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Numerical Analysis and Optimization of Area Contribution of The
PV Cells in the PV/T Flat-Plate Solar Air Heating Collector
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Abstract: This paper presents a practical design of combination solar photovoltaic panel (PV) and an ordinary flat-plate
air heating solar collector (FPSC. (The offered collector generated both electrical and thermal power for many
applications such as (drying, heating, cooling, etc...). The PV cells are placed in the entrance of the (FPSC), the design
avoids the temperature increasing of the PV. In this paper the photovoltaic thermal (PV/T) collector energy analysis were
carried out. A mathematical model has been built in order to determine the optimum contribution ratio of the PV cells in
the offered collector. The model takes into account the variation of the electrical characteristics with solar radiation and
the PV cell's temperature. The obtained results have shown that for a (PV/T) collector of 3m long, the maximum energy
extracted from the collector, when the length of the PV panel is 2.4 m and the rest of the collector is ordinary FPSC.
Furthermore, the electrical efficiency and the thermal efficiency of the PV/T system was found to be higher than that of

the conventional separated systems.

Keywords: Optimum area contribution ratio of PV, PV/T solar collector, Electrical efficiency, Thermal efficiency,

PVIT efficiency, Heat transfer coefficients.

1. INTRODUCTION

As any solar system the efficiency of the PV cells
increases with increasing the solar radiation, but also
brings overheating problem. Since we know that, the
power generated from the PV cells decreases when the
is determining the optimum contribution of the PV area
cell temperature increases, as it illustrated in Figure 1
[1]. Hence, a new technology combining thermal and
photovoltaic together in one unit is named photovoltaic
- thermal (PV/T) system to produce simultaneously
thermal and electrical energy. There are many designs
of (PVIT) collectors, important design parameters are
identified [2]. In [3] a thorough review of the available
literature on photovoltaic/thermal (PV/T) systems is
presented. Many researchers discussed R&D aspects
of (PV/T) technologies such as air-type [4-6], liquid-
type (PV/T) systems [6-8], and even both air and water-
type [9], collector design and performance,
experimental and theoretical studies and building-
integrated installations [10-12]. Besides of all these
researches, no one studied the optimum length of the
PV cells in the PV/T solar collector. The new hybrid
(PVIT) described in this paper is a novel approach to
maximize the total efficiency of both thermal and
electrical conversion with lower cost compared to
traditional hybrid collectors, the objective of this paper
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in the solar collector by modelling of the new collector
through the determination of temperature for each layer
and its instantaneous thermal and electrical efficiency.
To achieve this purpose a computer program has been
created, the analysis adopted the implicit finite
difference technique under real climatic conditions and
operation and design parameters recommended by
[13].

This paper is further organized as follows: Section 2
describes the construction of the proposed PV/T
collector. Section 3 prescribed the mathematical
modelling of the PV/T collector. While section 4
demonstrates the obtained results. Finally, section 5
outlines some conclusions drawn fromthe results
obtained in the present work.
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Figure 1: The effect of the irradiance and cell's temperature
on the electrical characteristics of the PV cell.
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2. THE PVIT COLLECTOR CONSTRUCTION

The structure of the offered collector is shown in
Figure 2. Every model of solar panel has unique
performance characteristics which can be graphically
represented in a chart. The graph is called an “I-V
curve”, and it refers to the module’s output relationship
between current (I) and voltage (V) under prevailing
conditions of sunlight and temperature [14]. Using air
as a working fluid in the PV/T has many advantage.
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Figure 2: The construction of the novel PV/T air collector, the
airstream flowing up and down sides the absorber plate
(covered-suspended flat-plate solar collector).

3. MATHEMATICAL MODELLING

The heat transfer treatment of this unsteady
thermal-electrical problem is not classical specially for
the portion of the absorber plate that contained PV
cells, because multi-variables involved in the energy
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balance (thermal and electrical). Furthermore, the
numerical model presented in this work differs from
other models in that the convective heat transfer
coefficients associate with air flowing through the
channels are function in both distance and
temperatures of the upper and lower sides of the
channel. Figure 3 presents a schematic of heat transfer
processes and coefficients over the PV/T collector
considered in this study. The model is based on the
analysis of the energy balance which includes the
photoelectric conversion and the thermal conduction,
convection and radiation. The implicit finite difference
technique is performed over a differential element
having a surface area (width x length) W dx, where dx
is a differential element in the x direction (m). After
making the following assumptions:

1. Heat transfer is one dimension in the direction of
the flow (x);
2. The thermal properties of all collector's

components and the air flows are constants;

3. No absorption of solar radiation through the
glass cover;

4. No heat losses from the sides of the collector;

5. The view factors between the collector's
components and between the collector and the
sky are equal to one;

6. The part of solar radiation which is not converted
into electrical energy is absorbed by the PV cells
as thermal energy;

7. The front and the back sides of the PV cells are
at the same temperature;
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Figure 3: The construction of the covered-suspended PV- flat plate solar collector and the heat transfer coefficients.
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Accordingly, the energy balance equations for the
elements of the collector are as follows:

3.1. Temperature of the Glass Cover, T;"™"
t+At t+at t+at |, PgTgCg -t
e (Oegen + 0 g0 ) Ten 2 40y Tyt g Tuairy o + 252 T, "
PgTgCq

(1)

Where ., is the wind convective coefficient in,
[W/m?K]. €cgoo= 2.8+ 3.0V, , and V_ is the wind
speed in [m/s] [15]; %rge is the irradiative coefficient
in [W/m?K]. «,,, is the irradiative coefficient between
the cell's surface and the glass cover in [W/m?K]. e,
is the convective coefficient between the glass cover
and the upper airstream in [W/m’K], At is the time

interval in [s]: pg,Tgandc; are the density, the
thickness and the heat capacity of the glass cover,

respectively.

t+At.

3.2. Temperature of the Air Upstream, T,,;;
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Where, %.: is the convective coefficient between
the absorber plate and the upper airstream in
[W/m?K];m is the mass flow rate of the air in
[kg/s],AA_ is the differential area AA =WAx,W is
the width of the collector in [m], and Ax is the
differential distance in the flow direction in [m];
p,.T,and c, are the density, thickness andheat

capacity of the airstream, respectively.

In this paper, two conditions for the finite difference
technique are considered as following:

WA
Y and T o =THA
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, and for x=L,
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also AA, =
3.3. Temperature of the absorber plate, Tp:”“

In case of no PV cells in the differential element

Peeyyt"® =0, otherwise P.;"** calculated from

equation (4).
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Where I is the solar radiation incident on the solar
collector in [W/m?]. (za) is the optical efficiency of the
solar collector ,,,: is the irradiative coefficient
between the cell's surface and the back plate in
[W/m?K]: p,,T,andc, are the density, thickness and

heat capacity of the PV cell or the absorber plate,
respectively.

PceII;+At is the instantaneous electrical power
generated by the PV cells in [W/m?], which is equal to:

It+£|.t

A A
PceH;+ f [Psrc +r8TceH (T erat Tsrc)]m (4)
Where Psrc is the nominal electrical power at
standard test condition (STC), Brecen is the power
temperature coefficient;

arraud Tsre s the STC cell's temperature
which often equal to 25°C.
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Where: %2 and o, are the convective heat
transfer coefficients of the lower surface of the
absorber plate and the back plate, respectively, with
the same conditions as in the upper air stream
temperature

3.5. The back plate temperature, Tb:'m

t+AL t+At t+At , PpToCo o t
UbTm +“7’pb T +“cb Tlan"x + At Tbx

TD?M - PbTb Cb
Uy +oc,,p,,+oc pt—R—
(6)
Where U, is the back heat transfer loss coefficient
in [W/m?K] .U, . Ky, pp, Tp and ¢, are the thermal

conductivity, den3|ty, thickness and heat capacity of the
back plate, respectively.

3.6. Heat Transfer Coefficients

Heat transfer plays crucial rule in solar collectors.
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The radiation and convection heat transfer process in
the solar collector depends on the temperatures of the
collector components and on the hydrodynamics
characteristics of the working fluid.

The forced convective heat transfer coefficients
between the airstream and both sides of the absorber

plate «.,; and o,,, the glass cover («x.) and the

bottom plate (%) are calculated according to the
correlations developed by Nassar [15]:

L

Nug, 0.16 Re2%° ( Tyx )0-2335
Nu,, tan 1(0.16 Re%2%) \T,qirx e

L
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where Nug,. Nuy,q,. NUup;, and Nu,, are the local

Nusselt's numbers of the glass cover, upper side and
lower side of the absorber plate and the back plate,
respectively and Nu,, is the local Nusselt's number

and is taken from appropriate correlation [16]:

Nu,, = 0.0233Re28Pr®*  for turbulent flow

Nuy, = 0.332Re£'5Pr0'4. for laminar flow

(11)

Where Re, is the Reynolds number,

Re, = ——— x is the distance travelled by the air from
u(W.rg)

the channel entrance and wis the air viscosity, and Pr
is the Prandtl number.

The radiation heat transfer coefficient (;ge)
between the glass cover and the sky is calculated by:

N ey ™)
Trgoo T
= (T, T)

(12)

Where the equivalent sky temperature T, [K] is
evaluated by the simple relation [15]:

Tky = 0.0552T5° or Tgy =T, — 6 13

The radiation heat transfer coefficients between the
absorber plate and both glass cover (%,,,) and bottom
plate («,,5) are calculated by the formula of two infinite
parallel plates with unit view factor:

G(Tp + Tg)(sz + ng)

L S
Sup &g (14)
. o(T, + Tp,)(T7 + T7)
e il
Ep & (15)

Where, ¢ =5.67x10"8[W/m?*K*], is Stefan-
Boltzmann constant, £; is the emissivity of the glass
cover, &, and g, are the emissivity of the upper and
lower side of the absorber plate, respectively, and ¢ is
the emissivity of the back plate.

3.7. Efficiency of the PV/T Collector

Efficiency is considered as an important evidence
that must be presented in any study, because it
indicates the behaviour of the system under certain
operating and designing conditions. The instantaneous
useful heat gained by the airflow through PV/T from the
two sides is computed as [17]:

Qu = i Qu;
i=1

Where Qu is the useful thermal energy extracted
from the PV/T collector [W] and n is the number of the
differential elements. With two air streams (u) and (/)
upper and lower the absorber, respectively, the
instantaneous thermal energy is evaluated by:

(16)

Qu = Z(Quu.i +Quy,)
i=1 (17)

In contrast, the instantaneous PV energy generated
Epv by any collector is determined as:

n
Epv = Z Epv;
= (18)

There are Three kinds of average efficiencies are
defined for a PV/T collector. The first one is the daily
thermal efficiency:

j:f Qudt

n g =
T Ac 1 dt
tr

(19)



Numerical Analysis and Optimization of Area Contribution of The PV Cells

Journal of Solar Energy Research Updates, 2019, Vol. 6 47

While the second one is the daily PV efficiency:

f:s Epv dt
r

nPV,d = t
SFAc I dt
Jo A (20)

Where F is the area contribution ratio of the PV
panel area Apv in the whole PV/T solar collectorAc:

F :APU/AC (21)

And finally the daily combined efficiency of the PV/T
collector is calculated by:

(i Qude + 2 Fpv at)
[;? Ac 1 dt

NeviT.a =

(22)

As it appears from equation (22) the overall
efficiency is not simply the summation of the thermal

Ambient temperature, [°C]

and electrical efficiencies, because the PV panel is not
occupied all absorber plate of the PV/T solar collector.
All computations are performed over the same period
of time between sunrise ¢, and sunset .

4. RESULTS AND DISCUSSION

The Results obtained in accordance with the
climatic data which presented in Figure 4. The
dimensions and thermal characteristics of the collector
are presented in Table 1 [18]. The electrical data of the
PV module under standard test conditions (STC — 1000
W/m?, AM 1.5, cell temperature 25 °C) is provided in
Table 2 [19]. According to the recommendations of
Nassar [13] about the optimum length of solar
collectors and optimum mass flow through the flat-plate
solar air heating collectors, this study deals with the
system dimensions as: 1Tmx3m (WxL), and the mass
flow rate is 30 kg/hr through each channel.
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Figure 4: Solar radiation incident on a horizontal surface (l) [W/mz] and the ambient air temperature (Tamb) [°C] for an average

day [20].
Table 1: Thermal and Physical Characteristics PV/T Collector
Layer Thickness (m) | Thermal Conductivity (W/mK) | Density (kg/m®) | Heat Capacity (J/kgK) | Emissivity
1. Glass cover 0.004 1.8 3000 500 0.8
2. Upper air-stream channel 0.012 0.03 0.9950 1.009 -
3. PV cell 0.000225 148 2330 677 0.91/0.85
4. Absorber plate 0.00125 401 8933 385 0.1/0.95"
5. Lower air-stream channel 0.012 0.03 0.9950 1.009 -
6. Back plate 0.00125 401 8933 385 0.85
7. Insulation layer 0.05 0.045 -

*Emissivity of the PV cells from upside 0.91 and from backside 0.85.
**Emissivity of the absorber plate from upside 0.1 and from backside 0.95.
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Table2: Thermal-Electrical Characteristics of the
Module [21]
Area of single module A, 0.625m”
Nominal Power (Ppax) 85 W
PV generator reference efficiency 7, 14%
Temperature coefficient of /s 0.08 (%/°C)
Temperature coefficient of I, 0.02 (%/°C)
Temperature coefficient of V. -0.34 (%/°C)
Temperature coefficient of Vi, -0.47 (%/°C)
Temperature coefficient of power -0.49 (%/°C)
Temperature coefficient of efficiency -0.005 (/°C)

Standard Test Conditions: 1000W/m?, 25°C, AM1.5.

Figures 5 to 8 illustrate the temperature variations of
the components of the solar collector along the length
of the system when the PV panel occupies 0, 1, 2 and
3 meters from the entrance of a 3 m long solar collector
at the solar noon (I = 1000% and T,, = 32°C ). The x

abscissa in the figures presents the distance along the
flow direction. It is obviously from the figures the
change in the path of the temperature curves at the
point when the PV panel is finished; circuits were
drawn at these positions. While Figure 9 presents the
variation of the solar collector components temperature
along the day length at a distance of 2.4 m for the
collector of 3 m long and the PV cell occupied 3 m of
the solar collector.
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Figure 5: Temperature variations of the components of the
solar collector along the length of the system without PV cells
in the collector at the solar-noon.

Figure 10 presents the total daily energy (thermal
and electrical) which are extracted from the PV/T solar
collector with different contribution of PV cells in the
solar collector. As shown in Figure 10, the electrical
energy is increased by increasing the PV area that is
merged in the collector, while the thermal energy is
decreased because part of the absorbed solar radiation
is converted into electrical power, and the optical
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Figure 6: Temperature variations of the components of the
solar collector along the length of the system with PV cells
length equal to 1m at the solar-noon.
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Figure 7: Temperature variations of the components of the
solar collector along the length of the system with PV cells
length equal to 2m at the solar-noon.
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Figure 8: Temperature variations of the components of the
solar collector along the length of the system with PV cells
length equal 3m at the solar-noon.

properties of the PV is thermally worse than the
absorber plate in ordinary flat-plate solar heating
collector. Obviously, and out of the same figure, it is
worthless to increase the contribution of the PV cells in
the collector for more than 2.4 meters because there is
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no additional energy that can be extracted from the
collector after this length. The reason for the reduction
in the productivity of the PV cells as the length
becomes longer is that the temperature normally
becomes high when proceeding forward.
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Figure 9: Temperature variation of the solar collector
component along the day length at the distance 2.4 m of the
solar collector and the PV cells occupied 3m from the 3m
solar collector long.
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Figure 10: Daily electrical, thermal and the total energy
extracted from the PV/T collector with variation of the area
contribution of the PV cells in the solar collector.

Figure 11 shows the thermal, electrical and total
PV/T collector efficiencies plotted as a function of the
contribution length of the PV panel. The sum of thermal
and electrical efficiencies under these conditions was
found to be 40-45%. This result is completely in
agreement with the results of the experiment
conducted by EI-Seesy [22] and Fudholi [23]. To
remove the misunderstanding, the x axis presents the
length of the PV panel and the rest of the length from 3
meters is an ordinary thermal collector. All previous
investigation considered the entire collector as the PV
panel, but in this study the situation is different because
only part of the collector is considered as a PV panel
and the rest is flat-plate solar collector. Regardless the
drop of both efficiencies along the distance, the total

efficiency shows a sufficient growth along the rise of
the contribution of the PV panel in the PV/T collector.
The reason for the retreat in the electrical efficiency
curve is to increase the temperature of the PV cell
surface along the collector length. The electrical
efficiency and the thermal efficiency of the PV/T system
was found to be higher than that of the conventional
separated systems. Thus the result is very much
encouraging, considering the simple design and dual
application of the PV/T system.
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Figure 11: Overall daily thermal, electrical and total efficiency
of the PV/T solar collector with various contribution of the PV
panel in the collector.

5. CONCLUSION

The present study introduces a PV/Thermal hybrid
system where the temperature of the collector
components are calculated with various contribution
lengths of PV in the collector. The total energy obtained
by the PV/T collector was calculated by adding both the
thermal and the electrical energy and it was maximum
when the PV cells covers about 2.4 m length of the
collector of 3 m length. The study clearly outlined the
transition heat transfer processes, temperature
distribution equations and heat transfer coefficients in
the flat-plate solar collectors with or without PV cells.
Finally, PV/T collectors that produce more energy per
unit surface are then side-by-side with PV modules and
solar thermal collectors. Therefore, PV/T systems are
especially appropriate for the applications where the
available surface area is limited, these systems can
completely meet the electricity and heat demand of the
buildings. The article contains full numerical thermal
and electrical analysis which can be recommended as
a reference in the field of PV/T hybrid solar collectors.
The researchers are confident that such systems will
increase the reliability and decrease the cost of solar
systems and put them in competitive position with the
traditional systems.
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