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Abstract: Problem statement: The efficiency of photovoltaic cells is generallgniperature
dependent (efficiency decrease when the temperafirthe photovoltaic cells increase). This
problem can be solved by cooling the solar cellsnduoperation and operated at low temperature.
Approach: This study presented a numerical model of doubss hotovoltaic Thermal (PV/T) solar
air collector with fins attached to the back sidele absorber plate to improve heat transfer & th
flowing air for predicting the performance of thestem.Results: Five coupled of unsteady nonlinear
partial differential equations were formulated tsing first order forward scheme in time and second
order central difference scheme in space to prélgécperformance of PV/T solar air heater at déffier
parameters and conditions. The temperatures ofsthher cells, outlet fluid temperature and the
temperature distribution of every static elemerttath models were predicted. The performance of the
collector including photovoltaic, thermal and comdd PV/T collector over range of operating
conditions are discusse@onclusion: Experimental and theoretical results were comparetishowed
that close agreement between these two valuesoltaed.
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INTRODUCTION heating collector with single and double glass
configurations using fourth and fifth order Rungatta

Hybrid photovoltaic thermal PV/T solar collector method. In their configuration, inlet air was pakse
combines PV cells with a solar thermal unit as athrough the passage between absorber and rear plate
composite absorber, thus generates electricityrsad  Later, Garg and Adhik&t investigated a theoretical
simultaneously when solar radiation falls on it.aHe analysis for single pass PV/T air heating collector
generated by the PV modules when solar radiatite fa coupled with a Compound Parabolic Concentrator
on it is converted into waste heat, causing a @serén  (CPC) under steady state energy transfer. HéJazy
PV efficiency. This undesirable effect can be @édlsti made comparative study of the performance of four
avoided by applying a heat recovery unit with fluid photovoltaic thermal solar air collectors; steadgtes
circulation (air or water) over PV module to kedgt equations were written for each model and numéyical
module electrical efficiency at acceptable level. solved. Sopiaret al.l! developed the theoretical and

Extensive investigations have been carried out bexperimental study on the double pass PV/T solar ai
many researchers on the design optimization of thisollector under steady state condition. Sofaialso
hybrid collector in search of efficient and inexpme  carried out the cost-benefit model ratio of the leu
designs suitable for mass production for differentpass PV/T solar collector. Tripanagnotopoubsl.®!
practical applications. O} carried out a steady state built and tested various PV/T water and air based
mathematical model and solution procedure forcollector models. Zondaget al.*® compared the
predicting the thermal performance for four commonefficiency of seven different designs of PV/T cotlers.
types of flat plate solar air collector iges. Othmanet al.™ designed and fabricate a prototype
Sopianet al.®! presented new design of double-pass P\Wouble-pass photovoltaic thermal solar collectothwi
thermal air collector, the performance of singlespa (CPC) and fins. They also developed steady stage on
and double pass combined PV/T air collectors weraimensional analysis in closed form solutions. Gthm
analyzed under steady state conditions. Garg ane al.*? also investigated the performance of double
Adhika” presented a computer simulation model forpass PV/T air heater with fins fixed in the bottaih
predicting the transient performance of PV/T airabsorber theoretically and experimentally undeadyge
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state. Assoat al.*® developed simplified steady state Solarcell  Glass
1-D mathematical model of PV/T air and water based ‘
collector with a metal absorber. Tonui and v

Tripanagnostopoul&é carried out experimental tests
on PV/T air based solar collector and run it under

steady state forced and natural air flow modes. ,

. 1 . Fin
Tripanagnostopoul88' performed an experimental A
study on PV/T collector with dual heat extraction N —
operation, either with water or with air circulatio ‘

To ensure good flow distribution across the flow
channel it is necessary that the area of the chasne o .
large. However, it is also necessary to keep thequre  Fig. 1: Schematic diagram of double pass (PV/T) air

Insulator Absorber plate

drop low so that the energy spent in pumping the ai collector with fins

through the channel is low to make the system cost Lot

effective. The use of a double pass resulted in an b PVeell Glass cover
increase in the pressure drop across the collector. Y By o

However, the increase in the operating cost duiaeo A —

increased pressure drop in the collector is consile
small.

This study reports numerical model of a double
pass PV/T solar air collector with fins for predict the
performance of the system.

MATERIALSAND METHODS Absorber

Insulator plate

Fin

Modeing: The double pass PV/T solar collector
presented in this study has three essential stati
components: A glazing on the top, a plate contginin
numerous solar cells and a bottom plate as depioted . Heat |osses are neglected since we assume that
Fig. 1. Detailed heat balance equations for these both channels are correctly sealed preventing any
components, including those concerning both uppdr a leakage of air from the collector

lower air stream moving through the collector areg ~ *  The glazing, the photovoltaic plate and the bottom
below. The air enters through the channel formethby plate are thin enough to consider their respective

glass cover and the PV plate and then throughotiver| temperature as equal over the entire thickness
channel as shown in Fig. 1 The model uses only total irradiation

One of the advantages of having two channels Long wavelengths and short wavelength radiation

stems from the possibility of the air to be hedteite. are not taken into consideration

Thus, more thermal energy should be transferretido The schematic diagram of the double pass PV/T

air compared with any one-pass PV/T collector. Thesolar air collector with heat transfer coefficierits

subsequent mathematical formulation has been writteshown in Fig. 2.

under the following assumptions: The thermal energy balance equations for the
different nodes of the system are as follows:

Iéig. 2: Schematic diagram of heat transfer coeffits
in the double pass PV/T air collector with fins

* Air behaves as an incompressible fluid For glass cover:
* The temperatures of the glass cover, solar cetls an
plates are varying only in the direction of working I, _ _ _
fluid flow. Moreover, we limit our study fro tgngpgat od * N T T+ N (T T
x =0to x = L and assume TfL (L,t) =5TL.t) at e T F b F )
anytime _ )
« The thermal contact between solar cells and th&or air stream in upper channel:
absorber where they are mounted on is good
enough for not making the distinction between aT, _-m Gona 0T,
their respective temperatures PCont T o T (= T+ (= To)
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For absorber plate:

tpppcpp? =t1p ) A-Pr1a li-n )P
B @ fe GF T

A
+ B, @)

'c

b g

A @)

Where:
A,
n,=1- - (1-n; )
ab(B)
_ tanh mh

"7 mh,
r]pv = rlref (1_ 0'0054(-Eav_ -lr—ef )1

=

For air stream in lower channel:

2h,
kf tf

T, _~M, G 3T,
H0:,Cor 3;2: \jvgfz( axfzj+h:bp,f2(-rbp_-rfz)
Ay
+ qu AC(B)rIp ;(:F fZT)

For back plate:

aT,
tbppbpcpbpf = Ub(Ta-Tb;) +h cbp,f{r T bl

(F )

Aab(B)
+ r;t,Lp A

Many heat transfer coefficient expressions ar
available in literature. The radiative and convweztieat
transfer coefficients from top surface to the skda
between two parallel plates are obtained from'®ag
follows:

_ O, (Tg +Ts)(T§ + T§)(T9—Ts)
- (T,-T.)

rg,s

_ o(Te +TA(T,+T,)
(-1

& &

where, (T) is the sky temperature and calculated as:

.9

T,=0.0552 T°

€
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We will utilize the same above expression to
compute the radiative heat transfer coefficiepfydh

The convective heat transfer coefficient in enetbs
spaces is calculated by the Nusselt number which is
defined by:

Where:
D = 4A; _ 4(W*H)
" perimeter 2(W+ H)

The correlation for the convective heat transfer
coefficient () with the speed of wind (\.q) on the
surface of the collector was suggested by Mc Atfam
as:

h, = 5.7+ 3.8V,

Kayd'”! formulated the convective heat transfer
coefficient in the upper channel which is forced
convection. The force convective heat transfer
coefficient depends on the Reynolds numbej) (Rat
flow through the certain channel. The flow can be
divided into three regimes of flow as:

Laminar flow regime (R< 2300):

{ R
N, =(N,). + L1
1+ b{RePﬁ}
"L
Where:
=0.00190
b =0.00563
m =1.71
N =1.17
(Nu),, =5.4
Pr =0.7

Transition flow regime (2300 <& 6000):

j0.14

 sond § 12 g{ (2

L
Turbulent flow regime (R> 6000):

u

e

Hy,

(N,)., =0.018R® B
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The empirical equation to calculate the heat oT Tl Tin
transfer coefficient inside the channel formed bg t o A
back surface of the absorber plate with fins arel th
back plate of the collector has formulated by Méngl The second order central difference scheme in
and Bergledd as: space is as follows:

1 9T  Tin —TiLn
—_ 14597 — 0.154% 0.1499- 0.0678 -_—
N, =0.6522P rg B 5 E\? ox 2AxX

[ 1+ 5.269%10° R¥p 050f 045y~ 105"
|: Fg [B % j’ 02T _ Tj+1'n—2Tj'n+Tj_1'n

x? Ax?

The physical properties of air are assumed to vary
linearly with temperature owing to low temperature The energy balance equations are subjected to the
range to be encountered. The expressions for #Bllowing boundary conditions:
functions of temperature are available from &ng

Forx =0, x=L:
Dynamic viscosity:
oT, 0T, _oT,, _ 0
L =[1.983+ 0.00184(F 27) *16 ox  ox  Ox
aT
T,0,t)=T t hali =
fl( ) measurec‘ ) 6x

Density: x=L,t=0
Tfl(th) = TIZ(Lrt)

p=1.1774- 0.00359(F 27

No boundary condition is assigned to the second

Thermal conductivity: . ;
y air stream temperature at the exit of the lowemaka

k =0.02624+ 0.0000758(F 2 Indeed, we will computed(0,t) at x = 0.
The space interval [0,L] is decretized by the Nk +
Specific heat: following points xj = §x where j=0,1,...,Nx and
dx = L/Nx. Similarly, time interval [0,t] is dividedy
C, =[1.0057+ 0.000066(F 27) *10( the instants tn =d where n = 0,1,...., Nt anit = t/ Nt.

We solve energy balance equations along with their
deoundary conditions, the first order forward scheme
second order central difference scheme which agplie
for example to equation for air stream in uppemcieh

The performance parameters of combine
photovoltaic thermal solar collector are obtainederms
of the thermal efficiency and electrical efficieray:

yields:
r‘lPV/T = I"lthermal-'- n electrical . . . . .
o [T =T ) oM G [T T
| H:Ipfl (sl -
[mc,(T,-T)dt [Rat I Wl
= +
Mo A fidt [1dit * M0 (T~ T+ e a(To= To)

) ) The final formula for the above equation is as
Solution procedures: Based on the first order forward qjjow-

scheme in time and second order central difference
scheme in space to predict the PV/T solar air nesite K i ian
different parameters and conditions, an explicit o1 —in W[H}
transient model was developed for the double pass =T Ho.C w 2D
PVIT air collector with fins. An explicit transient e (T T+ (T T

analysis can be worked on through solving the tesms

energy balance equations for the various collector We proceed in the same way for other energy

components. balance equations.
The first order forward scheme in time is as The simulation program is written using
follows: FORTRAN language computer programming. It can
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simulate the transient performance of the systera at RESULTSAND DISCUSSION
time interval of 0.0001 min. Its inputs require iegtbn
intensity, mass flow rate and inlet temperaturelevis The effect of mass flow rate on temperature of
outputs contain the temperature of the glass coveRhotovoltaic cells is shown in Fig. 4. Results sttoat
absorber plate with photovoltaic cells, back plarei by increasing the mass flow rate the photovoltailt c
air flow in both channels. The output data used tol €mperature (J decrease at all radiation intensity
determine the efficiency of PV/T system. The flowused. At same mass flow rate, photovoltaic
chart in Fig. 3 shows the key steps in the simmfati Temperature (J is increase at increasing radiation
program is capable to determine the performance dftensity. It can see this increasing obvious at nass
photovoltaic thermal collectors with any input flow rate and by increasing of mass flow rate; the

parameters changes.

Read input paramete%s

v

Guess (3, Tr, Tp, Tz, Top)

»
»

4 y
‘ Don =0, n = Ny, ‘

2
Dok =0, k = Kz

y

Calculate Physical properties o
air and heat transfer coefficients

y

Numerical calculation of (5, Ty, Tp Tra, Top)

(Tcalc ulatedTG uesse)l<o-0 01

No

v
Calculate electrical efficiency, therr
efficiency, and combined efficien

v

‘ Calculate performance of PV/T sysi ‘

Print resu

differences of photovoltaic Temperature)(@re getting
smaller. As known well, increasing photovoltaic
temperature will decrease the photovoltaic efficien
Therefore, photovoltaic cell temperature must be
reduced to increase the photovoltaic efficiency.

Air mass flow rate has an effect on temperatige ri
of the collector which is the differences in tengiare
between the outlet temperature and inlet temperatur
(To-Ty) is shown in Fig. 5. Results show that the
temperature rise (IT;) is decrease when mass flow rate
increase at various operating conditions. Tempegatu
rise at radiation intensity of 400 W “mand inlet
temperature of 30°C decrease from 4.649°C at mass
flow rate of 0.0316 kg sétto 2.112°C at mass flow
rate of 0.09 kg sét From Fig. 5, it can see that at
certain mass rate flow, temperature rise-TJ) for
higher radiation intensity bigger than low radiatio
intensity.

Changes mass flow rate on photovoltaic cell
temperature gives clear effect to the electrical
efficiency. Also, changes mass flow rate on tenjpeea
rise gives clear effect to the thermal efficiendytle
PVIT collector. Effect on electrical and thermal
efficiencies will give effect on combined efficignc
which the sum of electrical and thermal efficieiscie

80

s 400 Wm= o300 Wm™?
AG00W m™ a700Wm™?

&

0 0.02 0.04 0.06 0.08 0.1 0.12

Mass flow rate (kg sec™’)

Fig. 4: Changes on photovoltaic temperature versus

changes of mass flow rate at various intensity of
radiation and [ = 30°C]

Fig. 3: The flow chart to calculate the performande
the double pass PV/T air collector with fins
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—+—400 W m™
—4— 500 W m>
—|- 600 W m
—8-700 W m™?

Temperature rise (T,-T5) (")

0.02 0.04 0.06 0.08 0.1

Mass flow rate (kg sec™)

Fig. 5: Changes on temperature rise versus chasfges
mass flow rate at various intensity of radiation
and [Ti = 30°C]

—e—Photovoltaic efficiency (Experimental)
- Photovoltaic efficiency (Theoretical)

—a—Thermal efficiency (Experimental)

------ B--Thermal efficiency (Theoretical)

—a— Combined efficiency (Experimental)

------ #--Combined efficiency (Theoretical)
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Fig. 6: The effect of mass flow rate on photovaltai
thermal and combined photovoltaic thermal
efficiencies at  radiation intensity of
[I = 700 W mi?] and [Ti = 30°C]

Figure 6 show the effect of mass flow on photovojta
thermal and combined photovoltaic thermal
efficiencies. Generally, it can be observed thdlector
operating at higher mass flow rate will increase th
efficiencies. Also, it is found that the theorelioasults
are higher than experimental results. The trend/doet
experimental and theoretical photovoltaic efficigrns
very close together. Otherwise, trend betwee

experimental and theoretical thermal and combined

photovoltaic efficiencies are converging at lowwflo
rate. Meanwhile, it's diverging with acceptable

agreement at high flow rates. The reason for this

diverging is the value of heat transfer coefficiehbsen
in the theoretical analysis.

CONCLUSION

A hybrid photovoltaic-thermal (PV/T) solar
collector was theoretically and experimentally #udd
The simulation model can predict the performance of
the system such as air outlet temperature, elattric
thermal and combined efficiencies for differentragiss
flow rates, radiation intensity and inlet temperagu
The study shows that the predicted results wegood
agreement with the experimental results which were
conducted in the laboratory of University Kebangsaa
Malaysia. Thus the proposed mathematical model can
be used to predict quite accurately the tempersitafe
all static parameters of the double pass PV/T solar
collector. The model has to be completed in further
developments and the collector has to be testedah
conditions. It can also be concluded that by uding
as an integral part of the absorber surface, chieae
significant meaningful efficiencies for both thednaad
electrical output of the hybrid PV/T solar collecto
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