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Abstract—In present study, an approach is adopted where
photovoltaic thermal flat plate collector is integrated with compound
parabolic concentrator. Analytical expression of temperature
dependent electrical efficiency of N number of partially covered
Photovoltaic Thermal (PVT) - Compound Parabolic Concentrator
(CPC) water collector connected in series has been derived with the
help of basic thermal energy balance equations. Analysis has been
carried for winter weather condition at Delhi location, India. Energy
and exergy performance of N - partially covered Photovoltaic
Thermal (PVT) - Compound Parabolic Concentrator (CPC) Water
collector system has been compared for two cases: (i) 25% area of
water collector covered by PV module, (ii) 75% area of water
collector covered by PV module. It is observed that case (i) has been
best suited for thermal performance and case (ii) for electrical energy
as well as overall exergy.

Keywords—Compound ~ parabolic  concentrator, ~ Energy,
Photovoltaic thermal, Temperature dependent electrical efficiency.

[. INTRODUCTION

ANY researches towards the solar energy occur all over

the word to the concern of global crisis on oil and gas
prices. According to some energy experts, oil has reached on
peak price. Gas and coal are reserved bigger than oil. This
process will push energy prices higher, until sustainable
sources replace dependency on fossil fuels as major source of
energy. The sustainable green energy such as solar energy has
been recognized as one of the auspicious source of energy to
replace the need of fossil fuels. The challenge is accepted to
reduce CO, and other gas emissions by solar energy. Solar
energy is a green energy which has the capability to meet a
significant proportion of the international energy demands.
Parametric study of various configurations of hybrid
PV/thermal air collector: experimental validation of
theoretical model has been presented in [1]. The vital
component in solar energy system is the PVT collector. The
concept of PVT collector presented in [9] for the first time. A
theoretical model of PVT using techniques of convectional
thermal plane collector presented in [15]. The theoretical
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model for partially covered N-PVT water collectors connected
in series has been experimentally validated in [12].

A compound parabolic concentrator (CPC) is a non-imaging
concentrator that is essentially two half parabolas. A CPC has
advantage of the fact that for a tilted parabolic reflector, the
parabola’s half that is closer to the sun will focus the sun’s
rays below the parabola’s focus. As such, by truncating the
parabola’s half that is now further from the sun and then
reflecting the resulting half parabola about an axis of
symmetry, a CPC curvature is created. Performance of a
concentrating photovoltaic/thermal solar collector has been
presented in [8]. Thermal behaviour of solar air heater and
water  collector  with/with-out  compound  parabolic
concentrator has been discussed in [10]-[13]. Two types of
PVT water heating namely tube-in-plate configuration and
parallel plate configuration. Tube-in-plate configuration has
been presented and parallel plate configuration has evaluated
in [2]. A review of solar collectors and thermal energy storage
in solar thermal applications has discussed in [16]. Design of
flat-plate photovoltaic/thermal collectors has been presented in
[3].

The analytical expression of outlet temperature and useful
energy and exergy for N-series connected PVT flat plate water
collectors partially covered by the photovoltaic module at
lower portion have been developed in [6]. Analytical equation
for partially covered photovoltaic thermal (PVT) — compound
parabolic concentrator (CPC) for a single unit of collector has
been derived in [4]. It was found that overall efficiency of
25% of receiver is covered by PV portion, is highest to other
configurations. ~ Analytical expression of temperature
dependent electrical efficiency of N-PVT water collector
connected in series has been developed in [14]. Tt is observed
two cases are discussed: one is PV module at lower portion
and second is PV module at upper portion in the receiver.
Further, any number of collectors are connected in series with
photovoltaic thermal — compound parabolic concentrator
(PVT-CPC) water collector system to increase the degree of
outlet collection temperature. Thermal modelling of N
partially covered photovoltaic thermal (PVT)-compound
parabolic concentrator (CPC) collector connected in series has
been presented in [11].
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II. SYSTEM DESCRIPTION

In the proposed system, a number (N) of PVT-CPC water
collectors have been connected in series. The proposed
collector design has been shown in Figs. 1 (a) and (b). The
PVT-CPC water collectors have been inclined at 28.5°, equal
to latitude of New Delhi, India to receive the annual maximum
solar radiation. In this case, the outlet of first partial PV
covered PVT-CPC collector (Ts1) has been connected to the
inlet of second PVT-CPC collector and again the outlet of
second PVT-CPC collector (Tr2) has been connected to the
inlet of third PVT-CPC collector and so on up to N collector.
The final outlet water temperature of proposed system is
considered as Trn. Numerical computations have been carried
out for a typical day of winter condition for December, 2014.

III. THERMAL MODELLING

Following assumptions have been taken to write the basic
energy balance equations for proposed number of PVT-CPC
collectors connected in series:

1. The PVT-CPC system is in quasi steady state.

2. Ohmic losses in PV modules are neglected.

3. Heat capacity of glass cover, insulation, absorber and3.
Heat capacity of glass cover, insulation, absorber and
solar cell materials etc. are neglected.

4. There is no temperature gradient across thickness of PV
module, insulation and glass materials, as [5]-[7].

Energy balance equations:

A. Energy balance equation for solar cell of semitransparent
PV module (Figs. 1 (a), (b))

pachIBcleam = |:Utc,a (Tc _Ta)+Utc,p (Tc _Tp ):| Am +p77m|bAam (1)

B. Energy balance for absorber plate below the Photovoltaic
module

P75 (1) b e (T =Ty ) A =F 1 (T, =T, ) A 403 (T, ) )

C. Energy balance for flowing water as fluid below the
absorber plate

daT,
X

mc, dx = F'h, (Tp—Tf)A,mbdx 3)

The solution of the above equation can be obtained by using
initial condition i.e. (Tf ‘ .= Tﬁ)as
x=

PF, (ar I -bF'U, _x -bFU, x|(4
T, _|: .( )m,eff b +Ta:H:1_eXp{ A L.m }:|+Tn exPl: ‘ Lm :|( )
ULAm mfcl mfcl

PF, (ar | -FU —FU
Tmm =T, ‘XZLW ={ 2( )m,eﬂ b +Ta}{l—exp{ - L.mAﬂm }}‘FT" exp[ - L.mARm:|

Ul m;Cy m;Cy

)

TABLEI

VALUES OF DESIGN PARAMETERS OF PROPOSED SYSTEM

Ar =1m

A, =025w
A, =0.75m
A.=075m
A, =025m
A =2w
A, =05mw
A,=15m
A . =15m
A, =05m
C; =41791xgk
M =0.012 kg/s
F,=0.8110m
Ky =0.816 Wim°c
L, =0.003m
K, =0.166 wimc,
L, =0.100 m
K, =6wm-c,
L, =0.002m
U, =3.47wm-c
U, =7.87wmeec
Ua =9.17wmreec

U, =47wm-c

U, =558 wim?c
Upa =48 wWmrec
PF, =0.3782
PF, =0.9512
PF, =0.9842
h; =100 wm:
hi =5.7wm?
h' =5.8wm
h0 =9.5 wim?
p=0.84
7, =0.95
a, =09
B. =0.89
a, =08
F'=0.9680
F. =0.8693w
FF =08
n, =0.15

Tube diameter = 0.0125 m

/
m N
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Fig. 1 (a), (b) Cross section of side view and cut section of front view
of partially covered of First of N-PVT-CPC collector where A,= 2
m?, Ar=1 m%, Am=1 m?%, A= 0

The outlet water temperature of first PVT-CPC collector
T, is given by

_L (AR (e, (1K) T (ARUL), (1-K") () (ARUL),
"Tme (k) ome (k) Tme

The expression for TfoN in the present case has been
derived. One can get the following

L _h(AR(an) (1K) (AR, (2K8)
mr C, (I_Kp) mr C, (I_Kp)
O

With help of (7), the rate of useful thermal energy gain from
partially covered N-PVT-CPC water collector has been
calculated by

Quthe,N =m; Cy (TfoN _Tfi) ®

And the rate of useful thermal exergy gain from partially
covered N-PVT-CPC water collector has been evaluated by

. _ ) T +273
thh :I'T]f Cf (TfoN —Tﬁ)_rnf Cf (Ta +273)1n Tﬁ +273 (9)

The analytical expression for the temperature dependent
electrical efficiency of solar cells of number (N) of PVT-CPC
water collectors has been evaluated by

T =10 1= 8, (T =T,)] (10)

where, -EN is average solar cell temperature of Nth PVT-CPC

water collectors. Now,

no{l_wﬁou){(x“ +YT, + ZTﬁ)—To}l (11)

tc.a

1— 748l
Uy +VUel)

te,p te.,a

Men =

(a + ,B;/)}

where X, Y, Z, a, B, and vy are defined in Appendix.
The temperature dependent electrical efficiency of PV
modules of N PVT-CPC water collector is

Mon = Ty Bellen (12)

The rate of usable electrical energy gain or exergy from N-
identical PVT-CPC water collector has been solved by

. N
Qer,N = ArmlbznmN (13)
1

The overall exergy is obtained from proposed system can be
calculated to add electrical and thermal exergy by

qu,overall

IV. RESULTS AND DISCUSSIONS

= Qer,N +thh,N (14)

In present analysis, the input data has been collected from
IMD Pune, India. Direct radiation has been calculated on 30°
angle as latitude for New Delhi, India by MATLAB 2010a.
Here eight number of collectors are connected in series in
partially covered N-PVT-CPC water collectors. The mass flow
rate of water has been fixed at 0.012 kg/s which is constant for
both cases.
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Fig. 2 Hourly variation of input parameters as beam radiation (Iv) to
ambient air temperature (Ta)

The hourly variation of ambient air temperature and beam
radiation from the sun have been shown in Figs. 2, 3 show
hourly variation of average solar cell temperature, plate
temperature and flowing water temperature for both cases.
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Fig. 3 Hourly variation of average solar cell temperature (T¢), average
plate temperature (Tp) and average fluid as water temperature (Tr)
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Fig. 4 Hourly variation of average solar cell temperature (T¢) to

electrical efficiency of PV modules (nmn)

It is observed that average solar cell temperature has been
found maximum as compared to plate temperature and
flowing water temperature, whereas average flowing water
temperature has been found minimum temperature for both
cases, as expected. The temperature ranges are higher in case
(i) than case (ii). Fig. 4 shows average solar cell temperature
to electrical efficiency of PV module for both cases. It is clear
to see that electrical efficiency of PV module decreases with
increase in average solar cell temperature for both cases, as
expected. The electrical efficiency has been found higher in
case (ii) and average solar cell temperature has been higher in
case (i). Fig. 5 shows hourly variation of outlet water
temperature for both cases whereas outlet temperature has
been found higher in case (i), due to larger glazed area. The
maximum outlet temperature in an hour has been found

98.47°C.
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Fig. 5 Hourly variation of outlet water temperature (TtN) of N-PVT-
CPC water collector for N=8, with mass flow rate 0.012 kg/s, for a
clear day
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Fig. 6 Hourly variation of thermal exergy of proposed system with
number of eight collectors for a typical day in December month

Fig. 6 shows hourly variation of thermal exergy of N PVT-
CPC water collector connected in series for both cases. It is
clear to observe that the thermal exergy has been found
maximum in case (i). Total thermal exergy has been found
3.16 kWh per day for case (i) whereas 1.21 kWh per day for
case (ii) for clear day condition in month of December in
2014. The hourly variation of electrical energy /exergy per day
has been shown in Fig. 7. It is seen that the electrical
energy/exergy has been found maximum in case (ii) due to
larger PV module area. The total maximum electrical output
has been achieved 2.99 kWh per day for clear sky condition.
The hourly variation of overall exergy has been shown in Fig.
8. It is seen that total overall exergy has been found maximum
4.21 kWh per day for case (ii) due to maximum electrical
output whereas 4.11 kWh per day for case (i). It is also seen
that for few certain hours the overall exergy is higher in case
(i), due to maximum solar radiation where thermal output has
been found higher.
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Fig. 7 Hourly variation of electrical energy/exergy of proposed
system with number of eight collectors for a typical day in December
month
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Fig. 8 Hourly variation of overall exergy of proposed system with
number of eight collectors for a typical day in December month

V. CONCLUSIONS

» The electrical efficiency of PV module of partially
covered N-PVT-CPC water collector connected in series
decreases with increase in average solar cell temperature.

» The outlet temperature of partially covered N-PVT-CPC
water collector connected in series is maximum in case (i)
due to larger glazed area on receiver.

» For use of thermal point of view, case (i) is best suited
configuration of partially covered N-PVT-CPC water
collector connected in series.

» For use of electrical point of view, case (ii) is best suited
configuration of partially covered N-PVT-CPC water
collector connected in series.

NOMENCLATURE
a, Absorptivity of the solar cell
m, Mass flow rate of water (kg/m?)
7y Transmissivity of the glass
Cf Specific heat of water (J/kg K)

,BO Temperature coefficient of efficiency (K)
Lr Total length of receiver area (m)
La Total length of aperture area (m)

ch 5 er Length of receiver covered by glass or PV module (m)
Lac , Lam Length of aperture covered by glass or PV module (m)
7. Solar cell efficiency
- PV module efficiency
Breath of receiver (m)
bo Breath of aperture (m)
Am Area of receiver covered by PV module (m?)
A’c Area of receiver covered by glass (m?)
Aam Area of aperture covered by PV module (m?)
Aac Area of aperture covered by glass (m?)
Lg Thickness of glass cover (m)
Kg Thermal conductivity of glass (W/m K)

I, (t) Beam radiation (W/m?)

Ta Ambient temperature (°C)
Li Thickness of insulation (m)
Ki Thermal conductivity of insulation (W/m K)

(05 T) ot  Product of effective absorptivity and transmittivity

F’ Collector efficiency factor
T, Inlet water temperature (°C)
T, Water temperature (°C)
, Efficiency at standard test condition
U Overall heat transfer coefficient from cell to ambient
tc,a (W, /m?2 K)
U Overall heat transfer coefficient from cell to plate (W/m?
te,p K)
h Heat transfer coefficient from blackened plate to water
pf (W/m? K)
ﬂ Packing factor of the module
APPENDIX

Following terms are used in thermal modelling and
numerical computation for N-PVT-CPC water collectors
system:

r -1
Uea= 1+Lg:| ;hiI=2.8+3V'
' L he K,
h,=57+38v;v=Im/s;Vv =1m/s
r -1
L . .
Utc,p: ;+Kg} ahi:5.7s
L 9
- 1 —1
Uy.= ! + ! + 1—‘4—174—i
' _Utc,a u tc.p hi hpf Ki
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