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Abstract  

Weight reduction by omitting the use of bulky glass in c-Si photovoltaic (PV) modules is an 

important consideration of module development for vehicle-integrated photovoltaics (VIPV). 

Various approaches to achieve lightweight modules are proposed, yet there are many concerns 

regarding the reliability of such modules compared to standard glass-glass or glass-backsheet 

configurations. In this work, we investigate the thermo-mechanical behavior of LW modules 

with a multiwire design specifically aiming to VIPV applications. The developed modules 

consist of a commercially available carbon-fiber reinforced polypropylene backsheet and are 

compared to glass-fiber reinforced polypropylene backsheet modules. To enhance the 

thermomechanical reliability, polymer encapsulant and interconnection foil are substituted by 

glass-fiber reinforced composite encapsulant with the carbon-fiber reinforced polypropylene 

backsheet, thereby leading to ~ 2.9 % fill factor (FF) decrease with a limited degradation after 

200 thermal cycles. A failure mechanism analysis using electroluminescence and X-ray-based 

micro-tomography is carried out after thermal cycling tests, clearly demonstrating that thermal 

stresses introduce deformation of wire interconnects. A modified high-temperature thermal 

cycling test (- 40 to 110 °C, 3.5 hours) is implemented to observe the fast degradation of 

interconnects in compliance with VIPV conditions. The resulting fatigue stresses account for 

wire breakage in-between cells in the glass-fiber reinforced polypropylene module, while this 

effect is less pronounced in the carbon-fiber reinforced polypropylene backsheet module, 

indicating better thermomechanical reliability of the carbon-fiber reinforced polypropylene 

backsheet module. Herein, the current results could provide guidelines for lightweight PV 

module design (with a weight of 4.8 kg/m2) in the thermomechanical aspect. This research 

sheds light on the potential of lightweight modules specifically for VIPV applications.   
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I. INTRODUCTION 

 

The share of electric vehicles (EV) in the overall car market has constantly been rising in recent 

years [1, 2]. VIPV allows charging EVs during daytime and off-grid; therefore, the produced 

electricity can be used to extend the driving range of EVs and reduce the amount of charging 

stations/times.  

 

Many researchers have developed comprehensive simulation studies concerning the 

accessibility, significance, and profitability of VIPV concepts [3-8]. In practice, being different 

from traditional terrestrial PV modules, VIPV modules require customization to cover the 

majority of available space (roof, body panels, etc.), high efficiency due to the limited available 

space, outstanding aesthetics to attract customers and ultra-lightweight to maximize range [9]. 

Currently, a majority of VIPV products target panoramic PV roofs, composed of glasses as 

both front and back cover, with a mass of more than 15 kg/m2 [10]. In this case, the additional 

weight to integrate PV is relatively low, being only the weight of the strings. Given that energy 

yield provided by a solar roof is normally limited using a commercial Si-solar module (within 

a few hundred-Watt peak power output), it is significant to widely apply PV onto the rest of 

the vehicle’s body (e.g., hood or door) to reach a higher integration level [3]. However, the 

glass-glass structure is not suited in this regard, as the massive use of glasses would 

significantly increase the weight of the vehicle and raise safety concerns. Although novel 

lightweight (LW) PV modules have already been proposed for other applications (less than 6 

kg/m2) [10-12], e.g., honeycomb modules for building-integrated photovoltaics (BIPV) 

applications [10,11,13], materials employed in VIPV should be selected scrupulously in order 

to fulfill the various safety requirements and standards for both PV and automotive [14-16].  

 

Inspired by the LW materials that have been used in the automotive field, several researchers 

have already considered glass-fiber reinforced composites as a potential material in VIPV 

applications [12,17-19]. In previous studies [19,21], it was found that LW modules based on 

non-reinforced polymer materials and conventional tabbing and stringing connection 

technology suffered busbar-ribbon disconnection through thermal cycling. In this work, we 

present the first LW module architecture using a commercially available carbon-fiber 

reinforced polypropylene (CFPP) and different multiwire designs, aiming for increased 

aesthetics for VIPV. Following the thermal cycling test based on IEC 61215:2021[22], we 

demonstrate that CFPP modules are more reliable in the thermal cycling test due to better 

(thermo-)mechanical properties of a CFPP compared to a glass-fiber reinforced polypropylene 

(GFPP) backsheet. Adapting polymer encapsulant and interconnection foil to glass-fiber 

reinforcement materials is implemented to improve thermo-mechanical reliability. Significant 

thermal stresses induced failures in wire interconnects are observed by electroluminescence 

(EL) and X-ray-based micro-tomography (µ-CT) images.  Therefore, this work could 

potentially contribute to the application of additional research methods in investigating the 

reliability of LW modules made from commercially available composite materials. It can also 

provide guidelines for LW PV module design, and the research could shed light on the potential 

of LW PV modules specifically for VIPV applications. 

 

 

 

 



 

II. EXPERIMENTAL SECTION 

 

2.1. Module fabrication 

Figure 1 (a) shows the schematic build-up of LW mini-modules (2x1 cells. The LW PV 

modules have three essential compositions: the fiber-reinforced polymer backsheet, cell string 

interconnects, and a polymer frontsheet, which are encapsulated by a commercial polyolefin 

(PO) using a membrane laminator under 700 mbar at 165 °C for 24 minutes. The composite 

backsheet is fabricated with a unidirectional GFPP or CFPP tape in an [0/90]s configuration, 

as seen in Figure 1 (b), at 175 °C under 1000 mbar for 10 minutes, following a controlled 

cooling step with max. 7.5°C/min until reaching room temperature.  Silicon heterojunction cell 

strings are interconnected by multiwire interconnection technology, which is composed of 18 

copper interconnection wires in a core diameter of 250 µm coated with an 8 µm thick SnBiAg 

coating as interconnects and a PO as a carrier foil (marked as MW1). The carrier foil was 

modified to improve thermomechanical reliability by adding 10% short glass fiber (details 

described in the patent [24], marked as MW2). Three mini-modules were fabricated for each 

configuration in the following tests. 

 

 
Figure 1. (a)  The schematic build-up of a LW mini-modules (2x1 cells). (b) The structure of fiber reinforced polymer 

backsheet. 

2.2. Accelerated aging and mechanical reliability test 

Based on the IEC 61215:2021, the thermal cycling tests (- 40 to 85 °C, 3 hours, at least 200 

thermal cycles) were conducted to determine the thermo-mechanical stability of LW modules. 

A high-temperature thermal cycling test (- 40 to 110 °C, 3.5 hours) was performed to 

investigate the thermomechanical stability in a harsher environment regarding VIPV 

applications with accelerated degradation rates (profile shown in Supportive Information 

Figure S1). 

 

2.3. Structural characterization 

Thermal mechanical analysis (TMA): the TMA test was carried out on a TMA Q400 machine 

in the temperature range from -40 to 100 °C at a rate of 3 °C/min. The coefficient of thermal 

expansion (CTE) of GFPP-/CFPP samples was obtained by extracting the slope of the 

deformation-temperature curve. Tensile tests were performed on a hydraulic Instron 3365 

universal test device with a 250 N load cell at a constant strain rate of 0.01 /min for encapsulants 

according to ASTM D638 [25]. Five samples were produced for each test with a size of 150 

mm × 13 mm (length × width). The µ-CT is based on 1800 X-ray projections obtained with a 

Yxlon Cheetah Evo system at 80 kV.  Siemens Cera software was used for the reconstruction 

and rendering process. Current-voltage (IV) measurement was performed by using the 



Wavelabs system, a LED-based solar simulator, and EL images were captured by a CCD 

detector in an MBJ system.  

 

III. RESULTS AND DISCUSSION 

 

3.1. Thermomechanical reliability  

The thermo-mechanical reliability is firstly investigated based on the GFPP-backsheet modules 

using two MW foils (MW1 and MW2). Figure 2 (a) shows that, by changing the MW1 to MW2, 

the GFPP modules have a prominently lower FF-degradation from 48.6 % to less than 13.3 % 

after 200 thermal cycles. The FF degradation through the thermal cycling test mainly results 

from increased ohmic losses. As shown in Figure 2 (b), the series resistance of GFPP+MW1 

module rises to 78.7 mΩ, which is significantly higher than that of GFPP+MW2 module (20.5 

mΩ). The increased reliability of modules with MW2 is attributed to the glass fiber diminishing 

CTE mismatch of the material stack, thereby introducing fewer thermal stresses in the wire 

interconnects [26,27]. Degradation (or failure) mechanisms will be further discussed in section 

3.2. 

 
Figure 2. (a) The normalized FF and (b) the series resistance increase of GFPP modules with MW 1 and MW 2 foils through 

the thermal cycling test. The fast degradation of GFPP+MW1 results from a significant series resistance increase. 

The (thermo-)mechanical properties of a backsheet was also found to be of significance by a 

numerical modelling [23] and might considerably influence the performance of lightweight 

modules. To find out the effect of the backsheet material selection, we implemented a CFPP-

backsheet in an identical module structure with the same multiwire foils. As displayed in Figure 

3 (a), modules with the CFPP-backsheet configuration have a significant increase in 

thermomechanical reliability compared to GFPP modules, showing the FF degradation of 30.2 % 

for CFPP+MW1 and 5.4 % for CFPP+MW2. As observed from Figure 3 (b), although the 

series resistance increase of MW 1 is considerably modulated by using the CFPP backsheet 

compared to GFPP modules, CFPP modules with MW 2 demonstrate less increase in series 

resistance. To further elaborate the understanding of backsheet effect, we performed the TMA 

test on the GFPP and CFPP-backsheet samples to measure their CTE, as shown in Figure S2 

(fitting parameters listed in SI Table S1). We find that the CTE of CFPP (3.6×10-6/K) is 

remarkably lower than the CTE of GFPP (58-164 ×10-6/K) with a good correlation from 

previous studies, which suggested the CTE of a frontsheet or backsheet should be in the range 

of CTE of copper and Si to resist thermal stresses [23]. Interestingly, the CTE of CFPP is 

comparable to that of a soda-lime glass used in the PV industry (CTE of glass ~ 9 ×10-6/K). 

Thus, CFPP can be identified as an essentially “thermo-stiff” layer in the LW structure, having 



a global impact to remain the module morphology of the module and leading to less 

deformation over the module through the thermal cycling test, which can be beneficial to 

constrain thermal stresses. 

 
Figure 3. (a) The normalized FF and (b) the series resistance increase of CFPP modules with MW 1 and MW 2 foils through 

the thermal cycling test.  

The use of CFPP-backsheet in the LW module can lead to thermomechanical reliability of the 

module approaching to a 5 % FF loss after 200 thermal cycles, yet not sufficient to pass the 

thermal cycling test regulated in IEC 61215. Next, we deployed a randomly chopped short 

glass-fiber sheet to reinforce the back encapsulant (in a 10 % weight ratio), which improves 

the reliability of CFPP-module with an FF loss of only 2.9 % and a low deviation after 200 

thermal cycles, as seen in Figure 4. According to a previously reported study [20], the increased 

reliability could be ascribed to a reduced CTE. Moreover, we notice that the stiffness of the 

encapsulant is remarkably boosted by adding the GF into polymer with a complete change of 

the encapsulant from a polymer to a brittle composite, which increases the E modulus from 

19.05 MPa to 343.28 MPa at room temperature, as tensile test results illustrated in Figure S3, 

showing that the high E modulus brings more coupling between cell strings and backsheet [23]. 

The results highlight the significance of adding glass fiber into the LW module architecture, 

not only in decreasing the CTE, but also increasing the stiffness of the back encapsulant to 

reach a higher correlation with the backsheet.  



 
Figure 4. The normalized FF of modules with the CFPP backsheet, glass fiber reinforced back encapsulant (10% in weight 

ratio), and MW2 foil. The structure shows a favourable thermo-mechanical reliability with the FF decrease of only 2.9 % after 

200 cycles. 

3.2. Failure mechanism analysis 

Furthermore, to understand the failure mechanisms in the LW modules, we performed EL 

imaging on both GFPP and CFPP modules. The EL images imply weak connections between 

wire and finger metallization at the cell edges and in-between solar cells (Figure 5) in all 

modules. However, modules with MW 1 demonstrate more severe disconnections. Considering 

such a configuration does not contain any glass fiber in interconnection foil and encapsulant, 

materials (in the module stack) will expand or shrink during the temperature change due to the 

larger CTE differences. This leads to the highest stresses along the edges of the cells at the 

extremities of wires, confirmed by the prior numerical simulation [28]. These high stresses, 

particularly at the edges, cause mechanical disconnection of contacts, while changing MW foil 

and backsheet (MW1 to MW2 and GFPP to CFPP) can limit thermo-mechanical stress as 

discussed in 3.1.   



 
Figure 5. EL pictures of LW modules with a structure of (a) GFPP-MW1 (b) GFPP-MW2 (c) CFPP-MW1 (d) CFPP-MW2 

before and after the TC test. 

 
Figure 6. Rendered µ-CT images of (a) GFPP-MW1 and (b) CFPP-MW 1 modules after the TC test. 

 
Figure 7. (a) The normalized FF of GFPP and CFPP modules through high-temperature thermal cycling test (b) EL images of 

GFPP modules before and after 79 high temperature thermal cycles (c) EL images of CFPP modules before and after 260 

thermal cycles 



 
Figure 8. The EL image of the GFPP module after 79 high-temperature thermal cycles (left) points out that the focus area in 

the rendered µ-CT image in the GFPP module focuses on the in-between solar cell interconnects, which shows a clear 

breakage of wire through the thermal cycling test (right). 

Coming back to Figures 2 (b) and 3 (b), the increased series resistance is aligned with a reduced 

contact area between cell metallization and wire interconnects indicated by EL imaging. Series 

resistance increase is a common degradation mode after thermal cycling test [29-31], which 

suggests the lost contacts of wire and cell metallization through the test due to CTE mismatch 

of wire interconnects and Si.  After taking a closer look at the area in-between two solar cells 

by µ-CT, interestingly, we find the wires are vertically twisted especially in GFPP modules, as 

presented in Figure 6 (a). This can be interpreted to the effect of thermal stress and strain 

compressing and deforming the wires between the cells through the thermal cycling test due to 

a relatively large CTE of polymer materials and vertical CTE mismatch that gives a vertical 

deformation. However, when looking at the CFPP module, the interconnect wires are hardly 

twisted, as shown in Figure 6 (b). This can be explained by the extremely low CTE of the CFPP 

backsheet as discussed previously. To figure out if reinforced encapsulant can mitigate the 

effect of twist wires in GFPP configuration, we also produced GFPP modules with MW2 and 

using reinforced encapsulant (adding GF into back encapsulant); nevertheless, we find that 

even if the implementation of the reinforced encapsulant cannot mitigate the effect of twisted 

wires (see the µ-CT image in Figure S4). This observation might suggest the importance of 

using a “thermal-stiff” layer as backsheet in the LW module structure. The twisted wire might, 

on the one hand, act as a buffer to compensate for the further thermal expansion or shrinkage 

of wires in the horizontal direction; on the other hand, it may lead to fatigue stress in 

interconnects. To determine the effects of twisted wires, in the following experiment, we 

artificially deformed commercial multiwire interconnect foils in the interconnection area 

between the cells in a cell string and produced GFPP and CFPP modules with identical 

architecture. Considering our aim was to adapt this LW module with a multiwire design into 

VIPV applications, we conducted an adapted high-temperature thermal cycling test (- 40 to 

110 °C, 3.5 h), since the surface temperature for automotive during parking could be 

significantly higher than 85 °C, potentially causing enormous degradation and unexpected 

failures [14]. Figure 7 (a) demonstrates the FF degradation of GFPP and CFPP modules. 

Interestingly, the GFPP module shows a large drop in performance after 79 cycles. The EL 

image of the GFPP module in Figure 7 (b) indicates the disconnection in between cells. We, 

again, use µ-CT to detect the interconnects in-between two cells and observe wire disruptions 

as illustrated in Figure 8, which could be explained by significantly concentrated thermal 

stresses (also supported by the reported study [21]) that account for tremendous fatigue stresses. 

Although the CFPP module was fabricated with a twisted foil as well, it still has a favorable 

reliability with only ~ 3 % performance loss and minor degradation from the EL image (as 

shown in Figure 7 c) after 260 thermal cycles due to the implementation of the CFPP backsheet. 

The outcomes from the high-temperature thermal cycling test further support the beneficial 

effect on the reliability of LW modules when using CFPP and multiwire design in VIPV 

applications. 



 

 

IV. CONCLUSION AND OUTLOOK 

In this paper, we present a comprehensive thermo-mechanical reliability assessment of 

lightweight modules with a structure using a commercial fiber-reinforced, composite backsheet 

and a multiwire design, especially targeting VIPV applications. Modules fabricated with a 

purely polymeric multiwire foil and a GFPP backsheet can have significant performance losses 

over 200 thermal cycles, while modules with glass fiber integrated polymers (including MW 

foil and encapsulant) and CFPP modules demonstrate a preferable thermo-mechanical 

reliability showing the FF decrease of only 2.9 %. The use of composite encapsulant can reduce 

the CTE differences in material stack and establish a favorable coupling between solar cell 

strings and backsheet due to a dramatically increased stiffness (E modulus). Therefore, the 

implementation of a composite encapsulant and low CTE backsheet (CFPP) is beneficial to 

thermo-mechanical reliability.  

 

The primary failure mechanism is visualized by EL and µ-CT, which is identified as electrical 

disconnection of wire and cell metallization at the edges of cells as well as wire breakage in-

between cells, where the thermal stresses are concentrated through thermal cycles. The thermal 

expansion and compression of materials in the module stack introduces twisted wires especially 

in GFPP modules due to a large CTE mismatch of the materials in the module stack, which 

leads to fatigue stresses concentration in-between solar cells during thermal cycling tests, 

causing wire breakage in a fast degradation reliability test, namely high-temperature thermal 

cycling test (-40 to 110 °C, 3.5 h). The findings of this work suggest that a backsheet with a 

low CTE such as CFPP is required for glass-free VIPV modules in order to avoid the effect of 

thermal stress concentration causing interconnection failure, which is indicative of further 

improvement of lightweight PV modules for VIPV applications, considering higher 

requirements in lightweight, aesthetics and reliability aspects.   
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Supplementary Information 

 
Figure S1. The profile of standard thermal cycling test () and adapted high-temperature thermal cycling test () 

 

Figure S2. The profile of standard thermal cycling test and adapted high-temperature thermal cycling test 

 

Table S1. Fitting parameters of GFPP and CFPP 

Name CTE (α) [10-6 / °C] 

GFPP (-40 to 40 °C) 58.0 

GFPP (40 to 100 °C) 164.2 

CFPP 3.6 

 



 
Figure S3. The E modulus of encapsulant and reinforced encapsulant (marked as encapsulant + GF).  

 

  

Figure S4. Rendered µ-CT images of (a) GFPP-MW1, (b) GFPP-GF-MW2, (c) CFPP-GF-MW 2 and (d) CFPP-MW 1 

modules after the TC test. (a) and (b) illustrate the wire deformation in all modules with GFPP backsheet with or without 

GF integrated in back encapsulant, while (c) and (d) hardly show any wire deformation.  


