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Abstract

The objective of this paper is to design and analyze a naturally ventilated photovoltaic-thermal (PV/T) air
collector numerically and experimentally in both glazed and unglazed conditions. To reduce the panel’s
temperature, a thin metal sheet in the middle of the air channel is used to improve thermal and electrical
output of the system. A good agreement is first achieved between the numerical results and the measured
data. The validated model is then used to evaluate the effective parameters i.e. solar radiation intensity,
channel depth and channel length on air mass flow rate, PV cooling, outlet air temperature as well as
thermal and electrical efficiencies. The results show that while the thermal efficiency ranges between
12.21-37.17% throughout the day, the electrical efficiency ranges between 3.23-8.12%.
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Keywords: Photovoltaic-thermal air collector; Natural convection; Glass cover; Thermal efficiency;
Electrical efficiency.

1. Introduction

In hybrid photovoltaic-thermal collectors (PV/T), a combination of both types of thermal collector and the
photovoltaic collector is employed to generate thermal and electrical energy simultaneously [1]. The
produced electricity can be used to circulate the working liquid through the collector. PV/T systems can
generate more energy per unit surface area than single photovoltaic panel due to reduction of PV
temperature [2]. Due to the high efficiency of PV/T systems, they are particularly well suited for
applications with both heat and power with more advantages for limited available roof space.

PV/T systems has been studied significantly by many researchers both numerically and experimentally.
Kern and Russell [3] presented the main concepts of PV/T systems and showed that water or air can be
used for removing the heat from the PV panels. Florschuetz [4] developed a linear relationship between
the cell efficiency and its operating temperature. Sopian et al. [5] analyzed single and double-pass PV/T
air collectors and showed the advantage of double-pass configuration. Moshfegh and Sandberg [6] studied
the effect of induced velocity on the reduced heat flux in a naturally ventilated vertical PV/T system. Garg
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and Adhikari [7] presented a simulation model for determining the steady-state performance of PV/T air
system with single and double glass configurations and showed that the need for glazing depends on the
operating temperature. Brinkworth et al. [8] developed a simplified method for calculation of the flow rate
in naturally ventilated PV/T integrated in buildings. Sandnes and Rekstad [9] studied hybrid PV/T systems
numerically and experimentally and developed an analytical model for flat plate collectors due to the
inclusion of additional solar cells. Tripanagnostopoulos et al. [10] investigated thermosyphon-type PV/T
systems and showed that, compared to the unglazed systems, glazed PV/T systems for water-heating can
improve the thermal efficiency up to 30%; however, the electrical efficiency is reduced by 16%. Chow
[11] presented a transient model for a single-glazed sheet-and-tube water-heating PV/T collector which
provides the instantaneous thermal/electrical gains and efficiencies, as well as the thermal conditions of
the sub-components. Tiwari et al. [12] performed a theoretical and experimental study on a photovoltaic
panel integrated with air duct for climate condition of India and concluded that an overall thermal
efficiency of PV/T system is significantly increased (18%) due to cooling the PV panel. Tonui and
Tripanagnostopoulos [1, 13] investigated a PV/T air system and suggested the use of thin flat metal sheet
at the middle or finned back wall of an air channel in the PV/T air configuration to improve the thermal
efficiency and cooling the PV panels.

Raman and Tiwari [14, 15] studied a PV/T air collector for five different Indian climate conditions
annually. They showed that the energy efficiency is 40-45% lower than the thermal efficiency under high
solar radiation intensities. Furthermore, they presented higher advantages of double-pass design than the
single-pass configuration. Chow et al. [16] investigated a building-integrated photovoltaic/water-heating
system for Hong Kong climates annually and found that the annual thermal and cell conversion efficiencies
are 37.5% and 9.39%, respectively. Shahsavar et al. [17] performed a numerical optimization on the
performance of PV/T systems based on natural air flow operation using the genetic algorithm in order to
find the optimum geometric parameters. Gholampour and Ameri [18] performed an exergy and energy
analysis of a naturally ventilated PV/T with the aid of fins for heat transfer enhancement to the air and
temperature reduction of the PV. Guarracino et al. [19] developed a dynamic model for PV/T collectors
with a sheet-and-tube thermal absorber in order to generate electricity and domestic hot water,
simultaneously as well as reducing the PV temperature.

In this study, a naturally ventilated PV/T air collector is designed, built and tested at a geographic location
of Kerman, Iran. In this system, a thin metal sheet is used to improve heat extraction from the panels to
reduce the temperature and consequently achieving higher thermal and electrical output. The metal sheet
is suspended in the middle of an air channel in the studied PV/T air system. The objective of this paper is
to study the performance of this system for both glazed and unglazed types.

2. Experimental setup
The cross-sectional schematic view of the studied PV/T air collector is shown in Figure la and a picture
of the setup is displayed in Figure 1b.
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Figure 1. The studied PV/T air collector (a) a Cross-sectional schematic view; (b) Photograph of
experimental setup.
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The basic components of the system are as follows:

e Two polycrystalline silicon type PV panels, each rated at 45 W peak having length, width, and height
0.98, 0.46, and 0.04 m, respectively.

The air channel constructed from wood with dimensions of 1.96x 0.54x 0.35 m.

A thin metal sheet (TMS) with the material of Aluminum suspended at the middle of air channel.

Two lamps of 35W, as a resistive load.

5 mm-thick glass cover for the glazed configuration.

e 25 mm-thick fibreglass for insulation of the channel walls.

The channel walls and the metal sheet are black to increase their absorptivity and emissivity. Furthermore,
the PV array with wooden structure and is tilted at 30° (equal to the latitude of Kerman) to maximize the
solar energy gain [20, 21].

Since the system is naturally ventilated, the driving force in the air channel is the buoyancy force that
controls the induced flow rate. Note that the local wind is neglected in this study. The opposing forces are
the frictional losses between channel walls and the airflow as well as the pressure gradients created at the
entrance, the exit and any control device in the flow channel.

According to the Iranian meteorological organization (IMO), the annual solar radiation in Kerman is about
7625 MJ/m?. Since Kerman has a high irradiation level, a considerable amount of its energy requirements
may be obtained from solar energy systems such as photovoltaic panels [20].

2.1 Measurements
The following parameters are measured in the experiments:

e Velocity of the air flowing through upper (v, ) and lower (v ,) channels.

e Load current (/,) and load voltage (V).

e Temperature of ambient air (7, ), the PV panels (T, ), TMS sheet (77, ), back insulation wall (7}, ) as
well as outlet air from upper (7,) and lower (7', ) channels.

e Solar radiation Intensity (7, ).

e Wind speed (v,).

A digital Testo 405-V1 thermometer is used for measuring the ambient air temperature. The thermometer
is located outside about 1.5 m above the ground. The device is also used for measuring the speed of air
stream in the upper and lower channels. Type PT100 thermocouples are used for the temperature
measurement. A BM 6 Kipp & Zonen pyranometer is used for measuring the incident solar intensity on
the PV panels and an NRG40 anemometer is used to record the wind speed. The pyranometer is mounted
on the surface parallel to the collector surface in such a manner that is would not cast a shadow onto the
collector plate. Two DT-9205 type multimeters are used for measuring voltage and current of PV panels
and the resistive load. The experimental results for a typical two days in the month of July 2009 for Kerman
condition are shown in Tables 1 and 2 for glazed and unglazed types, respectively.

Table 1. Observation obtained for glazed type.

Time LWim?)  T,(C) T,(°C) 7,,(°C) T,,(°C) v,(7) 1,(4) Vva(mls)  vy,(mls)
10:00 641 30.2 57 37.8 36 7.58 232 032 0.15
10:30 727 314 60.3 40.6 37.8 10.85 295 0.29 0.23
11:00 792 32 634 42.5 40.5 12.8 3.27 0.29 0.16
11:30 816 33.2 67 43.9 41 12.9 331 031 0.11
12:00 864 34.3 68.7 45.4 42.3 13.08 332 033 0.12
12:30 884 34.6 70.6 45.8 42.5 12.97 3.33 0.33 0.12
13:00 880 34.8 70.8 46.8 42.5 13.12 3.29 0.34 0.12
13:30 870 36.1 70.2 48.3 42.5 13 325  0.36 0.07
14:00 846 36 71.1 46.8 43.5 12.85 3.19 0.32 0.12
14:30 800 36.5 70.8 47.3 44.7 10.56 2.86 0.32 0.13
15:00 725 35.6 68.8 45.8 44.1 9.62 2.67 0.29 0.16
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Table 2. Observation obtained for unglazed type.

Time Ir(W/mz) 7,°0) Tpv(oc) Ty °C) Ty, (°0) V,() I, (4) Vi (m/s) Vi (m/s)
10:00 650 30.8 48.4 39.3 37.7 10.84 2.89 0.16 0.08
10:30 732 324 53.2 40.7 39.7 14.39 3.51 0.14 0.1
11:00 799 32.7 54.8 41.4 40.3 14.88 3.58 0.18 0.11
11:30 848 34.7 59.1 434 42.1 14.85 3.57 0.18 0.1
12:00 889 34.7 60.5 43.5 42.8 14.96 3.59 0.18 0.12
12:30 899 354 60.9 44.4 433 14.95 3.55 0.23 0.12
13:00 899 35.8 61.1 46.3 43.9 14.83 3.54 0.2 0.1
13:30 880 36.6 62.5 46.8 44.1 14.7 3.46 0.29 0.12
14:00 848 37.4 62.6 47.5 44.4 14.58 3.5 0.29 0.09
14:30 794 36.4 60.5 45.6 44.5 14.38 3.5 0.24 0.12
15:00 731 36.3 57.5 453 443 13.72 3.4 0.23 0.12

2.2 Air mass flow rate
The mass flow rate of flowing air in the upper and lower channels of the studied PV/T system can be
calculated as [1]:

1
) ) L
m= zg/B(Achp) Achnzh]rLS”lH 3 (1)
C, (LI Dy +2fT,.,)

where 4, is the channel area, p is the air density, @ is the collector tilt angle, 7, is the thermal efficiency
of the system, and f is the friction factor that is calculated from the equation given by Tsuji and Nagano
[22] for laminar (Eq. (2)) and turbulent (Eq. (3)) flow as:

f =1.906(Gr/ Pr)'''? ()
f =1.368(Gr/ Pr)l'1? (3)
Dy, is the hydraulic diameter of the channel given as [23]:

44,
Dy = P

“
where 4., and P are the cross-sectional area and the wetted perimeter of the channel, respectively.

2.3 Energy balance equations
Figure 2 shows the studied PV/T collector indicating heat transfer coefficients for different parts.
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Figure 2. Schematic of the studied PV/T air system with heat transfer coefficients.
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The following assumptions are considered to drive the energy balance analysis [24]:

e One-dimensional steady-state heat transfer.

e Negligible thermal capacities of the system components except for the flowing air.

e Equal convection heat transfer coefficient between the channel surfaces, the metal sheet, and the
flowing air.

e Uniform temperatures of the PV panels, TMS sheet, glass cover and the back insulation surface.

Therefore, the energy balance equations for the different components of the system are given as:
e (lass cover

a l,wdx=(h, ., + W XT, =T, wdc+(h, o +h T, —T,)wdx (5)

e PV panel

7,&,,(1=n ), wdx =Up(T,, =T, )wdx+h (T, — T )wdx

+ hr,prMS (Tpv - TTMS)de (6)

e Upper channel air stream

mpC,dT = h(T,, =T )wdx+h, (Tpys — Ty )wdx %

e TMS sheet

hr,prMS (Tpv —Tpys)wdx = h (Tpys — Tfl Ywdx + h (Tryg — sz Ywdx

+h, ais—s (Trags — Ty ) welx (8)

e Lower channel air stream

My, CodT s = h (Tpygg —Typ)wax + he(Ty, = Tpy ) welx ©)

e Back insulation surface

hy rnas—b Trags — T ) wdx = U (T, =T, )wdx + h.(T,, _T/'z)de (10)

For unglazed type, Eq. (5) is transformed to the following equation:

apv(l —1. )[}"de = (hw + hr,pv—s )(Tpv - Ta )de + hc (Tpv - Tfl )de (1 1)

+ hr,pv—TMS (Tpv - TTMS)de

Equations (6) to (10) can be combined to give the following two differential equations:

TN _or T 12
e =Qltaylpmtas (12)
7 =BT+ BTy + B (13)

X
The boundary conditions are as follows:
Tp(x=0)=Tp(x=0)=T, (14)
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Hence, the two differential equations to find the air outlet temperatures are solved numerically using the
Runge-Kutta method in this paper.

2.4 Heat transfer coefficients

2.4.1 Heat loss coefficients

The PV loss coefficient from the PV panels to the ambient air via the front glazing can be determined as
[25]:

Uy :[ N p +L ]’1 +
(C/Ty (T, ~TH/(N+q]° Iy,
1 15
(£, +0.00591N.h,) " +[(2N +¢-1+0.133¢ )/ &,]- N (13)
2 2
O-(TPV + Ta )(Tpv + Ta )
where ¢, e and ¢ are defined as:
¢ =520(1-0.0000510%) for 0°< 0 < 70° (16)
0 =170° if 70°<6<90°
= 0431190, (17)
T,,

q = (1+0.08%,, —0.1166h,. ,,)(1 +0.07866N) (18)
The wind convection heat transfer coefficient is defined as [26]:
h, =2.8+3v, (19)

The loss coefficient from the bottom accounts for the conduction losses through the back insulation of the
solar collector which is given by:

ms

where k,,, and &,,, are the thermal conductivity and thickness of the insulation material.

2.4.2 Convection heat transfer coefficients
The free convection heat transfer coefficient of the air gap of height s =25 mm between the PV panels and
glass cover is calculated from the equation derived by Hollands et al. [27, 28] as:

B, =/ s{l+1.44[1 - R]" (1 - R(sin1.86)*) + [0.66416R "> ~1]"| Q1)

where R =1708/Ra, cos @ and Ra, is the air gap Rayleigh number (_ £’-g:sin@.8AT = AT is the temperature
v.a

difference between the PV surface and the glass cover). The notation [ ]" means that if those parameters
become negative they should be replaced by zero. All above properties are calculated for the mean
temperature, (7, +7,)/2.

The natural convection heat transfer coefficients between the airflow and both the PV panels and the TMS
sheet as the back wall are calculated as [29]:

h. = L(O.O%SRaO‘”) (22)
DH
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where k& is the thermal conductivity of air.

2.4.3 Radiation heat transfer coefficient
The radiative heat transfer coefficient between the glass cover and the sky is defined as [26]:

(T, -T})
L =og, S~ 23
r,g g Tg—Ta ( )

With subscript g is replaced by pv for the unglazed type.
The equivalent sky temperature is evaluated as [26]:

T, = 0.0552T) (24)

The radiative heat transfer coefficient in the air cavities is determined using the linearized coefficient from
Stefan-Boltzmann equation [26]:

-1
hyys = o(T + TyXTR +T7 >[i L —1} (25)
' & &

where, the subscripts 1 and 2 represent any two surfaces seeing each other.
2.5 Calculation of the current and voltage of the resistive load

Figure 3 is an equivalent circuit used either for an individual cell, a panel consisting of several cells or for
an array consisting of several panels.

® 1 [0

v

O Oo—

Figure 3. The equivalent circuit for a PV generator.
The relationship between current and voltage is given as [26]:

V+1R,

I=1,—Ip—1g =1, —I,{exp[(V +1.R))/a]-1}- R
sh

(26)

where 7, is the light current in (A), 7/, is the diode current of the equivalent circuit in (A), 7, is the
inverse polarization current in (A), R, is the series resistance in (), R, is the shunt resistance in (€2), and

a 1is the curve fitting parameter. Rauschenbach [30] showed that the shunt resistance of most modern cells
is very large and therefore the last term of Eq. (26) can be neglected. Therefore Eq. (26) can be reduced
to:

I=1,—Ip—1, =1, —1,{exp|(V +1R,)/a]-1} (27)
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where: 7,, I,, R, and a depend on the solar radiation and the temperature of the PV panel [26] based on
information for 7 and ¥ given by the manufacturer of a PV unit for reference solar radiation, 7,,,, at a

reference temperature, 7,,., (Table 3), and are described as [26]:

]L,ref = Isc,rcf (28)
cTcr “Voc,r +&N;
T (29)
zul,scTc,ref 3
1 L,ref
[ €]
Ay 11{1 - Tmrd J Vet +Vocrer
L,ref
Rs,ref = Ji (30)
mp,ref
1
Lypy = Lredf (31)

exp(Voc,ref /a)ef) -1

Table 3. Nominal and reference parameters of PV units.

=298K
P, =45W Verg =205V Vet =163V Uy oo =—0.0775V /K I, ., =1000W /m?
r,re

oc,ref mp,re

N, =36cells I, =2984 L,,q =2.764 Uy =1.325mA/ K T

mpref a,ref

The subscripts oc, sc, mp and ref refer to open circuit, short circuit, maximum power, and reference
conditions, respectively. ¢ is the energy gap of silicon (1.12 eV), N, is the number of cells connected in
series in a single unit of the PV system, and 4, , u, are the temperature coefficients of the open circuits

voltage and closed circuits current, respectively. The mentioned parameters vary by different solar
radiation intensities and temperature conditions based on the following equations:

T
4 _ (32)
aref TPeref
Ir
]L S ]_ [[L,;‘E‘f + :u],sc (TPV - TCJ’éff‘):I (33)
roref
I T Vo,
0 :[ pv J exp 2N [1_ PvarefJ 34)
[o,rEf TPVJEf Gref Tpv
RS = Rs,r(ff (35)

In brief, the evaluation of the characteristic equation of a PV panel is as follows: first, Egs. (28) to (31) are
used to estimate the values of the four parameters at reference conditions. Next, these values are adjusted
to the actual operating conditions with Eqgs. (32) to (35). Finally, the system current, 7 , is calculated from
Eq. (36) which is derived from Eq. (27) accounting for the PV panels that are connected in parallel ( NP)
and in series ( NS) [26]:

v S g

NP
I =NPI;, —NPI,| ex -1 36
L o &P NS.a (36)
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while the 7 -V curve of a resistance is described by Ohms law:
Vi=1.R, (37)

where R, is the resistance. At any time, the combination of the PV panels and the resistive load will
operate at the intersection of the characteristic curves of the two components.

2.6 Evaluation of the performance parameters
The conversion efficiency, 7, of the PV panel, is formulated as a function of its temperature 7, given as

[4]:
e = nref (1 - ﬂref (Tpv - Tref )) (38)

where f,,, is the temperature coefficient of solar cell efficiency and 7,,, is the panel efficiency at the
reference temperature 7, . The values of 7,,, were found experimentally as 0.132 and 0.125 for unglazed
and glazed systems respectively with 7,,,= 25 °C while g, was obtained as 0.006 °C™! for both types.
Three kinds of efficiencies are defined for a PV/T collector. The thermal efficiency is defined as:

_ mcp(Tout _Tin)

My =~ (39)
! 1,4,

The electrical efficiency depends mainly on the incoming solar radiation, the temperature of the PV panels
and resistive loads consumed power. The electrical efficiency of the system is defined as:

1,V

Net = (40)
1,.4,,

where 7, and ¥, are the current and voltage of the resistive load.

Finally, the total efficiency of the studied PV/T air collector is calculated by [2, 7, 31]:

Ntor = Men + et (41)

3. Results and discussion

3.1 Validation of the model

Figures 4 to 6 show the comparison between experimental and theoretical values of the temperatures of
the outlet air and PV panels as well as the air mass flow rate for both glazed and unglazed types. Note that
the measured weather data presented in Tables 1 and 2 are used as the input data of the numerical code. As
shown, a good agreement can be seen between the theoretical and experimental values.

Furthermore, the glazed type has a higher PV temperature than unglazed configuration since the glazing
increases the operating temperature of the system [7]. Increasing the PV temperature leads to a higher the
buoyancy force and consequently increases the air mass flow rate through the channel. Therefore, it is
concluded that the glazed type has a higher value of air mass flow rate than unglazed type as shown in
Figure 6.

Comparisons between operating voltage and current of the PV panels and resistive load are presented in
Figures 7 and 8 for both glazed and unglazed types, respectively. It is obvious from these figures that
unglazed system has higher values of the voltage and current than glazed type. This is due to the lower PV
temperature hence higher performance of the PV panels. Also, there is a quite good agreement between
measured and predicted values of the voltage and current.

Figures 9 tol1 show the hourly variation of the thermal, electrical, and total efficiency for glazed and
unglazed systems, respectively. It is found that there is a good agreement between the experimental and
theoretical results. The thermal efficiency ranges between 12.21-37.17% throughout the day whereas
electrical efficiency ranges between 3.23-8.12%. The total efficiency is of the order of 20.33-42.44%.
Furthermore, setting the glass cover on the photovoltaic panels leads to an increase in thermal efficiency
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and a reduction of electrical efficiency of the system. Therefore, it is concluded that using glass cover is
suitable just in the application that thermal efficiency has a more priority than electrical efficiency.

Outlet air temperature (°C)

50

N
(9.1
I

N
=]
I

(9%}
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I

—— Glazed _exp —=— Glazed th - a- Unglazed exp —=- Unglazed th
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10:00 10:30 11:00 11:30 12:00 12:30 13:00 13:30 14:00 14:30 15:00

Local time (hour)

Figure 4. Comparison of experimental and theoretical outlet air temperature for both glazed and unglazed

PV temperature (°C)

types.
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Figure 5. Comparison of experimental and theoretical PV panel temperature for both glazed and
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Figure 6. Comparison of experimental and theoretical air mass flow rate for both glazed and unglazed

types.
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Figure 7. Comparison of experimental and theoretical operating voltage of the PV panels for both glazed
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and unglazed types.
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Figure 8. Comparison of experimental and theoretical operating current of the PV panels for both glazed
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Figure 9. Comparison of experimental and theoretical thermal efficiency for both glazed and unglazed

types.
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Figure 10. Comparison of experimental and theoretical electrical efficiency for both glazed and unglazed
types.
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Figure 11. Comparison of experimental and theoretical total efficiency for both glazed and unglazed
types.

3.2 Case studies

In this section, the validated model is used to study the effects of the incident solar radiation, channel depth
and channel length on the air mass flow rate, temperatures of the PV panels and outlet air as well as thermal
and electrical efficiencies of the studied PV/T collector. Note that the irradiance and wind speed are
considered 800 W m™ and 1.5 ms™!, respectively and the ambient and inlet air temperatures is also 25 °C.

3.2.1 Effect of incident solar radiation

In natural flow systems, the air velocity depends on the heat flux, which is represented by the incident solar
radiation absorbed by the PV/T panels. Figures 12-14 give the effect of the solar radiation intensity on the
outlet air temperature, PV panel temperature and air mass flow rate, respectively. It is seen that both
temperatures and air mass flow rate increase with increasing solar radiation intensity. As shown, the results
for both glazed and unglazed systems are the same except that for the glazed systems are slightly elevated
than the unglazed systems due to higher temperatures of operation and the results for glazed systems are
presented here.

With increasing the solar radiation, the air mass flow rate increases due to more irradiance intercepted by
the PV/T collector. Therefore, more heat energy is gained by air in the channel increasing the temperature
in the outlet and creating a higher stack effect.
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Figure 12. Variation of outlet air temperature with irradiance.
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Figure 13. Variation of PV panel temperature with irradiance.
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Figure 14. Variation of air mass flow rate with irradiance.

3.2.2 Effect of channel depth

Figure 15 illustrates the effect of the channel depth on the outlet air and PV panel temperature. It is seen
that the outlet air temperature decreases with channel depth while the PV panel temperature increases with
the channel depth. This is due to the variation of air velocity and convection heat transfer coefficient with
the channel depth where both quantities decrease with increasing channel depth.

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2018 International Energy & Environment Foundation. All rights reserved.



468 International Journal of Energy and Environment (IJEE), Volume 9, Issue 5, 2018, pp.455-472

Figure 16 illustrates the effect of channel depth on the thermal efficiency, where it is clear that the thermal
efficiency decreases with increasing the channel depth due to a decrease in the outlet air temperature. The
variation of the electrical efficiency with channel depth is illustrated in Figure 17. As shown, the electrical
efficiency reduces with increasing channel depth. This is attributed to the increased PV temperature that

leads to a decrease in the resistive load’s consumed power.

Temperature (°C)

Figure

Thermal efficiecny (%)

Electrical efficiency (%)

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2018 International Energy & Environment Foundation. All rights reserved.

80

70
60
50 A
40 A
30
20

10 1 — Outlet air - - - PV panel

0 ‘ ‘ ‘ ‘ ‘ ‘ T
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Channel depth (m)

15. Effect of channel depth on the outlet air and PV panel temperature.

22

21.5

21 A

20.5

20

19.5 A

19 4

18.5

18 \ \ \ \ \ \ \

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Channel depth (m)

Figure 16. Effect of channel depth on the thermal efficiency.
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3.2

3 Effect of channel length

Figure 18 displays the effect of the channel length on the thermal and electrical efficiency, respectively.
The thermal efficiency increases and the electrical efficiencies decreases with the channel length. A higher
collector length increases the collection area and therefore more solar radiation is intercepted which gives
more energy to airflow which results in a higher thermal efficiency. On the other hand, a higher collector
length leads to a higher PV panel temperature leading to the reduction in the electrical efficiency as the
channel length increases.
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Figure 18. Effect of channel length on the thermal and electrical efficiency.

4. Conclusion
Theoretical and experimental studies of a naturally ventilated PV/T air collector was conducted in this
paper. Based on the presented results, the following conclusions were achieved:

There is a good agreement between the predicted and measured results.

The thermal efficiency ranges between 12.21-37.17% throughout the day whereas electrical efficiency
ranges between 3.23-8.12%. The total efficiency is of the order of 20.33-42.44%.

Setting glass cover on photovoltaic panels leads to a higher thermal efficiency and a lower electrical
efficiency. Therefore, using glass cover is suitable when the thermal efficiency has a higher priority
than electrical efficiency.

The outlet air and the PV panel temperatures as well as the air mass flow rate increase with increasing
the solar radiation intensity.

The outlet air temperature, the thermal efficiency, and the electrical efficiency reduce with increasing
the channel depth, while the PV temperature increases with increasing the channel depth.

The outlet air temperature increases with increasing the channel length, as a result the thermal
efficiency increases. On the other hand, increasing the channel length results in higher PV temperature
causing the reduction in electrical efficiency as the collector length increases.

Nomenclature

A the cross-sectional area of the channel (m?)

4,, PV array aperture area (m?)

C, specific heat capacity of air (J Kg! K1)

Dy, hydraulic diameter (m)

f friction factor

g acceleration due gravity (ms?)

Gr Grashof number

h, convection heat transfer coefficient in the air channel (WK™ m?)

h. convection heat transfer coefficient from PV to glass cover (WK™ m?)
gy radiation heat transfer coefficient between glass cover and sky (WK™ m?)
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h radiation heat transfer coefficient between PV and glass cover (WK m™)
h,. ,rus Tadiation heat transfer coefficient between PV and TMS sheet (WK m?)

h.mus-, ~Tadiation heat transfer coefficient between TMS sheet and back insulation wall (WK™ m™)

h,, wind convection heat transfer coefficient (WK™ m?)

I the operating current of PV array (A)

I, diode current (A)

I, light current (A)

I, operating current of resistive load (A)

Ly the operating current of PV panel at maximum power point condition (A)
I, inverse polarization current (A)

1, open circuit current (A)

I, solar radiation intensity (Wm™)

I, short circuit current (A)

k the thermal conductivity of air (Wm™ K!)

kg the thermal conductivity of insulation material (Wm™' K1)

L length of the collector (m)

1 the total mass flow rate of air flowing through system channels (Kgs™)
sy mass flow rate of air flowing through the upper channel (Kgs™)
1 sy mass flow rate of air flowing through the lower channel (Kgs™)
N number of the glass cover

NP number of PV panels connected in parallel

NS number of PV panels connected in series

P the wetted perimeter of the channel

Pr Prandtl number

R, resistance ( Q)

Ra Rayleigh number

R, series resistance (Q )

R, shunt resistance (Q)

s the height of air gap between PV and glass cover (m)

T, ambient temperature (°C)

7, back wall temperature (°C)

T, glass cover temperature (°C)

T, outlet air temperature (°C)

T, PV temperature (°C)

Trus TMS sheet temperature (°C)

U, back heat loss coefficient (WK™ m?)

Uy top heat loss coefficient (WK™ m)

Vi the velocity of air flowing through the upper channel (ms™)

Vi the velocity of air flowing through the lower channel (ms™)

v operating voltage of PV panel (V)

v, operating voltage of PV array and resistive load (V)

Vi operating voltage of PV panel at maximum power point condition (V)
V,. open circuit voltage (V)

V.. short circuit voltage (V)

v, wind velocity (ms™)

w the width of the collector (m)
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Greek symbols

a

thermal diffusivity (m? s™)

ag,a,, absorptance of glass cover and PV cells, respectively

B thermal expansivity of air (K!)

Bry temperature coefficient of PV cells (°C™")

£4.€,,  the emissivity of glass cover and PV cells, respectively

0 collector tilt angle

. PV panel electrical efficiency at 7,

Nref PV panel electrical efficiency at reference temperature

Nl electrical efficiency

i thermal efficiency

Mot total efficiency

P density (Kg m?)

v kinematic viscosity (m* s™)

c Stefan-Boltzmann constant (5.67 x 10 W m? K#)

T, the transmittance of the glass cover

Oins the thickness of insulation material (m)

Hi e temperature coefficients of the short circuits current (A K)

Hy o0 temperature coefficients of the open circuits voltage (V K1)
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