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Abstract: Recently, the use of new and renewable energy sources to reduce carbon dioxide emissions
and minimize global warming has attracted attention. Among the different renewable energy sources,
solar energy is utilized for energy reduction in buildings because of its ease of use and excellent
maintenance and repair. In this study, an air-based photovoltaic/thermal (PVT) system that improves
solar energy utilization was developed, and its performance was experimentally compared with that
of the existing photovoltaic (PV) system. The PVT system could increase the amount of generated
power by decreasing the panel temperature raised by the air passing through the lower part of the
panel. Moreover, it was possible to use the high-temperature air collected from the panel for heating
or hot-water supply in the building. Based on the experimental results obtained for the PV and PVT
panels subjected to the same weather conditions, the power generation efficiency of the PVT panel
through which air was passed increased by approximately 10.1% compared to that of the PV panel.
In addition, a heat collection efficiency of approximately 46.6% was generated by the temperature
increase of the air passing through the PVT panel.

Keywords: solar energy; photovoltaic/thermal system; energy utilization efficiency

1. Introduction

Recently, interest in the use of new and renewable energy has increased, owing to
global warming caused by the utilization of fossil fuels and the dangers of nuclear power
generation. In addition, since the United Nations Framework Convention on Climate
Change in 1992, efforts to curb the increase in global temperature are in progress. Accord-
ingly, the Intergovernmental Panel on Climate Change proposed reducing carbon dioxide
emissions by at least 45% by 2030 compared to 2010 emissions and achieving carbon neu-
trality by 2050 to limit the increase in the global average temperature to within 1.5 °C by
2100. Countries worldwide have voluntarily presented their greenhouse gas reduction
goals since 2016 and developed long-term low greenhouse gas emission development
strategies and national greenhouse gas reduction goals (agreed to submit a Nationally
Determined Contribution). Many countries are setting their paths toward carbon neutrality
by developing strategies suitable for each sector, such as the energy supply and industry,
transportation, and building sectors. In particular, efforts are made to minimize green-
house gas emissions by utilizing new and renewable energy such as solar collector [1],
evacuated tube collector [2,3], double slope collector [4], air-based solar system [5,6], appli-
cation [7,8] and so on. Among the different renewable sources of energy, solar energy is
actively investigated because of its abundance, ease of installation, and simple maintenance.
Martinopoulos et al. investigated the actual use of solar energy and its effects, and indi-
cated the need for solar energy policy and activation at the national level [9]. In addition,
many studies are being conducted to improve building energy performance through the
utilization [10] and optimization [11] of a building-integrated photovoltaic system.

Despite the several advantages of solar power generation systems, such as diverse
applicability, power generation is possible only during the daytime, and expensive batteries
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are required to store the remaining power. Consequently, the construction field distribution
is delayed. Interest in and research on photovoltaic/thermal (PVT) systems capable of
generating electricity using solar light and collecting heat using solar heat simultaneously
are increasing [12]. The PVT system controls the decrease in power generation efficiency,
owing to the temperature rise of the panel by enabling the flow of the liquid or gas to
the back of the solar panel. In addition, it can be used for hot water supply or heating in
a building by utilizing a liquid or gas with an increased temperature [13].

Zarei et al. used R600a and R290 refrigerants as replacements of R134a refrigerants to
increase the photovoltaic (PV) efficiency and decrease global warming. The temperature of
the water passing through the panel increased by approximately 9.14 °C, and the efficiency
of the PVT system improved from 66.7% to 75.8% [14]. Nazri et al. evaluated an air-based
PVT system and observed that the utilization effect of the maximum solar energy was
possible up to 80.3%; moreover, the PVT system exhibited higher potential than the existing
PV system [15]. In another study on an air-based PVT system, Ozakin et al. performed
simulations and found that the panel surface temperature decreased by approximately
10-15 °C when air passed under the panel; in addition, the efficiency increased by ap-
proximately 15%, owing to an increase in wind speed [16]. Wajs et al. decreased the PV
surface temperature by up to 6.3 °C by cooling the air between the PV panel and the
roof, increasing the power generation and demonstrating the applicability of the target
system [17]. Singh et al. reported that the solar heat could be increased by approximately
1.4 times because of the parallel configuration of the PVT system, and it was more effective
than the serial configuration in economic terms [18]. In the study conducted by Abdullah
et al., the panel surface temperature decreased by approximately 5-9 °C compared to the
conventional PV in a liquid PVT system, increasing the power generation efficiency [19].
Vittorini et al. improved the power generation efficiency by approximately 33% compared
to the existing PV by supplying 2 L cooling water per minute [20]. Sakellariou et al. devel-
oped a method for applying the PVT system and demonstrated the possibility of using it
as thermal energy while increasing the power generation efficiency, owing to the liquid
passage. In addition, the higher the inlet temperature of the PVT, the lower the power
generation efficiency, and the amount of power generated significantly changed with the
inclination of the PVT panel [21]. Brottier et al. analyzed the thermal performance of
domestic hot-water facilities using 28 PVTs in Western Europe. The PVT system was more
effective than the PV system for preheating domestic hot water, and there was less risk of
overheating based on the highest temperature [22].

In addition, several studies on the application of the PVT system for minimizing en-
ergy consumption in buildings have been conducted. Hengel et al. reviewed a method for
increasing the system efficiency by linking the PVT system and the heat pump, but further
research on the appropriate point to achieve the break-even point was recommended for
reasons such as high initial investment costs [23]. AlbaRamos et al. concluded that the
system performance could be improved by combining a liquid PVT system and a heat
pump, reducing the power consumed for cooling [24]. Calise et al. reviewed methods for
maximizing the utilization of the PVT system through simulations. They reported that
the summer utilization plan by solar heating and cooling and the relationship with the
domestic hot water demand should be reviewed [25]. Fayaz et al. reviewed the use of
a phase change material (PCM) in PVT systems and concluded that the cooling effect in-
creased, owing to the application of the PCM; consequently, the power generation efficiency
increased [26]. Reddy Penaka et al. reviewed measures to evaluate the economic feasibility
of applying PVT based on country-specific climatic conditions, energy consumption and
energy cost [27].

As described above, studies on the applicability of the PVT system and utilization
methods have been conducted. However, the performance comparison through experi-
ments on PV and PVT under the same conditions and the applicability of the air-based PVT
system have not been investigated extensively. Therefore, in this study, the performances
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of PV and air-based PVT systems exposed to the same weather conditions were measured,
and the results were compared to review the utilization plan of the air-based PVT system.

2. Materials and Methods

Measurements were performed on the rooftop of 7 lecture buildings in Kyonggi
University (latitude: 37.30°, longitude: 127.04°) in Suwon-si, Gyeonggi-do, Korea. In
the case of PV panels, since they are generally installed directly on the roof surface, it
is assumed that the insulation of the roof surface is in direct contact with the panel, so
that there is no air layer under the panel. In addition, in order to reproduce the fact that
heat cannot be discharged to the lower part of the panel due to the insulation installed on
the roof surface, an insulation panel was installed in the bottom part of the panel in the
experiment. In the case of the PVT panel, the air was passed through the lower part of the
existing PV panel (4 passages of 400 x 50 mm), and an increase in power was generated
with decreasing temperature of the solar panel. The heat collection effect caused by the
increased air temperature passing through the PV panel was evaluated. The changes in
temperature and power generation under the same conditions were compared by installing
the existing PV panel and the PVT panel (the subject of this study) side by side. The
target panel faced southward and was installed at an angle of 30°. In addition, in order
to measure the amount of insolation reaching the panel, a pyrometer was installed on the
same 30° inclined surface as the panel. All the target panels had the same area of 1.52 m?
(1600 x 950 mm). A conceptual diagram of the panel used for the experiments is shown in
Figure 1. The panel inlet temperature, upper and lower surface temperatures, and panel
outlet temperature were measured to assess the temperature change of the upper and lower
parts of the panel caused by air passing through the lower part of the panel. The solar
irradiance, current, and voltage were measured to compare the generated power and power
generation efficiency. The current-voltage (I-V) curves of the target PV panel, which present
the possible combinations of current and voltage output of a photovoltaic panel, are shown
in Figure 2. The maximum voltage during measurement was 35.8V. Therefore, as shown in
Figure 2, the current value during power generation does not change significantly, and it is
judged that a relatively stable result can be obtained in this experiment. The measurement
instruments and items used in this study are listed in Tables 1 and 2, respectively. The
measurements were performed in 1 s intervals, and the average results for 10 min were
determined, considering the fluctuations attributed to external conditions.
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Figure 1. Schematic of experimental setup.
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Figure 2. I-V curves of the target panel.

Table 1. Equipment specification.

Items

Instrument

Specification

Temperature

Thermal couple T-type

Range: —200-250 °C,
Accuracy: +0.5 °C, Resolution: 0.1 °C

Solar radiation

EKO MS-40 pyranometer
1SO 9060:2018 Class C (second class)

Range: 0-2000 W/m?, Accuracy: +0.2%

Electric energy

Solar volt/Current unit

10 A/50 mV shunt

Wind speed Testo 405i hot-wire anemometer Range: 0-30 m/s, Accuracy: £0.1-0.3 m/s
Data logger Hioki Memory Hilogger LR8400 Ten\}};ﬁl;?:iigglsﬁ:;i?gbg.I(R]OC,
Table 2. Measurement items.
Number Item Number Item
1 Outside temperature 15 PVT lower air temperature
2 PVT air inlet temperature 1 16 PV upper air temperature
3 PVT air inlet temperature 2 17 PV upper-surface temperature 1
4 PVT air inlet temperature 3 18 PV upper-surface temperature 2
5 PVT upper-air temperature 19 PV upper-surface temperature 3
6 PVT upper-surface temperature 1 20 PV lower-surface temperature 1
7 PVT upper-surface temperature 2 21 PV lower-surface temperature 2
8 PVT upper-surface temperature 3 22 PV lower-surface temperature 3
9 PVT lower-surface temperature 1 23 PV lower-air temperature
10 PVT lower-surface temperature 2 24 Pyranometer
11 PVT lower-surface temperature 3 25 PVT current
12 PVT air outlet temperature 1 26 PVT voltage
13 PVT air outlet temperature 2 27 PV current
14 PVT air outlet temperature 3 28 PV voltage

3. Measurement Results
3.1. Comparison of Temperature Results

The tests were conducted for three days, 16-18 August 2021. The insolation of the
panel slope for the three days were 4743, 5066, and 4020 Wh on the first, second, and
third days, respectively, with an average of approximately 4610 Wh. The minimum and
maximum outdoor temperatures were 18.8 and 35.5 °C, respectively. Figure 3 shows the
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insolation and outdoor temperature during the target period. The inlet temperature of the
PVT panel was at most 2.2 °C higher than the outside temperature, and the average for
the heat collection period was 0.7 °C higher. This difference was attributed to the radiant
heat generated by the temperature rise of the panel, and no significant difference with the
outside temperature was observed. Figure 4 shows the inlet temperature (three points) of
the PVT panel. The measurement point of the inlet temperature was set to check whether
the temperature difference between the center and both ends of the panel occurred due
to the influence of airflow. The average temperature of the three points according to the
inlet location showed the same temperature distribution as 26.5 °C at the point (1), 26.2 °C
at the point (2), and 26.2 °C at the point (3). Therefore, it was found that the temperature
difference due to the external influence and airflow according to the inlet location was not
large. In this study, assuming that the horizontal temperature distribution and airflow
inside the panel are constant, the panel performance is compared and reviewed by the
simple average of the measurement point values. In addition, the inlet temperature is
about 0.1 to 0.4 °C higher than the outside air temperature of 26.1 °C, so it is judged that
the outside air directly flows into the panel.
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Figure 4. Inlet temperatures of the photovoltaic/thermal (PVT) panel.

For the PVT panel, which allowed air to pass through its lower part, the temperature at
the top of the panel decreased by up to 10.7 °C compared to that of the conventional PV, and
the average temperature decreased by approximately 3.0 °C within the period (Figure 5). For
the lower part of the panel (Figure 6), the temperature variation was relatively insignificant,
with a maximum temperature decrease of 1.8 °C and an average of 0.5 °C.
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Figure 6. Lower-surface temperatures of the panels.

The temperature of the air passing through the PVT panel increased via heat exchange
with the panel, whose temperature was increased by solar radiation. The air passing
through the panel overheated by solar radiation had a maximum temperature increase
of 6.7 °C and an average temperature increase of 3.3 °C (Figure 7). This increase in air
temperature was highly correlated with insolation. As the amount of insolation increased,
the exit temperature increased significantly (Figure 8). These results can be used for
designing a PVT suitable for the target building.
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Figure 7. Outlet temperatures of the PVT panel.
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Figure 9 shows the heat collecting effect caused by an increase in the air temperature
passing through the target PVT panel. The air volume generated by the fan used in this
experiment was 4.10 m3/min (diameter of 9 cm, average wind speed of 10.74 m/s). The
amount of collected heat was calculated by the temperature difference between the inlet and
outlet of the panel, the air volume, and the specific heat of the air. The maximum amount
of collected heat was 645.3 W, and the average amount of collected heat was 261.1 W for
the heat collection period. By passing air through the lower part of the PV panel, it is
possible to not only increase the power generation amount attributed to decreased surface
temperature but also collect significant thermal energy.
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Figure 9. Heat collection by the PVT panel.

3.2. Comparison of Power Generation Change

The power generated by the PV and PVT panels were compared to examine the effect
of increasing the power generation of the PVT panel, owing to the effect of the surface
temperature drop in the air-based PVT system. The maximum power of the PVT panel
that allowed air to pass through the panel increased by 21.9 W (Figure 10). However, it
is difficult to analyze the variation in the amount of electricity generated by the change
in insolation quantitatively. Therefore, in this study, the relationship between insolation
and power generation was analyzed for each PV panel and PVT panel. For the correlation
between solar radiation and power generation (Figure 11), the coefficient of PVT increased
by approximately 6.8% compared to that of PV during the measurement period (PVT: 0.2462,
PV:0.2585). The increase in power generation due to PVT application during the measurement



Energies 2021, 14, 8586

8of11

period is about 268.0 Wh. The power consumption of the fan used for air emission during
power generation is 190.8 Wh. Although the increase in power generation due to the PVT
application was somewhat higher than the power consumption of the fan, this is a result of
the summer when the outdoor temperature is high, and it is thought that the increase in the
amount of power generation will increase as the outdoor temperature in winter decreases.
In addition, in order to increase the effect of applying the PVT system, it is necessary to
additionally examine the appropriate capacity and control method of the exhaust fan.
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Figure 10. Variations in power generation of photovoltaic (PV) and PVT panels.
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Figure 11. Relationship between insolation and power generation.

The power generation efficiency values of the PV and PVT panels were calculated
based on the measured insolation and power generation (Figure 12). The power generation
efficiency values of the PVT and PV panels were 22.9% and 20.8%, respectively. This results
in an approximately 10.1% increase in the power generation efficiency, owing to the airflow
under the panel. In addition, the solar heat of the PVT was collected, owing to an increase in
the air temperature, which was approximately 46.6%. Therefore, the solar energy utilization
efficiency of the PVT was 69.5% (Figure 13), which was significantly higher than that of the
PV (20.8%). The air heated by the PVT system can be directly introduced into the room in
winter and used as heating. In addition, under a condition in which an indoor heating load
does not occur, it can be used for hot water supply through heat exchange with water, and
can be used for regeneration of desiccant for indoor dehumidification. Further research is
needed on system construction and control methods for the proper use of heated air.
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4. Conclusions

In this study, the application of solar energy, which is the most usable renewable
energy source in buildings and easy to maintain, was reviewed. In particular, the power
generation and heat collection performance of the PVT system, a combination of the
existing solar power generation and solar heat collection systems, were determined
through measurements.

The target system of this study was an air-based PVT system. The system decreased
the surface temperature of the panel by passing the outside air through the lower part of
the existing PV panel, increasing the solar power generation efficiency by approximately
10.1%. In addition, 46.6% of the thermal energy was obtained, owing to the increased
temperature of the passing air. It is demonstrated that heated air can be utilized for heating
and hot-water supply loads generated in buildings.

The experiments were conducted in summer when the outside air temperature was
relatively high; hence, the effect of the panel temperature decrease attributed to air passage
may be less significant in other seasons. Therefore, further research on the variations in the
cooling effect and power generation efficiency of the panel with the outdoor temperature
is required. In addition, it is necessary to review the method for controlling the required
temperature by controlling the fan rotation speed to utilize the elevated air temperature
in the building effectively. Furthermore, the utilization method and effect on the building
should be investigated.
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