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ABSTRACT

This paper presents the dynamic simulation model to
characterize water pumping and heating installation using
PV/Thermal panel (PV/T) is developed. The model consists of
a set of mathematical equations governing the main
components of the system; namely: transparent cover, solar
cell, absorber plate and operating fluid. The model is based on
the analysis of the energy balance which includes the photo
electric conversion and the thermal conduction, convection
and radiation. The model gathers all components equations so
as to reflect the electrical and thermal behavior of the PV/T
system. It delivers the state equation of the system function of
the climatic parameters and the fluid flow rate. The
investigation of the effect of water mass flow rate through the
collector on PV/T outputs have been carried out.

General Terms
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1. INTRODUCTION

Many researchers have improved the performance of
photovoltaic system. Some investigations stated that the
efficiency increases when the cell temperature decreases.
Hence, a new technology combining thermal and photovoltaic
effects (Photovoltaic/Thermal PV/T) is developed. Considered
as a hybrid system, the PV/T collector is able to produce
thermal and electric energy. It is composed of a flat-plate water
and air heating collector inserted within a PV module. PV/T
panels are used for air heating [1, 2], water heating [3, 4],
water pumping [5, 6]. Many technological investigations have
been introduced in literature. They confirmed that electricity
output of a PV module depends on its operating temperature.
The electric power output when the cell temperature decreases
[7]. In addition, a thermal behavior of copolymer PV/T solar
system in low flow rate condition has been investigated [8]. It
confirms that the utilization of copolymer for the design of the
solar collector has numerous advantages as reducing the
weight, facilitating the manufacturing and reducing the cost.
Similarly, a parametric study on the performance evaluation of
hybrid PV/T water/air heating system confirms that the daily
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efficiency of integrated photovoltaic and thermal solar
(IPVTS) system with water is higher than those of all
configurations except glazed without tedlar (GWT) [9]. Also,
many applications of PV/T have been implemented. A
distributed dynamic modeling and experimental study of PV
evaporator in a PV/T solar-assisted heat pump is developed
[10]. The study has improved the overall system efficiency. In
the same way a hybrid photovoltaic-thermosyphon water
heating system for residential application is investigated, a
high final hot water temperature in the collector system can be
achieved after a one-day exposure [11]. In this paper, an
explicit dynamic model for PV/T heating pumping system is
introduced. The model is based on the gathering of
photovoltaic and thermal equations into a state equations
system. Simulation is developed using Matlab Software. The
effectiveness of PV/T system compared to a photovoltaic panel
(PV) is underlined. The model generates results for hourly and
transient performance analysis (thermal and electrical
efficiency). Consequently, the effect of the mass flow rate on
the PV/T efficiency is deduced.

2. PVI/T SYSTEM DESCRIPTION

Figure 1 shows the architecture of the PV/T based water
pumping and heating system. It includes a water storage tank
connected to PV/T collector. A water pump supplied by the
PV/T generated electric power ensures the water pumping
from a well.
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Fig 1: Water heating and pumping system.

The components of the PV/T collector are shown by Figure 2.
The PV/T panel is basically constructed by pasting



photovoltaic solar cells directly over the absorber plate of the
solar collector in conventional forced circulation type solar
water heater. It is composed of:

(i) A transparent cover allowing sunlight to pass
towards the absorber and to create an effect of
greenhouse. It is composed by one or more panes.

(if) A photovoltaic cell for the production electricity
production.

(iii) A plate absorbing for transfers from energy
collected to a coolant.

(iv) A heat insulator limits the losses by conduction
through the walls back and side.
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Fig 2: Composition of a PV/T collector [12].

3. DYNAMIC MODEL OF THE PV/T
PANEL

The representative schema of a water pumping and heating
system is given by Figure 3.
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Fig 3: Modeling of PV/T system.

Where T,.T.. T, T,,T, are respectively the temperatures

of glazing, solar cell, absorber plate, water circulation and
ambient temperature. W is the wind speed, g the solar

irradiation, m the mass flow rate of fluid, P the electric
power output and Q the thermal profit. The energy balance
for each component of the PV/T collector is:

3.1 Glass cover sub-model
Consider m, and c, are respectively the mass and specific heat

capacities of the front glazing, the glass cover sub model is
expressed as:

dT,
mgcg Ts = ag gh Ag + Ag (hwind + hrga)(Ta _Tg )+ (1)

Ah, (T.-T,)}+ Ah, (T.-T,)
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Where hCg is the convective heat transfer coefficient between

glass cover and solar cell.

The convective heat transfer coefficient under is given by
[13]:

i =2. W
h\de 8+3x (2)

The radiation heat transfer coefficient between the front cover
and the ambient environment is:

2 2
hrga :ggo-(Tg +T3 )('I'g +Ta) 3)

And that between the front cover and the collector plate is:

_o(Tg +T2)(Tg +T,)
rcg —
g i.{.i_l
£g &

h
)

3.2 Photovoltaic generator sub-model
The electric output power depends on the instantaneous cell

temperature T_. The maximum tracked output power of a

photovoltaic generator (PVG) is calculated as [14]:

P=ngA9n

9 (®)
Where My is the instantaneous PVG efficiency, A the total
PVG area and g, the global irradiance incident on the titled
plane (W/m?). The instantaneous PVG efficiency is [15]:

Ty :Ur[l_ﬁg (Te =Tl ©)

Where m, is the PVG reference efficiency, T, the PVG
temperature, T, the PVG reference temperature and 5, is the

PVG temperature coefficient. As the PVG is integrated in the
thermal panel, the PVG cell temperature T_is expressed on

the basis of PV/T energy balance:

m.C; % = (achAc(l_nr))gh - Aghrcg(Tc _Tg)_
Agth (Tc Ty )_ Athcn (Tc _Tp) )

Where hCp is the conduction heat transfer between cell and

absorber plate:
L5}

L ® N
is the Nussle number. It is given by:

hep =Ny



R, cos g

1/3
. 1708 | (Racosﬂj i
R,cos S 5830

H 16
N, :1+1,44{1_m8<sm1-8M}

9
R, is the Reynolds number. It is expressed as:
3
R, = ATL
VAT, (10)

Where AT is the difference in temperature of the
cell/collector surface and temperature of the plate (bottom) is:

AT =(T, -T,) w

3.3 Absorber plate sub-model
The absorber plate temperature depends on the PVG cell
temperature and the fluid temperature:

dT,
m.Cp ditp = '%'hcp(Tc _Tp)_ '%'hpa(Tp _Ta)

_Afhfa(Tf _Ta)_ m'cf ATf (12)

The mean plate temperature is used to calculate the useful
gain of PV/T collector

Q=Aon ~UL(Tpm ~Ta)
The mean plate temperature is given by:

Ton=Ts+ 9 (L-F)
A% X FR xU L (14)
The Overall heat loss coefficient is expressed as:

(13)

U, =U;+U, +U,

(15)
The bottom heat loss coefficient is:
Up—KL
- (16)
The edge heat loss coefficient is given by:
Ue =K Ll
A (17
The top heat loss coefficient is given by:
1 L]
U, :[ + }
hep +Nep M+ heg (18)

Referring to Duffie and Beckman and Tiwari [12, 13], the
flow rate factor is given by

_mcy ~ AU F'
FR_ACU,_(l exp(—rh cf ))

(19)

The flat plate collector efficiency is given by:
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1
F'=
lai ( U, 1 )
zdihy  d+(lai—d)F (20)
Where
¢ _ tanh((lai —d)/2)
~ m(lai —d)/2 1)

m = 9L
ko

3.4 Output fluid temperature sub-model
The fluid temperature is computed by:

de . AT
meCr — = Aihps (Tp —T¢)—-Cem——

t Ay 22)
While computing, the variation of the fluid temperature by the
variation of the tube length is considered constant [13, 16].
The useful collected heat Q is given by [17]

Q=m¢ Cp(Ty =T) 23)

3.5 State equation of the PV/T panel
By gathering the system components sub-models, the state
equation of the energy balance is:

T=AT+BU+DW
Y =CT

24

T=[T, T. T, T,I is the vector con(tair)ling the
temperatures at the 4 nodes of the PV/T system, A is the state
matrix which contain the heat exchange coefficients between
the system elements, B is the control matrix which encloses
commands applied on the mass flow rate (m), D is the
perturbation matrix acting on the perturbation inputs vector (
W =[g, T,I'), Y is the output vector containing the

electrical powers and the thermal profit gain(y =[P Q") -
The detailed form of the state equation is expressed by:

Tg ay ap A Al b} (dyy dyp
Te _|8a 8» a3 Ay Te i by N o dap [gh]
To| |3 A ag ag ||Tp by | |da1 da | (T,
To) a1 3 8 3 )(Ty by ) \dar da

Ty
P [C1 G2 G3 G,
[Qj_[cm C C23 C24} T,

T

The parameters a;, bj, c; and d; are determined from
equations 1, 7, 12 and 22.

4. RESULTS AND DISCUSSION
The developed model has been simulated by adopting the
parameters of the PV/T collector given by Table 1



Table 1. Design parameters of (PV/T) collector

Parameters

Front glazing (low-iron glass)
Area of glass

Mass of glass

Specific heat capacity of glass
Emissivity of glass

Transmissivity of glass

Solar cell ( polycrystalline silicon)
Area of module

Mass of module

Specific heat capacity of cell
Emissivity of cell

PVG reference efficiency
Kinematic viscosity

PVG reference temperature

PVG temperature coefficient

Plate spacing

Vertical orientation angle

Thermal diffusivity

Thermal absorber (aluminum alloy)

Numerical values

1.64 m?
7.2kg
810 J/kg K
0.88

0.95

0.87 m?

5.4 kg

903 J/kg K
0.35

0.178

1.88 10° m?/s
25 °C
0.00375 °C’?
0.025 m

45°

2.69 10° m%s
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Heat transfer coefficient

Aot 100W/m?
- 5.7 W/m?
Arep 1000 W/m?

i 300 W/m*K
wind speed W 1m/s

4.1 Model simulation

Differential equations were converted to numerical format
through finite difference scheme. The collector segments were
interacted through the glass nodes, the solar cell nodes, the
thermal absorber nodes and water nodes. The transient
performance of the system is simulated at a time step of one
minute. Inputs are the total solar irradiance and the ambient
temperature while the outputs are the current and voltage
generated by the solar cells, the temperatures of: the

Area of plate absorber 2 m? transparent cover, the solar cells, the absorber plate and the
p
Mass of plate absorber 9.03 kg water inside the collector. The output data are analyzed and
Specific heat capacity of plate absorber 900 J/kg K used to estimate the electrical power output and the heat
Plate spacing N 0.025m amount drawn from the system. A constant wind speed of
_I?L&Et‘fktrr'eesgmal conductivity 88053\%/ mK 1m/s is considered. Fig. 4 shows the characterization of the
Water in channel PV/T inputs/outputs for a constant mass flow rate ( m = 0.04
Avrea of channel fluid flow 0.165 m? kgfs).
Mass of water 45 kg
Specific heat capacity of fluid 4190 J/kg K
Tube spacing 0.15m
Plate spacing 0.025m
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Fig 4: Characterization of the PV/T panel



A typical day of the summer season (August 5 2011) is
considered to simulate the developed model. Figure 4.a gives
the behavior of the solar radiation and ambient temperature.
Equations 7, 12 and 22 have been computed using MATLAB
7.0 to evaluate the hourly variation of cell temperature, plate
absorber temperature and water temperature (Figure 4.b) at
constant mass flow rate ( m = 0.04 kg/s). Similarly, equations
5 and 24 have been used to calculate the useful thermal and
electrical energy vyield. Figure 4.c shows that the useful
thermal energy yield increases from  14.81 kWh (at 8:00
am) to 16.32 kWh (at 1:00 pm) as the water temperature
increases from to 38°C to 61°C. In addition, it can be seen that
the electrical efficiency varies between 15% and 18%; which
confirms an efficiency improvement in PV/T collectors
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compared to PV collector for which the efficiency is in
between 9% and 12%.

4.2 The effect of the mass flow rate

The PV efficiency increases while the cell temperature (T)
decreases (Eq. 6) [7, 14, and 18]. In addition, equation 7
shows that the cell temperature (T,) varies in the same way of
the plate absorber temperature (T,). Nevertheless, T,
decreases when increasing the mass flow rate (Eq. 12). Hence,
the PV efficiency changes proportionally with the mass flow
rate. The phenomenon is underlined by compiling the PV/T
model simulated for different mass flow rates (Figure 5)
during a considered day (August 5", 2011).

~ 43 E —~
e (@ -11000 “g
o 40 In — B
Eg < // T. 1800 =
2 ,/ pd \& 1600 £
£ 34 / \ 2
% 31 =400 -(%
c =
S 28 % \ N\ 2200 3
g 25 z ; : : NN n B
4 6 8 10 12 14 16 18 20 22
_. 80— r :
O, Mm=00Lkgs (b)
o IM=002kys N SN\
& T m=004kgs N\ /‘\\
g 50 g N\ ) /// \\
E 40 / / \
g % / /)/ \\
= _— a ! X I
4 6 8 10 12 14 16 18 20 22
60 :
®) m = 0.01 kg/s N (©
® 507 =002 kgls G
>
S 40/m = 0.04 kgs \A// “\\
: v aé AN
= 30 /
4 6 8 10 12 14 16 18 20 22
__17.00¢ :
< 16.60 =
i 1600M= 0.01 kg/s ,//_%\ (d)
% 15.80 M = 0.02kgls .// /'/'\\\\
3] AN
§ 15405 —g0akgls )8 \
< 15.00 KK/ ;
£ 14.60
2 1420 4
[= R ,.//// L L } L L
4 6 8 10 12 14 16 18 20 22



International Journal of Computer Applications (0975 — 8887)
Volume 61— No.20, January 2013

150 (- " :
£ 125 rrj— 0.04 kg/s\ ,f\ (e)
2 m = 0.02 kg/s\ X \\
g 100 m=0.01 kgl \
c% 75 N
o
T 5 / \
g 25
u 0

4 6 8 10 12 14 16 18 20 22

Real solar time (hours)

Fig 5: Simulation of the PV/T system at different mass flow rates.

The hourly variation of water temperature and cell
temperature of PV/T system for various values of mass flow
rate are shown in Figure 5.b and Figure 5.c. The results reveal
that, when m increases from 0.01 kg/s to 0.04 kg/s, the water
temperature decreases from 68°C to 61°C (at 12:00) and the
cell temperature decreases from 43°C to 41°C (at 12:00).
Figure 5.d and Figure 5.e show respectively the electrical
power and the thermal energy at different mass flow rates.
The results reveal that when the mass flow rate increases from
0.01 kg/s to 0.04 kg/s, the electrical power increases from

131 Watt to 142 Watt (at 12:00) as for the thermal energy
yield decreases from 17 kWh to 16.30 kWh (at 12:00).

4.3 System valorization

A one day test-results of the experimental plant are listed in
Table 2. All efficiency terms are with reference to the
collector area and for a constant flow rate ( i = 0.04 kg/s). It
can be seen that the cell temperature of a PV system is
considerably superior than that of a PV/T system. This is due
to the water circulation in PV/T. Consequently the electrical
PVIT efficiency is higher than that of PV system.

Table 2 : Daily test results

gn (W /m?) Ta (°C) Teput (°C) 14 of PVIT collector (%) Tepv panel (°C) 114 0f PV panel (%)

1000 34.00 43.00 16.59 59.00 10.16

900 33.00 40.00 16.79 55.50 10.53

800 32.00 37.00 16.99 52.00 10.54

700 31.00 35.00 17.13 48.50 10.73

600 30.00 31.00 17.39 45.00 10.92

500 29.00 29.50 17.51 41.50 11.10

400 28.00 28.50 17.59 38.00 11.29
5. CONCLUSION [2] Tripanagnostopoulos Y, Nousia Th, Souliotis M,
A PV/T dynamic model is established. Electric and thermal Yianoulis P. Hybrid photovoltaic/thermal  solar
equations are formulated as a state equation system. The systems. Sol Energy 2002; 72(3):217-34.

. . ' [3] H.P. Garg, P.K. Agarwal, Some aspects of a PV/T
model simulation evaluates the system performances such as collector/forced circulation flat plate solar water
the different temperatures, the output power and the thermal heater with solar cells, Energy Conversion and
energy Yyield for a considered weather conditions (g, and T). Management 1995; 36: 87-99.

It is observed that the thermal and electrical performances of [4] T. Bergene, O.M. Lovik, Model calculations on a flat-
PV/T system are improved when compared to a photovoltaic plate solar heat collector with integrated solar cells,
panel. The developed model will be used to compute Solar Energy 1995; 55: 453_ 462.
dynamically the optimum mass flow rate to affect to the PV/T [5] BJ. Huang, TH. : Lin, ‘W.C. Hung, FS sun,
Y _y P ) ; . Performance evaluation of solar photovoltaic/thermal
S0 as to bring the maximum thermal and electrical efficiency. systems, Solar Energy 2001;70: 443- 448.
This technology presents an electrical efficiency increase [6] N. Boutasseta, PSO-PI based control of photovoltaic
ranging between 2% and 4% compared to other technologies. arrays, International Journal of Computer Applications
(0975-8887) volume 48 N°17, June 2012.
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