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A B S T R A C T  

Partial shading remains a challenge in photovoltaic (PV) systems, often leading to significant power losses and 

reduced module efficiency. To address this issue, manufacturers have developed various PV module designs, 

such as Full Cell, Half-Cut, and Shingle modules, each with distinct internal circuit configurations that influence 
shading tolerance. This work presents the background study and findings on these PV modules operating under 

different shading patterns and percentages. The experiment utilized a portable PV power meter (SEAWARD 

PV200) capable of storing the electrical parameters of the current-voltage (I-V) and power-voltage (P-V) curves. 
The experiments were conducted in Kota Kinabalu, Sabah, which features a tropical climate (elevated 

temperatures, high humidity levels, and a consistent amount of solar radiation throughout the year) that is ideal 

for solar energy production. Evaluation of the performance of the PV modules was carried out based on the I-V 
and P-V curves. The results indicate that the Full Cell PV module exhibited the highest maximum power (Pmax) 

reduction under horizontal and diagonal shading patterns (25%, 50%, and 75% shading). The Half-Cut PV 

module demonstrated better performance under horizontal shading patterns (25% and 50%) but experienced the 
highest Pmax reduction under vertical and diagonal shading patterns (50% and 75% shading). The Shingle PV 

module exhibited the highest Pmax reduction under vertical and diagonal shading patterns (25%, 50%, and 75% 

shading) but showed minimal reduction under horizontal shading patterns (25% and 50% shading). 

https://doi.org/10.30501/jree.2025.505766.2268 

1. INTRODUCTION1 

Photovoltaic (PV) modules are used to convert renewable 

solar energy into electricity and have become a major source of 

electricity in recent years (Gu et al., 2023). From 2010 to 2022, 

PV modules experienced rapid development globally, 

becoming one of the most advanced technologies in PV power 

generation, with a total installed capacity of 1047 GW 

(Baricchio et al., 2024). This notable progress is attributed to 

two primary factors: i) PV energy is clean, affordable and 

sustainable (Kumar et al., 2020); and ii) PV-based power 

generations are easy to install and non-polluting (Zhong et al., 

2021). When installing a PV module, it is important to consider 

the potential power losses that reduce the overall performance 

of the PV module and influence its ability to generate power. 

The equation below shows the factors that influence the power 

losses of PV modules (SEDA, 2022). 

Pmax = Pmax STC × fmm × fage × ftemp × fg × fclean × funshade (1) 

where 

Pmax = Maximum power of PV module 

Pmax STC = Maximum power of PV module at STC 

fmm = Mismatch losses 

fage = Aging losses 

 
*Corresponding Author’s Email: lanz_mr@ums.edu.my (N. L. Ismail) 

ftemp = Temperature losses 

fg = Irradiance losses 

fclean = Soiling losses 

funshade = Shading losses 

Based on the equation, Pmax STC is the maximum power 

of the PV module in Standard Test Conditions (STC). The STC 

include a solar irradiance rate of 1000 W/m2, a cell temperature 

of 25°C (77°F), and an air mass (AM) of 1.5 (Xu et al., 2024). 

Power losses in PV modules are influenced by factors such as 

mismatch losses resulting from variations in the electrical 

parameters of individual solar cells within a PV array, aging of 

components due to environmental factors, temperature effects, 

such as increases in ambient temperature that reduce the 

voltage output of solar cells, solar irradiance, soiling, and 

shading (Shen et al., 2020; Ghosh et al., 2022). Among these, 

shading and soiling are particularly difficult to avoid since they 

are related to external environmental conditions. The 

occurrence of shading is a significant problem in terms of the 

efficiency of electrical energy generation, leading to an overall 

reduction in power output. The two main types of shading on 

the surface of PV modules are hard shading and soft shading 

(Alves et al., 2021). Hard shading, or soiling, mainly occurs 

when the cells of a PV module are obstructed by physical 
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objects such as moss, bird droppings, or leaves. Meanwhile, 

soft shading occurs when shadows from nearby trees or 

buildings fall on the surface of the PV module. This study 

focuses on analyzing the effects of soft shading on PV modules 

to develop strategies for mitigating its impact and improving 

the overall performance of PV module systems. 

1.1. Shading Effects 
Evaluation of the efficiency and performance of PV 

modules is based on the current-voltage (I-V) and power-

voltage (P-V) curves (Chen et al., 2021). These curves illustrate 

the effects of various factors, such as solar radiation and cell 

temperature, on the performance of PV modules. Identification 

of the optimal operating voltage and current can be achieved by 

analyzing these curves. Manufacturers provide key parameters 

on these curves to guide users during the installation process. 

Figure 1 presents the I-V and P-V curves of a PV module under 

unshaded and shaded conditions. 

 
Figure 1. Example of I-V and P-V curves of the PV module under 

shaded and unshaded conditions 

Based on Figure 1, the presence of shading causes multiple 

peaks in both the I-V and P-V curves due to the activation of 

bypass diodes, where the peaks are referred to as the global 

maximum power point (GMPP) and local maximum power 

point (LMPP). The GMPP is the highest peak on the P-V curve 

and represents the Pmax that the PV module can produce. 

Meanwhile, the LMPP is the point on the P-V curve where the 

PV module produces the maximum power within a specific 

voltage range (Pachauri et al., 2021). 

1.2. PV Modules Performance Under Shading 
Conditions 

The impact of soft shading on the performance of PV 

modules has been previously studied by other researchers using 

various methods. Chepp et al. (2021) analyzed the impact of 

soft shading patterns on the orientation of Full Cell PV 

modules. In the first scenario, the authors applied parallel 

shading to both the portrait and landscape orientations of the 

PV module. The results indicate that as shading increases row 

by row, the reduction in power output becomes more significant 

with increasing shading fraction. Conversely, when shading 

occurs column by column, the reduction in power output is less 

severe. 

Next, Bhallamudi et al. (2021) analyzed the effects of soft 

shading on Full Cell PV modules by comparing the 

performance of shaded and unshaded PV modules. The authors 

conducted experiments under STC conditions of AM 1.5, 25˚C, 

and 1000 W/m². The results revealed an 80% reduction in 

power output between 11 a.m. and 5:30 p.m., indicating that 

shading can significantly affect the performance of PV modules 

by accelerating the reduction of Pmax. 

Another investigation of soft shading was conducted by 

Oufettoul et al. (2023). The authors performed a simulation 

analysis across multiple scenarios for Full Cell PV modules. In 

the first scenario, the PV module was mounted in a landscape 

orientation, while in the second scenario, it was mounted in a 

portrait orientation. For both orientations, shading was applied 

to the bottom part of the PV module. The simulation results 

revealed that shading a single string in the landscape orientation 

resulted in a power loss of approximately 33.3% of the PV 

module’s total capacity. Similarly, when two cell strings were 

shaded, the power loss escalated to 66.7%. In contrast, for the 

portrait orientation scenarios, shading the bottom cells of the 

PV module caused the P-V curve to exhibit a single peak, 

leading to a more significant decrease in power generation 

compared to the landscape orientation. 

These recent studies show that research has generally 

focused on analyzing the effects of shading on PV modules. 

However, previous research has mainly concentrated on a 

single type of PV module, namely the Full Cell PV module. 

Therefore, this study provides an opportunity to perform an 

experimental comparison across multiple commercially 

available PV modules to better understand the effects of soft 

shading on modules with different circuit configurations. 

2. EXPERIMENTAL 
An outdoor experimental study was conducted to evaluate 

the effects of soft shading on three different types of PV 

modules: Full Cell, Half-Cut, and Shingle, each of which offers 

distinctive advantages and performance capabilities. The 

technical specifications of the PV modules are presented in 

Table 1. The experiment took place in Kota Kinabalu, Sabah, 

where the average global radiation is 1800 kWh/m² (Oon et al., 

2020). The test was conducted between 11 a.m. and 1 p.m., 

when solar radiation levels were at their peak, as measured by 

a solar irradiance meter, ranging from 900 to 1020 W/m². The 

ambient temperature during the test varied from 30 to 35 ˚C. 

Before the experiment, the PV modules were thoroughly 

cleaned to remove any dust or dirt, ensuring optimal efficiency. 

Figure 2 illustrates the outdoor experimental setup, including 

the PV module, irradiance meter, temperature sensor, and PV 

power meter (SEAWARD PV200). 
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Figure 2. Outdoor experimental setup of the PV module 

Table 1. Technical specifications of PV modules 
Technical 

specifications 
Full Cell Half-Cut Shingle 

Brand 
SOLAR 

BLUESUN 
Q.ANTUM 

DUO 
SOLAR 

BLUESUN 

Model BSM350M-72B 
Q.PEAK DUO-

G7 315-330 

BSM500PM5-

72SB 

Cell material 72 120 432 

Number of 

cells 
Monocrystalline Monocrystalline Monocrystalline 

Open circuit 

voltage 
47 40.10 46.80 

Short circuit 

current 
9.6 10.04 13.40 

Maximum 

power 

voltage 

38.7 33.47 39.00 

Maximum 

power 

current 

9.09 9.57 12.82 

Maximum 

power 

output 

350 320 500 

The irradiance meter was positioned parallel to the PV 

module to determine the optimal tilt angle for maximum solar 

irradiance, while a temperature sensor was used to monitor the 

PV module’s temperature. The PV module was tilted at a 6-

degree angle and oriented southward to align with the local 

latitude and maximize solar energy capture. The SEAWARD 

PV200 device was connected to the PV module via extension 

cables. Soft shading conditions were simulated using a thin film 

to replicate scenarios in which the PV module is partially 

shaded, causing power output reductions of up to 80% 

Bhallamudi et al. (2021). The shading effect on the PV modules 

was tested at percentages of 0%, 25%, 50%, and 75%, defined 

as the ratio of the shaded area to the total PV module area. 

To compare performance under different shading 

conditions, the experiment included varying shading patterns—

horizontal, vertical, and diagonal—for each shading 

percentage. The electrical responses of the PV modules, 

including current, voltage, and power output, were measured 

under different output load conditions across all defined 

shading percentages and patterns. The SEAWARD PV200 

device recorded experimental data, including irradiation, I-V 

curves, and ambient temperature, which were then processed 

using SolarCert software and SolarDataLogger. Throughout the 

test, solar irradiance and temperature were continuously 

monitored to maintain an optimal testing environment, ensuring 

an accurate evaluation of the PV modules’ performance. 

 

 

2.1. Specifications of PV Modules 

2.1.1. Full Cell PV Modules 

Full Cell PV modules are constructed by connecting 

multiple PV cells in series. Each cell generated a small voltage, 

between 0.5 and 0.6 volts (Nema et al., 2010). The overall 

voltage output of the module increases by connecting the cells 

in series. In this configuration, electrical current flows 

consistently from the first cells to the last cell within the PV 

module. Depending on the power capacity of the PV module, a 

Full Cell PV module commonly consisted of either 60 or 72 

cells arranged in a grid pattern (Tao et al., 2020). Figure 3 

presents the current flow path throughout the Full Cell PV 

module when shaded in horizontal, vertical, and diagonal 

patterns. 

 
Figure 3. Electrical configuration for Full Cell PV module under 

different shading patterns and percentages 

2.2.2. Half-Cut PV Modules 

For the Half-Cut PV modules, the cells within each half of 

the module are connected in series, while the two halves are 

linked in parallel. This internal wiring configuration enhances 

the module’s efficiency, ensuring that even if one half is 

shaded, the unshaded half can continue generating energy 

without being affected (Akram et al., 2020). Figure 4 shows the 

current flow path throughout the Half-Cut PV module under 

horizontal, vertical, and diagonal shading patterns. 
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Figure 4. Electrical configuration for Half-Cut PV module under 

different shading patterns and percentages 

2.2.3. Shingle PV Modules 

Shingle PV modules are a recent innovation that feature 

miniature, sealed PV cells layered in an overlapping system. In 

these modules, the individual cells within each shingle are 

electrically connected in series, combining their voltages for 

higher power output (Oh et al., 2020). The shingles are then 

connected in parallel across each row of the PV module, 

allowing all the cells to work together efficiently. This parallel 

connection ensures that each shingle row functions 

independently, so that if one shingle is damaged or 

malfunctions, the rest of the PV module can continue to operate 

effectively. Figure 5 displays the current flow path throughout 

the Shingle PV module under horizontal, vertical, and diagonal 

shading patterns. 

 
Figure 5. Electrical configuration for Shingle PV module under 

different shading patterns and percentages 

Figures 3, 4, and 5 illustrate the electrical configuration and 

current flow through each PV module—Full Cell, Half-Cut, 

and Shingle—under various shading patterns. When shading 

occurs and obstructs the current flow through the strings, an 

alternative path is established through the bypass diodes. These 

diodes are strategically connected to the strings of the PV 

module to allow current to bypass the shaded areas, ensuring 

efficient operation even under partially shaded conditions. 

 
Figure 6. Example of I-V Curve of PV module cell with bypass 

diode 

 

Figure 6 illustrates an example of the I-V curve of a PV 

module when one cell is shaded and its bypass diode is 

activated. Under shading, the affected cell cannot supply 

current at its normal voltage, so the bypass diode becomes 

forward biased and provides an alternate path for current. This 

prevents the entire module from limiting the string current but 

causes a voltage drop equal to the contribution of the shaded 

cell. The colored regions in the figure highlight energy loss: the 

blue area shows reduced power dissipation in the shaded cell, 

while the orange area represents heat loss in the bypass diode. 

The combined I-V curve demonstrates a reduction in peak 

voltage, which preserves current flow but lowers the module’s 

overall power output and fill factor compared to the unshaded 

condition. 
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3. RESULTS AND DISCUSSION 
Evaluation of the performance of the PV modules under 

different shading patterns and percentages was based on their 

I-V and P-V curves. Data collection was repeated three times 

for each shading condition to enhance reliability. The accuracy 

of the experimental data was assessed using average values and 

the corresponding standard deviations. A smaller standard 

deviation indicates higher accuracy and less variability in the 

experimental data. Overall, the experiment demonstrated 

exceptional performance, with an average accuracy exceeding 

98% and relatively low standard deviations ranging from ±0.00 

to ±0.24 for each data point. The shading conditions and 

environmental data, including solar irradiance and PV module 

temperature for the Full Cell, Half-Cut, and Shingle PV 

modules, are presented in Tables 2, 3, and 4. 

3.1. Full Cell PV Module 
Figure 7 presents the (a) I-V and (b) P-V curves of the Full 

Cell PV module under various shading conditions: (i) 

horizontal, (ii) vertical, and (iii) diagonal patterns, with 

different shading percentages (0%, 25%, 50%, and 75%). 

Based on Figure 7(b), for each shading pattern, the Pmax output 

reached 321 W under an irradiance of 919 W/m², which is 

approximately 8% lower than the Pmax STC value of 350 W. 

A decline in performance was observed when the PV module 

was shaded, with horizontal shading causing a substantial 

reduction, as shown in Figure 7(i,b). At 25% horizontal 

shading, Pmax dropped to 76 W, while 50% and 75% shading 

further reduced it to 70 W and 55 W, respectively. In contrast, 

vertical shading in Figure 7(ii,b) resulted in a steady decrease 

in power output corresponding to the increase in shading 

percentage. Diagonal shading in Figure 7(iii,b) exhibited a 

more pronounced impact, particularly at 50% and 75% shading 

levels, where the power output dropped significantly. These 

findings are consistent with those reported by Oufettoul et al. 

(2023), who also observed a reduction in power generation 

under horizontal shading for Full Cell PV modules, particularly 

when the modules were oriented in portrait mode. The 

performance loss in Full Cell PV modules under shading 

patterns is primarily attributed to their electrical configuration. 

Full Cell PV modules are constructed with PV cells connected 

in series. When part of the module is shaded, particularly under 

horizontal shading, the current flow through the shaded cells is 

obstructed, resulting in a significant drop in the Pmax value 

(Ismail et al., 2023). These findings highlight the importance of 

minimizing shading on PV modules to maintain efficiency. 

Proper installation and orientation of PV modules can help 

reduce the impact of shading and maximize energy generation. 

Figure 7. I-V and P-V curves for Full Cell PV module under (i) horizontal, (ii) vertical, and (iii) diagonal shading pattern 
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3.2. Half-Cut PV module 

Figure 8 illustrates the (a) I-V and (b) P-V curves of the 

Half-Cut PV module under three shading patterns: (i) 

horizontal, (ii) vertical, and (iii) diagonal, with varying shading 

percentages (0%, 25%, 50%, and 75%). These findings 

highlight the sensitivity of the Half-Cut PV module’s 

performance to different shading conditions, emphasizing the 

need for careful consideration of shading in real-world 

applications to optimize energy yield. 

Based on Figure 8(b), the Pmax value of the Half-Cut PV 

module without any shading (0% shading) is 302 W, which is 

5.6% lower than the actual Pmax STC value. When the PV 

module is subjected to horizontal shading, Figure 8(i,b) shows 

that the Pmax value drops to 182 W, 181 W, and 37 W for 25%, 

50%, and 75% shading, respectively. The significant decrease 

in Pmax value for 75% horizontal shading is due to both 

sections of the PV module being shaded, affecting each string 

of the PV module cells. 

Next, based on Figure 8(ii,b), when the PV module is 

subjected to vertical shading, the Pmax value drops to 198 W, 

88 W, and 64 W for 25%, 50%, and 75% shading, respectively. 

The substantial decrease in Pmax value for 50% and 75% 

vertical shading is due to two to three PV module cell strings 

being shaded in both sections of the Half-Cut PV module. 

For the Half-Cut PV module subjected to diagonal shading, 

Figure 8(iii,b) shows that the Pmax value drops to 208 W, 66 

W, and 59 W for 25%, 50%, and 75% shading, respectively. 

For 50% and 75% diagonal shading, both sections of the PV 

module are affected by shading, with only one PV module 

string remaining unaffected when 50% diagonal shading 

occurs. Similar to the Full Cell PV module, the reduction in 

Pmax value for the Half-Cut PV module under shading 

conditions is due to its electrical configuration. This PV module 

is constructed with two sections that are electrically connected 

in parallel, with each string in each section connected in series. 

This configuration allows the PV module to maintain some 

level of performance even when partially shaded. For example, 

if an installation site is prone to horizontal shading, the optimal 

orientation for Half-Cut PV modules is portrait orientation. In 

this setup, shading the bottom half of the PV module only 

affects the lower section of the PV module, allowing the upper 

section to continue generating power. This strategic orientation 

helps to mitigate the impact of shading and optimize the energy 

yield of the PV module. 

Figure 8. I-V and P-V curves for Half-Cut PV module under (i) horizontal, (ii) vertical, and (iii) diagonal shading pattern 
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3.3. Shingle PV module 

Figure 9 shows the (a) I-V and (b) P-V curves for the 

Shingle PV module when subjected to (i) horizontal, (ii) 

vertical, and (iii) diagonal shading patterns, with multiple 

shading percentages (0%, 25%, 50%, and 75%). In the absence 

of shading (0%), Figure 9(b) shows that the Pmax value 

decreases to 475 W, representing a 5% reduction compared to 

the Pmax STC value of 500 W. When subjected to horizontal 

shading patterns, Figure 9(i,b) reveals that the Pmax value 

decreases to 301 W, 199 W, and 117 W for shading percentages 

of 25%, 50%, and 75%, respectively. Although the Pmax losses 

are significant with increasing shading percentages, the losses 

are relatively less severe. 

The Shingle PV module’s cells are interconnected in series 

within each row, and the rows are connected in parallel, 

allowing current to bypass shaded regions when part of a row 

is shaded. Figure 9(ii,b) demonstrates that the Pmax values of 

the Shingle PV module decrease to 90 W, 58 W, and 56 W for 

25%, 50%, and 75% shading under vertical shading patterns. 

This reduction in Pmax value is attributed to vertical shading 

disrupting entire columns of cells. Since Shingle PV modules 

utilize parallel-connected rows, shading a column significantly 

reduces the Pmax value. In Figure 9(iii,b), the Pmax value 

decreases to 207 W, 82 W, and 48 W for 25%, 50%, and 75% 

shading under diagonal shading patterns. Diagonal shading 

patterns impact multiple rows and columns unevenly. At 25% 

diagonal shading, parallel connections between rows partially 

mitigate losses by rerouting current through unaffected rows. 

However, at 50% and 75% diagonal shading, each row of the 

Shingle PV module is affected, causing a significant drop in the 

Pmax value. To mitigate the reduction in Pmax value due to 

shading for Shingle PV modules, it is recommended to position 

the PV modules to minimize exposure to vertical and diagonal 

shading. For instance, installations should avoid alignments 

near tall structures or trees. 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. I-V and P-V curves for Shingle PV module under (i) horizontal, (ii) vertical, and (iii) diagonal shading pattern 
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3.4. Comparison Between Percentage of Power Reduction 

Figure 10 presents a comparative analysis of the percentage 

reduction in Pmax for (i) horizontal, (ii) vertical, and (iii) 

diagonal shading patterns across Full Cell, Half-Cut, and 

Shingle PV modules. From Figure 10(i), it is evident that the 

Full Cell PV module experiences the most significant reduction 

in Pmax under horizontal shading patterns (25%, 50%, and 

75% shading), followed by the Shingle PV module, while the 

Half-Cut PV module exhibits the least reduction (25% and 50% 

shading). In Figure 10(ii), the Shingle PV module shows the 

highest Pmax reduction across all shading levels (25%, 50%, 

and 75%), followed by the Full Cell PV module. The Half-Cut 

PV module shows the lowest Pmax reduction only at the 25% 

shading level. Next, Figure 10(iii) shows that under the 

diagonal shading pattern, both Full Cell and Shingle PV 

modules exhibit the highest Pmax reduction, with the Half-Cut 

PV module showing a lower reduction only at the 25% shading 

level. When comparing soft and hard shading effects on PV 

modules, hard shading has a much more severe impact. For 

example, a study by Ismail et al. (2023) highlights that hard 

shading can lead to a complete loss of Pmax output (0 W) when 

each string of the PV module is entirely shaded. This occurs 

because hard shading completely blocks sunlight from reaching 

the cells. This comparison underscores the importance of 

selecting the appropriate PV module based on shading pattern 

and percentage. Half-Cut PV modules are better suited for 

partially shaded environments, whereas Full Cell and Shingle 

PV modules should be installed in areas with minimal shading 

to maximize energy generation. 

 

5. CONCLUSIONS 
This study provided a comparative evaluation of soft 

shading effects on Full Cell, Half-Cut, and Shingle PV 

modules, emphasizing how internal circuit configurations 

influence shading tolerance. The results indicate that the Full 

Cell PV module exhibits the highest sensitivity to horizontal 

shading, with a substantial reduction in power output due to its 

series-connected cell strings, which restrict current flow when 

shaded. Conversely, the Half-Cut PV module demonstrates 

greater resilience to shading, particularly under horizontal 

shading patterns. This improved performance is attributed to its 

two-section construction, where each section operates 

independently, enabling continuous power generation.  The 

Shingle PV module, characterized by its overlapping cell 

arrangement and parallel connections between shingle rows, is 

less affected by horizontal shading but experiences notable 

power losses under vertical and diagonal shading patterns. 

Across all three PV module types, the percentage of power loss 

increases with shading percentage, with diagonal shading 

exerting the most severe impact. These findings underscore the 

importance of selecting appropriate module types and 

installation orientations during the early stages of PV system 

design. Early decisions on PV module selection and layout can 

reduce shading losses and improve overall energy yield. For 

instance, in areas prone to horizontal shading, installing Half-

Cut PV modules enhances performance by allowing each half 

of the module to operate independently. In environments 

exposed to vertical or diagonal shading, installing Shingle PV 

Figure 10. Percentage of power reduction for (i) horizontal shading, (ii) vertical shading, and (iii) diagonal shading for Full Cell, Half-Cut, 

and Shingle PV modules 
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modules can reduce power loss since the cells are connected in 

series within each shingle and the rows are arranged in parallel. 

By optimizing PV module positioning and minimizing 

exposure to shading sources, system efficiency can be 

maximized, leading to improved energy yield and overall 

system performance. Future research could further explore 

mitigation strategies, such as optimized bypass diode 

placement and adaptive tracking systems, to enhance PV 

module efficiency under varying shading conditions. 
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