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Abstract

The increasing demand for clean electrical energy in Indonesia highlights the need to optimize solar power generation
technologies. Bifacial photovoltaic (PV) panels offer higher energy yield by utilizing solar radiation from both front and
rear sides; however, their performance is strongly influenced by reflective properties of the surface beneath the panel.
This study aims to analyze the effect of reflective surface variations with different albedo values on the power output
and efficiency of bifacial solar panels under tropical rainy season conditions. An experimental method was employed
using three identical bifacial PV modules (545 Wp) installed above asphalt, paving block, and white-painted surfaces.
The modules were installed with a tilt angle of 8°, an azimuth angle of 0° (facing north), and a height of 60 cm above
the surface. Measurements of solar irradiance, voltage, and current were conducted at irradiance levels ranging from
203 to 1001 W/m? Data were collected three days with same conditions and parameter in November 2024 during the
period time from 09:00 to 15:00. The results show that to enhance rear-side irradiance, as indicated by the increase in
output power observed in this study, leading to increased output power and efficiency. The white-painted surface
produced the highest performance, achieving an average power increase of approximately 9.6% and a maximum
efficiency of 16.3% compared to asphalt and paving block surfaces. These findings indicate that high-albedo surfaces
are an effective solution for improving bifacial solar panel performance, particularly in wet tropical climates such as
Bandung, Indonesia.
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1. Introduction

The demand for electrical energy based on clean energy sources continues to increase annually in line with
population growth, as well as economic and industrial activities in Indonesia [1]. According to data from the
Ministry of Energy and Mineral Resources, Indonesia has a very high potential for solar energy, with an estimated
generation potential of 4.8 kWh/m? or equivalent to 112,000 GWp [2]. Solar Power Plants (PLTS) that apply
photovoltaic (PV) technology represent one of the strategic alternatives to support Indonesia's energy transition
toward clean energy sources [3], [4]. PV technology plays a crucial role in converting solar radiation into electrical
energy and serves as a core component of PLTS systems. The performance of PV modules is strongly influenced
by the development of solar panel technology; therefore, continuous innovation in PV technology has significant
potential to enhance energy generation efficiency [5].

Recent technological developments have increasingly focused on the application of bifacial solar panels,
which are considered superior to conventional monofacial panels. Bifacial solar panels are capable of absorbing
solar radiation not only from the front surface but also from reflected sunlight on surrounding surfaces through
the rear side of the panel [6]. In addition, bifacial panels can capture sunlight from both front and rear sides,
thereby offering the potential for higher efficiency compared to monofacial panels. One of the main factors
affecting performance of bifacial panels is albedo value, which represents the reflectance level of surrounding
surface [7].
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Related research has previously been conducted under the title analysis of solar cell panel angle on output
power and efficiency. This study examined the performance of solar panels under variations in tilt angles of 0°,
8° and 16°. The results showed that tilt angle influences the performance of solar panels, where higher tilt angles
generally improve energy capture under certain conditions [8].

Another study investigated the effect of solar panel capacity and tilt angle on the performance of a 12 V
ff-grid PLTS system. This research analysed the influence of solar panel capacity and tilt angle on system
performance in terms of panel efficiency, maximum power point tracking (MPPT) efficiency, overall system
efficiency, and battery capacity stability in supplying the load. The experimental tests used monocrystalline solar
panels with capacities ranging from 100 to 400 Wp, tilt angle variations from 0° to 40°, and a constant load of
400 W. Although this study also evaluated performance based on tilt angle variations, key differences lie in the
absence of bifacial solar panels and the use of different panel capacities with a 12 V system configuration [9].

Other research has also discussed the performance of solar panel surfaces with temperature as the
dependent variable across different types of solar cells. In this study, to determine the effect of temperature and
to compare two brands of solar panels, measurements were conducted at a light intensity of 1225 and a
temperature of 41.1°C. The measured parameters included voltage, current, output power, and input power for
each panel. The results indicated that solar panel brand A produced a voltage of 20.3 V, while brand B produced
3.5 V. The current generated by brand A was 1.17 A, whereas brand B generated 1.68 A. The output power of
brand A was 19.21 W, while brand B produced 16.94 W. Meanwhile, the input power recorded for brand A was
183 W and for brand B was 226 W. This study discussed performance differences based on panel type and brand
in relation to surface temperature [10].

Based on the above discussion, this study aims to analyse the effect of variations in reflective surface types
with different albedo values on the performance efficiency of bifacial solar panels under rainy season conditions,
particularly in terms of power output and efficiency performance. The research was conducted by comparing
three types of surfaces asphalt, paving blocks, and white-painted surfaces to examine the relationship between
the albedo level of each surface and the efficiency of bifacial solar panels. The results of this study are expected
to contribute scientifically to the development and optimization of bifacial solar panel technology, especially for
applications in tropical environments such as the City of Bandung, West Java Province.

The novelty of this study lies in the experimental investigation of bifacial PV performance under tropical rainy
season conditions with high irradiance variability, combined with a quantitative analysis of the relationship
between ground surface albedo and the resulting power gain using real-field installation scenarios.

2. Experimental Methods

2.1. Research Design

This study employs an experimental research method with a quantitative approach to evaluate the effect of
reflective surface variations with different albedo values on the power performance and efficiency of bifacial PV
panels, as seen in Figure 1. The experiment was conducted through direct field measurements under real
environmental conditions during the rainy season.
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Figure 1. Flowchart research
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2.2. Experimental Setup

The experiment was carried out in an open outdoor area located in Bandung, Indonesia, which represents a
tropical climate. Three monocrystalline bifacial PV modules with a rated capacity of 545 Wp were used in the
experiment (see Figures 2 and 3). Prior to installation, all modules were inspected and tested under similar
environmental conditions to ensure comparable baseline performance, considering possible manufacturing
tolerances [11]. Each panel was installed above a different type of surface, namely asphalt, paving block, and
white-painted surface, to represent low, medium, and high albedo conditions, respectively (Figure 4). The three
surface types (asphalt, paving block, and white-painted surface) were selected to represent low, medium, and
high albedo conditions, respectively [12]. The albedo values were adopted from literature, where asphalt ranges
from approximately 0.05-0.20, paving block 0.25-0.70, and white-painted surfaces 0.50-0.90 [13]. However, it
should be noted that the albedo of each surface was not directly measured in this study due to instrumentation
limitations. The selected surface types are commonly recognized to have significantly different reflectivity
characteristics and thus are assumed to provide representative variations in albedo under typical field conditions
[14]. Therefore, the analysis focuses on comparative performance differences rather than absolute albedo
quantification.
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Figure 2. Bifacial solar cell structure
All PV modules were mounted at a fixed tilt angle of 8° and oriented northward (0° azimuth) to ensure

uniform solar exposure. The vertical distance between the panel and ground surface was maintained at
approximately 60 cm to allow sufficient rear-side irradiance reception [15].
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Figure 3. Block diagram system solar panel
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2.3. Data Collection

Measurements were conducted over a period of three days in November, coinciding with the rainy season.
The selected days were chosen based on relatively comparable weather conditions to minimize extreme
variability in solar irradiance. Data acquisition was performed between 09:00 and 15:00 local time, with a recording
interval of 30 minutes [16]. The measured parameters included:

a. Solar irradiance (W/m?), measured using a calibrated pyranometer,
b. Output voltage (V);
c¢. Output current (A).

It should be noted that rear-side irradiance was not directly measured in this study due to instrumentation
limitations. Instead, its contribution was indirectly evaluated based on differences in electrical output under
varying reflective surface conditions [17].

All sensors were connected to a data logger for synchronized and continuous data recording. Although
temperature and wind speed sensors were installed, only irradiance, voltage, and current data were used for
analysis in this study [18].

2.4. Performance Evaluation

The electrical performance of each bifacial PV panel was evaluated through calculation of output power and
conversion efficiency. Output power was determined using measured voltage and current values, while input
power was calculated based on measured irradiance and the effective panel area [19].

The efficiency of the PV module was calculated as the ratio between output power and input solar power,
expressed as a percentage. Performance comparisons were conducted at various irradiance levels ranging from
203 W/m? to 1001 W/m? to assess the influence of surface albedo under different solar conditions [20].

(a) b (©

Figure 4. Testing on the variation surface (a) asphalt, (b) paving block, and (c) white paint

Performance evaluation was conducted using the following equations [8]. The input, output power and the
efficiency of the solar panel were calculated using equations (1)-(3) [21].

Pin = G x AC M

where Pin is input power, resulting from solar irradiance (W), G is solar irradiance intensity (W/m?), and A is surface
area of the solar panel (m?).

Pout =V xI 2

where Pout is the power generated by the solar panel (W), V is the voltage of the solar panel (V), and | is the
current of the solar panel (A).
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Pout

x 100% 3)

nPanel =

Pin total (G Front+GRear)

For bifacial PV systems, the total incident energy ideally includes both front and rear irradiance contributions;
therefore, the calculated efficiency may be slightly overestimated.

2.5. Data Analysis

The collected data in Table 1 were processed and analyzed to compare the power output and efficiency of
bifacial PV panels installed above different reflective surfaces [22]. The analysis focused on identifying trends and
performance differences attributable to surface albedo variations. Results were presented in graphical and tabular
forms to clearly illustrate the relationship between irradiance intensity, power output, efficiency, and surface
reflectivity [23].

To reduce the influence of weather fluctuations during the rainy season, performance comparisons were
conducted at similar irradiance levels across all surface types. This approach allows for a more consistent
evaluation of the effect of surface reflectivity, independent of transient changes in weather conditions such as
cloud cover.

Table 1. Measurement results of voltage and current on different surface types

Light Asphalt Paving block White paint
intensity Voltage Current Voltage  Current Voltage Current
(W/m?) (\) (A) (\) (A) (\J) (A)
203 124 3.1 129 32 13.1 33
300 15.1 38 16.3 40 16.7 42
402 19.2 47 19.5 49 203 5.1
501 222 5.6 232 5.8 238 5.9
605 26.6 6.5 26.8 6.7 27.5 6.9
700 316 79 330 8.1 342 83
800 356 88 36.2 89 369 9.1
902 37 9.2 375 9.2 384 94
1001 371 9.1 373 9.2 385 94

3. Results and Discussion

This chapter presents the results of the calculations of input power (Pin), output power (Pout), and efficiency
based on variations in light intensity and surface type. The data presented in Table 2 were obtained from
measurements and calculations conducted during the experimental testing [24]. These results are used to analyze
the effect of light intensity to ensure the reliability of results. Statistical analysis was performed by calculating the
average values and standard deviations of the measured parameters over the experimental period on system
performance for different surface types, that is asphalt, paving blocks, and white-painted surfaces.
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Table 2. Calculation results of Pin, Pout, and efficiency

Light Input Asphalt Paving block White paint
intensity  power Output Efficiency  Output  Efficiency  Output  Efficiency
(W/m?) W) power (%) power (%) power (%)
(W) (W) (W)
203 524.8 384 74 413 79 432 83
301 776.2 574 74 65.2 84 70.1 9
402 10404 90.2 87 95.6 9.2 103.5 10
501 12934 1243 96 1346 104 1404 109
605 1562.7 1729 1.1 1796 115 189.8 12.2
701 1807 2496 138 2673 14.8 2839 15.7
800 2064.4 3133 15.2 3222 15.6 3358 16.3
902 2327.2 3404 14.6 345 14.8 361 15.5
1001 2584.6 337.6 13.1 343.2 13.3 361.9 14

The results indicate that output power increases proportionally with light intensity for all surface types.
Among the tested surfaces, the white-painted surface consistently produced the highest output power and
efficiency across all irradiance levels. Any minor performance differences due to manufacturing variations are
considered negligible compared to the observed influence of surface reflectivity. This indicates that the difference
in power output is primarily influenced by the reflective properties of the surface once. Though the albedo values
were not directly measured, the consistent increase in power output observed on brighter surfaces supports the
expected influence of higher reflectivity. The average increase in output power for the white-painted surface
compared to asphalt was approximately 9.6%.

This improvement is likely attributed to the higher albedo of the white-painted surface, which enhances
diffuse reflection and increases reflected irradiance reaching the rear side of the bifacial module. Although the
albedo values were not directly measured, the consistent increase in power output observed on brighter surfaces
supports the expected influence of higher reflectivity. This condition enhances diffuse reflection and increases the
amount of reflected irradiance reaching the rear side of the bifacial module. The additional rear-side contribution
plays a significant role in improving the overall energy conversion performance.

Furthermore, the installation configuration, including a tilt angle of 8° and a module height of 60 cm,
contributes to this effect by increasing the view factor between the ground surface and the rear side of panel,
thereby allowing more reflected radiation to be captured.

The observed bifacial gain in this study is consistent with values reported in previous studies, which typically
range between 5% and 20%, depending on surface conditions and installation parameters. These results
demonstrate that surface albedo plays a significant role in enhancing bifacial PV performance under tropical
conditions.

3.1. Effect of Surface Variation on Output Power

Referring to the graph of surface variation versus output power shown in Figure 5 at a light intensity of 1001
W/m?, it can be observed that the type of surface has a significant effect on the magnitude of the generated
output power. Based on the graph, the white-painted surface produced the highest output power of 361.9 W,
compared to 343.2 W for the paving block surface and 337.6 W for the asphalt surface. The output power
obtained from the paving block surface falls within an intermediate range, while the asphalt surface yielded the
lowest output power [25]. These differences are attributed to the characteristics of each surface in reflecting and
absorbing solar radiation energy. Surfaces with lighter colors, such as white-painted surfaces, exhibit higher
reflectivity, resulting in more optimal light intensity received by the solar panel and consequently higher output
power compared to darker surfaces.
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Figure 5. Effect of surface type on output power

3.2. Effect of Irradiance on Power Output

Based on the graph illustrating the relationship between light intensity and output power shown in Figure 6,
a direct correlation between light intensity (W/m? and the resulting output power (Ws) can be observed. In
general, an increase in light intensity leads to an increase in output power for all surface types, such as asphalt,
paving blocks, and white-painted surfaces. At low to moderate light intensity levels, the increase in output power
is relatively significant; however, at higher intensities, the rate of power increase tends to slow down and
approaches a maximum condition [8].

Furthermore, the graph indicates that the white-painted surface consistently produces the highest output
power at each level of light intensity, followed by the paving block surface and the asphalt surface. The increase
in light intensity results in a more pronounced increase in output power, particularly when using the white-
painted surface. This surface exhibits a high albedo value (0.50-0.90), enabling it to reflect more light toward the
rear side of the panel. This finding demonstrates that surface characteristics, especially reflectivity levels, play an
important role in influencing the amount of solar radiation energy received by the panel, thereby directly affecting
the magnitude of the generated output power.
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Figure 6. Effect of light intensity on output power
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3.3. Effect of Light Intensity on the Efficiency of Bifacial Solar Panels

The graph illustrating the relationship between light intensity and efficiency in Figure 7 shows that the
efficiency of bifacial solar panels generally increases as the received light intensity increases. Within the low to
moderate light intensity range (approximately 200-600 W/m?), the efficiency gradually increases across all surface
types: asphalt, paving blocks, and white-painted surfaces [25]. This trend indicates that the panels are still
operating under optimal conditions in responding to increased solar radiation energy.

At higher light intensity levels (approximately 700-800 W/m?), the panel efficiency reaches its maximum
value, particularly when installed above a white-painted surface. Beyond this intensity range, the efficiency tends
to decrease at light intensities of 900-1000 W/m?. This decline suggests the presence of performance limitations,
which are likely caused by an increase in the panel surface temperature due to high light intensity exposure,
thereby affecting the energy conversion performance.

Moreover, the graph also demonstrates differences in efficiency based on surface type. The white-painted
surface consistently yields the highest efficiency compared to paving blocks and asphalt across almost all light
intensity variations. This behavior is attributed to the higher albedo value of the white-painted surface, which
enables greater reflection of solar radiation toward the rear side of the bifacial panel. Therefore, it can be
concluded that the combination of optimal light intensity and surface types with high reflectivity plays a crucial
role in enhancing the efficiency of bifacial solar panels.
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Figure 7. Effect of light intensity on efficiency

4. Conclusion

Variations in reflective surfaces (albedo) beneath bifacial solar panels have been proven to have a significant
effect on panel output power and efficiency. Higher surface albedo values result in greater light reflection that
can be utilized by the rear side of the panel, thereby increasing the output power.

At light intensities up to 1001 W/m? the white-painted surface produced the highest power output and
efficiency compared to paving blocks and asphalt, with an average power increase of up to approximately 9.6%
and a maximum efficiency of 16.3%. Therefore, the use of high-albedo surfaces such as white-painted surfaces is
recommended as an optimal solution to enhance the performance of bifacial solar panels, particularly under
tropical climate conditions such as those in the City of Bandung.
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