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Abstract

In this communication, an attempt has been made to evaluate the performance of hybrid modified micro-channel solar cell
thermal (MCSCT) tile. Based on energy balance of each component of modified MCSCT tile, analytical expressions for the
different parameters of modified MCSCT tiles connected in series have been derived. An attempt has also been made to
validate the thermal model with experimental results of prototype of modified micro-channel solar cell thermal tile in indoor
condition for New Delhi. An indoor test setup and modified micro-channel solar cell thermal (MCSCT) tile has been
developed for experimental purpose. Performance evaluation of modified micro-channel solar cell thermal tile over different
intensities has been studied. It has been observed that the thermal and electrical efficiency of the modified micro-channel solar
cell thermal tile are 35.7 % and 12.4 %, respectively. On the basis of numerical computation, overall energy and exergy
analysis have also been carried out.

Keywords: Solar cell thermal tile, Micro-channel, Electrical efficiency, Thermal modeling.

1. Introduction

The temperature of solar cell is increased by the absorbed solar radiation that is not converted into electricity, causing a
decrease in their electrical efficiency. For mono crystalline (c-Si) and polycrystalline (pc-Si) silicon solar cells, the efficiency
decreases by about 0.45% for every degree rise in temperature. For amorphous silicon (a-Si) cells, the effect is less, with a
decrease of about 0.25% per degree rise in temperature depending on the solar cell design. This undesirable effect can be
partially avoided by a proper heat extraction with a fluid circulation. In hybrid photovoltaic thermal (PVT) solar systems, the
reduction of PV module temperature can be combined with useful fluid heating. Therefore, hybrid PVT systems can
simultaneously provide electrical and thermal energy, achieving a higher energy conversion rate of the absorbed solar
radiation. These systems consist of PV modules coupled to heat extraction devices in which air or water of lower temperature
than that of the PV modules is heated, while at the same time, the PV module temperature is reduced. In PVT system
applications, the production of electricity is the main priority, and therefore, it is necessary to operate the PV modules at low
temperature in order to keep the solar cell electrical efficiency at a sufficient level. PVT systems provide a higher energy
output than standard PV modules and could be cost effective if the additional cost of the thermal unit is low. Several designs
of hybrid PVT solar air heater had been proposed in the past. Among the first, Kern and Russel (1978) have given the main
concept of photovoltaic thermal collector using water or air as the working fluid and they found that the hybrid collector
system are attractive in small buildings that have substantial heating loads. Cox and Raghuraman (1985) have studied air type
hybrid PVT system and made use of computer simulation to optimize the design of flat plate PVT solar air collector in order to
increase the solar absorption and reducing the infrared emittance. Bhargava et al. (1991) and Prakash (1994) have studied the
effect of air mass flow rate, air channel depth, length and fraction of absorber plate area covered by solar cells on single pass
air heater. They concluded that the solar cell efficiency was marginally improved while an average thermal efficiency of about
50-70% for water heating and 17-51% for air heating was obtained. Garg et al. (1994) have done experimental study on a
hybrid photovoltaic thermal solar water heater and they found that the thermal and electrical efficiencies of the hybrid solar
water heater are 33.5 and 3.35%, respectively.

A double pass photovoltaic thermal solar collector for solar drying applications has been developed and tested by Sopian et
al. (2000) and they concluded that both thermal and electrical energies are produced simultaneously and in addition, the
packing factor or the area fraction covered by photovoltaic cells can be adjusted according to the requirement for electrical
energy. Garg and Adhikari (1997) developed a computer simulation model for predicting the transient performance of PVT air
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heating collector with single and double glass configurations and they concluded that that the system efficiency increases with
increase in collector length, mass flow rate and cell density, and decreases with increase in duct depth for both configurations.
An extensive investigation of the thermal, electrical, hydraulic and overall performances of flat plate photovoltaic thermal
(PVT) air collectors has been made by Hagazy (2000) and it has been observed that the flow channel (depth of channel/length
of channel) ratio is an important design parameter which influence the performance of PVT air collectors. Kalogirou (2001)
has carried out monthly performance of an unglazed hybrid PVT system under forced mode of operation for climatic condition
of Cyprus and it has been found that the hybrid system increases the mean annual efficiency of the PV solar system from 2.8%
to 7.7% and in addition covers 49% of the hot water needs of a house, thus increasing the mean annual efficiency of the
system to 31.7%.

Thermal modeling of building integrated photovoltaic system has been presented by Lee et al.(2001) and they have given
interesting modeling results on air cooled PV modules. Tiwari et al. (2006) have validated the theoretical and experimental
results for photovoltaic (PV) module integrated with air duct for composite climate of India and they concluded that an overall
thermal efficiency of PVT system is significantly increased due to utilization of thermal energy from PV module. Annual
performance of building integrated photovoltaic water —heating system for Hongkong climate has been presented by chow et
al.(2003) and they have observed that annual thermal and cell conversion efficiencies are 37.5% and 9.39%, respectively. An
experimental study on energy generation with a photovoltaic (PV) solar thermal hybrid system has been done Erdil et al.
(2008) and they concluded that the loss in the electrical energy generation is well offset by a large gain, Q,,, in thermal energy
that is collected by the circulating water. Chow (2010) has reviewed the trend of development of the hybrid photovoltaic
thermal solar technology, in particular the advancements in recent years and the future work required.

Energy and exergy analysis of photovoltaic—thermal collector with and without glass cover has been discussed by Chow et
al. (2009) and they concluded that from the first law point of view, a glazed PVT system is found always suitable if we are to
maximize the quantity of either the thermal or the overall energy output. From the exergy analysis point of view however, the
increase of PV cell efficiency, packing factor, water mass to collector area ratio, and wind velocity are found favorable to go
for an unglazed system, whereas the increase of on-site solar radiation and ambient temperature are favorable for a glazed
system. Nayak and Tiwari (2008) have made exergy analysis of integrated photovoltaic thermal (IPVT) water heater under
constant flow rate and they observed that an overall exergy and thermal efficiency of IPVT is maximum at the hot water
withdrawal flow rate of 0.006 kg/s. Exergy analysis of integrated photovoltaic thermal solar (IPVTS) water heater under
constant flow rate and constant collection temperature modes has been done by Tiwari et al. (2009) and they observed that the
daily overall thermal efficiency of IPVTS system increases with increase constant flow rate and decrease with increase of
constant collection temperature. Performance analysis of a hybrid photovoltaic-thermal integrated system has also been done
by Radziemska (2009) who presented the concept of exergy analysis for evaluation of the PVT systems which is very useful
tools for the improvement and cost-effectiveness of the system. The performance in terms of overall annual thermal , exergy
gain and exergy efficiency of proposed micro-channel photovoltaic thermal module have been evaluated by Agrawal and
Tiwari (2011) and they concluded that proposed hybrid micro-channel photovoltaic thermal module gives better results than
single channel photovoltaic thermal module of Dubey et al. (2006) .

The main objective of this paper is to study on single modified solar cell thermal tile having micro-channel to see the effect
of intensity on overall performance of modified micro-channel solar cell thermal tile because till now large area of channel or
duct based photovoltaic thermal system has been found in literature. An attempt has been done to design modified micro-
channel solar cell thermal tile with experimental setup and its performance over different intensity in indoor conditions have
been examined.

2. Experimental setup

2.1 Modified Micro-channel solar cell thermal tile:

The present study has been carried out on single modified micro-channel solar cell thermal (MCSCT) tile. The MCSCT tile
consists of a single solar cell (mono crystalline silicon), rated at 2.2 Wp having dimensions 0.12 m length and 0.12 m width
has been considered and it has been mounted on a rectangular wooden channel. The channel has dimensions 0.12 m length,
0.12 m width and 5000 pm depth. The wooden channel has been sealed with putty and adhesive tape to avoid air leakage.
There is provision of inlet and outlet air to flow through the micro-channel. Air flow pattern of modified micro-channel solar
cell thermal tile has been shown in Figure. 1(a). The MCSCT tile has been placed on a mild steel platform of solar simulator
with a mechanism for up and down movement for varying the light intensity. A DC fan of 6.0 V and 0.1A has been used to
circulation of the air through the channel.
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Figure. 1(a). Air flow pattern over elementary area bdX of modified micro-channel solar cell thermal (MCSCT).

2.2 Solar simulator

A solar simulator (Figure. 1(b) )with a 3-phase lamp array is employed to imitate the necessary solar irradiation in the testing
of micro-channel solar cell thermal tile. The solar simulator has 28 tungsten halogen lamps (Philips manufactured; Model:
392472) each having 500W, 9000 lumens and rated at 240V and 11A. The halogen lamps are arranged in 7 % 4 matrices for

uniform distribution of irradiance on the MCSCT tile.
Inlet Solar cell

Chutlet

Figure.1(b) Photograph of solar simulator with micro-channel solar cell thermal (MCSCT) tile

The available area for testing is 1%2 m .The height of the simulator from the floor is 200 cm. The distance between platform
and halogen lamp is 100 cm. Intensity of simulator can be varied between 300 W/m? to 1000 W/m” by decreasing the gap of
solar simulator (halogen lamp) and platform.

2.3 Instrumentation

(i)Thermocouples: Calibrated copper-constantan thermocouples and digital temperature indicator are used to measure the
temperature at several locations, namely, back surface, inlet and outlet points of each collector and final outlet point. Digital
temperature indicator has a least count of 0.1°C.

(i) Solarimeter: The intensity of solar radiation is measured by solarimeter having a least count of 20W/m?, manufactured
by CEL, India Ltd, Sahibabad (UP), India. Solarimeter has been calibrated with standard pyranometer.

(iii) Anemometer (Lutron-AM4201): It is conventional instrument used to measure the velocity of flowing air. The least
count of instrument is 0.1 m/s.

(iv) Infrared thermometer: The infrared thermometer is used to measure top surface temperature of modified micro-channel
solar cell thermal tile. Least count of the instrument is 0.1°C.

(v) Clamp meter: It is used for measurement of current and voltage. Least count of the instrument is 0.1A and 0.1V
respectively.

3. Thermal modeling of modified micro-channel solar cell thermal tile

To write the energy balance equation of modified micro-channel solar cell thermal (MCSCT) tile, the following assumptions
have been made:
*One dimensional heat-conduction is good approximation for present study.
*There is no temperature gradient along the thickness of MCSCT tile.
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*The specific heat of air remains constant. It does not change with rise in temperature of air.
*The system is in quasi-steady state.

*The ohmic losses in the MCSCT tile are negligible.

*There is stream line flow of air through the micro-channel at small flow rate.

Following Agrawal and Tiwari (2011) & Tiwari and Sodha (2006), the energy balance equation for modified
MCSCT tile can be written as

[e7,1(t)bdx]=[U,, (T.-T,)bdx+U,, (T .-T, )bdx |+ ,7,1 (t)odx ()
Rate of solar Rate of heat loss from Rate of heat transfer Rate of
energy available |=| top surface of solar cell |+| from solar cellto  |+/| electrical energy
on solar cell to ambient flowing fluid i.e. air produced

From Equation (1), the expression for cell temperature is

T — Tgacl (t)_z-gncl (t)+UtcaTa +Utchf
i Utca +Utcf

or

aef‘f I (t) +UtcaTa +Utchf

T = 2)
U tca + U tcf

where & =T, (0!C —I]C)

An expression for temperature dependent electrical efficiency of a MCSCT tile as given by Schott (1985) and Evans (1981)
is,

n=n,[1-0.0045(T, -T,)] ©

Energy balance for air flowing in the micro-channel of solar cell thermal tile for elemental area bdx is given by

T
U (T —ToJock=m G — - (T T, Jock @

Rate of heat transfer The mass flow Rate of heat transfer
from solar cell to = | rate of flowing |+ | from flowing fluid to
flowing fluid i.e. air fluid i.e. air ambient
Solving Equation (2) and Equation (4) with boundary condition at x=0, Ty= Tj; one gets
ha —bU, x —bU x
_| _p e L L
T = U 1(t)+T, || 1—exp| — +T. exp| — (5)
L _ ms Cf ms Cf
At, x=L, Ty =Ty, , the outlet air temperature of modified micro-channel solar cell thermal tile, is
he | UL UL
_| pTHf L L
Ky (t)+T, | 1-exp) — +T, exp| — ®)
L _ m C, m C,

The average air temperature over the length of air channel below micro-channel solar cell thermal tile as obtained with help of
Equation. (5) is

-|: = %IOLTf dx
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-bU L -bU L
B l-—exp| —— l-—exp| ——
- hpaeffl T 1 m: C, T m:C, M
u, (O+T. |1~ bU L Tl bU L
m: C, m:C,

For a number of modified MCSCT tiles connected in series, the outlet temperature of first MCSCT tile will be the inlet for
second MCSCT tile, the outlet temperature of second MCSCT tile will be the inlet for the third and so on. Hence, for a system
of N number of MCSCT tiles connected in series, the outlet air temperature from N™ MCSCT tile can be expressed in terms of
first MCSCT tile.

The outlet air temperature of N number of modified micro-channel solar cell thermal tiles connected in series is derived as

h _ _
T = o 1(t)+T, || 1-exp M +T, exp M )
UL M Cf M Cf

The rate of useful thermal energy obtained for n,, row of MCSCT tile connected in series is derived as

Qu,N =N, xm, C (TfoN _Tfi) )

—-NbU L ||| he,
mf Cf UL

Q,, =N, xmi C, | 1—exp 1(t)+T, T, (10)

3.1 Instantaneous thermal efficiency
An instantaneous thermal efficiency of hybrid micro-channel solar cell thermal tile can be obtained as, Duffie and Beckman
(24) and Tiwari (25),

QU,N

N an
NA I (1)
1l Cf —NbULL (Tfi _Ta)
. :—U N l—exp| —— hpozeﬂ —UL—I (12)
L A mf C:f (t)
3.2 Electrical efficiency
Experimental efficiency of MCSCT tile can be calculated as
FF ><Voc X Isc — IL ><VL
M. = (13)

A, x1(t)

where fill factor (FF) is measure of sharpness of the |-V curve. It indicates how well a junction was made in the cell and how
low is the series resistance. It can be lowered by the presence of series resistance and tends to be higher whenever the open
circuit voltage is high.

3.3 Energy Analysis

The energy analysis is based on the first law of thermodynamics, and the expression for overall thermal gain can be defined as,

3 X Q lectrical
Z Qu,total = 2 Qu,thermal + m (14)

cpower

' QuN
h =— 15
where Qu,thermal 1000 ( )

Overall thermal gain from a PVT system = Thermal energy collected by the PVT system + (Electrical output / Mepower )-
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where, epower is the electric power generation efficiency conversion factor of a conventional power plant for India.

This is so because electrical energy is a high-grade form of energy which is required for operation of DC motor. This electrical
energy has been converted to equivalent thermal by using electric power generation efficiency conversion factor as 0.20-0.40
for a conventional power plant, Huang et al. (26) and it depends on quality of coal. Usual value of this factor is taken as 0.38
for conversion.

3.4 Exergy Analysis
. The exergy analysis is based on the second law of thermodynamics, which includes accounting the total exergy inflow,
exergy outflow and exergy destructed from the system.

. : T +273
E = -2
Xthermal QU,N -I-fO +273
: nxAxI) | - : :
EXeIectricaI = |: 1000 EXoverall = Exthermal + Exelectrical (16)

where, A is area of module and Ty is the sun temperature in Kelvin.

3.5 Statistical analysis
To compare the theoretical and experimental results, the correlation coefficient (r) and root mean square percent
deviation (e) have been evaluated by using the following expression:

L N(EX)-(2X)(3N)
INEX (X INDY ()

N2
and €= Z(Tel) (18)

amn

where € = {%} x100

i
4. Results and Discussions

In a series of experiments conducted, data have been recorded for different intensities for comparative evaluation on single
modified micro-channel solar cell thermal (MCSCT) tile. Theoretical value of cell temperature of modified MCSCT tile has
been computed from equation.(2) using MATLAB 7.0 at solar radiation (700 W/m? ), constant mass flow rate(0.000145 kg/s)
and Ty =38 °C. The variation of cell temperature with respect to time of single modified MCSCT tile for theoretical and
experimental results has been shown in Figure. 2 Figure shows that there is good agreement between theoretical and
experimental values. The correlation coefficient and root mean square percentage deviation between theoretical and
experimental results are 0.998 and 3.21, respectively. Similarly, equation. (8) has been used for calculating outlet temperature
of modified MCSCT tile using MATLAB 7.0 at solar radiation 700 W/m?* and T; =38 °C. The theoretical and experimental
results are validated for outlet air temperatures of single modfied MCSCT tile as shown in Figure. 3. The correlation
coefficient and root mean square percentage deviation between theoretical and experimental results are 0.995 and 4.37,
respectively.
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Figure 2. Variation of cell temperature of single MCSCT tile at solar radiation 700 W/m?
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Figure 3. Variation of outlet air temperature of single modified MCSCT tile at solar radiation 700 W/m?

equation. (3) has been used for calculating the electrical efficiency of MCSCT tile. Figure. 4 shows the time variation of cell
temperature and electrical efficiency at different intensities 600 W/m* 700 W/m® and 800 W/m? respectively. It has been
found that as intensity increases, electrical efficiency decreases because of rise in cell temperature and this result is in
accordance with result reported by earlier researchers, Zondag et al.(2002).
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Figure 4. Variation of cell temperature and electrical efficiency of single MCSCT tile at different intensity.

It has also been observed that electrical efficiency for this MCSCT tile in the range of 13.5 % to 11.3 % at 800 W/m’
.Equation. (9) has been used for calculating rate of thermal gain for MCSCT tile and using this data in equation. (11), thermal
efficiency has been calculated .Fig. 5 shows the time variation of outlet temperature and thermal efficiency at different
intensities 600 W/m? 700 W/m® and 800 W/m? respectively. It has been found that as intensity increases, outlet temperature of
MCSCT tile also increases and due to increase in outlet temperature , thermal efficiency 1is increased because inlet
temperature Ty =38 °C is maintained constant. It has also been observed that as there is increase in duration of time, outlet air
temperature also increased and approaches the steady state condition after approximately two hours because of thermal
capacity of MCSCT tile. The maximum outlet air temperature 86.6 °C and thermal efficiency 35.7 % were observed at 800
W/m? at steady state for single MCSCT tile.
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Figure 5. Variation of outlet air and thermal efficiency of single MCSCT tile at different intensity

Figure. 6 shows the time variation of electrical power at different intensities. It has been observed that electrical power
decreases as time increases because temperature of MCSCT tile goes on increase as time increase on the basis of this one can
conclude that if fan were not installed there were more decrement in electrical power .One interesting result has also been
observed that there is decrement in electrical power from 1.61 W to 1.46 W at intensity 600 W/m” and from 2.16 W to 1.51 W
at intensity 800 W/m” for the same duration i.e. two hour and same mass flow rate. On the basis of this result it is concluded
that more electrical power is generated at higher intensity but there is more drop of electrical power with respect to time at
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higher intensity. Hourly variation of thermal gain at various intensities has been shown in Figure. 7. It has been seen that 27.5
% more thermal gain is achieved at 800 W/m* with respect to 600 W/m” at steady state. It can be seen that increase in time
duration will increase in the thermal output while decrease in the electrical efficiency. Experimental results shows that increase
in intensity will increase the thermal output. It has been observed that increase in intensity will increase the overall thermal
energy for MCSCT tile.
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Figure 6. Variation of electrical power of single MCSCT tile at different intensity.
It is seen that 7.3 % more overall thermal energy is achieved when experiment is done at 700 W/m® as compare to 600 W/m?
but when experiment is done at 800 W/m® then increment in overall thermal energy is 21.1 % as compare to 700 W/m? it is
due to more thermal gain is achieved at 800 W/m? and electrical power is more unless same at all intensities at steady state.
Similarly trends have been experienced for overall exergy for the MCSCT tile as shown in Figure. 9

4.00 1
- 00W/m?
300 1

200 e BO0W/m?
1.00 5

Themmnal gain, W

0.00 T T T T T T ]
1000 115 1030 1045 1100 1115 11:30 11:45

Time

Figure 7. Variation of thermal gain of single MCSCT tile at different intensity.
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Figure 8. Variation of overall energy of single MCSCT tile at different intensity
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Figure 9. Variation of overall exergy of single MCSCT tile at different intensity
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5. Conclusions

The following conclusions have been drawn
e The thermal and electrical efficiency are 35.7 % and 12.4 % respectively for single MCSCT tile.
e This new present setup would have beneficial effect of permitting much less expensive installation for testing and
development. Hence the test procedure can be used by manufacturers for testing of different type of PV tiles and
combination of PV tiles in order to optimize its products for better efficiency

Nomenclature

A.  Area of solar cell, m’

b Width of the micro-channel, m
C; Specific heat of air, J/kg K
dX Elemental length, m

dt  Elemental time, sec

Heat transfer coefficient, W/m?K

> 5

=4

Heat transfer coefficient from back of tedlar to ambient, W/m?K

-

-
o

Heat transfer coefficient from top glass cover to ambient, W/m’K
Heat transfer coefficient from back of tedlar to flowing air, W/m’K

Heat transfer coefficient from back of insulation to ambient, W/m?K

I

5

An overall heat transfer coefficient from solar cell to ambient through  glass cover, W/m’K

-
o
D

An overall heat transfer coefficient from solar cell to flowing air through  tedlar, W/m’K

-
=
<

An overall back loss heat transfer coefficient from flowing air to ambient, W/m*K

o

t) Incident solar intensity, W/m?
Thermal conductivity, W/m K
Length, m
Number of micro-channel solar cell thermal (MCSCT) tile

—

Air mass flow rate in micro-channel, kg/s

Useful heat, W

Temperature, K

=

Average temperature, K

Overall heat transfer coefficient, W/m?K
Velocity of air, m/s

“CH=T 0O 3 2T~ — C C C

Efficiency at standard test condition (I(t)}=1000 W/m? and T,=25°C)

< 3
o

Velocity of fluid (air) flowing inside of channel, m/s

n Number of rows of micro-channel solar cell thermal (MCSCT) tile.

Greek letters

o Absorptivity

B Packing factor
T Transmittivity
n Efficiency

o  Density, kg/m’
Subscripts

a Ambient

c Solar cell

eff  Effective
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T Tedlar
in Insulation

f  Fluid(air)
f  Inlet fluid
f

Outgoing fluid

[}
Appendix

In modeling equations, we used following relations for defining the design parameters, which are shown in Table 1
micro-channel solar cell thermal (MCSCT) tile:

aeff = z-g (ac _nc)

h. =2.843xV
h,=5.7+3.8xv
h, =2.8+3xV
L -1
Ut — _9+L
ca Kg htO
Utcf = i-i_i
K. h
U =U, +U_
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