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Abstract: This paper proposes a modification to the design of a standard PV module by enclosing the
skeleton space and using forced ventilation. The purpose of this research was to develop a method
for calculating the amount of heat gained during PV module cooling. A simplifying assumption was
to omit the electrical energy consumed by the fans forcing the airflow. For testing at low irradiance,
a prototype halogen radiation simulator of our own design was used, which is not a standardized
radiation source used for testing PV modules. Two measurements were also made under natural,
stable solar radiation. The modified PV module was tested for three ventilation rates and compared
with the results obtained for the standard PV module. In all tested cases, an increase in electrical
efficiency of about 2% was observed with increasing radiation intensity. The thermal efficiency
decreased by about 5% in the analyzed cases and the highest value of 10.47% was obtained for the
highest value of cooling airflow rate. In conclusion, the study results represent a certain compromise:
an increase in electrical efficiency with a simultaneous decrease in thermal efficiency.

Keywords: photovoltaics; photovoltaic module; heat recovery; electrical and thermal efficiency

1. Introduction

Photovoltaic (PV) modules are designed as devices for the direct conversion of so-
lar energy into electricity [1]. The phenomenon of heating PV modules is the coexisting
conversion effect, especially in the case of the most common PV modules made in silicon
technologies [2-4]. Some mathematical models describe the effect of PV module temper-
ature on performance and the most important parameters of their operation [5]. All PV
modules made of silicon cells show negative temperature power coefficients of approx.
—0.4%/°C (the minus sign means that the value decreases as the temperature rises above
the reference temperature—above 25 °C) [3,6], given in standard conditions by manufactur-
ers. This means that an increase in the temperature of the PV module above 25 °C causes
a decrease in the maximum power value due to the negative temperature coefficient [7].
Reducing the heating of PV modules is one of the criteria when looking for new design
solutions. This is due to the fact that the photovoltaic phenomenon is caused by photons
with energy greater than the value of the energy gap. The remaining ones generate the
photothermal phenomenon, intensifying the recombination processes of electron-hole pairs
in the semiconductor material. In the real operating conditions of the PV module, at the
radiation intensity of approx. 1000 W/m?, the module heats up to a temperature of approx.
60 °C. This results in a significant voltage drop and a slight increase in current, hence the
product result has an even greater power drop, e.g., a PV module with a peak power of
300 Wy, heated to a temperature of 60 °C loses about 42 W. The highest maximum power
values are obtained when the radiation reaches high values, and the temperatures are still
low, such as in early spring in central European climates.

The dynamic development of photovoltaics (PV) in Poland (Central Europe) began
only after 2015, when the law was modified, allowing for simplified procedures for con-
necting to the power grid, especially PV micro-installations (up to 50 kWy) [8]. Another
factor in the intensification of the development of PV micro-installations in Poland was
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the “My Electricity” [9] support program, as a result of which Poland is currently ranked
4th in Europe in terms of new installed capacity. “Energy Policy of Poland until 2040” [10]
assumes an increase in the installed photovoltaic capacity by 2040 to approx. 16 GWy,.
Analyses of the operation of PV installations in Poland show that the calendar year can
be divided into two equal parts: from April to September and from October to March.
Between these periods there is a large difference in the amount of energy generated—in
the period from April to September, PV systems in Poland generate over 80% of the annual
yield of generated energy. This is because in the winter half of the year there is a low
level of radiation with the dominance of diffuse radiation. The small share of energy
in the annual balance is also influenced by the shorter day from sunrise to sunset. Low
temperatures cannot compensate for these two aspects. The average annual energy yield
from PV installations in Poland expressed in relative values is approx. 1000 kWh/kW, [11].
More detailed analyses have shown that most of the PV inverters’ operation time takes
place at relatively low levels of solar radiation [7]. The parameters of PV modules given
by manufacturers under STC (Standard Test Conditions) are very rarely achieved in this
climatic zone. An interesting fact of the cited studies is that the record power values in PV
installations in Poland take place at the turn of March and April [12]. This is due to the
relatively low ambient temperatures during this period. Therefore, the study investigated
the efficiency of obtaining electricity and heat from the PV module at low insolation with
the use of the radiation pseudo simulator.

Various studies have analyzed the operation of hybrid PV/T solar systems generating
electricity and domestic hot water. These systems, however, are not very widespread and
are characterized by a complicated structure [13,14]. Other studies analyzed and compared
the effect of air cooling on the performance of PV modules [15-17]. The PV roof tile was
also investigated [18,19], and the main aim of the study was to increase the overall system
efficiency by using heat recovery. A common conclusion from the cited studies was to
increase the efficiency of PV elements using any cooling method.

An advanced model was proposed in the paper [20], where electrical and thermal
performances of bi-fluid PV /thermal collectors were taken into consideration. For the
sample winter day, the numerical results show an overall improvement of the performance
of the bi-fluid PV /T module, with an increase of thermal energy transferred to the liquid
side of 20%, and of 15.3% for the overall energy yield in comparison to the conventional
PV/T collector. Additionally, a loss of 0.2% of electricity is observed. No performance
increase was observed during the summer day. This conclusion does not support the
hypothesis that cooling always increases electrical efficiency.

The research was carried out for a low level of solar radiation because, in the temperate
climate of Central Europe, PV installations operate in such conditions for most of their
working time [7]. In order to carry out the research, a prototype simulator of this type
of solar radiation was also built. It provides stable conditions for measurements, unlike
natural conditions, characterized by high variability at low radiation intensity. This is due
to the high proportion of diffusion radiation. The research was carried out for a low level of
solar radiation because, in the temperate climate of Central Europe, PV installations in such
conditions operate for most of their working time [11]. In order to carry out the research,
a prototype simulator of this type of solar radiation was also built. It provides stable
conditions for measurements, unlike natural conditions, characterized by high variability
at low radiation intensity. This is due to the high proportion of diffusion radiation. Two
measurements were also made with stable natural solar radiation at 520 W/m? and an
ambient temperature of 20 °C and at 750 W/m? and an ambient temperature of 21 °C.
Measurements made with the use of simulators are characterized by greater stability of
the value of solar radiation intensity, but this issue is so broad that it is not analyzed in
this paper.

Water cooling of photovoltaic modules is more expedient and efficient—the heated
water, although at a low temperature, can be diverted to the consumer’s household or
agricultural needs. This method offers potentially greater opportunities for useful utiliza-
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tion of the heat gained from cooling PV modules [21]. Another example of this type of
association, for example, solar photovoltaic thermal roof tiles with water cooling, can solve
three problems simultaneously—protection and construction, heat generation, and power
generation [22].

This paper presents a different approach to cooling PV modules by recovering thermal
energy lost in typical cooling systems. The central part of the paper consists of Section 2,
which includes descriptions of the modified PV module, the solar light pseudo simulator,
and the experimental setup. Section 3 presents the experimental results. Section 4 presents
the conclusions of the research presented and plans for the future.

2. Materials and Methods
2.1. Construction of the Modified PV Module

The two identical standard PV modules made of polycrystalline silicon were used
for the tests, the basic parameters presented in Table 1. The modules were tested under
various conditions and had comparable electrical parameters and performance.

Table 1. Selected technical data of the PV module according to the manufacturers.

Technical Data in STC Value
PV Module Model CL130-12
Solar Cell (5 inches = 125 x 125 (mm)) Polycrystalline Silicon
No. of Cells (pcs.) 36
Maximum Power Point (MPP), (Wp) 130
Voltage in MPP, (V) 17.2
Current in MPP, (A) 7.56
Open Circuit Voltage, (V) 21.6
Short Circuit Current, (A) 8.02
Electrical efficiency, (%) 13.5
Dimensions of PV Module, (mm) 1483 x 665 x 35

One of these PV modules was modified by building the space limited by an aluminum
frame size. Figure 1 shows the construction scheme of the modified PV module with
built-up space. Four fans were installed in the rear cover of the PV module. The rule of
thumb adopted here is that one pair of fans is per two rows of cells in the PV module. The
fan mounting arrangement was done symmetrically according to the module dimension.
The following fans were used: AABCOOLING Black Silent Fan 8 [23]. The advantage of
these fans is the use of modern low-noise FDB (Fluid Dynamic Bearing) bearings. This is an
important environmental aspect so as not to generate destructive noise at the installation
site of such a modified PV module. Two supplied air from the surroundings to the PV
module’s built-in compartment, and two carried the heated air outside (Figure 2).

The next Figure 2 shows how to install the four fans and the electrical diagram of
their power supply. The outlets air fans were connected so that it is possible to measure
the temperature and air velocity with an anemometer: Benetech GM816 [24]. All fans
were connected in parallel to the power supply with the regulator (Figure 2b), and the air
transport direction was determined by the appropriate method of installation.

The four parallel-connected fans installed on the station were supplied from an exter-
nal power supply via the PWM controller model ZTA31762 [25] with a maximum output
power of 30 W. This way, it was possible to regulate the exhaust airflow speed in the range
from 0 to 4 m/s. During the study, the actual total power consumed by the power supply
circuit four fans was measured, which was stable at a low level in the range of 2.85-2.92 W.
The appropriate direction of the airflow was achieved by proper installation of the fans
(Figures 1 and 2). It was assumed that for each of the radiation levels, measurements
were made for three air outlet velocities: 2, 3, and 4 m/s. For the internal diameter of the
connected outlet channel ¢28.4 mm, the following volumetric airflow rates were obtained:
456, 6.84, and 9.12 m3/h.
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Figure 1. Schematic diagram of the modified PV module with built-up space: Tj,—inlet air tem-
perature; T,,;—outlet air temperature; Tp;—PV module temperature; V—the volumetric flow rate
of air.
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Figure 2. Construction of the cooling system for the modified PV module: (a) arrangement and
installation of fans; (b) electric diagram of the power supply and fan speed controller.
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The proposed design is only a prototype solution and does not reflect actual costs.
The cost of the modification proposed in the paper is estimated by the author to be about
5% of the PV module value. This includes the cost of the back wall, fans, and mounting
components. For distribution of warm air for utility purposes, the cost will be higher
depending on the length and complexity of the distribution channels.

2.2. Construction of the Solar Light Pseudo Simulator

The research for low radiation levels (for 100, 200, and 300 W/m?) was carried out
with the use of artificial lighting, consisting of six halogen lamps with 400 W filaments and
a color temperature of 2900 K (Figure 3). This pseudo simulator made it possible to obtain
a maximum value of insolation of about 300 W/m?. To regulate the halogen simulator’s
radiation intensity, the AVT 1007 [26] controller with a maximum power of 2.5 kW was
used, with an additional cooling system in the form of a radiator with a fan. During the
tests, the radiation intensity was set using the AVT 1007 regulator for three values: 100, 200,
and 300 W/m?. This effect is achieved by turning the potentiometer knob of the regulator
used. The installation of the lamps allows to change the angle of their inclination to obtain
even illumination of the PV module surface. The use of the simulator for low radiation
values is justified because of the difficulty of observing such conditions in reality.

(b)
Controller L
6 Pieces H—A].t):ge n Lamps AVT 1007
(6 x 400 W) , ’a "

Figure 3. Construction of the Solar Light Pseudo Simulator: (a) photo of mounting halogen lamps;
(b) electrical diagram of connecting the lamps to the controller that changes the intensity of radiation.

2.3. The Experimental Research Setup

Figure 4 shows the appearance of the test stand during measurements. Measurements
were made for the standard PV module and the modified module with a built-in ventilated
space. Measurements for the modified PV module were carried out in two stages: first, the
irradiance was set to a constant value on the simulator, and then, for the constant irradiance
value, the rotational speed of the fans was increased. Similar measurements were also
made with natural solar radiation of 520 W/m? and an ambient temperature of 20 °C and
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750 W/m? at an ambient temperature of 21 °C. No air movement was measured during
the exterior testing as the meter used did not show wind speed.

15 |

IRRADIATION SIMULATOR

MODIFIED PV MODULE

CONTROLLER THE INTENSITY OF
IRRADIATION SIMULATOR
AVT 1007

ANEMOMETR
BENETECH GM&16

1.- ! . ; ' f‘,'
- SN v 400 METER ”‘

Eb

Figure 4. Photograph of the test stand with a presentation of the used measuring instruments.

3. Results

Two identical PV modules were tested: standard and modified with artificial cooling
of the built-up space. In both cases, the photoelectrical conversion efficiency of the PV
module was calculated. The electrical efficiency of the PV module (y,;) was calculated
based on the Equation (1) [5]:

Pppp
el = G gy @
where G is the solar irradiance and Sy is the total surface of the PV module, which is equal
to 0.986 m?, and Pjpp is the maximum power point (measured with the I-V 400 m shown
in Figure 4).

Subsequent measurements were made only for the modified PV module with venti-

lated built-up space. The heat flux (g), which can be obtained for the given solar irradiance

(G), and the volumetric flow rate of air (V), was calculated from the Equation (2) [18]:

_p-V-c-AT
=

q @)
where p is the average air density between the inlet and outlet temperature, c is the average
air-specific heat between the inlet and outlet temperature, AT is the outlet and inlet air
temperature difference (AT = Tyt — T}y, see Figure 1).

The photothermal conversion efficiency (174,) was calculated from the Equation (3) [18]:

p‘V~c-AT

Mh =7 Su ®)



Energies 2021, 14, 8271

7 of 13

The total efficiency (#40t) of the system was calculated as the sum of the photoelectrical
(701) and photothermal (1, efficiency from the formula (4) [18]:

Ntot = Hel + Mth 4)

Often in practice, a simplified relationship is also used to estimate the temperature of
the illuminated Tj; module on the basis of the ambient temperature T,,,; and the value of
the solar radiation intensity G [5]:

(NOCT —20) - G
800

Tnm = Tomp + )
where NOCT it is the module temperature under normal conditions (for G = 800 W/m?,
Tamp = 20 °C), which is approximately 45 °C for crystalline silicon PV modules.

In turn, the value of the maximum power Py;pp depending on the temperature is
estimated on the basis of the temperature coefficient y1 from the dependence [5]:

Prpp(Tm) = Pupp- [1 + (TM'25)'1,YTTO} (6)
where coefficient yr for silicon PV modules it is about —0.4%/°C as already mentioned in
the introduction.

The dependence of the heat flux () on the intensity of solar radiation does not result
directly from the analytical relationship. The increase in the intensity of solar radiation (G)
affects the temperature of the PV module (Tys), which in turn increases the temperature of

AT. However, increasing the cooling intensity (V) causes a decrease in AT which reduces
the heat flux (g). To sum up, the intensity of solar radiation affects the temperature of
the module, and the temperature of the module affects the AT of the flowing air, and
everything depends on the intensity of cooling, as shown by the research.

Table 2 shows the results of the measurements made for the standard PV module. The
calculations were made based on the measurements made with the I-V 400 m. Only the
photoelectric conversion efficiency was calculated. During the measurements, the PV mod-
ule was not additionally cooled. The only variable parameter during these measurements
was the solar irradiance.

Table 2. Measurement results for the standard PV module model: CL130-12.

G Tamb Tm Ppmpp Tel

(W/m?) O O W) (%)
100 23.4 26.5 11.63 11.80
200 23.8 30.1 23.86 12.10
300 24.4 33.7 37.63 12.72
520 20 36.2 64.4 12.56
750 21 444 101.4 13.71

Tables 3-5 present the measurement results for the modified PV module, in which
the built-up space of the PV module was cooled with fans. In these cases, the temperature
difference (AT) between the air inlet and outlet channels of the modified PV module was
measured for each of the three cooling airflow rates (V). This made it possible to calculate
the photothermal conversion efficiency of the modified PV module.



Energies 2021, 14, 8271 8of 13

Table 3. Measurement results for the cooling airflow rate at V= 4.56%3.

G Tm AT Pppp el q Nth Ntot
(W/m?) °Q) O W) (%) (W/m?) (%) (%)
100 33 4.1 11.53 11.69 6.34 6.34 18.03
200 32.8 4.2 24.21 12.28 6.49 3.25 24.75
300 42.8 4.6 37.27 12.60 7.11 2.37 14.97
520 43.2 75 65.01 12.68 11.59 2.23 14.91
750 46.6 11.2 101.1 13.67 17.31 2.31 15.98
Table 4. Measurement results for the cooling airflow rate at V=684 m{
G Ty AT Pypp Hel q Nth tot
(W/m?) (@] (@] W) (%) (W/m?) (%) (%)
100 32.5 3.8 11.55 11.71 8.79 8.79 20.50
200 37.7 3.9 24.23 12.29 9.02 451 16.80
300 41.9 41 37.32 12.62 9.48 3.16 15.78
520 42.8 7.2 65.5 12.78 16.65 3.20 15.98
750 46.3 10.6 101.2 13.68 24.51 3.27 16.95
Table 5. Measurement results for the cooling airflow rate V= 9.12‘%3.
G Tm AT Pppp el q Neh Ntot
(W/m?) (@] (@) W) (%) (W/m?) (%) (%)
100 31.6 34 11.57 11.73 10.47 10.47 22.20
200 37.2 3.5 24.25 12.30 10.78 5.39 17.69
300 39.8 3.7 37.42 12.65 11.39 3.80 16.45
520 42.3 6.1 66.10 12.89 18.78 3.61 16.50
750 46.1 94 101.3 13.70 28.94 3.86 17.56

Figure 5 shows the results of calculating the photoelectric conversion efficiency for
all the measurements made. The three lines in the diagram that run very similarly show
the relationship for the modified PV module cooled by fans and one line with a different
course for the standard PV module.

l‘ioﬂ

13%

—+— Standard PV Module

Electrical Efficiency, 7,; (%)

12% = V=456m*/h

T V =684m*/h

—— V=912m?/h

11% - . . :
100 200 300 400 500 600 700 800

Solar Irradiance, G (W/m?)

Figure 5. Influence of solar irradiance (G) on the photoelectric conversion efficiency (1) of tested PV
modules (standard and modified PV module for different ventilation intensities).
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Figure 6 shows the measurement results of ambient temperatures (T,,;;) and PV
modules (T) for all tested cases. The heating of six halogen lamps caused a slight increase
in ambient temperature (T,,,;) during subsequent measurements. Under both artificial
and natural lighting, the temperature of the modified module was higher than that of the
standard module and decreased slightly under weathering.

RN
40
G == Tow
& 35 Ao e T e :
g == Tx(Std.PV)
= L m?
i 30 + *= Ty (4.56 T)
E T (6.842)
& >
25 e o e e m?_ |-
€T\ (9.12 —)
oo [
l5 T T T T

100 200 300 400 500 600 700 800
Solar Irradiance, G(W/m?)

Figure 6. Influence of solar irradiance (G) on the PV module temperature (Tj;) for all tested cases
(the ambient temperatures T,,,;, during the tests are also presented).

The last three Figures 7-9, are a graphical presentation of the results of the photoelectric
and photothermal conversion efficiency calculations, which are listed in Tables 3-5. The
summaries are made for the individual cooling intensity values of the modified PV module.

20% -
V =456m3/h
15% e
</—'—-—_— - )
10% -

—+—Electrical Efficiency

Efficiency (%)

—-Thermal Efficiency

Total Efficiency

100 200 300 400 500 600 700 800
Solar Irradiance, G (W/m?

Figure 7. Efficiency changes depending on solar irradiance for a modified PV module, cooled by fans
with the intensity of air flow at V= 4.56%3.
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25%
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R L R
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=
—#-Thermal Efficiency
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=
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Figure 8. Efficiency changes depending on solar irradiance for a modified PV module, cooled by fans
with the intensity of airflow at V = 6.84‘“?3.
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- —l
Do.-':: T T T T T T
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Solar Irradiance, G (W/m?)

Figure 9. Efficiency changes depending on solar irradiance for a modified PV module, cooled by fans
with the intensity of airflow at V = 9.12%3.

4. Discussion

The PV module cooling method proposed in this paper also allows energy to be
extracted in the form of warm air. This effect can be achieved by a relatively simple
modification of a standard PV module by building a frame with fans installed. The
proposed method can be adapted to most PV modules available in the market.

The results of the calculations of the photoelectric conversion efficiency proved that
the course of this relationship changed significantly for the modified PV module in relation
to the standard one. The modification of the PV module used made it possible to obtain
warm air, but at the same time, increased the rate of heating of the module. In this situation,
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increasing the cooling intensity increased the photoelectric conversion efficiency. For
the standard PV module in the tested radiation intensity range, an increase in module
temperature from 26.5 to 44.4 °C was observed. However, for the modified PV module,
significantly greater temperature increases from 31.6 to 42.8 °C were obtained despite the
cooling applied, using the simulator, and from 42.3 to 46.6 °C for real solar radiation (520
and 750 W/m?).

Increasing the cooling intensity of the modified PV module resulted in a reduction of
the photothermal conversion efficiency due to the reduction of the temperature difference
between the outlet air and the inlet air. Despite this, the total efficiency was obtained
for the case of cooling the modified PV module with the highest intensity (9.12 m>/h)
in the range from 16.45% to 22.2%. The proposed solution is a kind of compromise; to
increase the total efficiency of the modified module, we slightly reduce the efficiency of
photothermal conversion.

Recent research in the field of photovoltaic source performance under artificial lighting
is presented in the papers [27,28], which also analyze the suitability of different materials
for such applications. Additionally, the paper [28] investigated the effect of dyes and
different types of lighting like LED lighting.

A valuable supplement and comparative material of the issue discussed in this paper
is the work [29], discussing the influence of forced air flow in the case of natural ventilation.
The methodology presented here should be taken into account in the modification of
research, which should take into account the impact of variable external conditions, in
particular the wind speed and direction.

The method proposed in this paper is an alternative to the frequently encountered
scientific papers on cooling PVT type modules. An example of such a study is described in
the paper [30], in which the 3D computational fluid dynamics simulation of collector design
in PVTs was carried out using Solidworks. The modeling was carried out on variations in
the shape of boxes, pipe boxes, and triangle boxes with aluminum, copper, and mild steel
materials on the thermal collector.

5. Conclusions

This paper presents a method for determining the effect of cooling on the performance
of a modified PV module. The obtained results are not a breakthrough achievement, but
also the method of modification of PV module is very simple and worth considering also
in those cases where the priority is the acquisition of heated air.

One surprise of the results shown in Figure 6 is that the temperature of the standard
PV module was lower than the one modified with ventilation. This is due to some trade-off
in that the module must be allowed to heat up to obtain heat.

On the other hand, in the test results presented in Figures 7-9, one can notice a certain
repeatable regularity: in order to achieve a certain level of thermal efficiency, there is
a decrease in total efficiency with a small increase in electrical efficiency. This is also
somewhat surprising, as one would intuitively expect a significant increase in the electrical
efficiency of such a system.

6. Directions for Future Research

In the future, the scope of research for higher values of solar radiation should be
extended by using a solar radiation simulator with greater power or by testing this effect in
the conditions of the actual operation of PV modules. Future research should also take into
account the small amount of electricity consumed by the fans used. The widespread use of
this type of solution requires a thorough economic analysis, which will take into account
the financial outlay for the construction of such a PV module and the allocation of a part of
the generated electricity to power the fans. The work aimed to show the interdependencies,
not the economic optimization. The presented problem is a compromise. A slight loss of
electrical energy produces a certain amount of thermal energy, and it all makes sense if we
find an application for the heat energy produced. Increasing the cooling intensity of the PV
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module to a level where its efficiency would increase (due to lowering the temperature of
the Typs module), will reduce the degree of air heating and decrease the thermal efficiency (it
will be lower AT). An example of the potential use of warm air recovered from a modified
PV module is the use of an air-to-water heat exchanger. The heated air can also be used
periodically for direct use in air conditioning and recirculation systems in the building.

In further research in selecting the number of fans and coolant space, it is planned to
calculate the thermal state of PV modules and coolant (air) using finite element analysis.
This will also enable the optimal selection of the number and placement of fans [31].

In conclusion, the conducted tests on the modified prototype PV module only make
sense if we have the possibility to use the extracted heat. If we only want to increase
the electrical efficiency, we should aim at absolutely lowering the temperature of the
illuminated PV module. Such an effect can be achieved by forced ventilation of the air
surrounding the PV module without modifying its design.
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