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Abstract

Cracks in photovoltaic modules can affect power output, but their relevance depends on module architecture and operating conditions. This study examines how crack length and crack number relate to power loss in 230 mono-Si mini-modules spanning full-cell PERC and half-cut TOPCon technologies with busbar counts from 2 to 12, focusing exclusively on cell line cracks that do not lead to electrically isolated cell parts. Electroluminescence images were used to quantify crack characteristics and busbars, while current–voltage measurements at 200 W/m2 and 1000 W/m2 were used to extract series resistance, shunt resistance, and maximum power point. Correlation analysis was then used to assess how crack characteristics relate to electrical performance. The results show that crack length and crack number are not universal predictors of power loss in modern modules. PERC modules exhibit moderate crack–power correlations at low irradiance, but these correlations weaken at 1000 W/m2. TOPCon modules show no meaningful correlation at either irradiance level. The results indicate that crack sensitivity is governed primarily by irradiance, busbar count, and cell architecture, rather than by crack length alone.
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1 Introduction
Assessing the reliability of PV modules, the fundamental building blocks of solar installations, is essential to ensuring long-term system performance. Cracks in PV modules can develop at several stages: during silicon ingot cutting, cell manufacturing, module fabrication, transportation, or installation, or under environmental factors such as snow loads, winds, or hail [1–3]. This work focuses on cracks arising from module production through end of life, as these represent the crack origins most relevant to in-service energy production and long-term reliability assessment. Multiple definitions of cracks exist, often distinguishing them by parameters such as physical size, orientation relative to the metal grid, and the extent of penetration into the wafer. By extent, they are classified as either complete—extending uninterrupted from one cell edge to the other—or incomplete, terminating at an arbitrary point within the cell [4]. A further categorization considers orientation relative to BB [5–7], distinguishing whether they run parallel, perpendicular, or at ±45° (diagonal) to the BB, in addition to identifying dendritic and multidirectional patterns.
Cracks in PV modules can impair performance by disrupting electrical conductivity and increasing resistive losses, with affected cells dissipating rather than generating power [8–11]. Over 6 yr of outdoor operation, electrically isolated cell areas due to microcracks increased by 19.1%, driving an average annual initial STC power loss of 1.5% [12]. Several studies have reported that power loss increases with the electrically inactive area created by cracks, particularly in conventional multi-crystalline silicon (mc-Si) modules subjected to mechanical loading [13,14], with reported microcrack-induced output power losses ranging from 0.9% to 42.8% depending on the extent of the inactive area [15]. Studies on the electrical modeling of cracked modules emphasize the extraction of Rs and Rsh as indicators of module health as they are affected by cracking [16], with cracked area directly reducing photocurrent (Iph) and significantly lowering the equivalent Rsh [17]; these effects directly translate into Pmpp losses through increased leakage. The ideality factor (n) and saturation current (Io) typically show little change [18]. These performance and modeling findings are predominantly based on older mc-Si cell architectures with two to three BBs and may not translate directly to modern mono-Si technologies. Today's dominant technologies increasingly use G12 wafer formats, significantly higher BB numbers, and are rapidly gaining market share, with even larger wafer sizes expected beyond 2028 [19]. Higher BB numbers reduce the worst-case crackable area per cell and improve current collection efficiency [20,21], so that line cracks often exhibit a substantially smaller electrical impact than fully isolated cell areas [22]. While one study investigated crack impacts on mono-Si and mc-Si PERC modules with 2–5 BBs and reported power degradation differences across different BB numbers [23], it was limited to PERC technology and did not examine more than 5 BB or changes in physical parameters.
Although several studies have reported a direct relationship between crack number/length and power loss in mc-Si modules [24–27], this assumption has increasingly been questioned. Crack location within modules also matters, since multiple cracks distributed across different substring cells do not cumulatively increase losses but are governed by the highest-impact individual crack. Furthermore, field studies have confirmed that outdoor PV modules routinely operate across wide irradiance ranges [12], motivating investigation of crack sensitivity under varying illumination conditions. The effects of modern cell architecture on crack-induced physical parameters (Rs and Rsh) and whether crack severity scales with crack number or length in high-BB modules under varying irradiance conditions remain unexplored.
To address this gap, this study aims to investigate whether crack length and number are reliable predictors of power loss by understanding the impact of cracks on power degradation across different module technologies with varying BB configurations and operating conditions, with Rs and Rsh examined as physical evidence of the underlying resistive mechanisms.
2 PV modelling and crack detection
This study relies on two complementary experimental inputs: the measured I–V curve, which encodes the complete electrical response of a PV module under controlled illumination, and EL images, which provide a spatially resolved map of crack structures within the cells. I–V curves are measured to extract Pmpp and physical parameters Rs and Rsh, which serve as evidence of crack-induced resistive changes, while the EL images are processed to extract automatically the total crack length and crack number. The systematic variation of these electrical parameters and power output with the extracted crack characteristics across different BB configurations and irradiance levels forms the basis of the correlation analysis presented in Section 4.3.
2.1 Single-diode model
The single-diode model (SDM) is widely used for PV modeling due to its balance between accuracy and simplicity, as it is based on the well-known Shockley diode equation [28]. Figure 1 summarizes the dominant physical processes of a PV device using an equivalent electrical circuit consisting of a limited number of elements. By applying Kirchhoff’s laws, the output current–voltage relationship can be expressed as shown in Equation (1):
[image: Mathematical equation](1)
Here, I is the output current, V is the output voltage, IL is the light current, Io is the diode saturation current, n is the diode ideality factor, Rs is the series resistance, Rsh is the shunt resistance, Ns is the number of cells in series, and Vt is the diode thermal voltage. This formulation assumes all cells within the module are assumed to be electrically identical, operating under uniform irradiance and temperature conditions. In addition to the single-diode model, the two-diode model is frequently employed in the literature to represent both diffusion and recombination losses [29]. However, in the present study, the increased computational complexity and execution time of the two-diode formulation did not yield a measurable improvement in fitting accuracy or in the extracted resistive parameters. Since the primary objective of this work is to assess whether crack characteristics drive power loss, with Rs and Rsh serving as physical indicators of resistive changes. The SDM was therefore selected, as it provides robust estimates of these parameters while ensuring computational efficiency and consistency across large datasets.
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Single-diode model electrical circuit.



2.2 Parameter extraction techniques utilizing the single-diode model
Extracting the five SDM parameters (1L, Io, Rs, Rsh, and n) from I–V data requires dedicated parameter extraction techniques, as manufacturers’ datasheets typically provide only a limited number of operating points at STC. Extraction techniques generally fall into three broad classes: analytical, numerical, and hybrid methods [30,31]. Several SDM parameter-extraction approaches were considered and compared, including hybrid analytical–iterative methods (Cubas and Villalva) [32,33], an analytical formulation implemented in PVLib [34], a fully iterative optimization approach based on particle swarm optimization [35], and a slope-based resistance estimation method [36]. Selection criteria were based on accuracy of reconstructed I–V curve key points (Isc, Voc, Pmpp, and fill factor (FF)). Among the tested approaches, the analytical method proposed by Cubas et al. [32] showed the best overall agreement and the lowest deviations for all key points across both module technologies. It extracts the five SDM parameters using only the three characteristic points from manufacturer datasheets: Isc, Voc, and Pmpp. Closed-form expressions are derived by applying Kirchhoff’s laws at these points, with the maximum power condition explicitly imposed as a boundary condition. Rs is resolved first, after which the remaining parameters follow algebraically. It was therefore adopted as the extraction technique for all subsequent correlation analyses presented in Section 4.3.
2.3 Crack detection
Non-destructive evaluation techniques, including photoluminescence, infrared thermography, and ultrasonic testing, have been developed for detecting cracks in PV modules [37,38]. Among these, EL imaging has become the preferred technique due to its non-destructive nature, high spatial resolution, and sensitivity to electrically active defects [39–42]. By forward biasing the cell and capturing infrared emission, EL imaging reveals microcracks that disrupt carrier transport, often before they manifest as measurable performance losses. To quantify the number and length of cracks, an OpenCV-based image-processing algorithm was developed and applied to EL images. The workflow consists of four main stages: perspective correction, cell detection, BB removal, and crack detection with length measurement. First, a perspective transformation is applied using the module contour and known real-world dimensions to ensure geometrical accuracy. Individual cell contours are then detected to construct a standard cell matrix, enabling the conversion of pixel dimensions to physical units. To minimize interference during crack detection, BBs are identified by vertical pixel-intensity summation and removed from the images. Finally, crack structures are extracted using adaptive thresholding and morphological filtering, followed by skeletonization to single-pixel-width paths. Total crack length is defined as the sum of the skeletonized pixel lengths of all detected crack segments across all cells in the module, converted to physical units (mm). Crack number is defined as the total number of unique connected crack segments detected at the module level, aggregated across all cells. Figure 2 illustrates the complete workflow and provides a representative example of the detection results.
	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Crack detection workflow.



3 Sample preparation
Having defined the modeling framework in Section 2, this section describes the experimental samples and measurement procedures from which the input data for the parameter extraction and correlation analyses are derived.
The proposed framework was demonstrated using mono-Si mini-modules representing two distinct mono-Si cell technologies: PERC and TOPCon. All samples were based on M6 wafer formats and featured different BB configurations. The PERC mini-modules consisted of six full-size cells, covering BB numbers from 2 to 9. The TOPCon mini modules consisted of 12 half-cut cells, extending up to 12 BBs, yielding 111 PERC and 119 TOPCon mini-modules. Unlike full-size cells, the half-cut format halves the current per substring, reducing I2R losses and shortening lateral current paths—both of which influence how cracks translate into resistive parameter changes. Mini-modules were intentionally selected to isolate cell-level crack effects; in full-size modules, bypass diodes and substring wiring introduce additional complexity that would obscure the direct relationship between crack characteristics and the fundamental electrical parameters investigated here. The crack–power correlations reported in this work therefore reflect intrinsic cell-level behavior, providing a controlled and technology-comparable baseline that is a necessary precondition for any future extension to full-size module configurations.
I–V curve measurements and EL imaging characterized all samples electrically and optically at two irradiance levels: 1000 W/m2 (STC) and 200 W/m2 (low-light conditions). A Halm A+A+A+ flasher performed all measurements with module temperature maintained at 25°C. The EL camera was integrated into the flasher system, enabling simultaneous acquisition of EL images with I–V measurements. Although TOPCon cells can exhibit hysteresis under short-pulse flash testing, this effect was found to be negligible for the investigated samples and measurement protocol. Therefore, only forward Isc→Voc measurements were used for I–V curve evaluation. All measurements were conducted under controlled laboratory conditions at Fraunhofer CSP.
4 Results
This section presents the results in three sequential steps. First, the crack quantification outputs from the EL image processing are presented to characterize the crack distribution across the dataset. Second, the uncertainty of the extracted parameters and their physical consistency against crack-free baselines. Finally, correlation analysis directly addresses the central question of this work: whether crack total length or crack number can predict Pmpp loss in modern PERC and TOPCon modules, with Rs and Rsh shifts examined as mechanistic evidence.
4.1 Crack detection
Representative EL images processed using the proposed crack-detection algorithm described in Section 2.3 are shown in Figure 3. In both panels, detected cracks are overlaid, highlighting both continuous and branching crack structures. Showing the corresponding skeletonized representations in green, with individual crack segments identified and their total lengths quantified in millimeters. Each detected crack segment is assigned a unique identifier (ID) during the connected-component labeling step (as shown in the zoomed panel). The crack number is then computed as the total number of unique IDs detected within a cell, aggregated at the module level. The results demonstrate that the algorithm detects crack patterns of varying orientation and complexity in both modules, enabling consistent, automated crack quantification across the whole dataset.
	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Crack detection results for TOPCon (right) and PERC (left).



4.2 Physical parameters extraction
4.2.1 Uncertainty measurements
Before analyzing crack–parameter–power correlations, the uncertainty of the parameter-extraction procedure is quantified to ensure observed trends exceed the intrinsic variability of the modeling approach. As introduced in Section 2.2, the Cubas method first optimizes n before extracting the remaining SDM parameters by iterating n over the range 0 to 3 in steps of 0.01. The optimized ideality-factor values obtained from this procedure are 1 and 1.3 for PERC modules at 200 and 1000 W/m2, respectively, and 1 and 1.38 for TOPCon modules at 200 and 1000 W/m2, respectively. Using this optimized extraction framework, deviations between measured and reconstructed I–V curve key points were evaluated across the whole dataset, as shown in Figure 4. The resulting distributions exhibit minimal systematic deviations and limited spread, with median errors close to zero for Isc and FF, and median absolute deviations remaining below approximately 0.5% for all power-relevant quantities. In particular, the extracted Pmpp shows a narrow distribution with a median deviation of −0.41%, indicating a high stability of the fitting procedure enabled by the ideality-factor optimization. The subsequent correlations between crack length, resistive parameters, and power loss can therefore be confidently attributed to physical crack-induced effects rather than artifacts arising from the parameter-extraction methodology.
The extracted Rs and n values were additionally cross-checked against literature reference values for PERC [43,44] and TOPCon [45,46] and found to fall within their respective expected ranges, confirming the physical plausibility of the extraction procedure.
	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Uncertainty measurements of key points extraction.



4.2.2 Crack-free baseline
To isolate crack-induced effects from intrinsic module properties, series and shunt resistances were first evaluated on crack-free modules across all BB configurations at both irradiance levels, as summarized in Figure 5. For both technologies, Rs shows an apparent, physically consistent decrease with increasing BB number at both irradiance levels, reflecting reduced lateral current-collection distances, with its magnitude remaining irradiance-dependent.
This irradiance dependence is more pronounced for TOPCon than for PERC modules, as in PERC modules, the rear aluminum back surface contact behaves as a near-ohmic junction with relatively weak injection-level sensitivity, resulting in a modest Rs separation between the two irradiance conditions. In contrast, the TOPCon tunneling oxide passivation contact exhibits a stronger injection-level dependence. Similar trends were observed experimentally and through simulations [47,48].
In contrast, shunt resistance is not expected to exhibit a systematic dependence on BB number, as it is primarily governed by bulk- and junction-related leakage pathways rather than by lateral current-collection geometry. Instead, Rsh exhibits a markedly broader spread and a pronounced inverse dependence on irradiance, reflecting its practical, injection-dependent nature. This dependence is documented in the literature and has been reported for a wide range of PV technologies [49].
	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Rs and Rsh values for crack-free modules.



4.3 Correlation analysis
This subsection investigates the statistical correlation between total crack length and number, extracted physical parameters (Rs and Rsh), and Pmpp across modern mono-Si PV modules using the Pearson correlation coefficient (r). Here, the extracted physical parameters are examined not as independent results, but as mechanistic evidence explaining the physical pathways through which cracks may or may not cause power loss.
Correlation analyses were performed separately for PERC and TOPCon technologies, covering a wide range of BB numbers and two irradiance levels (200 and 1000 W/m2), using the Cubas extraction method selected in Section 4.2. The objective is to examine the correlation among the aforementioned parameters to determine whether crack characteristics alone can serve as a reliable predictor of electrical degradation.
4.3.1 PERC modules
At low irradiance, PERC modules exhibit a moderate correlation between crack characteristics and the extracted electrical parameters, as shown for the Pmpp in Figure 6 and summarized in Table 1. The series resistance shows a moderate positive correlation for both metrics, indicating that longer cracks increasingly disrupt lateral current collection. In parallel, the shunt resistance exhibits a moderate negative correlation across the metrics, suggesting that longer cracks increase the probability of electrically active leakage pathways under low-field conditions. These trends highlight that crack-induced transport and leakage effects are most pronounced at reduced irradiance. Under STC conditions, the sensitivity of the extracted parameters to cracking weakens. While some scatter remains visible, the correlations reduce, reflecting partial compensation by increased photogenerated current and stronger internal electric fields. Apparent clustering by BB configuration indicates that current-collection geometry dominates the electrical response at high irradiance, with cracking acting as a secondary perturbation.
This behavior is also reflected in the relationship between cracking and Pmpp. The low-irradiance data hints at a possible threshold behavior: for total crack lengths below approximately 600 mm, Pmpp remains relatively stable across BB configurations, while modules with total crack lengths exceeding 600 mm tend to show lower Pmpp values, particularly for low BB numbers (2BB case). A similar tendency is observed beyond 21 cracks. However, given the limited number of modules in these high-crack ranges, these observations are reported here as initial indications that merit further investigation with a larger and more balanced dataset. For completeness, the corresponding scatter plots for Rs and Rsh are provided in the Appendix.
This behavior contrasts with the simple “more cracks = more power loss” relationship often reported for mc-Si modules [24–27]. At STC, Pmpp remains relatively stable across the full range of crack number and length, and BB configurations show lower correlation coefficients, confirming that power output is substantially less sensitive to cracking under high-irradiance conditions. These results show that for PERC modules, crack impact can be seen only at low irradiance, and high crack numbers do a moderate relationship emerges, and even then, BB number dominates the response.
	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Scatter plots of Pmpp versus crack total length (a) and number of cracks (b) for PERC modules alongside with the mean correlation coefficient.



Table 1 
Mean correlation coefficient for PERC modules.

4.3.2 TOPCon modules
Across both irradiance levels, TOPCon modules exhibit no systematic correlation between crack characteristics and the extracted physical parameters, as shown for Pmpp in Figure 7 and summarized in Table 2. No meaningful correlation is observed across all BB configurations, indicating that the electrical response of TOPCon modules is largely insensitive to the observed cracking range. This reduced sensitivity to cracking reflects the improved electrical robustness of TOPCon modules, in which the half-cell layout shortens lateral current paths and lowers the current per string, thereby reducing I2R losses and promoting more uniform current extraction [50]. This confirms that TOPCon architecture poses essentially no measurable electrical risk from cracking within the investigated range.
For completeness, the corresponding scatter plots for Rs and Rsh are provided in the Appendix.
	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 Scatter plots of Pmpp versus crack total length (a) and number of cracks (b) for TopCon modules alongside with the mean correlation coefficient.



Table 2 
Mean correlation coefficients for TOPCon modules.

4.4 Discussion
There is a consistent observation that crack–power correlations are stronger at 200 W/m2 than at 1000 W/m2 and that this irradiance dependence becomes more pronounced at higher BB counts. As cracks introduce locally enhanced leakage pathways that reduce the effective Rsh. At 1000 W/m2, the large photogenerated current dominates the operating point, and the fractional contribution of the shunt leakage to total power loss is small. At 200 W/m2, however, photocurrent is proportionally reduced while the junction voltage and thus the shunt leakage current remains comparably high. The stronger irradiance dependence at higher BB counts is consistent with this mechanism: with more busbars, crack-induced lateral Rs penalties are suppressed, and the crack-induced shunt is more likely to remain well connected to a nearby busbar, allowing shunt current to flow more efficiently.
To further interpret the correlations reported above, an averaged pooled Pearson correlation heatmap was constructed across all 230 modules (PERC+TopCon) in Figure 8. The dominant finding is the strong negative correlation between BB count and Pmpp loss with r = −0.59, confirming that busbar architecture is the primary structural factor governing crack sensitivity in the pooled dataset. Crack length and crack number show moderate positive correlations with Pmpp loss (r = 0.28 and 0.38, respectively), consistent with the technology-separated results in Sections 4.3.1 and 4.3.2, where PERC drives the signal and TOPCon contributes near-zero values. The negative correlation between is_TOPCon and Pmpp loss, r = −0.21, reflects the superior crack tolerance of TOPCon modules established above due to the enhanced half-cut layout and increasing BB count. Where is_TOPCon is a binary indicator variable assigned a value of 1 for TOPCon modules and 0 for PERC modules.
This overlap between irradiance, technology type, and BB count reinforces the need to interpret crack–power relationships within these parameters as specific subgroups, as done throughout this work.
	[image: Thumbnail: Fig. 8 Refer to the following caption and surrounding text.]	Fig. 8 Mean correlation heat-map across the pooled dataset.



5 Conclusion
This study investigates the impact of line cracks on power loss on mini-modules with different technologies, irradiance levels, and BB counts where no isolated part occurs. It shows that crack length and crack number are not universal predictors of power loss in modern PV mini-modules. Their effect depends on module architecture and irradiance, with PERC showing moderate crack sensitivity only at 200 W/m2 and TOPCon showing no meaningful correlation at either irradiance level. The crack-free baselines confirm the expected dependence of Rs and Rsh on busbar configuration and irradiance, and the crack-related trends in PERC are consistent with increased current-collection loss and leakage under low-light conditions. In contrast, the near-zero correlations observed for TOPCon indicate that the half-cut architecture is less susceptible to crack-induced electrical losses within the investigated range. These results demonstrate that crack-based performance assessment must be technology- and architecture-specific and operating-condition dependent. For modern mono-Si modules, especially high-busbar TOPCon designs, crack length and crack number are not sufficient standalone indicators of electrical degradation. The findings provide a laboratory-based basis for improved crack assessment, while full-module field validation remains a necessary next step.
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