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In the Coolback® approach cooling fins replace a conventional frame as well as the backsheet (Fig. 1). We investigate the mechanical performance of a PV module using such cooling fins by FEM simulations of mechanical push and pull load according to the IEC 61215 [1].
The FEM model used is based on a FEM model published previously [2,3]. The solar cells are implemented as full-square mono-crystalline silicon wafer, without metallization and ribbons. We use hexahedral mesh elements with 2,700 mesh elements per solar cell and a quadratic serendipity basis function. Exploiting the two-fold axial symmetry, we model a quarter laminate. Fig. 1: Coolback® cooling fins on the rear side of a PV module.

The FEM model covers lamination and mechanical load (ML) in push and pull direction. For ML, either a conventional frame or the Coolback® cooling fins are attached to the laminate. We simulate the mounting of the framed module on a rack by a fixed constraint on the long side of the module with a distance of 22% of the long side to its edge. As for cooling fins, the PV module is mounted by four specially designed clamps from the bottom, as shown in Fig. 2. We simulate the lamination process by applying a cooling from 150 °C to 25 °C. The residual stress from lamination is considered in the ML simulation. Here, we simulate a homogeneous push load of 2400 Pa and 5400 Pa as well as pull load of 2400 Pa. The used material models are shown in Table 1.
Table 1: Specifications and material properties of the reference PV module. *: provided by manufacturer, †: measured.
	Layer
	Material
	Dimension

	Density
[g/cm³]
	Young’s modulus
[GPa]
	Poisson’s ratio
[-]
	CTE
[10-6K-1]

	Front glass
	soda-lime
	3.2 mm
	2.5*
	70*
	0.2*
	9*

	Encapsulant
	EVA
	460 µm
	0.96 [6]
	T-dep.†
	0.4 [6]
	270 [6]

	Solar Cell
	Cz-Silicon
	156.75  156.75  0.180 mm³
	2.329 [6]
	Elasticity matrix [6]
	T-dep. [4,5]

	Backsheet
	TPT
	295 µm
	2.52 [6]
	3.5 [6]
	0.29 [6]
	50.4 [6]

	Frame
	aluminium
	
	2.7 [7]
	70 [7]
	0.33 [7]
	23 [7]

	Frame-inlay
	rubber
	8.85  1.15 mm²
	0.067*
	0.0074*
	0.3*
	769*


[image: ]To assess the impact of the novel mounting system, we evaluate the FEM simulation results using the maximum deflection of the PV module and the principal stresses in the solar cells. As a brittle material, silicon solar cells fail under tensile stress, therefore, we evaluate the maximum of the first principal stress  within the solar cells. We convert the obtained maximum first principal stress  values from the front and back side of the solar cells into a probability of solar cell fracture  using the Weibull distribution [8] considering the size effect [9]: 
	
	
	


with the effective area , the maximum first principal stress , the Weibull scale factor  and the Weibull modulus . The sum is over the values of the front (sunny) and back side, respectively. The effective area  can be interpreted as the area of significant stress values and is calculated for the front and back side separately by:[bookmark: _Ref29909082]Fig. 2: Detailed view of one cooling fin with the specially designed clamps.

	
	
	


The probability of solar cell fracture  expresses the likelihood that within one module at least one crack in at least one solar cell occurs. For the Weibull scale factor  and modulus  we use values from Kaule et al. [10] for Al-BSF solar cells. Mono- and bifacial PERC solar cells have a very similar behavior [11]. However, there are significant differences between different solar cell production processes. Therefore, the presented cell fracture probabilities are just exemplarily and the evaluation has to be performed for a specific cell type individually.
Mechanical load
Fig. 3 shows the deflection of a laminate with a conventional frame as well as with the cooling fins at 5400 Pa push load and 2400 Pa pull load. The maximum deflection  is depicted in Fig. 4 (a). For all investigated load cases, the PV module with cooling fins has a significantly lower maximum deflection. The cooling fins also lead to a different deflection shape. Instead of the parabolic deflection of a conventionally framed PV module, the PV module with cooling fins shows a rather U-shaped deflection and thus a smaller curvature.
[image: ]
[bookmark: _Ref28003593]Fig. 3: Deflection of the symmetry element (quarter PV module) of the framed (a+b) and cooling fins (c+d) PV module at 5400 Pa push load (a+c) and 2400 Pa pull load (b+d). Please note that the deflection values are represented as absolute values.
Fig. 4 (b) depicts the maximum first principal stress  along with the corresponding probability of solar cell fracture . At 2400 Pa pull load, the PV module with cooling fins has a higher maximum first principal stress of 42 MPa than the framed PV module with 7 MPa. This originates from the mounting on the rear side, around which very local tensile stress is induced due to the bending. However, since this is only a very small area, the solar cell fracture probability is still negligible. At 2400 Pa push load, the cooling fins PV module shows a lower tensile stress of 8 MPa compared to 24 MPa in the framed PV module. Both values correspond to negligible solar cell fracture probabilities. When going to 5400 Pa push load, the difference in tensile stress increases with the cooling fins PV module having 30 MPa and the framed PV module having 128 MPa. This corresponds to a solar cell fracture probability of 48% for the framed PV module while the cooling fins PV module still shows a negligible value.
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Fig. 4: Maximum Deflection (a) and maximum first principal stress  (left axis of b) with the corresponding probability of cell fracture  (right axis of b) for the framed (green) and cooling fins (orange) PV module at pull and push loads. Please note that the deflection values are represented as absolute values and the deflection at -2400 Pa pull load is in the opposite direction than the push values.
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