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Abstract: Recently, the use of novel renewable energy has attracted attention for suppressing the
generation of carbon dioxide to prevent global warming. There is growing interest in energy reduction
in buildings using solar energy because of its ease of use and repair and excellent maintenance.
Therefore, in this study, air-based Photovoltaic thermal (PVT) systems, which can increase the
utilization of solar energy, are compared with the existing PV system through measurement. PVT
systems can increase the amount of power generation by lowering the temperature of the panel using
air passing through the lower part of the panel. It is also possible to use the heated air obtained
from the panel as indoor heating or for supplying hot water in a building. As a result of measuring
the performance of existing PV panels and PVT panels under the same weather conditions, the
power generation efficiency of PVT panels through which air passes increases compared to PV panels.
Overall, an air-based PVT system can utilize solar energy about three times more than existing PV
systems by utilizing solar heat and solar power. In summer, thermal collection and power generation
by PVT were 51.9% and 19.0%, respectively, and power generation by PV was 18.0%. In contrast, the
amount of thermal collection and power generation in winter was 43.5% and 20.3%, respectively, and
the amount of power generated by PV was 18.7%. As such, it is necessary to review methods for
utilizing the increase in power generation in winter and thermal collection in summer.

Keywords: solar energy; photovoltaic/thermal system; energy saving; power generation efficiency

1. Introduction

Recently, there has been increasing interest in the use of novel renewable energy
because of global warming caused by the use of fossil fuels and the danger of nuclear power
generation. Accordingly, the Intergovernmental Panel on Climate Change (IPCC) aims to
reduce carbon dioxide emissions by at least 45% compared to 2010 by 2030 and achieve
carbon neutrality by 2050 to limit the increase in the global average temperature to 1.5 ◦C by
2100 [1]. Countries around the world voluntarily presented greenhouse gas reduction goals
in 2016 and agreed to present a long-term, low-emission development strategy (LEDS) and
national greenhouse gas reduction goal (Nationally Determined Contribution, NDC) [2,3].
Efforts to minimize greenhouse gas emissions using novel renewable energy are continuing,
suggesting strategies suitable for each sector such as energy supply, industry, transportation,
and buildings. Among various renewable energies, research on the use of solar power is
being actively conducted due to its infinite energy source, ease of system installation, and
excellent maintenance.

Although Photovoltaics (PV) systems have many advantages, such as varied applica-
bility, they can only generate electricity during the daytime. Moreover, expensive batteries
are required to store the remaining power, which delays the supply to industrial sites, such
as construction sites [4,5]. Therefore, interest and research on PVT (Photovoltaics/Thermal)
systems that can generate electricity using sunlight and collect solar heat at the same time
are increasing. The PVT system has the advantage of allowing a liquid or air with a low
relative temperature to pass through the back of the solar panel to control the decrease
in power generation efficiency due to an increase in the panel temperature. Furthermore,

Energies 2022, 15, 4695. https://doi.org/10.3390/en15134695 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15134695
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-2791-0015
https://doi.org/10.3390/en15134695
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15134695?type=check_update&version=1


Energies 2022, 15, 4695 2 of 16

fluid heated by solar energy can be used as a hot water supply or indoor heating in a
building [6,7].

N. Syakirah Nazri announced that maximum solar energy effectiveness can be up
to 80.3% using the air-based PVT system, and the PVT system can have higher power
generation efficiency than existing PV systems [8]. In another study on the air-based PVT
system, A. Numan Ozakin conducted a simulation review to reduce the panel surface
temperature by 10–15 ◦C by passing air under the panel [9]. In addition, a study result was
announced that the power generation efficiency increased by 15% due to the increase in
wind speed. A study by A. Lateef Abdulla found that by applying the liquid PVT system,
the panel surface temperature decreased by 5–9 ◦C, compared to the conventional PV,
resulting in an increase in power generation efficiency [10]. Diego Vittorini suppressed the
temperature rise of the PV panel by supplying 2 L of cooling water per minute [11]. As a
result, the power generation efficiency was increased by 33%, compared to the conventional
PV. In Lee’s research, flow analysis of the air-based PVT collector was conducted to obtain
the greatest cooling effect in the horizontal arrangement structure, through which the
accumulated power generation amount could be increased [12]. Nelson Calderón-Henao
et al. performed experiments and simulations on the difference in the amount of power
generation according to the temperature change in the PV. It was found that the combination
of TEG (Thermoelectric generator) and PVG (Photovoltaic generator) technology proposed
in this study can bring about a 6.05% efficiency increase [13]. Bruno Meneghel Zilli et al.
presented a reduction in the efficiency of PV due to an increase in temperature and reviewed
the effect of temperature reduction using a water-cooled sprinkler. As a result, it was found
that the efficiency increased by about 9 to 12% by cooling the panel [14]. P. Pounraj et al.
conducted an experiment on the effect of applying the Peltier system for the cooling of PV
panels. The power required to operate the Peltier uses the power generated by PV, and
the cooling by the Peltier shows that the efficiency increases by about 38% [15]. B. Praveen
Kumar et al. performed an experiment comparing the appropriate heights of water (0.05 m,
0.10 m, and 0.15 m) to lower the temperature of a solar panel. The temperature changes
and efficiency increase in each condition were examined and, as a result, the proposed
PVT showed an increase in efficiency of about 25%, compared to the conventional solar
system [16].

In addition, various studies are being conducted on the use of PVT systems as a method
of minimizing the energy consumption of buildings. In Kang’s study, by comparing the
performance of PVT by application type, it was found that installing it in a place that is
abundant in solar radiation, such as a roof, is about 23.4% more advantageous in terms
of energy production than exterior wall application [17]. Franz Hengel reviewed how to
increase the efficiency of the system by linking the PVT system and a heat pump; however,
it was suggested that additional research is required to achieve the break-even point due to
the high initial investment cost [18]. Alba Ramos’ research found that combining a liquid
PVT system with a heat pump could improve the system’s performance and reduce the
power consumption for cooling [19].

As described above, various studies are being conducted on the applicability of the
PVT system; however, studies on the simultaneous measurement of PV and PVT under the
same conditions and the comparisons of seasonal performance are insufficient. Therefore,
in this study, the performance of PV and PVT systems under the same weather conditions
is measured, and the results are compared to examine the effect of using an air-based PVT
system. In addition, in the case of short-term measurement, it is difficult to generalize the
performance and improvement effect of the target system, because the performance result
changes depending on the outside temperature at the time of measurement. Therefore, in
this study, the performance difference of the system according to the change in the outdoor
temperature is measured, and the necessity of the system performance reflecting the
outdoor temperature is presented. By verifying the performance of the PVT system, which
increases the utilization of solar energy through the increase in solar power generation
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efficiency and the use of solar heat, it is judged that it can contribute to the application
expansion of the renewable energy and energy savings.

2. Materials and Methods

Measurements were made on the rooftop of Gyeonggi University (latitude 37.30◦,
longitude 127.04◦) in Suwon-si, Korea [20]. In this experiment, by passing air under the
existing PV panel, the increase in power generation due to the decrease in the temperature
of the solar panel and the heat collection efficiency according to the temperature increase in
the passing air were investigated. Changes in temperature and power generation under
the same conditions were compared by dividing them into summer and winter seasons.
The target panel faced south and was installed at an angle of 30 degrees, and the area of all
target panels was 1.52 m2 (1600 mm × 950 mm). The target PV panel was composed of a
single-crystalline silicon Passivated Emitter and Rear Cell (PERC). The conceptual diagram
of the panel used in this experiment is described in Figure 1, and aspects such as the panel
inlet temperature, upper/lower surface temperature, and panel outlet temperature were
measured to investigate the temperature change in the upper and lower parts of the panel
by passing air through the lower part of the panel. To compare the amount of power
generation and power generation efficiency, solar radiation, current, and voltage were
measured. Tables 1 and 2 show the results of these measurements. The measurement
was conducted every 1 s, and the average result for 10 min was shown considering the
fluctuations according to the external conditions.
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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

ISO 9060:2018 Class C (second
class)

Range: 0–2000 W/m2,
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

Temperature resolution: 0.01 ◦C,
Voltage resolution: 500 nV

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 experiment was conducted from 16 August 2021 to 25 March 2022. In the mea-
surement period, data were analyzed based on the measurement results of three days
in summer (18 to 20 August, ‘21) and three days in winter (21 to 23 March, ‘22). The
three-day target was selected based on the data showing two or more sunny days, and the
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characteristics of each season were presented. Figure 2 shows the insolation amount and
outdoor temperature in summer and winter. The amount of solar insolation on the panel
side in summer was 3351 Wh, 5618 Wh, and 4019 Wh, respectively, for 3 days, representing
an average of about 4329 Wh, and the outdoor temperature was measured as a minimum
of 24.8 ◦C and a maximum of 37.1 ◦C. In winter, the amount of insolation on the panel side
was 5638 Wh, 4823 Wh, and 4019 Wh, respectively, for 3 days, representing an average of
about 4827 Wh, and the outdoor temperature was measured as a minimum of −7.6 ◦C and
a maximum of 15.0 ◦C.
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Figure 2. Solar radiation and outside temperature: (a) summer; (b) winter.

In the case of PVT panels, where air can pass through the lower part of the panel,
the temperature decreased by up to 7.6 ◦C, compared to the existing PV at the top of
the panel in summer, and the average temperature decreased by about 2.7 ◦C during
the period. This temperature decreased by up to 11.3 ◦C and averaged 2.1 ◦C in winter
(Figure 3). In contrast, in the case of the lower panel temperature, the temperature change
was relatively insignificant, with a maximum of 1.8 ◦C and an average of 0.5 ◦C in summer
and a maximum of 0.6 ◦C and an average of 0.1 ◦C in winter (Figure 4).
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Figure 3. Upper surface temperature of the panels: (a) summer; (b) winter.

The temperature of the air passing through the PVT panel increases through heat
exchange with the panel. The temperature of the passing air of the panel heated by
solar radiation showed a maximum temperature increase of 4.8 ◦C and an average of
3.3 ◦C in summer and a maximum temperature increase of 4.9 ◦C and an average of
1.8 ◦C in winter (Figure 5). It is judged that such an increase in atmospheric temperature
has a high correlation with insolation. As the amount of insolation increases, the exit
temperature also rises, thus it is judged that the optimum efficiency will be exhibited when
the maximum amount of insolation is obtained by adjusting the angle of sunlight entering
the panel (Figure 6).
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Figure 4. Lower surface temperature of the panels: (a) summer; (b) winter.

Figure 7 shows the heat collection effect owing to the increase in the temperature of
the air passing through the PVT panel. The volume of air generated by the fan applied in
this experiment was 4.82 m3/min (the fan had a diameter of 9 cm and the average wind
speed was 12.63 m/s). In the summer, the maximum and average heat collection amount
calculated from the temperature difference between the inlet and outlet of the panel, the
amount of air, and the specific heat of air were 684.4 W and 326.0 W, respectively; in the
winter, these values were 486.5 W and 252.8 W. It was shown that the air passing through
the bottom of the PVT panel can reduce the surface temperature, increase the amount of
power generated, and help collect additional thermal energy.
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Figure 6. Relationship between insolation and outlet temperature rise: (a) summer; (b) winter.
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Figure 7. Thermal collection by PVT panel: (a) summer; (b) winter.

3.2. Comparison of Power Generation Change

To investigate the effect of increasing the power generated by the PVT panels through
surface temperature reduction by an air-based PVT system, the power generated by con-
ventional PV and PVT panels in different seasons was compared. As shown in Figure 8, the
maximum power generated by the PVT panel through which air can pass was increased
by 11.0 W in the summer and 19.5 W in the winter. However, because it is difficult to
quantitatively analyze the change in the amount of electricity due to changes in insolation,
this study analyzed the relationship between solar radiation and the power generated by
each PV and PVT panel. Figure 9 shows the correlation between solar power and power
generation; as indicated in the figure, the power generated by a PVT panel increased by
approximately 5.1% in the summer and 14.3% in the winter, compared to a PV panel for
the corresponding period.
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Figure 8. Change in power generated by PV and PVT panels: (a) summer; (b) winter.

The power generation efficiency of PV and PVT panels was calculated based on
the measured solar radiation and power generation. As shown in Figure 10, the power
generation efficiency of the PVT panel was 19.0% in summer and 20.3% in winter, and the
corresponding value for PV was 18.0% in summer and 18.7% in winter. Based on this, it
can be confirmed that the increase in the power generation efficiency resulting from the
air flow under the panel was approximately 8.6%. In addition, as shown in Figure 11,
the solar energy utilization efficiency for PVT was 67.2%, based on an average annual
heat-collecting effect of approximately 47.7%, which was a significant increase compared
with the corresponding value of 18.3% for PV. However, for the application of PVT, it
is necessary to not only increase the amount of power generated but also analyze the
correlation with the heat load on the target building; additionally, it is crucial to review
control measures at higher temperatures.
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Figure 10. Power generation efficiency of PVT and PV: (a) summer; (b) winter.
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Figure 11. Solar energy utilization efficiency of PVT and PV: (a) summer; (b) winter.

As such, the improvement effect of system efficiency and PVT depends on the out-
door temperature at the time of measurement. In particular, in the case of short-term
measurement, the difference from the actual value may be large depending on the out-
side temperature at the time of measurement, so it is necessary to indicate the system
performance considering the outside temperature. In this study, based on the measurement
results in summer and winter, the relationship between the amount of power generation
according to the outdoor temperature as well as the insolation was reviewed through
regression analysis. As shown in Table 3, the outdoor temperature was found to have a
significant effect on the amount of solar power generation. In addition, the difference in
annual power generation was compared when the figure showing the relationship between
solar insolation and power generation in the performance curve shown in Figure 9 was
used and when the influence of outdoor temperature was considered. For meteorological
data, the ‘TRNSYS standard meteorological data, Seoul’ was used. As a result, as shown in
Table 4, it was found that a difference in annual power generation of −6.8 to 4.8% can occur.
As such, in order to indicate the performance of the solar energy system, it was judged
that a notation method that reflects not only solar radiation but also outdoor temperature
is necessary.

Table 3. Results of regression analysis.

PVT Results PV Results

Regression Statistics Regression Statistics

Multiple R 0.960 Multiple R 0.952
R Square 0.922 R Square 0.907

Adjusted R Square 0.922 Adjusted R Square 0.907
Standard Error 22.710 Standard Error 21.954
Observations 437 Observations 436

ANOVA ANOVA

Significance F Significance F

Regression 2.7276 × 10−241 Regression 3.9829 × 10−224

Coefficients p-Value Coefficients p-Value

Intercept 20.29 2.60443 × 10−14 Intercept 17.53 6.53258 × 10−12

Outdoor
temperature −0.62 2.23992 × 10−11 Outdoor

temperature −0.27 0.001779559

Solar radiation 0.26 7.0797 × 10−242 Solar radiation 0.23 1.8234 × 10−225
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Table 4. Annual power generation forecast result.

Power Generation Based on
the Coefficient of Summer
Performance Curve Results

(Figure 9a) (MWh)

Power Generation Based on
the Coefficient of Winter

Performance Curve Results
(Figure 9b) (MWh)

Estimated Power Generation
including Outside

Temperature (MWh)

PVT 1.15 1.29 1.20
PV 1.09 1.13 1.08

4. Conclusions

This study involved the measurement and analysis of the power generation and
thermal collection performance of existing PV and PVT systems among new and renew-
able energy systems that demonstrate the highest applicability in buildings and present
significant advantages in terms of maintenance.

The target system considered in this study was an air-based PVT system, which in-
troduced outside air through the lower part of the existing PV panel to lower the surface
temperature of the panel and increase the solar power generation efficiency by approxi-
mately 8.6% annually. In addition, owing to an increase in the temperature of passing air,
thermal energy was produced at an average of 47.5% per year, which is expected to be
utilized in heating systems in buildings.

By a comparative analysis of the data measured in summer and winter, the panel
temperature lowering effect, resulting from forced air flow, was found to be relatively low
in the summer when the outdoor temperature was high. Therefore, further research on the
cooling effect of the panel and change in the power generation efficiency according to a
change in the outdoor temperature is necessary.

As can be seen from the measurement results in summer and winter, the efficiency of
solar power generation varies according to the outside temperature. Therefore, in order
to evaluate the performance of the solar energy system through short-term measurement,
the external temperature during the measurement period should be reviewed at the same
time. As a result of adding outdoor temperature to the annual expected power generation
through regression analysis, it was found that there was a difference of −6.8 to 4.8% in
power generation, compared to the case where the insolation alone was predicted.

In addition, to effectively utilize the elevated air temperature in a building, it is
necessary to further review methods for attaining the required temperature by adjusting
the rotation speed of the air intake fan; additionally, it is vital to review the method itself
and the effect of its utilization in buildings.
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