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MODULE PERFORMANCE DEGRADATION WITH RAPID THERMAL-CYCLING 
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To clarify the failure-mode of crystalline-silicon photovoltaic modules on the thermal-cycle test, the 
modules were exposed under the dry thermal-stress with rapid thermal-cycling.  Pmax was drastically 
decreased with this treatment, and the increasing of impedance depending on the cycle number was 
observed at high temperature period, using the on-line monitoring of conductor resistance.  In addition, 
the defection at the particular areas of a module was confirmed by the infrared, EL, and Jsc imaging.  
These results indicate that the interconnector and/or solder-joint failure occurred during this rapid 
thermal-cycling, and anticipate that this procedure would be a novel acceleration method for the detection 
of these failures. 

Keywords: PV module, acceleration test, thermal cycle, environmental test, module performance 

 

INTRODUCTION 

Long-term reliability of photovoltaic modules is a crucial issue for the cost-reduction on social 

power-supply system.  To elevate this reliability, several environmental tests have been created as 

qualification and certification procedures.  On the thermal-cycling included in these test-methods, it is 

recently considered that the more intensive stress is required to accelerate the failure [1, 2].  However, the 

high temperature over 85-90°C affect the molecular- linkage of encapsulate materials (EVA and others).  

Therefore, the additive thermal cycling was applied in early studies [3-5].  Even though this increasing of 

cycle number in the ordinary thermal cycle test induced the more decreasing of module performance, the 

test period was extended. Then, we investigated the effect of rapid thermal-cycling on the module 

performance. 

 

MATERIALS AND METHODS 

Photovoltaic modules 

Multi-crystalline silicon photovoltaic cells (100 x 100 mm) were wired by Cu/Pb-based solder tab-line, and 

these cells (3 x 3 cells) were laminated with EVA and T/P/T back-sheet (400 x 400 mm).  Thereafter, the 

encapsulated module was held with an aluminum frame (Fig. 1). 

 

 

 

 

 

 

 

 

Fig. 1. Tested mini PV module. 
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Procedures 

These modules were exposed under the dry thermal stress in the rapid thermal cycling chamber (ESPEC, 

TSA-101S-W). The thermal-cycling was carried out with alternative change of chamber temperature at -40 

and 85°C, respectively for 1 h.  The temperature of module was measured with thermo-couple attached on 

its surface.  The impedance (series resistance) of PV circuit was monitored with 4-terminal method (Fig. 

2) using Conductor Resistance Evaluation System (ESPEC, AMR -040-PA) every 1 minute.  At before 

and after the rapid thermal-cycling, the electrical performance of module was evaluated with the solar 

simulator (SPI-SUN SIMULATOR 1116N). Infrared imaging was carried out using a thermo-viewer 

(AVIONICS). 

 

 

 

 

 

 

Fig. 2. Four-terminal resistance measurement. 

 

RESULTS 

Temperature profile of module surface during rapid thermal-cycling 

As shown in Fig. 3, the temperature of module surface during rapid thermal-cycling followed the setting 

temperature of test-chamber, and the temperature at steady-state period was extremely constant with a little 

deviation, however the range of temperature-difference among the regions of module was within 25°C at 

temperature-transition period.  This temperature profile shall cause the thermal stress uniformly inside the 

module components. 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Temperature profile of module surface. 

 

Impedance change during rapid thermal cycling  

By the on-line monitoring of conductor resistance (at applied const. current: 1 µA [1 kHz]), the impedance 

elevation was observed at 200-300 cycles (Fig. 4). After the impedance elevation at ca.300 cycles, the 
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module was annealed at room temperature for 77 h. As shown in Fig. 4, the impedance quickly re-elevated 

at ca. 50 cycles by second rapid thermal-cycling. To confirm the early elevation of impedance by annealing, 

the module was took out from test chamber and annealed at room temperature for 69 h. By the treatment 

with third thermal-cycling stress, the drastic elevation of impedance at high temperature occurred at ca. 10 

cycles from re-start. The reason of this shortening and intensive elevation of impedance is not known, 

however the similar phenomena were observed on the solder joint test with rapid thermal-cycling [6]. These 

results indicate that the impedance elevation at high temperature period and the shortening of impedance 

elevation by annealing may depend on the interconnector and/or solder joint failures.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Impedance change during rapid TC. 

 

Module performance degradation with rapid thermal-cycling 

The obvious change of Pmax was observed by this rapid thermal-cycling at accumulated 500 cycles, even 

though the decreases of Isc and Voc were slightly (Fig. 5).  These results indicate that this defection is 

FF-mode failure.  The decreasing intensity of Pmax (37%) was more intensive compared to the results of 

early works by the ordinary thermal-cycling.  Wohlgemuth and his colleagues reported that the decreasing 

level with 500-1,500 cycles of ordinary thermal-cycling was less than 4% [4, 5], and Osterwald et al. also 

represented that about 8% decrease by the 400 cycles of ordinary thermal-cycling [3].  It is not clear that 

the drastic decreasing of Pmax observed in the present work was reasoned by the rate of temperature ramp 

(ordinary thermal-cycling = max. 100°C/h vs. rapid thermal-cycling = ca. 400°C/h). 

 

 

 

 

 

 

 

 



Proceedings of Renewable Energy 2010 (RE2010) author-created version 

4 / 7 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Module performance change. 

 

Infrared imaging of defected module 

Under the condition that the bias-current was loaded to the photovoltaic module at forward direction 

(constant current, 8 A), the infrared imaging of the defected module, was carried out.  From 45 sec after 

the current loading, the distinguished elevation of temperature was observed at paired tab-line on the 

particular photovoltaic cells.  It is noteworthy that the temperature-elevated tab-line (white area in Fig. 

6-b) was paired with the tab-line (yellow area in the same figure) whose temperature is lower than that 

around neighbor region (red area in the same figure).  These results suggest that the compensating 

temperature elevation of intact tab-line was induced by the interconnector and/or solder joint failure which 

occurred at the adjacent of low-temperature tab-line.   

 

 

 

 

 

 

 

 

 

 

(a) Visual-light Imaging                             (b) Infrared imaging 

Fig. 6. Infrared imaging of defected module. 

 

EL imaging and Jsc mapping of defected module 

To confirm the suggestion obtained by the results of infrared imaging, the EL imaging and the Jsc (Isc 

density) mapping was carried out on the same module used in the infrared imaging (PV Cell Conversion 

Efficiency Distribution Measurement System [Lasertec, MP50]).  As shown in Fig. 7-a, the EL signal was 

not observed at the area corresponding to the low- temperature region on the infrared imaging.  The Jsc 
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map also revealed that the Jsc signal was very low at the same area with EL signal-less area, however the 

Jsc at the remained region uniformly distributed (Fig. 7-b).  In addition, the defect of silver-finger was 

observed in the some spots.  The location of these spots is not related to the high- and low-temperature 

regions of infrared imaging at all.  Therefore, the performance degradation of this defected module was 

not induced by the defection of silver-finger. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. EL imaging and Jsc mapping of defected module. 

 

DISCUSSION 

It is reported that the solder damage was observed on the commercial photovoltaic modules exposed under 

the outdoor condition for 20 years [7], however, the detection of interconnector and/or solder joint failure 

of photovoltaic modules was rare case in the ordinary thermal cycle test for type-approval and qualification 

[8].  In addition, the elongation of cycle number of the ordinary thermal-cycling merely induced a little 

degradation of photovoltaic modules [3-5].  Wohlgemuth also concluded that interconnector and solder 

bond failure from thermal cycling was not likely to be the lifetime limiting failure mechanism [5].  From 

these early works, it is anticipated that the acceleration and early detection of these failures were difficult 

on the ordinary thermal-cycling. 

Then, we examined the effect of rapid thermal-cycling on the photovoltaic module performance, in spite of 

the elongation of cycling number of the ordinary thermal-cycling.  In the ordinary thermal-cycle test for 
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crystalline-silicon photovoltaic modules, the bias-current corresponding to the STC peak current was 

loading to the testing modules, when the module temperature was above 25°C.  However, this current 

loading has a possibility to induce the unexpected elevation of module temperature.  To eliminate the 

unexpected affects on the module tests, the bias-current loading was not carried out in the present work.  

And, the series resistance of module was measured under the low current intensity (AC [1 kHz], constant 

current [1 HA]) for the precise detection of impedance (series resistance) change, because the impedance of 

photovoltaic cells was much higher at the region of low frequency including of DC [9].  By using of these 

measurement procedures, the temperature elevation by bias-current would be protected, and also the 

resistance increasing by the elevation of temperature was avoided. 

In the present work, the impedance elevation at high temperature period of rapid thermal-cycling was 

observed, and this failure may occur at the interconnector and/or solder joint, not at the photovoltaic cells.  

In the precise observation of infrared imaging, EL imaging, and Jsc mapping, it is suggested that this defect 

may occur at the intercellular connector or at the adjacent of edge of the photovoltaic cells, because the 

less/low signal area observed on EL imaging and Jsc mapping distributed in a complete half-region of the 

particular photovoltaic cells.  

From these results, it is anticipated that the rapid thermal-cycling would be a novel acceleration procedure 

for the detection of interconnector and/or solder joint failures in the photovoltaic modules; however the 

further investigation of precise mechanisms for this failure during the rapid thermal-cycling is needed. 

 

CONCLUSION 

The rapid thermal-cycling induced the drastic decrease of module performance.  The interconnector 

and/or solder joint failure may occur by this treatment.  We consider that this procedure would be a novel 

environmental test procedure. 
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