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Abstract — Photovoltaic Thermal Solar Collector (PVT) is a
hybrid technology used to produce electricity and heat
simultaneously. Current enhancements in PVT are to increase
the electrical and thermal efficiencies. Many PVT factors such
as type of absorber, thermal conductivity, type of PV module
and operating conditions are important parameters that can
control the PVT performance. In this paper, an analytical
model, using energy balance equations, is studied for PVT with
an improved parallel flow absorber. The performance is
calculated for a typical sunny weather in Malaysia. It was
found that the maximum electrical and thermal efficiencies are
12.9 % and 62.6 %, respectively. The maximum outlet water
temperature is 59°C.

Keywords—Solar energy, photovoltaic thermal solar collector
(PVT), absorber design, efficiency

1. INTRODUCTION

Photovoltaic Thermal solar collector (PVT) is a
combination between photovoltaic and solar thermal
collector technologies. The major features of a PVT are [1-
8]

It can be used for heat and electricity production.
It is efficient and flexible.

It has a large variety of applications.

It is realistic and inexpensive.

el

In the last two decades, research has been conducted in
order to improve the overall PVT performance. Jones et al.
[9] have performed experimental study on the photovoltaic
module temperature profile under a non-steady state
condition for clear and sunny day. They showed that the
temperature of the PV module varied from 27°C to 52°C for
ambient temperature of 24.5°C. Chow T. T. [10] conducted a
performance analysis of PVT in a transient condition. A
thermal metallic bonds collector of tube and sheet type used
in his study. Results showed that the PV module temperature
was reduced by 2 %. Zondag et al. [11] studied the electrical
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and thermal yield of PVT. They showed that the electrical
and thermal efficiencies are 6.7 % and 33 %, respectively.
Analytical and experimental study for PVT with a polymer
absorber plate [12]. Results showed that the electrical
efficiency is mainly depending on the solar cell temperature,
ohmic losses and the packing factor. He et al. [13] designed
a hybrid PVT using aluminum-alloy channel under tropical
climate conditions of Hong Kong. Later, Hansen ez al. [14]
performed the market, modeling demonstration and testing
of PVT based on IEA framework. Frassic et al [15]
performed an energy performance evaluation of water based-
PVT. Although, results show that there was a significant
decrease of the electrical performance compared with the
conventional PV module, there was a total increase of 6 % of
electrical energy for unglazed PVT. This is because of the
relation between the temperatures of the solar cell and the
glass cover. The electrical output of PVT with unglazed
cover was 10 % which is 6 % better than a conventional PV
module due to the cooling effect. They showed that the PVT
with unglazed cover gives better electrical performance if the
thermal efficiency is not to be considered. Assoa et al. [16]
studied a new concept of PVT. The PVT was a combination
of preheating of the air and water. An analytical model of a
simplified steady-state two-dimensional mathematical model
was developed. The experimental study was performed to
validate the developed analytical model results. They found
that the thermal efficiency can reach up to 80 % for a given
specific fluid mass flow rate and collector length. Tiwari et
al. [17] performed exergy analysis of the PVT under
constant mass flow rate and constant collection temperature
modes. Results showed that the daily thermal efficiency
increases by increasing the mass flow rate of the fluid.
Kalogirou et al. [18] studied the hybrid PVT for electricity
and domestic hot water production. When properly designed,
the PVT can take out the heat produced from PV module for
air/water heating to minimize the solar cell temperature and
thereby, to maintain the electrical efficiency at desirable
levels. The results indicates that the output electrical energy
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of using polycrystalline solar cells is higher than that of the
amorphous one. Touafek et al [19] performed an
experimental study on a new PVT. A new design approach,
with aiming to maximize the electric and thermal outputs
with lowest cost as compared with the commercial PVT was
proposed. The simulation results were validated by
experimental measurements and showed that the thermal
efficiency of the new PVT has a significant improvement
compared with the conventional one. Tiwari et al. [20]
carried out performance evaluation of unglazed and glazed
hybrid air-based PVT with and without tedlar. The analytical
model was based on the composite climatic conditions of
New Delhi, India. They concluded that the glazed hybrid
PVT without tedlar gave the best performance. Bergene et
al. [21] performed model calculations on a flat-plate solar
heat collector. They showed that this model can be used to
predict the amount of heat that can be extracted from the
system. They used the tube and sheet with fin configuration.
They concluded that the predictable performance is 60—80%.
By using sheet and tube concept, an experiment was
conducted to evaluate the performance of hybrid PVT [22].
They used 440 watt PV module connected to black paint
coated copper pipe as a tube covered by thick copper sheet.
They concluded that the PVT was not suitable to the Saudi
Arabia climate conditions due to the high ambient
temperature during summer.

Huang et al. [23] carried out performance study to
understand and evaluate the PVT. They compared PVT with
the conventional solar water heater. The polycrystalline PV
module has been added to the thermal collector. They
concluded that the solar collector made from corrugated
polycarbonate panel can generate good thermal output.
Tonui et al. [24] studied air-cooled PVT with low cost
performance improvements. A theoretical model showed
good agreement with experimental measurements. The
validated model was used to study the effect of various
factors such as the channel depth, mass flow rate and
channel length on electrical and thermal efficiency. Aste et
al. [25] designed and carried out performance evaluation of a
hybrid air-based PVT. The designed PVT is a combination
of a PV module integrated in common sloped roofs,
replacing the external covering and insulation layers. The
upper layer of the PVT was covered by glass type PV
module. The simulation model can numerically predict the
electrical and thermal performance of a PVT. Fadhel et al.
[26] performed theoretical study of a new PVT
configuration. They used the spiral flow absorber design.
Results showed that the maximum thermal and electrical
efficiencies are 64.4 % and 12.13 %, respectively.

The objective of this paper is to present a detailed
parametric study of the PVT with the improved parallel flow
design under typical sunny weather in Malaysia. The
performance in terms of outlet water temperature, electrical
and thermal efficiencies is evaluated using energy balance.

II. THE PVT DESCRIPTION

Figure 1 shows the schematic diagram of the PVT. The
PVT consists of five layers. These layers are glass, air gap,
PV panel, absorber and insulating material layer. A mono-
crystalline PV module with an effective area of 1.267 m? is
integrated with the improved parallel flow as shown in Fig.
2. The pattern of water flow in the absorber is depicted in
Fig. 2. The absorber is made of copper material with circular
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tubes. The size of each tube is 12.7 mm in length and 1mm
in width. The spacing between adjacent tubes of the absorber
is playing an important role in controlling the PVT
performance. As a result, a large amount of heat can be
absorbed, hence better thermal and electrical efficiencies can
be obtained. The absorber has narrow spacing between tubes
that is 0.02 m. Moreover, it has an area of 1.267 m?. The
absorber has one inlet and one outlet channel where water
can flow in and out. To study the flow of water phenomenon
in the absorber, the total area has been divided into three
small and equal areas which are A, A, and A;. The inlet
water, Tg, flows in the first area A;. As a result, Tg; will be
the outlet water from A;. T will be the inlet water for the
second area A,. The outlet water from A, is Tro. The final
outlet water of the overall PVT is Tg;. In this case, the
radiation from the sun is transferred through PV module, and
finally absorbed by the collector. Therefore, the thermal
energy from PV module is transmitted to absorber by
convection. The water flowing in tubes gets heated.

Table I. Mono-crystalline Si PV specifications.

Parameters Values

Solar cell size 0.125m x 0.125 m

Lse 591 A
Ve 432V
Inax 528 A
Vimax 36 V

PV area 1.267 m?
Number of cells 72
Power 190 W

plate
N

Insulating material

BV panel
Absorberplate

Fig. 1. Layers associated with PVT.
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Fig. 2. The improved parallel flow.
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Table II. Design parameters of PVT.

Parameters Values
A, 1.267 m?
Gy 4190 J/kg K
Fg 0.960
hy 500 W/m? K
hpy 0.8772
h,, 0.9841
k 0.039 W/m K
k, 1.0 WmK
Kins 0.035 W/m K
Ky 0.033 W/m K
L 1.105m
L, 0.003 m
Lins 0.05m

- 0.0005 m
M,, 45 kg
U, 0.62 W/m? K
U, 9.24 W/m? K
Up 66 W/m? K
Uica 8.1028 W/m? K
v' 1 m/s
w 808 mm
o 0.85
B 0.90
Ne 0.12
o 0.50
T 0.95

III. THE THERMAL MODEL

Some assumptions are considered:

1. Solar cells, insulation and tedler heat capacities were
ignored.

2. One dimensional heat conduction was taken into
consideration.

3. Transmissivity of EVA is 100 %.

4. The system is in quasi-steady-state.

The energy balance equations for different components
of PVT are as the following:

A. For Solar Cells of PV Module:

The energy balance equation for solar cell temperature
(Teep1) can be written as,

tg[acﬁc + ap(1 = BIJIE) —

Bcncl(t) + Utc,aTa + UTTbs

T_cell = Uwn & Ur 1
B. For the Surface of the Tedlar:
The temperature of the collector plate (Ty;) is
(Tl (O + Upr Ty + Dy Ty @
bs Uyr + hy ’
where
(T efr = Tg(Bcac + o (1 = Be) = neBo)- 3)

C. For the Water Flowing Below the Tedlar:

There are three stages to calculate the outlet water
temperature of the collector. The first stage is when the inlet
water passes under the area A;, so the numerical calculation
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of the outlet water temperature at the end of this area will be
as the following:

hy, (ta) ol (t AU F'
Tf()l — [ pZ( U)eff ( ) _ Ta] % [1 —exp (_ ;lé >]
L p

AU F'
+Tg exp (— e >

C))

p

Then, the outlet water from area A; will be inlet water
for areaA,. Hence, the expression of the outlet water
temperature from area A, is governed by the equation as

below:
Try = [hpz(rgzeffl(t) 3 Ta] o [1 —exp (_ AZI:(L: F')]
p

AU, F'
+Teo1 €XP (— e >

)

p

Finally, T¢,, will act as the inlet water for area A, so the
calculation for the outlet water temperature for the overall
collector (T¢y3) is giving by

hy, (To) ol (t AU F'
pa( >af<>_1;]x[1_exp<_ U, )]
U, mCp

+T, eXp( A—3UL Fy) (6)
fo2 - .
° mC,

Tos3 =

Substituting Eq. 5 into Eq. 6, we will get,

hp, (Ta) ¢l (1) AzUp F
o= [P 1 - (T

[t o] o227}
o422

AU AU AU F'
+ Tp exp < L > > ( L >] exp (— 3L )
mCp,

=T

a

+ <[ pZ(T(x)effI(t)

@)
D. The Thermal Energy Rate of the Collector:
The useful energy gain, Q,,, expression is defined as
Qu = AcFr[hpy (@)l (1) = UL (Ty — T)]. ®)

E. The Collector Instantaneous Thermal Efficiency:

Flat plate collector's instantaneous thermal efficiency is
giving by,

T — T,
Nehrm — FR (Ta)eff_ UL% . (9)

In addition to above equations, calculation for the flow
rate factor (Fg) of the collector is governed by the following
relations:

The fin efficiency factor of the collector (F) is defined
as
tanh m w 2_ D

2

21



Vol 2 No 1 (2020)

The flat plate collector efficiency (F') is

1
F = . 1)

Wi, [ 1 1 ]

1
mhy T C, T D+ (W—D)F

Now, the flow rate factor (Fg) is

1 ( U, ACF’>]
—exp| — . (12)

mCp,

mCp,

Fp= —2PF—
RTAULF

X

IV. THE ELECTRICAL MODEL

The photovoltaic performance of the PVT depends on
the cell temperature, T, that proposed by Florschuetz [27],

NElectrical — T]ref[l - 0'0045(Tce11 - Tref)]- (13)

V. RESULTS AND DISCUSSION

The hourly ambient temperature and solar radiation
intensity for typical sunny day in Malaysia and the design
parameters of the PVT are shown in Table I and Table III,
respectively. The typical inputs from Table I and Table III
are used to evaluate the performance of the PVT such as,
electrical and thermal efficiencies as well as the outlet water
temperature. The hourly variation of outlet water
temperature with different PVT length has been studied as
shown in Fig. 3. In Fig. 3, the outlet water temperature can
be increased as the length of the PVT is increased, due to the
fact that the area of the PVT exposed by sunlight is
increased.

Table III. The hourly ambient temperature and solar radiation for typical
sunny day in Malaysia [28].

Time (h) Ambient Intensity (W/m?)
Temperature (°C)

8 239 36.11
9 25.8 313.85
10 27.9 561.11
11 29.3 707.56
12 30.4 913.85
13 319 891.67
14 319 611.11
15 31.1 350
16 30.2 186.11
17 27.1 177.78
18 27.6 50

The effect of different mass flow rate values on the
outlet water temperature, thermal and cell efficiencies has
been illustrated in Fig. 4 and Fig. 5. Result indicates that
there is a significant effect of mass flow rate on the hourly
outlet water temperature (Fig. 4). As the mass flow rate
decreases, the outlet water temperature increases. From Fig.
4, it is shown that the maximum outlet water temperatures
are 69, 59, 55 and 50°C at mass flow rates of 0.01, 0.015,
0.018 and 0.02 kg/s, respectively. From Figure 5, we can say
that the thermal and cell efficiencies are increasing very
slowly once the mass flow rate approaches an optimum
value. After the optimum value, any increase of the mass
flow rate will have negligible and insignificant rise of the
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PVT efficiencies. It can be concluded that optimized PVT
mass flow rate should be identified.

?D T T T T
- =158 m
-+ |=12m
a0 = =1m
- | =05m
éfu_
EED- 1
m
2
£ 40 .
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|_
30t
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Fig. 3. Hourly variation of outlet water temperature with different PVT
length at mf = 0.01 kg/s.

70 T T T T
== mf=0.01kg/s
== mf=0.015kg/
60 =3= mf=0.018kg/
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Fig. 4. The hourly variation of outlet water temperature with different
mass flow rate values at L = 1.58 m.
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Mass flow rate, kg/s

Fig. 5. Efficiencies versus mass flow rate.
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Fig. 6. Hourly variation of thermal and electrical efficiencies.
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Fig. 7. Cell efficiency as a function of solar cell temperature.
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Fig. 8. Variation of thermal efficiency as a function of the ratio

(Tr = T)/1(D).

Effects of different solar radiation and ambient
temperature (Table III) on the thermal and electrical
efficiencies of the PVT are shown in Fig. 6. The thermal
efficiency increases as solar radiation intensity and ambient
temperature increase. There is also influence of solar
radiation and ambient temperature on the electrical
efficiency. The electrical production of the PVT is decreased
as the solar radiation and ambient temperature increase due
to excessive heating on the solar cell. At 10 AM (solar
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radiation and ambient temperature of 561.11 W/m? and
27.9 °C), the electrical efficiency is 12.8 %. At 1 PM (solar
radiation and ambient temperature of 891.67 W/m? and
31.9 °C), the electrical efficiency is 12 %.

Figure 7 shows the cell efficiency as a function of solar
cell temperature. It is noticed that the cell efficiency is
inversely proportional to the increasing of the solar cell
temperature. Figure 8 indicates the variations of the
instantaneous thermal efficiency of the collector as a
function of the ratio (Tfi - Ta)/I(t). We can say that the
thermal efficiency of PVT reaches 62.6 %.

VI. CONCLUSION

Simulation work is conducted to study the
performance of PVT using an improved parallel flow design.
An analytical model based on the basic energy balanced
equations has been performed. PVT performance evaluation
as a function of the design parameters for typical sunny
weather in Malaysia has been predicted. Results show that
the maximum thermal and electrical efficiencies are 62.6 %
and 12.9 %, respectively. The outlet water temperature has
been studied under different mass flow rate values and PVT
lengths. The maximum outlet water temperature is 59 °C.

NOMENCLATURE

A area, (m?)

Cbo  bond conductance, (W/m K)

Cr specific heat, (J/kg K)

D  collector diameter, (m)

F’  flat plate collector efficiency factor

Fr  flow rate factor, (dimensionless)

h heat transfer coefficient, (W/m?)

hr  heat transfer coefficient back surface of tedlar to
fluid, (W/m?K)

hpi1  penalty factor due to
module, (dimensionless)

hp  penalty factor due to the
module, (dimensionless)

I current, (A)

I(t) incident solar intensity, (W/m?)

k thermal conductivity, (W/m K)

L  length, (m)

m  mass flow rate, (kg/s)

My mass of water, (kg)

Qu rate of useful energy transfer, (W)

T  temperature, (°C)

Uca  an overall heat transfer coefficient from solar cell to
ambient through glass cover, (W/m?>K)

Upb an overall bottom heat transfer coefficient of
collector, (W/m?K)

Ui an overall heat transfer coefficient from solar cell to
back surface of tedlar, (W/m?K)

Ur  an overall heat transfer coefficient from glass to tedlar
through solar cell,(W/m?K)

UL an overall heat transfer coefficient

V  voltage, (V)

W collector width, (m)

the glass cover of PV

absorber below PV

Subscripts

a ambient

bs  back surface of tedlar
c collector

cell solar cell

eff effective

f fluid

fi inlet fluid
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fo outlet fluid
ins insulation

g glass

m  module
max maximum
oc  open circuit
ref reference
sc  short circuit

T tedler
w water
Greek letters

a absorptivity

(at)errproduct of effective absorptivity and transmissivity
Bc  packing factor of solar cell

Nivm  instantaneous thermal efficiency

ne efficiency at standard test conditions

T transmissivity
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