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RINGKASAN: Pengumpul jenis fotovoltaik terma adalah kombinasi sistem
sistem terma dan fotovoltaik. Pengumpul jenis ini boleh menghasilkan kedua
dua tenaga-tenaga terma dan elektrik. Satu rig ujikaji berkenaan dengan sistem 
fotovoltaik terma udara dua /aluan telah di rekabentuk dan dihasilkan untuk 
mengkaji prestasi sistem untuk dalam keadaan-keadaan rekabentuk dan operasi 
yang berlainan. Rajah-rajah prestasi terma, elektrik dan juga kombinasi 
fotovoltaik terma ditentukan. Dengan menggunakan rajah-rajah ini keupayaan 
pengumpul untuk menyerap tenaga suria dapat ditentukan. Penjanaan tenaga 
berguna (terma dan elektrik) dapat diramalkan dan kehi/angan-kehilangan haba 
dapat dikenalpasti. 

ABSTRACT: Photovoltaic thermal collector is a combination of thermal and 
photovoltaic systems. It generates both thermal and electrical energies · 

· · simultaneously. An experimental setup of a double-pass photovoltaic thermal · 
solar air collector was designed and fabricated to study the performance over 
a range of design and operating conditions. The thermal, photovoltaic and 
combined photovoltaic thermal performance characteristics curves of the 
photovoltaic thermal solar collector have been determined. Using these curves, 
the collector's ability to absorb solar, energy can be determined. In addition, 
the production of useful energy (electrical and thermal) can be predicted and 
the heat losses can be identified from the collector. 

KEYWORDS: Double-pass photovoltaic thermal solar air collector, performance . 
characteristics curves, thermal, photovoltaic, and combined photovoltaic thermal 
efficiencies. 
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INTRODUCTION ·'. 

The applications of solar energy can be broadly classified into two categories: thermal 
systems that convert solar energy into thermal energy and photovoltaic systems that 
convert solar energy into electrical energy. Normally, these systems are used alone. In 
a conventional solar thermal system, electrical energy is needed to circulate the working 
fluid through _the system. This energy is supplied by an electrical source. The need for 
an electrical source can be eliminated by using a hybrid system which is a combination 
of thermal and photovoltaic systems. This system is sometimes known as photovoltaic 
thermal system. Hence, the photovoltaic thermal collector generates both thermal and 
electrical energies simultaneously. In addition, the packing factor or the area fraction 
covered by photovoltaic cells can be adjusted according to the requirement for electrical 
energy. In a photovoltaic thermal air collector, the exposed surface (the glass cover or 
the absorber plate) is partially or completely covered by photovoltaic cells while a 
circulating air stream passes the rear and/or front sides of the collector, carrying away 
excess heat and thus maintaining the cell at an optimum operating temperature. 
Photovoltaic thermal system is very attractive for solar applications in which limited 
space and area-related installation cost are of primary concern. The photovoltaic thermal 
system is also attractive when t,he space needed to install side-by-side solar thermal 
and photovoltaic collectors is not readily available. Moreover, recent advances in the 
production methods of photovoltaic cells will reduce their initial cost and increase the 
deman~ for the application of photovoltaic systems. Under such economically favorable 
conditions, the use of photovoltaic thermal collector would_ be ideal for a wide variety 
of applications. 

The first application of the photovoltaic thermal air heater was at the residential scale 
experimental solar house at the Institute of Energy Conversion, the University of Delaware 
(Garg, 1982). The collector is basically a single-pass system. The cover of the collector 
is made from abcite-coated plexiglass. The collector consists of two air channels. The 
first channel is a "static" channel between the cover and photovoltaic panel. The second 
channel is a bottom flow channel between the photovoltaic panel and back-plate for heat 
transfer. Loferski et al. (1988) installed twenty (2 ft by 6 ft) photovoltaic thermal air 
collectors on the roof of a residential (1200 square foot) building on the Brown University 
campus. The collector absorber surfaces were covered by 143 series connected 4 inch 
diameter commercial silicon photovoltaic cells. The nominal efficiency of the cells was 
11 % at a temperature of 25°C. Aluminum fins were bonded to the underside of each 
photovoltaic cell to enhance the heat transfer between the cells and the air flowing under 
it. An entrance manifold directs the air into the bottom of pairs of photovoltaic thermal 
air heaters that were in series for the air flow. An exit manifold directs the heated air 
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through a heat exchanger for heating hot water into the building. The system also runs 
an electrically operated air-to-air heat pump, and a synchronous inverter. Typical power 
generated was 1 .29kW at a solar radiation . of 91 O W /m2• 

The design of the photovoltaic thermal collectors are limited to single-pass system. 
Sopian et al. (1995) proposed a double-pass photovoltaic thermal solar collector and 
compared analytically the performance of a single arid double-pass photovoltaic thermal 
collector as shown in Figure 1. The double-pass system can produce more heat while 
simultaneously having ·a productive cooling effect on the photovoltaic cells. In this paper, 
the thermal and electrical performance characteristic~ of the double-pass photovoltaic 
thermal air heater are presented. 

glass cover photovoltaic panel 

air flow in 

~//////////////////////////////////////////////////////////,~/////////, 

air flow out ""'<=----

Figure 1, The schematic model of a double-pass photovoltaic thermal 
solar collector 

EXPERIMENTAL SYSTEM 

The schematic diagram of the experimental setup is shown in Figure 2. The basic 
components of the experimental setup are as follows: (i) the double-pass photovoltaic 
thermal solar collector, (ii) the support structure and tilting mechanism, (iii) the air flow 
measurement system, (iv) the temperature measurement system, (v) the wind speed 
measurement system, (vi) the solar radiation measurement system, and (vii) the data 
acquisition system. 
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Figure 2. The experimental setup of the double-pass photovoltaic thermal 
solar collector 

The photovoltaic panel has a width of 660 mm and a length of 1,476 mm. It consists 
of 36 silicon photovoltaic cells connected in series. The total area of the panel covered 
by photovoltaic cells is 0.8505 m2• The efficiency of the photovoltaic panel is 14% at 
a mean panel temperature of 25°C. At 1,000 W/m2 and a panel mean temperature of 
25°C, the rated power for the panel is 120 Watts. The maximum power voltage and 
current are 16.9 Volts and 7.1 Amperes respectively. The open circuit voltage is 21 Volts 
and the short circuit current is 7.7 Amperes. The air flow system consists of the (i) inlet 
and outlet manifold, (ii) the flexible ducting system, (iii) fan and (iv) the mass flow rate 
measuring system. Both the intake and outlet manifolds were adjusted so as to fit the 
upper and lower channels of the collector. The manifolds are made from galvanized iron. 
For the intake manifold, the lower part of the manifold has been connected to the frame 
of the photovoltaic panel. The height can be adjusted according to the position of the 
photovoltaic panel. The outlet manifold was connected to the mass flow rate measuring 
system and the fan by a flexible hose. The fan has a rated motor power of 1/30 hp 
and the speed is 3020 rpm. The air flow sensing element is of the vane type probe head. 
The range of the probe is between 3 to 35 m/s. The ambient temperature thermocouple 
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is located outside in a well-ventilated location about 1.25 meter above the ground. Two 
thermocouples are used for measuring the inlet temperature and placed at the beginning 
of the photovoltaic panel. The temperatures at the end of the first stream are measured 
by two thermocouples. Moreover, the outlet temperatures are measured by three 
thermocouples. Forty thermocouples are used for determining the mean photovoltaic 
panel temperature and temperature distributions of the glass cover, photovoltaic panel, 
and the back-plate. Thermocouples are also located at the top and bottom part of the 
glass and the photovoltaic cell. Thermocoples are located only at the top part of back 
plate. The global solar radiation is measured using a pyranometer. The pyranometer 
is mounted on the surface parallel to the collector surface in such a manner that it does 
not cast a shadow onto the collector plate. The emerging leads or the connectors are 
oriented in such a way that · the connectors are located north of the receiving surface 
in the Northern Hemisphere. This minimizes heating of the electrical connections by the 
sun. The wind speed is measured by using a four-bladed, low threshold propeller wind 
sensor located on the roof of the laboratory. The aerodynamic shape of the sensor 
maintains alignment with wind direction. The propeller of the wind sensor is connected 
to a DC generator output. The main components of the data acquisition system for the 
experimental setup consists of the following: (i) the personal computer, (ii) the data 
acquisition card, and (iii) the personal computer application program . The personal 
computer used is a 386SX IBM compatible computer with 4 MB RAM and 624kB ROM, 
equipped with a standard hard disk, a floppy disk drive, and a VGA monitor. In addition, 
the operating system is DOS and the application is in the C language. 

EXPERIMENTAL PROCEDURES 

It is difficult to obtain steady global solar radiation levels due to frequent movements 
of the cloud. The photovoltaic thermal solar collector has been operated at varying 
ambient temperature, air flow rate, channel depth, and global solar radiation conditions. 
Air is circulated for thirty minutes prior to the period in which data are taken. Data are 
sampled and averaged for a time period specified by the user using the application 
program of the data acquisition system. Data include global solar radiation, temperatures 
(inlet, end of the first pass, outlet, ambient, cover (top and bottom), photovoltaic panel 
(top and bottom), and back-plate), mass flow rate, and wind speed. The depth for the 
upper (d,) and lower (d2) channels are fixed at 15 cm. The depths for the next set of 
experiment are fixed at 5 cm. The mass flow rate, m, is varied from 0.019 kg/s to 
0.046 kg/s. The collector is positioned horizontally. The data are stored in the C-drive 
and later retrieved using a spreadsheet software. 
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EXPERIMENTAL RESULTS 

A total of twenty four days of experiments are conducted. Plots of global solar radiation, 
temperatures, and wind speed throughout the day for selected dates with varying 
channel depths, and mass flow rates are shown in Figures 3 to 7. From the experimental 
results, performance characteristics curves for the photovoltaic thermal solar collector 
have been plotted. A typical 11 versus (Ti - T,)IS curve is normally used as a standard 
form for rating of commercial thermal collectors. No standard forms of rating commercial 
photovoltaic thermal collector are presently a\failable. The reason for this is simply that 
photovoltaic thermal solar collectors are rarely available in the market. ·, 

In this section, an attempt has been made to introduce and present the photovoltaic 
or electrical, thermal and combined photovoltaic thermal performance of the photovoltaic 
thermal solar collector. Using these curves, one will be able to interpret the collector's 
ability to absorb solar energy and to predict the production of useful energy. In addition, 
these curves can be used to identify heat losses from the collector. 
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Figure 3. The variations of global solar radiation and ambient temperature 
and the resulting inlet, outlet, end of the first pass, and mean photovoltaic 
panel temperatures {d1 = d2 = 15cm m = 0.045 kgls) 
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Figure 4. The variations of global solar radiation and ambient temperature 
and the resulting inlet, outlet, end of the first pass, and mean photovoltaic 
panel temperatures (no wind speed measurements available) 
{d1 = d2 = 15cm m = 0.019 - 0.035 kg/s) 
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Figure 5. The variations of global · solar radiation and ambient temperature 
and the resulting inlet, outlet, end of the first pass, and mean photovoltaic 
panel temperatures {d1 = d2 = 5cm m = 0.046 kg/s) " 
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Figure 6. The variations of global solar radiation and ambient temperature 
and the resulting inlet, outlet, end of the first pass, and mean photovoltaic 
panel temperatures (d1 = d2 = 5cm m = 0.036 kgls) 
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Figure 7. The variations of global solar radiation and ambient temperature 
and the resulting inlet, outlet, end of the first pass, and mean photovoltaic 
panel temperatures (d1 = d2 = 5cm m = 0.019 kgls) 
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Electrical Performance of the Photovoltaic Thermal Solar Collector 

There is no standard procedure of plotting the electrical performance of the photovoltaic 
thermal solar collector. However, previous authors such as Hendrie (1979) and Cox and 
Raghuraman (1985) plotted the variations of the photovoltaic panel efficiency and 
average fluid temperature of the collector. Moreover, the efficiency of the photovoltaic 
panel can be formulated as a function of the mean temperature of the photovoltaic panel 
and is shown as follows (Sopian et al., 1996) 

(1) 

11Tref is the photovoltaic efficiency at 25°C, Tpv is the mean photovoltaic panel temperature 
and T,.1 is the reference temperature at 25°C. The photovoltaic panel efficiency as a 
function of the average fluid temperature, computed as the average of the inlet and 
outlet temperatures are shown in Figures 8 and 9. 
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Figure 8. Electrical efficiency versus average inlet and outlet temperatures 
of the photovoltaic thermal solar collector {d1 = d2 = 15cm) 
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Figure 9. Electrical efficiency versus average inlet and outlet 
temperatures of the photovoltaic thermal solar collector {d1 = d2 = 5cm) 

In Figure 8, the collector's upper and lower channels are fixed at 15 cm where the mass 

flow rate varies from 0.019 kg/s through 0.045 kg/s. Close examination of the figure 

indicates that for an average fluid temperature range of 35°C to 45°C th~ photovoltaic 

efficiencies.drop from 1 O % to' 12% respectively. In Figure 9, the mass flow rate varies 

from 0.019 kg/s to 0.046 kg/s and the depth of the channels are fixed at 5 cm. During 

the experiments, the average inlet and outlet fluid temperature varies from 37°C to 50°C. 

As a result, the photovoltaic panel efficiency varies from 10.4 % to 12.4 %. In both 

cases, the higher flow rate will improve the photovoltaic panel efficiency. 

Increasing the channel depth will increase the mean photovoltaic panel temperature 

since for the same mass flow rate, the velocity will be lower. The heat transfer coefficients 

between the photovoltaic panel and both the upper and lower air flow streams decrease. 

As a result, the photovoltaic panel efficiency decreases. 

Thermal Performance of the Photovoltaic Thermal Solar Collector 

The data (temperatures, flow rates, and global solar radiation) are recorded at the 

sampling ra.te of once every minute. Foreach 15 minute segment for which an efficiency 

value is to be determined, the values were. calculated using the following equation: 
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T/,h = 
mC, J: (T/t) -TJt))dt · 

I: ACS(t) dt 

j f· ; 
(1) 

The useful gain by the solar collector exposed to solar radiation with measured values 

of fluid inlet (7;) and outlet temperatures (T) and the fluid · mass flow rate (m) is given 
as follows .. .. i : , 

· ·.,1 ; 1'.-'1;:"l , ' 

(3) 

; 

where c, is the specific heat of the fluid. The thermal efficiency of the collector is given 

by 
·1· ·-

Q. 
T/,h = AS 

c 

(4) 

where, Ac is the area of the collector and Sis the global solar radiation incident on the 

collector. The thermal performance of a collector operating under steady-state conditions 

can be written as (Duffie and Beckman, 1991) 

(5) 

where, FR is the collector heat removal factor, UL is the overall heat loss coefficient, and 

(-ra) is the transmittance and absorptance product of the glass cover, and T. is the 

ambient temperature. Equations (4) and (5) can be used to define an instantaneous 

efficiency 

(6) 

(7) 

If UL, FR, and (m) were all constants, the plots of T/ versus (T; -T.)IS should be a straight 

iine with the intercept FR('ta.) and the slope FRUL. FR('ta) and FRUL are two parameters 

that describe how the collectors work. Fi'ta) is an indication of how the energy is 

absorbed and FRUL is an indication of how energy is lost. The two parameters constitute 
. !, 

the simplest practical collector model. 

-· ·: 
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Combined Photovoltaic Thermal Performance of the Photovoltaic Thermal Solar 
Collector 

A curve for rating photovoltaic thermal solar collectors has been constructed by plotting 

the combined photovoltaic thermal efficiencies versus . CT; -T.)/S as shown in Figure t O 

(d, = d1 = 15 cm) and Figure 11 (d, = d1 = 5cm). The combined photovoltaic thermal 
efficiency is the sum of photovoltaic and thermal efficiencies (Sopian et al., 1996). 

where Wpv is the electric power generated by the photovoltaic panel. 
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Figure 10. Thermal and combined photovoltaic thermal characteristics 
curves of the photovoltaic thermal collector {d1 = d2 = 15 cm) 

(8) 

'. . ' ' .. . ' ' ' . ' .. j,, . · . ·: . . . ' ' . .. ' 

In Figure 11, data were chosen from Figures 5· and 6; three during the period preceding 
solar noon a~d three in the period following solar ;noon: These ~pe~iflc pe~iods were -

chose,n so th~t the data points represent time symmetrical to soiar noon. In additio~. 
this will also- minimize the effect of heat capacity of 'the collector. From Figure 5, the 

data points have been chosen from 2:00 PM to 3:30 PM with the mass flow rate of 

0.046 kg/s. The global solar radiation varies from 800 - 950 W/m2• The ambient 
temperature varies between 30°C to 33°C. The inlet temperature varies from between 
4°C to 8°C above the ambient temperature. The photovoltaic and thermal efficiencies 
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vary fr_om . 11.4 % to 12.6 % and 53 % to 58 %, respectively. Hence, the combined 
photovoltaic thermal efficiency varies from 64.4 % .to 70.6%. The next set of data are 
taken from Figure 6 w ith the mass flow rate of 0.036 kg/s. The global solar radiation 
varies from 800 - 900 W/m2 and the ambient temperature varies from 30°C - 32°C. The 
inlet temperature varies from between 4°C - 7°C above the ambient temperature. The 
time from which the data have been chosen .were from 12:30 to 3:30 PM. Four data 
points are chosen before 2:00 PM and four data points after 2:00 PM. The photovoltaic 
and thermal efficiencies vary from 11.0 % to 11.2 % and 50 % to 55 % respectively. 
Therefore, the combined photovoltaic thermal efficiency varies from 61 to 66.2 %. 
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,. Figure 11. Thermal and combined photovoltaic thermal characteristics 
curves of the photovoltaic thermal collector {d1 = d2 = 5 cm) __ 

Close examination of Figures 10 and 11 _show some very interesting results. As cari be 
seen in these Figures, the intercept Fiia) or the straight lines are different for all the 
three cases. In Figure 1 O the intercept value for the thermal case alone is at 49 %. 
Consequently, the intercept for the combined photovoltaic thermal case is at 60 %. 
These values take into account the gain made by the photovoltaic panel. In Figure 11, 
the intercept is at 63 % for the case of the thermal collector alone. The intercept value 
increased to 74 %_when the combined photovoltaic thermal case is considered. These 
changes in the intercept values FR(ia) indicated how energy have been absorbed by 
the two arrangements. The reason for the increase was because of the decrease in the 
channels spacing. Higher channel spacing decreases the convective ~eat transfer 
coefficient and hence, increases the mean photovoltaic panel temperature. Higher mean 
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photovoltaic temperature will decrease the efficiency of the photovoltaic panel. The 

thermal efficiency decreases with increasing mean photovoltaic panel temperature. This 
is to be expected, for as the temperature of the absorber or photovoltaic panel increases, -

so do the temperature of the back-plate and the glass cover. This leads to increasing 
heat losses from these plates to the ambient which results in decreasing thermal 

efficiency for the collector. As can be seen from Figures 10 and 11, the slope (FRFJ 
of the straight lines are very much the same. This indicated that the leakage has been 
kept at a minimal even when the channels depth of the collector have been changed. 

CONCLUSION 

Characteristics curves for the electrical and thermal performances of a photovoltaic 
thermal solar collector have been plotted. The variations of the photovoltaic panel 

efficiency and average fluid temperature of the collector represent the electrical 
performance curve. A curve for rating photovoltaic thermal solar collectors has been 

constructed by plotting the combined photovoltaic thermal efficiencies versus(~ - T,)!S. 

Its is important to note that the experimental setup was not designed as a commercial 
collector testing facility. A real solar collector testing setup should have a controller and 

a heater to maintain the inlet temperature at specific values. Maintaining the inlet 

temperature at a much higher value can widen the range of (Ti - T)!S. In this experimental 
setup, the heating of the inlet temperature has been done by the galvanized iron inlet 

manifold. The man_ifold was heated by the incoming solar radiation. 

As can be seen in the Figures, it was difficult to obtain the straight line. The data are 

scattered. UL is a function of temperature anq wind speed. Also, FR is a weak function 
of temperature. The scatter in the Figures were expected because of temperature 

dependence, wind effects, and angle of incidence variations. In spite of these difficulties, 
long term performance parameters FR(w) and FRUL can be obtained. These parameters 

can be used for estimating the performance of many solar heating systems that would 
incorporate both photovoltaic and thermal systems. 
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