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Abstract In this communication, two different cases, case
A (collectors partially covered by PV modules; 30% PV)
and case B (collectors fully covered by PV modules),
connected in series have been considered for the study. The
analysis has been based on the thermal energy, exergy, and
electrical energy analysis. The whole study has been done by
considering four weather conditions (a, b, c, and d types) for
five different cities (New Delhi, Jodhpur, Bangalore, Mum-
bai, and Srinagar) of India. Comparison of conventional flat-
plate collectors (FPC) with case A and case B has also been
done for New Delhi weather conditions. Based on numerical
calculations, it has been found that the total annual gain is
maximum for the Jodhpur city and minimum for the Srina-
gar. The percentage variation between Jodhpur and Srinagar
city is 25% and 23.4% for case A and case B, respectively.
The annual gain for New Delhi, Mumbai, and Bangalore
is nearly the same. The percentage variation between these
three cities and Srinagar is 12%, 15.2%, and 10.4% for case
A and 10.2%, 14%, and 9.3% for case B, respectively.
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1 Introduction

At the beginning, Wolf [14] has done the work on a flat-
plate PV/T-liquid collector. He has analyzed a silicon
solar array mounted inside a stationary non-concentrating
thermal collector using a lead-acid battery as the storage
element for residential heating and concluded that the
system was technically feasible and cost effective. Kern
and Russell [7] have reported the main concepts of these
systems with results by the use of water or air as a heat
removal fluid. Hendrie [5] has presented a theoretical model
on PV/T systems using conventional thermal collector
techniques. Florschuetz [3] has suggested an extension
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of the Hottel-Whillier model for the analysis of PV/T
systems and Raghuraman [12] has presented numerical
methods predicting the performances of liquid and air
photovoltaic/thermal flat-plate collectors. Younger et al. [15]
have reported a PV/T-liquid system consisting of silicon
cells laminated with EVA on a copper absorber that is
covered with a Mylar sheet of 50 mm thickness to provide
electrical insulation. Lalovic [8] has proposed a novel
transparent type of a-Si cell as a low-cost improvement of
hybrid systems. Loferski et al. [9] have reported results for a
hybrid system with air circulation installed on a residential
building, by using two separate one-dimensional analyses
compared with test measurements. Hayakashi et al. [4] have
presented a system in which a roof has been covered by
48 m2 of PV-modules which were connected to transparent
tubes and filled with a black fluid. The electrical energy and
thermal energy have been stored in batteries and two water
tanks of 1 m3 each, respectively.

Kalogirou [6] has calculated the yield of a 4 m2 PV/T
thermosyphon system for different climates. Zondag [16]
has carried out a rigorous review on research work of
PV-thermal collectors and systems, carried out by various
scientists till 2006. His review includes the history and
importance of a photovoltaic hybrid system and its appli-
cations in various sectors. Energy and exergy analysis of
photovoltaic thermal collector with and without glass cover
has been studied by Chow et al. [2]. They concluded that the
increase of on-site solar radiation or ambient temperature
has been seen as the favorable factor for selecting a glazed
PV/T system. Chow [1] has carried out a review work
on the research work of hybrid PVT technology. He
recommended carrying out the work regarding thermal
absorber design and fabrication, material and selective
coating, energy conversion and effectiveness, performance
testing, system optimization, control, and reliability. Hybrid
PVT is expected to have a significant market expansion
potential in the near future. Norton et al. [11] have given the
solution to enhance the performance of building integrated
photovoltaic systems. Recently, Tiwari et al. [13] have
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made a review on the thermal modeling of the hybrid PVT
systems. Based on their review, it was concluded that PVT
modules are very promising devices and there exists a lot of
scope to further improve their performances.

2 Energy and exergy analysis

Two different configurations, namely, collectors partially
covered by PV module and collectors fully covered by PV
modules, of hybrid PVT water heating system have been
discussed by Mishra and Tiwari [10]. Design specifications
considered for the study have been taken from Mishra and
Tiwari [10]. These have been used as input parameters for
energy and exergy analysis.

2.1 Overall thermal energy gain

The energy analysis is based on the first law of thermody-
namics, and the expression for total thermal gain can be
defined as

∑
Q̇u,total =

∑
Q̇u,thermal +

∑
Q̇u,net electrical

0.38
. (1)

Here,

Q̇u,thermal = ṁfCf

(
To−Ta

)
, (2)

Q̇u,electrical = ηc×Am×Nm× I(t). (3)

Overall thermal output from a PVT system = thermal energy
collected by the PVT system + (net electrical output/çpower),
where çpower is the electric power generation efficiency of a
conventional power plant for India.

2.2 Overall exergy gain

The exergy analysis is based on the second law of thermody-
namics, which includes accounting the total exergy inflow,
exergy outflow, and exergy destructed from the system as
follows:
∑

Ėxin −
∑

Ėxout =
∑

Ėxdest (4)

or
∑

Ėxin −
∑

(Ėxthermal + Ėxnet electrical) =
∑

Ėxdest,

where exergy of radiation can be given as [10]
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, (5a)

Thermal exergy = Ėxthermal = Q̇u

[
1− Ta+273

Tfo+273

]
, (5b)

Net electrical exergy = Ėxnet electrical

= ηc×Ac×Nc× I(t)−PW ,
(5c)

Overall exergy = Ėxthermal + Ėxnet electrical, (6)

Figure 1: Hourly variation of solar intensity and ambient
temperature of a typical day in the month of March.

where Ac is the area of collector, Ts is the sun temperature
in Kelvin, and PW is the pump power.

3 Methodology

The annual thermal energy gain, electrical energy gain and
exergy gain for five different cities in India for hybrid PVT
water collector can be obtained in the following steps.

Step 1. The hourly rate of useful thermal energy gain for a
clear day of each month for all the cases can be obtained by
using (2) by considering N = 3 and To = 40 °C.

Step 2. Daily thermal gains for a–d types weather condi-
tions have been calculated by summing the hourly useful
thermal energy gains as evaluated in Step 1.

Step 3. Monthly thermal gain has been calculated by mul-
tiplying the daily thermal energy gain and number of clear
days in a month for a–d types weather conditions.

Step 4. The annual thermal gain has been calculated by
summing the monthly thermal energy gain for a–d types
weather conditions.

For evaluating annual electrical energy and exergy gains
for five different cities in India, a similar methodology has
been adopted as for annual thermal energy gains (Steps 1–4)
by using (3), (4), (5a), (5b), (5c), and (6).

4 Results and discussions

The variation of solar intensity and ambient temperature for
a typical day in the month of March is shown in Figure 1.
The values of design parameters of a hybrid PVT water col-
lector are given in Table 1.

The annual gain by considering the four types of weather
conditions for five different cities of India (New Delhi, Ban-
galore, Mumbai, Srinagar, and Jodhpur) for case A and case
B is shown in Figures 2(a) and 2(b), respectively. From the
figures, it is clear that the total annual gain is maximum for
the Jodhpur city and minimum for the Srinagar city for both
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Table 1: Design parameters of photovoltaic thermal (PVT)
collector.

Parameters Values Parameters Values

AC 2.0 m2 ULC 3.0 W/m2 °C
Am 0.605 m2 ULm 3.44 W/m2 °C
Cf 4190 J/kgK Utc,a 9.5 W/m2 °C
F ′ 0.968 V 1.0 m/s

FRc1 0.95 W 0.125 m
FRc2 0.94 αc 0.90
FRm 0.96 τc 0.95
hc,p 5.7 W/m2 βc 0.89
hp,f 100 W/m2 ηo 0.12
PF1 0.357 αp 0.80
PF2 0.965 τg 095
K 204 W/m°C

(a)

(b)

Figure 2: (a) Annual gain in overall thermal energy, exergy,
and electrical energy for five different cities of India for
case A (N = 3 and Tfo = 40 °C). (b) Annual gain in
overall thermal energy, exergy, and electrical energy for five
different cities of India for case B (N = 3 and Tfo = 40 °C).

cases. The percentage variation between Jodhpur and Sri-
nagar is 25% and 23.4% for case A and case B respectively.
The annual gain for New Delhi, Mumbai, and Bangalore is
nearly the same. The percentage variation between the three
cities and Srinagar is 12%, 15.2%, and 10.4% for case A
and 10.2%, 14%, and 9.3% for case B, respectively.

(a)

(b)

Figure 3: (a) Variation of annual thermal energy gain for
FPC, case A, and case B for New Delhi weather conditions
(N = 3 and Tfo = 40 °C). (b) Variation of annual electrical
energy gain for FPC, case A, and case B for New Delhi
weather conditions (N = 3 and Tfo = 40 °C).

Variation of annual thermal and electrical energy gain
for cases A, B, and flat-plate collector (FPC) considering
three collectors connected in series and Tfo = 40 °C for
New Delhi weather conditions is shown in Figures 3(a)
and 3(b), respectively. Results show that FPC is better for
thermal point of view and case B is better for electrical point
of view. Depending upon the user’s requirement, different
hybrid combinations can be made.

5 Conclusion

The total annual gain is maximum for the Jodhpur city and
minimum for the Srinagar city. The percentage variation
between Jodhpur and Srinagar is 25% and 23.4% for case
A and case B, respectively. The annual gain for New Delhi,
Mumbai, and Bangalore is nearly the same. The percentage
variation between the three cities and Srinagar is 12%,
15.2%, and 10.4% for case A and 10.2%, 14%, and 9.3%
for case B, respectively.
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