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ABSTRACT

In this paper, a steady state one-dimensional
mathematical model was developed to analyze the
electrical and thermal performance of solar
photovoltaic thermal air collector. Comprehensive
layer-by-layer ~ mathematical  expressions  are
developed for the temperatures of glass, EVA, PV
cell, tedlar of the module, flowing air in the duct,
back insulation and useful electrical and thermal
energy extraction from solar photovoltaic thermal air
collector. An improved correlation is used for
calculating the various temperatures, heat transfer
coefficients and electrical parameters. Simulated
mathematical model results have been compared with
the experimental results, and it can be observed a
good agreement. Concisely, it is found that the solar
photovoltaic thermal system of area 1.5x0.66 m?
delivers a maximum electrical and thermal efficiency
of 14.66% at 16 hr and 26.11% at 12 hr respectively.

INTRODUCTION

Solar photovoltaic thermal (PV/T) systems that
convert solar irradiation into electrical and thermal
energy. These types of systems incorporate
photovoltaic cells, which converts the incident solar
radiation into electrical power, with a thermal
absorber, which captures the unwanted heat energy
and expels waste heat from the PV module.

Paper Received September, 2018. Revised November, 2019.
Accepted December, 2019. Author for Correspondence: R. Senthil
Kumar

* Associate Professor, Department of Mechanical Engineering,
S.A. Engineering College, Chennai 600077, India.

** Professor, Department of Mechanical Engineering,
Anna University, Chennai 600025, India.

*** Graduate Student. Department of Mechanical Enaineerina.

The utilisation of both electricity and heat
permits these systems to have higher energy and
consequently higher efficient than solar photovoltaic
(PV) system. The increase in solar radiation and
ambient temperature increase the PV cell operating
temperature considerably, and it significantly reduces
the cell efficiency and its life. By cooling the PV
module using air or water, the electrical efficiency
and life of the PV module can be improved and at the
same time, the heat absorbed by the fluid can be used
for room heating or warm water applications. Garg
and Adhikari (1997) have developed a mathematical
model for hybrid photovoltaic thermal air heating
system for single and double glass modes. They
described the efficiency of the system increases with
increase in mass flow rate, length of collector and
density of PV cell density and efficiency decreases
with increase in the duct depth for both the modes.

Hegazy (2000) examined theoretically the
performance of photovoltaic/thermal solar air
collector under four modes viz. Mode 1 and 2 (air
flows above and below the absorber), Mode 3 and 4
(air flows on both sides as single and double pass).
His result shows Mode 3 has highest overall
performance and also consumes less fan power.
Mode 1 has the lowest overall performance. Tiwari
and Sodha (2006) have validated the theoretical
model with experimental results for PV/T air-based
system and concluded the forced air blowing at the
bottom of the PV module increases the overall
thermal efficiency by 18%.

Dubey et al. (2009) formulated an analytical
model for PV/T hybrid air collector system to predict
the electrical efficiency for the glass to tedlar and
glass to glass system. He concluded glass to glass
with duct PV module gives the higher electrical
efficiency of 10.41%. Joshi et al. (2009) have
developed a thermal model for integrated PV module
and air collector system and validated it
experimentally. They reported that the air flow rate
decreases the temperature of the PV module and it
increases the efficiency of PV module. Solanki et al.
(2009) analysed, the indoor PV/T solar heater system
under different operating conditions by varying the
flow rate of air and solar intensity. They found the
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thermal and efficiency of the PV/T system was 42%
and 8.4% respectively. Agrawal and Tiwari (2010)
experimentally investigated the BIPVT system under
cold climate conditions for optimizing energy and
exergy. He reported the BIPVT system delivers the
electrical and thermal exergy of 16,209 kWh and
1531 kWh respectively, at 53.7% overall thermal
efficiency under an active area of 65 m2. Sarhaddi et
al. (2010) developed an analytical model to estimate
the electrical and thermal parameters for PV/T air
collector. They found that the owverall thermal,
thermal electrical efficiencies reached 45%, 17.18%
and 10.01% respectively. Kumar and Rosen (2011)
investigated the PV/T solar air heater with a dual pass
modes and vertical fins are provided in the lower
channel. He concluded the PV cell temperature was
reduced from 82°C to 66°C due to extended fins and
electrical energy increased considerably. Teo et al.
(2012) analysed experimentally and theoretically the
behaviour of PV module with and without cooling.
An array of air ducts with fins attached beneath of the
PV panel to enhance the electrical efficiency. They
found, cooling the PV module using air maintain the
module temperature around 38°C and the electrical
efficiency could be around 12.5%.

Amori and Taqui (2012) have developed
Matlab simulation program for solar PV thermal air
collector to evaluate the thermal and electrical

parameters for summer and winter climate conditions.

They have found that the overall thermal efficiency
and overall heat loss coefficient are 53.6%, 47.8%,
17.34 W/m?K, 14.59 W/m?K for winter and summer
conditions respectively. Bahaidarah et. al (2013)
analysed the performance of solar photovoltaic
module by back surface water cooling and found the
module temperature decreased about 20% and PV
panel electrical efficiency increased by 9%. Abu
Bakar et. al (2014) developed a 2D energy balance
equations for bi-fluid PV/T solar collector to estimate
the electrical efficiency and the temperatures of PV
cell, tedlar, rear panel and both fluids. He concluded
at the optimum mass flow rate of 0.041 kg/s the
electrical efficiency increases up to 10.7%. Kessaissia
et. al (2015) developed implicit and explicit
mathematical model for polycrystalline and
monocrystalline silicon module to estimate the I-V
characteristics of the PV module and validated with
experimental results. He concluded that the implicit
model gives more accurate results than the explicit
model.

So far, no detailed mathematical model is
available to predict the temperature on each layer of
the PV/T system. The primary objective of the
present mathematical modelling is to determine the
temperature of each layer of PV/T system viz., glass
top, top EVA, PV cell, bottom EVA, tedlar,
insulation inside, insulation outside and an outlet air.
Based on temperature, the electrical and thermal
performance of PV/T system are computed. Detailed
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steady state equations for the solar PV/T system
operating under bottom forced air-cooling mode is
presented. Improved correlation is wused for
calculating the sky temperature, Nusselt number,
radiation and wind heat transfer coefficient. An
enhanced five parameter electrical model will be used
to assess the electrical parameters of solar
photovoltaic module such as Vo, lsc, Vimp, lmp, and
Pmp. The electrical and thermal performance of the
system have been analysed. An experimental study
was initiated to validate the present mathematical
model results.

ANALYTICAL MODELLING

The PV/T system shown in Fig. 1, consists of a
glass cover, top EVA, PV cell layer, bottom EVA,
tedlar, air flow duct and bottom insulation. The
various layer temperatures, PV module electrical
parameters, thermal, electrical and overall efficiency
of the PVIT system are evaluated by the use of
thermal and electrical modelling. The various design
parameters of the PV/T air collector system used in
this study are given in Table 1.

Solar Irradiation (G}

g |+——Glass
g | +——EVA
g PV Cell
3 S
m@ :: :: :: Alrllawlng:: :: :: Air Outlet
— — —» direction __ — — "
. Woaden Insulation +— Insulation
L N Length of PV/T system (L)
Fig. 1. Schematic cross-sectional diagram of solar
PV/T system.
Table 1. Design parameters used in the present PV/T
modelling.
Parameter [Value |Parameter [Value
L 1.5m [k 2 W/mK
B 0.66 m ke 0.311 W/mK
5 0.03m [k, 130 W/mK
Cs 0.36 [k 0.15 W/mK
0g 0.04 |k 0.035 W/mK
0o 0.08 [L, 0.003 m
0 0.9 L. 0.0005 m
o 0.128 |[L. 0.0002 m
g 092 L 0.0003 m
Te 0.9 L 0.05m
T 0.02 [Vu 1.5 m/s
T 0012 |& 5.669x10°8 W/m?K*
&g 085 |G 1000 W/m?
Et 0.9 Eg,ref 1.794x1071°)J
& 086 [K 1.381x10723 J/K
B. 083 |C 0.0002677 Kt
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Thermal modelling

The one-dimensional steady state condition
considered for the mathematical formulation in the
flow direction. Also, the energy balance equations for
various layers of the solar PV/T system are written by
considering the following simplifying assumptions:
The air leakage of the PV/T system and the edge
losses are negligible. The duct air temperature varies
only in the flow direction. All the materials used in
the mathematical model is isotropic and independent
of the temperature. The heat transfer in electrical
busbar and fingers of the solar panel are neglected in
the mathematical model for simplicity. All the side
walls of the PV/T system are taken to be adiabatic.
The ambient temperature is same on all area exposed
to the environment. The reference temperature and
pressure are 25°C and 101325 Pa. Solar radiation is
not reflected on any surface and is fully transmitted
to the layer below. The flow is steady, turbulent and
one-dimensional. The steady state conditions are
performed.

According to considered assumptions and
thermal network diagram presented in Fig. 2, the
energy balance equations for various layers of the
solar PV/T system can be expressed as follows:

For glass top

[The rate of solar energy available on glass] +
[Conductive heat transfer from EVA-1 to the glass] =
[Convective heat loss from glass to ambient] +
[Radiative heat loss from glass to ambient]

a,G+U, (Te,l -, ) =h, (Tg —Ta)
the(T,-T) @

Where G, ag, Ug, hw, hrgs, Tsky, Ta, Tg and Te1 are
incident solar radiation, absorptivity of glass,
conductive heat transfer coefficient between glass
and upper EVA, convective heat transfer coefficient
between glass top and ambient air, radiative heat
transfer between glass top and sky, sky temperature,
ambient temperature, glass temperature and upper
EVA temperature respectively.

For EVA-1 (Upper EVA)

[The rate of solar energy available on upper EVA] +
[Conductive heat transfer from PV cells to upper
EVA] = [Conductive heat transfer from upper EVA
to the glass]

a,7,G+U B, (T,-T,,)=U, (Te,1 —Tg) )

Where, ae, 19, Ue, Bc and T are absorptivity of EVA,
transmissivity of glass, conductive heat transfer
coefficient between PV cell and upper EVA, packing
factor of solar cells and PV cell temperature
respectively.

Fig. 2. Thermal network diagram of PV/T system.

For PV cell

[The rate of solar energy available on PV cells] =
[Rate of electrical power produced] + [Conductive
heat transfer from PV cells to upper EVA] +
[Conductive heat transfer from PV cells to lower
EVA]

acrergﬂce = Ep +Ueﬂc (Tc _Te,l)
+Ucﬂc (Tc _Te,Z) (3)

Where, o, te, Ep, Uc and Te are the absorptivity of
PV cell, the transmissivity of upper EVA, electrical
power generation of PV module, conductive heat
transfer coefficient between PV cell and lower EVA
and temperature of lower EVA.
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For EVA-2 (Lower EVA)

[The rate of solar energy available on lower EVA] +
[Conductive heat transfer from PV cells to lower
EVA] = [Conductive heat transfer from lower EVA
to tedlar]

[aercrez'gﬁ’cG +(1- 8, )aez'ergG]
+Ucﬂc (Tc _Te‘2>:Ue (Te,z _Tt,top) (4)

Where, Ue and Tiwp are conductive heat transfer
coefficient between lower EVA and tedlar top and
temperature of the inner surface of the tedlar.

For tedlar top side

[The rate of solar energy available on tedlar] +
[Conductive heat transfer from lower EVA to tedlar
top] = [Conductive heat transfer from tedlar top to
tedlar bottom]

[atrcrezrgﬂcG +(1—ﬂc)atrezz'gG]
+Ue (Te,z _Tt,top ) = Ut (Tt,top _Tt,blm ) (5)

For tedlar bottom side

[Conductive heat transfer from tedlar top to tedlar
bottom] = [Convective heat transfer from tedlar
bottom to flowing air] + [Radiative heat transfer from
tedlar bottom to insulation inside]

U, (Tt,rop _Tt,btm) = hd,t (Tt,b[m -T )
+ hr,t—i (Tt,btm _Ti,in) (6)

For air medium

Referring Fig. 2 the energy balance equation for an
element (dx) of flowing air in the duct can be written
as:

[Convective heat transfer from tedlar bottom to
flowing air] = [Rate of heat gain by the flowing air] +
[Convective heat transfer from flowing air to
insulation inside]

. [dT,
Ny, (T =Ty ) Bdx =C, v dx

.
+hy; (T, =T, ) Balx 0

For insulation inside

[Convective heat transfer from flowing air to
insulation inside] + [Radiative heat transfer from
tedlar bottom to insulation inside] = [Conductive heat
transfer from insulation inside to insulation outside]

hd,i (Tf _Ti,in ) + hr,t—i (Tt,btm _Ti,in)
= Ui (Ti‘in =T

iout

) ®
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For insulation outside

[Conductive heat transfer from insulation inside to
insulation outside] = [Convective heat transfer from
insulation outside to ambient air]

Ui (Ti,in _Ti,out) = hw (Ti,out _Ta) (9)
Dimensionless numbers and heat transfer
coefficients

The convection heat transfer coefficient

depends on the physical configuration and also
various properties of the agent fluid (air) used.
Empirical correlations are available to evaluate the
heat transfer coefficients for several forced
convection heat transfer configurations. Those
correlations are usually expressed in terms of
dimensionless numbers. The dimensionless numbers
used for forced convection heat transfer coefficients
are the Nusselt number (Nu), Prandtl number (Pr),
and Reynolds number (Re). The heat transfer
coefficient (h), computed from Nusselt number.
Hence those correlations are typically in the form of
an equation for Nu in relation with Re and Pr.

The Reynolds number for rectangular air duct in
PV/T system is:

vD
R, = % (10)
f

‘v’ is velocity in the air duct is:

m

V=—
pBS

(11)

Dy is equivalent diameter for the simple rectangular
air duct is:

20B
D, = (6+B) (12)

The Prandtl number for simple rectangular air duct in
PVIT system is:

_ :qup
k

Pr

(13)

air

The Nusselt number for turbulent flow inside a
simple rectangular air duct in PV/T system is
estimated using Dittus and Boelter equation in
Holman (2010):

Nu =0.023(Re)"* (Pr)™ (14)

To estimate the density, thermal conductivity, and
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dynamic viscosity of flowing air in duct can be
obtained as Mohammadi (2013):

Par =3.9147-0.016083T, +2.9013x10°°T/?

15
~1.9407x10°T} 19)
k,, =(0.0015215+0.097459T, "
~3.3322x10°T2)x10°® (16)
4 . = (1.6157 +0.06523T,
17)

~3.0297x10°T?)x10°®

The convective heat transfer coefficient hy due to
wind flowing over the top surface of the glass and the
bottom surface of the insulation recommended by
Wattmuff et al. (1977), is calculated from:

h, =28+3V, (18)
The heat transfer coefficient due to convection from

the tedlar back side to flowing air can be estimated
via

hd,t = ar (19)

The heat transfer coefficient due to convection from
the insulation inside to flowing air hg; which can be
estimated similar to hg:. The radiation heat transfer
coefficient from the glass top to ambient are:

@ -T)
hr,g—s - gg (T T ) (20)

The effective sky temperature Ty is calculated from
the following empirical relation recommended by
Duffie and Beckman (2013):

0.711+0.0056T,, +0.000073T
Tsky = Ta ¢ P P (21)
+0.013cos(15t)

Where Tgp is the dew point temperature in (°C) and
‘t” is time (hr) from midnight.

The radiation heat transfer coefficient from the tedlar
bottom to insulation inside are:

o (T +T)(T2 +T2)

r,t—i - 22
1.1, (22)

S &

The conductive heat transfer coefficients in Egs.
(1)—(6) are:

U, =k, /L, (23)
U, =k, /L, (24)
U, =k /L, (25)
U, =k /L, (26)
U =k /L (27)

Where kg, Lg, Ke, Le, ke, Lc, ki, Lt, ki and L; are the
corresponding thermal conductivity and thickness of
glass, EVA, solar cell, tedlar and insulation material
in (W/m2K) and (m) respectively.

Air flow temperature in duct

An ordinary differential equation (ODE) for the air
flow temperature (T¢) inside the duct from equation
(7) is given by,

a1,
dx mC

p

|:hd‘t (rt,btm _Tf ) - hd‘i (Tf i |n):| (28)

The expression for air flow temperature inside the
rectangular duct can be obtained by integrating Eq.
(28) with the following boundary conditions is given
by,

BC: T, =T,,,atx=0

f.,in?

o2

hd |T| in + h TI btm eXp (hd.t + hd.i)BX
b+, T me

p

(29)

The expression for outlet air temperature of the
flowing air can be obtained by substituting the
following boundary conditions in Eq. (29) is given

by,

BC: T, =T atx=1L

f,out?

—(hy,+hy;)BL
Tf out = {[1—6Xp[ ( i . Cdll) ]J
' m
p
hd |T| |n+h Tt btm (hd,t+hd,i)BL
T hn N fmeXp - o~
hy +hy; mC,

The expression for average air flow temperature T,
over the full length of air duct is given by,

T_=—j T, (x)dx (31)

(30)
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BL(hdv‘+hd‘i)eX BL(h,,+hy,) 1
mC, P mcC,

[hd,iTi,in + hd‘tTl,btm ] T
f.in
_ hy +hy;
T = (32)

BL(hd,t + hd'i)ex BL(hd,t + hd,i)
mC P mC,

p

mcp ((hd‘iTi,in + hd,tTl,htm) _Tf,in (hd,l + hd,i ))
BL(hd’t + hd‘i)

Electrical modelling

The thermal and electrical model are dependent
on each other. To solve the thermal model, we need
electrical efficiency. In the earlier studies, the
electrical efficiency of a PV module has been
evaluated by using Eqg. (33).

Mete = Mele,ret [1_ 00045(Tc _Ta ):| (33)

The Eq. (33) has some deficiencies as pointed below:

= At low solar radiation, the PV module electrical
efficiency equals to the reference electrical

efficiency (7, = e =0.15).

= The temperature difference between solar cell
and ambient is very less is the reason for this
fact.

= [t cannot calculate the electrical parameters of
PV module such as Vo, Isc, Vinp, lmp and Prp.

In the present mathematical model, the
electrical efficiency and electrical parameters of PV
module are computed by use of the five parameters
electrical model. The Fig. 3 and Fig. 4 shows the one
diode electrical equivalent circuit and I-V
characteristics of PV module given by Boyle (2004)
respectively. The characteristics equation of single
diode five parameter model of PV module is
recommended by Duffie and Beckman (2013) is
defined as:

Rs —I--
1
I 0 O

b i Lis
O S S

O O

Fig. 3. 5-parameter equivalent circuit of a PV
module.
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=

_tz Electrical power

L=

Voltage Vinp Voe i
Fig. 4. PV module current-voltage (I-V)
characteristics curve.
=1, 1| exp V + IR, 1 V+IR (34)
L (o] a Rsh

The five parameters in the above equation (34)
are light current (I0), diode reverse saturation current
(1), series resistance (Rs), shunt resistance (Rsh), and
ideality factor (a). These five parameters are to be
first found at reference conditions (Gyer = 1000 W/m?,
and Teerer = 25°C) then they are to be translated to
the any required operating conditions. In order to
calculate five reference parameters (Ip ref, loref, Rsyref,
Rshref and arer), five equations are needed at reference
conditions. In general, the manufacture of PV module
provides open circuit voltage, short circuit current,
maximum power voltage, maximum power current,
current  temperature  coefficient and voltage
temperature coefficient. From literature, author found
that the ideality factor (a) for PV module is vary in
between 0 to 3. In this paper, the author iteratively
varies the ideality factor in between 0 and 3 with a
step size of 102 and simultaneously solve the
equations (35)—(38) till it reaches the given
manufacturer reference maximum power with
minimal relative error. Hence four equations are
enough to find the remaining reference parameters.
These four equations are obtained by substituting the
following four conditions in equation (34).

At short circuit current: 1 =1 ., V =0.

At open circuit voltage: 1=0,V =V

oc,ref *

At maximum power point: | =1 V=V

mp, ref 1 mp, ref *

At maximum power point: [M} :[d—P} =0
dv o LdV o,

Substituting the above four conditions into equation
(34), the following equations are obtained.
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I R
sc,ref ' Vs, ref
Isc,ref = IL,ref - Io,ref exp —— -1
aref

_ Isc,ref Rs,ref (35)
R

sh, ref

O I | Voc ref 1 Voc ref 3 6
_ - ex — |7l-5
L, ref o,ref p aref Rsh,ref ( )

| _ | l:vmp,ref + Imp,ref Rs,ref :|
mp,ref — 'Lref

Rsh ,ref

_ IO o l:exp (Vmp,ref + Imp,ref Rs,ref j_]-] (37)
. aref

I o,ref
aref 1

+

V +1 R Rsh,ref
exp[ mp, ref mp,ref " 's,ref
a
ref ref
Vmp ref _ (38)
mp, ref Io,ref Rs,ref
Rs,ref aref

1+ R +
sh, ref V + 1 R
exp( mp, ref mp,ref ' ‘s, ref ]
T

ef

To calculate the PV module five parameters at
operating conditions (Gnew and Tcnew), the following
equations are used

Ao _ Tc,new 39
a. T (39)

ref c,ref

IL,nc-zw = [gnew J[IL,ref +a(Tc,new _Tc,ref )] (40)

ref

3
Io,new — Tc,new eXp i Eg,ref _ Eg,new (41)
I o,ref Tc, ref K Tc, ref Tc, new

E new
ELzl_C(Tc,new _Tc,ref ) (42)
g, ref
Rsh new Gref
= (43)
Rsh,ref Gnew
Rs,new = Rs,ref (44)

Where Eg, K and C are the silicon band gap energy,
Boltzmann’s constant and the temperature coefficient
for bandgap energy respectively.

Utilizing the five electrical parameters for operating
conditions calculated above, the Vi, Imp, Voc and I
at operating conditions are obtained by
simultaneously solving the Egs. (45) — (48).

1+ Rs,new +[ lu,nesz,new]
a

'sh,new new

mp,new

exp[vmp,new + Imp,neWRs,new ] (45)

anew

\V} =
mp,new
| Vv +1 R 1
0,new eXp mp,new mp,new’ 's,new +
anew anew Rsh ,new

I - Vmp,new + Imp,nesz,new
mp,new — 'Lonew R
'sh,new

\Y +1 R
_Io,new|:exp( mp,new mp, new s,newj_1:| (46)

anew

Voc new |
Voc,new = Rsh,new|:|L,new - Io,new I:exp(a—J -1 :| (47)

I eR ]

sc,new ' \s,new
Isc,new = IL,new - Io,new exp[ -1
Aoy |

 LecnewRs new (48)

I:esh,new
The maximum power of PV module at operating
conditions is given by:

l:)mp,new = Vmp,new I mp, new (49)

The fill factor FF is the ratio of maximum power (Pmp)
to the product of open circuit voltage (Voc) and the
short circuit current (Isc). This factor is calculated as:

P,
FF = (50)

oc " sc

Efficiency calculation
The thermal efficiency of the PV/T air collector is
defined as:

Q
— _<rec 51
Tl BLG (51)

The electrical efficiency of the PV module at
operating conditions is calculated as:

Moe = Topoen (52)
Gnew Aﬂod

The thermal equivalent electrical efficiency is defined
as:
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Tete
Neteth = é (53)

Where C, =036 is the
conversion factor for India.

thermal power plant

The overall thermal energy of a PV/T air collector is
given by:

Uele
Cf

T, on = T Meten = n + (54)

EXPERIMENTAL ANALYSIS

Experimental PV/T system description

A polycrystalline silicon PV module is
mounted on a rectangular wooden duct and the PV/T
system mounted on a rigid steel frame for the
stability of the system and ease of inclination angle
adjustment. Hard plywood was used for making air
duct. The side gaps of the PV/T system are fully
sealed to prevent the air leakage. A small air blower
is used to force the air through the duct. The mass
flow rate of air was controlled by a valve placed in
between blower and inlet of PV module. The
specification of the PV module used in this study are
given in Table 2.

Latitude:ﬂ':l_osz"?c‘ N

Longitude: 80.2707° E

s Selar Panel

. Tilting Steel Frame
. Air Duct

. Control Valve

. Air Blower

. Measuring Instruments
. Temperature Sensors

QS B bl

= s RS -

Fig. 5. Experimental setup of solar PV/T system.

The outdoor experiment was conducted in
Institute for Energy Studies, Anna University,
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Chennai, India (13.0827° N, 80.2707° E) and the
experiment rig with air cooling is shown in Fig. 5.
The experiment was conducted from 8.00 am to 4.00
pm on a clear sunny days. Experiment tests was
performed for PV module without cooling (WOC)
and PV module with air cooling (WAC)
simultaneously. The optimum tilt angle of the PV
module during the test period is set as 13° facing
towards South. The solar radiation is measured by
digital solarimeter installed parallel to the PV module
plane. A well-calibrated k-type thermocouple are
used to measure the various temperature of the PV/T
system such as top glass, PV cell, tedlar bottom,
insulation inside, insulation outside, ambient, inlet air
and outlet air. The wind velocity and air velocity in
the duct have been measured with the help of an
anemometer. Digital multimeter (DMM) has been
used to measure the current and voltage of the PV
module. All the experimental parameters are
measured on an hourly basis.

Table 2. Specifications of PV module.

Name Value
Peak Power, Pp 150 W
Rated Voltage, Vimp 17.84V

Rated Current, Iy 84A
Open Circuit Voltage, Vo  [22.35V
Short Circuit Current, .~ [8.9 A

RESULTS AND DISCUSSION

Experimental validation

The present mathematical model results
have been validated by their corresponding
experimental values. The root mean square
percentage error (RMSE) and R-squared values are
calculated by comparing the simulated results with
experimental results using Egs. (55) and (56)
recommended by Dubey et al. (2009). It is clear from
the errors that the present mathematical model results
are in good agreement with the experimental results.

RMSE:\]Z(lOOX(Xi ~Y)/X,) (55)
m

o B ]

_{mZX—(Zx” mZY-[ZYH )

i= i-1

Where, X; is the i simulated value, Y; is the it
experimental value and ‘m’ is the number of data
points.
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| —=—T, Simulated RMSE = 8 38%
G oo | —=—T, Experiment R*=0.9714
L
=
£ 50
g
£
2
» 40—
7
=
(&
o4+ F—F——F—— 7
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The simulated values are compared with the
experimental values during the test day, and
proportionate error values are generated are given in
Table 3. Fig. 6 shows the hourly deviation of
simulated and experimental values of glass
temperature for solar PV/T air collector system. The
root mean square percentage error (RMSE) and
R-squared value (R?) for glass temperature are found
to be 8.38% and 0.9714 respectively. The simulated
and experimental values of PV cell, tedlar and outlet
air temperature are shown in Fig. 7, 8 and 9
respectively. The RMSE of these parameters are
8.10%, 7.98% and 1.94% respectively with the
corresponding R? as 0.9770, 0.9749 and 0.9924
respectively. It is observed that the simulated values
of the thermal model are good agreement with the
experimental results. The simulated and experimental
values of V. are shown in Fig. 10. The values of
RMSE and R? are found to be 1.66% and 0.9115
respectively. The Fig. 11 shows the simulated and
experimental values of Is; during the experiment day.
The RMSE and R-squared values are 5.54% and
0.9925 respectively. It can be observed that the
simulated values of present five parameters electrical
model are in good conformity with the experimental
results.

Table 3. RMSE and R? values.

Name [RMSE (%) |R?

Ty 8.38 0.9714
T, 8.10 0.9770
T: 7.98 0.9749
Tf,out 1.94 0.9924
Voc 1.66 0.9115
lsc 5.54 0.9925

Based on time of the day

The hourly variants of solar intensity, ambient
temperature and sky temperature in the environment
conditions of Chennai for a typical sunny day have
been shown in Fig. 12. The hourly simulated top
glass, PV cell, tedlar bottom, and outlet air
temperature on their corresponding ambient
temperature are shown in Fig. 13. The outlet air
temperature was 33.52°C and 44.22°C at 16 hr and
12 hr respectively and peak simulated cell and glass
temperature was found to be 61.67°C and 60.49°C at
12 noon respectively. At 16 hr the simulated tedlar
bottom temperature was found to be the minimum
value of 36.56°C and at 12 noon it reaches a peak
value of 60.71°C.

Due to the wind, more heat transfer occurs on
the top side of the PV/T system hence most of the
times the glass temperature was less than that of
tedlar temperature. The maximum difference between
cell temperature and ambient temperature was found
to be 24.06°C at 12 noon and the minimum
difference was found to be 4.38°C at 16 hr. The
simulated values of cell temperature for WAC and
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WOC PV module are shown in Fig. 14. The
minimum and maximum difference between WAC
and WOC PV module cell temperatures are 3.60°C at
16 hr and 8.06°C at 12 noon respectively. The Fig. 15
shows the hourly simulated thermal, electrical, and
overall efficiency. The electrical efficiency ranged
between 12.65% and 14.66% throughout the day
whereas the thermal efficiency varies from 12.18% to
26.11%. The overall efficiency ranged (52.93 -
61.41%).
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Table 4. Simulation results at 12 noon.

Electrical Thermal

parameter Value parameter Value

a 1.022 Ty 60.49 °C
I 9.334 A Te1 61.07 °C
ly 3.709x10 % A |T, 61.67 °C
R 02175 Q Te2 61.67 °C
Rsh 973.1Q Tt tm 60.71 °C
Voe 19.77V Ttin 37.62 °C
ls 9.332A Trout 44.22 °C
Vinp 1519V Ts 41.19 °C
Imp 8.653 A Tiin 48.27 °C
Prp 131.4W Tiout 38.76 °C
[Nele 12.92% Nin 26.11%
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From Fig. 15 it is found that the maximum thermal
efficiency occurs where the electrical efficiency is
minimum and vice versa. Fig. 16 shows the simulated
values of maximum power for with and without air
cooling of solar panel. The minimum and maximum
difference between Py, for WAC and WOC are 0.92
W at 16 hr and 7 W at 12 noon respectively. The
consolidated simulated results of electrical and
thermal parameters of the present study at 12 noon
are given in Table 4.
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CONCLUSIONS
In this study, an improved and layer by layer
detailed theoretical energy analysis of solar

photovoltaic thermal (PV/T) system performance has
been carried out. The thermal model used in the
present analysis gives more accurate results and also
it predicts the temperature of each layer of PV/T
system viz., glass top, top EVA, PV cell, bottom
EVA, tedlar, insulation inside, insulation outside and
an outlet air. The five-parameter electrical model
used in this paper gives accurate results and also it
predicts the Ve, lsc, Vinp, Imp @and Pmp with greater
accuracy. The PV module electrical efficiency is
sensitive to the panel temperature and decreases as
the temperature of the panel increases. With forced
air-cooling technique, the operating temperature of
the module is found drop significantly to about 25%
and an increase of 10% in the electrical efficiency is
observed. On the basis of thermal and electrical
efficiency, the thermal efficiency attains a maximum
value where the electrical efficiency is minimum and
vice versa. The results of the present mathematical
model are in good agreement with the present
experimental measurements with respect to RMSE
percentage and R-squared errors. The working fluid
has a great effect on the cell temperature
minimization. Air has lower thermal conductivity
than other fluids. The electrical efficiency and
thermal efficiency can be further increased by
providing fin and baffles in the air duct. Otherwise,
water or nanofluid is also used in PV/T collector
system for a further increase in efficiency of the
system.
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