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Abstract 

This study analyzes the temperature characteristics and electrical performance of conventional and 
colored Building-Integrated Photovoltaic (BIPV) systems installed in a full-scale mock-up building. 
Outdoor experiments revealed that the maximum temperature of the PV modules in the conventional 
BIPV system reached 75 °C, whereas the colored BIPV system remained lower at 67 °C. The 
temperature difference between the two systems ranged from 3 to 8 °C with varying solar radiation. 
This difference is primarily attributed to the retention of thermal energy in the rear insulation 
structure of BIPV systems, unlike conventional PV modules, which directly affects the operating 
temperature of the PV modules. Notably, differences in the incident energy on the front side and its 
conversion into electricity and heat further contributed to the higher module temperatures observed 
in the conventional BIPV system compared to the colored BIPV system. Consequently, these 
temperature variations directly influenced the power generation and electrical efficiency of the BIPV 
systems. Relative to STC conditions, the electrical efficiency decreased by approximately 15% for the 
conventional BIPV system and 10% for the colored BIPV system under real building-applied 
conditions. Thus, the colored BIPV system demonstrates an advantage in mitigating the adverse 
effects of temperature rise on electrical efficiency. 

Keywords: building-integrated photovoltaics (BIPV); gray-colored bipv modules; electrical 
performance; temperature characteristics; module efficiency degradation; full-scale mock-up 
building 
 

1. Introduction 

Building-Integrated Photovoltaics (BIPV) integrate PV modules into the building envelope and 
represent a key technology for achieving Zero Energy Building (ZEB) targets through on-site power 
generation [1–3]. BIPV systems eliminate the need for additional land for PV installation and are 
increasingly recognized as a high-value technology that can replace conventional building finishes. 
Nevertheless, their acceptance within the construction industry remains limited due to insufficient 
design information available to architects, low awareness among practitioners, and aesthetic 
concerns. To address these issues, colored PV modules in diverse colors have been developed, 
enabling BIPV systems to provide both power generation and architectural integration. These colored 
BIPV systems are gradually being adopted in the market, offering aesthetic appeal and harmony with 
building finishes [4,5]. 

However, unlike conventional BIPV systems, colored BIPV systems exhibit different 
performance characteristics in terms of temperature, electrical efficiency, and other factors due to the 
optical properties of the materials used, such as reflectance and transmittance, and thermal transfer 
differences based on rear insulation conditions. Therefore, a comprehensive performance evaluation 
considering these factors is necessary [6]. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 September 2025 doi:10.20944/preprints202509.1448.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1448.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 16 

 

Tzikas et al. compared conventional PV modules with gray-colored modules and reported an 
efficiency reduction of approximately 8–10% for the gray modules [7]. Nicolas et al. investigated a 
colored BIPV system installed on the Kohlesilo building in Basel, Switzerland, employing crystalline 
silicon glass-to-glass modules in five colors (black, green, blue, gray, and gold). Relative to black 
modules, gray and gold modules yielded approximately 76% of the energy output, while green and 
blue modules reached about 84% [8]. Kutter et al. developed colored PV modules using ceramic-
colored glass, Morpho-structure, and colored encapsulants, and evaluated their performance under 
STC conditions. Modules with ceramic-colored glass and colored encapsulants exhibited efficiency 
losses of 6–31% compared to standard PV modules, whereas Morpho-structured modules showed 
much smaller reductions of 3–7% regardless of color [9]. Kroyer et al. corroborated these findings, 
demonstrating that red, green, and blue Morpho-structured modules maintained efficiency losses 
below 7% [10]. 

Roverso et al. examined colored BIPV façades, measuring solar radiation and module 
temperature, and demonstrated that the Ross coefficient effectively represents the correlation 
between incident solar energy and internal module temperature [11]. Babin et al. conducted outdoor 
experiments with modules in terracotta, green, red, beige, and gray, integrated into BIPV façades. 
They found no direct correlation between total optical losses and module temperature. However, 
higher reflectance reduced absorbed energy, contributing to lower module heating. Notably, lighter-
colored modules, such as gray and beige, exhibited rear-surface temperatures up to 5 K lower than 
standard modules [12]. Saretta et al. analyzed clear, blue, light gray, dark gray, and terracotta BIPV 
modules under STC and outdoor conditions. Dark gray modules exhibited the lowest Pmax (13.43%), 
whereas blue modules achieved the highest efficiency among colored types. Outdoor experiments 
revealed color-dependent variations in efficiency and operating temperature; terracotta modules 
produced the lowest efficiency (~9.0%) but exhibited operating temperatures similar to clear modules 
(~45 °C) [13]. Pelle et al. further highlighted that color layers induce distinct thermal behaviors, with 
Ross coefficients ranging from 0.0242 K·m²/W (white) to 0.0456 K·m²/W (mahogany brown), 
underscoring the significant role of color in thermal sensitivity [14]. 

Zhihao et al. investigated crystalline silicon colored BIPV modules incorporating dielectric 
multilayer coatings and showed that optimized optical interference designs can achieve conversion 
efficiencies above 21% with photocurrent losses below 5% [15]. Yuning et al. developed high-
efficiency colored crystalline silicon PV modules in red, yellow, blue, green, and white using 
pearlescent pigments via screen printing. Their analysis indicated that efficiency losses were 
consistently below 20%, with green modules exhibiting the highest photocurrent density and lowest 
loss rates [16]. Mahamoud et al. studied monocrystalline solar cells with colored filters under real 
climate conditions and found that relative power production strongly depended on filter color, 
yielding approximately 73% for yellow, 64% for red, and 54% for blue [17]. Røyset et al. analyzed the 
application of optical interference coatings and provided design guidelines for balancing high color 
lightness, low efficiency losses, color performance, and angular dependence [18]. 

 Babin et al. also evaluated the long-term DC performance ratio (PR) of colored PV modules. 
Their results revealed that reference and green modules exhibited the lowest annual PR (~0.86), while 
gray, beige, and terracotta modules achieved slightly higher values (0.88–0.89). Interestingly, red 
modules demonstrated the highest PR (~0.95), partly attributed to spectral mismatch gains during 
afternoon hours [19]. 

Overall, prior studies consistently demonstrate that colored BIPV systems provide enhanced 
architectural integration but typically incur efficiency penalties due to optical and thermal effects. 
However, the magnitude of these penalties depends strongly on the coloration technique, the overall 
system configuration with the chosen building materials, and the environmental conditions. In 
particular, experimental evidence on glass-to-glass (G/G) crystalline silicon modules with gray 
coloration under practical building-like conditions remains limited. 

This study aims to analyze the temperature characteristics and electrical performance of BIPV 
systems equipped with gray-colored glass-to-glass (G/G) crystalline silicon modules. To evaluate the 
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impact of coloration, the results are compared with those of a conventional non-colored BIPV system. 
An air layer and rear insulation material were incorporated to replicate practical installation 
conditions. The gray coloration of the PV modules was selected considering aesthetics, harmony with 
surrounding buildings, and electrical efficiency. The modules were fabricated using digital printing 
technology, which ensures high color quality while minimizing power losses associated with 
coloration. 

2. Experiment 

2.1. BIPV Full-Scale Mock-Up Building 

An 89 m² full-scale mock-up building was constructed in Jeollabuk-do, South Korea, to evaluate 
the functionality and performance of a multifunctional façade based on a post-and-beam structure. 
The building consists of three identical, air-conditioned rooms, enabling controlled experimental 
environments by replacing the exterior walls with BIPV façades. This design allows for a comparative 
evaluation of different PV integration types, including BIPV and BAPV, under simulated real 
installation conditions. 

The gray BIPV system was installed on the south-facing exterior wall of the two-story building, 
and for comparison, a conventional BIPV system was mounted under the same configuration. The 
test wall had dimensions of 2,400 mm in width and 3,000 mm in height, accommodating a total of 
eight modules (700 × 1,150 mm each) arranged in two arrays of four modules. Figure 1 illustrates the 
installation layout, and Table 1 summarizes the detailed specifications of the conventional and gray 
PV modules applied in the BIPV systems. 

 
Figure 1. Full-scale mock-up building with various multifunctional prefabricated façade cladding. 
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Table 1. Specifications of gray and conventional PV modules applied for BIPV system. 

Index 
Specifications 

 PV Conventional PV 

Front glass Gray Clear 
Cell type Crystalline silicon  

Colourisation Digital printing - 

Printing position 
Inside surface of front glass 

(PV cell direction) 
- 

Pmax 101.54 Wp 117.99 Wp 
Vmax 13.36 V 13.18 V 
Imax 7.60 A 8.95 A 
Voc 16.29 V 16.32 V 
Isc 7.96 A 9.38 A 

Fill factor (FF) 78.35% 77.11% 
Electrical efficiency (STC) 12.49% 14.52% 

PV module size 700 × 1,150 mm (one module, 0.81 m²) 
BIPV system size (Each) 1,148 mm × 2,832 mm (array, 3.25 m²) 

2.2. BIPV System Design Detail 

For a comparative analysis of electrical performance between the gray-colored BIPV system and 
the conventional BIPV system, excluding the color elements of the front glass, the PV cell and the rear 
structure (BIPV layer configuration) were designed identically. The wall structure of the BIPV system 
mimics the spandrel part of a curtain wall structure and is designed to meet South Korea’s exterior 
wall insulation standards (U-value 0.24 W/m²K). The width of the internal air layer in the BIPV 
system is approximately 50 mm, and the insulation material has a thickness of 90 mm (Figure 2). 
Figure 3 illustrates the layout of the gray-colored BIPV system and the conventional BIPV system 
installed under identical experimental conditions in the mock-up buildings, as shown in Figure 4.  

The temperature sensors installed in the two types of BIPV systems are presented in Figure 5, 
which also provides detailed positions of the sensors placed on the rear surface of the modules, within 
the air gap, on the surface of the insulation layer, and on the interior surface. Figures 6 and 7 show 
the installation of conventional and gray-colored BIPV modules, which are integrated with special 
designed mounting frames for BIPV system, as well as interior view of the mock-up building where 
the systems are installed.  

 

Figure 2. Vertical and horizontal section of the gray (left) and conventional (right) BIPV mock-up. 
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Figure 3. Full-scale mock-up building (left) and BIPV module installation (middle) and completed BIPV system 
(right). 

 

Figure 4. Layout of the BIPV modules on the mock-up. 

 

Figure 5. Location of temperature sensors on the rear surface layers of the BIPV system modules. 
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Figure 6. Conventional and gray-colored modules tested on the Mock-up building. 

 

Figure 7. Interior view of the mock-up building with conventional and gray-colored BIPV systems installed. 

2.3. Monitoring Systems and Measuring Instruments 

The Figure 8 illustrates the experimental setup and measuring equipment for the gray and 
conventional BIPV systems of the building. Both the gray and conventional BIPV systems are 
connected to an I-V curve tracer, and the power generation performance (e.g. Pmax, Vmp, Imp, Voc, 
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Isc) is measured in Maximum Power Point Tracking (MPPT) mode. Additionally, a weather station 
is installed on the rooftop of the building to measure experimental environmental conditions (e.g. 
solar radiation, ambient temperature, humidity), and a data logger collects the measured values. 

Furthermore, to analyze the temperature characteristics of the BIPV system, T-type 
thermocouples are installed internally. Four temperature sensors each are attached to the rear of the 
PV modules in the BIPV system, the internal air layer, and the inner and outer surfaces of the 
insulation material (air gap surface and inside surface). All measurement data are collected at 10-
second intervals, and the detailed specifications of the measuring equipment used in the experiment 
are presented in Error! Reference source not found.. 

 
Figure 8. Experimental setup of the BIPV systems. 

Table 2. Detail of the measuring equipment used in the experiment. 

Type Specifications 

T-type 
thermocouple 

Sensing temperature Max: 260 °C 
Measurement range: –40 °C to +125 °C ±0.5 °C  
Accuracy: ±1 °C or ±0.75 % 

Data logger 

Max scanning speed: 250 channels/sec 
Maximum amps: 1 A 
Max non-volatile memory: 50,000 readings 
Maximum volts: 300 V 
6(1/2) digits (22 bits) of resolution 
0.004% basic dcV accuracy 

I-V tracer 

Power: 1,800 W 
Current: 0-12 A 
Voltage: 0-500 V 
Accuracy 0.05% OF (Setting + Range) 

Pyranometer 
(ECO MS-402) 

Irradiance range: 0 - 4,000 W/m² 
Wavelength range: 285 - 3,000 nm  
Response time 95%: < 8 sec 
Sensitivity: 7 V/ W/m² 
Temperature response: (-10°C) – (40°C) 
Accuracy: first class pyranometer according to ISO 9060 

Temp-Humi 
sensor 

Operating temperature: (-40 °C) - (60 °C) 
Measurement range: (-40 °C) - (60 °C) / 0 % - 100 % RH 
Accuracy at 23°C: ±0.1 °C / ±0.8 % RH 
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(HygroFlex 
HF535) 

Infrared 
thermal camera 

(Fluke Ti32) 

Operating temperature: (-10 °C) - (50 °C) 
Infrared spectral band: 7.5 m - 14 m 
Measurement range: (-20 °C) - (600 °C) 
Thermal sensitivity: ≤0.05 °C 
Accuracy: ±2 °C or ±2 % 

3. Results and Discussion 

3.1. Temperature Distribution of the BIPV Systems 

Figures 9 and 10 depict the temperature characteristics of the applied gray and conventional 
BIPV systems on the building. The outdoor performance experiment for the BIPV systems was 
conducted in October, during which the ambient conditions exhibited irradiation ranging from 
approximately 400 W/m² to 780 W/m² and outdoor temperatures fluctuated between 18°C and 21°C. 
The rear temperature of the gray BIPV modules ranged from approximately 33°C to 68°C, while the 
rear temperature of the conventional BIPV modules ranged from about 35°C to 75°C. The rear 
temperature of the gray BIPV modules was up to 8°C lower than that of the conventional BIPV 
modules. The temperature in the air layer within the BIPV system was measured to be 5 - 6°C lower 
compared to each module’s rear temperature. The temperature difference in the air layer for each 
BIPV system showed a similar pattern to the temperature difference in the module. The temperature 
of each component in the BIPV system decreased in the following order: BIPV module rear, air layer, 
insulation surface facing the air layer, and interior insulation surface. That is, the temperature was 
lower towards the interior. 

 

Figure 9. Temperature characteristics of conventional BIPV system. 
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Figure 10. Temperature characteristics of colored BIPV system. 

3.2. Hourly Power and Efficiency Comparison 

Figure 11 presents the comparative thermal and electrical performance of conventional and 
colored BIPV modules under identical outdoor conditions. Both systems exhibited a distinct 
temperature rise with increasing irradiance, reaching their maximum values around 13:00. The peak 
rear-surface temperature of the conventional BIPV module was approximately 73.6°C, while that of 
the colored BIPV module was about 70.4°C, indicating that the colored module consistently 
maintained 2–3°C lower temperatures. This suggests that the colored BIPV system possesses slightly 
improved heat dissipation characteristics compared to its conventional counterpart. 

In terms of electrical efficiency, the conventional BIPV system showed a decrease from 13.4% to 
12.4% over the observation period, while the colored BIPV system declined from 11.8% to 11.0%. 
Although both systems demonstrated a gradual reduction in efficiency with time, the conventional 
BIPV module consistently outperformed the colored module by approximately 1.5–2 percentage 
points. This discrepancy can be attributed to optical losses, such as reflection and absorption, 
introduced by the surface coloring treatment. 

The results indicate that the colored BIPV module exhibits a thermal advantage by operating at 
slightly lower temperatures, but this benefit is offset by reduced optical conversion efficiency. 
Conversely, the conventional BIPV module achieves higher absolute efficiency but is more vulnerable 
to performance degradation due to elevated operating temperatures. Furthermore, both systems 
experienced pronounced efficiency reductions during peak irradiance hours, highlighting the 
importance of thermal management strategies, such as improved ventilation and heat dissipation 
designs, for BIPV applications. 
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Figure 11. Hourly temperature and efficiency of conventional and colored BIPV system. 

Figure 12 presents the hourly power generation and efficiency profiles of conventional and gray-
colored BIPV modules. The conventional BIPV system consistently outperformed the colored BIPV 
system in terms of power generation across all measured hours. At 13:00, the peak power output of 
the conventional BIPV module reached approximately 290 Wh, compared to 260 Wh for the colored 
BIPV module, representing a difference of about 10%. This discrepancy can be attributed to optical 
losses introduced by the module colorization (gray), such as increased reflection and absorption. 

The efficiency trends further emphasize the performance gap between the two systems. The 
conventional BIPV module showed higher absolute efficiency, ranging from 13.4% in the morning to 
12.0% at midday, followed by a slight recovery in the late afternoon. In contrast, the colored BIPV 
module exhibited consistently lower efficiency values, decreasing from 11.8% to 11.0% during the 
same period. The regression analysis revealed that the efficiency of the conventional BIPV decreased 
at a steeper rate (slope = –0.1888) compared to the colored BIPV (slope = –0.1409), indicating a greater 
sensitivity to increasing operating temperatures. 
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Figure 12. Hourly power and efficiency of conventional and colored BIPV system. 
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Figure 13 illustrates the statistical distribution of temperature and electrical efficiency for 
conventional and colored BIPV modules. The rear-surface temperature of the conventional BIPV 
modules exhibited a median value of approximately 64°C, with a range between 38°C and 76°C, while 
the colored BIPV modules showed a lower median of around 61°C and a broader variation from 37°C 
to 71°C. These results indicate that the colored BIPV modules consistently operate at slightly lower 
temperatures, suggesting improved heat dissipation characteristics compared to conventional BIPV 
modules. 

In terms of efficiency, the conventional BIPV modules achieved a median value of 12.5%, with 
the distribution spanning from 11.6% to 13.8%. By contrast, the colored BIPV modules presented a 
median efficiency of 11.0%, concentrated within a narrower range of 10.1% to 12.1%. This 
demonstrates that, despite the thermal advantage, the colored BIPV modules suffer from reduced 
electrical performance due to optical losses introduced by the surface coloring treatment. 

Overall, the results highlight a trade-off between thermal and electrical performance: 
conventional BIPV modules exhibit superior electrical efficiency but are more vulnerable to high 
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technologies and optimized thermal management strategies to balance aesthetics, temperature 
regulation, and power generation in BIPV applications. 

 

 

Figure 13. Difference in temperature and efficiency between the highest and the lowest of conventional and 
colored BIPV system. 

The Ross model is a widely used temperature model in the PV sector. It assumes a linear 
relationship between the temperature difference of the PV module and the ambient temperature (Tm 
� Ta) and the irradiance on the plane of array (GPOA) (EQ. 1). The constant k, which varies with 
different boundary conditions, is specific to the module’s design and materials [20]. 

Tm = Ta + k ⋅ GPOA                   (1) 
Figure 14 presents the hourly Ross coefficients of conventional and gray-colored BIPV modules. 

The Ross coefficient (k) serves as an indicator of the thermal sensitivity of PV modules, describing 
the rate of temperature increase relative to incident irradiance. The conventional BIPV modules 
exhibited consistently higher Ross coefficients across all time intervals, with values rising from 
approximately 0.055 at 10:00 to 0.075 at 13:00. In contrast, the colored BIPV modules demonstrated 
lower coefficients, ranging from 0.045 to 0.070, indicating reduced thermal sensitivity under the same 
external conditions. 

This difference can be attributed to the optical characteristics of the gray-colored  surface 
treatment, which reduces radiative transmittance and mitigates heat accumulation in the modules. 
The consistently lower Ross coefficients of the colored BIPV modules confirm that they are less prone 
to temperature elevation compared to conventional BIPV modules. 
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Figure 14. Hourly Ross coefficient of conventional and colored BIPV system. 

3.4. Daily Power Generation and STC vs. Outdoor Efficiency 

Figure 15 compares the daily power generation of conventional and gray-colored BIPV modules. 
The conventional BIPV system produced approximately 1.55 kWh per day, while the colored BIPV 
system generated around 1.40 kWh. This corresponds to a reduction of nearly 10% in daily energy 
yield for the colored BIPV module compared to the conventional system. 

Figure 16 compares the efficiencies of conventional and gray-colored BIPV modules under 
standard test conditions (STC) and actual outdoor operation. Under STC, the conventional BIPV 
module achieved an efficiency of 14.52%, while the colored BIPV module recorded 12.49%. Under 
real operating conditions, both systems showed a reduction in efficiency, with the conventional BIPV 
at 12.49% and the colored BIPV at 11.11%. 

The colored BIPV module consistently exhibited lower efficiency than the conventional module 
under both STC and outdoor conditions. The efficiency gap was approximately 2%p under STC and 
1.4%p under real operating conditions. The relative efficiency losses were calculated to be about 15% 
for the conventional BIPV and 10% for the colored BIPV. This indicates that the colored module 
experiences less efficiency loss under real operating conditions compared to the conventional module, 
reflecting the relatively higher thermal stability of the colored BIPV system. 
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Figure 15. Daily power generation of conventional and colored BIPV system. 

 

Figure 16. Comparison of efficiency under STC and actual operation conditions of conventional and colored 
BIPV system. 

4. Conclusions 

This study conducted an experimental evaluation of the thermal behavior and electrical 
performance of conventional and gray-colored BIPV systems installed in a full-scale mock-up 
building.  

The outdoor measurements revealed that the maximum rear-surface temperature of the 
conventional BIPV module reached 75 °C, while the colored BIPV module remained lower at 67 °C. 
The temperature difference between the two systems varied from 3 to 8 °C depending on the 
irradiation level, primarily due to thermal energy retention in the rear insulation configuration of 
BIPV systems. 

In terms of electrical performance, the colored BIPV module consistently exhibited lower 
absolute efficiency than the conventional module, with daily power generation reduced by 
approximately 10%. However, the relative efficiency loss under real outdoor conditions was lower in 
the colored BIPV system (≈10%) compared to the conventional system (≈15%), reflecting the relatively 
higher thermal stability of the colored module. These results indicate that although the application 
of colorization leads to optical losses and reduced efficiency, it contributes to mitigating the adverse 
thermal effects on system performance. 

In conclusion, the findings highlight a fundamental trade-off between efficiency and aesthetics 
in BIPV applications. Conventional BIPV modules ensure higher conversion efficiency, while colored 
BIPV modules offer improved thermal stability and architectural integration potential. Future 
research should focus on extending the investigation to BIPV systems with various colorizations and 
insulation configurations, aiming to develop optimized technologies that minimize optical losses 
while securing adequate energy yield for building applications. 
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