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Abstract

We present a set of thermomechanical design rules to support and accelerate future

(PV) module developments. The design rules are derived from a comprehensive

parameter sensitivity study of different PV module layers and material properties by

finite element method simulations. We develop a three dimensional finite element

method (FEM) model, which models the PV module geometry in detail from busbar

and ribbons up to the frame including the adhesive. The FEM simulation covers sol-

dering, lamination, and mechanical load at various temperatures. The FEM model is

validated by mechanical load tests on three 60-cell PV modules. Here, for the first

time, stress within a solar cell is measured directly using stress sensors integrated in

solar cells (SenSoCells®). The results show good accordance with the simulations. The

parameter sensitivity study reveals that there are two critical interactions within a PV

module: (1) between ribbon and solar cell and (2) between front/back cover and

interconnected solar cells. Here, the encapsulant plays a crucial role in how the single

layers interact with each other. Therefore, its mechanical properties are essential,

and four design rules are derived regarding the encapsulant. Also four design rules

concern front and back sides, and three address the solar cells. Finally, two design

rules each deal with module size and frame, respectively. Altogether we derive a set

of 15 thermomechanical design rules. As a rule of thumb of how well a bill of material

will work from a thermomechanical point of view, we introduce the concept of spe-

cific thermal expansion stiffness bEα ¼ E �α �Aj �h as the product of Young's modulus E,

coefficient of thermal expansion α, joint area Aj, and materials height h. The differ-

ence between two materials is a measure of how much thermal strain one material

can induce in another. A strong difference means that the material with the larger

value will induce thermal strain in the other.
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1 | INTRODUCTION

Stress in solar cells plays a crucial role in the reliability of photovoltaic

(PV) modules. Influences on stress are as diverse as the number of dif-

ferent materials in a PV module and become more and more complex

with growing variety of PV modules for different applications. Never-

theless, the bill of materials development for new PV modules is often

a try and error, which is very time and cost consuming. The finite ele-

ment method (FEM) in combination with material characterization

offers an approach for digital prototyping, which has the potential to

reduce the amount of needed physical prototypes significantly.

Accordingly, FEM simulations are frequently used in research as the

review from Nivelle et al.1 shows. The influence of PV modules mate-

rials was investigated sytematically by Hartley et al.,2 who identified

the glass thickness and elastic modulus as well as the material proper-

ties of used polymers as crucial parameters. The aim of this work,

which is conducted within a dissertation,3 is to derive general thermo-

mechanical design rules for PV modules on the base of a parameter

sensitivity study performed with a detailed 3D FEM model of a

60-cell PV module, including ribbons and frame. Additionally, a factor

for the quick and straight forward thermomechanical assessment of

materials, called specific thermal expansion stiffness bEα, is introduced

in Section 2. In Section 3 the FEM model is described along with its

validation using solar cell integrated stress sensors. In the last section,

the thermomechanical design rules are derived from the results of the

parameter sensitivity study performed with the FEM model.

2 | SPECIFIC THERMAL EXPANSION
STIFFNESS

To characterize materials according to their potential to induce ther-

mal stress in the solar cells, Carroll et al.4 introduced the so called

thermal expansion stiffness Eα as the product of Young's modulus E

and coefficient of thermal expansion α:

Eα ¼ E �α: ð1Þ

However, the thermal expansion stiffness does not take the materials

dimension into account, which vary in the order of a magnitude within

the PV module. Therefore, we propose to extend the thermal expan-

sion stiffness by the materials volume V, which we call volumetric

thermal expansion stiffness Eα:

Eα ¼ Eα �V: ð2Þ

It is meant for a global description of the PV modules

thermomechanics, for example the curvature after lamination due to

different expansion of the PV module materials. Table 1 shows these

properties for materials of conventional PV modules at room

temperature.

According to the thermal expansion stiffness Eα, the ribbon has

the highest impact on thermal stress. However, due to its small

volume, this is a highly local influence occurring only around the

ribbon itself.5 This is represented by the low value of the volumetric

thermal expansion stiffness Eα. In a more global perspective, the

frontglass dominates the PV modules thermal strain with the highest

volumetric thermal expansion stiffness Eα. Also, solar cells have a high

thermal expansion stiffness Eα; however, due to their much smaller

size, the impact on the global behavior is limited. Hence, according to

the volumetric thermal expansion stiffness Eα, the backsheet is the

material with the second strongest influence. EVA's extremely low

thermal expansion stiffness value shows its buffering property at tem-

peratures above its glass transition.6,7

As this discussion shows, thermomechanical stress within a PV

module is complex. It has to be distinguished between local and global

effects, due to strongly different layer dimensions. Small PV module

components, as the ribbon, might have a high but only local impact.

For such effects, the volumetric thermal expansion stiffness Eα is not

a reasonable measure. Therefore, we introduce a second factor, called

specific thermal expansion stiffness bEα. This is a further refinement of

the volumetric thermal expansion stiffness Eα considering only the

common surface area Aj and materials height h instead of the total

volume. It describes how much thermal force one material can exert

to another material in contact:

TABLE 1 Dimensions, Young's modulus E, coefficient of thermal expansions α, product of them Eα, and volumetric thermal expansion

stiffness Eα taken to the dimensions of the reference PV module layers at room temperature

Layer Material Area A[mm2] Height h[mm]
Young's
modulus E [GPa]

Coeff. of
thermal expansion

α [10�6K�1]

Therm. exp.
stiffness

Eα [kPaK�1]

Vol. therm.exp.
stiffness

Eα [Pam3 K�1]

Frontglass Soda-lime glass 1664 � 997 3.2 74a 9a 666 3529

Encapsulant EVA 1664 � 997 0.45 0.0085b 2708 2.3 1.7

Solar cell Cz-silicon 156.75 � 156.75 0.18 1309 2.6210 340 1.5

Backsheet TPT 1664 � 997 0.35 3.57 50.47 176 102

Busbars Silver 151.25 � 1.5 0.014 711 1012 70 0.0002

Ribbon Copper 151.25 � 1.5 0.2 709 179 1190 0.05

aProvided by manufacturer.
bMeasured.3
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bEα ¼ Eα �Aj �h: ð3Þ

Figure 1 illustrates the difference for a PV module glass as an exam-

ple. We use the specific thermal expansion stiffness bEα to discuss

stress within the solar cell and the volumetric thermal expansion stiff-

ness Eα to discuss the influence on the entire PV module.

3 | FEM MODEL

3.1 | Model

The basis of the design rules is a comprehensive parameter sensitivity

study conducted with a detailed 3D FEM-model of a 60-cell PV mod-

ule using COMSOL Multiphysics 5.6. Intermediate versions of this

FEM-model have been published previously.5,13,14

To reduce the computational effort of the FEM model, we utilize

the twofold axis symmetry by simulating a quarter PV module and

splitting it into two components allowing for a more specific meshing,

depicted in Figure 2:

1. The interconnected solar cell matrix embedded in encapsulant.

2. The front- and backsheet connected to the frame with adhesive.

For both components, we use hexahedral mesh elements with a qua-

dratic serendipity shape function wherever applicable (component 1:

824 724 and component 2: 98 520). In component 1, the ribbons can-

not be meshed by hexahedra; therefore here, we use triangular based

elements (1 428 484 prisms, 8640 four-sided pyramids and 987 939

tetrahedra) and introduced a transition zone to the hexahedra, shown

in Figure 2. A mesh sensitivity study is performed (not shown) to ver-

ify that the results are independent of the mesh quality.

Further assumptions and simplifications are made, like using three

busbar cells with continuous busbars and neglecting front side finger

F IGURE 1 Illustration of the volume taken into account for the
volumetric (orange box) and specific (green box) thermal expansion
stiffness on the example of glass with regard to the solar cell, not to
scale, modified after3 [Colour figure can be viewed at
wileyonlinelibrary.com]

F IGURE 2 (A) Mesh of component 1 (embedded solar cell matrix). To allow a view on the solar cell and ribbon, the encapsulant (light blue) is
removed partially in the insert. (B) Mesh of component 2 (frame with front- and backsheet). The insert shows a detailed view of the frame with
inlay. Modified after Beinert3 [Colour figure can be viewed at wileyonlinelibrary.com]
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as well as back side aluminum metallization, using an effective mate-

rial model for the ribbon by neglecting the solder layer and a simplified

frame geometry. We use linear elastic temperature dependent mate-

rial models published previously.14 The cell gap as well as string gap is

3 mm. The mounting of the frame to the supporting structure is mod-

eled by a fixed constraint at the typical contact area 20% from the

frame corner on the bottom of the frame, as shown in Figure 3. A sta-

tionary geometrically linear analysis with a linear approximation for

the strain (often called “smalled deformations”) is used.
The FEM model covers a simplified soldering process (cooling

from 179� to 25�C), lamination (cooling from 150�C to 25�C), and

homogeneous surface load of 2400 Pa at different temperatures. The

stress tensor from each study is transferred to the subsequent study

at the temperature at which the subsequent study starts. For more

details we refer to Beinert.3

3.2 | Validation

The soldering and lamination simulations have been validated previ-

ously.5 Therefore, in this study, the focus is on the validation of the

mechanical load simulation. For this purpose, we build three PV mod-

ules, each consisting of 58 conventional solar cells and two solar cells

with integrated stress sensors (SenSoCells®)15 positioned in the center

and corner of the PV modules. A pair of sensors perpendicular to each

other is positioned in the center of the solar cells, as shown in

Figure 4. The senor pair is needed because the piezoresistance con-

sists of the longitudinal and transversal effect, with the longitudinal

effect being twice value of the transversal.16 Therefore, the measured

stress is a superposition of the strain in x and y; for more details, we

refer to Beinert.3 During a mechanical load test, we measure the

deflection using an optical distance sensor and the stress within the

solar cells using the SenSoCells®. Please note that only the stress from

mechanical load is considered within the validation. We simulate the

exact same setup by the FEM model. For this purpose, we use a CAD

model of the actual frame instead of a simplified geometry and adapt

the module layout as well as material properties.

Firstly, we analyze the PV modules deflection as a function of the

applied mechanical load, depicted in Figure 5. The results show that

the used linear approximation of the strain in the simulation strongly

overestimates the measured deflection, although it also shows a more

linear behavior. At 2400 Pa, the deviation is 28 mm (134%). Including

the nonlinear strain approximation in the simulation leads to a better

agreement with a deviation of 0.6 mm (2.9%).

Secondly, we analyze the stress in the center solar cells of the PV

module, which is depicted in Figure 6. The stress in the FEM simula-

tion is evaluated at the exact same position of the integrated sensor.

As expected from the deflection, the linear FEM simulation strongly

overestimates the measured stress by 17 MPa (76%) at 2400 Pa. Until

about 1000 Pa, the geometric nonlinear FEM simulation are just

slightly (<2 MPa) higher than the measurements. Above, the values

diverge, which originates from a translation and torsion of the frame

parts observed above 1000 Pa. The root cause is the tolerance of the

frame corner connector and presumably its plastic deformation, which

is explained in more detail in Beinert.3

F IGURE 3 Boundary conditions used in the mechanical load
study. Turquoise lines indicate the position of the fixed constraints on
bottom of the frame, orange lines symmetry axes, and dark blue

N
constant pressure normal to the glass front side pointing towards
glass surface. The color gradient from red to blue indicates different
simulated temperatures. Modified after Beinert et al.14 [Colour figure
can be viewed at wileyonlinelibrary.com]

F IGURE 4 Schematic layout of a cell with integrated
piezoresistive stress sensors, not to scale, modified after Beinert.3 At
each position of the stress sensor, two sensors perpendicular to each

other are implemented as indicated by the insert. Sensor pair 1 is used
for the corner cell, sensor pair 2 for the center cell. [Colour figure can
be viewed at wileyonlinelibrary.com]

4 BEINERT ET AL.
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Thirdly, we analyze the stress in the corner SenSoCell, depicted in

Figure 7. As opposed to the center, with �15 MPa (86%) deviation,

the linear FEM simulation strongly underestimates the stress at

2400 Pa. The reason is that in the linear simulation, the direction of

the applied force does not change with increasing load, which under-

estimates the corner displacement. Whereas in the more realistic

geometric nonlinear simulation, the updating of the force direction

with each load step leads to a more homogeneous and stronger dis-

placement on the PV modules short edge as well as corner. Accord-

ingly, with �5 MPa (27%) deviation, the geometric nonlinear FEM

simulation is in reasonable accordance with the measured stress.

To conclude the validation experiments, we summarize the rele-

vant findings along with their implication for the FEM model and the

parameter sensitivity study.

1. The long and short parts of the used frame translate and rotate rel-

ative to each other. This results in rather linear PV module deflec-

tion as a function of applied load. While the FEM model assumes a

perfect bonding of the frame parts.

2. The linear FEM simulation strongly overestimates deflection and

stress in the center and underestimates stress in the corner.

3. The geometric nonlinear FEM simulation underestimates stress for

higher loads.

Therefore, we conclude that the deviation between the geometric

nonlinear FEM simulation and experiment originates from the differ-

ences in the frame bonding, which is specific for each frame. Since this

work aims to derive general design rules, we accept the systematic

deviation in favor of less computational cost.

Now, comparing the linear and geometric nonlinear FEM simula-

tion, the results clearly show that the geometric nonlinear simulation

reflects a more realistic description of the measurements. However,

this comes with a huge increase in computational cost. For the valida-

tion model, the geometric nonlinear models need twice the memory

(518 GB instead 262 GB) and 91 times the solution time on a faster

CPU (172 h instead of 1.9 h) compared to the linear model. Therefore,

the strong systematic deviation of the linear model is accepted in

F IGURE 5 Mean measured deflection of the 3 validation modules
(green square) and FEM simulation with a geometric nonlinear
simulation (dark blue triangle) and linear simulation (light blue reverse
triangle). Please note that the error bars of the measured deflection
are too small to be visible. Modified after Beinert.3 [Colour figure can
be viewed at wileyonlinelibrary.com]

F IGURE 6 Stress calculated from resistance change of the
SenSoCell® within the PV modules center (green square) along with
the nonlinear FEM simulation (dark blue triangle) and linear FEM
simulation (light blue reverse triangle). Modified after Beinert.3

[Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 7 Stress calculated from resistance change of the
SenSoCell® within the PV modules corner (green square) along with
the nonlinear FEM simulation (dark blue triangle) and linear FEM
simulation (light blue reverse triangle). Modified after Beinert.3

[Colour figure can be viewed at wileyonlinelibrary.com]
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favor of a broader parameter variation and hence a broader insight in

the thermomechanics of PV modules. This implies that the absolute

values presented are strongly overestimated, and only the relative

values should be taken into consideration, which is acceptable for a

comparative study.

To conclude, the geometric linear simulation overestimates the

measured results, but the linear approximation is an efficient approach

for a comparative identification of different influences and hence to

gain a fundamental understanding of the PV module

thermomechanics.

4 | THERMOMECHANICAL DESIGN RULES

The parameter sensitivity study consists of 72 parameter combina-

tions covering the material properties shown in Table 2, different

frame materials (aluminum, steel, wood), solar cell dimensions and for-

mats as well as module sizes for glass-foil and glass–glass modules.

The results of the size variation have been published previously.14

The results are evaluated according to stress, cell fracture probability

Pf, and deflection d. Due to page limitation, we refer to the authors'

open access dissertation3 for a detailed description of the used

parameters as well as the simulation results. In this article, we focus

on the design rules themselves.

We find two major stress causes:

1. The mismatch of thermal expansion when exposed to temperature

differences.

2. The curvature of PV module and solar cells when exposed to

mechanical loads.

The first one is responsible for compressive stress of solar cells after

lamination as well as high tensile stress at the end of the ribbon, which

dominates the cell fracture probability Pf. Both findings are in accor-

dance with findings in the literature; for example, Eitner et al. found

the stress in the solar cells after lamination and subsequent cooling to

�40�C to be compressive.7,8,17 They have not included ribbons in the

FEM model, which is done by Dietrich et al.,18 who found the largest

tensile stress at the end of the ribbon. However, they do not mention

how they handled the singularities occurring at the very same posi-

tions. Although measures are taken in this present work, to reduce

the influence of singularities at the busbar and ribbon corners, the

stress exaggeration dominates the maximum first principal stress

σI,max . However, it is known that the regions around the busbar and

especially at its end are prone to solar cell cracks.19,20 Therefore, the

amplitude of the stress around the busbar might not reflect the stress

quantitatively correct but qualitatively it does. Consequently, the

simulated maximum first principal stress σI,max values are overesti-

mated and accordingly the probability of cell fracture as well. Since no

other work treating singularities in PV modules were found, this has

to be verified by future works.

The second one is responsible that corner solar cells show tensile

stress although the deflection from mechanical load is minimal (see

Figure 8). For different mounting solutions, like frameless modulus

with laminate clamps, it could be shown that the highest tensile stress

even occurs at the position of the largest curvature instead of the

largest deflection.13 These findings correlate to the findings of Gabor

et al.21

For both, the material properties and dimensions play a crucial

role. In the following, these influences are discussed in detail for each

PV module layer, and design rules will be derived consecutively, which

are also summarized in Table 3.

4.1 | Encapsulant

The encapsulant connects solar cells with the front- and backsheet,

which makes it a crucial module component strongly influencing the

thermomechanics. Since most of the industrial encapsulants have

temperature dependent properties, in this work, two frequently used

encapsulant types, EVA and TPO, with temperature dependent

Young's moduli are investigated, shown in Figure 9. The values change

in the order of four magnitudes within the temperature range of a PV

module. Additionally, the large temperature difference of 190 K from

the lamination temperature to �40�C induces high thermal stresses,

which overlay with the impact of the changing Young's modulus.

TABLE 2 Variation of material
properties of the PV module layers

Front/back cover Encapsulant Solar cells

Young's modulus E x x

Coefficient of thermal expansion α x

Height h x x x

F IGURE 8 Displacement d at 2400 Pa mechanical load (A) with
corresponding first principal stress σI in solar cells, neglecting stress
after lamination (B). Modified after Beinert.3 [Colour figure can be
viewed at wileyonlinelibrary.com]
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Accordingly, the thermomechanics at high and low temperature differ

and are discussed separately below.

4.1.1 | Mechanical load above room temperature

High temperatures refer to temperatures around 85�C, the upper

temperature in the thermal cycling test within the IEC 6121522 test

sequence. Around this temperature, encapsulants exhibit a low

Young's modulus (see Figure 9). Therefore, the coupling of the solar

cell to the front- and backsheet is relatively weak, and the coupling of

the solar cell to ribbon dominates the stress within the solar cell at

mechanical load. This arises from the different contraction of ribbon

and solar cell, which mainly comes from the cooling process after sol-

dering and lamination. At lamination temperature, there is just a low

stress level remaining from the soldering process. Just when the

encapsulant starts to connect the solar cells to the front- and back-

sheet, the lamination stress starts to build up. From that moment, the

maximum stress in the solar cells is a composition of solar cell-ribbon

interaction and the solar cell-front-/backsheet interaction. The latter

one hinders the first one depending on the strength of the coupling.

For low Young's moduli, the strain absorption capacity of the encap-

sulant is larger, as Figure 10 shows; therefore, the coupling is lower.

For higher Young's moduli, the strain absorption capacity reduces,

which increases the coupling and accordingly reduces the maximum

stress in the solar cells.

Therefore, at high temperatures, encapsulants with higher

Young's moduli are beneficial. This could be achieved by a sharp melt-

ing point with a sudden increase of the Young's modulus below. Then

again, if the Young's modulus is too large (bEα,e ≈ bEα,cÞ, the stress

increases again due to the high CTE of the encapsulant in the cell-

encapsulant interaction, as shown in Figure 11. So, two points, which

reduce the stress in solar cells, can be concluded:

1. A sharp melting point of the encapsulant with a sudden increase of

the Young's modulus Ee below it.

2. The encapsulants specific thermal expansion stiffness bEα,e should

be between the ribbons bEα,r and solar cells bEα,c value:
bEα,r <bEα,e <bEα,c.

These points are an extension of the design rule by Carroll et al4

recommending thermally soft encapsulant, that is, encapsulants with a

low thermal expansion stiffness Eα.

TABLE 3 Summary of the derived thermomechanical design rules
clustered by component. The magnitude of the influence on the stress
within the solar cells is given in the last column, with increasing
magnitude from + to +++

Component Design rule Influence

Encapsulant Sharp melting point with a sudden

increase of the Young's modulus Ee
below.

+

Sharp glass transition with a sudden

increase of the Young's modulus Ee.

+

The encapsulants specific thermal

expansion stiffness bEα,e should be

between the ribbon bEα,r and solar cell

bEα,c value: bEα,r <bEα,e < bEα,c.

++

Low thickness, given that there is

sufficient material between ribbon and

front- and backsheet and that the

critical stress originates from the solar

cell-ribbon interaction.

+

Front/back

cover

At least one stiff layer is needed with a

minimum thickness. For soda-lime

glass around 3 mm.

++

The CTE of stiff layers should have a

value between the one of the solar cell

and ribbon: αc < α< αr. In symmetric

module designs more critical.

+++

A larger CTE of the backsheet is

advantageous for push loads: αbs > αfs.

+

For minimal bending stress: Place the

solar cells in the neutral axis, e.g., by a

symmetrical module design.

++

Solar cells High solar cell thickness. ++

Small solar cell edge length. +

Split cells: Alignment of the shorter side

along the higher curvature.

+

PV module

size

Smaller module area decreases stress. +

Module aspect ratio: longer modules

instead of wider modules (for

mounting on long side and non-

extreme ratios).

+

Frame The higher the frames stiffness, the

better.

+

Frame design has to be adapted to

specific module design.

+

F IGURE 9 Measured temperature-dependent Young's modulus at
1 Hz of an EVA and TPO. For clarity, not all data points are shown,
and the line is a guide to the eye. Modified after Beinert3 [Colour
figure can be viewed at wileyonlinelibrary.com]
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4.1.2 | Mechanical load below room temperature

At room temperature, the encapsulant is in a solid state connecting

the solar cells to front- and backsheet. Also, thermal stress from cool-

ing increases due to the larger temperature difference. Accordingly,

the influence of encapsulant properties increase. When reaching

lower temperatures, the thermal stress further increases. At the same

time, the Young's modulus increases, reducing the deflection in

mechanical load, which correlates with the experimental findings of

Mühlhöfer et al.23 They found more cracks at low temperatures,

which confirms the findings of Mickiewicz et al.24 Both conclude that

the lower strain absorption of the encapsulant is responsible, which is

also implied by Figure 10. However, the stress temperature depen-

dence in Figure 12 shows that also without applied mechanical load,

the maximum stress σI,max increases, so the dominating effect is ther-

mal stress from the solar cell–ribbon interaction. The mechanical load

further increases the stress value, which is the reason why this effect

is less critical in thermal cycling without mechanical load.

Another effect, which is only revealed by the FEM simulation:

the stress and therefore the crack probability reduces again below

�30�C to values below the ones at room temperature. The reason

is the steep increase of EVA's Young's modulus at the glass transi-

tion temperature (see Figure 9), which results in a lower Young's

modulus until the glass transition and accordingly a higher strain

absorption, that is, the solar cell-ribbon interaction dominates. In

the glass transition, the coupling of the solar cells to the encapsu-

lant and front- and backsheet increases suddenly, which reduces the

maximum stress in the solar cells, as described above. This also

influences the PV module bending, as the deflection at 0 Pa in

Figure 12 shows. The following point can be concluded for stress

reduction in solar cells:

3. A sharp glass transition of the encapsulant with a sudden increase

of the Young's modulus Ee.

The encapsulants height (not shown, see Beinert3) has a similar impact

as its Young's modulus. It defines the coupling of the solar cells to the

front- and backsheet. If the coupling is too weak, the stress increases;

therefore, thinner encapsulants are beneficial. However, there is a

limit: when there is too little encapsulant between the ribbon and the

front- and backsheet. The conclusion is:

4. Thin encapsulants reduce stress, given that there is sufficient

material between ribbon and front�/backsheet.

However, this holds only if the stress from the solar cell-ribbon inter-

action dominates the cell fracture probability. In this work, this stress

is overestimated by singularities due to rectangular busbar and ribbon

shape. For lower stress overestimation, other interactions might be

relevant, like the displacement of the cells and the corresponding

stretching of the ribbon in the cell gap.

4.2 | Front- and backsheet

In the asymmetric glass-foil module design, the glass sheet is the dom-

inating mechanical layer, with by far the highest specific thermal

expansion stiffness bEα,g (52 Pam3 K�1). Therefore, its properties deter-

mine the PV modules deflection in mechanical load.

F IGURE 11 Maximum first principal stress σI,max in solar cells at
2400Pa push load versus the encapsulants specific thermal expansion
stiffness bEα,e, and the dotted lines indicate the corresponding value of
the ribbon (orange) and solar cell (blue). Modified after Beinert3

[Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 10 First principal stress σI between the busbars of the
center cell (green) and the shear strain in yz-direction τyz within the
EVA (blue) above the solar cell for different Young's moduli of the
encapsulant at 2400Pa mechanical load. Modified after Beinert3

[Colour figure can be viewed at wileyonlinelibrary.com]
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5. At least one stiff layer is needed.

In the investigated PV modules design, the optimum thickness of the

soda-lime glass is around 3 mm, as shown in Beinert.3

The large difference of the specific thermal expansion stiffness
bEα, to the solar cells value of 1.5 Pam3 K�1 is also the reason why the

glass' height has almost no influence on thermal stress in the solar

cells.

Differently, the front- and backsheet CTE strongly influences the

thermal stress. For CTE values lower than the CTE of the ribbon, the

thermal stress in the solar cells decreases. Much larger CTE values

lead to extremely critical stresses and cell fracture probabilities. To

visualize this, the relative specific thermal expansion stiffness bEα,rel is
introduced. It is the specific thermal expansion stiffness but instead of

the CTE, the difference of the CTE to the ribbons value is used:

bEα,rel ¼ E � α�αrð Þ �Aj �h ð4Þ

Figure 13 shows the maximum first principal stress σI,max in the solar

cells versus the relative specific thermal expansion stiffness of the

backsheet bEα,rel,bs relative to the ribbons CTE (17�10�6 K�1). The back-

sheet has the same impact as the frontsheet; even for glass-foil

F IGURE 12 Temperature
influence in mechanical at 0 Pa
(only temperature) (green) and
2400 Pa (blue). Top row: left:
maximum value (open circles) and
value between the busbars (filled
squares) of the center cell of the
first principal stress σI; right:
corresponding probability of cell

fracture (triangles); bottom row:
left: third principal stress σIII after
lamination; right: deflection. Please
note that the bottom ordinates
depict temperature T, and the top
ordinates the corresponding
specific thermal expansion
stiffness bEα,e. Modified after
Beinert.3 [Colour figure can be
viewed at wileyonlinelibrary.com]

F IGURE 13 Maximum first principal stress σI,max in solar cells at
2400Pa push load versus the relative specific thermal expansion
stiffness of the backsheet bEα,rel,bs relative to the ribbons CTE. The
dashed blue line indicates the solar cells CTE. Modified after Beinert.3

[Colour figure can be viewed at wileyonlinelibrary.com]

BEINERT ET AL. 9

 1099159x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pip.3624 by K

arlsruher Inst F. T
echnologie, W

iley O
nline L

ibrary on [19/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


modules, the impact is just smaller. This correlates to the findings of

Krämer et al.25 that the stress in solder bonds during thermal cycling

is higher in glass–glass modules than in glass-foil modules. A CTE

larger than the solar cell is beneficial, because the thermal compres-

sive stress after lamination decreases the tensile stress in mechanical

load:

6. The CTE of stiff layers (e.g., front- and backsheet) should have a

value between the one of the solar cell and the ribbon: αc < α< αr.

Another effect of the front and backsheet CTE is the direction of the

curvature due to thermal strain. Since critical high push loads mostly

occur due to a heavy accumulation of snow and ice, that is, at low

temperatures, the bow from the thermal strain is opposed to the bow

from the snow load and therefore reducing it. Figure 14 clearly shows

the decrease of the center cell first principal stress σI with an increas-

ing relative specific thermal expansion stiffness of the backsheet
bEα,rel,bs relative to the frontsheet CTE:

7. A larger CTE of the backsheet is advantageous with regard to push

loads: αbs > αfs.

The results published by the authors previously3,13,14,26 reflect

the finding of Gabor et al.21 that symmetric module designs, for

example, glass–glass modules, are extremely robust against mechani-

cal loads. The reason is that the solar cells are in the neutral axis.

Therefore, the dominating stress is thermal stress. As mentioned

above, this is larger compared to glass-foil modules. Accordingly, in

symmetric designs, the material of the front- and backsheet should

have a low CTE:

8. Minimal bending stress by placing the solar cells in the neutral axis,

for example, by a symmetrical module design.

Rule 6 is in symmetric module designs more important than for asym-

metric designs (glass-foil).

4.3 | Solar cell

In fact, the possibilities to reduce stress within solar cells by modify-

ing themselves are limited to the size. The material properties are

determined by its function as a semiconductor and are predomi-

nately the ones of silicon. However, the size has three different

influences.

Firstly, the height. It influences the specific thermal expansion

stiffness bEα,c and hereby the solar cells resistance to external strain.

Accordingly, thicker solar cells are exposed to less stress. However, as

also shown by Lai et al.,20,27 the stress around the ribbon from solder-

ing decreases nonlinearly with increasing cell thickness, while the

compressive stress from lamination decreases almost linearly. Since

the compressive stress compensates tensile stresses during mechani-

cal load, the cell fracture probability has a minimum around 120 μm

cell thicknesses. However, since this minimum strongly depends on

other module materials and especially ribbons, it is different for each

module design.

9. Thicker solar cells are exposed to less stress.

Secondly, the solar cell area. Increasing the solar cell area and

accordingly the PV module area without adapting the frame leads

to stronger deflection and accordingly higher stresses in the solar

cells. Additionally, a string of small solar cells can follow the inho-

mogeneous frontglass curvature better than a string of large solar

cells. To illustrate this, a string of solar cells is compared with a

bicycle chain: A solar cell corresponds to a chain element and

interconnectors in the cell gap to the flexible interconnection by

pin and roller. Such as the bicycle chains with smaller elements

can follow steeper socket curvatures, smaller solar cells can follow

steeper frontglass curvatures. Accordingly, smaller solar cells have a

smaller curvature, hence less stress, at the same frontglass

curvature.

10. Smaller solar cell edge length decreases stress.

Thirdly, the size effect. The defects in solar cells are statistically

distributed,28 that is, the probability for critical defects increases with

the solar cell area. Accordingly, the cell fracture probability increases

with increasing overall solar cell area.

Concluding the size effects, a simple way to reduce stress and

solar cell fracture probability is to split solar cells, for example into

half or third cells, and align the shorter side of the solar cells along

the higher curvature. To demonstrate this effect, Figure 15 com-

pares a mechanical load FEM simulation of half-cells, which are

F IGURE 14 First principal stress σI between the busbars of the
center cell at 2400pa push load versus the relative specific thermal
expansion stiffness of the backsheet bEα,rel,bs relative to the frontsheet
CTE. Modified after.3 [Colour figure can be viewed at
wileyonlinelibrary.com]
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oriented with the long edge parallel to the long PV module edge to

full-cells and half-cells oriented along the short PV module edge.

While the first principal stress σI slightly increases (due to the smaller

compressive stress after lamination and larger deflection due to

increasing module size), when going from full-cells to half-cells, it

strongly decreases when aligning the half-cells along the short side of

the PV module. Accordingly, the cell fracture probability Pf with the

Weibull parameters for full-cells also strongly decreases from 78% to

3% at 5400Pa push load. A similar behavior is observed by Podlowski

et al.29 in mechanical load tests on different PV modules with shingled

solar cells. Modules with strings aligned along the short side of the PV

module showed much less or no cracks compared to strings aligned

along the long side. However, the cell splitting process might induce

additional flaws to the splitting edge depending on the technology

used.30 Kaule et al. claim that the thermal laser separation does not

influence the fracture probability; therefore, this one would be

favorable.

11. Split cells: Alignment of the shorter side along the higher curva-

ture reduces stress.

4.4 | Mounting structure and module dimension

For the rigidity of glass-foil modules, the frame is an essential module

component. Its shape and dimensions have a crucial role in the deflec-

tion and curvature.21,31,32 The results of this work show that the

frames dimension and shape have to be adapted for different

materials.

12. The higher the frames stiffness, the better.

13. Smaller module area decreases stress.

14. Frame design has to be adapted to specific module design.

Accordingly, it is essential to include the frame as a geometrical com-

ponent in the FEM simulation rather than as boundary condition as it

is a common practice in the literature.

The results also show that the PV modules aspect ratio strongly

influences the deflection and hence stress in the solar cells. Assuming,

that due to practical reasons, the mounting of the module takes place

only along one side, long modules lead to lower stresses compared to

wide modules with a similar number of solar cells, that is, power.

15. Module aspect ratio: longer modules instead of wider modules

(for mounting on long side and non-extreme ratios).

5 | SUMMARY AND CONCLUSION

There are many and often entangled influences on stress within solar

cells, which we summarize in the derived 15 Thermomechanical

Design Rules. Additionally, we introduce three factors to characterize

PV module materials easily and straightforwardly according to their

influence on the thermomechanics:

1. Thermal expansion stiffness Eα ¼ E �α as a measure of how much

thermal strain a material can induce.

2. Volumetric thermal expansion stiffness Eα ¼ Eα �V, which takes the

different volume V of the PV module materials into account.

3. Specific thermal expansion stiffness bEα ¼ Eα �Aj �h, which takes the

common joining surface Aj and the height h of two joined materials

into account. As a measure of how much thermal strain one mate-

rial can induce in the other. For better illustration evaluating the

CTE mismatch, the relative specific thermal expansion stiffness
bEα,rel ¼ E �Δα �Aj �h uses the CTE difference instead of the materials

CTE.

We derive the design rules from a comprehensive parameter sensitiv-

ity study using a manifold approach: FEM simulations complemented

by solar cell integrated sensors as validation. The developed FEM

model covers the PV modules geometry in detail, from the busbar

metallization until the frame. The analysis of the parameter sensitivity

study results show that some phenomena are only revealed by this

multi-scale approach.
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