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Abstract: The air-cooled photovoltaic tile is a subject of presented investigations, which focused on
improving the overall system efficiency of PV tiles with heat recovery. The operational efficiency of a PV
roof tile, together with the construction optimising the air cooling efficiency, were the main points of plans
realized at this research stage. The article describes the experimental research consisting of the assessment of
electrical, thermal, and total efficiency, as well as exergy efficiency and parameters of a commercial
photovoltaic (PV) roof tile, which back wall was cooled by flowing air. An influence of various cooling duct
depths and various volumetric flow rates on the system operation was analysed. During the tests, a solar light
simulator and a radial fan, providing the assumed volumetric flow rate of cooling air were used. It has been
proven that the depth of the cooling duct and the air volumetric flow rate have a crucial impact on the
obtained results. Air cooling the back wall of the PV roof tile, lowered the average surface temperature by a
maximum of 6.3 K, while the temperature difference, between the surface next to the cooling air inlet and the
surface next to its outlet, was a maximum of 23.4 K. Both values were obtained for air cooling with a
volumetric flow rate equal to 4 m*/h and a channel depth of 25 mm, with a solar irradiance of 900 W/m®. The
overall efficiency was calculated as a sum of the electrical an thermal efficiencies. Its maximal obtained
value was about 32%, wherein the highest thermal efficiency was at the level of 27%. An exergy analysis
was performed and the exergy efficiency between 5.08 % and 9.94 % was determined. These results are
promising for future utilization of the system consisted of the PV roof tiles together with the cooling ducts.
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1. Introduction

Electricity is a source of energy that configures the basis for most processes affecting
development of technology and improving the comfort of human life. Such development, however,
requires increasing energy consumption, which renders a problem in the light of environmental
protection. It comes from the fact, that generation of electricity in the conventional power plants is
related to high greenhouse gas emissions to the atmosphere as well as other pollutions. This
situation has several adverse effects, including currently noticeable climate changes, which have a
negative impact on the ecosystem, translated directly into human health and life [1]. One of the
ways to stop these changes is reduction of the carbon dioxide emissions to the atmosphere. It is seen
as the contribution to the limitation of the global warming impact [1]. According to the Paris
agreement, an increase in the world temperature by 2100 should not to exceed 2 °C compared to
pre-industrial times [2]. It is also oriented on the reduction of this limit down to 1.5 °C [2]. The
presented goals demand the retreat from high-emission methods of electricity generation, like
burning fossil fuels, and development of unconventional energy methods, based, among the others,
on renewable energy sources [1]. One of these renewable energy sources is the solar radiation
energy, which is regarded as the largest source of energy without harmful emissions [3]. In addition,
the Earth's surface within an hour reaches such an enough quantity (4.3x10°° J), namely the amount
that would meet the annual energy demand on our planet (4.1x10?° J) [3]. Due to these issues, more
and more effective concepts are being sought for the conversion of solar energy into electricity.
Photovoltaic cells are amongst the fundamental solutions of such an issue. Currently, one of the
most commonly used and best-known cell types are the elements made of the monocrystalline
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silicon, however their efficiency strongly depends on their operating temperature and decreases by
about 0.45 % for every degree of its increase [4, 5]. In order to increase the power they generate,
they are usually installed in the form of panels.

Development of the BIPV (Building-Integrated Photovoltaic) technology depends strongly on
the legal regulations in the field of zero energy buildings [6]. This technology is based on the usage
of the photovoltaic panels, which are an integral part of buildings - including roofs and external
walls. Recently, the solutions based on the photovoltaic roof tiles, generating the electricity and
serving as the roofing, are gaining popularity [7]. Such roof tiles are also attractive in terms of
aesthetics, therefore their replacement at some roof sections or at the entire roof does not negatively
affect its appearance. The way of their installation is also similar to the installation of traditional
tiles. This eliminates a need of additional racks mounting, as is the case for traditional photovoltaic
panels.

Along with increase in the solar irradiance, which has a positive effect on the power generated
by the photovoltaic cells, their operating temperature also increases, which reduces their electrical
efficiency. Only a small part (6-20 %) of the solar radiation energy is converted into electricity; the
rest is converted into heat, which increases the operating temperature of the cells [8]. Therefore, the
solutions that reduce this temperature and utilize the recovered heat for other purposes (for example
for heating of the rooms) are still being sought. Such solutions were used in Photovoltaic-Thermal
(PVT) and Building-Integrated Photovoltaic-Thermal (BIPVT) technologies where installations,
being an integral parts of the buildings, are considered [7]. They are based on the usage of various
heat transfer processes, including heat pipes, jet impingement, and air flow cooling, phase change
materials (PCM), liquid immersion/submerging, passive heat sink, microchannels, (active heat sink)
and are widely described in the literature [9-12].

However, taking into account, that the photovoltaic roof tiles are installed at a considerable
altitude and often in the countries with high potential of photovoltaics [13], but limited access to
water, the article focuses on methods that utilize the air as a heat recovery fluid. Shashavar et al.
[14] investigated the cooling effect of ventilation and exhaust air on the performance of PV panels
at various months. They reported an increase in the electricity production of 10.1 % using the
exhaust air, and 7.2 % using ventilation air, as the coolants. Similar considerations were performed
by the scientists from Algeria (Ahmed-Dahmane et al. [15]) who, by reducing the operating
temperature of the photovoltaic panel with exhaust air, improved its electrical efficiency and
prevented its overheating during hot weather. In addition, during the winter months, the air, which
warmed up during the panel cooling, was used as pre-heated air in the ventilation system. In another
experimental study, the air was used as a cooling medium for the photovoltaic panel, and it was
directed to the ventilation system (as a pre-heated fresh air), thereby obtaining an improvement in
the panel's electrical efficiency amounting to about 15 %, as well as thermal efficiency by 22 %
[16]. The impact of using DC (Direct Current) fans to cool the rear wall of the photovoltaic panel
was also considered. A positive effect of lowering its operating temperature along with the increase
in the number of fans, giving an increase in generated power was obtained [17].

Subsequent studies focused on the analysis of the impact of varying the flow velocity and
mass flow rate of cooling air, as well as of the depth of the cooling duct on operating parameters
and the total efficiency of the air-based PVT collectors. Bambrook and Sproul [18], in their
experimental research proved that with the increase in the mass flow rate of the air cooling the rear
wall of the photovoltaic panel, significantly increases thermal efficiency (from 28 to 55 %) and
electrical efficiency (from 10.6 to 12.2 %). In turn, Kasaeian et al. [19] conducted experimental
tests for various air mass flow rates and different cooling duct depths. By increasing the mass flow
rate from 0.018 to 0.06 kg/s, they obtained an increase in the overall efficiency, while a change in
the depth of the cooling duct from 5 to 10 and 15 cm respectively caused a decrease in thermal
efficiency, but did not affect the change in the electrical efficiency. The highest thermal efficiency
of 31 % was obtained for a channel with a depth of 5 cm and air mass flow rate of 0.06 kg/s.
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Numerical simulations of the air-based PVT collector have shown, that as the cooling mass
flow rate increases, the collector's overall efficiency increases and for a mass flow rate of 3 kg/s is
over 70 %, but with the increase of the cooling duct depth the total efficiency decreases [20].
Abdullah et al. [21] came to similar conclusions regarding increasing mass flow rate and depth of
the cooling channel. Kaiser et al. [22] conducted experimental studies, in which they proved, that by
increasing the velocity of air flowing along the rear wall of the photovoltaic panel from 0.5 m/s
(which corresponds to natural convection conditions) to 6 m/s, the power generation increases by
over 19 %. Touafek et al. [23] designed and experimentally tested a new configuration of the PVT
collector with a metal absorber with rectangular fins. They proved, that with increasing the air mass
flow rate, the thermal efficiency of the PVT collector increased (from 10 % to over 80 %), while the
use of heat, received in the form of flowing air, also improved the electrical efficiency of the
photovoltaic panel.

The above mentioned background indicate the need for new methods, which allow the highest
amount of heat removal from the photovoltaic panels, thanks to which it becomes possible to use
the heated cooling medium, for example, for ventilation purposes. Similarly, the presented methods
can be used when designing a roof built of photovoltaic roof tiles. The owner of such roof, would
not only receive electricity that he can be used in the building, but also heated air, which can be
used to heat rooms or, for example, as a lower source of an air heat pump.

The article presents experimental research consisting of the assessment of electrical, thermal,
and total efficiency, as well as exergy efficiency and parameters of a photovoltaic roof tile, where
the back wall was cooled by means of passing air. Two depths (25 mm and 51 mm) of the cooling
duct and various air volumetric flow rates were analysed. During the tests, a solar light simulator
was used, while the radial fan provided the assumed volumetric flow rate of cooling air. Authors in
their previous publication [13], made the preliminary assessment of the heat removal possibilities
from the solar roof tile and an impact of this process on the parameters of its work.

2. The experimental setup

A dedicated experimental system, schematically shown in Fig. 1, was developed at
Department of Energy and Industrial Apparatus, Gdansk University of Technology. The photos of
the experimental setup components are shown in Fig. 2. This study focuses on the analysis of a
single commercial photovoltaic roof tile, where the characteristics of the construction and electrical
parameters have been presented in Table 1 [13,24]. The tile consisted of nine monocrystalline
silicon solar cells [13].

During the experiment, the PV roof tile was placed in the wooden casing, which was designed
to reproduce conditions on a real roof. In the casing the special fins (with a width of 20 mm, a
length of 400 mm and a height of 51 mm — for the duct depth of 51 mm or a height of 25 mm — for
the duct depth of 25 mm), which directed the air flow, were attached [13]. Figure 3 presents two
variants of designed casings with different depths of the air duct. The first depth of the air duct was
51 mm — this value comes from the typical way of mounting the PV roof tiles on the roof, which are
hanged on metal hooks, attached to the roof battens and reinforced by the steel cable [24].
Additionally, the obtained results were compared with the results for the duct depth equal to 25 mm.

To ensure a wide range of solar irradiance at the laboratory conditions, the solar light
simulator (Fig. 1 and Fig. 2(b)) was used. It consists of 20 lamps with a total power of 10 kW [13].
The use of many halogen lamps, according to the literature [25], allows to develop an acceptable
imitation of natural solar radiation. The light beam, which is responsible for the obtained solar
irradiance value, is controlled by adjusting the lamps supply voltage [13]. The distance between the
examined PV roof tile and the solar light simulator was 1.6 m, because the greater distance did not
ensure obtaining the solar irradiance at the required level of 900 W/m?. The surface of the examined
PV roof tile was parallel to the surface of the simulator.
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Fig. 1. Schematic diagram of the experimental setup: 1 — PV roof tile, 2 — casing with air ducts, 3 —
solar light simulator, 4 — fan, 5 — rotameter, V — volume flow rate, Tip— air inlet temperature, Toy—
air outlet temperature, 4p — pressure drop, Vs solarimeter signal, Tpy— temperature of PV roof tile,
| —ammeter, V — voltmeter, R — slide resistor

(b)

Fig. 2. The photos of the experimental setup elements: (a) PV roof tile (red dots — places of the
temperature measurements on the PV roof tile surface), (b) solar light simulator, (c) acquisition
system.
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Table 1.

Photovoltaic roof tile details.

Detail/ Parameter Value Unit
Cell material Monocrystalline silicon -
Dimension of the cell 156 x 156 mm
Module dimensions 540 x 540 mm
Glass thickness 3.2 mm
Operating temperature -40 to +80 °C
Nominal power 35 W
Tolerance (in Standard Test Conditions) =+ 3 %
The maximum system voltage (DC) 1000 A%
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Operating voltage 4.5 Vv
Operating current 7.8 A
Unloaded voltage 4.9 vV
Short-circuit current 8.2 A
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Fig. 3. Axonometric views of the PV roof tile casing with their cross-sections for two depth of air
duct: H=151 mm and H = 25 mm.

During the experiment, the acquisition system allowed to measure the basic parameters
related to the PV roof tile work and its cooling. Following, there are the short descriptions of its
particular components. The solarimeter (Kipp & Zonen CM6B) measured the solar irradiance. It
was mounted on the top of the examined PV roof tile (see Fig. 2(a)), and its output signal was the
voltage, Vs. The voltage was measured by the digital voltmeter Meratronik V534 and converted into
the solar irradiance using a sensitivity index equal to 11.44x10°® V/(W/m?) (producer’s data). The
mini pyrometer (Fluke 62) measured the temperature on the PV roof tile surface Tpy in the places
marked by the red dots in Fig. 2(a). The electrical current | and the voltage V were measured by
DT-830BUZ and DT-830BS multimeters and by using a slide resistor R The air was flowing in an
open loop (the heated air was removed to the environment) — the flow was provided by a radial fan,
and the rotameter (Rol-164) measured a volumetric flow rate of the cooling medium. An inflow of
the air at temperature T, was through the bottom collector, whereas an outflow of the air at
temperature Ty was through the top collector. The inlet and outlet air temperature values were
measured by T-type thermocouples, and the signal was recorded by the acquisition system
component Cropico-3001 TC. The pressure drop 4p was measured by a multifunctional measuring
device Testo 435. Table 2 lists the measuring equipment together with their measurement accuracy
utilized during experiments.

Table2
Components of the acquisition system together with their measurement accuracies.

Measured Parameter Device Name Measurement Error
Tin, Tout Cropico-3001 TC/Pt 100 +0.01 K

V DT-830B +0.1V

I DT-830BUZ +0.2 A

14 Rol-164 +0.1 m’/h

Tev Fluke 62 mini +1.5K

Vs Kipp & Zonen CM6B +40 W/m®

Ap Testo 435 +0.02 hPa
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3. Mathematical formulations

To analyse the heat removal intensification and the impact of this process on the PV roof tile
working parameters, the fundamental calculations were conducted. Maximum generated power
(Pwpp) and maximum efficiency (nyupp) of the examined PV roof tile, for a given solar irradiance
and the volumetric flow rate, were calculated from the following formulas:

Pypp = Vupp - Iupp (1)
Pypp

= 2

Nmpp C.S 2)

where Swas the active surface of the PV roof tile (S= 0.22 m?).

Analysis of the parameters describing the heat transfer process began with the calculation of
heat flux values (q), which represented the possible amount of heat, obtained from cooling 1 m? of
the PV roof tile surface at a given intensity of solar irradiance and a given volumetric flow rate of
air:

Tout

Pair * V- ClTL-n ’ (Tout - Tin) (3)
M
where M was the surface of one PV roof tile module (M = 0.29 m?).

q:

The thermal efficiency was calculated by the following formula:

q
=— 4
NMth G 4)
The overall performance of the cooled PV roof tile, as an example of air based PVT collector
was calculated as a sum of the electrical and the thermal efficiency [10,26]:

Mo = NMmpp T Ntn (5)
Additionally, according to literature [26], the total exergy efficiency (y#ex) of the cooled PV
roof tile was calculated. It consisted of three types of exergy rates, ie. the total electrical exergy rate
produced by the PV roof tile (EXpy), the overall thermal exergy rate output (EX) and the exergy rate
of solar radiation (EXgyn):

Expy =Nupp G- A (6)
where A was the air duct area (A= 0.25 m?);
y Tout Tamb
Exin = pair -V - ClTL-n “(Toue — Tin) - (1 T ) (7)
out

where it was assumed, that the ambient temperature is the same as the cooling air inlet temperature;

1 /T...\* 4-T
Fron = 143 (Jene) 2o
sun

3 l-G-A (8)

TS un

where it was assumed that the Sun temperature Tg, was equal 3000 K (producer’s data) — it was the
monochromatic temperature of used halogen lamps. Taken into account all above mentioned
components, the exergy efficiency can be defined as:

_ Expy + Exep

NEx (9)

Exsun
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The final stage of the presented experimental studies was the analysis of measurement
uncertainties. All measurements series were done in the steady state conditions. The number of
measurements did not allow the statistical uncertainties analysis. The type A and B uncertainties
components (according to GUM [27]) are based on the probability distributions and because of that,
they cannot be applied for presented analysis, therefore the method of expanded uncertainties was
used. Since the parameters, describing the operation of the PV roof tile, are combined quantities that
were not measured directly, the uncertainty propagation law [27] was utilized to calculate the
uncertainties. The calculations based on the directly measured quantities (e.g. voltage and current)
and the measurement accuracies of the used devices and sensors, given by the manufacturers (Table
2). Generally, a formula for an uncertainty of determined quantity is given as:

u(y) = jz [(% : u(xk)]z (10)
k

The relative uncertainty of the determined quantity was calculated using the equation:

u
8, = % 100% (11)

4. Experimental results and discussion

This section presents the results of experimental research, together with an analysis of an
impact of the air cooling and the air duct depth on the PV roof tile working parameters. The tests
were carried out for the following cases:

= PV roof tile operation without cooling,
= cooling the back wall of the PV roof tile with air flowing in duct of 51 mm depth,
= cooling the back wall of the PV roof tile with air flowing in duct of 25 mm depth.

Three volumetric flow rates of cooling air were considered for each duct depth, namely 1, 2, and 4
m’/h. Measurements were conducted for the following solar irradiances: 300, 450, 600, 750, and
900 W/m’,

4.1. Temperature on the PV roof tile surface

In Fig. 4, the characteristics of average PV roof tile surface temperature as a function of the
solar irradiance are plotted. The presented temperature values were calculated as the average of 9
measurements conducted in the places, marked in Fig. 2(a). During the study, it was observed, that
the most significant drop of the average temperature (6.3 K) on the PV roof tile surface, in
comparison with its temperature without cooling, was obtained for a duct with a depth of 25 mm
and a volumetric flow rate of 4 m’/h. A smaller, but also a noticeable decrease (3.5 K) in the
average temperature on the PV roof tile surface, was recorded for the duct with a depth of 51 mm at
the same volumetric flow rate of air. Cooling the back wall of a PV roof tile with the air volumetric
flow rate of 1 m’/h was the least effective in each case — the temperature on the PV roof tile surface,
during cooling, was almost the same as its temperature without cooling. It is worth to mention, that
during the experiment it was difficult to stabilize the ambient conditions. Based on this experience,
in the future, a special attention should be devoted to analysis of the system behavior, at the low
volume flow rates of the cooling air.

However, the temperature difference on the surface of the cooled PV roof tile depends on the
place of its measurement. The largest drops, in comparison with the PV roof tile operation without
cooling, were recorded on the PV tile surface, the closest to the cooling air inlet. The temperature
increased with the direction of cooling air flow and reached its maximum on the PV cell surface, in
the closest to the air outlet collector location. The highest heat removal took place in the lower part
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of the PV roof tile. In the upper part, the temperature difference between the back wall and the
heated air is too small, so the flowing air is not able to receive more heat. Table 3 presents the
maximum temperature differences on the PV roof tile surface obtained during the tests. It is worth
to add, that at a solar irradiance of 900 W/mz, the temperature on the PV roof tile surface exceeded
80 °C (maximum working temperature defined by the producer), and even reached 90 °C in some
parts of its surface.
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—H=51 mm, V=2 m*/h
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Fig. 4. The average PV roof tile surface temperature variation with the solar irradiance for the
two duct depth and three volumetric flow rates of cooling air.

Table3
The maximum temperature differences (K) on the PV roof tile surface.
irrz?c(i)iljlice Without H=51mm, H=51mm, H=51mm, H=25mm, H=25mm, H=25mm,
W/ cooling V=lm¥h V=2m*h V=4m*h V=Im¥h V=2m’h V=4m¥h
300 4.0 5.8 6.2 8.8 7.8 8.4 9.4
450 5.4 8.0 10.0 10.8 10.2 12.2 12.4
600 6.2 8.2 10.4 14.0 13.6 15.0 15.6
750 7.0 10.2 13.6 16.2 14.0 15.8 21.0
900 7.6 12.8 14.2 17.2 15.0 18.6 23.4

4.2. Electrical parameters of the examined PV roof tile

The most crucial parameters, regarding PV roof tiles and other photovoltaic elements, are the
generated electrical power and the efficiency of solar energy into electricity conversion. The graphs
in Fig. 5 show the changes in generated electric power and electrical efficiency of the PV roof tile
without and with cooling as a function of the solar irradiance. For each case, the generated electrical
power increases with the increase of the solar irradiance. The characteristic curves are similar and
overlap in some places. This situation is due to small changes in the generated power regardless of
the used PV roof tile cooling parameters. The difference can be seen between non-cooled PV roof
tile characteristic and the other graphs for the cooled PV roof tile. The largest increase in the
generated power compared to uncooled PV roof tile, was 10.3 % and was obtained at the highest
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solar irradiance (900 W/m?) for the air volumetric flow rate of 4 m*/h and a duct depth of 25 mm.
The difference in the values is so small, that it falls within the range of measurement uncertainty.
However, at irradiance lower than 650 W/mz, the electrical power and efficiencies are higher for the
PV roof tiles with larger ducts, but when the solar irradiance was higher than 650 W/m?, then the
electrical efficiencies and power are higher for the PV roof tiles with smaller ducts. Such tendency
could refer to the higher velocity of the air in the channel of smaller height, what increases the
convective heat transfer, and is more visible at higher values of solar irradiance. At its lower value
and lower flow rates this difference is less visible than in the above mentioned cases. The presence
of cooling affects the generated power and electrical efficiency, however the analyzed cooling
conditions range gave similar results. Kasaeian et al. [19] also came to the same conclusions. Since
the environmental conditions could influence the system behavior, the experimental stand should be
isolated, to analyze pure cooling effect. This conclusion is very important and will be taken into
consideration in the further analysis.

The generated electric power strongly affects the electrical efficiency of the examined PV
roof tile. From the curves obtained during the tests, it can be concluded that the electrical efficiency
change slightly at various cooling parameters. An improvement in electrical efficiency between the
non-cooled and cooled PV roof tile is visible and its maximum reaches 12.6 % in comparison with
its operation without cooling (H = 51 mm, V = 1 m’/h). The electrical efficiency increases until a
solar irradiance equal to 450 W/m” and then begins to decrease. The reason of this decrease may
come from the high surface temperature of the PV roof tile at higher solar irradiance values. The
presented efficiency values are relatively small, because of the experimental conditions. The solar
light simulator generating solar irradiance, in the limited laboratory space, could be too close to the
tested PV rooftile and heat it.

10
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Fig. 5. Electrical characteristics of the PV roof tile as a function of the solar irradiance: (a)
generated electrical power, (b) electrical efficiency.

4.3. Thermal parameters of the examined PV roof tile

The primary aim of the presented research was to assess the possibility of heat recovery from
the back wall of a PV roof tile, mainly in the basis of the cooling air inlet and outlet temperature
values (Table 4). Since the PV roof tile heats up to the high temperature values, and possesses a free
space between their back wall and the roof surface, there is a potential for such heat recovery.
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Table4

Temperatures (°C) of the cooling air.
Solar H=51 mm, | H=51 mm, | H=51 mm, | H=25 mm, | H=25 mm, | H=25 mm,
irradiance | V=1m%h | V=2m*h | V=4m?*h | V=1m?*%h | V=2m?h | V=4 m?h
W' 6Tt | e fow |t fow | e few | G0t | tn fow
300 26.0 439|250 43.1|243 425|240 452|244 465|246 447
450 282 541|273 534|261 51.6]266 56.7|263 574|261 545
600 29.8 61.3|28.6 60.8|279 589|286 66.6|280 66.0|273 629
750 31.6 68.9 | 285 66.7]29.1 657|301 753296 753 |28.6 714
900 31.1 7521301 755|301 726|321 824|314 837297 798

Figure 6 presents the characteristics of thermal efficiency, determined for the examined PV
roof tile. The thermal efficiency increases with the increase of the volumetric flow rate of cooling
air. Reduction of the air duct depth has also a positive effect on the thermal performance, what
agrees with the studies mentioned in Introduction [19-21]. The maximum thermal efficiency was
about 27 % at the solar irradiance of 300 W/mz, the air volumetric flow rate of 4 m3/h, and the
channel duct of 25 mm. With a twofold increase in the cooling air flow rate for a given duct depth,
the thermal efficiency also increased by about 2 times. The thermal efficiency decreases with an
increase in the radiation intensity. This decrease is due to the inability of receiving heat from the
back wall of the PV roof tile by the flowing air, due to its high temperature. The temperature
difference between the wall and the cooling air in the upper parts of the PV roof tile is too small. In
such situation an improvement of the heat recovery requires an application of additional techniques,
regarding passive heat transfer intensification, in example introduction of the turbulators.

30 T T T --=- H=51 mm,
V=1 m*h
< 25 F --- H=51 mm,
3; V=2 m*h
2 20 - -—+- H=51 mm,
2 V=4 m*/h
O 15 L J
& e . ——H=25 mm,
- - S b e - V=1 m*h
gEwr T ke : "
= H=25 mm,
2 V=2 m%h
|_
—e—H=25 mm,
O 1 L L V=4 m3/h
300 450 600 750 900

Solar irradiance (W/m?)

Fig. 6. Thermal efficiency of the PV roof tile as a function of the solar irradiance.

During the experiment, an assessment of the amount of heat flux, which can be received
during cooling 1 m” of roofing built of photovoltaic roof tiles was also done. Figure 7 shows the
calculation results. Similarly to the thermal efficiency trend, doubling of the air volumetric flow rate
leads to an approximately double increase in the heat flux. In addition, reduction of the duct depth,
allows increase of the obtained heat flux by a maximum of 23 W/m? (at the solar irradiance of 900
W/m?) in comparison with the duct of 51 mm depth. The use of air cooling, with the air volumetric
flow rate of 4 m’/h and the duct depth of 25 mm, allows to increase the heat flux by 150 W/m?
compared to the air cooling with the volumetric flow rate of 1 m*/h and the duct depth of 51 mm.
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Fig. 7. Obtained heat flux values variation with the solar irradiance.

4.4. Overall performance and a pressure drop during air cooling

After determining the efficiency of solar energy conversion into electricity and the thermal
efficiency, depending on the cooling conditions, the assessment of the proposed system overall
efficiency was conducted. Figure 8 shows the characteristics of the overall efficiency as a function
of the solar irradiance. Due to the fact, that the overall efficiency strongly depends on the thermal
efficiency, the trends of these characteristics are similar. The highest overall efficiency was
obtained for cooling with the air volumetric flow rate of 4 m’/h and the duct depth of 25 mm — it
was about 32 % at the solar irradiance of 300 W/m?”. The overall efficiency decreases for the same
reason as the thermal efficiency — there is too small temperature difference between the cooling air
and the PV roof tile wall, therefore the heat transfer process occurs at the level, which is negligible.
The selection of appropriate cooling parameters allowed to increase the overall efficiency of the
presented system by 21%.
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Fig. 8. The overall efficiency variation with the solar irradiance.

As it was mentioned in Section 2, the pressure drop in the PV roof tile casing was also
measured during the experiment — it was caused by the cooling air flow resistance. The highest
flow resistance was generated during cooling with an air volumetric flow rate of 4 m*/h and a
duct depth of 25 mm. These resistances extended the residence time of the cooling air in the
casing, so that it could gain more heat (see Fig. 9).
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Fig. 9. Dependence of the pressure drop on cooling parameters.
4.5. Exergy analysis

The next stage of the research was connected with an exergy analysis of the presented system.
Exergy efficiency (7ex) is based on the second law of thermodynamics and allows analysis of the
systems in terms of energy transformation quality. The total electrical exergy rate produced by the
PV roof tile (Expy), the overall thermal exergy rate output (Exy) and the exergy rate of solar
radiation (Exgn) were calculated based on Equations (6-9). The obtained results are summarized in
Table 5. The maximum exergy efficiency, depending on the cooling conditions, ranged from 5.08 to
9.94 % and was the highest for cooling with the air volumetric flow rate of 4 m’/h and a duct depth
of 25 mm. These values are in the range reported by Akpinar and Kocyigit [28], who for similar
geometry of the solar air heater obtained exergy efficiency between 8.32 and 44 %.

Table5
Calculation results of electrical, thermal and solar radiation exergy rates and exergy efficiency

Solar Without H=51mm, H=51mm, H=51mm, H=25mm, H=25mm, H=25mm,
irradiance  cooling V=1m¥h V=2m*h V=4m*h V=Im¥Yh V=2mh V=4mh

300 643 64.1 64.1 642 642 642 64.1
e, 450 96.4 96.0 9.1 9.1 96.1 96.1 9.1
600 128.6 127.9 128.0 128.1 128.0 128.1 128.1
Wl 750 160.7 159.8 160.7 160.0 159.9 160.0 160.0
900 192.8 192.8 192.8 191.9 191.7 191.8 191.9
300 33 3.9 3.7 3.8 3.8 3.8 3.9
450 5.7 6.4 6.0 6.2 6.2 6.1 6.2
EXpy
600 7.6 8.4 8.1 8.2 8.2 8.0 8.2
Wl 950 9.2 9.5 9.5 9.6 9.6 9.3 9.7
900 10.0 10.6 10.4 10.6 10.5 10.8 1.1
300 : 03 0.7 13 0.4 0.9 15
e, 450 ; 0.6 13 2.4 0.8 18 2.9
600 ; 0.9 1.9 35 12 25 4.4
Wl 750 ; 12 2.6 47 1.6 35 6.1
900 ; 1.6 35 6.1 2.0 4.4 8.0
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Solar Without H=51mm, H=51mm, H=51mm, H=25mm, H=25mm, H=25mm,
irradiance  cooling  V=1m*h V=2m*h V=4m¥h V=Im¥Yh V=2mh V=4mh

300 5.08 6.56 6.80 7.92 6.63 7.40 8.45
ex 450 5.88 7.28 7.58 8.98 7.28 8.19 9.47
%] 600 5.94 7.21 7.79 9.13 7.33 8.25 9.82
750 5.73 6.68 7.56 8.92 7.02 8.03 9.89
900 5.21 6.35 7.24 8.72 6.53 7.94 9.94

4.6. Analysis of the measurements uncertainties

The uncertainty analysis was carried out in accordance with Equations (10) and (11). The list
of the uncertainty maximum values, specified for the electrical and thermal parameters discussed in
the work, is presented in Table 6. A special attention was paid to obtaining the same solar irradiance
for each measurement series (at all cooling conditions and its absence). It was controlled by a
solarimeter (shown in Fig. 2(a)). Its accuracy (listed in Table 2) was taken into account during the
uncertainties calculations of the electrical and thermal efficiencies. The solar light simulator
consisted of the same bulbs, with the same color temperature. During the tests, its position, as well
as its distance in relation to the PV roof tile, were not changed, therefore it was assumed that the PV
roof tile had the same solar conditions.

Table6

Maximal uncertainties values.

Parameter Relative value [%]
Generated electrical power 12.00

Electrical efficiency 0.25

Heat flux 10.54

Thermal efficiency 0.13

Overall efficiency 0.19

A\ MOST

4.7. Discussion and future plans

The presented results of experimental investigations, conducted on a commercial PV roof
tile, indicate, that there is a potential for the development of further research towards improving the
intensification of heat removal from its back wall. It is necessary to take into account the
restrictions — among other a small distance between the PV roof tile and the roof surface, as well as
the availability of the cooling medium. Air seems to be a legitimate medium when considering hot-
climate countries with limited water resources. Also, in highly sunny areas, there is a very high
probability, that the PV roof tile will heat to a temperature exceeding the permissible temperature of
its work, which may damage it.

The test results clearly show, that an increase in the cooling air volumetric flow rate and a
decrease in the duct depth, in which the air flows, have a positive effect on the amount of heat
removed from the back wall of the PV roof tile. The impact of cooling on the generated electric
power and the efficiency of solar energy conversion into electricity was noticed. During further
considerations, the effect of ambient conditions also should be excluded as much as possible. It will
enable assessment of the impact of cooling on the increase of the PV roof tile electrical efficiency
and the generated power.

The achieved thermal efficiency values indicate, that with the increase of solar radiation
intensity and the increasing potential of heat transfer, the possibilities of heat removing from the
wall of the PV roof tile are limited due to the insufficient temperature difference between the
cooling medium and the hot element. Therefore, it should be investigated, at which cooling air
volumetric flow rate and a duct height the heat recovery will be the highest. In addition, the flow
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geometry should be adequately planned to cool the PV roof tile evenly over its entire surface
despite the constantly heating medium. It requires numerical simulations to verify which solution
meets the condition in the best manner.

5. Conclusions

The article discusses the results of research using the photovoltaic roof tile, which is in-line
with the BIPV technology. It has been proven that the depth of the cooling duct and the air
volumetric flow rate have a crucial impact on the obtained results. A smaller channel depth (25
mm) and a larger volumetric flow rate of cooling air (4 m*/h) caused the most visible heat removal
from the PV roof tile. The air cooling of the back wall of the PV roof tile allowed the average
surface temperature to be lowered by a maximum of 6.3 K, while the temperature difference
between the surface next to the cooling air inlet and the surface next to its outlet was a maximum of
23.4 K. Both values were obtained for cooling by air with the volumetric flow rate equal to 4 m*/h
and the channel depth of 25 mm, at the solar irradiance of 900 W/m®. For these parameters, the
highest value of generated power (9.82 W) and heat flux value (about 194 W/m?) were also
obtained, as well as flow resistance, which amounted to 23 Pa. In turn, at the same cooling
parameters, but at the solar irradiance of 300 W/m?, the highest thermal efficiency (27 %) and
overall efficiency (about 32 %) were obtained. An exergy analysis was performed, achieving an
exergy efficiency between 5.08 % and 9.94 %.

Since the need of cooling the elements made of monocrystalline silicon, from which the
presented PV roof tile is also built, the authors in their further studies will focus on improving the
process of heat transfer from a hot wall element. The further experimental studies, supported by the
preceding numerical simulations, will be performed. Also, the use of recovered heat is considered
for other purposes, for example, ventilation or as a heat pump's lower source. The construction of an
installation consisting of several PV roof tiles to verify the profitability of different methods is also
in the plans. The presented results were obtained during the PV roof tile operation under the
influence of light falling on it, generated by a solar light simulator. The use of such a simulator has
the main advantage of being able to set the appropriate solar irradiance and keeping this value
constant during the measurement series. It allows comparison of the results obtained at various
cooling conditions. However, the amount of heat generated by halogen lights, which are near the
PV roof tile, can be much higher than the amount of heat generated by the sun. Therefore, the
measurements at the natural conditions should be conducted and then compared with the laboratory
cases.

Nomenclature

A air duct area, m’

c air specific heat, J/kgK

Ex exergy rate, W

G solar irradiance, W/m?

H height of the air duct, mm

| electrical current, A

M the surface of one PV roof tile module, m’
P electrical power, W

q heat flux, W/m?

R electrical resistance, Q

S the PV roof tile active surface area, m>
T temperature, K

\ voltage, V

14 volumetric flow rate, m*/h

Greek symbols
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Ap pressure drop, Pa
n efficiency, %

0 air density, kg/m3
Subscripts

air air

amb ambient

in inlet

MPP maximum power point
0 overall

out outlet

PV photovoltaic

sun  sun

th thermal
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