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Abstract
Hybrid Photovoltaic Thermal (PVT) collectors are an emerging technology that
combines PV and solar thermal systems in a single solar collector producing heat and
electricity simultaneously. The focus of this thesis work is to evaluate the performance of
unglazed open loop PVT air system integrated on a garage roof in Borlänge. As it is
thought to have a significant potential for preheating ventilation of the building and
improving the PV modules electrical efficiency. The performance evaluation is important
to optimize the cooling strategy of the collector in order to enhance its electrical efficiency
and maximize the production of thermal energy. The evaluation process involves
monitoring the electrical and thermal energies for a certain period of time and investigating
the cooling effect on the performance through controlling the air mass flow provided by a
variable speed fan connected to the collector by an air distribution duct. The distribution
duct transfers the heated outlet air from the collector to inside the building.
The PVT air collector consists of 34 Solibro CIGS type PV modules (115 Wp for each
module) which are roof integrated and have replaced the traditional roof material. The
collector is oriented toward the south-west with a tilt of 29 ᵒ. The collector consists of 17
parallel air ducts formed between the PV modules and the insulated roof surface. Each air
duct has a depth of 0.05 m, length of 2.38 m and width of 2.38 m. The air ducts are
connected to each other through holes. The monitoring system is based on using T-type
thermocouples to measure the relevant temperatures, air sensor to measure the air mass
flow. These parameters are needed to calculate the thermal energy. The monitoring system
contains also voltage dividers to measure the PV modules voltage and shunt resistance to
measure the PV current, and AC energy meters which are needed to calculate the
produced electrical energy. All signals recorded from the thermocouples, voltage dividers
and shunt resistances are connected to data loggers. The strategy of cooling in this work
was based on switching the fan on, only when the difference between the air duct
temperature (under the middle of top of PV column) and the room temperature becomes
higher than 5 °C. This strategy was effective in term of avoiding high electrical
consumption by the fan, and it is recommended for further development. The temperature
difference of 5 °C is the minimum value to compensate the heat losses in the collecting
duct and distribution duct.
The PVT air collector has an area of (Ac=32 m2), and air mass flow of 0.002 kg/s m2.
The nominal output power of the collector is 4 kWppv (34 CIGS modules with 115
Wppvfor each module). The collector produces thermal output energy of 6.88 kWth/day
(0.21 kWth/m2 day) and an electrical output energy of 13.46 kWhel/day (0.42 kWhel/m2
day) with cooling case. The PVT air collector has a daily thermal energy yield of 1.72
kWhth/kWppv, and a daily PV electrical energy yield of 3.36 kWhel /kWppv. The fan energy
requirement in this case was 0.18 kWh/day which is very small compared to the electrical
energy generated by the PV collector. The obtained thermal efficiency was 8 % which is
small compared to the results reported in literature for PVT air collectors. The small
thermal efficiency was due to small operating air mass flow. Therefore, the study suggests
increasing the air mass flow by a factor of 25. The electrical efficiency was fluctuating
around 14 %, which is higher than the theoretical efficiency of the PV modules, and this
discrepancy was due to the poor method of recording the solar irradiance in the location.
Due to shading effect, it was better to use more than one pyranometer.
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Nomenclature and units
Ac

PVT Collector area

m2

C

Low pass filter capacitance

F

cp

Specific heat capacity of air

J/kg K

DH

Hydraulic air duct diameter

m

Dop

Optimum air duct depth

m

Ec

Thermal energy

Wh

fc

Resonance frequency of low pass filter

Hz

G

Solar irradiance

W/m2

Id1, Id2

Voltage divider currents

A

Ipv

PV current

A

Isc

Short circuit current

A

L

Air duct width

m

Air mass flow

kg/s

Pel

Electrical power

W

Pth

Thermal power

W

R

Low pass filter resistance

Ω

R1, R2

Voltage dividers resistances

Ω

Rs

Shunt resistance

Ω

Tin, Tout

Inlet and outlet air temperatures

ᵒ

TH, TM, TL

Higher, middle and lower temperatures of PV colon

ᵒ

m

.

C
C

TF, TD, Tamb Front, duct and ambient temperatures

ᵒ

Voc

Open circuit voltage

V

Vr1, Vr2

Output voltages of the dividers

V

Vs1, Vs2

Voltages measured across the shunt resistance

V

W

Air duct width

m

ηel

Electrical efficiency

%

ηth

Thermal efficiency

%
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1. Introduction
Since the industrial revolution in eighteenth century, energy has been one of the
greatest challenges facing mankind. Fossil fuels such as coal, petroleum, and natural gas
have been the main energy resources for everything vital for human society
(transportation, electricity, lightning, heating of buildings, cooking, etc.). However, fossil
fuel resources are being rapidly depleted by excess exploration, and once they run out they
can’t be replenished. Furthermore, fossil fuels are expensive to retrieve from the earth and
to use them, and these fuels create massive pollution in the environment.
The promising alternative energy source is the sun, the most abundant energy
resource available for human society. The total energy of solar radiation reaching the earth
per year is approximately 5.46 x 1024 J. To have an idea of how much the sun energy is, it is
enough to know that in the years 2005-2010, the annual global energy consumption was
about 5 x 1020 J, Chen, (2011). That means 0.01 % of the annual solar energy reaching the
earth can satisfy the energy needs of the entire world.
Thanks to the intensive research and development, using of solar energy, especially
solar photovoltaic (PV), is enjoying rapid progress. Therefore, it is expected that in the
near future solar energy will become the primary energy source, surpassing all fossil fuel
energy resources. Photovoltaic is a technology involving the direct conversion of solar
radiation into electricity by using solar cells. A solar cell is essentially a specialized
semiconductor diode with a large barrier layer which can convert a part of the incident
light on the cell into DC electricity. Solar systems that harness solar energy could be
classified into two main categories, PV systems and solar thermal collectors as shown in
Fig.1. While PV systems convert solar energy to electricity, solar thermal collectors convert
solar energy to thermal energy either for heating purpose or for generating electricity. A
third category, PV thermal hybrid collectors (Fig.1), can be added to the previous
classification combining both PV systems and solar thermal collectors. PV thermal
collectors can produce thermal energy and electricity simultaneously from a single solar
collector.

Fig.1.1 Classification of solar energy systems.
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1.1 Motivation
Hybrid photovoltaic thermal (PVT) collectors are using photovoltaic (PV) modules
both for electricity and heat production. These systems attract special interest among the
solar energy applications due to their economic and energetic properties especially for
domestic applications.
The PV modules suffer from degradation of their conversion efficiency when their
operating temperature increases. As the module temperature increases, the short circuit
current (Isc) slightly increases, while the open circuit voltage (Voc) decreases considerably.
Therefore, reducing the module temperature is a useful methodology in order to improve
the electrical performance of PV modules. In PVT air collector, the inlet air (ambient air in
our case) is enforced to pass on the back of the modules to reduce their temperature and
thus increasing their efficiency. In meanwhile, the outlet air heated by the modules can be
directed into a building for heating purpose. The PVT air systems are not widespread, and
the evaluation of such systems is very important to enhance their performance and to
make them more attractive for public use.

1.2 Aims
The objective of the project is to evaluate the thermal and electrical performance of the
installed PVT air collector. The evaluation shall be used to study if the cooling can be
optimized in order to increase the electrical energy produced by the PV modules, and
maximize the heat production.

1.3 Method
The methodology of this work involves the following stages:
- Designing and building a monitoring system to acquire the needed parameters
- Measurements of main electrical and thermal parameter over a period of a few days
in May.
- Analysis of the measurement data and calculation of thermal and electrical
performance based on energy balance model from Bambrook et al., (2012).
The monitoring system is based on thermocouples (TCs), voltage dividers, shunt
resistances, pyranometer, data loggers, and air, wind velocity sensors. For the thermal
evaluation, the main parameters to be monitored are the inlet air temperature Tin, the
outlet air temperature Tout, the room temperature Tr, the ambient temperature Tamb, the air
duct temperature TD, the air mass flow rate driven by the fan m., and the temperatures of
back and front of the PV modules. For electrical evaluation, the main parameters to
measure are the output DC voltages (Vpv) and currents (Ipv) of the PV arrays.
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2 Theoretical background and literature review
In this chapter, the shortage in performance of PV modules, due to high operating
temperature is explained, and the necessity of developing PVT collectors is pointed out.
The concept of PVT collectors and their types are mentioned in details. A short literature
review about the design and energetic balance of PVT collectors is presented.

2.1 Limitation of PV systems
Each type of solar cells in the PV systems has a certain cut-off absorption wavelength
corresponding to the cells band gap energy. Any incident photon with a wavelength longer
than the cut-off wavelength will not be absorbed by the solar cells. That means photons of
longer wavelength (their energy is below the band gap energy) do not generate electronhole pairs to produce electricity, but only dissipate their energy as heat in the cells. Most of
PV cells convert 8 to 20 % of the incident solar radiations into electricity depending on the
type of cells and the operating conditions, and more than 50 % of the incident solar energy
is transferred to heat energy. As a result, the PV cells temperature may increase to more
than 30 ᵒC above the ambient temperature depending on the later and the wind speed.
Increasing the cells temperature leads to reducing VOC voltage and thus reducing the cells
electrical efficiency. Figure 2.1 shows an example of an I-V curve of a PV module
presenting the effect of cell temperature on the electrical performance of the module
(arrangement of cells). For example, by increasing the silicon (mono-crystalline) based cell
temperature from the ambient value of 25 ᵒC to 85 ᵒC, the VOC decreases by 18 % which
negatively affects the electrical performance of solar system, Häberlin, Heinrich,Book p136,
(2012).

Fig.2.1 I-V curve of a PV module with different cell/modules temperatures and 1000 W/m2 insolation.
Isc increases slightly, while VOC decreases considerably with increasing the temperature. Red circles indicate
Voc and Isc values, https://en.wikipedia.org/wiki/Theory_of_solar_cells.
Cooling the PV modules with a fluid stream (coolant) is a good strategy to improve
the modules performance. Conceptually the better design is to re-use the heat energy
extracted by the fluid. Then the total energy yield per unit area of the modules can be
considerably improved. These are the incentives leading to the evolvement of PVT hybrid
solar technology.
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2.2 Basic concept of PVT collectors
PVT hybrid collectors can supply electrical and thermal energy simultaneously, and has
merits of higher energy gain and effective utilization of installation area compared to only
PV panels or solar thermal collectors with the same capacity. A PVT collector mainly
consists of two layers: A glazed or unglazed PV layer at the top and a thermal absorber
layer at the bottom which absorbs heat from the PV layer. The absorber layer has an inlet
and outlet for fluid circulation. The fluid, which may be liquid (such as water or waterglycol mixture) or air, is circulated through the absorber material to extract heat from it.
Fig.2.2 shows a simple structure of flat plate PVT collector.

Fig.2.2 Main features of a flat-plate PVT collector, Chow, (2010).
Extracted heat from the PV modules serves as a second benefit along with the increased
performance of the PV modules. For low temperature applications such as domestic hot
water heating, pool heating, and air heating in ventilation systems, PVT collectors are
attractive in terms of efficiency and performance. Furthermore PVT collectors provide
architectural uniformity at the building facade and are aesthetically better than the two
separated arrays of PV and solar thermal collectors being placed side by side to get the
same output of one PVT collector.
There are several types of PVT collectors and they are classified with respect to the
fluid used, shape of the collector and whether it’s integrated into a building or not.
Moreover, having glazing on the collector is another factor that distinguishes a PVT
collector’s characteristics. The main two types of PVT collectors, according to the shape,
are flat plate PVT collectors, concentrating PVT collectors, and they can use either water
(PVT water collectors) or air (PVT air collectors) as fluid. Flat plate PVT collectors are
very similar to the well-known flat plate thermal collectors, but they have a PV layer above
the thermal absorber as shown in Fig.2.2. In concentrating PVT collectors, concentrators
are used to increase the irradiance level on PV modules which leads to use less PV panel
area and hence reducing the total cost of the collector. A low concentrating PVT water
collector of building integrated type of 50 m2 glazed area (mono-crystalline Si solar cells)
was investigated by Brogren et al., (2002), where low cost aluminum foil reflectors in
parabolic shape were used with a concentration ratio of 4.3. The annual electricity
production was considerably higher by about two times, and the thermal energy was higher
by 3 to 4 times than the electrical energy produced by conventional PV systems, with no
8

concentration. The collector was installed in Stockholm, Sweden and was able to produce
800 kWh of heat and 200 kWh of electricity per m2 solar cell area. The hot water had a
temperature of about 50 ᵒC.
Generally, air or water is used as a fluid to extract the heat from the PVT collector.
Water and air are preferred coolants rather than refrigerants since the overall cost of the
entire system increases due to the capital cost and maintenance cost for the refrigerant
loop. Water is the most effective fluid to collect the heat from the PV panel and absorber
due to its high heat capacity and thermal conductivity.

2.3 Parameters affecting PVT performance
In PVT collectors, the electrical and the thermal efficiencies increase to certain extend
as the mass flow rate of the fluid increases. However, increasing the mass flow rate results
also in decreasing the outlet temperature of the fluid and increasing the required electrical
energy for the pump or the fan that moves the fluid through the PVT system. Therefore, a
good designing of a PVT collector requires choosing the right value of the fluid mass flow.
There are additional fundamental parameter to be considered in the PVT collector design,
such as collector area, the length to width ratio of the collector and the depth of cooling
duct, which affect significantly the energetic performance of the collector (Brinkworth,
2006, Farshchimonfared et al., 2015).

2.4 PVT cost compared to PV systems
The costs of PVT and PV systems depend on the developed technology and varying
over time, but mostly, PVT collectors are more expensive compared to PV and thermal
collectors. For example, Tripanagnostopoulos et al., (2002) conducted outdoors tests on
both PVT air and water collectors of different design configurations for horizontalmounted applications. They found that PVT air collectors are around 5 % higher in
production costs than the PV modules. This would be around 8 % for PVT water
collectors with pc-Si cells, and around 10 % when the entire system costs were considered.
The outcome of their experimental tests gave a range of thermal efficiency from 38 % to
75 % for PVT air collectors and 55 % to 80 % for PVT water collectors, based on the
steady state noon-hour measurements in the University of Patra (at 38.2ᵒ N) in Greece.
During the experiment, the collectors were arranged in parallel rows and keeping a
distance between rows to avoid shading, and then low-cost booster diffuse Aluminum
reflectors (concentration ration = 1.5) were placed between the adjacent rows to increase
the received radiation at collector surfaces.

2.5 PVT water collectors
In this type of PVT collectors, water or a mixture of water (i.e. water-ethylene-glycol)
is circulated through the collector to extract heat from it. Using a PVT water collector is
advantageous if there is a demand for hot water. Flat structure of the collector allows
simple design and convenient integration on a building, usually rooftops; therefore PVT
flat water collectors are more popular compared to concentrating PVT water collectors.
Furthermore, in PVT water collectors, hot water may be stored in an external tank for a
period of time which imposes drawback of leakage and freezing that may occur in extreme
conditions, Arif Hasan et al., (2010). However, these can be prevented by robust
construction and by using water-ethylene-glycol mixture. PVT water collectors may either
be glazed or unglazed. An extra layer of glass on top of the PV cells results in less heat
losses and greater thermal performance, whereby reducing electrical performance by some
extent due to the reason that PV cells perform worse in higher temperatures. Unglazed
PVT collectors have higher electrical performance and lower thermal performance
compared to glazed ones because of greater heat losses resulting in lower operating
temperatures, Ramos, (2010).
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PVT water collectors have been presented in the literature with different design
depending on the cooling method. Fig.2.3 shows the cross sectional views of common
PVT water collector designs. The sheet-and-tube design (Fig.2.3.a) provides the simplest
way to construct a PVT collector by integrating a standard PV panel to a thermal collector
without any modification. Even, the annual efficiency of this design is about 2 % worse
compared to other designs; it can be a good choice due to its simplicity. The cooling
channel below transparent PV design (Fig.2.3.c) gives the best efficiency, Zondag, (2003).
The configuration of a channel PVT collector with the channel on top of the PV
(Fig.2.3.d) imposes constraints on the choice of the collector fluid; so that the absorption
spectrum of the fluid should be sufficiently different from the PV absorption spectrum in
order to allow the PV to receive the incoming radiation. The effect of spraying water upon
the PV cells is investigated in terms of cells temperature variation and reflection losses
showing an increase in cells efficiency on average of 3.26 %, (Amery and Abdolizadeh,
2009).

Fig.2.3 Cross-sections of some common PVT water collector designs, Chow, (2010).
The thermal efficiency of PVT water systems is generally in the range of 45 – 70 % for
unglazed to glazed panel designs.
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2.6 PVT air collectors
In PVT air collectors, air is circulated through the collector instead of water. This type
of collectors is attractive for applications where heated air is required. PVT air collectors
provides some advantages such as they are cheaper and less complex compared to PVT
water collectors [Arcuri, (2014); Bambrook et al., (2012)], where a simple fan can be used
instead of a water pump. Moreover, there is no risk of freezing, or boiling at extreme
weather conditions. On the other hand, PVT air collectors suffer from some major
disadvantages such as having lower thermal performance characteristics compared to water
types due to lower heat capacity and thermal conductivity of air compared to water.
Furthermore, low density of air causes the transfer volume to be significantly higher than
that of PVT water types. Thus, pipes with higher volume and greater bulk are needed
which is not suitable for applications with low available area and is not aesthetically likable.
Despite these disadvantages, PVT air collectors are suitable choices for hot air applications
thanks to their lower cost. Fig.2.4 shows a single pass flat plate PVT collector, where the
air is circulated in a duct at the back of PV modules to extract the heat.
PVT air collectors can also be uncovered or glass covered, where a covered collector
has an additional glass cover over the PV modules to reduce heat loss from the top of the
collector, Tonui et al., (2007). Variety of PVT air collector designs including single pass or
double-pass, wall-mounted or roof mounted have been reported in the literature.

Fig.2.4 Single pass PVT air collector, M. Farshchimonfared et al., (2015).
A number of experimental and analytical studies have been reported on PVT air
collectors [Tonui et al., (2007), Chen et al., (2010), Mei et al., (2009), Candanedo et al.,
(2010)]. Tonui et al. (2007) investigated low cost improvements for PVT air collectors to
enhance the heat extraction from the PV modules. The design contains two modifications
involving the interposing of a thin (flat) metallic sheet at the middle of the air duct or
channel (TMS configuration in Fig.2.5) and attaching rectangular fins, oriented parallel to
the flow direction, at the back wall of the channel (FIN configuration in Fig.2.5), to
enhance heat transfer from the channel walls to airflow. The PVT collector consisted of
two identical polycrystalline pc-Si PV panels, of length 1 m, aperture area 0.4 m2 and rated
power of 46 Wp, as ‘absorber’ plates. The air channel had a depth of 15 cm attached at the
rear surface of each module. The air duct casings were constructed from a thermal
insulator board of thickness 5 cm on the backside and the edges with a thin aluminum
sheet as inner lining. Small inlet and outlet vents of diameter 5 cm (to fit to the flexible
tubes from the air pump) were provided at the top and bottom of the air channels,
respectively. The fins height and spacing distance was each equal to 4 cm. Fig.2.5 displays
the three PVT designs developed by Tonui et al. (2007).
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Fig.2.5 Cross-sectional view of PVT air collector models. Flow direction is perpendicular to the page,
Tonui et al. (2007). REF: presents the PVT air collector without modification, TMS: presents the
modified collector with thin metalic layer at the middle of the duct, FIN: presents the modified collector with
fins in the duct.
Their results showed that the thermal efficiency was 25, 28, and 30 % for REF (collector
without modifications), TMS, and FIN configurations, respectively. They mentioned that
the modifications increased the thermal efficiency of the PVT air collectors by 12 % and
20 % for TMS and FIN designs, respectively compared to the REF design for both natural
and forced airflow. In forced flow, the air flow rate was 60 m3h-1 corresponding to air
velocity of 0.25 m/s. While in natural flow, the flow rate was 12.5 m3h-1 corresponding to
air velocity of 0.06 m/s. The module temperature measured without air circulation for all
the PVT air configurations was about 55-75 ᵒC at ambient temperature of about 30 ᵒC and
insolation level of 700-800 W/m2. With the air circulation, the measured PV module
temperatures range from 45 to 65 ᵒC depending on the flow rate, weather conditions and
time of the day.
Testing of an experimental building integrated PVT (BIPVT) air system is done by
Bazilian et al. (2001), where an air gap between the PV module and the building is used for
circulating air to cool PV modules and the pre-heated air can be used for building thermal
needs. Chen et al. (2010) investigated another type of BIPVT system thermally coupled
with a ventilated concrete slab in a low energy solar house located in the cold climate of
Quebec, Canada. The used BIPVT system consisted of 21 amorphous silicon 136 Wp PV
modules bonded directly to metal roofing which covers an area of (6.2 m width x 10.4 m
length). A shallow air duct with a depth of 0.038 m runs underneath the metal roofing and
the back of the channel is composed of plywood and insulation. The use of low air flow
rates (0-0.0056 kg/s m2) enables large temperature increases between the inlet and outlet
air of the order of 40 ᵒC for a sunny day in winter. The PV modules were shown to be
operating at high temperatures around 50-60 ᵒC under these conditions. A typical thermal
efficiency of 20 % for the BIPVT system was reported. More PVT air collector designs
have been presented in the literature with some of the main features implemented being
single-pass or double-pass air flow, and using the PVT concept as either a building wall
facade or a roof mounted unit. Hegazy (2000) performed an extensive investigation of the
thermal, electrical, hydraulic and overall performance of four types of flat-plate PVT air
collectors including one cooling channel above PV as Mode I (Fig.2.6.a), one channel
below PV as Mode II (Fig.2.6.b), PV between single-pass channels as Mode III (Fig.2.6.c),
and finally the double-pass design as Mode IV (Fig.2.6.d).
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Fig.2.6. Longitudinal cross-sections of some common PVT air collector designs, Chow, (2010).
The numerical analysis showed that while Mode (I) has the lowest performance, the other
three have comparable energy yields. The thermal efficiency of the PVT collector increased
with increasing the air mass flow regardless of the collector configuration. The increment
in the thermal efficiency was high before the air mass flow reached 0.02 kg/sm2, while the
increment became weak after the air mass flow over passed 0.02 kg/s m2 as shown in
(Fig.2.7). The thermal efficiency was 50 % at air mass flow of 0.02 kg/sm2.

Fig.2.7 Daily thermal efficiency performance of flat plate PVT air collector configurations (I–IV)
analyzed by Hegazy, (2000).
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The temperature difference between the inlet and outlet air of the collector decreased with
increasing the air mass flow as shown in Fig.2.8. The temperature difference was 25 ᵒC at
air mass flow of 0.02 kg/sm2.

Fig.2.8 Variation of maximum air temperature rise with air mass rate for PVT air collector
configurations (I–IV) analyzed by Hegazy, (2000).

Fig.2.9 Hourly values of solar insolation and ambient temperature used in the computations, Hegazy,
(2000).
Performance comparisons had been performed employing the hourly data of solar
insolation and ambient temperature shown in Fig.2.9. These climate data were recorded at
Minia University, Egypt for the summer day 24 June 1998, during which the prevailing
wind speeds varied between 0.5 and 1.5 m/s.
Brinkworth, (2006) studied the optimization of the geometry of naturally ventilated PV
cooling ducts to minimize the loss of PV modules efficiency. The outcome of this study
determined that the optimum ratio of the duct length (L) to its hydraulic diameter (DH) is
14

around 20 (or DH/L=0.05), but this value could not be used for a PVT air collector as the
thermal energy output and fan power have not been investigated in the study.
Recently, Farshchimonfared et al., (2015) studied PVT air collectors to optimize the
cooling channel depth, the air mass flow rate per unit collector area and the air distribution
duct diameter considering the whole system performance. The optimization process aimed
to maximizing the thermal energy output per unit collector area delivered to the building at
a fixed value of the temperature rise (Tout-Tin= 10 ᵒC), and for different values of PVT air
collector area Ac (10, 15, 25, 30 m2) and L/W ratio (0.5, 1, 1.5, 2), where W is the air duct
width in m. The collector was linked to an air distribution system of a typical residential
building in a climate with a mild winter (e.g. Sydney). The optimum value of air mass flow
was almost constant and approximately equal to 0.021 kg/s m2 (Fig.2.10). The optimum
depth (Dopt) value varies between 0.09 and 0.026 m (Fig.2.11) and the optimum air
distribution duct varies between 0.3 and 0.5 m (Fig.2.12). The optimum depth increases as
the collector L/W ratio and the collector area increase.

Fig.2.10 Optimum air mass flow rate per unit collector area as a function of the length to width ratio
(L/W) for collectors of area 10, 15, 25 and 30 m2, Farshchimonfared et al., (2015).

Fig. 2.11 Optimum depth as a function of the length to with ratio (L/W) for collectors of area 10, 15, 25
and 30 m2, Farshchimonfared et al., (2015).

15

Fig.2.12 Variation of the air distribution duct diameter as a function of the length to width ratio (L/W)
for collectors of area 10, 15, 25 and 30 m2, Farshchimonfared et al., (2015).

Fig.2.13 Variation of the optimum depth to length ratio of the PVT air collectors, Farshchimonfared et
al., (2015).
Fig.2.13 illustrates the variation of the optimum depth to length (Dopt/L) of PVT air
collectors. The value (Dopt/L) was not constant and varied between 3.4 x 10-3 to 4 x 10-3
depending on the value of L/W and the collector area.
Bambrook et al. (2012) demonstrated a thermal energy output of around 15 kWhth/day
(2.41 kWhth/m2 day), and an electrical output of 3.28 kWhel/day (0.53 kWhel/m2 day), on a
sunny winter’s day in Sydney. The electrical and thermal outputs were generated by using a
PVT air collector with an area of (Ac=6.22 m2), and air mass flow of 0.048 kg/s m2. The
PVT air collector consisted of six PV modules with total output power of 0.66 kWp. The
non-ventilated PVT air collector had a midday electrical efficiency of 10.6 % in sunny
winter weather conditions. At 12:00 pm, the air cooled collector produced an electrical
efficiency of 12.2 %, representing a relative electrical efficiency increase of 15%. The PVT
air system had a daily thermal energy yield of 22.7 kWhth/kWppv, and a daily PV electrical
energy yield of 4.97 kWhel /kWppv. The fan energy requirement in that case was 0.15
kWh/day, which is smaller than the additional energy generated by the PV modules (0.25
kWh) due to the ventilation and operation at a lower temperature. The reference electrical
energy output used for that case is the electrical energy output of the non-ventilated PVT
system which is 3.03 kWh and corresponds to a PV electrical energy yield of 4.59
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kWhel/kWppv (These values of electrical energy, with ventilation and without ventilation,
were adjusted for an average Sydney sunny day solar insolation of 5.75 kWh/ m2 day).
Chan et al. (2010) demonstrated a heat output of 9.7 kW, and an electrical output of
2.41kW, produced by 64.5 m2 residential BIPVT with air flow rate of 0.036 kg/s m2. The
fan power was 0.4 kW. The unventilated case generated an electrical output of 2.31 kW
and no thermal output. That means an increase of 100 W in electrical output and 9.7 kW
heat output of the BIPVT air system came at a price of 400 W for the fan power.
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3 Experimental setup and measurements
In this chapter, detailed information about the installed PVT air collector is discussed, and
the developed monitoring system is carefully described. Moreover, a full explanation of the
measurement procedure and data acquisition is given.

3.1 Description of the installed PVT air collector
The PVT air collector consists of 34 Solibro CIGS type PV modules (115 Wp for each
module, see Appendix I). Fig.3.1 shows the IV curve of one PV CIGS module at 45 ᵒC
and for different solar irradiance values (1000 W/m2, 800 W/m2, 600 W/m2, 400 W/m2,
and 200 W/m2) to show the electrical performance of such modules.

Fig.3.1 I-V curve of one PV module at 45 ᵒC, under different solar irradiance values, simulated by
PVsyst software. Voltage and current at maximum power (white circle) is 70 V, 1.6 A at 1000 W/m2.
The PV modules are roof integrated and have replaced the traditional roof material
(Fig.3.2). The collector is oriented toward the south-west with a tilt of 29ᵒ. Two rows of
the modules are formed: the upper row contains 17 modules, and the lower row contains
also 17 modules to occupy the half of roof area of 32 m2 (length of 13.6 m x width of 2.38
m). The arrangement of the module strings is chosen to minimize the shading effect
caused by two houses and few trees in the surroundings as shown in the drawing (Fig.3.3)
below simulated by PVsyst software. The modules arrangement contains two PV arrays
(Array 1 and Array 2 shown in Fig.3.4): the first array has 4 strings in parallel (each string
consists of 4 modules connected in series), which are connected to one solar inverter type,
(SMA SB2000 of 2kW, see Appendix II), while the second array has 3 strings in parallel
(each string consists of 6 modules connected in series), which are connected to another
solar inverter (SMA SB2000 of 2kW). The PVsyst simulation was done with and without
shading for the two PV arrays separately. The result of the simulations yields that shading
losses per year for array 1 is 14 % which is equal to 525 kWh (14 % of totally produced
energy 3775 kWh when there is no shading). Shading losses per year for array 2 is 12.6 %
which is equal to 475 kWh (12.6 % of totally produced energy 3775 kWh when there is no
shading).
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Fig.3.2. Installed PVT air system. The modules are arranged in two rows to occupy half of the roof area.

Fig.3.3 3D simulation of the PV field and its surrounding shading scene, simulated by PVsyst software.
In Fig.3.4, every two vertical modules form one PV column, and columns 3, 10 are used in
the study.

Fig.3.4. Arrangement of the modules (a), and the strings configuration and connections (b), where each
color presents one string. Columns 3, 10 (in yellow) are used in the study to measure their back
temperatures at different locations.
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Cooling is provided by air passing under the bottom edge to the top edge of the
modules. Seventeen rectangular cooling air ducts or channels (each air duct has a depth of
5 cm, a width W of 0.79 m and a length L of 2.38 m) are formed in parallel (Fig.3.5). The
air ducts under the modules are connected to a rectangular collecting duct through holes.
An opening in the middle of the collecting duct leads the air via a 100 mm pipe (delivery
duct or distribution duct) into the building, where the fan is located. The fan is operated at
volume flow rate of 187 m3/h, with power consumption of 25 W.

Fig.3.5 top view of the PVT collector with the air ducts, delivery duct opening and rectangular collecting
duct. First PV colon, a colon in the middle and two last colons are illustrated in the PV panel.

3.2 Description of the monitoring system
The monitoring system is designed and mounted in the garage room. This system is used
to measure the required parameters for thermal and electrical analysis of the collector. The
part of the monitoring system related to the thermal evaluation consists of 12 T-type
thermocouples (TCs). T-type TCs are attached on the front and back of few modules. The
locations of the TCs are shown in Fig.3.6. TCs are used to measure the back side
temperature of the PV modules at six different points distributed on two PV columns 3
and 10 (Upper temperature TH, temperature middle TM, temperature lower TL are
considered for each column) located in two different places on the roof as illustrated in
Fig.3.4. Two TCs are used to measure the front temperatures TF of the two columns,
another two TCs are used to measure the air duct temperatures TD just behind the two
columns in the middle position. The outlet air temperature Tout, the inlet air temperature
Tin and the ambient air temperature Tamb are measured by the same TCs type. The
temperatures (Tin, TL, TM, TH, Tout, TF, TD, Tamb) are presented in numbered circles (Fig.3.6)
1, 2, 3, 4, 5, 6, 7, 8, respectively. The twelve TCs are connected directly to one data logger
(EdgeboxV12 of 12 channels, resolution of 16 bits, See Appendix III). The temperature
values are read directly from the data logger which is adapted with such kind of T-type
TCs. Accurate temperature measurement is required in such experiment; therefore
calibration of the thermocouples is needed.
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Fig.3.6. Side view of the PVT system with the air duct, delivery duct, fan, pyranometer, wind speed sensor,
air velocity sensor. Tin, TL, TM, TH, Tout, TF, TD, Tamb are presented in numbered black circles 1, 2, 3, 4,
5, 6, 7, 8, respectively.
A T-type thermocouple is inserted in the plastic tube at distance of 0.5 m from the fan
(Fig.3.7) to measure the outlet air temperature (the heated air). Above the mentioned
thermocouple by 0.01m, a velocity sensor is mounted in the plastic tube to measure the air
velocity.

Fig.3.7. Variable speed fan with the delivery duct, temperature based controller, air velocity sensor, and
outlet air thermocouple.
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3.2.1. Calibration of thermocouple sensors
A reference thermometer was used to calibrate the thermocouples in the temperature
range of 14 °C to 75 °C. The tolerance of the reference thermometer was 0.1 ᵒC. The
calibration procedure was done as follows: Clean tap water was boiled and inversed into a
deep cylindrical container to fill 75 % of the container volume. The container is positioned
in the center of an insulating box with a thick insulated cover to prevent heat exchange
with the ambient in order to avoid rapid temperature reduction. The reference
thermometer probe and the 12 T-type TCs were mounted on a ring through holes made in
the ring itself. The ring was inserted inside the container so the sensing areas of all sensors
were completely submerged in the hot water at the same height, but the TCs probes did
not touch the bottom or sides of the container. The whole closed box was left for few
hours to get homogenous temperature distribution in the box. Cold water was regularly
mixed with the hot water to get the desired temperature. Stirring the mixture was done by
a DC motor rotating a metallic rod passes from the cover and the center of the ring to
reach a position under the probes inside the container. The rod ends with 4 thin fins to
ensure good stirring effect. All the TCs were connected to a data logger (EdgeBoxV12, 12
channels, resolution of 16 bits) to record their temperatures every minute, and the reference
thermometer values were recorded manually. The temperature range was varied from
75 ᵒC to 14 °C. The tolerance of T-type TCs was 0.70 °C before the calibration and
improved after the calibration to be better than 0.16 °C. A second order polynomial is
used to fit the measured temperature values for each TC to the reference temperature
values and the polynomial coefficients are used to calculate the calibrated temperature
values for each TC. Fig.3.8 and Fig.3.9 show a temperature deviation between the
reference thermometer and the first set of TCs (TC1 to TC6), before the calibration and
after the calibration, respectively. The performance of the second set of TCs (TC7 to
TC12) is quite similar to the first set.

Fig.3.8. Temperature deviation between the reference thermometer (Tref) and the first set of thermcouples
(TC1 to TC6) before the calibration.
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Fig.3.9 Temperature deviation between the reference thermometer (Tref) and the first set of thermcouples
(TC1 to TC6) after the calibration.

3.2.2. Pyranometer, wind and air velocity sensors
A pyranometer type SP lite2 (see appendix IV) is used to measure the solar
irradiance. The spectral range of the pyranometer is 400 nm to 1100 nm with a sensitivity
of 73.7 μV/Wm-2 and the total output signal ranges between 0 to 150 mV corresponding
to irradiance between 0 and 1500 W/m2. Figure 3.10 shows a picture of the pyranometer.
The response time of this instrument is better than 0.5 s, therefore, a 30 second
measurement interval is safely used in the experiment.

Fig.3.10. Right, SP lite2 Silicon pyranometer, http://www.kippzonen.com. Left, The pyranometer
mounted on the PVT collector.
A Thies CLIMA compact wind speed sensor (see Appendix V) is used to measure the
wind velocity during the monitoring time. Fig.3.11 shows the wind speed sensor. The
sensor measures a wind speed in the range of 0.5 to 50 m/s. with a corresponding output
signal of 0 to 2 V. The output signals of the pyranometer, and wind sensor are directly
connected to the data logger.
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Fig.3.11. Right, Wind speed sensor, Thies CLIMA type, http://www.thiesclima.com. Left, The wind
speed sensor mounted on the PVT collector.
A Testo 480 air velocity sensor (see Appendix VI) is used to measure the air velocity just
before the fan at distance of 60 cm. The sensor with a hot wire probe can measure a
velocity between 0 to 20 m/s with a resolution of 0.01 m/s within a temperature range
between -20 ᵒC to 70 ᵒC. Fig.3.12 Shows the air velocity sensor.

Fig.3.12, Air velocity sensor (right) with its hot wire probe (left).

3.2.3. Voltage dividers and shunt resistances
The part of the monitoring system related to the electrical measurements consists of two
voltage dividers and two shunt resistances, and two AC energy meters. One voltage divider
and one shunt resistance (10 A, 60 mV) are used to measure the output voltage and the
output current of one PV array, respectively. Fig.3.13 shows a schematic diagram of the
one voltage divider, shunt resistance, AC energy meter with one data logger, connected
together with one PV array. Each voltage divider consists of two resistances R1, R2 with a
tolerance of 5 % of its nominal value. The output voltages of the dividers Vr1 and Vr2 (Vr
as seen in Fig.3.13) are measured across R2 for each divider and sent directly to the data
logger. The values of R1, R2 are chosen to have voltage values Vr1 and Vr2 less than 2.5 V
and divider currents Id1 and Id2 (Id as seen in Fig.3.13) less than 1 mA which are the
maximum voltage and current values allowed by the data loggers. Table.1 presents the
measured values for (R1, R2) and the calculated values of (Vr1, Vr2) and (Id1, Id2) for the
maximum output voltage and current of each PV array.
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Fig.3.13. A schematic diagram of one voltage divider including (R1,R2), and shunt resistance Rs, AC
energy meter, and the data logger.
Table.1 Summary of the calculated values of the voltage divider resistances, R1, R2, and the corresponding
voltages and currents (Vr1, Vr2) and (Id1, Id2) besides to the shunt resistance voltages (Vs1, Vs2).

Configuration

PV array 1
PV array 2
Component
Voltage divider 1
Voltage divider 2
Component
Shunt resistance voltage 1
Shunt resistance voltage 2

Max voltage Vpv,max

Max current Ipv,max

450 V
6.2 A
660 V
4.7 A
R1 (kΩ)
R2 (kΩ)
Vr, max (V)
Id, max (mA)
467
2.2
2.11
0.99
665
2.2
2.13
0.99
VS, max (mV)
38
29

It is worthy to point out that Vpv, max, and Ipv, max, for each PV array, were calculated at 25 ᵒC
and under solar irradiance of 1000 W/m2. The resistance R1=467 kΩ was formed of 10
resistance of 46.7 kΩ for each. The resistance R2=665 kΩ was formed of 10 resistance of
66.5 kΩ for each. Using 10 resistances of small values instead of using one of big value
was done to ensure low self-heating effect for each resistance.
The values (Vr1, max, Vr2, max) are calculated by the following relation:

Vr ,max,i  R2,i ( R1  R2 )i  V pv ,max,i , i  1,2

Equ. 3.1

The previous equation was also used to calculate Vpv of the corresponding PV array. The
values (Id, max1, Id, max2) are calculated by the following relation:

I d ,max,i  V pv ,max,i ( R1  R2 )i , i  1,2

Equ. 3.2

The current of the PV array can be obtained from the shunt resistance by the following
relation:
I pv ,i  Vs ,i Rs ,i , i  1,2
Equ. 3.3
The previous equation was also used to calculate Ipv current for each PV array.
25

Fig.3.14 shows a picture of the monitoring system connected to the inverters, the power
distribution, and the junction boxes.

Fig.3.14 a picture of the monitoring system connected to the inverters, junction boxes, and the power
distribution box.
Table.2 Main properties of the components used in the monitoring system.
Table.2 Summary of the main properties of the components used in the monitoring system.

Component

Type

Input
range

Output
range

accuracy

sensitivity

Pyranometer

SP lite2

0-1500
W/m2

0-150 mV

< 2.5 %

73.7 V/Wm-2

Compact wind
speed sensor

Thies
CLIMA
Model.No:
4.3519.00.167

0.5-50 m/s

0-2000 mV

± 3%
measured
value

< 1 m/s

Air speed
velocity

Testo 480

0-20 m/s

0-20 m/s

Thermocouple

T-type

-60-350 ᵒC

-60-350 ᵒC

Data logger

EdgeBoxV12

0-2500 mV

0-2500 mV

±5%
Measured
value
0.2 ᵒC
0.03 % of
full scale

< 0.1 m/s

3.2.4. Low pass filters
It had been observed that the values of voltage dividers were slightly fluctuating, and the
shunt resistance voltages Vs were highly fluctuating around an average value which
extremely affected the recorded values of Vs. It is believed that the main raison of this
fluctuation is the AC electrical interference at 50 Hz caused by the inverters. To minimize
this fluctuation as much as possible, well shielded cables are used to connect the output
voltages (Vr1,Vr2) of the voltage dividers and the shunt resistance voltages (Vs1,Vs2) to the
data logger, and 4 RC low pass filters are used to filter the 4 signals (Vr1,Vr2, Vs1,Vs2) at the
entrance of the data loggers. It is important to say these data loggers have no internal
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filters. Fig.3.15 shows the schematic diagram of RC low pass and its frequency response.
The cut-off frequency (resonance frequency) of RC low pass filter (Heinz Schmidt-Walter,
2007) is given by:
Equ. 3.4
f c  1 (2  R  C )
Where R is the resistance and C is the capacitance of the filter.
The transfer function (Heinz Schmidt-Walter, 2007) of the filter is given by:
Vout   X c Z   Vin

Equ. 3.5

Where X c  1 (2  f  C ) , is the capacitor impedance, and Z  R 2  X c is the total
impedance of the filter.
2

Fig.3.15 RC low pass filter (a), and its transfer function (b), Heinz Schmidt-Walter, p197, (2007).
For R, C calculation, it is needed to suppose a value of C (or R) and calculate the R (or C)
value to get fc of 50 Hz. There will be many solutions of R, C values but it is needed to
choose the R, C values which lead to the desired attenuation factor (as small as possible).
Table.3 presents the chosen values of R, C and the attenuation factor ( Vout / Vin ) of the AC
signal at 50 Hz.
Table.3 R, C values of the filter and the attenuation factor.

f

R (MΩ)

C (nF)

50

2.2
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Vout/Vin
0.08

After using the RC filters, a good stabilization level is achieved. Here, the output voltages
of the dividers (Vr1, Vr2) are affected by total impedance of the filter and a conversion
factor (CV=Vr/V´r, V´r is the measured value with the filter connected) is measured to be
CV=0.84 for each divider.

3.2.5 Data acquisition
Three data loggers were used. Twelve thermocouples corresponding to (2TL, 2TM, 2TH,
2TF, 2TD, Tr, Tamb) were connected to the first data logger (Fig.3.13). The wind speed
sensor, pyranometer voltage signals, the inlet and outlet air thermocouples were connected
to the second data logger (Fig.3.13). The output voltages of the dividers and shunt
resistance voltages were connected to the third data logger (Fig.3.13). It has been observed
a disturbance in the readings of the thermocouples or other sensors when these sensors
had been connected to the data logger of the voltage dividers and shunt signals. That is
why the voltage dividers outputs were connected separately to one data logger. The AC
energy meters of inverters were connected to the count channels of the third data logger.
The channels of each data logger were programmed by using a PC to specify the signal
type for each channel and the measurement range. The measurement time and the
averaging time had been set before starting the experiment. The experiments operated for
more than two weeks continuously. The PV array voltages, PV currents, temperature of
modules, temperature of inlet and outlet, wind speed and solar irradiation of sunlight were
measured each 30 second and summed up to an average value of 5 minutes.
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4 Data analysis and results
This chapter describes the thermal and electrical analysis based on the experimental data
obtained on 13th of May 2015, which was chosen due to the high performance and stable
weather related to that day. The data analysis model including is based on the theoretical
model described in Bambrook et al., (2012).

4.1 Data analysis
For the thermal analysis, the thermal power and thermal efficiency are calculated for
each measurement point. The thermal power Pth in (W) is calculated by Equ.4.1:

Pth  m.  c p  (Tout  Tamb )

Equ. 4.1

.

Where, m is the air mass flow in (kg/s), cp is the specific heat capacity of air in (J/kg K),
Tout is the outlet air temperature and Tamb is the inlet air temperature in (K).
The thermal efficiency ηth is calculated by Equ.4.2:

th 

Pth
Ac  G

Equ. 4.2

Where Ac is the collector area in m2, G is the solar irradiance in (W/m2).
The thermal efficiency for the whole day can be calculated by:

 thday 

 P dt
A   Gdt
th

Equ. 4.3

c

For the electrical analysis, the electrical power, and the electrical efficiency are
calculated based on the AC energy measured at the output of each inverter. The electrical
power Pel in (W) is given by:
Ec   Pel dt
Equ. 4.4
Where, Ec is the AC energy in (Wh).
The electrical efficiency ηel is calculated by:
P
 el  el
Ac  G

Equ. 4.5

The electrical efficiency ηel-day for the whole day can be calculated by:

 el day 

 P dt
A   Gdt
el

Equ. 4.6

c

The total efficiency ηtot of the PVT air collector is given by:

tot  th  el

Equ. 4.7

28

4.2 Results
4.2.1 Thermal performance
For thermal performance, parameters like inlet and outlet air temperatures, temperature
of PV panel at different locations, are very significant. The meteorological conditions
such as ambient temperature, wind speed and solar irradiance play a major role in the
obtained thermal power. Fig.4.1 shows Tin, Tout, Tamb and the solar irradiance G as a
function of time over the whole day (13 May 2015) when the fan was on.

Fig.4.1 Temperature profiles of (Tin, Tout, Tamb) and G variation for 13th of May 2015, with cooling.
The above figure shows the potential performance of the PVT air collector, because it
presents how much the collector can increase the air temperature compared to the ambient
temperature. Tout temperature reaches its maximum of 38 ᵒC which is higher than Tamb
temperature by 23 ᵒC, while Tin temperature reaches its maximum of 32 ᵒC which is higher
than Tamb by 16 ᵒC, when G gets its maximum of 650 W/m2. From Fig. 4.1 it can be seen
that, the maximum solar irradiance occurs around 3:00 pm and the fluctuation of G was
due to the clouds in the sky. It is important to mention that the measured wind speed was
less than 1.5 m/s during the test day as shows in Fig.4.2, therefore the cooling effect by
wind can be neglected to certain extend.

Fig.4.2 Wind speed variations for 13th of May.
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Fig.4.3 shows the PV air collector temperature Tcoll as a function of the solar irradiance
over the whole day (13th May 2015) when the fan was on. Tcol value is calculated as Tcol =
(Tin+Tout)/2. The collector temperature follows the solar irradiance and the maximum
temperature of 35 ᵒC was attained corresponding to maximum solar irradiance on 13th of
May. The collector temperature is linearly proportional to the irradiance, and it increases
by 4.4 ᵒC for every 100 W/m2, increment of G with cooling case.

Fig.4.3. Collector temperature Tcol as function of solar irradiance G with cooling (13th of May 2015).
Fig.4.4 (a, b) shows the temperatures profile of TH, TM, TL, TD, TF, Tamb related to PV
column number 3 (Fig.3.4, Fig.3.6). The TD temperature can give an idea about the
effectiveness of heat transfer from the PV modules to the air in the duct. The front
temperature TF of the column was recorded at the middle part of the column. The TF
temperature can help to calculate the heat losses from the front glass of the PV modules to
the ambient. The ambient temperature was plotted at the bottom of the figure. All
temperature profiles had the same tendency, and they increased from the lower part to the
higher part as expected. The temperatures TD (in green), TF (in rose) deviated from each
other over the whole day due to the heat transfer from the front surface caused by the
wind.

Fig.4.4 Temperatures profile (TH, TM, and TL) of the back of column (3) at different locations (a), besides
to TD, TF, Tamb (b) for 13th of May, with cooling.
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Fig.4.5 shows the temperatures profile of TL and TH of column 3 and column 10 (See
Fig.3.3). The temperature profiles of column 3 match very well the temperatures profile of
column 10 at the specific locations, which indicates that both columns are exposed to the
same volume flow rate leading to homogenous air distribution at least for these two
columns.

Fig.4.5 Comparison of temperature profiles (TH, TL) of column (3) and column (10) for 13th of May
2015, with cooling.
Fig.4.6 show the temperature difference ΔT= Tout – Tamb as function of G. ΔT has
approximately a linear trend and it increases by 2.8 ᵒC for each increment of G of 100
W/m2.

Fig.4.6 ΔT as function of G for 13th of May 2015.
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Fig.4.7 illustrates the thermal power Pth, calculated by Equ.4.1, together with G over the
whole day 13th of May. The thermal power follows G variations over time, and reaches a
maximum value of 1400 W, when G gets its maximum (650 W/m2) at 3:15 pm. In
calculation of Pth, the air mass flow of 0.063 kg/s (corresponds to air velocity of 6.65 m/s),
provided by the fan, is considered, which corresponds to PVT air mass flow of 0.002 kg/s
m2. In fact, the PVT air mass flow is frequently used to compare the thermal performance
of different PVT air collectors, and it is equal to the ratio of air mass flow to the collector
area (Ac=32 m2). The thermal energy output of the collector over the whole day is 6.88
kWhth/day. From Fig. 4.7, it can be seen that the thermal power follows the solar
irradiance with a delay in time due to the large thermal capacity of the collector. After
16:30 and due to the shading effect, the measured G value is different from the real G
value incident on the PV panel which leads to appearing that the thermal power didn’t
follow the plotted solar irradiance.

Fig.4.7 Thermal power Pth and solar radiation variations G for 13th of May 2015 with cooling. Pth is
calculated for air mass flow of 0.063 kg/s.
It is worthy to notify that the air velocity sensor measures air velocity of 1.92 m/s, when
the fan is operated at maximum speed of 187 m3/h (This fan speed can give an air velocity
of 6.65 m/s). The measured air speed of 1.92 corresponds to air mass flow of 0.018 kg/s,
which is less than the maximum value (0.063 kg/s) by a factor of 3.5, and hence the
thermal power can be less by the same factor. The real air mass flow value was not
confirmed and the error in calculation of the thermal power can be more than 100 % due
to the fact that the thermal power is proportional to the air mass flow. Fig.4.8 illustrates
the thermal efficiency ηth, calculated by Equ.4.2, together with G over the whole day (13th
of May). The thermal efficiency fluctuates slightly around 8 % from 11:30 to 16:30. The
values of thermal efficiency after 16:30 is not displayed due to the fact that the real G
values are different from the measured ones due the big shading effect after that time.
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Fig.4.8 Thermal efficiency ηth and solar radiation variations G for 13th of May, with cooling.

4.2.2 Electrical performance
Fig.4.9 shows the electrical power Pel1, Pel2 generated by the PV array 1 and PV array 2,
respectively on 13th of May 2015. The solar irradiance is plotted together with the electrical
power. Pel1, Pel2 are proportional to G values over the whole test day. The Pel1 values reach a
maximum of 1450 W, and Pel2 values reach a maximum of 1600 W, when G approaches its
maximum around 3:00 pm. After 3:00 pm, Pel1 decreases faster than Pel2; because of PV
array 1 was exposed to shading effect more than PV array 2 as it is expected. The AC
electrical energy EAC1 (at the output of inverter 1), produced by PV array 1, is 5.75
kWhel/day, and the AC energy EAC2 (at the output of inverter 2), produced by PV array 2, is
7.71 kWhel/day for the test day.

Fig.4.9 Electrical power Pel and solar radiation variations G over the whole day (13th of May) with
cooling. Pel1 (blue circles) is the electrical power of PV array 1, Pel2 (red triangle) is the electrical power of
PV array 2. G is presented in black solid line.
For the same amount of G, the PV array 1 should produce less AC electrical energy by a
factor of RMN (ratio of modules number in array 1 to modules number in array 2
=16/18=0.89) compared to PV array 2, because the PV array 1 contains 16 modules, while
PV array 2 contains 18 modules. From PV array 1, it is supposed to get (7.71*0.89=6.86
kWhel/day, to consider RMN factor), but due to shading effect 1.11 kWhel/day was lost,
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and this loss presents 16 % of EAC1. The total AC energy produced by the PV arrays is
(EAC1+ EAC2=13.46 kWhel/day) for total solar insolation of 2.73 kWh/m2 day.
Fig.4.10 shows the electrical efficiencies ηel1, ηel2 (on 13th of May 2015) of PV array 1 and
PV array 2, respectively, they match each other before 5:00 pm, and they fluctuate slightly
around 14 % between 9:00 and 5:00 pm (collector temperature is less than 25 ᵒC before
noon, and higher than 25 ᵒC afternoon, See Fig.4.3). After 5:00 pm and due to shading
effect, ηel1 appears to drop rapidly but this is not real. In fact, the measured G values, used
in Equ.4.5 to calculate the efficiency, were higher than the real G values incident on the
PV array 1 which justifies the drop in ηel1. The same problem of shading effect makes the
ηel1 appears to increase rapidly but this is due to having measured G values smaller than the
real G values incident on the PV array 2.

Fig.4.10 Electrical efficiency ηel and solar radiation variations G for 13th of May, with cooling. ηel1 (blue
circles) is the electrical efficiency of PV array 1, and ηel2 (red triangles) is the electrical efficiency of PV
array 2. G is presented in black solid line.
The electrical efficiency of this type of PV modules is rated to be 12 % at STC (Standard
Test Conditions, G=1000 W/m2, and T=25 ᵒC). The calculated ηel is the electrical
efficiency for the whole PV system including the inverter efficiency (95 %). The ηel should
fluctuates slightly around the rated value of 12 %, but the calculated ηel value was around
14 % and this difference is caused by the errors in measuring G on each PV array, due to
the shading effect, and the clouds. However, the obtained ηel is not so far from the
theoretical values and it can be enhanced by more accurate measuring of G by using
several pyranometers at different locations of the PV panel.
To summary the results: The PVT air collector investigated in this current work has an
area of (Ac=32 m2), and air mass flow of 0.002 kg/s m2. The nominal output power of the
collector is 4 kWppv (34 CIGS modules with 115 Wppvfor each module). The collector
produces thermal output energy of 6.88 kWth/day (0.21 kWth/m2 day) and an electrical
output energy of 13.46 kWhel/day (0.42 kWhel/m2 day) with cooling case. The PVT air
collector has a daily thermal energy yield of 1.72 kWhth/kWppv, and a daily PV electrical
energy yield of 3.36 kWhel /kWppv. The fan energy requirement in this case was 0.18
kWh/day which is very small compared to the electrical energy generated by the PV
collector.
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Discussion and conclusions

In this chapter, evaluating of the obtained results and comparing them with that reported
in the literature are done. Suggestion of the future development to achieve better results is
given.

5.1 Results analysis
Indeed, the low thermal efficiency (8 %) of the collector is due to use very small PVT air
mass flow of 0.002 kg/s m2. Bambrook et al. (2012) studied the effect of air mass flow rate
on the instantaneous electrical and thermal efficiencies, and the results are displayed in
Fig.4.12. The thermal efficiency increases with air mass flow rate until reaching a saturated
value between 50 to 60 % at PVT air mass flow of 0.1 kg/s m2. However, increasing the
air mass flow will increase the thermal efficiency but it will decrease the Tout temperature at
the same time, which causes a risk of getting Tout below the desired value. In the work of
Bambrook et al. (2012), they operated their system at PVT air mass flow of 0.055 kg/s m2
and they got a maximum thermal efficiency of 40 % (Red circle in Fig.4.12) at noon, when
G got its maximum. The obtained thermal efficiency (8 %, blue circle in Fig.4.12) in the
current work agrees well with the experimental thermal efficiency curve in Fig.4.12.

0.055 kg/s m2
0.002 kg/s m2

Fig.4.12 Effect of air mass flow rate on the instantaneous electrical and thermal efficiency values (17th of
July 2010 at 12:00, provided by Bambrook et al. (2012)). Red circle corresponds to the operating point of
the reference; Blue circle corresponds to the operating point of the current work.
A comparison between the results obtained in this work to those obtained by the
Bambrook et al. (2012), indicates that the performance of the PVT air system under test
has less performance in term of area normalized energy. The normalized thermal energy in
this work is 0.21 kWhth/m2 day, which is less than that obtained by Bambrook et al. (2012)
by a factor of [(2.41/0.21) x (115/165) x (2.73/5.75)=3.6)]. The value (2.41/0.21) is the
ratio of normalized thermal energies, the value (115/165) is the ratio of the PV module
powers in Wp, and the value (2.73/5.75) is the ratio of solar insolation per day. Bold values
are concerning the work of Bambrook et al. (2012). The low thermal performance is due
to using very small PVT air mass flow rate of 0.002 kg/s m2. To enhance the thermal
performance of the collector under test, the air mass flow can be increased to 0.055 kg/s
m2. Then, thermal efficiency can be increased from 8 % to 40 % (See Fig.4.12), and the
normalized thermal energy can be improved approximately by a factor of (40/8=5). The
electrical performance can also be slightly enhanced by increasing the air mass flow as well.
To get the increment in air mass flow from 0.002 kg/s m2 to 0.05 kg/s m2, the required air
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mass flow is 1.76 kg/s. The required fan (with diameter of 0.1 m) should has an air volume
rate of 5224 m3/h instead of the used one with 187 m3/h of air volume flow ate and
diameter of 0.1 m. If the tube diameter of the required fan chosen to be 0.2 m instead of
0.1 m, then the air volume rate should be less by a factor 4 to be (5224/4= 1306 m3/h)
according to the relation [Air mass flow (kg/s)= air density (kg/m3) x air velocity (m/s) x
area of fan tube (m2)].
The electrical power consumption will be increased as well but it will be interesting to
compare the fan energy consumption to the thermal and electrical energy gain due to the
cooling. The strategy of cooling control in this work was based on switching the fan on,
when the difference between the air duct temperature (under the top of PV column) and
the room temperature becomes higher than 5 °C. This strategy was effective in term of
avoiding high electrical energy consumption by the fan, and it is recommended for further
development. The temperature difference of 5 °C is the minimum value to compensate the
heat losses in the air duct and distribution duct.
At the end of this section, it is important to point out the weakness of the obtained results
as follows:
- The interference of the inverters on the data loggers affects the accuracy of the
measured data.
- The wind speed sensor measurement was doubtful. It was expected that the real
wind speed was higher than the measured one. This issue should be confirmed by a
calibrated sensor. The cooling by the wind should be carefully considered as the
collector is unglazed, and then the wind speed is needed to be measured accurately.
- The fan was providing only two different air velocities, which limits the choice of
the correct air velocity.
- The air velocity sensor measurement was doubtful. It needs to measure the air
velocity by another calibrated sensor.
- Using one pyranometer instead of several pyranometers affects the measured G
values due to the shading effect.

5.2

Future development:

The voltages and currents of the PV arrays can be monitored by voltage transducers to
avoid the interference effect of the inverters on the data loggers which helps to obtain
more reliable data. Mounting a variable speed fan providing wide range of air velocity,
according the controlled voltage of the fan, is highly recommended to test the effect of
the air velocity on the whole performance. The PV collector can be splitted into two
independent collectors, the first one contains PV array 1 which is subjected to cooling
effect and the second one contains PV array 2 which is not subjected to cooling. This
step can help to measure the electrical energy with and without cooling and compare the
gained electrical energy due to cooling to the consumed energy by the fan.
Finally, a thermal camera is highly suggested to measure the front temperature of
different PV modules which give an indication about the homogeneity of air distribution
under the PV modules.
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Appendices
Appendix I: PV Solibro modules data sheet.
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Appendix II: Inverters’ datasheet.
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Appendix III: Data logger’s data sheet.
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Appendix IV: Pyranometer’s data sheet.
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Appendix V: Wind speed sensor’s datasheet.
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Appendix VI: Air velocity sensor’s datasheet.
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