evolution of thermal and
electrical powers of hybrid PVT collectors with or without
bafflesasa function of time. The maximalvalues for thermal
and electrical power were 85.79 W and 168.77 W,
respectively, for the hybrid PVT collector without baffles. For
the PVT hybrid collector with baffles,they were 88.68 W and
195.96 W, respectively. The addition of the baffles in the air
duct therefore improves thermal power by 27.19 W and
electrical power by 2.89 W.
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Fig. 11 Hourly variations in thermal power

Figures 12 and 13 show the hourly evolution of the
electrical and thermal efficiencies of the two configurations.
For the hybrid PVT flat-plate aircollector without baffles, the
minimal electrical efficiency and maximalthermalefficiency
were 13.74% and 46.59% respectively, while for the hybrid
PVT flat-plate air collector with baffles, they were 14.22%
and 60.64% at 13:00.

The overall efficiency as a function of time and the
average daily efficiency are shown in Figures 14 and 15 for
the two configurations. Figure 14 shows that the maximal
overall efficiency of the hybrid PVT airsolar collector without
baffles was 60.63% and 74.87% for a hybrid PVT air solar
collector with baffles at 13:00.

Figure 15 illustrated that the average thermal efficiency
was 32.36% and 40.18% for the hybrid PVT air collector
without baffles and the hybrid PVT air hybrid collector with
baffles, respectively.
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Fig. 12 Hourly variations in electrical efficiency
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Similarly, the average electrical efficiency was 13.04%,
14.39% and 14.74% respectively, for the PV module, the
hybrid PVT air collector without baffles and the hybrid PVT
air collector with baffles. The average overall efficiency was
46.75% for the hybrid PVT air collector without baffles and
54.93% for the PVT air collector with baffles.

Figure 16 shows the daily energy production. The average
overall energy output was 1.78 kWh for the hybrid PVT air
collector without baffles, compared with 1.93 kWh for the
hybrid PVT air collector with baffles. The average daily
electrical energy was 0.58 kWh, 0.61 kWh, and 0.63 kWh for
the PV module, the hybrid PVT air collector without baffles,
and the hybrid PVT air collector with baffles. On the other
hand, the average daily thermalenergy was 1.17 kWhand 1.30
kWh for the hybrid PVT air collector without baffles and with
baffles, respectively.

4.7. Analysis of Exergetic Performance

Figures 17 and 18 illustrate the variations in electrical
exergetic efficiency and thermal exergetic efficiency as a
function of time of the hybrid PVT air solar collector with and
without baffles.

Figure 17 shows thatthe electrical efficiency is identical
to the electrical exergy efficiency by virtue of the principle
that electrical energy is totally transformed into work
according to the second law of thermodynamics. In fact, the
minimum electrical exergy efficiencies of the hybrid PVT air
collector without baffles and the hybrid PVT air collector with
baffles were 14.32% and 15.28% respectively, at 13:00.

Maximizing the output power of the hybrid PVT flat-plate
air solar collector is similar to the minimization of entropy
generation. Entropy production is a parameter used to show
the irreversibility ofa solar system. In this section, we studied
the effect of addingbaffles to one of the two configurations on
thermal entropy production.

Figure 18 shows that the thermal exergy efficiencies of
the two configurations began to increase as the ambient
temperature and solar radiation increased; this confirms the
second law of thermodynamics. The maximal daily thermal
exergy efficiencies of the hybrid PVT flat-plate air collector
without baffles and the hybrid PVT flat-plate air collector with
baffles were 1.43% and 1.61% at 13:00, respectively. The
contribution of thermalexergetic efficiency is therefore lower
compared to electrical exergetic efficiency.

The changes in overall exergy efficiency and entropy
production over the day are shown in Figures 19 and 20. The
overall exergy efficiency was 15.76% and 16.90% forthe flat-
plate hybrid PVT air collector without baffles and the flat-
plate hybrid PVT air collector with baffles, respectively. The
results in Figure 20 showed thatthe flat-plate hybrid PVT air
collector with baffles produced the maximalvalue of entropy
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of 1.60 W/K, while the flat plate hybrid PVT air collector
without baffles produced only 1.65 W/K at 12:00. This
improvement can be explained by:

e Theincrease in the heat exchange area, which represented
8% of the total surface area of the heat exchanger,
contributed to the improvement in the convection
coefficient between the absorbent plate and the flowing
air.

e The presence of the baffles changed the nature of the flow
by creating vortices, which promoted heat exchange.

4.8. Analysis of Improved Efficiency and Heat Transfer

The hybrid PVT flat plate air collector with baffles kept
the temperature of the PV solar module permanently lower
than that of the hybrid PVT flat plate air collector without
baffles.
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The baffles introduced into the air duct therefore
improved heat removal from the PV solar module.
Comparative analysis of the thermal and electrical efficiency
of the hybrid PVT flatplate air collector with baffles showed
a significant improvement in electrical efficiency. The
average electrical efficiency ofthe PV module increased from
13.04% to 14.39% for the hybrid PVT flat-plate air collector
without baffles and from 13.04% to 14.74% for the hybrid
PVT flat-plate air collector with baffles. This represents a
1.70% difference in electrical efficiency and a maximum
overall efficiency gain 0f40.18%. A 13.04% improvement in
electrical efficiency over the PV module and a 2.43%
improvement over the hybrid PVT flat plate air collector
without rectangular baffles.

The results obtained are betterthan those of Anetal. [20],
who obtained a 1.76% improvement in electrical efficiency in
a numerical and experimental study compared to the hybrid
PVT flat plate air collector without triangular baffles.
Similarly, the results obtained are also better than those
obtained by Zineetal. [23], who obtained a 22% improvement
in overall efficiency compared to a hybrid PVT collector
without baffles in the absorber. Previous studies have also
obtained similar results, proving that the addition of baffles
can reduce the temperature of the solar PV module, thus
improving its electrical efficiency. However, this result
depends on the configuration, shape and number of baffles.

5. Conclusion

This paperhasdeveloped a numericalmodel of the hybrd
PVT flat plate air collector with baffles from the basic
equations governing the air flow and the energy balance. The
algebraic equations obtained after discretization were solved
by Thomas’ algorithm and validated. The daily energy
performance of the hybrid PVT flat-plate air collector with
and without chicanes was studied. The temperature of the PV
solarmodule decreased from 57.67°C to 50.22°C when baffles
were added in the air duct, while the temperature of the air at
the outlet increased from 44.45°C to 47.27°C. The average
daily thermal efficiency was 32.36% for the hybrid PVT flat-
plate air collector without baffles and 40.18% for the hybrid
PVT flat-plate aircollector with baffles. The average electrical
efficiency was 13.04%, 14.39% and 14.74% respectively, for
the PV module, the hybrid PVT flat-plate aircollector without
bafflesand the hybrid PVT flat-plate aircollector with baffles.
The maximal overall exergy efficiency is 15.76% for the
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