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Abstract: A miniature house roof-integrated photovoltaic (PV) system in South Korea was monitored
for 2.5 years. System performance was evaluated through power generation, solar irradiance, and
system temperature. The comparison of each month’s power generation and solar irradiance revealed
a parallel correlation over the entire observation period. The internal module temperature was almost
always higher than the roof rear and module rear temperatures by 1–2 and 1–5 ◦C, respectively, while
the temperature behind the PV modules was the lowest among the three temperatures, showing that
the installation of PV modules as a roofing system does not affect the temperature of the roofing
system. The system temperatures affected the power conversion efficiency; a maximum of 11.42%
was achieved when the system temperatures were the lowest, and a minimum of 5.24% was achieved
when the system temperatures were the highest. Hence, half of the anticipated generated power was
lost due to the temperature fluctuation. Overall, installing PV modules as an entire roofing system is
possible with this configuration due to the minimum effect on the roof temperature. However, PV
system temperature control is essential for maintaining the power generation performance of the
PV modules.

Keywords: building-integrated photovoltaics; roof-integrated photovoltaics; photovoltaic module
temperature; building-integrated photovoltaic system temperature

1. Introduction

The energy issue is among the top contemporary global crises [1]. Renewable and
clean sources of energy need to be capitalized given the aggravated global security issues
as of February 2022 and the electricity demand rising by 5.9% to 1400 terawatt hours (TWh),
complemented by 14.6 gigatons of CO2 emissions from burning fossil fuels for electricity
and heat production [1,2]. Photovoltaic (PV) systems, which utilize a renewable energy
source in the form of sunlight, experienced increased capacity and market size. The PV
module market increased to 310 gigawatts (GW) in 2022 [3], with the PV module production
capacity by the end of 2021 being over 470 gigawatt-peak (GWp) [4]. PV systems covered
over 5% of the global electricity generation in 2021, reducing annual CO2 emissions by as
much as 1100 megatons during the year [5].

Continuous improvements in the PV system application method are required to fur-
ther boost the use of PV systems in the future. A few strategies have been implemented
to diversify the PV system applications, such as vertically installed PV [6], agriphoto-
voltaics [7], floating photovoltaics [8], building-applied photovoltaics (BAPVs) [9], and
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building-integrated photovoltaics (BIPVs) [10]. Using a PV system as an intrinsic part of a
building, a BIPV system takes part in the building structure while generating power [10,11].
In BIPVs, PV systems mainly serve as façades and/or roofing systems for buildings [10–12].
In a façade system, PV modules can serve as curtains, glazing, or spandrel panels; in a
BIPV roofing system, PV modules can serve as roofing tiles, shingles, standing seams, or
skylights [11]. The long-term cost offset is beneficial by replacing one functional component
of a building with a working PV system [13]. The BIPV roofing system is viable for use
over residential houses, as there are many areas with passively functioning roofs that PV
systems can replace to create hundreds of GWp [14]. Due to these advantages, BIPV imple-
mentation has been widespread in recent years [10,14]. The policies of several countries
have played a major role in promoting BIPV implementation. A few examples include
tax-free self-consumption of BIPV power in France [15] and Japan [16], incentives for BIPV
installation in China [17], and BIPV installation subsidies in Korea [18]. Government aid
has directly contributed to the rapid growth of the number of BIPV installations, with
Grand View Research forecasting that the global BIPV market will increase from USD 19.82
billion in 2022 to USD 88.38 billion in 2030 [19]. More studies are required to complement
this growing industry and understand the factors contributing to system performance.

Several factors affect the performance of PV modules, namely PV module manufac-
turing design, cell technology type, solar irradiance, wind direction and speed, mounting
configuration, and temperature [20–22]. Appropriate mounting configuration can limit
PV module degradation, as shown by Jordan et al., who studied the performance of
aluminum back surface field (Al-BSF)–based PV modules installed in Las Vegas, USA,
with different mounting configurations [23]. The authors reported reduced heat transfer
into the modules with a lower amount of metal roof and increased heat transfer with a
rack-mounting configuration, leading to a lower PV module degradation rate. Manufactur-
ing design effects due to insulations behind the PV modules were studied by Gok et al.,
who evaluated the performance of glass/back-sheet- and glass/glass-based crystalline
silicon (c-Si) PV modules installed in two different mounting configurations in Canobbio,
Switzerland [24]. The authors reported that higher operating temperatures significantly
impacted the glass/back-sheet module, with the performance loss rate (PLR) varying from
0.01%/year for ventilation to −0.42%/year for insulation. Conversely, the glass/glass
module displayed an unexpected opposite trend, with the PLR varying from −0.10%/year
for ventilation to 0.26%/year for insulation. IV measurements revealed that the reduced
performance of the glass/back-sheet module originated from the deterioration of the fill
factor through increased resistance, whereas the rise in the short-circuit current (Isc) was
the primary driver of the insulated glass/glass module performance improvement. Kumar
et al. studied different cell technology types, focusing on three different types of PV tech-
nologies: crystalline silicon (c-Si), copper indium selenide (CIS), and cadmium telluride
(CdTe) modules, as BIPVs and BAPVs in Malaysia [21]. The energy-generating perfor-
mance was different among the three technologies, with the c-Si, CIS, and CdTe modules
generating peaks of 4240, 4280, and 4490 kWh, respectively. Singh et al. reported on the
performance of high-efficiency heterojunctions with intrinsic thin-layer (HIT)-technology-
based PV modules depending on different climatic conditions [25]. The authors showed
that HIT technology-based PV modules were more efficient at cold partition temperatures.
The impacts of urban heat islands (UHIs) and urban air pollution on BIPV energy efficiency
have been extensively studied. For instance, Wang et al. reported that the UHI and solar
radiation absorption caused by smog could reduce the overall PV energy generation in
urban locations by more than 10% compared to that in rural locations [26]. The effects of the
tilt angle and wind speed were studied by Dabaghzadeh et al., who studied the convective
cooling of a PV system by modeling different tilt angles and wind speeds [27]. The authors
observed the lowest temperature for a tilt angle of 45◦, aided by optimal convective cooling,
irrespective of the wind speed.

BIPV research has mainly focused on temperature, power generation, and the corre-
lation between the two parameters. Kumar et al. reported on different temperature and
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performance losses for different PV module types, with the c-Si BIPV exhibiting 13.6%
reduced performance, the CIS system exhibiting 12.8% reduced performance, and the CdTe
system exhibiting 8.8% reduced power generation efficiency [21]. Poulek et al. compared
the temperature of BIPV modules to that of PV modules with conventional configurations
and its relation to energy production [28]. The authors used a modeling approach to
compare BIPV modules with free-standing PV modules in four different climates while
conducting a field study in Prague, Czech Republic. The field study indicated that the
temperature of the BIPV modules was higher by more than 5 ◦C compared to that of the
conventionally installed PV modules. At the same time, a difference of 3–5% in energy
production due to the increased module temperature was evident. Using their model, the
authors observed that climate differences from cold to hot temperatures had a negligible
effect on the BIPV performance degradation; however, the PV module degradation in area
with very hot temperatures was rapid. Kim et al. studied BIPV module temperatures
with different insulations by conducting a field study on a miniature house with a tilted
BIPV roofing system in Daejeon, South Korea [29]. The locations of the insulation were
different: One system had insulation behind the PV modules (i.e., a warm roofing system),
while another system had insulation behind the ceiling (i.e., a cold roofing system). The
comparison of the two systems showed that the BIPV power generation of the cold roofing
system was 7% higher than that of the cold roofing system. D’Orazio et al. analyzed
different BIPV configurations in Ancona, Italy [30]. The authors compared rack-mounted
high-ventilated, moderate-ventilated, and non-ventilated BIPV systems to see the effect of
natural ventilation with the addition of air gaps. Rack-mounted PV modules exhibited the
lowest PV module and air-back temperatures. In contrast, non-ventilated BIPVs exhibited
the highest temperatures. The authors found that an air gap of 0.04 m between the PV
modules and the roof was sufficient to create a difference of less than 3% in annual power
generation prowess. Kaplanis et al. conducted a modeling study of the aging effect of
BIPV and BAPV systems [31]. PV module aging was predicted to increase the PV module
temperature relative to the case of the reference modules. Given the expected increase
in PV module temperature when installed in a BIPV system compared to the case of a
conventional installation, the aging effect might become more prominent.

Several studies have focused on decreasing the PV module temperature in BIPV sys-
tems. Mittelman et al. modeled a cooling channel in an attempt to increase the performance
of PV modules in BIPVs and observed that adding 0.02–0.20 m air space between the PV
modules and the roof can decrease their temperature by 10–20 ◦C and thus increase their
energy-generating performance by 1–2% [32]. Other attempts to decrease the PV module
temperature incorporated phase change materials (PCMs). Karthikeyan et al. studied the
effect of a non-contact composite PCM on the optimal PCM thickness and observed that the
optimum PCM thickness was 2.5 cm, yielding an average of 6.7 ◦C PV module temperature
reduction [32]. Hasan et al. studied five different PCMs to decrease the BIPV module
temperature [33]. The authors used CaCl2 as PCM and achieved an 18 ◦C lower BIPV
module temperature for 30 min. In a more extended observation of 5 h, a 10 ◦C temperature
reduction was maintained.

Considering the findings of previous studies on BIPV and PV modules in general,
the issue of system temperature and power in BIPVs will persist with the growth of the
BIPV industry, especially concerning how temperature affects the PV performance or
the building [10]. Several short-term studies on the effect of BIPV module temperature
on module performance—involving either modeling or field investigations—have been
conducted [21,28–33]; however, only a few studies have reported on the effect of PV
modules installed on top of roof tile systems and how the temperature of the roof tiles with
attached PV modules compares to that under roof tiles without attached PV modules. The
specific weather and climate of the regions where BIPVs are installed are also important
for comparison. While temperature-reducing efforts have been generally fruitful, there
are several associated drawbacks. Natural circulation might allow dust to collect in the
air gap, reducing heat transfer. At the same time, several PCMs are costly and hazardous
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to the environment [34]. Additionally, PCMs can achieve limited BIPV module cooling
due to their short cooling duration. Because of all these issues and how long-term studies
(i.e., studies longer than a year) are not available, a miniature house BIPV system was
manufactured to better understand the long-term temperature conditions of the roofing
system with metal tiles and attached PV modules without dedicated ventilations and PCMs
for 2.5 years in South Korea. The comparison of the temperature of the roof tiles with that
under the PV modules was used to assess the possibility of installing PV modules on the
entire roofing system in this roofing configuration with metal tiles. The contributions of
this study are as follows:

• Insight into how a BIPV roofing system in South Korea performed for 2.5 years in
terms of its power generation and system temperature.

• More detailed and specific information on the BIPV system temperature based on the
PV module internal temperature and the comparison between the temperature of the
roof tiles and that of the roof tiles behind the PV modules.

• Observations regarding the changes in PV module power conversion prowess during
long-term use in the BIPV roofing system.

The findings of this study address questions regarding the effect of PV module instal-
lation on the roof temperature and the PV module’s performance over time.

2. Materials and Methods

This study observed and analyzed a miniature house roof-integrated PV system.
The utilized solar roofing system was manufactured by Roser (Gyeongsan, South Korea)
(Figure 1). The system was a sloped, unventilated roofing system and was 187.5 cm in
length, 154 cm in width, and 133 cm in height. Four PV modules with 536 × 536 mm2

dimensions were attached to the top of the roof. The modules were surrounded by more
roof tiles to form the roof of the miniature house, covering a total area of 187.5 × 149.0 cm2.
The system was installed in 2019 at the Yeungnam University Photovoltaic Power Systems
R&BD Demonstration Complex, Gyeongsan, South Korea (location: 35.82◦ N, 128.76◦ E).
The system was south-facing, had no obstructions in front of it resulting in shading, and
was tilted by 35◦ to the ground. The PV modules were tested under standard conditions
(STC), having a peak power of 40 W. Other parameters of the PV modules are outlined
in Table 1.
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Figure 1. Installed solar roofing system (PV module depicted as the blue square) and its dimensions.

Table 1. Studied solar module label specifications.

PV Parameters Value

Peak Power (Pm) (W) 40
Open-Circuit Voltage (VOC) (V) 5.75
Short-Circuit Current (ISC) (A) 8.96

Maximum Voltage (Vm) (V) 4.76
Maximum Current (Im) (A) 8.42

Three parameters were monitored to assess the roof-integrated PV system’s perfor-
mance: solar irradiance, power generation, and system temperature. Solar irradiance
data, the primary source of electrical generation from PV modules, were obtained using
a CMP6 first-class pyranometer (<5% daily uncertainty) installed near the BIPV system.
The PV modules were connected to a programmable DC electronic load LODA LF 600C
(accuracy ±0.05%) to monitor the power generation of the PV modules for the duration
of the study. Three thermocouples were installed inside the roofing system at different
locations to monitor changes in the system’s temperatures. The three types of temperature
data collected were the module internal temperature (MI), module rear temperature (MR),
and roof rear temperature (RR). The thermocouple measuring MI was placed between
the PV modules and the thin roof layer beneath. MR and RR were measured to assess
the conditions of the roof tiles with and without attached PV modules, respectively. The
thermocouple measuring MR was placed behind the thin roof under the PV modules while
the thermocouple measuring RR was fixed behind a roof tile with no attached PV modules.
The locations of the thermocouples are shown in Figure 2. Solar irradiance, power gen-
eration, and system temperature data were subsequently averaged at a 30-s interval and
stored in separate daily files by the monitoring system software Data Gather.
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Figure 2. Schematic diagram of the thermocouples (green dots) locations inside the roofing system.

From the obtained solar irradiance data, monthly totals were created to elucidate
the total irradiance during each month over the observation period. Monthly totals were
created for the power generation data to elucidate the total power generation of the BIPV
system during each month over the observation period. The power generation data were
subsequently used to obtain the power yield as follows:

Monthly Power Yield =
Total power production in one month
Total power capacity of the PV system

(1)

The monthly power yield was subsequently calculated using the total monthly solar
irradiance to determine the system efficiency as follows:

System Efficiency =
Monthly Power Yield

Total Monthly Solar Irradiance
× 100% (2)

System temperature data were analyzed based on monthly averaging throughout
the study.

3. Results and Discussion
3.1. Power Generation Interdependence on Solar Irradiance

The power generation performance of the BIPV system and solar irradiance were
examined for 2.5 years. To elucidate the diurnal cycles of the two parameters, Figure 3
represents two selected days, namely 14 February and 2 June 2021, with the graphs depict-
ing the data on a minute basis. Power generation generally followed the solar irradiance
trend, as PV modules use solar irradiance as their energy source to generate electricity.
The different solar irradiance values between the two days are mainly due to seasonal
differences. In South Korea, February is winter, and June is summer, characterized by
different sun paths and, thus, different irradiance intensities [8]. The total generated power
and solar irradiance for each month are shown in Figure 4, with more detailed data from
2020 until the middle of 2022 shown in Table 2. Power generation and solar irradiance
exhibited similar trends, with fluctuations in solar irradiance being accompanied in most
cases by proportional fluctuations in generated power. The detailed power generation and
solar irradiance values in Table 2 reveal that the highest power generation occurred in the
earlier part of each year, with the highest power generation being evident in April or May.
Total solar irradiance exhibited a slightly shifted trend, with the highest solar irradiance
observed in the months of May to July of each year except in 2020.
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Table 2. Total average generated power and solar irradiance from January 2020 to June 2022.

Month
Total Power Generated

(kWh)
Total Solar Irradiance

(kW/m2)

2020 2021 2022 2020 2021 2022

January 59.60 75.47 92.07 115.36 152.49 179.26
February 87.43 83.80 94.55 187.13 183.87 219.12

March 106.27 77.94 88.33 270.03 198.21 234.04
April 108.11 98.02 102.35 324.94 296.54 312.20
May 102.79 87.19 118.06 333.76 270.32 399.13
June 94.94 84.00 88.61 330.04 288.26 304.50
July 61.53 79.84 - 199.68 307.39 -

August 88.53 63.71 - 283.95 230.40 -
September 78.77 66.17 - 212.90 193.92 -

October 94.59 82.26 - 224.66 195.57 -
November 81.65 78.22 - 160.98 163.03 -
December 86.99 87.39 - 153.60 160.73 -

Solar irradiance variations throughout the year were attributed to changes in the solar
position. The path of the sun is longer in spring and summer, resulting in longer days
and higher total solar irradiance values [8]. The uncertain nature of the weather resulted
in several cloudy and rainy days affecting the amount of solar irradiance throughout the
observation period, with the relatively lower values in July 2020 and June 2022 being at-
tributed to increased occurrences of such uncertain weather conditions. As solar irradiance
is among the main influences on a PV system’s power output, the power generation data
followed the fluctuations in solar irradiance input throughout the observation period, and
this agrees with Tina et al., whose floating PV system produced power generation values
proportional to the solar irradiance values during optimal PV system operation [8]. How-
ever, the highest generated power value was not produced during the solar irradiance peak,
as observed in May 2020 and July 2021, and this was due to another factor, namely system
temperature, influencing the power generation of the PV modules [7,8,14]. The effect of
temperature on the BIPV system’s performance is discussed in the following section.

3.2. System Temperature

Three system temperatures were examined and processed to obtain the average system
temperature data. Figure 5 shows the diurnal variations of the system temperatures on
14 February and 2 June 2021 based on a minute interval. All temperatures increase in the
middle of the day and decrease towards the end of the day; however, the trend of MI is
distinctly different from those of the two roof temperatures, MR and RR, with the latter
trends being quite similar. The trend similarity was also reported by Saleh et al. [33] for the
PV module temperature and Chung and Park [34] for the roof temperature. Similar to the
case in Figure 3, the difference in temperature between the two days was due to seasonal
differences, in South Korea, February is winter and June is summer. The analyzed data
from 2020 until the middle of 2022 are represented in Figure 6 and the temperature data
from 2020 to 2022 are summarized in Table 3. The trend shown in Figure 6 displays an
increase from the start of the year until the middle of the year and a subsequent decline
until the end of the year. The variation shown throughout the year is caused by seasonal
changes, as South Korea experiences four seasons throughout the year. The increases in
system temperatures were correlated with—and caused by—the seasonal changes from
a cold winter to a warm spring to an even warmer summer. Subsequently, the system
temperature dropped in autumn, and the lowest temperature occurred in winter, thereby
completing the annual cycle.
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Table 3. Average system temperature from January 2020 to June 2022.

Month
2020 2021 2022

MI
(◦C)

MR
(◦C)

RR
(◦C)

MI
(◦C)

MR
(◦C)

RR
(◦C)

MI
(◦C)

MR
(◦C)

RR
(◦C)

January 8.96 5.61 6.09 11.73 7.17 8.19 10.09 5.11 6.39
February 13.88 9.65 10.96 14.39 9.31 10.67 12.23 6.68 8.31

March 18.47 15.32 16.99 18.52 15.96 16.77 19.66 14.57 15.99
April 22.38 18.83 20.43 24.62 20.61 22.27 26.77 21.87 23.69
May 28.86 26.43 28.06 28.27 23.11 24.53 32.18 27.67 29.85
June 32.92 31.67 33.32 33.35 29.74 31.38 33.74 30.32 32.04
July 29.66 28.61 29.72 34.65 36.21 36.08 - - -

August 36.49 35.59 37.29 33.29 32.35 33.31 - - -
September 30.59 26.71 28.01 31.39 27.34 28.65 - - -
October 25.43 20.78 22.17 26.89 22.79 24.28 - - -

November 18.71 13.65 14.73 17.89 13.16 14.26 - - -
December 10.46 5.18 6.16 11.65 6.85 8.01 - - -

The average value of MI was higher than MR and RR throughout the year, except in
the middle of the year, from June to August, when those of RR matched its values. The
higher MI compared to the other system temperatures was caused by the activity of the PV
modules. The absorption of solar energy in the form of light and its conversion to electricity
was conducted at the PV modules’ capacity, with the other form of solar energy, i.e., heat
energy, being absorbed. Heat absorption was subsequently aggravated by the dark color of
the PV modules, thereby increasing the heat absorption capacity of the PV modules [11,12].
A high MI value is characteristic of most BIPV systems, as roofing systems encapsulate
them without enough air ventilation compared to the cases of conventionally installed PV
modules and more traditional BAPV systems [11,12].

The MR values were always the lowest among the values of the three measured
temperatures and were always approximately 1–2 ◦C lower than the RR values and 1–5
◦C lower than the MI values. The annual differences between RR and MR are shown in
Figure 7, where MR is almost always lower than RR throughout the 2.5-year observation
period, except in July 2021. The small differences between MR and RR were likely due
to the different roof tile configurations used in this system when the PV modules were
installed on top of the tiles. The installation of PV modules on the roof tiles left a little gap
which facilitated the heat transfer caused by more wind. In contrast, the original roof tiles
retained more heat because the gap was nonexistent [35–37]. The finding implies that the
PV system could be installed as the entire roofing system with this configuration without
sacrificing the roof temperature.
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3.3. Effect of System Temperature on Power Conversion

To determine how the system temperature affects the power-generation efficiency of
this BIPV system, monthly power conversion and system temperature were compared and
analyzed, and tabulated in Table 4. Figure 8 shows that the trends of system temperature
and power conversion are opposite to each other. The system temperature trends followed
the seasonal changes in South Korea, i.e., the system temperature increased in spring and
summer and decreased in autumn and winter. Conversely, power conversion decreased in
spring and summer and increased in autumn and winter.

Table 4. Power conversion from January 2020 to June 2022.

Month
Power Conversion (%)

2020 2021 2022

January 10.42 9.98 10.35
February 10.07 10.17 9.63

March 7.93 7.93 7.61
April 6.93 6.89 6.83
May 6.21 6.50 5.96
June 5.99 6.07 6.06
July 6.21 5.24

August 6.29 5.57
September 7.71 7.11

October 8.49 8.48
November 10.57 9.99
December 11.42 10.96
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As mentioned previously, the system temperature is one of the factors affecting the
power generation performance of a BIPV system [21,26–33,35–37]. In this BIPV roofing
system, it was apparent that the system temperature affected the performance of the PV
modules. The highest efficiency of 11.42% was achieved in December 2020, when the
system temperature was the lowest. In contrast, the lowest efficiency of 5.24% occurred in
July 2021, when the system temperature was 10 ◦C above the ambient temperature. This
correlation shows how a system temperature increase negatively impacts the PV module
efficiency, dropping to half its maximum value at the peak system temperature. A PV
temperature increase leads to an increase in carrier concentration, thereby enhancing the
rate of carrier recombination and leading to decreased open-current voltage (VOC), fill
factor (FF), and thus performance [38].

Figure 9 shows that during the 2.5-year observation period, there was no significant
decline in system performance regarding power conversion. The largest drop in power
conversion was in July 2021, which decreased by ~1% compared to the previous year. Such
a large decline in efficiency was not evident in the rest of the months when efficiency
decreased on average only by 0.25% compared to the values in the previous years. These
findings confirm that this particular BIPV system can maintain its performance with a
negligible effect on efficiency over 2.5 years.
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4. Conclusions

The long-term performance of a BIPV system of 160 Wp was evaluated using outdoor
monitoring in South Korea for 2.5 years. This study revealed the intercorrelations between
power generation, solar irradiance, and system temperature. While solar irradiance mainly
affected power generation, system temperatures contributed to power generation fluctua-
tions, following the seasonal changes from cold to warm and again to cold temperatures
throughout the year. Results showed that half of the BIPV system’s performance was lost
due to temperature fluctuations. Therefore, addressing this issue is crucial, particularly
in hot regions. Factors such as wind direction, ventilation, and the type of PV technol-
ogy could play important roles in achieving better economic value for the installed PV
system. The temperature behind the PV modules was lower than that behind the roof
tiles, implying that installing such a BIPV system will not increase the temperature of the
roofing system. This finding suggests that the comfort of the room underneath the PV
modules may be uncompromised by using this configuration in the climate of South Ko-
rea. Therefore, expanding the use of PV modules as an entire roofing system by using this
configuration has great potential. This study proves that one of the generally associated tem-
perature concerns—the roofing temperature—is not necessarily concerned with this BIPV
system configuration.
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